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Zusammenfassung

Die vorliegende Dissertation befasst sich mit der metallabhangigen Reaktivitat von Biomolekii-
len und besteht aus zwei Kapiteln. Das erste Kapitel befasst sich mit dem Mg?*+-abhangigen,
artifiziellen 10-23 Desoxyribozym (DNAzym), einem einzelstrangigen DNA-Molekil, welches
die Spaltung von RNA-Strangen katalysiert. DNAzyme bestehen aus einem katalytischen Kern
und zwei flankierenden Erkennungssequenzen, die mit dem RNA-Substrat Doppelstréange aus-
bilden. In Anwesenheit von divalenten Kationen wie Mg®* oder Mn?* kénnen sie an ein spe-
zifisches RNA-Substrat binden und dieses hydrolysieren, woraufhin die RNA-Produkte an-
schlieBend dissoziieren. Obwohl das 10-23 DNAzym bereits vor Uber zwei Jahrzehnten mit-
tels In-vitro-Selektion isoliert wurde, ist der Mechanismus, mit dem das DNAzym die Spal-
tung katalysiert, weitestgehend unbekannt. Der Grund hierflr liegt im Fehlen hochauflésender,
struktureller Daten. Die Sammlung solcher strukturellen Daten auf atomarer Ebene wirde die
Grundlage schaffen, um die Funktionsweise dieser Biokatalysatoren zu verstehen und den Me-
chanismus der Reaktion aufzuklaren.

Artikel eins (Rosenbach et al. (2020) Review article on the 10-23 DNAzyme) bietet in Form
eines Reviews Einblicke in den Stand der Forschung im Hinblick auf Struktur, Funktion und
Metallabhangigkeit des 10-23 DNAzyms. Hierbei werden alle Modifikationen (Mutationen und
Deletionen) an unterschiedlichen Positionen im DNAzym systematisch zusammengefasst. Wei-
terhin werden die Effekte unterschiedlicher Metallionen auf die DNAzym-Kinetik zusammenge-
fasst. Die kritische Analyse dieser Daten unter Berlcksichtigung der Reaktionsbedingungen
liefert neue Erkenntnisse fiir zuklnftige Ansatze zur Strukturaufklarung des 10-23 DNAzyms.

In Artikel zwei (Rosenbach et al. (2020) Metal ion dependency of the 10-23 DNAzyme) wird
der Einfluss unterschiedlicher mono- und divalenter Metallionen (Na*t, K*, Mg?* und Mn?)
auf die Reaktionsgeschwindigkeit der RNA-Hydrolyse, die durch das 10-23 DNAzym kata-
lysiert wird, untersucht. Mithilfe FRET-basierter Aktivititsmessungen, ITC-Messungen sowie
NMR- und EPR-Spektroskopie konnte gezeigt werden, dass monovalente Kationen das Bin-
dungsverhalten von Mg?* und Mn?* an den DNAzym:RNA Komplex unterschiedlich beeinflus-
sen: In Anwesenheit von steigenden Konzentrationen an K*- und Na™-lonen wird die Mg®*-ver-
mittelte Spaltung verlangsamt, wahrend die Mn?*-vermittelte Reaktion beschleunigt wird. Die
unterschiedlichen Korrelationen deuten darauf hin, dass der Mechanismus der Katalyse in An-
wesenheit von Mg?" und Mn?* unterschiedlich ist. Wahrend Mg?* und Na™ um die jeweiligen
Bindungsstellen konkurrieren, wird die Bindung von Mn?* an den DNAzym:RNA Komplex durch
die Na™-lonen unterstiitzt. Unsere spektroskopischen Messungen geben detaillierte Einblicke
in die dynamische Assoziation der Metallionen mit dem DNAzym.

Die Strukturaufklarung von Nukleinsduren mittels Réntgenstrukturanalyse stellt eine groBBe
Herausforderung dar. Zum einen wird die Oberflache von DNA- und RNA-Molekilen durch ne-
gativ geladene Phosphatgruppen dominiert, was haufig zu Kristallen mit einer geringen Fern-
ordnung fOhrt. Zum anderen stellt das Phasenproblem eine weitere gro3e Hiirde dar.

Artikel drei (Rosenbach et al. (2020) U1A as crystallization tool) befasst sich daher mit
der Etablierung eines neuen und effizienten Protokolls fur die Kristallisation von Nukleinsdu-
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ren mit Hilfe des bereits haufig als Kristallisationshelfer genutzten humanen RNA-bindenden
Proteins U1A. Der Artikel prasentiert Kristallstrukturen von drei U1A-Varianten, die im Ge-
gensatz zur herkémmlich genutzten Sequenz ein Tryptophan enthalten. Diese U1A-Varianten
erweitern nicht nur das Repertoire an Kristallisationshelfern, sondern ermdéglichen zusétzlich
eine einfache Unterscheidung zwischen Protein- und Salzkristallen mittels Detektion der int-
rinsichen Fluoreszenz von Tryptophan. Untersuchungen eines terndren Komplexes aus U1A,
10-23 DNAzym und RNA-Substrat mittels NMR-Spekiroskopie und Kleinwinkelréntgenstreu-
ung zeigen, dass das U1A-Protein keinen Einfluss auf die Struktur des katalytischen Zen-
trums des 10-23 DNAzyms hat und somit hohes Potenzial als Kristallisationshelfer fir die
Strukturaufklarung des terndren Komplexes besitzt. Zusatzlich konnte ein schnelles und effi-
zientes Protokoll zur Herstellung von Protein-RNA-Kristallen etabliert werden. Hierbei werden
U1A-Protein-Kristalle mit RNA-Molekdilen inkubiert. Diese bilden mit dem vorgeformten Prote-
inkristall einen Komplex aus, welcher dann Uber fluoreszenz-basierte Methoden die Detektion
der RNA-Bindung in crystallo ermdglicht.

In Artikel vier (Rosenbach et al. (2020) Crystallization of the 10-23 DNAzyme) werden un-
terschiedliche Strategien zur Kristallisation des 10-23 DNAzyms im Komplex mit seinem RNA-
Substrat vorgestellt, die alle darauf abzielen, die Struktur des DNAzym:RNA-Komplexes in einer
katalytisch relevanten Konformation aufzuklaren. Hier erwiesen sich vor allem die Co-Kristal-
lisation des DNAzym:RNA-Komplexes mit dem RNA-bindenden Protein U1A als Kristallisati-
onshelfer, als auch kombinatorische Kristallisationsexperimente mit binaren Komplexen aus
DNAzymen und RNA-Substraten unterschiedlicher Lange als besonders vielversprechend.

Das zweite Kapitel der vorliegenden Dissertation befasst sich mit der spektroskopischen Un-
tersuchung von verschiedenen Eisen-Schwefel-Proteinen. Artikel fiinf (Rosenbach et al. (2020)
Maturation of Fe—S cluster containing proteins) beschreibt die systematische Untersuchung der
Auswirkungen unterschiedlicher Expressionssysteme auf Expressionslevel, Proteinausbeuten
und den Gehalt an Fe—S-Zentren im Protein. Die Biosynthese der Fe—S-Proteine wurde an-
schlieBend mit der Herstellung der Holoproteine durch chemische oder semi-enzymatische
Rekonstitution verglichen. Unsere Daten zeigen, dass die spezifischen Expressionssysteme
sowohl die Proteinausbeute als auch die Spezifitdt des Einbaus verbessern. Zudem zeigte
sich, dass nicht ein einziges System fur alle Zielproteine die besten Resultate lieferte. Die
neuen Erkenntnisse aus den Studien drei etablierter [4Fe—4S]-Proteine konnten dann auf das
Radikal-SAM-Enzym ThnB angewendet werden, welches bislang nur durch chemische Rekon-
stitution maturiert wurde.

Artikel sechs (Rosenbach et al. (2020) Spectroscopic characterization of Asp1365-920) pe-
fasst sich mit der Pyrophosphatase-Doméne des bifunktionalen Enzyms Asp1 aus Schizosac-
charomyces pombe. Das Asp1-Protein gehért zu der hoch konservierten Familie der Diphos-
phoinositol-Pentakisphosphat-Kinasen PPIP5K/Vip1. Die Fahigkeit des Proteins ein [2Fe—2S]-
Zentrum zu binden, wurde erst kirzlich entdeckt und die biologische Relevanz des Zentrums
wurde bislang noch nicht aufgeklért. In dieser Arbeit konnte gezeigt werden, dass das Protein
nach rekombinanter Herstellung in einem speziell fir die Produktion von Fe—S-haltigen Pro-
teinen optimierten Escherichia-coli-Expressionsstamms mit einem [2Fe—2S]-Zentrum isoliert



werden kann. Mittels verschiedener spektroskopischer Techniken konnte gezeigt werden, dass
das [2Fe—-2S]-Zentrum von vier Cystein-Liganden an den Positionen 607, 663, 864 und 879
in der Aminosauresequenz koordiniert wird. Unsere Daten deuten darauf hin, dass das Fe-S-
Zentrum O,-empfindlich und héchstwahrscheinlich nicht an Redox-Reaktionen beteiligt ist. Im
Gegensatz zu vorangegangenen Studien an einer aerob isolierten und chemisch rekonstituier-
ten Proteinprobe konnte mithilfe von in-vivo- und in-vitro-Experimenten gezeigt werden, dass
das [2Fe—2S]-Zentrum keinen Einfluss auf die Pyrophosphatase-Aktivitat hat. Diese Ergebnis-
se deuten darauf hin, dass die Pyrophosphatase-Doméne von Asp1 eine weitere biologische
Funktion aufweist, die durch die Anwesenheit eines [2Fe—2S]-Zentrums reguliert wird.






Summary

The present thesis deals with the metal-dependent reactivity of biomolecules and is divided into
two chapters. The first chapter deals with the Mg?*-dependent, artificial 10-23 Deoxyribozyme
(DNAzyme), a single-stranded DNA molecule that catalyzes the cleavage of RNA strands. The
DNAzyme consists of a catalytic core that is flanked by two substrate recognition arms that are
capable of forming double helices with RNA substrates. In the presence of Mg?* or Mn?*, the
DNAzyme binds its specific RNA substrate and hydrolyzes the RNA between two nucleotides
at the cleavage site, then the RNA products dissociate. Although the 10-23 DNAzyme has
been isolated during in vitro selection processes more than 20 years ago, the mechanism by
which the DNAzyme catalyzes the cleavage reaction is still unknown, due to the lack of high-
resolution structural data. Collection of such information would provide the basis to obtain a
deeper understanding of the function of these biocatalysts and to reveal the mechanism by
which the DNAzyme performs the RNA cleavage.

As a review, article 1 (Rosenbach et al. (2020) Review article on the 10-23 DNAzyme) pro-
vides an overview on the actual state of research with regard to structure, function and metal
ion dependency of the 10-23 DNAzyme. For this purpose, all modifications (mutations and dele-
tions) at different positions within the DNAzyme sequence are systematically summarized. Ad-
ditionally, the effects of different metal ions on the DNAzyme activity are compiled. The critical
analysis of the data with regard to the conditions under which the reactions have been per-
formed provide new insights for future attempts to solve the structure of the 10-23 DNAzyme.

In article 2 (Rosenbach et al. (2020) Metal ion dependency of the 10-23 DNAzyme) the in-
fluence of different mono- and divalent metal ions (Na*, K*, Mg?* and Mn2*) on the reaction
rates of RNA hydrolysis performed by the 10-23 DNAzyme is analyzed. Using FRET-based ac-
tivity assays, isothermal titration calorimetry (ITC) measurements, as well as nuclear magnetic
resonance (NMR) and electron paramagnetic resonance (EPR) spectroscopy it was shown that
monovalent cations influence the binding properties of Mg?* and Mn?* to the DNAzyme:RNA
complex in different ways: In the presence of K+ and Na™ ions, the speed of the Mg?*-mediated
cleavage reaction is reduced, while the speed of the Mn?*-mediated reaction is enhanced.
The different correlations suggest that the mechanism of the cleavage reaction is different for
both divalent metal ions. While Mg?* and Na* compete for the same binding site within the
DNAzyme:RNA complex, Mn?* ions bind to a Na™-favored structure of the DNAzym:RNA com-
plex. Our spectroscopic analysis allow for deep insights into the dynamic association of metal
ions with the DNAzyme.

Structure elucidation of nucleic acids using X-ray crystallography is highly challenging due
to the negatively charged and regularly ordered phosphate backbone, which often leads to the
formation of crystals with a poor long-range order. Additionally, the phasing is a major hurdle.

Article 3 (Rosenbach et al. (2020) U1A as crystallization tool) deals with the establishment of
a new and efficient protocol for the crystallization of nucleic acids using the human RNA-binding
protein U1A that has been previously used as a crystallization helper for the crystallization of
nucleic acids. In this article, three crystal structures of U1A variants are presented that in con-
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trast to the commonly used U1A sequence host a tryptophan residue. These U1A variants do
not only expand the repertoire of crystallization modules, they also allow for an easy distinction
between salt and protein crystals due to their intrinsic tryptophan fluorescence. Analyses of a
ternary complex consisting of U1A protein, 10-23 DNAzyme, and RNA substrate using small
angle X-ray scattering (SAXS) and NMR spectroscopy reveal that the U1A protein does not
influence the structure of the catalytic core of the 10-23 DNAzyme and that therefore, the U1A
protein has a high potential for structure elucidation of the ternary complex. In addition, a fast
and efficient protocol for the production of protein-RNA crystals has been established. Here,
pre-formed U1A protein crystals are incubated with RNA molecules that form a complex with
the protein crystals. This binding can be visualized by fluorescence-based methods in crystallo.

Article 4 (Rosenbach et al. (2020) Crystallization of the 10-23 DNAzyme) presents different
strategies for the crystallization of the 10-23 DNAzyme in complex with its RNA substrate, which
all aim at solving the structure of the DNA:RNA complex in a catalytically relevant conforma-
tion. Here, co-crystallization of the DNAzyme:RNA complex with the RNA-binding protein U1A
as a crystallization helper, as well as combinatorial crystallization experiments with a binary
complex consisting of DNAzyme and RNA substrate with varying length were most promising.

The second chapter of this thesis deals with the spectroscopic analysis of different iron-sulfur
proteins. Article 5 (Rosenbach et al. (2020) Maturation of Fe—S cluster containing proteins) de-
scribes the systematic analysis of the impact of different expression systems on the expression
level, protein yield and the occupancy with Fe—S cluster. The biosynthesis of the Fe—S proteins
was then compared to the production of the holo protein using chemical and semi-enzymatic
reconstitution. Our data reveal that the use of specific expression systems enhances both pro-
tein yield as well as the specificity of the cluster incorporation. Furthermore, it was shown that
no general-purpose system exists that provides the best results for every protein. The knowl-
edge from these systematical studies on three well characterized [4Fe—4S] cluster have then
been transferred to the production of the radical SAM enzyme ThnB, which has previously only
been matured using chemical reconstitution.

Article 6 (Rosenbach et al. (2020) Spectroscopic characterization of Asp1365-920) deals with
the pyrophosphatase domain of the bifunctional enzyme Asp1 from S. pombe. This protein
belongs to the highly conserved family of the diphosphoinositol-pentakisphosphate kinasen
PPIP5K/Vip1. The capability of the protein to bind a [2Fe—2S] cluster has recently been re-
ported. However, the biological relevance of the cluster is still under debate. In this thesis, the
phosphatase domain of Asp1 was isolated with a [2Fe—2S] cluster from an E. coli strain that
is especially modified for the production of Fe—S cluster proteins. Using different spectroscopic
methods, it was shown that the [2Fe—2S] cluster is coordinated by four cysteine residues at
the position 607, 663, 864, and 879. Our data suggest that the Fe—S cluster is sensitive to-
wards oxygen and that it is most likely not involved in redox reactions. In contrast to a previous
study using aerobically isolated and chemically reconstituted Asp1, using in vivo and in vitro
experiments we could show that the [2Fe—2S] cluster does not influence the pyrophosphatase
activity of the protein. Our results point towards an additional biologically relevant function of
the domain that is regulated by the presence of [2Fe—2S] cluster.



1 General introduction to DNA-mediated
catalysis

1.1 Nucleic acids as catalysts

Until the discovery of ribozymes in the early 1980s, biomolecule-mediated catalysis in na-
ture was exclusively attributed to proteins. The notion that RNA molecules can have intrin-
sic enzyme-like activity and that they can catalyze chemical reactions in the complete ab-
sence of proteins with impressive rate enhancements lent credence to the hypothesis that RNA
molecules could have played a central role in the early stages of life. In such an RNA world,
RNA could served both as a genetic blueprint as well as a macromulecule with enzymatic func-
tion (Higgs & Lehman, 2015).

The first RNA molecule reported to be capable of catalyzing a chemical reaction has been the
self-splicing pre-ribosomal RNA of Tetrahymena (Kruger et al., 1982). One year later, the first
example of a trans-acting RNA molecule was reported to be the RNA component of ribonucle-
ase (RNase) P (Guerrier-Takada et al., 1983). Since then, many ribozymes have been discov-
ered that are capable of catalyzing different important reactions in vivo such as the site-specific
cleavage of RNA (Forster & Symons, 1987) or the formation of peptide bonds in the ribosome
(Leung et al., 2011). The introduction of in vitro selection methods (Robertson & Joyce, 1990;
Tuerk & Gold, 1990) facilitated the identification of synthetic ribozymes with desired properties
(Joyce, 2007).

The ability of RNA molecules to catalyze complex chemical reactions with rate enhance-
ments that are compatible to those of proteins is due to their ability to fold into complex three-
dimensional structures and their use of metal ions (Shan et al., 1999) or small molecules (Win-
kler et al., 2004) as cofactors.

The discovery of riboyzmes also fueled the speculation whether single-stranded DNA cata-
lysts exist (Kruger et al., 1982), but until now no such DNA catalyst has been found in nature.
RNA and DNA molecules show very similar chemical structures, but the roles of RNA and DNA
in nature differ significantly from one another: while double-stranded DNA is a long-term storage
of genetic information, RNA plays a more dynamic role. In the form of a messenger molecule,
mMRNA passes genetic information on to the protein biosynthesis machinery. Therefore, mRNA
is an indispensable link between genes and proteins as the main gene products. But in addi-
tion, non-coding RNAs carry out other biological functions. Among others, non-coding RNAs
include transfer RNAs (tRNAs) (Hoagland et al., 1958) and ribosomal RNAs (rRNAs) (Little-
field et al., 1955; McQuillen et al., 1959; Roberts, 1958) both involved in protein synthesis, as
well as small RNAs such as microRNAs (miRNAs) (Lee et al., 1993; Ruvkun, 2001), small-
interfering RNAs (siRNAs) (Hamilton & Baulcombe, 1999), both involved in RNA degradation
and post-transcriptional gene silencing (PTGS), and small nuclear RNAs (snRNAs) (Hadjiolov
et al., 1966) which are involved in the processing of pre-messenger RNA.
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1.1.1 Advantages of nucleic acids over proteins as de novo catalysts

Compared to proteins which are mostly composed of 20 proteinogenic amino acids, the com-
position of nucleic acids is less diverse. While RNA sequences comprise ribonucleotides with
the purine bases adenine (A) and guanine (G) and the pyrimidine bases cytosine (C) and uracil
(U) as their basic building blocks, in DNA sequences, the sugar moiety lacks the 2’-hydroxyl
group and the pyrimidine base uracil is replaced by thymine (T). Due to the large variety of
amino acids with polar and non-polar, hydrophobic and hydrophilic as well as charged and
uncharged residues, proteins exhibit diverse surface properties. In contrast, nucleic acids fea-
ture a negatively charged and—in double-stranded nucleic acids—regularly ordered phosphate
backbone that dominates the surface properties of these macromolecules. In addition, the diver-
sity of functional groups is significantly reduced in nucleic acids, since—besides the phosphate
backbone—they only host hydroxyl and keto groups, as well as primary, secondary, and tertiary
amines. Therefore, it may appear counterintuitive that nucleic acids are capable of catalyz-
ing complex chemical reactions with significant rate enhancements (Famulok & Jenne, 1999;
Jaschke, 2001; Silverman, 2016). The key to the catalytic activity of nucleic acids is the ability
of single-stranded DNA and RNA molecules to fold into complex three-dimensional structures,
including binding sites and catalytic centers, and therefore provide an environment in which a
number of different reactions can be facilitated.

The diversity in the reaction scope of catalytic nucleic acids has further been prompted by
the achievements in in vitro evolution methods (Joyce, 2007) that started in the late 1960s with
a publication by Spiegelman and co-workers (Mills et al., 1967). This report on “An Extracel-
lular Darwinian Evolution Experiment with a Self-Duplicating Nucleic Acid Molecule” has been
recognized as the beginning of a very fruitful area of research. A breakthrough for the in vitro
evolution of DNA and RNA came with the development of the polymerase chain reaction (PCR)
for the amplification of nucleic acids (Saiki et al., 1988, 1985). This general-purpose amplifi-
cation method for nucleic acids led to the first description of the in vitro selection of nucleic
acids with defined properties in 1990, called Systematic Evolution of Ligands by EXponential
Enrichment (Tuerk & Gold, 1990) (SELEX, see Section 1.2.3).

Selection of new catalytic nucleic acid sequences with desired properties is possible without
any knowledge of the sequence requirements. This is contrary to selection methods for protein
enzymes. Here, in vitro selection from random sequences, in general, is not feasible due to
two main reasons: firstly, since proteins can contain up to 20 different amino acid building
blocks, the number of possible interactions between the residues is immense and, secondly,
secondary structure elements of proteins such as helices, turns and sheets are unstable, if
the structure elements are not incorporated in a complex tertiary structure (Gruenewald et al.,
1979). That is why proteins with random amino acid sequences usually are not capable of
adopting complex tertiary structures, since protein folding is a cooperative process (Privalov,
1979) and the energies involved in the formation of secondary structures are comparable to
those involved in the formation of tertiary structures. However, secondary structure elements
of nucleic acids such as hairpin loops extended by a double helix are stable in the absence
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of more complex tertiary structures, allowing a hierarchical and sequential folding of RNA and
DNA sequences (Tinoco & Bustamante, 1999).

Another advantage of choosing nucleic acids over proteins for the in vitro selection of cat-
alysts is the ease with which nucleic acids can be synthesized, amplified and functionalized.
DNA and RNA polymerases as well as reverse transcriptases are widely established tools for
the amplification of nucleic acid sequences. Such an enzymatic approach for the amplification of
peptide sequences is not available. Chemical synthesis of relatively short fragments of nucleic
acids with defined sequences is implemented as solid-phase synthesis using phosphoramidite
chemistry and phosphoramidite building blocks derived from protected 2’-deoxynucleosides,
ribonucleosides, or chemically modified nucleosides, among others including locked-nucleic
acids (LNAs), bridged nucleic acids (BNA) or nucleotides with chemically modified functional
groups. This process is completely automated and involves a sequential coupling of the nu-
cleotide building blocks to the growing oligonucleotide chain. The product is then released from
the solid phase into the solution, deprotected, and separated from the reactions agents. For the
synthesis of randomized oligonucleotide libraries, the automated synthesizer uses a mixture of
all four nucleotides instead of coupling one specific nucleotide at a defined position.

Another major advantage of nucleic acid catalysts over protein catalysts, which is of para-
mount interest for this thesis, is the simplicity by which DNAzymes or ribozymes can be pro-
duced that cleave nucleic acid substrates in a sequence specific manner. This fact makes
nucleic acids suitable for application as post-transcriptional gene silencing (PTGS) agents.
Single-stranded DNA as a de novo catalyst for in vivo applications has several advantages
compared to RNA, including a higher stability in biological fluids (Akhtar et al., 2000) and a
more cost-effective production process. In contrast, intracellular production is easily achiev-
able for ribozymes, while DNAzymes require delivery systems. Table 1.1 provides a com-
parative overview on the advantages and disadvantages of protein enzymes, ribozymes and
DNAzymes.
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Table 1.1: Comparison of advantages and disadvantages of protein enzymes, ribozymes and DNAzymes.

Catalytic .

Molecule Advantages Disadvantages

Protein Stabilized transition state Often require complex cofactors
Diversity of functional groups Unstable secondary structure

In vitro selection from random sequences
is unachievable
Ribozymes In vitro selection from random sequences  In vivo stability

Straightforward intracellular production Reduced chemical diversity of functional

groups
DNAzymes Inexpensive In vivo activity
. . Reduced chemical diversity of functional
In vitro selection from random sequences
groups
Easy synthesis Limited structural information
Easy to modify Requires delivery mechanism

1.2 Deoxyribozymes

While natural catalysts include both protein and ribozymes, DNA catalysts have not been dis-
covered in nature (Silverman, 2016). However, the chemical similarities between RNA and DNA
led to the identification of synthetic DNA molecules as catalysts. Deoxyribozymes or DNAzymes
are single-stranded DNA molecules that are capable of catalyzing chemical reactions due to
their ability to adopt three-dimensional structures, which is the prerequisite for their catalytic ac-
tivity. In this regard, they resemble ribozymes. Compared to RNA, DNA is more stable, slightly
easier to synthesize — the chemical synthesis of RNA requires an additional protection group
for the 2’-hydroxyl group — and more cost-effective. In 1994, the first single-stranded DNAzyme
was identified by in vitro selection methods (Breaker & Joyce, 1994). The DNAzyme catalyzes
the Pb?*-dependent cleavage of an RNA phosphodiester linkage within its oligonucleotide se-
quence (cis-cleavage), similar to the activity of a ribonuclease (Cuchillo et al., 2011). Since
this first report of a DNA catalyst, many laboratories have been working on the identification
of DNAzymes with new functionalities and several review articles have been published on this
topic within the past decades (for reviews see Breaker, 1997; Hollenstein, 2015; Ma & Liu,
2020; Morrison et al., 2018; Silverman, 2009, 2015, 2016).

1.2.1 RNA-cleaving DNAzymes

This thesis focuses on the most exstensively studied class of deoxyribozymes: the RNA-clea-
ving DNAzymes. These DNAzymes find application in the laboratory for the manipulation of
large RNAs (Pyle et al., 2000), in the field of therapeutics for the treatment of diseases that can
be managed by lowering gene expression (Baum & Silverman, 2008), and as biosensors for the
detection of metal ions (Ma & Liu, 2020). It is assumed that all known RNA-cleaving DNAzymes
catalyze the cleavage of their substrate in a way similiar to the mechanism of the hammerhead
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riboyzme: a Brgnsted base abstracts a proton from the 2’-OH group of the ribonucleotide that
is located in 3’ direction of the scissile bond and thereby enables the nucleophilic attack of the
thus created oxyanion on the neighboring phosphodiester bond. This nucleophile then performs
an in-line attack on the phosphorus atom at the center of the phosphodiester bond, resulting in
a pentacoordinated phosphorane intermediate which hydrolyzes into two RNA fragments that
are terminated by a 2’,3’-cyclic phosphate and a free 5’-hydroxyl group (Breaker et al., 2003a;
Santoro & Joyce, 1998) (for further details see Chapter 2 and Figure 2.2). However, in the ab-
sence of structural data, the exact mechanism of the cleavage reaction remains unknown. The
best studied DNAzymes are the RNA-cleaving 8-17 DNAzyme and 10-23 DNAzyme (Santoro
& Joyce, 1997). Their names derive from their in vitro selection, since the 8-17 DNAzyme was
derived from the 17" clone that was isolated from the pool after eight selection cycles, while
the 10-23 DNAzyme was derived from the 23 clone that was isolated after ten cycles. Both of
these DNAzymes have been widely used in the above-mentioned fields including RNA manipu-
lation in the test tube, therapeutics and biosensors. Table 1.2 provides an exemplary summary
of RNA-cleaving DNAzymes, their preferred cleavage sites and cofactors as well as values for
cleavage rates and catalytic efficiency (kcat/Km)-
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Table 1.2: RNA-cleaving DNAzymes in comparison with the hammerhead ribozyme (HHRz), the hairpin ribozyme
(HPRz), and ribonuclease (RNase) A. The maximal cleavage rate is either defined as a kcat or kops value, depending
on the value that is given in the corresponding reference. Since cleavage rates of DNAzymes highly depend on
buffer and pH conditions, temperature, cofactor concentration, and the dissociation constants of the substrates,

these values should therefore only serve as a general estimate.

n.r., not reported.

Cleavage

: rate Keat/Km
Name (S5IFES’) Cofactor constant (k) min- /M- References
1 min at
Pb?*-dep. rAdG Pb? 1 mM Pb?*; 5 x 10° Breaker & Joyce (1994)
pH 7.0
0.019 min"' at . )
817 ArG Mg?* 3 mM Mg?*: 4 % 105 Bonaccio et al. (2004);
Santoro & Joyce (1997)
pH 7.4
3.4 min™" at
10-23 rRrY Mg?2* 50 mM Mg?*; 4.5 x 10° Santoro & Joyce (1997)
pH 8.0
1.4 min" at
Bipartite rArA Mg?* 30 mM Mg?*; 6 x 102 Feldman & Sen (2001)
pH 7.4
0.41 min'! at
Ag10c rAdG Ag* 10 uM Ag*; n.r. Saran & Liu (2016)
pH 7.5
0.039 min"' at
E6 rAdG Mg+ 10 mM Mg?*; 3x 108 Breaker & Joyce (1995)
pH 7.4
0.007 min™" at
Na8 rAdG Na* 0.5 M NaCl; n.r. Geyer & Sen (1997)
pH 7.0
0.1 min™ at
Mg5 (AdG Ca®  10mMCa®; 1.6 x 10° Faulhammer & Famulok
(1996)
pH 7.0
1.4 min" at
HHRz rCrG Mg?* 10 mM Mg?*; 2.9 x 107 Fedor & Unlenbeck
(1992)
pH 7.5
2.1 min at
HPRz rGrC Mg+ 10 mM Mg?*; 7.5 x 107 Hampel & Tritz (1989)
pH 7.5
3.1 x 10*min-! ,
RNase A poly(C) Na* at 0.1 M Na*; 9 x 108 delCardayre & Raines
oH 6.0 (1994)
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1.2.2 The 10-23 DNAzyme

The most important and most extensively studied RNA-cleaving DNAzyme is the so-called
10-23 DNAzyme (Santoro & Joyce, 1997). The 10-23 DNAzyme comprises a fixed catalytic
core (loop) with 15 nucleotides that is flanked on either site by variable sequences. The vari-
able stretch can be designed to bind any RNA of interest via Watson-Crick base pairing leaving
just a single ribonucleotide unpaired (Figure 1.1A). In the presence of divalent metal ions, pref-
erencially Mg?* or Mn2*, the DNAzymes cleaves its specific RNA substrate between a central
unpaired purine and paired pyrimidine nucleotide. While the cleavage reaction requires the
presence of divalent metal ions, it is not known, whether these divalent metal ions are involved
in the actual cleavage reaction of the RNA substrate or whether they play a role in simply sta-
bilizing the complex and therefore prompt the folding of the DNAyzme into an active structure
(Joyce, 2001). With regard to the catalytic reaction itself, it is assumed that the catalytic core
adopts a three-dimensional structure that allows the cleavage of the phosphodiester bond at
the specific cleavage site of the RNA substrate. Several groups have used mutational or dele-
tion studies to investigate the involvement of specific nucleobases, ribose sugars or phosphates
in catalysis (Nawrot et al., 2007; Wang et al., 2010a; Zaborowska et al., 2002, 2005). Although
these studies provide insights into the importance of distinct functional groups, they cannot
compensate for the lack of a high-resolution structure. Two decades after the identification of
the 10-23 DNAzyme only one high-resolution X-ray structure with the catalyst in a biologically
irrelevant duplex conformation, which is adopted due to a self-complementary sequence within
the catalytic core, is available (Nowakowski et al., 1999b). Attempts to obtain the solution struc-
ture of the DNAzyme:RNA complex by NMR spectroscopy have also not been successful (Choe
et al., 2000).

To disrupt the above mentioned self-complementary sequence and to prevent dimer forma-
tion in structural studies, variants of the 10-23 DNAzyme with point mutations within the cat-
alytic core were used (Figure 1.1A). These variants still retain partial activity (Zaborowska et al.,
2002). The 10-23 DNAzyme is capable of cleaving RNA, which makes it particulary attractive as
a therapeutic agent. Currently, two 10-23 DNAzyme variants are in clinical trials: one DNAzyme
for the treatment of basal cell carcinoma (Cho et al., 2013) and the other one for the treatment
of asthma (Krug et al., 2015). These DNAzymes are designed to bind and cleave mRNA sub-
strates and thereby reduce the expression level of the related proteins (Figure 1.1C). A detailed
review on the 10-23 DNAzyme is given in the following chapter (Chapter 2).

In this thesis, we focus on a variant of the 10-23 DNAzyme that specifically binds to the mRNA
encoding the human prion protein (PrP) (Victor et al., 2018). The name prion is derived from
proteinacous infectious particle (Prusiner et al., 1982). Prion diseases are mostly neurode-
generative conditions that can affect both humans and animals. They include chronic wasting
disease (CWD) in elk and mule deer (Williams & Young, 1980), scrapie in sheep (Aguzzi, 2006),
and bovine spongiform encephalopathy (BSE) in cattle (Wells et al., 1987). In humans, PrP is
causal to Creutzfeldt-Jakob disease (CJD) (Creutzfeldt, 1920; Jakob, 1921), a rare, degener-
ative, invariably fatal brain disorder, which involves a constant autocatalytic conversion of the
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Figure 1.1: Secondary structure and function of the RNA-cleaving 10-23 DNAzyme. (A) Schematic representation
of the 10-23 DNAzyme (black) in complex with its RNA substrate (red). The 10-23 DNAzyme comprises as fixed
catalytic loop, which is flanked by two variable substrate recognition arms (blue). The self-complementary sequence
within the catalytic loop that led to the formation of a catalytically irrelevant crystallization artifact (Nowakowski
et al., 1999b) is highlighted in green. The mutations C3A and A5C lead to a partially active DNAzyme (Zaborowska
et al., 2002). (B) Reaction scheme of the 10-23 DNAzyme. The RNA substrate hybridizes with the DNAzyme via
Watson-Crick base pairing. Cleavage of the RNA is induced by Mg?*. The ternary complex dissociates and the
DNAzyme is released to bind another target molecule. Adapted from Victor et al. (2018). (C) Proposed effect of the
10-23 DNAzyme on translation of the mRNA and protein levels.

cellular prion protein (PrPC) to the pathogenic conformational isomer PrPS¢ (Sc for scrapie),
resulting in the formation of protein aggregates. The accumulation of insoluble aggregates de-
pends on the level of cellular prion protein and therefore on the gene expression and mRNA
level in the cell. Thus, decreasing the level of mMRNA encoding PrP is considered a promising
therapeutic strategy for the treatment of CJD (Creutzfeldt, 1920; Jakob, 1921) and other prion-
related diseases (Gajdusek & Zigas, 1957; Gambetti et al., 2008; Mastrianni et al., 1999). This
approach was supported by studies with mice devoid of PrPC, which revealed that the absence
of endogenous expression protects the animals from prion infection without showing major
side effects due to the lack of PrPC. After infection with scrapie prions mice devoid of PrPC
showed no symptoms for at least 13 months, whereas the wild-type controls all died within six
months. These results support the potential of gene silencing methods for treatment or man-
agement of CJD in humans (BUeler et al., 1993). The DNAzyme, which was studied in this
work, was designed to cleave the prion protein mRNA at a stretch which is highly accessible for
the hybridization of short nucleic acid molecules such as DNAzymes. Those highly accessible
cleavage target sites were predicted in silico with the use of a sequential folding algorithm as
described by Victor et al. (2018), based on a previous work by Tafer et al. (2008).

To use the 10-23 DNAzyme as a true catalyst, the binding arms need to be designed prop-
erly, allowing the association of the RNA substrate to the DNAzyme prior to the M?*-initiated
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cleavage reaction via intermolecular Watson-Crick base pairing. After the cleavage reaction,
the ternary complex needs to dissociate, so that the DNAzyme can bind to another substrate
molecule (Figure 1.1B). Therefore, association and dissociation of the DNAzyme:RNA complex
are of great importance for multiple turnover reactions. To be capable of performing multiple
turnover reactions at 37°C, the binding free energy (AGg7oC) of each binding arm should have
a value of about -8 to -10 kcal/mol (Fokina et al., 2012).

1.2.3 In vitro selection of RNA-cleaving DNAzymes

The in vitro selection process for RNA-cleaving DNAzymes and artificial ribozymes is very
similar to the process for aptamers (Wilson & Szostak, 1999). Aptamers are single-stranded
RNA or DNA molecules that can bind proteins or other ligands with a high binding specificity
and affinity (Ellington & Szostak, 1990; Tuerk & Gold, 1990). Like aptamers, DNAzymes are
selected from a vast library of different molecules with random sequences. For a randomized
sequence of length n, the number of possible sequences in the library is 4". For methematical
reasons, such a library contains 10'* to 10'® sequences, which is narrowed down to a few
sequences with the desired function in a stepwise manner (Silverman, 2016; Tuerk & Gold,
1990).

The principle of in vitro selection of nucleic acids with desired function is based on the as-
sumption that a three-dimensional structure, which is required for function, can be formed by
many different single-stranded sequences. In concrete terms: in theory, a random pool of se-
quences with a length of 30 nucleotides (Nsg) comprises 430 = 108 different sequences, cov-
ering all the possible structures within the boundaries of the sequence length. One key step in
the selection process is the separation of nucleic acids with a desired functionality from those
who lack this property and therefore should be excluded from the pool in the next selection
round. To facilitate this separation step for the selection of RNA-cleaving DNAzymes, the DNA
sequences with the catalytic property can detach themselves from a solid phase.

For the selection of the 10-23 DNAzyme, a library with 10'* sequences was used as a start-
ing pool (Santoro & Joyce, 1997, see Figure 1.2). At the 5’-end, each sequence was attached
to a biotin label, followed by a short linker sequence, a 12 nucleotides RNA sequence and a
randomized DNA sequence of 50 nucleotides. The molecules were attached to a streptavidin-
coated solid phase. Cleavage of an RNA phosphodiester bond was triggered by eluting with
10 mM MgCl, at pH 7.5 and 37°C. The detached 3’ cleavage products, which presumably con-
tain DNA sequences capable of RNA cleavage, were then recovered and amplified by PCR. The
recovered sequences were immobilized on the streptavidin solid support and a new selection
round was started (Figure 1.2). Because only the DNA sequences with the desired catalytical
function reach a new selection round, the library is gradually enriched with active sequences.

Today, several chemical modification for nucleotides are available that alter the function or
stability of catalytically active nucleic acids. Various modifications of nucleotides have been
described that are compatible with the enzymatic steps of the selection process. These modi-
fications include substitutions at the phosphate/ribose backbone or at the nucleobases (Keefe
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Figure 1.2: In vitro selection process for the RNA-cleaving 10-23 DNAzyme. (1) The selection starts from a library
of 10" randomized sequences with a length of 50 nucleotides (black). The DNA stretch is flanked by defined
primer sites (blue) on each site. (2) The DNA sequences are annealed to a primer containing an RNA region
of 12 nucleotides (red) as well as a biotin-tag (gray) on the 5-end. (3) Template-directed extension is performed
enzymatically resulting in double-stranded products. The products are (4) immobilized on a streptavidin column
before (5) treatment with NaOH to remove the strand that lacks the biotin-tag. (6) The column is then washed with
the reaction buffer containing Mg?*. DNA sequences that are capable of adopting the correct folding for the catalysis
of an RNA-cleavage reaction detach themselves from the column. (7) A new set of primers is added to the eluted
sequences for amplification. (8) The amplification products are immobilized on a streptavidin column, before (9)
treatment with NaOH to release the non-biotinylated strand. The released strand is then used for the next selection
round. Adapted from Silverman (2005) and Kumar et al. (2019), based on Santoro & Joyce (1997).

& Cload, 2008). For the incorporation of modified nucleotides during the selection process
Click-SELEX (Tolle et al., 2015) has been described as a versatile method for the generation
of modified nucleic acid libraries by employing copper(l)-catalyzed alkyne—azide cycloaddition
(CuAAC) (Liang & Astruc, 2011). CuAAC reactions belong to the class of so-called click re-
actions, a class of biocompatible small molecule reactions (Kolb et al., 2001). Although the
method of Click-SELEX is described for the selection of aptamers, it has high potential for the
selection of DNAzymes.

1.3 Applications of RNA-cleaving DNAzymes

Since the first identification of a catalytic DNA by Breaker & Joyce in 1994, DNAzymes became
a hot topic in research, far beyond academic interests in the mechanisms of DNA-mediated
catalysis. RNA-cleaving DNAzymes are used in different scientific fields including applications
in sensing of metal ions in environmental samples (Chen et al., 2016; Saran & Liu, 2016; Zhou
et al.,, 2016), serum (Zhou et al., 2015), and cells (Torabi et al., 2015); intracellular sensing
and imaging of RNAs (He et al., 2017); bacterial (Aguirre et al., 2013) and cancer cells (He
et al., 2015); and adenosine 5’-triphosphate (Achenbach et al., 2005), gene regulation (Fan
et al., 2015); intracellular enzyme activities (Chen et al., 2017a,b); and the manipulation of cell
behavior (Li et al., 2018). Since a detailed discussion on all of these applications is beyond the
scope of this thesis, only two applications will be discussed in more detail which are central to
the presented here: the use of RNA-cleaving DNAzymes as therapeutics for the treatment of
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diseases that can be managed by attenuating gene expression on the RNA level (Section 1.3.1)
and DNAzymes for the detection of metal ions (Section 1.3.2).

1.3.1 DNAzymes targeting mRNAs

Until today, various oligonucleotide-based pharmatheutics have been tested for gene therapy,
including anti-sense oligonucleotides (ASOs) (Paz-Ares et al., 2006; Yacyshyn et al., 2002),
siRNAs (Kim et al., 2004; Reich et al., 2003; Tolentino et al., 2004), ribozymes (Weng et al.,
2005; Wong-Staal et al., 1998) and DNAzymes (Cho et al., 2013; Krug et al., 2015). For all of
these approaches, the main targets are mRNA sequences, and the key steps involve mRNA
recognition and in several cases, MRNA cleavage. ASOs are single stranded DNA sequences
with a length of 15 to 25 nucleotides that are designed to bind to a specific target mRNA
sequence via base pairing. Thereby the translation into protein is blocked due to hindrance of
ribosomal movement along the transcript, or by activation of endogenous ribonuclease (RNase)
H which degrades the mRNA (Bhindi et al., 2007; Kher et al., 2011). Although the concept is
quite simple, it is not very efficient. Unmodified ASOs are prone to degradation by nucleases
and their delivery into cells is not trivial due to their negative charge (Bhindi et al., 2007).

Another approach to down-regulate mRNA levels in cells is the use of siRNAs. The siRNAs
are double-stranded RNA molecules with two nucleotides overhangs at each 3’-end that are in-
corporated into a multiprotein complexes, known as RNA-induced silencing complex (RISC). In
the presence of ATP, the siRNAs undergo unwinding by RNA helicases, while being processed
into the RISC. During the formation of the RISC, the sense strand of the double-stranded siRNA
is degraded (Leuschner et al., 2006), and the antisense strand guides the RISC to the com-
plementary target mRNA, which is finally cleaved by Argonaute enzymes associated with the
RISC (Kher et al., 2011).

The use of ribozymes and DNAzymes may offer several advantages over other knockdown
techniques. Ribozymes as well as DNAzymes are self-sufficient biocatalysts that do not rely on
the presence of other biomolecules like Argonaute proteins and RNase H. In addition, DNA is
inherently more stable, cost-effective and easier to synthesize or to label compared to RNA-
based agents. Although a plethora of reports on the use of DNAzymes as therapeutic agents is
available, so far only two DNAzymes are reported to have entered clinical trials: (i) a DNAzyme
for the treatment of basal cell carcinoma (Cho et al., 2013) and (ii) a DNAzyme for the treat-
ment of asthma (Krug et al., 2015). Since the discovery of the RNA-cleaving DNAzymes, at-
tempts have been made to exploit them for therapeutic purposes. The first motivation to de-
velop RNA-cleaving DNAzymes was to target viral RNA. That is why the 8-17 as well as the
10-23 DNAzyme were designed to target human immunodeficiency virus (HIV)-derived RNA
(Santoro & Joyce, 1997). Today, DNAzymes have been designed for a broad variety of different
substrates, including bacterial (Chen et al., 2004; Li et al., 2005) and viral (Trepanier et al.,
2008; Unwalla & Banerjea, 2001), cancer-related (Wu et al., 1999), allergy/asthma-related
(Krug et al., 2015), cardiovascular-related (Xiang et al., 2005) and prion-related (Victor et al.,
2018) RNAs. Since the number of reports on DNAzymes targeting different disease-associated
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RNAs is immense, this thesis does not aim at reviewing them one-by-one. Interested readers
are guided to a number of review articles dealing with therapeutic applications of RNA-cleaving
DNAzymes (Bhindi et al., 2007; Fokina et al., 2015; Fu & Sun, 2015; Zhou et al., 2017a).
Instead, this thesis will point out the discrepancy between the many promising reported appli-
cations and the absence of DNAzyme-based drugs on the actual pharmaceutical market.

When it comes to the design of an RNA-cleaving DNAzyme, first the selection of an ap-
propriate cleavage site has to be considered. DNAzymes cleave their RNA substrates at spe-
cific cleavage sites. For example, the 10-23 DNAzyme catalyzes the cleavage of its RNA sub-
strate between an unpaired purine ribonucleotide and a paired pyrimidine ribonucleotide. If only
GU sequences are taken into account, the transcript variant 1 of the human PrP mRNA (the
10-23 DNAzyme variant studied in this thesis is specific for the mRNA of the human PrP) con-
tains 143 possible cleavage sites (Victor et al., 2018). However, due to secondary structures of
the mRNA transcript only a few of them will be actually accessible for the hybridization of the
DNAzyme. This is why Victor et al., who designed the 10-23 DNAzyme studied in this thesis,
used a sequential folding algorithm (Bernhart et al., 2006a; Tafer et al., 2008) to rank the po-
tential GU cleavage sites within the target mRNA based on the probability that regions with a
length of 10 nucleotides with a centered GU sequence are unpaired. In addition to the accessi-
bility of the cleavage site, the stability of the DNAzyme:RNA complex during the catalytic cycle
(Figure 1.1B) needs to be taken into account, since the association and dissociation are of
great importance for multiple-turnover kinetics. These steps depend both on the length and the
nucleotide composition of the target recognition arms: if the stability of the complex is too low,
association of the RNA and the DNAzyme is hampered, whereas a too high stability prevents
the dissociation of the cleavage products and therefore blocks the DNAzyme for binding to an-
other substrate RNA. According to Fokina et al. (2012), for DNAzymes that perform catalysis
inside the human body, each binding arm should naturally have a melting temperature (Ty,) of
37 °C, which is in accordance with a binding free energy of AG§7OC = —8to — 10 kcal/mol
for each arm. Using this sequencial folding algorithm by Tafer et al. (2008) and taking into ac-
count the stability of the pre- and post-catalytic DNAzyme:RNA complex Victor et al. identified a
variant of the 10-23 DNAzyme specific for the mRNA of the human PrP that efficiently cleaves
structured in vitro transcripts. This DNAzyme is termed Dz839 (Victor et al., 2018).

Strategies to enhance complex stability and to compete with internal structures for mRNA
binding involve the modification of bases within the substrate recognition arms of the DNAzyme
with 2’-O-methyl groups or LNAs (Schubert et al., 2004; Vester et al., 2002). LNA bases com-
prise a methylene bridge that connects the 2’-O with the 4-C, resulting in a locked C3’-endo
conformation (Koshkin & Wengel, 1998; Wengel, 1999), reducing the conformational flexibility
of the ribose which leads to an increased local organization and therefore in increasing the
affinity for complememtary sequences (Braasch & Corey, 2001).

Besides the delivery of DNAzymes to the cell or its target tissue—a challenge that will not
be discussed in this thesis—the achievement of in vivo stability of DNAzymes is of great im-
portance for the generation of an efficient therapeutic. Due to the lack of the 2’-hydroxyl group
of the ribose sugar DNA is stable over a large pH range. However, single-stranded DNA is
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1.3 Applications of RNA-cleaving DNAzymes

prone to degradation from 3’5’ exonucleases. Several chemical modifications have been re-
ported to stabilize DNAzymes or single-stranded anti-sense DNA molecules against nucleolytic
degradation, including 2’-O-methyl (Fokina et al., 2012), LNAs (Kurreck et al., 2002b), inverted
thymidines at the 3’-end (Dass et al., 2002), and phosphorothioate modifications of the back-
bone (Lu et al., 2005) (Figure 1.3). Introduction of a 3’-3’-linked inverted thymidine nucleotide
to the 3’ end of the DNAzyme creates a sequence with two 5’ ends which is protected from
nucleolytic degradation by 3'—5’ exonucleases (Ortigao et al., 1992). Phosphorothioate modifi-
cations are widely used, although they are known to decrease substrate affinity, have toxic side
effects and provoke an immunological response (Wahlestedt et al., 2000).
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Figure 1.3: RNA modifications reported to enhance DNAzyme stability against nucleolytic degradation.

The major concern that arises with RNA-cleaving DNAzymes for therapeutic applications
is their in vivo activity. Most of the identified DNAzymes require high concentrations of metal
ions for their activity, which exceed intracellular concentrations. For example, standard proto-
cols for activity assays on the 10-23 DNAzyme involve concentrations between 10 mM and
50 mM MgCl,, while the intracellular concentration of free Mg?* is about 1 mM (Pechlaner &
Sigel, 2012). Under these conditions, activity of the 10-23 DNAzyme is very low. Young et al.
(2010), using caged DNAzymes for photochemical regulation of DNAzyme activity and gene
expression, concluded that the observed effects on gene expression are the result of antisense
effects due to the hybridization of the DNAzyme with its complementary RNA counterpart and
not a result of actual catalytic DNAzyme activity. However, medical literature reporting on suc-
cessful usage of DNAzymes for mRNA cleavage to treat asthma (Krug et al., 2015) and cancer
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(Cho et al., 2013), raised the prospect that the 10-23 DNAzyme could serve as a therapeutic
agent, although control experiments excluding that the observed effects are due to antisense
mechanism have not often been described. Control experiments may involve usage of inactive
DNAzymes or cells lacking RNase H. Wang et al. (2015a) studied both antisense and catalytic
effects of the 8-17 DNAzyme on mRNA extracts by comparing the effects of active and inactive
DNAzymes on mRNA levels. They concluded that the role of the DNAzyme depends on its
relative activity: in the presence of Mg?* the antisense effect dominates, while in the presence
of Zn?* cleavage activity dominates. This observation was attributed to the preferential use of
Zn?* by the 8-17 DNAzyme. However, these studies were not performed in cells and the in vivo
relevance is questionable due to the low abundance of free Zn?* in cells, i. e. the concentration
of free Zn?* is in the pM range (Maret, 2017). Nevertheless, these results point towards the
complex regulation of DNAzyme activity. A very elegant approach to improve the in vivo activity
of DNAzymes has been reported by Fan et al. (2015), who report a DNAzyme-MnO, nanosys-
tem for effective gene-silencing. Chlorin-e6-labeled 10-23 DNAzymes are adsorbed to MnO,
nanosheets which protect the DNAzymes from enzymatic degradation and facilitate efficient
uptake by the cells. Inside the cells, MnO; is reduced to Mn?* ions by intracellular glutathione.
Mn2* then serves as a cofactor for the DNAzyme.

Despite the low abundance of divalent metal ions in cells, complexity of intracellular con-
centrations of both mono- and divalent metal ions, molecular crowding effects (Nakano et al.,
2014) and interference with proteins should be taken into account for the evaluation of in vivo
competence of DNAzymes, since they are usually selected and studied under diluted buffer
conditions with defined metal ion concentrations. In addition, complementary methods can be
used to quantify an effect on gene expression: (i) Western blot analysis to compare protein
levels in the presence and absence of DNAzymes, (ii) quantitative polymerase chain reaction
(gPCR) to determine mRNA levels, (iii) reporter assays, for example with luciferase fusion-
proteins to obtain a luminescence readout, (iv) the use of DNAzymes targeting the mRNA of
the green fluorescent protein (GFP) to obtain a fluorescence readout, or (v) analysis of the cells
in the presence and absence of the DNAzyme based on their phenotype.

In order to make RNA-cleaving DNAzymes amenable for the application as therapeutic a-
gents an enhanced in vivo activity is required. Therefore, we need a fundamental understand-
ing of the reaction mechanism. Structural information would contribute to understanding the
function of the DNAzyme and the metal ion cofator and allow for designing optimized cata-
lysts with modifications that compensate for the low intracellular Mg?* concentration. Since the
DNAzyme changes its structure due to the RNA clavage process in order to perform its task,
as a conseqguence also metal ion coordination changes during this process. This makes an
understanding of the role of the metal ion even more challenging.

1.3.2 DNAzymes as biosensors for metal ions

Metal ions play a major role in many biological and chemical processes. That is why under-
standing their distribution and fluctuation in living cells is of broad interest in the fields of cell
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signaling, enzyme catalysis or medical research. The detection of metal ions in environmetal
samples becomes more and more important, especially regarding serious man-made environ-
mental and health problems caused by mining, industrial emissions, or waste dumping (Jarup,
2003). However, highly sensitive analytical standard methods for the detection of metal ions
such as mass spectrometry or atomic absorption/emission spectroscopy require costly and
large instruments and a pre-treatment of the samples. Here, metal-detecting biosensors pro-
vide a practical and more cost-effective alternative which allows a user to perform real-time and
direct in situ measurements. Furthermore, biosensors can compete with chemical metal sen-
sors, which are usually obtained by the rational design of fluorescent chelators (Jiang & Guo,
2004; Kim et al., 2012a). Regarding the field of biosensors, nucleic acid-based sensors pro-
vide many advantages over antibody-, protein-, or peptide-based approaches. Peptide-based
sensors (Cheng et al., 1996; Wegner et al., 2007) as well as antibodies usually work best un-
der physiological conditions, while environmental samples may provide conditions that are not
within this optimal range and may even cause irreversible degradation of the detection module.
Usually, nucleic acid-based biosensors can be denatured and renatured many times without
loosing their binding affinity. Furthermore, antibodies require the chelation of metal ions prior to
binding, since metal ions are too small for a direct interaction (Reardan et al., 1985).

While research in the field of DNAzymes started with the aim of cleaving RNA, during the
last years the work on using DNAzymes as biosensors has advanced significantly. Given their
high affinity, stability, and enhanced selectivity, the use of DNAzymes enables the detection of
numerous analytes such as metal ions (reviewed in Gong et al., 2015; Zhang et al., 2011b; Zhou
et al., 2017c). The development of biosensors involves the integration of signal transducers or
reporter molecules that transform the recognition event to a measurable signal. In the last
two decades, RNA-cleaving DNAzymes, so-called catalytic beacons, have been studied for
the development of different signaling mechanisms involving labeled (Torabi et al., 2015) or
non-labeled fluorescent (Fan et al., 2012), colorimetric (Tian et al., 2015), or electrochemical
(Shen et al., 2008) sensors. Furthermore, a lead-detecting biosensor has been reported that
combines the specifity of DNAzymes with the sensitivity of surface-enhanced Raman scattering
(SERS) (Wang & Irudayaraj, 2011).

Among the different optical sensing methods, fluorescence-based techniques are the most
widely used, since they provide high sensitivity, selectivity, and reproducibility, as well as a broad
linear range of detection, and an easy operational procedure (Kumar et al., 2019). Fluorescence
is monitored as a function of time, and the rate increase is proportional to the metal (analyte)
concentration. However, incorporation of fluorophores into the DNAzyme is essential to ob-
tain the desired properties, since nucleic acids lack intrinsic fluorescence. Fluorescence-based
biosensors can be divided into labeled and non-labeled sensors. Labeled fluorescence-based
sensors have the fluorophore molecule covalently attached to the DNAzyme. For example, the
initially reported Pb?*-detecting DNAzyme-based biosensor had a fluorophore attached to one
end of the substrate and a corresponding fluorescence quencher molecule attached to the
DNAzyme (Li et al., 2000) (Figure 1.4A). In the absence of the analyte, i. e. metal ion, the sub-
strate is bound to the DNAzyme and the fluorescence signal is quenched due to the close prox-
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imity of the fluorophore and the quencher molecule. This principle is known as fluorescence
resonance engery transfer (FRET). Thus, substrate cleavage in the presence of the analyte
(Pb2*) can be measured by an increasing fluorescence signal. However, although the above
described arrangement of fluorophore and quencher molecule results in a highly sensitive and
selective sensor at 4 °C, a high background fluorescence signal is observed at higher temper-
atures. To avoid this disadvantage the position of the fluorophore and quencher molecule can
be varied (Liu & Lu, 2006). To reduce background fluorescence derived from non-hybridized
substrate molecules, the attachment of an additional quencher molecule at the 5” end of the
substrate has been successfully introduced (Liu & Lu, 2003b) (Figure 1.4B). Furthermore, it
is possible to link both the fluorophore and quencher molecule to the two ends of the sub-
strate (Zhang et al., 2010b) (Figure 1.4C) or next to the cleavage site (Chiuman & Li, 2007)
(Figure 1.4D). The latter case is of interest especially for monitoring fast kinetics. FRET-based
biosensors can also be used for the real-time detection of analytes, for example to visualize the
dynamics of metal ion distributions in cells (Torabi et al., 2015).

The principle of non-labeled fluorescence-based sensors relies on the principle that DNA
intercalating dyes such as SYBR Green | (Zhang et al., 2013) or picogreen (Zhang et al., 2011a)
bind double-stranded nucleic acid helices with a high fluorescence intensity. Upon substrate
cleavage in the presence of the analyte, the double helices formed by the substrate recognition
arms of the DNAzyme and the substrate unwind due to dissociation of the cleavage products.
This event results in an decrease in the fluorescence signal. Compared to labeled fluorescence-
based catalytic beacons, non-labeled or label-free sensors are generally more straightforward
and cost-effective, since they do not require modified DNA sequences (Kumar et al., 2019).

The principle of colorimetric sensors that function as catalytic beacons relies on the detection
of a change in color that is induced by the metal-dependent cleavage event. For example, gold
nanoparticles (AuNPs) can be used to achieve colorimetric detection. A Pb?*-specific biosen-
sor was reported which is based on DNAzyme-directed assembly of gold nanoparticles. The
biosensor consists of a DNAzyme and its substrate that can hybridize to a 5’-thio-modified
DNA attached to gold nanoparticles. Upon hybridization, the gold nanoparticles are brought
together, resulting in a blue color of the AuNPs. In the presence of Pb?* the specific substrate
is cleaved by the DNAzyme, which prevents the formation of the AUNP assembly, resulting in
red nanopatrticles (Liu & Lu, 2003a).

An electrochemical sensor for the detection of Pb?* has been achieved by labeling a DNA
catalyst with methylene blue (MB), hybridizing the DNAzyme to its substrate, and immobilizing
the DNAzyme on an electrode surface via a thiol group on the 5’ end of the DNAzyme. Due
to the rigid conformation of the DNAzyme:substrate complex, MB is kept at a certain distance
from the electrode so that no electron (e°) transfer can occur. After Pb?*-induced cleavage, the
cleavage products dissociate from the DNAzyme and the DNAzyme gains the flexibility that is
required for e transfer. Sensor activity in the presence of Pb2* is conducted using altering cur-
rent voltammetry (Xiao et al., 2007) with a signal intensity that is dependent of the present metal
ion concentration (Figure 1.5A). A biosensor with SERS activity based on an RNA-cleaving
DNAzyme has been reported for the detection of Pb?* (Wang & Irudayaraj, 2011).
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Figure 1.4: Schematic representation of fluorescence-labeled biosensors for lead detection based on the RNA-
cleaving 8-17 DNAzyme. (A) The initially reported Pb?*-detecting DNAzyme-based biosensor has a fluorophore
attached to one end of the substrate (red). A fluorescence quencher molecule is attached to the corresponding site
of the DNAzyme (black) (Li et al., 2000). Pb*-induced cleavage leads to an increase in the fluorescence signal,
since fluorophore and quencher are separated due to the dissociation of the cleavage products. (B) To reduce
background fluorescence derived from non-hybridized substrate molecules, an additional quencher molecule can
be attached at the 5’ end of the substrate (Liu & Lu, 2003b). Linking both the fluorophore and the quencher molecule
to the substrate is possible either (C) on both ends (Zhang et al., 2010b) or (D) next to the cleavage site to measure
Pb?*-induced RNA cleavage (Chiuman & Li, 2007).

While the above described biosensors mostly find application in environmental samples
for the detection of toxic metal ions, RNA-cleaving DNAzyme-based biosensors can also be
used to measure intracellular metal ion concentrations. Within this context, so-called caged
DNAzymes that have a photolabile group covalently attached to prevent its activity have been
proven to be beneficial, since they allow for a controlled activation of the DNAzyme. The caging
group can be detached by irradiation with light of a defined wavelength (Young et al., 2010).
Caging groups can be introduced into RNA-cleaving DNAzymes either at conserved nucle-
obases within the catalytic loop (Ting et al., 2004), within nucleotides in the substrate (Lusic
et al., 2007), or at the 2’-OH group at the cleavage site to prevent cleavage of the sensor until
decaging has taken place (Hwang et al., 2014). Such a caged substrate can be used for in-
tracellular Na* sensing (Torabi et al., 2015) (Figure 1.5B). In addition to intracellular sensing,
DNAzymes have been used for the detection of metal ions in blood and serum samples. Vari-
ants of the 8-17 DNAzyme have been selected and tested in serum for their ability to detect
Ca?* and Mg?* (Zhou et al., 2015, 2016).

In 2000, the 17E DNAzyme which was previously selected for the Zn?*-dependent cleavage
of RNA (Li et al., 2000) was the first DNAzyme reported for the detection of Pb?* (Li & Lu,

23



General introduction to DNA-mediated catalysis

B

© ® 0,92 _9
NOERELEO
cagedN? \/Q uncaged T

o,

E/V E/V

Figure 1.5: DNAzyme-based biosensors. (A) The electrochemical DNAzyme-based biosensor developed by Xiao
et al. (2007) for the detection of Pb?". The sensor consists of a methylene-blue (MB) labeled DNAzyme (black)
that is hybridized to its substrate (red). The DNAzyme:substrate complex is immobilized on a gold electrode via a
thiol group on the 5’-end of the DNAzyme. Due to the rigid conformation of the complex, MB is kept at a certain
distance from the electrode so that no electron (e°) transfer can occur. Pb?* induces DNAzyme-mediated cleavage
of the substrate. The cleaved substrate dissociates from the DNAzyme and allows MB to transfer electrons. Sensor
measurements are conducted using alternating current voltammetry. (B) Schematic representation of a decaging
process for the DNAzyme for intracellular Na* detection (Torabi et al., 2015). The chimeric DNA/RNA substrate
(red) of the Na*-specific DNAzyme (black) is labeled with a fluorophore at the 5" end and a quencher molecule at
the 3’ end. An additional quencher molecule is attached to the 3’ end of the DNAzyme. To prevent cleavage of the
substrate during the delivery of the DNAzyme into the cell and to allow controlled activation, the 2° OH group at the
cleavage site is modified with a photolabile o-nitrobenzyl group (highlighted in green). Irradiation at 365 nm removes
the caging group, leading to a cleavable substrate and an active biosensor.

2000). Since this first report, numerous DNAzymes have been selected for the detection of
various metal ions. Until today, biosensors based on RNA-cleavage have been developed for
Na* (Torabi et al., 2015), Pb2* (Li & Lu, 2000), Ca?* (Zhou et al., 2017b), Cd?* (Huang & Liu,
2015), Zn?* (Li et al., 2015; Wang et al., 2016), UO,?* (Liu et al., 2007), Hg?* (Hollenstein et al.,
2008), Ag* (Saran & Liu, 2016), Cu?* (Huang & Liu, 2016), TI®* (Huang et al., 2015), Cr®* (Zhou
et al., 2016), and different lanthanoides (Huang et al., 2014, 2016). However, most of these
DNAzymes are only relevant for the analysis of environmental (water) samples, while their
physiological relevance is limited, due to the low abundance of most of these above mentioned
metal ions in living systems.

Although selection of RNA-cleaving DNAzymes is usually carried out in the presence of metal
ions to achieve specificity, in the absence of structural data, the role of the metal ions during
the catalytic process remains unknown. It is assumed that the metal ions perform their catalytic
activity by transient interactions with the DNAzyme rather than binding to an aptamer-like bind-
ing pocket, making selectivity for one specific metal ion difficult to achieve. For example, the
10-23 DNAzyme has been selected in the presence of Mg?*, but it shows highest activity in
the presence of Mn2* and is still active in the presence of Pb?*, Ca?*, Cd?*, Sr2*, Ba?*, Zn?",
and Co?* (Santoro & Joyce, 1998). This broad tolerance towards different metal ions is also
true for other RNA-cleaving DNAzymes including DNAzymes sharing the 8-17 DNAzyme motif
(Faulhammer & Famulok, 1996; Li & Lu, 2000; Santoro & Joyce, 1997). Furthermore, inhibitory
effects of other components in an analytical sample need to be considered (see Chapter 3).
Thus, DNAzyme-based biosensors that rely on the cleavage of an RNA substrate, until now,
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have only been established for a few elements of the periodic table. To obtain DNAzyme-based
biosensors with higher affinity and specificity an deeper understanding of the metal ion within
the cleavage reaction is of paramount importance.

1.4 Reaction scope of DNA-mediated catalysis

As mentioned before, the chemical repertoire of DNAzymes is not restricted to RNA cleav-
age reactions. Since the first report of a DNA catalyst, a myriad of DNAzymes with different
catalytic activities have been reported. In addition,new techniques for the the identification of
catalytically active DNA sequences have been developed and improved. These new DNAzymes
include both catalysts with oligonucleotide and non-oligonucleotide substrates. DNAzymes with
oligonucleotide substrates for example perform the ligation (Cuenoud & Szostak, 1995) or
cleavage (Chandra et al., 2009; Gu et al., 2013) of DNA or the ligation of RNA strands (Flynn-
Charlebois et al., 2003). DNAzymes with non-oligonucleotide substrates include catalysts which
are capable of performing the photoreversion of thmyine dimers (Chinnapen & Sen, 2004), per-
oxide reduction mimicking peroxidase activity (Travascio et al., 1998), and peptide side chain
and backbone modifications (Chandrasekar & Silverman, 2013; Chandrasekar et al., 2015; Chu
etal., 2014; Pradeepkumar et al., 2008; Silverman, 2015; Walsh et al., 2015, 2013; Wong et al.,
2011).

With regard to applications as biosensors, the horseradish peroxidase (HRP) metallo-enzyme
mimicking DNAzyme with a G-rich sequence as the recognition element for the detection of
potassium ions is worth mentioning (Fan et al., 2012). Upon binding of K*, the G-rich element
folds into a G-quadruplex structure, allowing a hemin cofactor to bind, resulting in the formation
of the HRP-DNAzyme. In the presence of the DNAzyme, 3-(p-Hydroxyphenyl)-propanoic acid
(HPPA) can be oxidized by H>O», resulting in oxidative fluorescent product. The fluorescence
signal increases with increasing K* concentrations. Further G-quadruplex-based biosensors
are for example reported for the detection of miRNA in the presence of hemin as a cofac-
tor (Li et al., 2017b), ATP in the presence of peptide/Au nanocomposites, hemin and K* (Li
et al., 2014a), or choline in the presence of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) (Nikzad & Karami, 2018). A review article on the reaction scope and repertoire of
DNAzymes was published by Silverman (2016).
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1.5 Aim of this thesis

RNA-cleaving DNAzymes have been extensively studied for their potential to serve as thera-
peutics for the treatment of diseases which are associated with high RNA levels (Bhindi et al.,
2007) or for their suitability to serve as biosensors for metal ions or other small analytes (Gong
et al., 2015). Among the large number of RNA-cleaving DNAzymes, the 10-23 DNAzyme is the
most extensively studied RNA-cleaving DNAzyme, which also entered clinical trials for the treat-
ment of asthma (Krug et al., 2015) and cancer (Cho et al., 2013). However, one major drawback
of the 10-23 DNAzyme for in vivo application is its requirement for a Mg?* concentration that
exceed the level of free Mg?* ions in cells (Victor et al., 2018). In vitro, the 10-23 DNAzyme
shows activity in the presence of different divalent metal ions, including Mg?*, Mn?*, or Pb?+
(Santoro & Joyce, 1998) which hampers its application as a metal-detecting biosensor.

So far, the lack of structural information on DNAzymes in general, and the 10-23 DNAzyme in
particular, has prevented a detailed understanding of the mechanism behind the RNA-cleavage
reaction. More than two decades after the discovery of DNAzymes only three high-resolution
X-ray structures are available: one crystal structure was obtained of the 10-23 DNAzyme in a
biologically irrelevant duplex conformation, which is adopted due to a self-complementary se-
quence within the catalytic core (Nowakowski et al., 1999b). Seventeen years later, the first
crystal structure of a DNA catalyst in a biologically relevant conformation was reported, how-
ever, the structure of the RNA-ligating DNAzyme 9DB1 represents a post-catalytic state (Ponce-
Salvatierra et al., 2016). In 2017, the crystal structure of the RNA-cleaving 8-17 DNAzyme in
the presence of a non-native chimeric DNA/RNA substrate was published (Liu et al., 2017).

The objective of the following work is firstly to report on the numerous functional studies on
the RNA-cleaving 10-23 DNAzyme and to provide a comprehensive overview of the nucleotide
modifications within the catalytic loop that have an impact on DNAzyme function as well as of
the impact of different metal ions on the DNAzyme activity. The compiled data are intended
to serve as a starting point for future attempts at elucidating the mechanism of DNAzyme-
mediated RNA cleavage. This review aims at highlighting the molecular features that a struc-
tural model should address and provides information that could facilitate the identification and
localization of different metal ion binding sites.

The second obijective of this thesis is to explore the properties of the 10-23 DNAzyme with
special regard to its metal ion dependency in solution using Férster resonance energy transfer
(FRET)-based cleavage assays, isothermal titration calorimetry (ITC), nuclear magnetic reso-
nance (NMR) spectroscopy, and electron paramagnetic resonance (EPR) spectroscopy. Here,
the influence of both mono- and divalent metal ions on metal binding and DNAzyme activ-
ity will be explored with the aim to shed light on the reasons for the poor performance the
10-23 DNAzyme in vivo and provide insights that are of great interest with regard to the use of
RNA-cleaving DNAzymes as biosensors for metal ions and as therapeutics.

High-resolution structural data are crucial for understanding the mechanism by which the
10-23 DNAzyme performs RNA-cleavage. However, the preparation of well-ordered nucleic
acid crystals that are suitable for structure determination by X-ray crystallography is particu-
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larly challenging, since the surfaces of RNA and DNA molecules are dominated by negatively
charged residues and regularly ordered phosphate groups, which frequently results in crystals
with a poor long-range order (Ferré-D’Amaré & Doudna, 2000a). That is, as a third objective of
this work, a protocol will be established that enables the fast and efficient crystallization of nu-
cleic acids by soaking. Optimized variants of the RNA-binding protein U1A will be used, which
enable the detection of RNA-binding in crystallo based on a change in fluorescence.

In addition, different strategies for the crystallization of the 10-23 DNAzyme in complex with
its native RNA substrate will be presented that all aim at obtaining high-quality crystals. These
strategies involve (i) co-crystallization with the RNA-binding protein U1A, (ii) a combinatorial
screen of the DNAzyme:RNA complex with varying length of the RNA substrate and the binding
arms of DNAzyme resulting in duplexes of varying length with and without overhangs, (iii) use
of a reduced DNAzyme with nucleotide deletions within the flexible catalytic core region, and
(iv) tetrahedral nanostructures consisting of three DNAzyme molecules and their RNA sub-
strates.

All of these approaches are not restricted to the nucleic acid sequences used for this the-
sis, but they offer a prospect for functional studies on and the structure elucidation of various
nucleic acid sequences, including ribozymes, riboswitches, DNAzymes and DNAzyme:RNA
complexes.
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2 Molecular features and metal ions that
influence 10-23 DNAzyme activity

This chapter reflects content of the following publication.

2.1 Publication information

Hannah Rosenbach, Julian Victor, Manuel Etzkorn, Gerhard Steger, Detlev Riesner, and
Ingrid Span

Submitted to: Molecules, 31.05.2020

2.2 Abstract

Deoxyribozymes (DNAzymes) with RNA hydrolysis activity have a tremendous potential as
gene suppression agents for therapeutic applications. The most extensively studied represen-
tative is the 10-23 DNAzyme consisting of a catalytic loop and two substrate binding arms
that can be designed to bind and cleave the RNA sequence of interest. The RNA substrate
is cleaved between central purine and pyrimidine nucleotides. The activity of this DNAzyme
in vitro is considerably higher than in vivo, which was suggested to be related to its divalent
cation dependency. Understanding the mechanism of DNAzyme catalysis is hindered by the
absence of structural information, however, numerous biological studies provide comprehen-
sive insights into the role of particular deoxynucleotides and functional groups in DNAzymes.
Here we provide an overview of the thermodynamic properties, the impact of nucleobase mod-
ifications within the catalytic loop, and the role of different metal ions in catalysis. We highlight
the critical molecular features that will enable to develop improved strategies for structure de-
termination and to understand the mechanism of the 10-23 DNAzyme. These insights provide
the basis for improving activity in cells and pave the way for developing DNAzyme applications.

29



Rosenbach et al. (2020) Review article on the 10-23 DNAzyme

2.3 Introduction

Deoxyribozymes or DNAzymes are single-stranded DNA molecules that are capable of catalyz-
ing a variety of chemical reactions, including RNA cleavage (Santoro & Joyce, 1997) and liga-
tion (Flynn-Charlebois et al., 2003), DNA cleavage (Chandra et al., 2009) and ligation (Cuenoud
& Szostak, 1995), the photoreversion of thmyine dimers (Chinnapen & Sen, 2004), as well as
peptide side chain and backbone modifications (Chandrasekar & Silverman, 2013; Chu et al.,
2014; Pradeepkumar et al., 2008; Silverman, 2015; Wong et al., 2011). The 10-23 DNAzyme
is the most extensively studied RNA-cleaving DNAzyme. It was obtained via in vitro selection
from a pool of randomized DNA sequences. The 10-23 DNAzyme consists of a catalytic loop of
15 nucleotides that is flanked by two substrate binding arms (Figure 2.1A). Those arms can be
varied in length and sequence in order to allow specific binding to virtually any RNA of interest.
After binding, the catalytic loop facilitates cleavage of the RNA substrate between a 5’ central
purine and its 3’ neigbouring pyrimidine nucleotide (Figure 2.1B). The 10-23 DNAzyme has
been considered a promising tool to reduce the expression of therapeutically relevant genes
on the RNA level (Cairns et al., 1999; Cho et al., 2013; Fokina et al., 2012; Krug et al., 2015;
Kurreck et al., 2002a; Santiago et al., 1999b; Santoro & Joyce, 1997; Sel et al., 2008; Victor
et al., 2018; Yen et al.,, 1999; Zhang et al., 2004, 2002). However, a major obstacle for its in
vivo application is the high dependency of the DNAzyme on divalent metal ions. Indeed, recent
studies suggest that the 10-23 DNAzyme is catalytically inactive under the conditions inside
cells and that visible knockdown effects could be attributed to antisense effects (Victor et al.,
2018; Young et al., 2010). Despite the efforts of several groups to improve catalytic performance
by designing DNAzymes that function at lower metal ion concentration, with different metal ion
specificity, or even in the complete absence of metal ion cofactors, the activity of the DNAzyme
under conditions resembling the cell remains low (Hollenstein et al., 2009; Kasprowicz et al.,
2017; Lermer et al., 2002; Sidorov et al., 2004).

In this review, we aim at providing an overview of the structural and functional data on the
RNA-cleaving 10-23 DNAzyme. First, we highlight the potential of the 10-23 DNAzyme for ther-
apeutic applications. We then summarize efforts to gain structural insights on DNAzymes uti-
lizing various methods and point out the challenges for this endeavor. We further describe the
reaction mechanism with its relevant parameters. In the following sections, we take a closer
look at the functional data available on the impact of nucleotide substitutions within the binding
arms as well as substitutions and modifications within the catalytic loop. Finally, we outline the
influence of various metal ions on activity.

Therapeutic potential of the 10-23 DNAzyme

The ability of the 10-23 DNAzyme to cleave disease-related (messenger or non-coding) RNA
makes it particularly attractive as a therapeutic agent. It is highly versatile yet specific. In com-
parison to the currently more established approaches for post-transcriptional gene silencing,
such as the use of RNA interference (RNAI) or antisense deoxyribonucleotides (AS-ODNSs),
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Figure 2.1: Reaction and sequence of the 10-23 DNAzyme. (A) RNA cleavage performed by the 10-23 DNAzyme.
The DNAzyme (black) cleaves its specific RNA substrate (red) between two central purine (R) and pyrimidine (Y)
nucleotides in a manner dependent on divalent cation(s) M2*. (B) Schematic representation of the 10-23 DNAzyme
(indicated in black) with the 15-nt comprising catalytic core bound to the RNA substrate (indicated in red). While in
general the binding of the DNAzyme with the RNA substrate occurs via Watson-Crick base pairing (]), nucleotides
forming wobble base pairs (-) at position —1 lead to enhanced cleavage. (C) Chemical reactions describing the
cleavage activity of 10-23 DNAzyme Dz; (2.1) the DNAzyme associates with the target RNA to a complex that
binds for charge neutralization more cations than the single strands; (2.2) the DNAzyme:RNA complex binds di-
valent cation(s) to form the catalytically active enzyme:substrate complex that is able to cleave the RNA; (2.3) the
enzyme:product complex of DNAzyme and cleaved RNA dissociates into its components; for further details see text.

the DNAzyme has several remarkable advantages. These advantages include the fact that
it—supposedly—is a self-sufficient biocatalyst that does not rely on the presence of other
biomolecules the way that RNAI relies on argonaut proteins and AS-ODNs on the action of
RNase H. These features make DNAzymes also perfect candidates to target RNA-based viru-
ses such as human immunodeficiency viruses (HIV) (Basu et al., 2000; Goila & Banerjea, 1998;
Jakobsen et al., 2007; Zhang et al., 1999) or corona viruses (CoV), entering the organism but
before entering the cell. In addition, compared to RNA, single-stranded DNA is much more cost-
effective and inherently more stable in biological fluids. A growing number of 10-23 DNAzyme
variants is currently in preclinical model studies and a small selection in clinical trials focusing
on the treatment of basal cell carcinoma and Th2-driven asthma(Cho et al., 2013; Krug et al.,
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2015) (also see e.g. Khachigian for more detailed review of clinically relevant aspects). While
the DNAzyme approach offers a very attractive therapeutic strategy, contradicting observations
are found in in vivo experiments, including studies that report on limited catalytic activity under
physiological conditions (Victor et al., 2018; Young et al., 2010). The current situation implies
that there is an urgent need to better understand the fundamental processes of DNA-mediated
catalysis to enable the design of DNAzymes with improved in vivo activity and unravel the full
therapeutic potential of DNAzymes.

Structural information on DNAzymes

Structural information on DNAzymes is scarce and the absence of detailed information on
the spatial arrangement and the metal coordination sites prevent a deeper understanding of
the molecular mechanism of DNAzyme catalysis. Based on its similarity to the hammerhead
ribozyme, the RNA-cleaving reaction is believed to involve a transesterification (Figure 2.2)
(Breaker et al., 2003b; Santoro & Joyce, 1998), however, in the absence of structural data on a
molecular level the exact mechanism by which the 10-23 DNAzyme performes its reaction is still
under debate. The first crystal structure reported by Nowakowski et al. with the 10-23 DNAzyme
in complex with its RNA target showed the formation of a four-way junction. This arrangement
composed of two DNAzyme strands and two RNA substrate molecules is unlikely to represent
the catalytically active conformation of the complex. In a follow-up study, Nowakowski et al. pre-
sented a combinatorial approach using 81 different DNAzyme:RNA complexes for crystalliza-
tion screenings. The different biological samples involved different combinations of DNAzymes
and RNA substrates with different length, with or without overhangs. Their strategy led to the
formation of 40 crystals and data sets with a resolution of up to 2.8 A. However, the structure
solved from these diffraction experiments did not lead to a crystal structure in a catalytically
active conformation.

A study by Kondo & Takénaka found that heat-treatment is effective to prevent formation of
the inactive quaternary complex between the two DNAzymes and the two substrates, however,
they did not obtain diffracting crystals. Another attempt to obtain high resolution structural in-
formation on DNAzymes was reported by Dolot et al.. They have crystalized a 52—nucleotide
DNA/2’-OMe-RNA oligomer mimicking 10-23 DNAzyme in complex with its substrate and were
able to collect data to 1.2 A resolution. Despite tremendous efforts to solve the phase problem,
including direct methods, molecular replacement, and single-wavelength anomalous diffraction
of phosphorus atoms, they were not able to derive the phases and obtain an electron density.

All attempts described so far have focused on determining the structure using X-ray crystal-
lography. However, the formation of highly ordered nucleic acid crystals is often challenging due
to the surface properties of nucleic acids. While the surfaces of proteins consist of hydropho-
bic patches that favour intermolecular interactions, the surfaces of nucleic acids is dominated
by negatively charged and regularly ordered phosphate groups. Uniform surfaces prevent the
formation of distinct interactions between molecules in the crystal lattice and lead to the for-
mation of crystals with poor long-range order. In addition to the challenge of obtaining high
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Figure 2.2: Proposed reaction mechanism of the 10-23 DNAzyme. A proton is abstracted from the 2’-hydroxyl group
on the ribose of the unpaired purine nucleotide by an unknown Brgnsted base B. The resulting oxyanion functions as
a nucleophile that attacks the phosphorus center of the phosphodiesterbond thus generating a penta-coordinated
phosphorane intermediate. The intermediate degrades into two RNA fragments: one fragment that terminates in a
2'-3’-cyclic phosphate and second fragment that terminates in a 5’ hydroxyl group. G = guanine; U = uracil. Based
on Breaker et al..

quality crystals, solving the phase problem is an additional obstacle in nucleic acid crystallog-
raphy. The phase problem arises from the loss of phase information during the diffraction ex-
periment. When collecting X-ray diffraction data from a crystal, the intensities of the diffracted
waves scattered from a series of planes are measured (Taylor, 2010). From these intensities
the amplitudes of the scattered waves are derived. At this point, we lose the phase informa-
tion, which describes the offset of these waves when we add them together to reconstruct an
image of our molecule. For small molecule crystallography determining phases by ab initio ap-
proaches is quite common. In protein crystallography phases are derived either by using the
atomic coordinates of a structurally similar protein (molecular replacement) or by finding the
positions of heavy atoms that are intrinsic to the protein or that have been added (methods
such as MIR, MIRAS, SIR, SIRAS, MAD, SAD or combinations of these). Strategies to obtain
heavy atom derivatives of RNA crystals (Keel et al., 2007) have been described as well as
co-crystallization approaches with nucleic acid-binding proteins (Ferré-D’Amaré et al., 1998;
Liu et al., 2017), but solving the phase problem for nucleic acid data remains nontrivial. The
only available high-resolution structural information on DNA catalysts have been obtained for
the RNA-ligating DNAzyme 9DB1 and the RNA-cleaving 8-17 DNAzyme. The crystal structure
of the DNAzyme 9DB1 has been solved in complex with its two RNA substrates at a resolu-
tion of 2.8 A (Ponce-Salvatierra et al., 2016). The only crystal structure of an RNA-cleaving
DNAzyme has been solved in the presence of a DNA instead of the RNA substrate at a res-
olution of 2.55 A (Liu et al., 2017). However, since the investigated DNA catalyst belongs to
the family of the 8-17 DNAzymes the information obtained from this structural study do not
allow for any conclusion about the mechanistic aspects of RNA-cleavage performed by the
10-23 DNAzyme. Information about size and shape of the 10-23 DNAzyme in complex with
its RNA substrate and the RNA-binding protein U1A has been obtained by small-angle X-ray
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scattering (SAXS) (Rosenbach et al., 2020). Another structural model of the 10-23 DNAzyme
in complex with its RNA target has been obtained by molecular dynamics (MD) simulation
(Plashkevych & Chattopadhyaya, 2011). However, the latter study was not confirmed by any
experimental validation of the presented structure. Attempts to obtain the solution structure of
the 10-23 DNAzyme:RNA complex by NMR spectroscopy have not yet been successful (Choe
et al.,, 2000), but offer a promising alternative strategy. To our knowledge no efforts to solve the
structure of DNAzymes utilizing cryogenic electron microscopy (cryo-EM) have been reported
so far. The absence of a high-resolution structure of a RNA-cleaving DNAzyme bound to its
RNA substrate has hampered the efforts to modify the 10-23 DNAzyme for improved in vivo
performance.

Kinetics of DNAzyme-mediated catalysis

The chemical reactions shown in Figure 2.1C depict a minimal kinetic scheme for catalysis by
the 10-23 DNAzyme. In the association step (2.1), the DNAzyme’s binding arms form base-
pairs with the target-specific RNA (Figure 2.1B). The thermodynamic stability of the complex
consisting of DNAzyme and RNA depends on reactants’ structures, which have to be dissolved
at least partially prior to association, on the lengths of the formed helices, the basepair stacking
in the helices, and the ionic strength. A well-designed DNAzyme sequence should form neither
intramolecular nor intermolecular basepairs with itself; the RNA or at least the target region
should also have a low degree of structure (Tafer et al., 2008; Turner et al., 1990; Victor et al.,
2018). The stability of the complex increases with increasing length of the helical arms and
strongly stacking basepairs (Steger, 1994; Sugimoto et al., 1995), but a too high stability of the
helices inhibits dissociation of the DNAzyme:product complex (see Figure 2.1C(2.3)) and thus
catalytic turnover. Increasing ionic strength overcomes the electrostatic repulsion of the poly-
electrolytic nucleic acid single strands, leads to higher stability and denaturation temperature
of the complex, but may be varied only in vitro while ionic conditions are given in a selected
in vivo system. While reaction (2.1) is independent from the type of cation, the catalytic re-
action depends on divalent cations M2*; most experimental information is available for Mg2+
or Mn2* (see below). Notably, divalent cations may substitute for the mentioned monovalent
ions in reaction (2.1), especially in in vitro experiments; on the other hand, high concentrations
of divalent cations—especially in combination with slightly basic pH values and/or elevated
temperatures—may lead to degradation of RNA (Forconi & Herschlag, 2009). Such high con-
centrations of divalent cations are quite often used to analyze catalysis of mutated DNAzymes
(see below), however, controls for the cation-induced RNA degradation are rarely performed.

The combined reactions (2.2)+(2.3) (Figure 2.1C) can be summarized and interpreted by a
standard Michaelis-Menten equation; that is,

kca
Dz + RNA + N* + M2* 2 DZ:RNANN* M2 — Dz + RNAgoaveq + N* + M2+

r
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with rate constants k; fo the forward reaction, k; of the reverse reaction, and kg4 of the catalytic
reaction. Under the conditions that DNAzyme concentration is much below RNA concentration,
dissociation of DNAzyme and cleaved RNA is fast, M>* concentration sufficiently high, and the
rate of RNA ligation low (Santoro & Joyce, 1998), the rate of product formation is given by

d [RNAcIeaved] -V [RNA]
dt T K + [RNA]

with maximum rate

Vimax = Kcat - [DZiotal]

and Michaelis constant

_ Ke + Kcat

Kwu K

Under single turnover conditions, i. e. DNAzyme is in excess over RNA or the reaction is started
by addition of M?* to the preformed Dz:RNA complex, as done in many of the analyses de-
scribed below, a simple first-order reaction

Kobs
Dz:RNA :b> Dz + RNAgjeaved
M2+

is obtained. From the concentration dependence upon time t, the rate constant
[RNAcieaved]t = [Dz:RNA] - (1 - eXp(_kobst))

and yield

[RNAcIeaved]t

Y f—
‘" [RNAJi=

are obtained. ks is the observed rate constant.

2.4 Impact of nucleotide substitutions within the binding arms

DNAzyme activity depends upon nucleotides neighbouring the cleavage site

The 10-23 DNAzyme cleaves RNA substrates with high nucleotide selectivity at purine-pyrimi-
dine junction sites (rRrY) in the presence of divalent metal ions. The purine nucleotide of the
RNA cleavage site remains unpaired while the pyrimidine nucleotide forms a base pair with
one of the deoxyribonucleotides of the DNAzyme. The pyrimidine nucleotide of the RNA cleav-
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age site as well as the paired base of the DNAzyme will be referred to as being in position
+1 in the following because they are located “downstream” of the actual site of cleavage, i.e.
between the purine and pyrimidine nucleotide (see Figure 2.1A and 2.1B). In this paragraph
we will focus on the (i) impact of base pair mutations at the scissile bond, (ii) the influence
of mutations of stacking interactions between the ribonucleotides neighbouring the cleavage
site and the deoxynucleotides at position 1 and 15 of the DNAzyme’s catalytic loop, as well
as (iii) the impact of the introduction of modified deoxynucleotides at position 1 of the cat-
alytic loop on the cleavage rate. In 2003, Cairns et al. found that the cleavage rates of the
DNAzyme for RNA substrates increase in the following order of the cleavage site sequence:
rGrU,q =rArU ¢ > rGrC, 1 » rArC 4. When uridine (rU) is found in the +1 position the nature
of the unpaired purine base has no impact on the cleavage rate. However, if cytosine (C) is
found in the +1 position the type of the unpaired purine also affects activity. The significantly
higher activity of the 10-23 DNAzyme against rRrU substrates over rRrC substrates could be
explained by a higher binding strength of the rC 1:dG ¢ pairing at position +1 with three hydro-
gen bonds compared to the relatively weak rU  {:dA, 1 pairing with only two hydrogen bonds
and altered stacking features. Also, the cleavage rates for substrates with an rRrY junction
at the cleavage site are dramatically increased when using DNAzymes with a deoxyinosine
(dl) nucleotide (see Figure 2.3 for structures of the different nucleotide modifications, which
are reviewed in the following; the nucleobase in deoxyinosine is hypoxanthine) instead of the
canonical dR counterpart at the +1 position. The substitution results in two weaker hydrogen
bonds rY_¢ - dl ¢ pairing compared to the canonical Watson-Crick base pairing. This effect is
particularly striking for substrates with an rArC core sequence, resulting in a rC 4 - dl, ¢ inter-
action instead of the rC:dG bonding. The opposite effect was observed when using DNAzymes
with a diaminopurine (DAP) substitution at position +1 for rRrU substrates. The three hydrogen
bond between rU ¢y and dDAP_ 1 pair significantly decreases the cleavage rate of the reaction
compared to the weaker rU_ 1:dA 4 pair.

However, this rate enhancement has only been observed when using substrates with an rArU
and not a rGrU cleavage site indicating an influence of the stacking interaction between AU or
GU, respectively. This observation goes hand in hand with the one made for substrates with
an rRrC core sequence where the cleavage rate was extensively enhanced by a lower binding
strength when the unpaired rR nucleotide was an adenosine. In addition to being unpaired,
rArY or rGrY cleavage sites require an extended degree of conformational flexibility or lower
stacking interaction on the 3’ side (N,1) for efficient cleavage rates. This is provided by stan-
dard nucleotides when followed by uridine (rU.1:dA 1 pair), whereas a paired dG needs to be
replaced by a dl leading to a wobble base pair to enhance the activity.

Substitution of the dA in an rU,:dA; pair at the cleavage site by 7-deaza (AN’)-deoxy-
adenine and 8-aza-7-deaza (N8 AN’)-deoxyadenine reveal that the nitrogen atom is of equal
importance for the cleavage reaction at positions 7 and 8 in the ring system of dA_ ¢, although
these atoms do not contribute to thermal stability by forming hydrogen bonds. Deletion of the
exocyclic amino group at position 6 or its substitution by bulky groups lead to decreased stability
and a lower reaction rate (Zhu et al., 2015). Table 2.1 provides an overview of the effect of nu-
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Table 2.1: Effect of nucleotide substitutions at position +1 of the DNAzyme (dN,1) and the sequence of the nu-
cleotides at the cleavage site of the RNA substrate (paired as well as unpaired N, 1) on the RNA cleavage rate.
DAP. 4, 2,6-diaminodeoxypurine; dAN’A ¢, 7-deazadeoxyadenine; d(N®AN”) A 4, 8-aza-7-deazadeoxyadenine; for
formulas see Figure 3.

AU = Gluyy = Glcyr > ANy
RVU. 4 RYC
I > I
dA+1 dG+1
RYY 4 RYY 4 AYCy AYC 4
I > I I > I
dl 4 dR.1 dIq dG4
AU AU GYU4 GlUy 4
I > I I A I
dA+1 DAP+1 dA+1 DAP+1
RVU 4 RYU, 4 RYU 4
I ~ I ~ I
dA 4 dAN"A 4 d(NBANT) A4

cleotide substitutions at position +1 of the DNAzyme (dN_ 1) and the sequence of nucleotides at
the cleavage site of the RNA substrate (paired and unpaired rN, 1, respectively) on the reaction
rate.

The neighbouring nucleotide rN_4 on the 5’ side of the unpaired purine next to the cleavage
site prefers formation of a non-canonical or wobble interaction with the corresponding deoxynu-
cleotide within the DNAzyme. A suitable substitution of this deoxynucleotide in the DNAzyme
sequence leads to an increase in the RNA cleavage rate (Cairns et al., 2000, 2003). It has
been reported that the activity of the DNAzyme against some RNA substrate sequences was
improved by base substitutions with reduced interaction strength between the DNAzyme and
the substrate. It was shown that the formation of wobble and mispairs immediately 5’ rather
than 3’ of the cleavage site are responsible for an enhanced DNAyzme activity (Cairns et al.,
2003).

Introduction of an intercalator between the catalytic loop deoxynucleotide dA45 and dN_ of
the DNAzyme binding arm greatly improved the cleavage activity towards an RNA substrate
with a rCrG cleavage site compared to the unmodified DNAzyme. The intercalator was at-
tached via an amide bond to a D-treoninol linker that is inserted to the DNA backbone using
phosphoramidite chemistry (Asanuma et al., 2006). It was shown, that the catalytic activity was
only improved, when the intercalator was introduced to the DNAzyme via D-treoninol, while
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Figure 2.3: Structures of different nucleotides and C3 spacer used in mutagenesis studies for the 10-23 DNAzyme.
The nucleobase hypoxanthine is present in the nucleotide inosine.

introduction of methylene between the intercalator and the amide bond significantly lowered
the DNAzyme activity. The most enhancing effect on the DNAzyme was detected using an
antraquinone intercalator. Furthermore, results obtained with additional intercalators and link-
ers revealed that planar molecules have an enhancing effect on DNAzyme activity. It was also
reported that in the catalytic loop of the 10-23 DNAzyme, dA{5 could be exchanged by a nu-
cleobase lacking its 6-amino group to improve the catalytic rate. Furthermore, it was shown
that the DNAzyme can be further optimized by adding an extra functional group to the 6-amino
group via different C2- or a C3-linkers (Zhu et al., 2016). Other modifications at dA5 appeared
to show a negative effect on the cleavage activity (He et al., 2011; Wang et al., 2012).

Furthermore, studies with 2’-O-methyl modified nucleotides as well as locked nucleic acid
(LNA) substitutions within the binding arms of the 10-23 DNAzyme have shown that modifica-
tions that promote an A-form helix of the binding arms enhance the activity of the DNAzyme
(Schubert et al., 2003; Vester et al., 2002). While DNA double helices form B-type helices, the
A conformation is common for RNA double helices and has also been reported for DNA-RNA
helices (Milman et al., 1967).

Taken together, a certain degree of flexibility in the base pairing between the substrate nu-
cleotides next to the cleavage site and the corresponding deoxynucleotides in the DNAzyme
binding arms is crucial for cleavage activity of the 10-23 DNAzyme. The required conformational
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freedom might be a hint for a significant rearrangement of the RNA cleavage site towards func-
tional deoxynucleotides in the catalytic loop sequence. This assumption is further supported by
the observation that the transition from the catalytic loop to the substrate binding arm, i. e. the
connection between dA{s and dN_4, can be modified without major influence on the activity,
indicating that no rigid conformation is required here.

2.5 Impact of deoxynucleotide substitutions and modifications
within the catalytic loop

The structure of the DNAzyme in complex with its RNA substrate in a catalytically relevant
conformation remains unknown. Therefore, much effort has been spend into determining how
the deoxynucleotides within the catalytic loop affect DNAzyme function. Several studies have
investigated the role of each individual nucleobase (Asanuma et al., 2006; He et al., 2011; Li
et al., 2014b; Nawrot ef al., 2007; Raz & Hollenstein, 2015; Santoro & Joyce, 1998; Schubert
et al.,, 2003; Smuga et al., 2010; Wang et al., 2010a, 2012; Zaborowska et al., 2002; Zhu et al.,
2015), deoxyribose sugars (Robaldo et al., 2012; Schubert et al., 2003; Wang et al., 2010a),
and the phosphate groups (Breaker et al., 2003b; Nawrot et al., 2007). In addition deletion
studies provide insights into the relevance of the nucleotides in different positions (Okumoto
& Sugimoto, 2000; Sugimoto et al., 1999; Zaborowska et al., 2005). In this paragraph, we
will discuss mutational studies with natural and non-natural deoxynucleotides. Moreover, we
will outline the impact of substituting individual deoxynucleotides with abasic deoxynucleotides
(da) and acyclic C3 spacers for each deoxynucleotide within the catalytic loop region. In con-
trast to mutations of deoxynucleotides that disturbed the given structure of the DNAzyme, the
introduction of abasic deoxynucleotides or spacers allow for more flexibility of the structure.
Figure 2.4 provides an overview of the relevance of each nucleotide in the catalytic loop on
10-23 DNAzyme activity at a glace.

The deoxynucleotides at position 1 to 6, 13, and 14 are crucial for activity

The sequence requirements in the catalytic loop of the 10-23 DNAzyme were analyzed by
Zaborowska et al. using systematic mutagenesis studies with regard to DNAzyme activity in
the presence of Mg?". The reaction of each DNAzyme variant was performed for 20 min at
37°C in the presence of tenfold molar excess of the DNAzyme over a 19 nucleotide (nt) RNA
substrate in the presence of 10 mM MgCl,. They used the total yield of the reaction product after
20 min as an indicator of DNAzyme activity. This approach is less labor-intense, however, the
results are less reliable as compared to kinetic measurements. Zaborowska ef al. found that the
deoxynucleotides dG1, dG», dT4, dGg and dG14 could not be exchanged independently by any
other naturally occurring deoxynucleotide without a complete loss of cleavage activity. Surpris-
ingly, Wang et al. found that the exchange of the deoxynucleotides dG1, dG, and dT4 by either
an abasic deoxynucleotide (da) or a C3 spacer did not lead to a considerably loss of activity. It

39



Rosenbach et al. (2020) Review article on the 10-23 DNAzyme

3' = — N_2 N-1 N+1 N+2— = 5'

A15 G1
G14 Gz
C13 Cs
A12 T4
A11 As
C10, Ge
A, T, 0

Figure 2.4: Schematic representation of the 10-23 DNAzyme with emphasis on the deoxynucleotides within the
catalytic loop. Modification of the deoxynucleotides 1-6, 13, and 14 (red circles) greatly affect the cleavage rate,
whereas exchanges of deoxynucleotides 7-12 and 15 (green circles) only slightly affect the DNAzyme activity.
Deletion of the deoxynucleotide dTs leads to an active 10-23 DNAzyme (grey circle)

should be pointed out that the kinetic measurements with the abasic deoxynucleotides and C3
spacers by Wang et al. were performed in the presence of a 100-fold excess of DNAzyme over
the substrate in the presence of 200 mM NaCl and 500 mM MgCl,. The introduction of an aba-
sic deoxynucleotide substantially reduces the observed rate constant kqps values compared to
the unmodified DNAzyme in the following order: das > da, > daj , with the substitution of dTy4
showing the largest effect. Mutation of these deoxynucleotides to a C3 spacer does not lower
the kqps Values significantly further compared to the substitution by an abasic deoxynucleotide.
In case of day, da, and day4 , the overall yields after a given time (Yy; see (2.4)) were only slightly
reduced when compared to the unmodified DNAzyme, suggesting that the nucleobases may
only be necessary for the correct positioning of other nucleotides that are directly involved in the
reaction mechanism. Notably, the cleavage assays for the abasic and C3 spacer substitutions
were conducted using chimeric DNA/RNA substrates with a single ribonucleotide linkage at the
cleavage site (Wang et al., 2010a). As mentioned previously, DNA:DNA duplexes form B-type
helices, while RNA:DNA duplexes form A-type helices. The formation of a different helix type is
caused by the different sugar conformation, i. e. different sugar puckers, and a different number
of base pairs per turn. Additionally, the 2’-OH group on the RNA ribose is not compatible with
the deep and narrow minor grove of B-type helices (Arnott et al., 1986a,b; Milman et al., 1967).
In summary, the experiments performed by Wang et al. and Zaborowska et al. point towards a
significant importance of the nucleotides dG+, dG., dT4, dGg and dG14 under single turnover
conditions.
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Exocyclic functional groups at position 6 and 14 are crucial for the activity of
the 10-23 DNAzyme

The dramatically reduced DNAzyme activity after replacement of dG14 by dl indicates the impor-
tance of the 2-amino group. When exchanging the dG14 deoxynucleotide by a 2- aminopurine
(2-AP) deoxynucleotide that lacks the 6-keto group of dG, the DNAzyme becomes almost com-
pletely inactive (Zaborowska et al., 2002), emphasizing that both exocyclic functionalities of the
guanine base are crucial for the RNA cleavage activity of the 10-23 DNAzyme, although dGg
cannot be exchanged to dA without a complete loss of DNAzyme activity, the deoxynucleotide
can be changed to dl with no detectable difference in the cleavage rate. This data suggests
that the 6-keto group plays an important role in the cleavage mechanism, whereas the 2-amino
group does not appear to be critical for function (Zaborowska et al., 2002) (Figure 2.5). This
was further confirmed by mutagenesis studies by Nawrot et al., where modified DNAzymes
with a 2-AP substitution as well as a AN’G or a 6-thioguanosine (s®G) replacement at position
6 were assayed for their activity in the presence of either Mg?* or Mn?*. The 6-keto group of
guanine is lacking in the 2-AP variant, while it is replaced by a thiol group in the sG mutant.
The AN’G lacks the nitrogen atom at position 7 of the guanine base. According to the thio effect
based on the Pearson acid-base concept, also termed Hard and Soft Acid and Base (HSAB)
model, a non-polarizable hard Mg?* has a lower affinity to the polarizable soft sulfur-containing
DNAzyme (Pearson, 1968). As a result, the cleavage rate is lower, whereas a recovery of the
cleavage rate, the so-called rescue effect, can be observed when soft Mn?* are used as co-
factor instead of Mg?*. The different kinetic behavior of the 2-AP and sG DNAzyme mutants
in the presence of either Mg?* or Mn?* (Nawrot et al., 2007) confirmed the importance of the
6-keto group proposed by Zaborowska et al. in 2002. The substitution of dGg by AN’G results
in a more than 100-fold loss of activity in the presence of Mg?*, which suggests that the N7
nitrogen is involved in the formation of intramolecular hydrogen bonds that are crucial for a
functional conformation of the 10-23 DNAzyme (Nawrot et al., 2007). Substitution of the de-
oxynucleotides dGg and dG14 by an abasic deoxynucleotide completely abolished the cleavage
activity, in accordance with the proposed relevance of the exocyclic functional groups at the
nucleobases at positions 6 and 14 (Wang et al., 2010a).

The deoxynucleotides at position 7 to 12 could be replaced by other naturally occurring de-
oxynucleotides without severe effects. Only the replacement of dC7 to a dA and of dAg to a dC
reduced the cleavage activity by 80% to 90%. While mutation of the deoxynucleotide dC- to
a dG or dl led to a decrease in cleavage activity by more than fourfold, the activity was only
slightly affected by substitution to adenosine or thymidine (Zaborowska et al., 2002). Substitu-
tion by an abasic deoxynucleotide or a C3 spacer significantly reduced the kqps value of the
cleavage reaction, but only slightly affected the Y; (Wang et al., 2010a). However, this obser-
vation is surprising, since the cleavage reaction was performed for 24 h under single-turnover
conditions, in which excess DNAzyme (DNAzyme:substrate ratio 100:1) was used in the pres-
ence of 200 mM NaCl and 500 mM MgCl.. Under these conditions complete cleavage of the
RNA substrate would be expected. Thus, incomplete cleavage can be a hint for either insuf-
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Figure 2.5: Proposed important exocyclic groups within the 10-23 DNAzyme. The 6-keto group and the
2-amino group of dG14 as well as the 6-keto group of dGg are of functional imporatance for the DNAzyme activ-
ity. Deletion of either the 6-keto group or the 2-amino group of dGi4 as well as the deletion of the 6-keto group
of dGg lead to an dramatic decrease in catalytic acitivity of the 10-23 DNAzyme as indicated by the red arrows.
Substituting the oxygen atom of the 6-keto group in dGs by a sulfur atom leads to a DNAzyme with significantly
reduced cleavage activity in the presence of Mg?* (indicated by a red arrow), but the activity can be rescued in the
presence of Mn?* (indicated by a blue arrow). In addition, deletion of dG14 does significantly affect the acitivity of
the DNAzyme.

ficient association of the uncleaved substrate with the DNAzyme or for complex formation in
an inactive conformation. The same is true for dAg, where only the substitution to a dC, an
abasic deoxynucleotide or a C3 spacer leads to a significant decrease in the cleavage rates
(Zaborowska et al., 2002, 2005). Replacement of dA{1 or dA;» by dI did not have a strong ef-
fect on the cleavage activity. In case of dC;, dTg and dC1g, the exchange to dl or dG does not
abolish DNAzyme activity. Deletion studies performed with a DNAzyme lacking dC7 confirm that
this variant still retains a relatively high activity (approx. 60%-80%, depending on the substrate
sequence) towards a 19 nucleotide RNA substrate (Zaborowska et al., 2005). At positions dAg,
dAi1 and dAs, the exchange of the dA by dl led to a twofold decrease in the cleavage activ-
ity, which makes a significant importance of the 6-amino group for the cleavage mechanism
at these positions unlikely (Zaborowska et al., 2002). Substituting dCo, dA;1, dA;> by abasic
deoxynucleotides decreased the kqus values by 90%. For the deoxynucleotides dA+1> and dA+4
no effect on Y; was observed for substitutions with abasic nucleotides and a C3 spacer, while
the Y; was reduced by about 50% when changing dCq( for an abasic deoxynucleotide or a
C3 spacer. Surprisingly, the mutants with an abasic deoxynucleotide or a C3 spacer at posi-
tion 8 were found to exhibit a slightly increased kps and Y; value compared to the unmodified
DNAzyme (Wang et al., 2010a). Introduction of specific functional groups at position dAg ap-
pear to have an enhancing effect on the DNAzyme activity (He et al., 2011; Li et al., 2014b; Zhu
etal., 2016).

The exocyclic amino groups at dC; and dC,; display additional functional
importance

The exchange of the nucleotides at positions dCz and dC+3 to dG, dT or dl drastically decreases
DNAzyme activity, whereas a mutation to dA is well tolerated (Zaborowska et al., 2002). Sub-
stitution of dC13 by an abasic deoxynucleotide completely abolishes activity, in accordance with
the importance of the exocyclic 4-amino group. In comparison, total removal of the base at
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dCs3 only reduces the ks by 50% and does not affect the Y; (Wang et al., 2010a), while re-
moval of the exocyclic 4-amino group completely abolishes the DNAzyme activity (Zaborowska
et al., 2002). Substitution of dA15 by dl only had a minor effect on activity and substitution by a
AN7-deoxyadenine with an amino acid side-chain led to a fully active DNAzyme (Smuga et al.,
2010), whereas the substitution by dC reduces cleavage activity by 90% (Zaborowska et al.,
2002).

Non-bridging oxygen atoms of the phosphate group between dT, and dAs; may
be involved in metal ion coordination

At position dAs in the DNAzyme, the exchange of the adenosine by dl significantly reduced
the cleavage activity, whereas the exchange to dC only led to a twofold decrease in the activity
(Zaborowska et al., 2002). Replacement of the nucleobase to a deoxypurine (DP) did not alter
the activity compared to the unmodified DNAzyme (Zaborowska et al., 2002). In contrast, an
abasic substitution at this position completely abolishes the function of the DNAzyme (Wang
et al., 2010a). These findings strongly suggest that the exocyclic amino group at this position
(position 6 of the purine ring system) is not of functional importance, but that probably the nitro-
gen in the ring system plays an important role in hydrogen bond formation (Zaborowska et al.,
2002). Studies by Raz & Hollenstein revealed that also the amine at position 3 of the purine ring
does not play a critical role in 10-23 DNAzyme function. Nawrot et al. analyzed the relevance of
particular phosphates within the catalytic loop by a systematic modification of each phosphate
with a phosphorothioate (PS) analogue. Within the internucleotide phosphodiesters two identi-
cal unesterified oxygen atoms that share a negative charge are attached to the sp3-hybridized
phosphorous atom. The descriptors used for these oxygen atoms are pro-R and pro-S and they
are used to distinguish between the two atoms. Substitution of one of these two non-bridging
oxygen atoms by a sulfur atom leads to either the Sy or the Rp diastereoisomer (Figure 2.6).
The activity of the modified DNAzymes can then be measured in the presence of Mg+ and
Mn?*. Nawrot et al. performed such an experiment in tris(hydroxymethyl)aminomethane (Tris)
buffer containing 100 mM NaCl and with a 100-fold molar excess of the DNAzyme over the
RNA substrate. The results of this study confirm the involvement of both non-bridging oxygens
between dT, and dAs (referred to as d5P) in the hydrolysis reaction. With regard to the im-
portance of the 6-keto group in the proximal deoxynucleotide dGg, Nawrot et al. propose a
model that involves both oxygen atoms at position d5° as well as the 6-keto group of dGg in
the binding of one or more divalent metal ions. Experiments with thio-deoxyribozymes of stere-
odefined P-chirality also suggested that the Rp at position d9” is directly involved in metal ion
coordination. Since significant thio and rescue effects were also detected for the oxygen atoms
at positions d2”, d4P, d10P, d11”, d12P, and d13P, these ligands may also be involved in the
coordination of metal ions (Nawrot et al., 2007).
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Figure 2.6: Conformations of the non-brinding oxygen atoms in a phosphodiester bond. (A) Prochiral phosphodi-
ester bond between two nucleotides illustrating the absolute positions of the pro-R and pro-S non-bridging oxygens.
(B) Sp or Rp phosphorothioate diastereomers after substitution of one of the identical non-bridging oxygen atoms
by a sulfur atom.

Deletion of the deoxynucleotide dT; leads to an active 10-23 DNAzyme

Thymidine dTg was found to be the most tolerant nucleotide towards substitution by other nu-
cleotides including dl (Zaborowska et al., 2002), an abasic nucleotide, a C3 spacer (Wang
et al., 2010a) or a complete deletion (Zaborowska et al., 2005). It has been reported that the
participation of dTg in catalysis can be modulated by varying its ability to contribute to stacking
interactions with 5-substituted azobenzene groups, where the specific stacking of the aromatic
group with a different configuration could induce a positive or negative effect on the cataly-
sis enhancement (Keiper & Vyle, 2006). Introduction of a rigidly conjugated imidazolyl group
at dTg for expanded base stacking interaction and hydrogen-bonding network led to a slight
decrease in the catalytic activity (Li ef al., 2017a). The weak base stacking interaction of the
unmodified dTg has a positive effect on the reaction rate. This effect has also been confirmed
by studies with modified sugars, in which (R)- and (S)-2’-C-methyl-purine as well as locked
conformations had a negative effect on the catalytic activity of the DNAzyme (Robaldo et al.,
2012, 2010). However, deletion of dTg was even found to increase the cleavage activity of a
DNAzyme targeting a 19-mer RNA substrate (Zaborowska et al., 2005). Activity assays per-
formed with different RNA substrates showed that in all cases dTg could be deleted without
dramatic negative impact on the cleavage activity (Zaborowska et al., 2005).

Adenine minor groove interactions play a role in 10-23 DNAzyme-mediated
catalysis

Mutagenesis analyses by Réz & Hollenstein with substitutions of adenosine residues within the
catalytic loop by 3-deaza-adenosine (3-DA) residues reveal the importance of hydrogen bonds
that arise from the N3 atoms of adenosine (dAs, dAg, dA¢1, dAi2, dAi5). N3 nitrogen atoms
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in the purine rings of guanine and adenine are known to be involved in adenine minor groove
interactions (A-minor interactions), which were first discovered in ribosomal RNA (Pley et al.,
1994a). Albeit 3-DA substitutions at each location decrease the activity of the 10-23 DNAzyme,
dAj> appears to be the most affected deoxynucleotide with a decrease in kyps Of approximately
70% and of 25% in Y;. This is remarkable, since dA> was reported to be not of crucial im-
portance for the DNAzyme activity. Substitution by other naturally occurring nucleobases and
N8 AN’-deoxyadenine analogues did not affect the activity significantly and substitution by an
abasic deoxynucleotide or a C3 spacer did not decrease Y suggesting that dA;, is not impor-
tant for catalysis (He et al., 2011; Zaborowska et al., 2002, 2005).

A DNAzyme variant with an 11 nt-containing catalytic loop requires Ca* for its
activity

Sugimoto et al. analyzed the effect of the DNAzyme sequence on its RNA cleavage activity by
the removal of nucleotides from the catalytic loop region. Therefore, a reaction mixture consist-
ing of a 200-fold molar excess of DNAzyme variant compared to RNA substrate in Tris buffer
containing 25 mM divalent metal ions was used. After a reaction time of 90 min the mixture was
analyzed using polyacrylamide gel electrophoresis. Their results show that a DNAzyme variant
that has d(AsGeC7Tg) deleted from the original sequence retains a cleavage activity of 22.2%
compared to the unmodified DNAzyme in the presence of Ca2*. In the presence of either Mg+
or Mn?* the activity was reduced to 10% compared to the unmodified sequence. A DNAzyme
in which the nucleotides d(AsGgC7Tg) are replaced by abasic deoxynucleotides did not show
any activity in the presence of either Mg?*, Ca2*, or Mn?* (Sugimoto et al., 1999). Since a
DNAzyme with abasic substitutions at positions 5-8 were not functional and the Ad(A5GeC7Tg)
variant only shows cleavage activity in the presence of Ca2*, but not in the presence of Mg®*.
This cleavage mechanism of this new subclass was proposed to be different from the original
10-23 DNAzyme that requires the presence of Mg?*. Ca2* and Mg?* do not only vary in the
ionic radii and their charge density, they also prefer different coordination geometries: while
Ca?t* forms complexes with eight ligands, Mg?* prefers the formation of octahedral complexes
with six ligands (Brown, 1988).

A summary of the effects of substitutions and modifications of single deoxynucleotides and
functional groups on the activity of the 10-23 DNAzyme is given in Table 2.2. Mutagenesis stud-
ies by Zaborowska et al. and Wang et al. have identified functional groups that are important
for DNAzyme catalysis: the exocyclic 4-amino groups of dCz and dC3; the 6-carbonyl group of
dGg and dGy4; the 2-amino group of dGe; the nucleobases of dG+, dGo, and dT4. Replacement
of either position by any other naturally occurring nucleotide leads to complete loss of activity.

2.6 Influence of metal ions on 10-23 DNAzyme activity

The role of metal ions in ribozyme-mediated catalysis (Doherty & Doudna, 2001; Donghi &
Schnabl, 2011; Fedor, 2002; Hanna & Doudna, 2000; Lilley, 2005; Schnabl & Sigel, 2010;
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2.6 Influence of metal ions on 10-23 DNAzyme activity

Sigel & Pyle, 2007) has been reviewed in a large number of articles, which is not the case
for DNAzymes. Metal ions can either directly be involved in catalysis by forming inner-sphere
contacts with functional groups of the nucleic acid, or they can play a role as cofactors with-
out direct interaction with the nucleic acid through outer-sphere contacts. In addition, they can
stabilize transition states or active conformations of a DNAzyme. Moreover, metal ions are ca-
pable of generating an electrostatic environment that changes the pKj, value or the nucleophilic
character of a water molecule. They are also able to alter the properties of functional groups by
polarization. K+, Na*™ and Mg?* are the most abundant metal ions in living cells. They are asso-
ciated with nucleic acids and function as metal ion cofactors for ribozymes in vivo (an excellent
review article on the interaction of metal ions with nucleic acids can be found elsewhere (Pech-
laner & Sigel, 2012)). Metal binding sites within DNA and RNA molecules are highly abundant
as indicated in Figure 2.7. However, except the bridging and non-bridging oxygen phosphates
the potential of most donor atoms to participate in metal coordination is very low due to either
low or high basicity or steric hindrance, resulting in a very dynamic and unspecific binding of
metal ions to nucleic acid strands (reviewed by Sigel & Pyle). Therefore, the identification of
specific metal binding sites in catalytically active nucleic acids remains a challenging task. De-
spite some studies on metal ion dependency of the 10-23 DNAzyme, the coordination sites and
the specific roles of metal ions are poorly understood. The 10-23 DNAzyme was obtained by in
vitro selection in the presence of Mg?™ ions (Santoro & Joyce, 1997). Its activity strongly varies
in the presence of different divalent metal cations, since the different ionic radii, the pK, val-
ues of coordinating water molecules, and the affinity to functional groups tremendously affect
the catalytic properties of the metal ion. Studies on the effect of metal ions on the DNAzyme
activity have shown that divalent metal ions promote the reaction in the following order: Mn?*
(in 3-[4-(2-Hydroxyethyl)piperazin-1-ylJpropane-1-sulfonic acid, EPPS) > Pb?*, Mg?*, Ca®" >
Cd?* (in Tris buffer) > Sr2*, Ba?*, Zn?*, Co?* (Santoro & Joyce, 1998). These findings corre-
late with the studies of Sugimoto et al., where the metal ions enhance the cleavage reaction in
the following order: Mn>* > Mg?* > Ca?" » Ba?* in Tris buffer. The variation in activity may
either be due to the occupation of different binding sites within the nucleic acids as reported for
either Mg?* (Scott et al., 1996), Mn?* (Scott et al., 1996), or Cd2* (Murray et al., 2000) in the
hammerhead ribozyme or the binding behavior with regard to inner- or outer-sphere contacts
with the nucleic acid as reported for the same ribozyme with either Mg?* (Chi et al., 2008) or
Mn2* (Martick et al., 2008). For all studies performed with Mn?* at pH 7.5 one has to keep in
mind that the actual Mn?* concentration might be overestimated due to oxidation of the metal
at pH 7.5 (Santoro & Joyce, 1998).

He et al. compared the observed activity of the 10-23 DNAzyme depending on the pK, value
of different metal ions and they found that the logarithm of the ky,s value was inversely pro-
portional to the pKa value. Folding of the DNAzyme in the presence of different Mg+ con-
centrations has been analyzed using circular dichroism (CD) and Fdérster resonance energy
transfer (FRET) in low ionic strength buffer, revealing three different folding events at Mg?*
concentrations of 0.5 mM (compact structure of the DNAzyme), 5 mM (proper positioning of
binding arms to bind RNA) and 15 mM (completely organized catalytic domain) (Cieslak et al.,
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Figure 2.7: Potential metal interaction sites in DNA and RNA. The functional groups that are in principle capable of
interacting with cations are highlighted in red. Besides the bridging and non-bridging oxygen atoms of the phosphate
backbone of DNA and RNA and the 2’ oxygen atom in RNA sequences, the nitrogen atoms N1, N3 and N7 of purine
bases, the N3 nitrogen atom of cytosine and the carbonyl oxygen atoms at position C2 and C4 in pyrimidine bases
and C6 in guanosine can function as donor atoms for the coordination of metal ions at physiological pH values as
well as deprotonated (N1)~ of guanosine and (N3)~ of thymidine and uracil. The exocyclic amino groups also have
the potential to participate in metal ion coordination as hydrogen-bond donors within the first coordination sphere
(reviewed in Sigel & Pyle; and Lippert).

2003). They concluded that binding of Mg?* to the 10-23 DNAzyme induces significant re-
arrangement of the catalytic loop leading to optimal folding of the catalyst. Besides what is
known for small ribozymes (Curtis & Bartel, 2001; Murray et al., 1998), in DNAzyme-mediated
catalysis divalent metal ions cannot fully be replaced by monovalent metal ions. Moreover, our
group recently found that the cleavage reaction of the 10-23 DNAzyme is drastically reduced
at high ionic strength (Na*t or K*) in the presence of Mg®*. Plashkevych & Chattopadhyaya
investigated different 10-23 DNAzyme complexes with the RNA substrate in 2 ns MD simula-
tions in the presence and absence of different metal ions. Controversially, in the presence of
monovalent KT ions, the DNAzyme:RNA complex tends to form a typical B-type helix. This is
surprising, since DNA:RNA duplexes are usually known to form A-type helices (Milman et al.,
1967). While the sugar pucker in the RNA strand of the duplex varies between 3’-endo (here
termed North-type ) and 2’-endo (here termed South-type) conformation, the DNA residues of
the binding arms and the catalytic loop have the sugar moieties in the 2’-endo conformation,
as in B-type DNA. In the presence of Mg?" cations the complex is not only more stabilized,
but also shows a significantly different structure compared to the one in the presence of only
K* ions. Mg?™ ions lead to a significant change in the folding of the catalytic loop, that is no
longer directed away from the DNA:RNA duplex, as found in the presence of K*, but bent to-
wards the DNA:RNA duplex, with a stretch of the catalytic domain being located close to the
cleavage site. While in the presence of K™, the sugar moieties of the flanking DNA strands
predominantly show South-endo conformation, in the presence of Mg®* North-endo confor-
mation predominates. Comparing the structures of the native and mutated DNAzymes derived
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from MD simulations, Plashkevych & Chattopadhyaya found that the presence of Mg?* induces
the formation of an electrostatic pocket by the catalytic loop and that the cleavage reaction
may be assisted by three Mg?™ cations. Their findings are in agreement with a study by Victor
et al., which suggests a cooperative binding of three Mg?*. Plashkevych & Chattopadhyaya
reported that several cations are placed near the scissile phosphate and retained there dur-
ing the simulation. However, the authors conclude that their model cannot explain the catalytic
activity and proposed that a conformational change must happen prior to the cleavage reac-
tion. A coarse-grained Brownian dynamics simulation by Kenward & Dorfman shows that the
10-23 DNAzyme bends its substrate away from the cleavage site, exposing the reactive site
and buckling the DNAzyme catalytic loop. Breaker et al. have shown that—-in general—metal
ions may operate in the catalytic transesterification of the phosphodiester bonds in RNA sub-
strates according to four main strategies that they termed: a-catalysis (facilitation of a proper
geometric alignment for "in-line" nucleophilic attack), 5-catalysis (charge neutralization on the
non-bridging oxygens of the scissile phosphate bond), v-catalysis (metal-assisted deprotona-
tion of the reactive 2’-hydroxyl) and J-catalysis (stabilization of the 5’-oxygen of the leaving
group). The cleavage reaction of the 10-23 DNAzyme has also been studied with regard to the
catalytic strategy (Breaker et al., 2003b). A combinatorial analysis of Mg2+ and pH dependency
reveals that the catalytic strategy of this DNAzyme exceeds the exclusive use of the combina-
torial catalysis of a- (Soukup & Breaker, 1999) and ~-catalysis (Li & Breaker, 1999a), since
the rate constant reached under suboptimal conditions exceeds the combined a~y-speed limit
(Breaker et al., 2003b; Santoro & Joyce, 1998). However, since no thio effect was observed if
the non-bridging phosphate oxygen at the cleavage site was replaced by a sulfur atom (Nawrot
etal., 2008), it is likely that the 10-23 DNAzyme does not use metal coordination to such an oxy-
gen atom for rate enhancement, excluding s-catalysis (Emilsson et al., 2003) as an additional
strategy for the cleavage reactio (Breaker et al., 2003b).

Critical DNAzyme positions and their potential involvement in
DNAzyme catalysis

The exhaustive characterization of different 10-23 DNAzyme mutants and chemical modifica-
tions provide insights into the impact of various deoxynucleotides and functional groups on
DNAzyme catalysis, even in the absence of high-resolution structural information. The mu-
tagenesis studies by Zaborowska et al. and He et al. clearly demonstrate the relevance of
the exocyclic 4-amino group in dC3 and dCq3 as well as the 6-keto group in dGs. At position
dGi4, the 2-amino group and the 6-keto group play an important role in DNAzyme catalysis.
In addition, the free electron pairs of N1 or N7 at position 5 are crucial for the RNA cleav-
age activity. The effect of substitutions of deoxynucleotides by abasic deoxynucleotides or C3
spacers that add a high degree of flexibility to the DNAzyme loop also reveal that structural pre-
arrangement of some of the 2’-deoxyribose moieties is of importance for the correct function of
the 10-23 DNAzyme (Wang et al., 2010a). The most striking observations have been made for
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dTg, which can be deleted without significantly decreasing the DNAzyme activity. Introduction
of 2’-(R)-CH3 and 2’-(S)-CH3; modified purine nucleosides leads to a decrease in RNA cleav-
age activity. However, the reduction in activity was higher when the 2’-(R)-CH3 derivative was
introduced (Robaldo et al., 2010). The activity was even more reduced when locked nucleic
acid building blocks were introduced at position 8, suggesting that a certain degree of confor-
mational flexibility at this position is crucial (Robaldo et al., 2012). Position 8 is also of interest
with regard to metal ion coordination. Based on results from cleavage assays with phosphoroth-
ioate substitutions at the non-bridging phosphate oxygen atoms analysing the thio and rescue
effects in the presence of Mn?>* and Mg?* it is reasonable to assume that the Rp oxygen at
position d9” is directly involved in metal ion coordination (Nawrot et al., 2007). Based on the
Pearson acid-base concept (Pearson, 1968), a Mg?* ion has a lower affinity to the polarizable
sulfur-containing DNAzyme resulting in a lower cleavage rate. A recovery of the cleavage rate
in the presence of Mn?* instead of Mg?" is called rescue effect. In addition to phosphoroth-
ioate substitution within the catalytic loop region, the effect of phosphorothioate substitution at
the scissile phosphate in the RNA substrate has been investigated (He et al., 2002; Nawrot
et al., 2008). Here, it was found that the cleavage of the Sp thio analog was only slightly re-
duced compared to the cleavage of the unmodified RNA substrate in the presence of Mg+
ions. In contrast, the Rp phosphorothioate could not be cleaved, even in the presence of high
Mg?* concentrations (100 mM). However, this thio effect could not be rescued in the presence
of Mn?*, suggesting that there is no direct coordination of a metal ion to the non-bridging oxy-
gen atoms at the scissile phosphodiester bond. This hypothesis is in agreement with earlier
suggestions of He et al. and Breaker et al.. Summarizing the mechanistic results by Nawrot
et al., Breaker et al. as well as Santoro & Joyce, one can exclude g-catalysis as well as the
exclusive use of a- and ~-catalysis. A catalytic mechanism, which is in agreement with the data
of Breaker et al. and Nawrot et al., proposes two metal ions that both bind to the scissile site
of the RNA substrate: the first metal ion acts as a Lewis acid that directly coordinates to the
2’-oxygen atom and hereby promotes the deprotonation of the 2’-hydroxyl group (v-catalysis).
The proton then migrates to the Rp oxygen of the scissile phosphate. A second metal ion is
coordinated to the 5’-oxygen of the leaving group to neutralize the negative charge during the
cleavage of the P-O bond (¢-catalysis) (Figure 2.8).

2.7 Conflicting results

Although the influence of deoxynucleotide substitutions and modifications, deoxyribose and
phosphate modifications within the catalytic loop and the binding arms of the 10-23 DNAzyme,
as well as its tolerance towards different metal ions and pH conditions have been extensively
studied, the mechanism by which the DNAzyme cleaves its specific RNA substrate as well as
the role of different functional groups is only poorly understood. The main cause is arguably the
absence of satisfactory structural data of the 10-23 DNAzyme. However, one major obstacle
when it comes to the interpretation of different mutational studies is the low level of compa-
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Figure 2.8: Proposed mechanistic model for the metal ion-mediated RNA cleavage catalysed by a 10-23 DNAzyme
Two metal ions (here Mg?™) are involved in a triester-like mechanism, that has originally been proposed for the
RNA-cleavage reaction catalysed by a hammerhead ribozyme (Zhou et al., 1998). One metal ion acts as a Lewis
acid and coordinates to the 2’-OH group. Thereby, the OH bond is polarized and migration of the proton to the Rp
oxygen is facilitated. The second metal ion coordinates to the 5’-oxygen leaving group and neutralizes the negative
charge during the cleaveage of the P-O bond. Based on Nawrot et al..

rability of the experimental setup. While some experiments were designed to determine only
the yield after a given period of time (Y;) of the cleaved substrate, others were designed to
determine rate constants (kqyps). Furthermore, experiments vary in Mg+ concentrations used
to facilitate DNA-mediated RNA cleavage or the nature of the substrate: while some experi-
ments were performed in the presence of all-RNA substrates other experiments were carried
out using chimeric DNA/RNA substrates, with only the nucleotide at the cleavage site being a
ribonucleotide. Also, DNAzyme and RNA substrate design can have a massive influence on
the kinetic behavior of the DNAzyme, since the length and sequence dramatically influence the
dissociation constants of the DNAzyme:RNA complex. In addition, temperature, monovalent
cation levels as well as the type of reaction buffer can have an impact on DNAzyme activity.
In Table 2.3, we summarize the experimental conditions used in the most important studies on
DNAzyme activity.

2.8 Conclusion

Efforts to elucidate the reaction mechanism are essential for attempts to use DNAzymes for
therapeutic applications. Structural information on DNAzymes is scarce, therefore, we rely on
functional data for insights into DNAzyme catalysis.

The data summarized in this review provides interesting insights into the role of the different
regions of the 10-23 DNAzyme. The binding arms of the DNAzyme are responsible for substrate
recognition and form a double helical structure, while the catalytic loop forms an unusual three-
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2.8 Conclusion

dimensional conformation.

Taking a closer look at the cleavage site, we conclude that the neighboring nucleotides of the
scissile A or G in the RNA and DNA strand play an important role in catalysis. All mutations and
modifications at these positions indicate a flexibility or equilibrium of rN_;—dA+5 and N, 1—dG;.
These nucleotides might act as hinges between the catalytic loop and the DNA-RNA arms.
They allow the rigid catalytic loop to move against the rigid double helices and adopt a particular
conformation that enable the cleavage reaction.

Studies focusing on the residues within the catalytic loop have shown that the exocyclic
groups of the nucleotides dG14 and dGg are essential for DNAzyme function. Deletion of the
6-keto group in either dG14 or dGg leads to a dramatic decrease in catalytic activity, while the
substitution of the oxygen atom of the keto-group by sulfur results in a decreased reaction rate
in the presence of Mg?*. The activity can be rescued in the presence of Mn?*, suggesting the
interaction of this atom with the divalent metal ion during hydrolysis. Deletion of the 2-amino
group in dG14 also reduces the activity of the 10-23 DNAzyme, suggesting that these deoxynu-
cleotides play an important role in the cleavage of RNA catalyzed by the 10-23 DNAzyme.
Taken together, we have summarized molecular features of the 10-23 DNAzyme in this review
in order to contribute to a better understanding of these fascinating biocatalysts. Our detailed
analysis reveals important aspects to be considered in future attempts to elucidate the structure
of DNAzymes in complex with the RNA substrate and unravel the mechanism of the reaction
catalyzed by the 10-23 DNAzyme.
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3 Influence of monovalent metal ions on
metal binding and catalytic activity of the
10-23 DNAzyme

This chapter reflects content of the following publication.

3.1 Publication information

Hannah Rosenbach, Jan Borggrafe, Julian Victor, Christine Wiibben, Olav Schiemann,
Gerhard Steger, Manuel Etzkorn, and Ingrid Span

Submitted to: Biological Chemistry, 31.05.2020

3.2 Abstract

Deoxyribozymes (DNAzymes) are single-stranded DNA molecules that catalyze a broad range
of chemical reactions. The 10-23 DNAzyme catalyzes the cleavage of RNA strands and can
be designed to cleave essentially any target RNA, which makes it particularly interesting for
therapeutic and biosensing applications. The activity of this DNAzyme in vitro is considerably
higher than in cells, which was suggested to be a result of the low intracellular concentration of
bioavailable divalent cations. While the interaction of the 10-23 DNAzyme with divalent metal
ions was studied extensively, the influence of monovalent metal ions on its activity remains
poorly understood. Here, we characterize the influence of monovalent and divalent cations
on the 10-23 DNAzyme utilizing functional and biophysical techniques. Our results show that
sodium and potassium ions affect the binding of divalent metal ions to the DNAzyme:RNA com-
plex and considerably modulate the reaction rates of RNA cleavage. We observe an opposite
effect of high levels of sodium and potassium concentrations on Mg?*- and Mn?*-induced re-
actions, revealing a different interplay of these metals in catalysis. Based on these findings, we
propose a model for the interaction of metal ions with the DNAzyme:RNA complex.
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3.3 Introduction

DNA molecules, like RNA molecules and proteins, are capable of folding into well-defined three-
dimensional structures that can enzymatically catalyze chemical reactions. While protein en-
zymes and ribozymes occur naturally, deoxyribozymes (DNAzymes) have not been discovered
in nature. The first DNAzyme was identified by Breaker & Joyce in 1994 using in vitro selec-
tion. They isolated a single-stranded DNA sequence from a random-sequence DNA pool that
is capable of cleaving an RNA phosphodiester bond in a Pb?*-dependent reaction. Since the
selection of the first DNAzyme the number of DNA catalysts has dramatically increased and
their catalytic repertoire has exceeded the cleavage of RNA substrates and now includes DNA
phosphorylation (Li & Breaker, 1999b), peroxidation (Travascio et al., 1998), thymine dimer pho-
toreversion (Chinnapen & Sen, 2004) and DNA cleavage (Carmi et al., 1998). RNA-cleaving
DNAzymes are particularly attractive for therapeutic applications (Fokina et al., 2015). Like
RNA interference (RNAi)-based therapeutics (Bobbin & Rossi, 2016), the 10-23 DNAzyme has
been considered for the treatment of diseases in which post-transcriptional gene silencing could
be beneficial. They have been designed to target a broad variety of diseases, including aller-
gy/asthma (Krug et al., 2015), prion-protein related disorders (Victor et al., 2018), cardiovascu-
lar diseases (Santiago et al., 1999a), and cancer (Cho et al., 2013; Wu et al., 1999). In compari-
son to their RNA counterparts, DNA molecules show favorable characteristics, including higher
stability and cost-effective synthesis. However, convincing evidence for DNAzyme activity in-
side the cell that exceeds antisense effects could not be demonstrated in these studies (Young
et al., 2010). A recent study suggests that the poor performance of the 10-23 DNAzymein vivo
is related to the low intracellular levels of accessible Mg?™, which is crucial for DNAzyme catal-
ysis (Victor et al., 2018). Furthermore, the metal-dependence of DNAzymes makes them highly
valuable for for the detection of metal ions as environmental sensors (McGhee et al., 2017). The
10-23 DNAzyme is the most prominent RNA-cleaving DNAzyme. It cleaves its RNA substrate
between a purine and a pyrimidine nucleotide in the presence of divalent metal ions, including
Mg?* or Mn?* (Santoro & Joyce, 1997). The DNAzyme consists of a catalytic loop with a fixed
sequence of 15 nucleotides, which is flanked by two substrate binding arms. These arms can
be designed to bind virtually any RNA sequence through Watson-Crick base pairing. The first
step in the reaction is the hybridization of the DNAzyme and the RNA substrate, followed by
cleavage of the RNA strand and release of the two products (Figure S3.1A). Under optimum
conditions the 10-23 DNAzyme exhibits a catalytic rate that is comparable to those of naturally
occurring biocatalysts, such as the hammerhead ribozyme or the RNA-cleaving protein enzyme
RNase A (Santoro & Joyce, 1998). Although the biochemical and biophysical properties of the
10-23 DNAzyme have been extensively studied for more than two decades, the mechanism of
DNAzyme-mediated RNA cleavage and the role of the metal ions participating in the reaction
are not fully understood. Studies on the pH dependence of substrate cleavage suggest a sin-
gle deprotonation event, which most likely occurs at the 2’-OH group of the RNA nucleotide
next to the scissile bond and is the rate limiting step in the RNA cleavage (Santoro & Joyce,
1998). Experimental evidence suggest that the mechanism of DNA-mediated catalysis is dif-
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ferent from RNA-mediated catalysis. Particular evidence comes from the different behavior of
the 10-23 DNAzyme and the hammerhead ribozyme towards lanthanide ions in the presence of
Mg?* (He et al., 2002). Unlike ribozymes (Perrotta & Been, 2006; Schnabl & Sigel, 2010), RNA-
cleaving DNAzymes are not active in the sole presence of monovalent cations. Previous studies
focusing on the effect of different divalent metal ions on the 10-23 DNAzyme have shown that
the different ions enhance the cleavage reaction in the following order: Mn?* > Mg®* > Ca?*
» Ba?* in tris(hydroxymethyl)aminomethane (Tris) buffer (Sugimoto et al., 1999). This raises
the question why these metal ions have such a different effect on the catalytic rate? He et al.
proposed that the logarithm of the cleavage rate linearly decreased with the pKj, value of the
divalent metal ions that promote the cleavage reaction. A similar correlation has been found
for the hammerhead ribozyme (Dahm et al., 1993; He et al., 2002; Sawata et al., 1993). The
majority of previous studies have been focusing on the interaction of divalent metal ions with
the 10-23 DNAzyme, however, monovalent cations, including sodium and potassium, have not
been investigated carefully, despite their high levels inside the cell. In this study, we investi-
gated the influence of sodium or potassium ion levels on the magnesium and manganese ion
dependency of a 10-23 DNAzyme variant designed to cleave the mRNA of the human prion
protein (PrP) (Victor et al., 2018). To obtain deeper insights into metal binding and catalysis,
we apply a set of complementary biophysical techniques including Foérster resonance energy
transfer (FRET)-based kinetic measurements, isothermal titration calorimetry (ITC), nuclear
magnetic resonance (NMR), and electron paramagnetic resonance (EPR) spectroscopy. Our
results show that monovalent cations such as sodium or potassium ions have an inhibitory ef-
fect on in vitro DNAzyme activity in the presence of magnesium ions. This inhibition presumably
contributes to the poor performance of DNAzymes inside the cell, where monovalent cation lev-
els are high compared to divalent metal ion levels. Moreover, we show that while DNAzymes
are not active in the sole presence of monovalent cations, increasing monovalent metal ion
levels have a beneficial effect on DNAzyme activity in the presence of manganese ions. The
opposite behavior of DNAzyme activity induced by magnesium or manganese ions points to
different modes of action of the respective metal ions.

3.4 Material and Methods

3.4.1 Oligonucleotide sequences

DNA and RNA oligonucleotides were acquired from biomers.net GmbH (Ulm, Germany) and
BioSpring (Frankfurt a. Main Germany). In the stabilized RNA substrate T839-2'F the 2’0OH
group of the ribose sugar of the guanosine at the cleavage site was substituted by a fluo-
rine atom. The not stabilized RNA substrate was labeled with a 6-Carboxyfluorescein (6-FAM)
molecule at the 5’ end and the Black Hole Quencher-1 (BHQ1) at the 3’ end. The DNAzyme
was designed to specifically bind the human prion protein mRNA (Victor et al., 2018). The
sequences of the DNAzyme and RNA substrates are listed in Table 3.1.
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Table 3.1: Oligonucleotides used in this work.

Name Sequence 5 — 3

T839-FRET 6-FAM-ACA UGC ACC GUU ACC CCA A-BHQ1

T839-FAM 6-FAM-AAA ACA UGC ACC GUU ACC CCA A
T839-2'F ACA UGC ACC GorUU ACC CCA A
DNA839 TTG GGG TAACGG TGC ATG T

DNAzyme839  TTG GGG TAA GGC TAG CTA CAA CGA GGT GCATGT

3.4.2 Activity assay with FRET-labeled RNA substrates

Cleavage reactions were carried out with 0.1 uM RNA and DNAzyme in 50 mM Tris-HCI pH 7.5
with different concentrations of Na*, K*, Mg?*, Mn?* at 37°C. In the following the divalent
metal ion is abbreviated as M?*. 0.8 uM of RNA substrate and DNAzyme were denatured in
buffer in the absence of Na* and/or K* and M?* at 73°C for 5 min, cooled down to room
temperature for 15 min, and 20 pl of the solution were pipetted into the wells of a 384 well
non-binding microplate (Greiner Bio-One, Kremsmunster, Austria). 10 pl of stock solutions with
different NaCl concentrations in Tris-HCI pH 7.5 were added. The plate was sealed with tape
(Polyolefine Acrylate, Thermo Scientific, Waltham, MA, USA), placed inside the plate reader
(CLARIOStar, BMG LABTECH, Ortenberg, Germany) and equilibrated to 37 °C for 30 min. The
reaction was started by the injection of MgCl, in buffer. Data points were obtained every 5,
3, or 2 s, depending on the MgCl, or MnCl, concentration and therefore on the speed of the
reaction. Excitation and emission wavelength were 484 nm and 530 nm, respectively.

3.4.3 Activity assay with Fluorescein-labeled RNA substrates followed by
denaturing polyacrylamide gel electrophoresis

Activity assays were performed with 0.4 uM fluorescein-labeled RNA substrate and 0.4 uM
DNAyzme in 50 mM Tris-HCI pH 7.5 with 0.1 mM EDTA and 500 or 1000 mM NaCl in the
presence and absence of 1 mM MgCl, for 3 h at 37°C. RNA and DNAzymes were denatured
in buffer in the absence of MgCl, at 73°C for 5 min, followed by an incubation for 10 min at
room temperature. Subsequently, the reaction was started by adding MgCl,. Separation of the
samples was carried out on 18% polyacrylamide gels with 7 M urea buffered with Tris-borate
EDTA buffer (TBE) for 1 h at 20 W. Visualization of fluorescein-labeled RNA substrates was
carried out by fluorescence detection. Images were acquired using the ChemiDoc MP System
(Bio-Rad, Hercules, CA, USA).
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3.4.4 ITC measurements

ITC was performed in 50 mM Tris buffer pH 7.5, with or without 100 mM NacCl, at 30°C on
a Microcal iTC200 calorimeter (GE Healthcare, Chicaco, IL, USA). Affinities were determined
with the pre-formed complex of 10-23 DNAzyme and RNA substrate as titrant in the cell at a
concentration of 100 uM, and 10 mM MgCl, or 3 mM MnCil; as titrant in the syringe. Dissociation
constants were obtained from a non-linear least-squares fit to either a 1:1 binding model or a
n:1 binding model with n identical Mg?*-binding sites per 10-23 DNAzyme:RNA complex using
the Origin software (MicroCal) provided with the calorimeter.

3.4.5 Continuous wave (cw) EPR experiments

Continuous wave (cw) X-band EPR spectra were recorded on a Bruker EMX micro spectrome-
ter (Bruker BioSpin, Rheinstetten, Germany) equipped with an ER 4103TM resonator (Bruker
BioSpin, Rheinstetten, Germany). Titrations with Mn?>* were performed at room temperature
with 40 uM of the DNAzyme and the stabilized RNA substrate in 50 mM Tris-HCI pH 7.5 in
the presence and absence of NaCl (0 mM, 100 mM and 1000 mM) using a flat cell with a
volume of 500 pl. For each data point, 2 pl MnCl, stock solution were added into the 500 pl
of the initial sample. The spectra were measured at room temperature with a modulation fre-
quency of 100 kHz, a modulation amplitude of 5.0 G, a microwave frequency of 9.79 GHz, and
1440 points in the field interval of 2890-4090 G. The resulting Mn?* EPR signals were baseline
corrected and doubly integrated (DI). The individual Q-values (~2900-3500) and microwave
powers (1.77 mW) were taken into account using (3.1).

Di=c-Q-+VP (3.1)

with DI = double integral, ¢ = constant, Q = calculated Q-value from the spectrometer, and
P = microwave power (Eaton et al., 2010).

To determine the concentration of bound Mn2* to the DNAzyme:RNA complex, the signal in-
tensities of the increasing Mn?* concentration in the presence of constant DNAzyme:RNA com-
plex were compared to the signal intensities of standard samples containing 200 uM, 500 uM
and 12.5 mM Mn?* in the absence of nucleic acids. The reference samples of free Mn?* in
solution were measured using a freshly prepared stock solution (MnCl,, 1 M, 10x1 mL, Sigma
Aldrich, Darmstadt, Germany). The concentrations of these reference samples were checked
via the spin counting tool of the Bruker EMXnano spectrometer (Bruker BioSpin, Rheinstet-
ten, Germany). To construct Mn?* binding isotherms, the concentrations of bound Mn?* per
DNAzyme:RNA complex were plotted against the concentration of free Mn?* in the solution.
These binding isotherms from titrations without NaCl (Figure 3.3A) were fit to (3.2) that as-
sumes n independent, non-interacting Mn?*-binding sites on a complex and each site has an
identical association constant K (Poland, 1978):

61



Rosenbach et al. (2020) Metal ion dependency of the 10-23 DNAzyme

2 2
[Mnb;und Z Mnfl’;re] (3 2)
[Dz:RNA] 1 Mnfzr;e] '

The binding isotherms in presence of 100 or 1000 mM NaCl (Figures 3.3B and C) were fit
to the Hill equation (3.3) with Hill coefficient n, m binding sites on a complex, and apparent
association constant K:

[Mn2F ] K - [Mn2% ]

total

[m-Dz.RNA] 1+ K- [Mntotal]

(3.3)

The experimental data was fitted using python v3.6.9" with Imfit v0.9.7 (Newville et al., 2019);
parameter space was scanned using the "brute" force grid-search method and obtained solu-
tions refined with the leastsq method from Imfit.

3.4.6 Global fit of FRET data

Experimental data sets, for example FRET curves with ¢(Mg®*) = [0.5, 1.0, 2.0, 3.0, 5.0] mM
and ¢(Na™) = [0, 20, 40, 60, 80, 100, 250, 500, 750, 1000] mM, were adjusted to common t = 0
and normalized to 0 < F < 1 using gle?. Using python, the differential equations resulting from
(3.4), (3.5) and (3.6), (3.7), respectively, were numerically integrated using odeint of scipy (Vir-
tanen et al., 2020) and parameters were fit to the experimental data using Imfit v0.9.7 (Newville
et al., 2019). Parameter space was scanned using the "brute" force grid-search method (for
example see Figure S3.8) and obtained solutions refined with the leastsq method from Imfit.
Optimized parameter values are summarized in Table 3.2; curves are shown in Figure 3.7.

"https://www.python.org/
*http://glx.sourceforge.net/
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Table 3.2: Binding constants (K. = K.z.5/K2)5, Knar = Kijwa/k114) Were fixed to the given values. Pearson’s
correlation coefficient r of the experimental and fitted data was determined using numpy’s® corrcoef.

Parameter Unit Optimal values

MgH Mn2+

Kye: 1/mM 4.0 4.0

Ko mM 0.25 0.25
Kna 1/mM 0.01 0.0001
Kon- mM 100 1.10%
kija 1/(mM-s) 4.7-10°3 7.0-10

kajs 1/(mM:-s) 0.0195 10.3
kajs 1/s 0.0272 101.0
 soeft 9922.2 9987.0
r? 0.910 0.927

3.4.7 NMR studies

NMR experiments were carried out on a Bruker Avance Ill HD* 600 MHz spectrometer with an
inverse triple resonance cryo-probe. Two-dimensional ['H,'H]-TOCSY spectra were recorded
at 37°C in 3 mm sample tubes with 200 pl sample volume. The concentration of nucleic acid
complex (DNAzyme839:T839-2'F, DNA839:T839-2’F) was 100 uM in 50 mM Tris-HCI, pH 7.5
with 100 or 500 mM NaCl and 10% (v/v) D,O as deuterium lock. For MgCl, titration studies,
2 ul of MgCil, stock solution with different concentrations were sequentially added to the sample
to final MgCl, concentrations of 0.25, 0.5, 1, 2, 5, 10, 20 and 50 mM. All data was processed
with TopSpin 4.0.6 (Bruker), all spectra analyzed with CARA (ETH Zirich) and plotted with
Sparky 3.114 (UCSF). CSP and peak intensity data were both fitted to a 1:1 binding model
using OriginPro 9.

3.5 Results

3.5.1 Influence of monovalent metal ions on the binding of divalent metal ions
to the DNAzyme:RNA complex

It is commonly known that monovalent metal ions such as Na* and K™ are associated with
nucleic acids in living cells. Usually they play an unspecific role as general charge screeners,
rather than establishing a close packing of the negatively charged phosphate backbone (Pech-
laner & Sigel, 2012). Furthermore, monovalent cations can have a strong impact on the interac-
tion of divalent cations with nucleic acids (Record Jr. et al., 1976). We investigated the effects
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of the monovalent cations Na* and K" on the activity of a 10-23 DNAzyme variant designed
to cleave the mRNA of the human prion protein (PrP) (Victor et al., 2018). First, we charac-
terized the influence of increasing Na™ levels on the interaction of Mg+ with the pre-catalytic
DNAzyme:RNA complex using isothermal titration calorimetric (ITC) measurements. ITC is an
approach for determining the heat energy associated with a molecular interaction (Ladbury &
Chowdhry, 1996). To this end, we carried out a MgCl, titration to pre-formed DNAyzme:RNA
complex pre-equilibrated in the absence or presence of 100 mM Na* (Figure 3.1). In order to
prevent catalytic turnover during the measurements, we used a 2-fluoro-stabilized RNA sub-
strate (T839-2'F), in which the exchange of a hydroxyl group at the cleavage site by a fluorine
prevents the cleavage by the 10-23 DNAzyme (Figure S3.1B). Assuming a simple 1:1 binding
model, our ITC data show that Mg?*-binding to the DNAyzme:RNA complex occurs with high
micromolar binding affinities (Kp = (410 + 30) uM) and that binding is about twofold weaker in
the presence of 100 mM Na*t (Kp = (870 + 30) uM) (Figure 3.1C and D). Under both condi-
tions slight deviations of the fit to the experimental data can be compensated by using a model
with multiple Mg?*-binding sites in an n:1 binding mode (Figure 3.1E and F), suggesting the
presence of multiple Mg?*-binding sites. In addition, the results show that increasing levels of
Na*t have a negative effect on the binding affinity of Mg®* to the DNAzyme:RNA complex. We
performed the same experiments with Mn?* in place of Mg?*, however, the measurements
led to inconclusive data pointing to different thermodynamic features of the Mn?*-DNAzyme
interaction (Figure S3.2).

To be able to detect and distinguish the effects of possible different Mg?*-binding sites of
the DNAzyme:RNA complex we utilized NMR spectroscopy. Homonuclear 2D ['H,"H] TOCSY
NMR spectra obtained from the DNAzyme in complex with its stabilized RNA substrate show
well resolved peaks that can directly be separated into nucleotides in the substrate binding arms
and in the catalytic loop region via a simple comparison to a spectrum recorded on a comple-
mentary RNA:DNA helix without catalytic loop (Figure S3.3). Titration experiments with MgCl,
concentrations ranging from 0 to 50 mM in the presence of 100 mM Na™ clearly show Mg?*-
dependent chemical shift perturbations (CSP) for a number of nucleotides in the binding arms
(Figure 3.2). Interestingly, while the CSPs observed for Mg2* binding to the arms are indicative
of fast exchanging interactions (NMR fast exchange regime), Mg?* binding to the catalytic loop
shows slower exchanging interactions (NMR intermediate exchange regime), which usually in-
dicates a stronger binding and results in disappearing of effected peaks (Figure 3.2A). In gen-
eral, the detected CSPs allow to calculate nucleotide-specific Mg®*-binding affinities for each
resolved peak. While the magnitude of the CSPs clearly varies between different nucleotides,
the Mg?*-binding affinity obtained from the CPSs is very similar for all resolved peaks that can
be attributed to the binding arms and a dissociation constant Kp = 2.2 mM can be determined
for the substrate binding arms of the stabilized DNAzyme:RNA complex (Figure 3.2B, exem-
plified for peak indicated in Figure 3.2A). Since all peaks show similar behavior and the CSPs
cannot distinguish between direct interactions with the Mg?* ion or structural changes relayed
from a binding site distant to the observed peak, it is not possible to deduct reliable information
about the number of different binding sites within the binding arms. The observed different be-
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Figure 3.1: Interaction between Mg+ and the DNAzyme:RNA complex at low (A, C, E) and high ionic strength (B,
D, F) determined by ITC measurements. (A, B) Raw ITC data for the titration of Mg?* (using a 10 mM stock solution)
and DNAzyme:RNA complex (100 uM) at 30°C after subtraction of the integration baseline. (C, D, E, F) Titration
plots derived from the integrated raw data shown in (A) and (B). The solid lines represent the best fit to the data
according to a single (C, D) and a multiple non-interacting (E, F) Mg2* binding site model, respectively.

havior, i. e. fast vs. intermediate exchange, however, clearly indicates the presence of different
Mg?*-binding sites for the binding arms and catalytic loop of the DNAzyme. While the signal
disappearance due to exchange contributions for the nucleotides in the catalytic loop prevents
an accurate determination of the Mg®*-binding affinity for this binding site, the data points to a
considerably stronger Mg®*-binding in the catalytic loop. A simple fit of the peak intensity decay
suggests an up to tenfold stronger Mg?*-binding with an exchange-biased lower limit for Kp in
the range of 0.3 mM (Figure 3.2C).

Since ITC measurements with Mn?* led to inconclusive results (Figure $3.2) and NMR spec-
troscopy of the Mn?* binding is limited by its paramagnetic nature, we performed EPR spectro-
scopic measurements to also obtain insights into the effect of Na* on the binding of Mn?* to the
DNAzyme:RNA complex. EPR spectroscopy is frequently used to directly extract the number
of Mn?* binding sites. Mn?* is by far less abundant than Mg?* in cells, however, it has similar
physicochemical properties. Thus, it is often used as a Mg?* mimick in combination with EPR
spectroscopy (Horton et al., 1998; Kisseleva et al., 2005; Schiemann et al., 2003). Since free
paramagnetic [Mn(H»O)g]?* almost exclusively contribute to the EPR signal, the signal intensity
can be converted to DNAzyme-bound and free Mn?>* concentrations using a calibration curve.
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Figure 3.2: Site-resolved insights into the effects of Mg®* binding to the stabilized DNAzyme:RNA complex.
(A) Overlay of 2D ['H,"H] TOCSY NMR spectra of stabilized DNAzyme:RNA complex in presence of 100 mM Na™*
with indicated concentrations of Mg2*. Different exchange rates are found for nucleotides within the binding arms
(marked with *) and the catalytic loop (marked with #; see Supplementary Figure S3.3 for classification of arm and
loop nucleotides). (B) Chemical shift perturbations (CSP ) of indicated peak in (A) representing fast Mg?*-induced
exchange process of a nucleotide in the binding arms. The CSPs allow for accurate determination of the Mg?*-
binding affinity for this region (K = 2.2 mM). (C) Signals of the catalytic loop show strong Mg?*-dependent signal
loss due to intermediate exchange processes indicative of stronger interactions of this region with Mg?*. Due to the
NMR-unfavorable intermediate exchange only an exchange limited minimal Kp value in the range of 0.3 mM can be
estimated.

We added Mn?* incrementally to a pre-formed DNAzyme:RNA complex in the presence of 0,
100, and 1000 mM Na™. The resulting Mn?*-binding isotherms (Figure 3.3) show that the best
fit for our data in the absence of Na™ is provided by a simple model assuming a non-cooperative
binding of six Mn?* to the DNAzyme:RNA complex (Figure 3.3A). Binding of Mn?* to the nucleic
acid complex in the presence of either 100 mM or 1000 mM NacCl leads to a sigmoidal binding
isotherm, suggesting a cooperative Mn* binding with a Hill coefficient of > 1 (Figure 3.3B, C;
S3.4). This strongly indicates cooperative Mn?* binding to the DNAzyme:RNA complex.

Taken together our data show that increasing levels of Na™ lead to a decreasing binding
affinity of Mg?* to the DNAzyme:RNA complex. Further, we demonstrated that the binding of
Mg?* to the catalytic loop of the DNAzyme is considerably stronger than to the binding arms
of the complex. For the binding of Mn?* to the DNAzyme:RNA complex, we observed that the
presence of Na* induces cooperative effects on Mn?* binding.
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Figure 3.3: Binding isotherms for Mn®* and the 10-23 DNAzyme:RNA complex determined by EPR spectroscopy.
The binding isotherms were obtained obtained with no added Na™* (A ), 100 mM (B) or 1000 mM Na* (C) with
40 uM DNAzyme:RNA complex. The dashed curves are obtained by fitting the data to either a model that assumes
n independent, non-interacting Mn?*-binding sites, each with identical dissociation constant Kp (A; see (3.2)) or to
the Hill equation (B, C; see (3.3)) with Hill coefficient n and m binding sites per DNAzyme:RNA complex; r? is the
square of Pearson’s correlation coefficient.

3.5.2 Structural implications of monovalent and divalent ion binding

We used 2D ['H,"H] TOCSY NMR spectroscopy to evaluate possible similarities and differ-
ences of the influence of mono- and divalent metal ions on the structural and dynamic features
of the DNAzyme:RNA complex. We compared the effects of addition of moderate amounts
of Mg?* (1 mM, Figure 3.4A) to the effects of addition of high amounts of Na™ (400 mM,
Figure 3.4B) to the stabilized DNAzyme:RNA complex (pre-equilibrated with 100 mM Na™).
Interestingly, the addition of 400 mM monovalent Na* induces nearly identical changes in the
spectrum as the addition of 1 mM divalent Mg?*, including peak shifts in the binding arms and,
in particular, also the disappearing of signals from nucleotides located in the catalytic loop. Our
findings strongly indicate that both key features, i. e. structural modifications as well as the ex-
change dynamics, induced by Mg?* on the DNAzyme:RNA complex can be mimicked by Na™.
This also implies that Na* can compete with Mg* for the same binding sites. In combina-
tion with our data on DNAyzme activity, this highlights a number of unforeseen features of the

10-23 DNAzyme (vide infra).
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Figure 3.4: Structural changes of the DNAzyme:RNA complex induced by the presence of mono- and divalent
cations. (A) Overview of CSPs and peak disappearance in 2D ['H,"H] TOCSY NMR spectra induced by addition
of 1 mM Mg?*. For simplicity the contour level was adjusted to the otherwise identical respective data shown in
Figure 3.2A. (B) Increasing the Na*t concentration from 100 mM (A and B, gray) to 500 mM (B, red) has a similar
effect, both in respect to CSPs and peak disappearance, as the addition of 1 mM Mg?* (A, blue).

3.5.3 Effects of monovalent ions on M?*-induced 10-23 DNAzyme catalysis

To correlate the observations obtained by our calorimetric and spectroscopic measurements
with the catalytic performance of the 10-23 DNAzyme, we determined the reaction rate in the
presence of varying Na® (Figures 3.5 and 3.6) or K concentrations (Figure S3.5) as well
as at different Mg®>* or Mn®* concentrations. We used a FRET setup with a non-stabilized
RNA substrate (T839-FRET) labeled with a 6-Carboxyfluorescein (6-FAM) at the 5’ end and
a Black Hole Quencher-1 (BHQ1) at the 3’ end to monitor cleavage in real-time. Cleavage
and dissociation of the RNA substrate lead to an increase in the fluorescence signal due to
the separation of fluorophore and quencher molecule that can easily be detected in a high-
throughput real-time setup (Figure S3.1C). To be able to focus on the role of metal ions in the
cleavage reaction, we used single turnover kinetics with a pre-formed DNAzyme:RNA complex.
Figure 3.5A shows an example of such a FRET-based activity measurement in the presence of
3 mM Mg?* and Na* concentrations ranging from 0 to 1000 mM. Fitting each individual curve
to a simple exponential function allows for the determination of the observed rate constant Kgps.

In agreement with previous studies (Santoro & Joyce, 1997), our data shows that the kgps
values of the cleavage reaction increase with increasing Mg?* concentrations at constant Na*
levels. However, we observed a dramatic decrease in the kops values with increasing Na™
levels for constant Mg+ concentrations for all tested conditions (Figure 3.5B). Plotting the Na*-
dependence of the rate constants for each Mg?* concentration to the respective maximal rate
constant (individual normalization) shows that in each case the presence of Na™* can reduce
kobs by approximately fivefold at very high Na* concentrations. At conditions representing a
physiological relevant ionic strength, still an approximately 40% reduction of the rate constant as
compared to the absence of monovalent ions is detected (Figure 3.5C; also see Table S3.1 for
concentrations in mammalian cells of the different metal ions that are studied in this work). We
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Figure 3.5: Influence of magnesium and sodium ions on DNAzyme catalysis determined by FRET-based activity
assays. . (A) Normalized fluorescence intensities (F) at 3 mM Mg?* concentration and different Na* concentrations.
(B) Rate constants kops for the RNA cleavage as a function of Mg?* and Na™ concentrations obtained by curve fitting
of the data as shown in A by F=1 e*es, (C) Individual normalization of the rate constants indicates that the Na*
effects on kqps are similar for each Mg?* concentration leading to an about fivefold reduction of the reaction rate at
high Na™ concentrations.

further carried out a comparable assay using Mn?* instead of Mg?*. Our data reveals that the
cleavage reaction is significantly faster in the presence of Mn?* than in the presence of Mg?*,
which is in accordance with previous studies (He et al., 2002; Santoro & Joyce, 1998; Sugimoto
et al., 1999). Due to the high rate constants of the Mn?"-induced reaction only a limited range
of monovalent and divalent ion concentrations can be resolved with our experimental setup.
Our data clearly show that within this range the Na* promote Mn?* induced cleavage exposing
a completely opposite effect on the Mn?*-induced reaction than on the Mg?*-induced reaction
(Figure 3.6B, see Figure S3.6 for individually normalized kqps values). To evaluate whether
these effects can also be observed with K or if they are specific for Na*, we repeated the
experiments in the presence of KCI. Our results show that K™ influences DNAzyme catalysis
similar to Na™ (Figure S3.5).

In summary, our FRET-based activity measurements reveal that increasing levels of Na™ or
K™ reduce the rates of Mg®*-induced reactions of the 10-23 DNAzyme, while they increase
the rates of Mn?*-induced reactions. Thus, the functional data correlates well with the effects
of monovalent ions on binding of divalent cations to the DNAzyme:RNA complex, suggesting
different mechanisms of the reaction in presence of Mg?* or Mn?*,
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Figure 3.6: Effect of Na™ on Mn?-induced DNAzyme reaction rates. (A) Normalized fluorescence intensities
(F) resulting from the cleavage assays at 0.5 and 0.6 mM Mn?* concentration and different Na* concentrations.
After addition of the divalent metal ion cofactor at time zero the measured fluorescence intensity increases due to
cleavage of the RNA substrate. (B) Observed rate constants (kqs) for the DNAzyme catalyzed RNA cleavage in the
presence of different concentrations of Mn?*.

3.5.4 Model for the interaction of metal ions with the DNAzyme:RNA complex

In an attempt to link our binding and activation data, we propose two reaction schemes for the
role of either Mg?* or Mn?* in 10-23 DNAzyme-mediated catalysisbased on our observation
that monovalent cations have opposite effects on the cleavage reaction induced by Mg?* or
Mn?*. In case of Mg?™, the influence of Na* on the activity of the 10-23 DNAzyme resembles
enzyme inhibition, whereas in the case of Mn?* it indicates enzyme activation. Thus, simplistic
but still computable models might be the following: For the Mg?*-catalyzed reaction

k
Dz:RNA + Na* ké Dz:RNA:Na (3.4)
—1
k
Dz:RNA + Mg?* ké? Dz:RNA:Mg %8 Dz + RNAgeaveq + Mg2* (3.5)
—2

and for Mn?*-catalyzed reaction

Dz:RNA + Na* ‘& Dz:RNA:Na (3.6)

K_a

k
Dz:RNA:Na + Mn2* < Dz:RNA:Na:Mn ‘& Dz + RNAgeaved + Mn?™ + Nat (3.7)

k_s

with the abbreviations Dz for the 10-23 DNAzyme and RNAjeaveq fOr the hydrolyzed RNA. For
the Mg®* system ((3.4) and (3.5)) Na* binding to the Dz:RNA complex competes with Mg+
binding (i. e. k,,.1 vs. k,,.2). This discretion reflects our finding that increasing Na™ levels create
unfavorable conditions for the coordination of Mg®* to the DNAzme:RNA complex, which leads
to decreasing reaction rates (Figure 3.5) as well as our NMR observation that Mg?* and Na*
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likely compete for binding sites on the DNAzyme:RNA complex (Figure 3.4). For DNAzyme
catalysis in the presence of Mn?>* ((3.6) and (3.7)), we propose a model where increasing
Na™ levels support the DNAzyme:RNA complex in adopting a conformation (i. e. Dz:RNA:Na in
(3.6)) favorable for Mn?* interactions that result in substrate cleavage. Taking this into account,
reactions (3.4) and (3.6) have not to describe identical Na* or Mg?*/Mn?* binding modes or
positions, which is reflected by different rate constants in 3.4 and (3.6). Notably, binding of only
a single M?* is considered here. Binding of additional M2+, as revealed by ITC (Figure 3.1) and
NMR (Figure 3.2) measurements for Mg?" and by EPR for Mn?* (Figure 3.3), are assumed
not to be involved in the cleavage process. We applied (3.4), (3.5) and (3.6), (3.7) in a global
fit of FRET data recorded with Mg®* and Mn?*, respectively (Figure 3.7). While not all details
are adequately captured, the approach is capable to reproduce the central features of the NaCl
dependency of the 10-23 DNAzyme activity. To draw more definite conclusions, the range of
optimal parameter combinations is, however, too large (Figure S3.8 and Table 3.2). Neverthe-
less, it provides an initial description of the interplay of the observed monovalent and divalent
ions and its consequence for the 10-23 DNAzyme ’s capability to cleave its substrate.
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Figure 3.7: Global fit of the Na*-dependency of the fluorescence-based cleavage assays at different Mg+ (A)
and Mn?* (B) concentrations. (A) The observed rate of Mg?*-induced cleavage drops with increasing Na™ concen-
tration and was fitted using (3.4) and (3.5). (B) the rate of Mn®*-induced cleavage increases with increasing Na*
concentration and was fitted using (3.6) and (3.7). Since we assume a model in which Mn?* can only bind to a
DNAzyme:RNA:Nat complex, data obtained in the absence of Na™ were not taken into account for the calculation
(see Methods for more details on data normalization, resulting fit parameters and fitting procedure according).
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3.6 Discussion

Metal ions are essential for the function of most DNAzymes. Cations are required for sec-
ondary and tertiary structure formation, structural stability, and they may play a direct role in
catalysis. Previous studies have predominantly focused on the role of divalent metal ions on
DNAzyme activity (Okumoto & Sugimoto, 2000; Santoro & Joyce, 1998). The aim of this work
is to pinpoint the relationship between mono- and divalent cations in 10-23 DNAzyme catalysis.
We have shown that monovalent metal ions can indeed have a dramatic impact on DNAzyme
activity. In this respect we focused on the monovalent ions’ implications for (i) divalent cation
binding to the DNAzyme:RNA complex, (ii) metal-ion induced structure and dynamic effects
of the DNAzyme:RNA complex, (iii) divalent-ion induced DNAzyme activity, and (iv) a more
generalized formal description of the 10-23 DNAzyme-mediated catalysis. Our study reveals
that Na* as well as K™ levels impact Mg?*- or Mn?"-induced catalysis in different ways, sug-
gesting different modes of action for the divalent cations. This links a more complex interplay
between mono- and divalent metal ions with DNAzyme function. A previous study using the
same 10-23 DNAzyme variant suggested that three Mg?* cations bind to the DNAzyme:RNA
complex in the absence of Na™, while a single Mg?* cation binds to the complex in the pres-
ence of 100 mM Na™ (Victor et al., 2018). In this study a simple two-state model was assumed
in which the DNAzyme:RNA complex is either completely free of Mg?™ or fully bound to all
three Mg?* (Victor et al., 2018). Our calorimetric data shows that in in the absence as well
as presence of NaCl a model assuming multiple Mg?*-binding sites in an n:1 binding mode
provides the best fit (Figure 3.1E and F) . The observation that more than one divalent metal
ion is interacting with the DNAzyme:RNA complex in presence of all tested Na™ conditions isf
further supported by our EPR spectroscopic measurements. In the absence of Na™ the best
fit for our EPR data is achieved by a simple model assuming a non-cooperative binding of six
Mn?* to the DNAzyme:RNA complex. With increasing Na* concentration a cooperative binding
behavior with a Hill coefficient n of > 1 is detected (Figures 3.3B and C, S3.4). A Hill coefficient
n > 1 indicates positive cooperativity, i.e. once one Mn?* is bound to the enzyme, its affinity
for another Mn* increases. In comparison to the binding behavior in the absence of Na* (Fig-
ure 3.3A) our data indicate that the presence of Na™ renders binding of the first Mn?* ions less
favorable. Possible explanations for the role of Na™ in this behavior include competition for the
same binding site, shielding of electrostatic interactions and/or stabilization of different complex
conformations. Our NMR spectroscopic data could shed more light on the structural changes
induced by mono- and divalent metal ions. For the interaction of Mg?* with the binding arms of
the DNAzyme, we observed fast exchange interactions, and the analysis of Mg?* -induced CSP
of selected peaks allowed for the accurate determination of a Kp value of 2.2 mM. For the inter-
action of Mg?™ with the catalytic loop, intermediate exchange interactions have been detected
that lead to the disappearance of the affected peaks. Therefore, we were not able to determine
an accurate Kp for this region. However, our data suggest that the affinity of nucleotides in
the catalytic loop could be about tenfold higher as compared to residues in the binding arms
(Figure 3.2C). Additionally, we compared the influence that addition of 1 mM Mg?* or addition
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of 400 mM Na™ have on complex conformation and exchange dynamics. Surprisingly both con-
ditions induced comparable peak shifts in the arms as well as disappearance of signals from
nucleotides located in the loop (Figure 3.4). This observation indicates that Na™ can compete
with Mg?* for the same binding sites in the catalytic loop and the substrate binding arms. In ad-
dition, it also suggests that Na* and Mg?* have in many aspects comparable structural effects
on the DNAzyme:RNA complex.

Albeit these similarities, we observed that the presence of high amounts of Na™ is not suf-
ficient to catalyze DNAzyme-mediated RNA cleavage in the absence of Mg?* (Figure S3.7).
This shows that the mechanism for the 10-23 DNAzyme-mediated reactions has to be different
from the hammerhead ribozyme which is capable of accelerating the catalytic reaction in the
presence of only high Na™ levels (Perrotta & Been, 2006; Schnabl & Sigel, 2010). Based on
our data we propose that high levels of Na™ can induce a conformation that largely resembles
the RNA cleavage competent state but remains inactive. In this picture the presence of Mg?*
or Mn?7 is than essential for the catalytic reaction itself.

Our calorimetric and spectroscopic studies were performed with a stabilized RNA substrate
to prevent M?*-induced cleavage and allow for a detailed analysis of the binding properties of
metal ions towards the DNAzyme:RNA complex. In order to link our binding data with its im-
plications for DNAzyme function we used FRET-labeled RNA substrates lacking the stabilizing
fluoride substituent. We observed that, as expected, the kqps Of the cleavage reaction increases
with increasing Mg®* concentrations at constant Na* concentrations. Additionally, we observed
a decrease in the kqps values at constant Mg?* concentrations with increasing Na* concen-
trations. For each tested Mg?* concentration ranging between 0.5 and 5 mM, we observed
a similar relative decrease in the kqps value of approximately 40% at ion concentrations re-
flecting physiological relevant ionic strength as compared to the kqps value in the absence of
monovalent cations. Furthermore, the kqns value drops further to about fivefold lower rates at
elevated ionic strength (1000 mM NaCl) (Figure 3.5C). We performed comparable assays with
Mn?* instead of Mg?". In addition to the fact that Mn*-induced reaction is much faster than
Mg?*-induced cleavage, we observed a completely different effect of monovalent cations on
the Mn?*-induced reaction: the higher the concentration of Na* at constant Mn?* concentra-
tion, the faster is the DNAzyme reaction (Figure 3.6B). Understanding the influence of Na* and
K* on 10-23 DNAzyme catalysis is crucial for the development of biosensors or therapeutic
gene-silencing applications. In addition to a limited availability of Mg+ inside the cell, levels of
Na® and K™ are considerably high in the cytosol (Table S3.1). Therefore, our data suggest that
the poor catalytic performance of RNA-cleaving DNAzymes in cells is not only due to low Mg?*
levels, but could also result from inhibition from monovalent cations, such as Na™ and K*. As
for the applications of RNA-cleaving DNAzymes as biosensors, the accelerating or inhibiting
effect of monovalent cations such as Na™ or K" may lead to a distorted read-out.

While we can only speculate on the underlying mechanism, the observed effects are likely
related to the metal ions’ different intrinsic chemical and physical properties as listed in Ta-
ble S$3.2. Although Mg?* and Mn2* ions exhibit similar electrostatic properties, the two ions
significantly differ in their affinity to their nucleic acid ligands (reviewed in Freisinger & Sigel
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(2007)). On the one hand, Mg?* and Mn?* have many similar physicochemical properties, in-
cluding their similar ion radius, leading to a similar charge-to-radius ratio that should provide
similar electrostatic properties. On the other hand, Mg?™ is classified as a hard ion according
to the Pearson model, while Mn?* is classified as a borderline ion. Mg?* has a [Ne] electron
configuration with filled s- and p-orbitals and no contribution of d-orbitals to bonding. It prefer-
entially forms ionic interactions with ligands such as oxygen that are also classified as hard.
In contrast, Mn?>* has an electron configuration of [Ar] 3d° with a half-filled d-orbital shell that
contributes to bonding. It is classified as a borderline ion that strongly interacts with both ni-
trogen and oxygen ligands. Mn?* binds stronger to the nitrogen atoms of nucleobases than
Mg?*, and its affinity for oxygen atoms of the phosphodiester is slightly higher than in case of
Mg?". The affinity of Mg?" to water is higher than for Mn?*, indicating that Mg®* is less ca-
pable of losing its hydration shell when binding to nucleic acids. Consequently, Mn?* is more
likely capable of directly binding to a nitrogen atom of a nucleobase by an inner-sphere contact
than Mg?*, which probably binds indirectly through hydrogen-bonded outer-sphere contacts
(Hunsicker-Wang et al., 2009). The different binding modes lead to an apparently higher affinity
of Mn?* for nucleic acid binding sites than for Mg®* (Hunsicker & DeRose, 2000). Combining
our findings with the intrinsic properties of the different metal ions it is tempting to speculate
that the Na+ can rather adequately mimic the hydration shell contacts of divalent ions which are
responsible to induce a cleavage-competent conformation of the pre-catalytic DNAzyme:RNA
complex. This state, however, still needs at least one additional divalent cation for the reaction
itself. In this speculative model the monovalent cations may be even better suited to satisfy the
hydration shell binding sites of the DNAzyme:RNA complex as compared to Mn?*. As a result,
the presence of Na™ could allow the Mn?* to focus on their role in the cleavage reaction, in-
creasing the catalytic rates. The favorable hydration shell forming properties of Mg®>* could then
be responsible for the observed opposite influence of monovalent ions on Mg?*-induced cleav-
age. Here an increased preference of Mg?* to the hydration shell binding sites could occupy a
fraction of the Mg?* in a competition with Na™ for the same binding sites in the DNAzmye:RNA
complex. In this picture, the presence of increasing Nat concentrations could explain the ob-
served decreased Mg?*-induced cleavage rates. Our generalized formalism ((3.4), (3.5) and
(3.6), (3.7)) captures the essential parts of our results but will need additional adjustments to
further untangle the different roles of metal ions in DNAzyme catalysis. In conclusion, the com-
plex interplay of mono- and divalent metal ions has considerable implications on DNAzmye
DNAzyme function and should be considered in future investigations and applications of the
10-23 DNAzyme.
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Supplementary Tables

Table S3.1: Concentrations of Mgz", Mn?*, K* and Na* in mammalian cells, as reviewed by Pechlaner & Sigel

(2012).

M™  Mammalian cell [mM]

M92+ 302
Mn2+ _
Na* 10

K* 140

aThe free concentration of Mg2*
is about 1 mM.

Table S3.2: Physical and chemical properties of Mg?*, Mn2*, K*, and Na*. lonic radius, preferred coordination num-
bers and ligands, pK, values of the coordinated water molecules, hardness on the Pearson scale, water exchange
rate from the first hydration shell at 298 K (kex) and the free enthalpy for hydration (A Ghyq) as reviewed by Pechlaner
& Sigel (2012). Values in parentheses belong to the coordination number also given in parentheses.

) o TSN Ty b
Mg2*  0.72 6 0 11.44 32.6 2;2:}82 0 _1g58
M2 0.83 6 O/N 10.59 9.0 21.107  -1821
K+ 21'?581 ) 6 (8) 14.46 13.6 10° fazoza
Na* 21'(_)128) 6 (8) 14.18 21.1 10° :‘;823)
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Supplementary Figures

A RNA substrate B Metal ion binding C Metal ion induced cleavage
4 Gu K (ITC, EPR, NMR) (FRET)
Association © ®
GU

10-23 DNAzyme ____GU |
U &2.
/\ ’p

Dissociation Cleavage

Figure S3.1: Experimental design. (A) Reaction scheme of the 10-23 DNAzyme. The RNA substrate (indicated in
grey) hybridizes with the DNAzyme (indicated in purple) via Watson-Crick base pairing. Cleavage of the RNA is
induced by Mg?®*. The ternary complex dissociates and the DNAzyme is released to bind another target molecule.
(B) Schematic overview of the experimental setup for metal ion binding experiments using a stabilized RNA sub-
strate. To prevent the RNA substrate from DNAzyme-mediated cleavage, the 2’-OH group at the nucleotide at the
cleavage site is substituted by a fluorine atom. (C) Schematic overview of the experimental setup to study metal
ion induced RNA cleavage using FRET-labeled RNA substrates. When the RNA substrate is intact, excitation of
the 6-FAM fluorophore D leads to a (partial) transfer of energy to the BHQ-1 Q moiety based on the principle of
Forster resonance energy transfer where the energy dissipates as heat. DNAzyme-mediated cleavage of the RNA
substrate separates fluorophore from quencher and leads to increased fluorescence after excitation of the 6-FAM
molecule.
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Figure S3.2: Titration of Mn?* into pre-formed DNAzyme:RNA complex in the absence (A, C) or presence (B, D) of
100 mM Nat, monitored at 30°C. The upper panels show the baseline-corrected instrumental response. The lower
panels show the integrated data (filled squares).
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Figure S3.3: Assignment of catalytic loop and binding arms. Overlayed ['H, "H]-TOCSY spectra of DNAzyme:RNA
complex (black) and complementary RNA:DNA helix without catalytic loop (red). Signals correspond to the pyrim-
idines U and C. Signals with low chemical shift difference were assigned to the binding arms (*), while newly
appearing signals were assigned to the catalytic loop (#). (B) Sequences of DNAzyme:RNA and DNA:RNA com-
plexes. Pyrimidines, which appear in the spectral region of (A), are written in bold, binding arms and catalytic loop
are highlighted.
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Figure S3.4: Hill plots with the experimental data as in Figure 3.3 obtained by EPR experiments.
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Figure S3.5: Influence of K* levels on DNAzyme catalysis. Normalized fluorescence intensities resulting from the
FRET-based activity assays at (A) 1 mM Mg?*, (B) 5 mM Mg?*, and (C) 0.5 mM Mn2* and different K* concentra-
tions (top) or a mixture of K* and Na™ (125 mM each) and 250 mM K™ (bottom). (D) Observed rate constants (Kobs)
for the DNAzyme catalyzed RNA cleavage in the presence of different concentrations of Mg?™. (E) Observed rate

[K*]/mM or [K*+Na*]/mM

constants (kops) for the DNAzyme catalyzed RNA cleavage in the presence of different concentrations of Mn2+.
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Figure S3.6: Individual normalization of the rate constants of the 10-23 DNAzyme-mediated RNA cleavage reaction

for each Mn?* concentration.
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Figure S3.7: Cleavage assay of the 10-23 DNAzyme with the fluorescein-labeled RNA substrate (T839-FAM) in the
presence and absence of 1 mM MgCl, and 500 or 1000 mM NaCl. PAGE analysis of the reaction mixtures shows
that the DNAzyme is not capable of cleaving its RNA substrate in the sole presence of Na™ ions.
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Figure S3.8: Example output of scan for parameter solutions with “brute" force grid-search method. The graphs
display the chi-square [x?] value per parameter and contour plots for all combinations of two parameters with colors
from blue to yellow for x? values normalized from 0 to 1. The dotted red lines depict the optimal parameter value.
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4 Expanding crystallization tools for nucleic
acid complexes using U1A protein variants

This chapter reflects content of the following publication.

4.1 Publication information

Hannah Rosenbach, Julian Victor, Jan Borggréfe, Ralf Biehl, Gerhard Steger, Manuel Etzkorn,
and Ingrid Span

Journal of Structural Biology, 2020, Vol. 210(2), 107480

4.2 Abstract

The major bottlenecks in structure elucidation of nucleic acids are crystallization and phasing.
Co-crystallization with proteins is a straight forward approach to overcome these challenges.
The human RNA-binding protein U1A has previously been established as crystallization mod-
ule, however, the absence of UV-active residues and the predetermined architecture in the
asymmetric unit constitute clear limitations of the U1A system. Here, we report three crys-
tal structures of tryptophan-containing U1A variants, which expand the crystallization toolbox
for nucleic acids. Analysis of the structures complemented by SAXS, NMR- and optical spec-
troscopy allow for insights into the potential of the U1A variants to serve as crystallization mod-
ules for nucleic acids. In addition, we report a fast and efficient protocol for crystallization of RNA
by soaking and present a fluorescence-based approach for detecting RNA-binding in crystallo.
Our results provide a new tool set for the crystallization of RNA and RNA:DNA complexes.

Vi ,\‘ )
/\ L,\\\\ protein “,‘/ :
N - BNe

easy detection

exciting structures

efficient
RNA soaking

Graphical Abstract: New tool set for the crystallization of RNA and RNA:DNA complexes.
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4.3 Introduction

Nucleic acids are capable of adopting 3D structures that are considerably more complex than
double stranded helices. The structure of ribozymes or DNAzymes enables them to accelerate
chemical transformations, which expands the biological role of nucleic acids from carrier of
genetic information to effective biocatalysts. Solving the structure of these nucleic acids in a
catalytically relevant conformation is the key to understanding the reaction mechanism. X-ray
crystallography is a widely used method for structure solution, however, the formation of highly
ordered nucleic acid crystals is often prohibited by their surface properties, which are dominated
by negatively charged and regularly ordered phosphate groups (Ferré-D’Amaré & Doudna,
2000b). Thus, numerous attempts to crystallize nucleic acids often resulted in the formation of
crystals with poor long-range order. One of the approaches to tackle this problem involves the
co-crystallization of RNA bound to the RNA-binding domain of U1A (Ferré-D’Amaré & Doudna,
2000a; Ferré-D’Amaré et al., 1998). Proteins consist of a larger number of building blocks than
nucleic acids, which increases the number of possible interactions between the molecules in
the asymmetric unit and the probability of obtaining highly ordered crystals. Thus, using an
nucleic acid-binding protein as crystallization helper has proven to be a successful strategy to
solve the structure of ribozymes or DNAzyme:substrate complexes.

The RNA-binding fragment of the U1A protein consists of 98 amino acids and binds a spe-
cific RNA hairpin loop with high affinity (Oubridge et al., 1994). U1A-RBD adopts a globular
shape with a compact fold in presence or absence of RNA (Nagai et al., 1990; Oubridge et al.,
1994). This feature makes U1A-RBD particularly suitable for the formation of highly ordered
crystals (Ferré-D’Amaré, 2010). The crystal structures of U1A-RBD:RNA complexes reveal
that contacts between RNA and protein comprise polar and non-polar interactions, the lat-
ter of which are independent of ionic strength. Therefore, complex formation is not strongly
affected by extreme crystallization conditions, such as solutions with very low or high salt
concentrations (Ferré-D’Amaré, 2010). Several RNA structures have been solved using U1A-
RBD as crystallization module, among them the self-cleaving hepatitis delta virus ribozyme
(Ferré-D’Amaré et al., 1998), the hairpin ribozyme (Rupert & Ferré-D’Amaré, 2001) the GImS
riboswitch (Cochrane et al., 2007), a self-splicing group | intron (Adams et al., 2004), and the
catalytic core of an RNA-polymerase ribozyme (Shechner et al., 2009). Although U1A-RBD has
successfully been used as a crystallization module (Ferré-D’Amaré, 2010), one major draw-
back is the lack of tryptophan residues in the endogenous amino acid sequence. Tryptophan
residues allow for the determination of the protein concentration by measuring the absorbance
at 280 nm and enable the distinction between protein and salt crystals by fluorescence imaging
(Meyer et al., 2015).

Thus, we designed five UT1A-RBD variants containing one tryptophan in their protein se-
quence, evaluated their crystallization properties, solved the structures of three variants and
accessed their suitability for soaking experiments. We also analyzed the obtained protein crys-
tals using fluorescence imaging and monitored the changes in fluorescence after soaking the
RNA into preformed crystals. In addition, we investigated the application of an U1A variant
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for structural characterization of an RNA-cleaving DNAzyme in complex with its corresponding
substrate using native PAGE, solution NMR spectroscopy, and SAXS measurements. Further,
we present an improved protocol for obtaining U1A:RNA complex crystals by soaking. This
method provides a time and cost effective alternative to generate complex crystals with re-
spect to co-crystallization and even more importantly prevents degradation of fragile nucleic
acid molecules rendering it in particular valuable for RNA structure determination.

4.4 Material and Methods

4.4.1 Cloning and site-directed mutagenesis

The U1A gene, encoding for the amino acids 1 to 98 of the human U1A-RBD (UniProtKB ac-
cession number P09012) was obtained as DNA string by GeneArt (Thermo Fisher Scientific,
Waltham, MA, USA). An additional sequence to generate an overlap with the vector was intro-
duced by amplification of the DNA string using the primers 5-AGG AGG TCT AGA ATG GCA
GTT CCC GAG ACC-3 and 5-CCT GAA AAT ACA AAT TTT CAT CTT GGC AAT GAT ATC
TGA GTC G-3'. The plasmid pET16b-TEV was linearized using the primers 5’-TAA CTA GCA
TAA CCC CTT GGG GC-3’ and 5-CAT ATG TCC CTG AAA ATA CAG GTT TTC ATG GC-3..
The plasmid pET16b-TEV-U1A was engineered using the In-Fusion HD cloning kit (Takara Bio,
Kisatsu, Japan) and verified by sequencing (GATC Biotech, Konstanz, Germany). To introduce
point mutations within the U1A gene we used primers with the desired codon exchange (Ta-
ble S4.1). All polymerase chain reactions were performed with the Phusion High-Fidelity DNA
Polymerase (New England Biolabs, Ipswich, MA, USA). The construct design will lead to pro-
teins encoding for amino acid residues 1 to 98 of the U1A gene with two additional residues,
glycine and histidine, before the sequence as a result of using the TEV recognition site.

4.4.2 Protein preparation

Cultures of E. coli BL21(DE3) containing the respective plasmid were cultivated in Terrific Broth
medium supplemented with Ampicillin (100 pg/ml). Cells were cultivated at 37°C and 160 rpm
until the optical density measured at 600 nm reached a value of 2 followed by induction of
gene expression by adding 0.5 mM IPTG to the cell culture. Cells were grown over night at
25°C. Cells were harvested by centrifugation at 6,000 x g for 10 min, and 4°C. For lysis cells
were resuspended in lysis buffer [50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]lethanesulfonic acid
(HEPES) pH 7.5, 100 mM KCI] using a volume of 5 ml/g cell pellet. 2,2’,2",2”-(Ethane-1,2-
diyldinitrilo)tetraacetic acid (EDTA)-free cOmplete Protease Inhibitor Cocktail Tablets (Roche,
Basel, Switzerland) were added according to the manufacturer’s instructions. The suspension
was sonicated (Bandelin electronic, Berlin, Germany) for 20 min with an amplitude of 60% and
a pulse of 1 s every 3 s using a VS70/T sonotrode. The cell debris was separated from the
lysate by centrifugation for 45 min at 40,000 x g. The supernatant was fractionated with 0.5%
polyethyleneimine, pH 7.5 followed by adding 75% (v/v) of a saturated ammonium sulfate solu-
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tion as described previously (Ferré-D’Amaré, 2016). The protein in the pellet was then resus-
pended in wash buffer (50 mM HEPES pH 7.5, 100 mM KCI) and isolated using a HisTrap excel
column (GE Healthcare, Chicago, IL, USA) with a bed volume of 5 ml equilibrated with wash
buffer using an AKTAprime plus system (GE Healthcare, Chicago, IL, USA). The column was
then washed with 9 column volumes (CV) 25 mM imidazole in wash buffer and subsequently
eluted with 250 mM imidazole in wash buffer. Fractions containing the protein of interest were
pooled and dialyzed against 2 | of wash buffer for 2 h at 4°C. To remove the polyhistidine tag the
protein solution was treated with the TEV protease in a molar ratio of 1:100 in the presence of
0.5 mM EDTA and 1 mM dithiothreitol (DTT) for 16 h. The TEV protease was removed using a
HisTrap excel column, which was equilibrated with wash buffer containing 37.5 mM imidazole.
The protein was then applied to the column and the flow-through was collected. The protein
was concentrated by ultrafiltration using an Amicon Ultra-15 centrifugal filter (Merck Millipore,
Burlington, MA, USA) with a 3 kDa molecular weight cut-off. For the next steps the chromatog-
raphy systems and columns were washed with 0.5 M NaOH before use and then flushed with
diethyl pyrocarbonate-treated H,O. All solutions used in the following procedure were prepared
with RNAse-free water and buffers containing RNase-free grade chemicals. U1A was further
purified by size-exclusion chromatography (SEC) using a Superdex-75 PG column (GE Health-
care, Chicago, IL, USA) in wash buffer. For the final purification step a CHT-1 hydroxyapatite
column (BioRad, Hercules, CA, USA) was used as described previously (Ferré-D’Amaré, 2016)
and the protein solution was stored at -80°C.

4.4.3 Design and synthesis of oligonucleotides

Starting points for the design of the DNA:RNA complex were the variant A5C of the DNAzyme
Dz839, its target RNA T839 (Victor et al., 2018) and the U1A-binding hairpin (Oubridge et al.,
1994). We used the software RNAcofold (Bernhart et al., 2006b) and RNAfold from the Vi-
enna package (Lorenz et al., 2011) to design the DNA (Dz839_A5C) and RNA (T839_hairpin)
constructs with RNA default parameters at 37°C (Table S4.2). The design was performed ac-
cording to these criteria: (i) low tendency for intramolecular folding; (ii) low tendency for in-
termolecular interactions; (iii) unequivocal formation of the target complex with minimum free
energy; (iv) the hairpin loop should be easily accessible for the U1A protein; (v) the hairpin stem
should be stable; and (vi) the backbone discontinuity at the adjacent 3° RNA and 5’ DNA ends
should be stacked to stiffen the overall conformation. All the DNA and RNA oligonucleotides
(Table S4.2)were acquired from biomers.net GmbH (Ulm, Germany).

4.4.4 RNA and DNA binding assays using native PAGE

To analyze the capability of binding nucleic acids the U1A variants in wash buffer were mixed
with 1 mM MgCl,, RNA, and/or DNA (in H,O) at equimolar ratios and incubated at room tem-
perature for 20 min. The samples were mixed with DNA Loading Dye (6x) (Thermo Fisher
Scientific, Schwerte, Germany) and 10 uM of the complex were then analyzed on a 10% na-
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tive Polyacrylamide gel for 3 h at 180 V. For visualization the gel was incubated in Tris-borate
EDTA (TBE) buffer containing a 1:10,000 dilution of the fluorescent nucleic acid dye GelRed
(Merck, Darmstadt, Germany) for 1 h. Images were acquired using the ChemiDoc MP System
(Bio-Rad, Hercules, CA, USA).

4.4.5 Analytical size-exclusion chromatography

To analyze the dispersity of the DNA:RNA:protein complex analytical SEC was performed using
a Superdex 75 PC 3.2/30 column (GE Healthcare, Chicago, IL, USA). The column was run and
equilibrated with 50 mM HEPES pH 7.5, 100 mM KCI and a sample volume of 10 ul at a
concentration of 50 uM was injected per run.

4.4.6 Denaturing PAGE

To prove the presence of RNA in preformed protein crystals after the soaking experiments,
the crystals were dissolved in 2x RNA loading buffer. The samples were analyzed via dena-
turing PAGE. Separation of the samples was carried out on 18% polyacrylamide gels with 7 M
urea buffered with TBE for 1 h at 20 W. Images were acquired using a ChemiDoc MP System
(BioRad, Hercules, CA, USA).

4.4.7 Small angle X-ray scattering

The scattering patterns were recorded with the laboratory based SAXS system “Ganesha-Air”
from (SAXSLAB/XENOCS) at Forschungszentrum Jilich. The X-ray source is a D2-MetalJet
(Excillum) with a liquid metal anode operating at 70 kV and 3.57 mA with Ga-Ka radiation
(wavelength A = 0.1314 nm) providing a very brilliant and a very small beam (<200 um). A
PILATUS 300K (Dectris) was used to record the 2D scattering patterns. All samples were
sealed in glass capillaries of 2 mm inner diameter. Data were circular averaged, normalized
to incident intensity and transmission corrected. The covered q range was 0.15-5.8 nm™' mea-
sured at a detector distance of 54 cm and 114 cm. To extract the form factor concentrations of 5,
10 and 15 mg/ml were measured and the corresponding buffer was subtracted as background.
The intensity was extrapolated to zero concentration to avoid any influence of a structure factor.
To reconstruct a low-resolution model the form factor was analyzed by a sequence of programs
from the ATSAS (Franke et al., 2017) suite. After transformation of the form factor to a distance
distribution, the program DAMMIF (Franke & Svergun, 2009) was used to generate 30 low reso-
lution bead models by an ab initio bead modelling algorithm. A simulated annealing algorithm is
used to construct a compact bead model that fits the experimental data. As the reconstruction
did not result in unique shape models DAMAVER (Volkov & Svergun, 2003) is used to align
a given set of models and to calculate a most probable model. The crystal structure of the
U1A:RNA complex (PDB ID 6SQT) and a generic model of a DNAzyme:RNA complex were
manually aligned to the experimental SAXS model to illustrate that size and shape of the SAXS
data are overall consistent with the expected ternary complex.
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4.4.8 NMR spectroscopy

NMR acquisition was performed on Bruker Avance Ill HD+ spectrometer operating at 600 MHz
and equipped with a quadruple resonance QXI/QCI ('H, '3C, "®N, 3'P) cryoprobe. All spectra
were recorded as ['H, 'H]-2D-TOCSY using 2048x512 points and 10 ppm spectral width for
both dimensions. 200 uM of U1A, DNA:RNA and DNA:RNA:U1A were measured at 37°C in
50 mM Tris-d3/HCI pH 7.5, 100 mM NaCl, 1 mM MgCl, and 10% (v/v) D20. NMR spectra were
processed with TOPSPIN 4.0.6 (Bruker) and plotted with Sparky 3.114 (T. D. Goddard, D. G.
Kneller, UCSF).

4.4.9 Cleavage assay

Cleavage assays were performed with 10 pM RNA substrate and 10 uM DNAzyme in 50 mM
Tris-HCI pH 7.5 in the presence of 100 mM Mg?* for 3 h at 37°C. Prior to cleavage the RNA and
DNAzymes were denatured in buffer in the absence of Mg?* at 73°C for 5 min, followed by an
incubation for 10 min at room temperature. Subsequently, the reaction was started by adding
Mg?*. For cleavage assays in the presence of the U1A protein, 10 pM of the U1A variant F56W
were incubated for 30 min at room temperature to allow for formation of the ternary complex
before starting the reaction with Mg?*. The reaction was terminated by adding 95% formamide
and 25 mM EDTA. Samples were heated to 96°C for 10 min and then cooled down on ice.
Separation of the samples was carried out on 18% polyacrylamide gels with 7 M urea buffered
with Tris-borate EDTA buffer (TBE) for 1.5 h at 20 W. For visualization the gel was incubated
in TBE buffer containing a 1:10,000 dilution of the fluorescent nucleic acid dye GelRed (Merck,
Darmstadt, Germany) for 1 h. Images were acquired using the ChemiDoc MP System (Bio-Rad,
Hercules, CA, USA).

4.4.10 Crystallization and soaking experiments

Crystals were grown using the sitting-drop vapor diffusion method at 12°C for soaking experi-
ments and at room temperature for co-crystallization experiments. The reservoir solutions con-
sisted of 2.2 M ammonium sulfate and 0.2 mM tri-potassium citrate for F56W, 1.8 M ammonium
sulfate and 0.1 M sodium acetate pH 4.6 for R70W, as well as 1.0 M ammonium sulfate and
0.1 M Tris/HCI pH 8.5 for K98W. For co-crystallization a sample volume of 1 pl with a concen-
tration of 0.5 mM RNA:protein complex in 12.5 mM Tris pH 7.0, 50 mM KCI, 2 mM spermine,
and 5 mM MgCl, was mixed with an equal volume of a reservoir solution containing 1.2 M
ammonium sulfate and 0.1 mM tri-potassium citrate. Crystals were obtained within one month.
After soaking for 1 min in cryoprotecting solution (50% glycerol) the crystals were mounted
on loops, immediately flash-frozen, and stored in liquid nitrogen. For soaking experiments a
volume of 0.7 pl hairpin RNA with a concentration of 1.5 mM in wash buffer was mixed with
an equal volume of reservoir solution. Then preformed protein crystals were transferred into
the solution and incubated for 4 d before they were flash-frozen and stored in liquid nitrogen.
Tryptophan fluorescence of protein crystals was detected using the camera of a Rock Imager
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RI1000 (Formulatrix, Bedford, MA, USA). For the soaking experiments a fluorescent crystal
was transferred into a drop with a volume of 2 pl containing 1.5 mM of hairpin RNA and mixed
with the reservoir solution at a 1:1 ratio. The crystal was incubated for 1 h and then transferred
back into its mother liquor prior to imaging.

4.4.11 Data collection and structure determination

The X-ray diffraction data was collected at beamline PETRAIII of the Deutsches Elektronensyn-
chrotron (German Electron Synchrotron, DESY) in Hamburg (Burkhardt et al., 2016; Meents
etal.,, 2013), Germany at 100 K at an energy of 12 keV. Data processing was carried out using
the xia2/xds program (Winter et al., 2013). All structures were solved by molecular replacement
using the Phaser program (McCoy, 2006) embedded in the CCP4i2 suite. The structure with
the PDB IDs 10IA (Nagai et al., 1990) and 1TURN (OQubridge et al., 1994) were used as search
models. The electron density maps revealed the protein or the protein and RNA, which were
manually built using COOT (Emsley & Cowtan, 2004). The model was then refined against
the diffraction data using REFMACS5 program (Murshudov et al., 2011). During refinement, 5%
randomly selected data were set aside for free R-factor calculations (cross validation). The
2Fo-Fc and Fo-Fc electron density maps were regularly calculated and used as a guide for
model building and adjustment. The Ramachandran Plot analysis of the crystal structures re-
flect the following values for conformational space available: F56W (6SQT) 98.47% favored
and 0.00% outlier; R70W (6SQV) 85.81% favored and 0.60% outlier; K98W (6SR7) 99.12% fa-
vored and 0.00% outlier; F56W:RNA co-crystallized (6SQN) 98.22% favored and 0.00% outlier
and F56W:RNA soaked (6SQQ) 97.79% favored and 0.00% outlier. The structural refinement
statistics are summarized in Tables S4.3 and S4.4.The atomic coordinates for the U1A variants
have been deposited at the Research Collaboratory for Structural Bioinformatics Protein Data
Bank (RCSB PDB) (Berman, 2000). Atomic coordinates and structure factors for the reported
crystal structures have been deposited with the Protein Data bank under accession numbers
6SQT for the variant F56W, 6SQV for the variant R70W, 6SR7 for the variant K98W, 6SQQ for
the F56W:RNA complex obtained by soaking, and 6SQN for the co-crystallized complex.

4.5 Results

4.5.1 Design, biosynthesis, and characterization of U1A triple mutants

To identify amino acid positions that likely do not affect structure and RNA-binding properties
of UTA we used BLAST (Altschul et al., 1990) to search for U1A-RBD homologs that contain
tryptophan residues. Whereas most U1A-RBDs from Animalia lack tryptophan residues, most
homologs from Viridiplantae contain a tryptophan instead of a phenylalanine at position 56
(Figure S4.1). This position is critical for RNA binding as the phenylalanine stacks to a certain
nucleotide in the complex formed by U1A and RNA (Shiels et al., 2002). Notably, the U1 RNA
hairpin sequence is conserved in Viridiplantae and Animalia. This indicates that the mutation
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F56W should not prohibit RNA-binding to UT1A-RBD (Law, 2005; Shiels et al., 2002). Previ-
ously, it has been shown that the exchange of amino acid residues in the protein U1A affects
crystallization behavior and the properties of the protein in solution (Price et al., 1995). Since
an U1A variant containing the two mutations Y31H and Q36R has been reported to have su-
perior crystallization properties compared to the wildtype sequence (Oubridge et al., 1994) we
used this double mutant as parent sequence for the introduction of all tryptophan mutations.
In addition to position 56, we selected positions A2, H10, R70, and K98 in the U1A-RBD for
site-directed mutagenesis, since they are located distant to the RNA-binding pocket and on the
protein surface (Figure 4.1). Starting from the U7A gene hosted within the expression plasmid
pET16b-TEV encoding the parent amino acid sequence, we exchanged the codon for amino
acids A2, H10, F56, R70, and K98 by W using site-directed mutagenesis. The genes were then
expressed in Escherichia coli BL21(DE3) cells resulting in high protein yields. All proteins were
successfully isolated and purified to high purity using a combination of several precipitation and
chromatography steps (Figure S4.2).

Figure 4.1: Crystal structure of U1A protein (gray) in complex with the U1 RNA hairpin loop (orange) (Oubridge
et al., 1994) with the positions that were selected for amino acid exchange highlighted as spheres (blue).

Next, we tested the capability of the rationally designed U1A variants to bind RNA. Therefore,
we incubated each protein with the U1 RNA hairpin sequence at equimolar concentrations and,
subsequently, analyzed the samples via native PAGE (Figure S4.3). The shift in electrophoretic
mobility showed that all U1A variants retain their ability to bind RNA in solution.
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4.5.2 Expanding the scope of U1A to DNA:RNA complexes

It has previously been shown that U1A can be used as a crystallization module for RNA se-
quences, including RNA hairpins and ribozymes (Ferré-D’Amaré et al., 1998). In this study, we
have evaluated the potential of the new U1A variants to serve as tools for structural studies
of DNA:RNA complexes. Therefore, we used the 10-23 DNAzyme, a prominent member of the
DNAzyme family, which is capable of binding and, subsequently, cleaving RNA substrates (San-
toro & Joyce, 1997). DNAzymes are single-stranded DNA sequences that exhibit catalytic activ-
ity, such as the specific cleavage of RNA sequences. Previously reported attempts to solve the
crystal structure of this 10-23 DNAzyme in its catalytically active form failed due to the formation
of a catalytically irrelevant duplex conformation, which is formed due to a self-complementary
sequence within the catalytic core (Nowakowski et al., 1999b, 2000). To avoid the formation
of such an artefact, we used a catalytically active mutant in which the self-complementary se-
quence is disrupted by the introduction of a point mutation Dz839_A5C (Zaborowska et al.,
2002).

In order to bind to the DNAzyme and the U1A protein simultaneously, a suitable RNA se-
quence had to be designed. The RNA substrate (T839) has therefore been elongated by the ad-
dition of the U1A specific hairpin loop (T839_hairpin). Since flexible regions in macromolecules
often hinder crystallization of the sample, we designed the RNA sequence in the most rigid
conformation where the nucleotide at the very 5-end of the DNAzyme stacks onto the last
nucleotide at the 3’-end of the elongated RNA substrate. Next, we verified our strategy by an-
alyzing the formation of the ternary complex consisting of wildtype U1A, RNA substrate and
DNAzyme by native PAGE in combination with a nucleic acid dye (Figure 4.2A). As expected,
the free protein is not visible with the nucleic acid stain, whereas free DNA or RNA show one
single band. As a negative control, we used a sample consisting of protein and DNA and we
observe no shift in electrophoretic mobility, indicating that, as anticipated, complex formation
between protein and DNA is not possible. DNA and RNA as well as RNA and U1A are capable
of forming a binary complex, leading to a significant shift in electrophoretic mobility. The size of
the ternary complex is not significantly higher than the binary complex, 33 kDa and 22 kDa, re-
spectively. The small shift in electrophoretic mobility between binary and ternary complexes is
therefore in line with the molecular weight ratio. Our results provide evidence that the designed
RNA is capable of binding UTA and DNA simultaneously. Analysis of the ternary complex us-
ing SEC also supports the quantitative formation of the complex resulting in a monodisperse
sample with high purity (Figure S4.4). Our results show that the molecules form a well-defined,
monodisperse ternary complex, which is a prerequisite for structural studies.

As a next step, we investigated the structural features of the DNA:RNA:U1A complex in
solution using SAXS measurements as well as NMR spectroscopy. Since the exchange of
phenylalanine by tryptophan is the only naturally occurring mutation, we used the U1A F56W
variant for this study. To analyze the global shape of the ternary complex and to obtain infor-
mation on the homogeneity of our sample we performed SAXS measurements with the ternary
DNA:RNA:protein complex at different concentrations and extracted the form factor of the com-
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Figure 4.2: Formation and analysis of a ternary DNAzyme:RNA:U1A complex. (A) Native PAGE visualizes the for-
mation of a ternary DNA:RNA:protein complex. P: U1A protein, D: DNAzyme, R:RNA substrate, C: ternary complex
(additional information available in the supplementary data file). (B) Top: Scheme of the ternary complex consisting
of the RNA-binding protein U1A in blue, the DNA in black and the RNA substrate in red. Bottom: Ab initio recon-
struction of the low-resolution shape of the ternary complex from SAXS data analysis. (C) Section of homonuclear
TOCSY spectra of ternary complex (black), DNA:RNA complex without protein (orange), and U1A protein alone
(light blue). Signals corresponding to cytosines within the DNAzyme catalytic core (asterisk) are not affected by
U1A binding, while shifted signals (boxes) indicate uracil/cytosine signals in the RNA hairpin loop (see Figure S4.6
for larger extract of spectra).

plex at infinite dilution (Figure S4.5). SAXS measures the contrast in scattering between the
macromolecule and buffer, thus, it is particularly well suited for nucleic acids, which have high
contrast due to the electron-rich phosphate backbone (Burke & Butcher, 2012). In line with
our previous results from size-exclusion chromatography, the SAXS analysis shows that no
aggregates are formed during the assembly of the ternary complex. The reconstruction of a
low-resolution model (Franke & Svergun, 2009) (Figure 4.2B) shows an elongated structural
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model of about 11 nm length, which is consistent with roughly 23 base pairs (0.34 nm/bp)
and the protein with a diameter of 3 nm. The less bulky part on the right side of the molecule
with a diameter of 3 nm is in agreement with the size of the U1A protein, therefore, we as-
sume that the bulky part of the model can be assigned to the catalytic core of the DNAzyme
including the complementary part of the RNA substrate. To test this hypothesis we have fit-
ted a structural model of the DNA:RNA:protein complex into the low-resolution data obtained
by SAXS measurements (Figure S4.7). The results support the idea that the catalytic core
of the DNAzyme can be accommodated by the bulky part of the bead model. We then per-
formed solution NMR spectroscopy to check for a potential interference of the U1A protein with
the structure of the DNA:RNA complex, in particular with the region relevant for catalysis. A
comparison of the homonuclear 2D TOCSY spectra of the U1A-RBD F56W protein and the
DNA:RNA complex with the ternary DNA:RNA:U1A complex (Figure 4.2C and S4.6) shows
that the few observed spectral changes are localized in the RNA hairpin extension. In contrast,
all peaks that can be linked to the catalytic loop do not shift between the binary DNA:RNA or the
ternary DNA:RNA:U1A complex. These results confirm that the presence of the U1A protein
does not affect the structure of the catalytic core of the DNA:RNA complex. We then investi-
gated the influence of binding to U1A on the catalytic performance of the DNAzyme using a
cleavage assay. Our results show that binding of the U1A protein to the hairpin extension of
the RNA substrate does not influence the activity of the DNAzyme (Figure S4.8) leading to the
conclusion that structure and function of the DNAzyme are not affected by the formation of the
ternary complex.

4.5.3 Structures of the U1A triple mutants in absence of RNA

To examine the structure in detail and to evaluate the crystallization properties of all U1A vari-
ants, we aimed at crystallizing all triple mutants. We obtained protein crystals for the variants
A2W, F56W, R70W and K98W in ammonium sulfate conditions, the A2W protein did not lead
to high quality data and we were not able to solve the structure. The crystal structures of the
three U1A variants reveal the same overall architecture as the U1A wildtype (Figure 4.3A) with
RMSD values of 0.32 A for F56W, 0.29 A for R70W, and 0.21 A for K98W. The positions of most
secondary structural elements are virtually identical, whereas the terminal regions vary slightly.
Interestingly, symmetry and content of the AU are different for each variant, due to the different
amino acids involved in formation of the crystal contacts. Variant F56W (Figure 4.3B) crystal-
lized in the trigonal space group P3:21 with three molecules per AU, whereas variant R70W
(Figure 4.3C) crystallized in the orthorhombic space group P2,242; and with four molecules
per AU. Even an amino acid exchange at the very last position in the sequence led to altered
crystal contacts compared to the U1A wildtype. While the wildtype U1A-RBD crystallized in
the body centered cubic space group (14132), mutation K98W (Figure 4.3D) resulted in the
primitive tetragonal space group P432:2 with four molecules per AU. The crystallographic and
refinement parameters are summarized in Tables S4.3 and S4.4.
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Figure 4.3: Crystal structures of U1A triple mutants in absence of RNA. (A) Superposition of U1A-RBD wildtype
(Nagai et al., 1990) in grey with the U1A variants F56W in blue; R70W in cyan, and K98W in green. Biological
assembly in the asymmetric unit of the protein crystals formed by the U1A variants F56W (B), R70W (C), and K98W
(D). Residues 56 and 92 are shown as spheres.

Our structural data show that while the exchange of the amino acids at positions 56, 70,
and 98 by tryptophan does not influence the structure or RNA-binding properties in solution
significantly, it does have a dramatic impact on the assembly in the unit cell. The orientation
of the protein molecules in the AU is different for each mutant, which impacts the accessibility
of the RNA-binding site. Based on the crystal structures we have estimated the accessibility
of the binding pocket by measuring the distance between residue 56 located deep inside the
RNA-binding cavity and the closest corresponding residue of a neighboring molecule within the
same AU or symmetry-related molecules (Figure S4.9). The distance increases from K98W
with 12 A to R70W with 16 A and F56W with 19 A, suggesting that the RNA-binding site is
most accessible for F56W in the crystalline form. When analyzing the crystal packing, we also
observed that the RNA-binding site is oriented towards the bulk solvent in the structures of
F56W and R70W, whereas it is facing towards the inside of the biological assembly in the
structure of K98W. Although the termini of the amino acid sequences are not well-defined, no
difference electron density was observed that would suggest an obstructed RNA-binding site
in the F56W structure. In the structure of R70W, some positive difference density suggests that
the C-terminus may hinder the access to the RNA binding pocket. Unfortunately, this density
could not be modelled satisfactory. Interestingly, previous studies of the RNA-binding domain
that is slightly longer than the construct that we have been working on and consists of residues
2-102 have shown that the C-terminus is critical for the formation of U1A dimers (Varani et al.,
2000). Residues 93-102 form helix ¢ which forms the protein-protein interface in the dimer.
The excess electron density close to the C-terminal region in R70W could indicate a partial
formation of helix C. Furthermore, the different arrangement in U1A variant K98W may be
explained by the influence of the C-terminal residues on protein-protein interaction.

4.5.4 Binding of U1A variants to the U1 RNA hairpin motif in the crystalline form

To ameliorate the process of generating U1A:RNA complex crystals, we established a proto-
col for soaking U1A crystals with the U1 RNA hairpin motif in combination with an efficient
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method of estimating the success of RNA binding exploiting the fluorescence of the introduced
tryptophan residue. We produced crystals of the U1A variants F56W, R70W, and K98W, which
displayed tryptophan fluorescence when irradiated with UV light (Figure 4.4, left column). Sub-
sequently, we treated these crystals with a solution containing the specific U1 RNA hairpin motif.
The RNA sequence consists of 21 nucleotides and should fold into a characteristic hairpin mo-
tif, which binds into the RNA-binding pocket of the U1A protein (Table S4.2). Inspection of the
crystals using bright light shows that the crystals were not severely damaged by the treatment
(Figure 4.4, middle column). Exposure of the preformed protein crystals with the U1A specific
RNA motif lead to a drastically reduced fluorescence in case of the F56W variant (Figure 4.4,
right column). We speculate that the loss in fluorescence intensity is a result of fluorescence
quenching due to the interaction of RNA and the tryptophan residue at position 56. Notably, the
lack of fluorescence could also be a consequence of absorption of the UV light by the RNA.

protein crystal crystal under crystal under
UV light bright light UV light

+ specific RNA

(®

F56W + unspecific RNA

+ specific RNA

R70W

K98wW

Figure 4.4: Binding of RNA to U1A variants in crystallo. Protein crystals are UV active in the absence of RNA (left
column). Soaking of RNA did not lead to dissolution of the same crystals (middle column). Addition of the specific
U1 RNA hairpin motif to the solution leads to quenching of the fluorescence in case of F56W, but not for R70W and
K98W (right column), whereas addition of an unspecific RNA retains the fluorescence (only shown for F56W).

93



Rosenbach et al. (2020) U1A as crystallization tool

To validate that the decrease in fluorescence is an indication for RNA binding to U1A, we
performed this experiment using an unspecific RNA sequence (T839, see Table S4.2) that is not
capable of binding to the protein as a control. In line with our hypothesis, the crystals retain their
fluorescence after treatment with an unspecific RNA. In contrast, soaking of the specific RNA
hairpin motif into preformed R70W and K98W crystals does not lead to a significant reduction
in fluorescence intensity. To determine whether fluorescence quenching correlates with binding
of the RNA to U1A, we analyzed the crystals after soaking with specific and unspecific RNA.
The crystals were dissolved in RNA loading buffer and analyzed by denaturing PAGE using a
fluorescent nucleic acid dye (Figure S4.10). We detect RNA in all samples that were soaked
with the specific RNA hairpin motif, whereas no RNA was present in the sample with unspecific
RNA. Our results show that we detect an increased amount of nucleic acids in F56W crystals
compared to R70W and K98W crystals, suggesting that a higher amount of RNA binds to the
F56W protein in crystallo. These findings support the hypothesis that fluorescence quenching
is a result of RNA binding to the F56W variant. In line with these observations, all structures
that were determined of the R70W and K98W variants soaked with specific RNA lack additional
electron density that could be assigned to RNA. Taken together, our investigation of the RNA
binding properties of the U1A variants F56W, R70W, and K98W suggest that while they are
all capable of binding the RNA hairpin motif in solution, only the F56W variant is capable to
incorporate the RNA sequence in crystallo.

4.5.5 Structure of the F56W variant bound to RNA

To investigate the molecular arrangements and 3D structure of protein and RNA after soaking
and co-crystallization, respectively, we solved the structures of the RNA:F56W complex using
crystals obtained by each method (F56W:RNAgoakeq OF FS6W:RNAqo crystal, respectively). The
best results for the soaking were obtained by adding RNA to a final concentration of 1.5 mM to
a preformed crystal followed by an incubation time of 4 d at room temperature. We were able
to collect data and refine the structural model of the RNA:F56W complex obtained by soaking
to a resolution of 2.37 A with an Ryek/Riree Of 0.248/0.294. Interestingly, the space group of
the soaked crystal changed from P3,21 for the protein in the absence of RNA into P6522 in
the presence of RNA. Therefore, indexing the crystals is sufficient to determine whether RNA
is bound to the F56W crystals or not. In addition to the fluorescence quenching, a change in
the crystal symmetry is another indicator of the binding of RNA to the F56W variant in the
crystalline form. As a consequence, binding of RNA can be assessed quickly by indexing the
crystal and determining the space group, rather than collecting data, processing, phasing, and
model building.

The structure of F56W:RNAg.akeq is Virtually identical to the previously reported double mu-
tant UTA:RNA complex structure obtained via co-crystallization (Figure 4.5A) (Oubridge et al.,
1994). All nucleic acids are well-defined except the residues 13—15 (UCC), which are located
in the loop region of the hairpin motif (Figure S4.11). The same nucleotides are also disor-
dered in the double mutant U1A:RNA complex structure (Oubridge et al., 1994). Interestingly,
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Figure 4.5: Structures of U1A double mutant and variant F56W bound to the RNA hairpin. (A) Superposition of the
F56W:RNA.orystal cOMplex (protein in blue and RNA in orange) and the previously reported U1A double mutant:RNA
complex (Oubridge et al., 1994) (grey). (B) Close-up of the superposition as depicted in A showing the stacking
interactions between RNA and the residue at position 56. (C) Close-up of the F56W:RNAo.crystal cOMplex showing
the 2Fo-Fc electron density of the introduced amino acid W56 that is involved in RNA binding.

in crystal structures of U1A in complex with large RNA sequences these residues are ordered
due to interactions with symmetry related nucleic acids (Ferré-D’Amaré et al., 1998; Rupert,
2002). Residues A11 and C12 in the RNA sequence are crucial for the interaction with the U1A
residues 56 (Figure 4.5B) and 92, resulting in a four-element-stack. Besides the amino acid
residue at position 56, also Y13, N16, K22, R52, Q54 and N92 are involved in RNA binding. The
electron density around the introduced tryptophan at position 56 is well-defined (Figure 4.5C)
and shows that the side chain adopts the same orientation as the phenylalanine side chain in
the wildtype retaining the four-element-stacking.

Furthermore, we screened for novel crystallization conditions for the RNA:F56W complex to
be able to compare the structures obtained by soaking or co-crystallization. We were able to
refine the structural model to a resolution of 2.05 A with an Ryon/Riree Of 0.230/0.249. The
RNA:F56W complex crystallizes in the hexagonal space group P6522 with three molecules in
the AU. This space group is also observed for F56W:RNAgkeq and is consistent with the previ-
ously reported U1A:RNA complex structure (Oubridge et al., 1994). Superposition of structures
from both crystallization methods yield an RMSD value of 0.17 A (Figure 4.6) demonstrating
that both crystallization methods result in virtually identical structures. Our results reveal that
binding of the RNA hairpin loop to the protein is not prohibited in the crystalline form. Moreover,
the change of the space group upon RNA binding allows for detecting complex formation by in-
dexing. Taken together, the presented soaking approach may be a generally applicable strategy
for efficient structure solution for protein:nucleic acid and protein complexes in general.
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Figure 4.6: Superposition of the RNA:F56W crystal structures obtained by co-crystallization (blue) and soaking
experiments (grey).

4.6 Discussion

While the surfaces of proteins in general possess hydrophobic patches that favor intermolec-
ular interactions and counteract the repulsive forces arising from charged functional groups
contributing significantly to the formation of protein crystals, the surface of nucleic acids is
dominated by a regular array of negatively charged phosphate groups leading to the formation
of crystals with poor long-range order. In addition to the phasing problem, this has hampered
the structural characterization of nucleic acids using X-ray crystallography for decades. Sev-
eral strategies have been developed to overcome these challenges, such as the addition of the
polyamine spermine (Kim et al., 1971) to the crystallization solution or the application of nucleic
acid-binding proteins as crystallization module. This has led to significant progress in the struc-
ture elucidation of nucleic acids, which improves our understanding of structural principles of
nucleic acids in general. The structure and function of nucleic acids that are capable of adopt-
ing unusual three-dimensional conformations and to perform catalysis, such as ribozymes and
DNAzymes, is particularly intriguing.

Our presented crystallization strategy relies on using the U1A RNA-binding domain to aid
the crystallization process and allows for solving the phasing problem using molecular replace-
ment. Initially, we generated a series of variants of the RNA-binding domain of U1A that contain
a tryptophan residue. The U1A-RBD has already been recognized as invaluable tool for the
crystallization of RNA (Ferré-D’Amaré & Doudna, 2000a) based on (i) its globular and com-
pact fold (Nagai et al., 1990); (ii) the tight binding of the U1A-RBD to its cognate site (Ky of
approximatley 10~1" M) (van Gelder et al., 1993) and (iii) the protein-RNA interface comprises
polar (salt bridges) and non-polar (stacking of aromatic amino acid side chains between nucle-
obases) interaction. A key feature of U1A-RBD is that mutations in the solvent-exposed residues
affect the solution and crystallization properties of the protein variants (Oubridge et al., 1995).

We have exploited this feature to generate four new U1A variants introducing single tryp-
tophan residues. In addition, we have also performed a bioinformatics analysis to screen for
naturally occurring tryptophan residues within U1A sequences discovering that homologs from
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Viridiplantae possess a tryptophan residue that is involved in the stacking interaction with nu-
cleobases of the U1 RNA hairpin motif. This directed approach has led to a fifth, and in many
aspects most promising, U1A variant. Noteworthy, for large RNAs it has been shown that inter-
actions between nucleic acids from adjacent AU also contribute to the crystal packing (Rupert,
2002), thus, other U1A variants may be more suitable for other RNA sequences.

The presence of a tryptophan residue has several advantages, which make the U1A variants
presented in this study a valuable asset for structural studies in solution or in the crystalline
form. First, tryptophan fluorescence can be used to determine the protein concentration us-
ing absorbance at a wavelength of 280 nm. Second, in comparison to alternative approaches
(Raghunathan et al., 2010; Sumner & Dounce, 1937; Wilkosz et al., 1995), tryptophan fluores-
cence is a fast, reliable, and non-invasive tool to distinguish between protein and salt crystals.
Third, the change in fluorescence intensity can be used to detect the binding of the RNA hairpin
loop in crystallo. We have shown that the fluorescence intensity of F56W crystals decreases
upon RNA binding (Figure 4.4), which most likely is a result of the stacking interaction of trypto-
phan with the nucleobases. To our knowledge, the detection of RNA binding to a protein in the
crystalline form using tryptophan fluorescence has not been reported so far.

In previous studies, the structure determination of UTA in complex with RNA was achieved
using co-crystallization. This is probably the most common method for obtaining crystals of a
protein:ligand complex, where the ligand is added to the protein to form a complex that is sub-
sequently used in crystallization trials (Hassell et al., 2007). Ligands are usually well tolerated
in crystal structures, thus, crystals of protein—ligand complexes can often also be obtained by
soaking crystals with ligands. Owing to the ease of the method this is frequently the first ap-
proach to obtain the structure of a protein bound to small molecules or ions. The potential ligand
can access the binding sites by diffusing through solvent channels within the crystal lattice, as
long as the sites are not involved in crystal packing or the site is not blocked by parts of the
protein. Although soaking of nucleic acids into protein crystals has sporadically been reported
it is by far not a common strategy in structural biology (Horn et al., 2004; Valegard et al., 1994;
Woijtas & Abrescia, 2012).

A prerequisite for soaking is the existence of a soakable crystal form, which can be assessed
by inspection of the crystal structure of the protein in absence of RNA. Therefore, we have
inspected the atomic model as well as the electron density map, to ensure that flexible regions
are not blocking the binding site. The F56W structure shows that no close crystal-packing
contacts are present in the vicinity of the RNA-binding site, whereas we observe some electron
density near this site in the R70W structure and close contacts in the K98W structure. Thus, the
F56W variant has more favorable characteristics for soaking experiments. Another important
feature of U1A is that we expect no large conformational rearrangements upon RNA binding,
which is crucial for soaking macromolecules into crystals.

The benefit of soaking is that once the crystallization conditions are optimized it is easy to
produce a large amount of crystals (Hassell et al., 2007). Although the conditions for soaking
ligands require some optimization in terms of ligand concentration and soaking time, the pro-
cess is significantly faster and low amounts of ligands are required. When working with fragile
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ligands, such as RNA strands that are easily degraded by RNases or under the harsh condi-
tions of crystallization solutions, soaking also improves the chances of preserving the ligand.
The amounts of RNA required for soaking are also significantly lower, which makes this ap-
proach very cost effective. In general, soaking ligands into pre-existing crystals bears the risk
of disrupting the crystal lattices and destroying the crystals. As mentioned previously, the bind-
ing of RNA involves no major structural rearrangements, which minimizes the risk of disrupting
the crystal packing. Another issue is the crystal-to-crystal variation, even within the same crys-
tallization drop. We have demonstrated that the new F56W variant results in UV active crystals
and RNA-binding leads to a diminished fluorescence (Figure 4.4), thus, binding of the ligand
can quickly be assessed using a crystallization imager with UV fluorescence detection. The
lack of fluorescence of U1A variant crystals after soaking is therefore a good indication of lig-
and occupancy and can be used to overcome the issue of crystal-to-crystal variation. To ensure
that the full range of conformational changes does not vary between the structures obtained
from soaked or co-crystals we validated the soaking system with co-crystallization experiments.
Our structural analysis confirms that the structures obtained by soaking and co-crystallization
are virtually identical. In summary, we have developed the first soaking system for an U1A vari-
ant, which provides an efficient method to distinguish between protein:RNA complex and free
protein crystals and to obtain protein:RNA complex structures.

4.7 Conclusion

In this study we have generated new variants of the RNA-binding protein U1A for the application
in crystallization and phasing of RNA or DNA:RNA complex structures. We have determined
three crystal structures of U1A variants F56W, R70W, and K98W, which revealed insights into
the architecture of the protein within the AU as well as the accessibility of the RNA-binding site.
Using a combination of native PAGE, NMR spectroscopy and SAXS measurements we were
able to show that the F56W protein binds to RNA and DNA:RNA complexes, expanding the
scope of applications for U1A. We introduced an RNA hairpin motif into preformed protein crys-
tals by soaking and used fluorescence-based imaging to detect RNA binding to the protein in
crystalline form. Finally, we report crystal structures from soaked crystals and co-crystals of the
F56W:RNA complex, revealing that the soaking protocol results in a virtually identical structure.
Taken together, our results expand the crystallographic toolbox for the structure determination
of nucleic acids and to help unveiling structure of new RNA and DNA:RNA complexes. We ex-
pect that an increased number of structures will ultimately lead to a better understanding of the
function of catalytically active nucleic acids.
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4.8 Supporting data

Supplementary Information for Figure 4.2A

As expected, the free protein is not visible with the nucleic acid stain, whereas free DNA or
RNA show one single band. As a negative control, we used a sample consisting of protein and
DNA and we observe no shift in electrophoretic mobility, indicating that, as anticipated, complex
formation between protein and DNA is not possible. DNA and RNA as well as RNA and U1A
are capable of forming a binary complex, leading to a significant shift in electrophoretic mobility.
The size of the ternary complex is not significantly higher than the binary complex, 33 kDa and
22 kDa, respectively. The small shift in electrophoretic mobility between binary and ternary
complexes is therefore in line with the molecular weight ratio.

Supplementary Tables

Table S4.1: Primer sequences used in this study.

Name Sequence 5" — 3’

U1AA2W_for CTG TAT TTT CAG GGA CAT ATG TGG GTT CCG GAA ACC CGT CC
U1AA2W _rev GGA CGG GTT TCC GGA ACC CAC ATA TGT CCC TGA AAA TAC AG

GTT GTT GAT ATA AAT GGT CCA ATT CGG ACG GGT TTC CGG AAC TGC CAT
A

TAT GGC AGT TCC GGA AAC CCG TCC GAA TTG GAC CAT TTA TAT CAA CAA
C

U1AF56W_for  CCT GAA AAT GCG TGG TCA GGC ATG GGT TAT TTT CAA AGA AG
U1AF56W_rev  CTT CTT TGA AAA TAA CCC ATG CCT GAC CAC GCATTT TCA GG
U1AR70W_for  TTA TCA TAA AAC GGA AAA CCC CAC ATG CTACGC AGTGCATTG G
U1AR70W_rev CCA ATG CAC TGC GTA GCA TGT GGG GTT TTC CGT TTT ATG ATA A
U1AK98W_for  GCG ATA TTA TCG CCA AAA TGT GGT AAC TAG CAT AAC C
U1AK98W_rev  GGT TAT GCT AGT TAC CAC ATT TTG GCG ATA ATA TCG C

U1AH10W_for

U1AH10W_rev
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Table S4.2: Oligonucleotide sequences used in this study.

Name Sequence 5’ — 3’

T839_hairpin ACA UGC ACC GUU ACC UCA CCUGCAUUG CACUCCGCAG
Hairpin AAU CCA UUG CAC UCC GGA UUU

T839 ACA UGC ACC GUUACCCCAA

Dz839_A5C GTG AGG TAA GGC TCG CTA CAA CGA GGT GCATGT
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Table S4.3: Data collection and refinement statistics for the crystal structures F56W (PDB ID 6SQT), R70W (PDB
ID 6SQV), K98W (PDB ID 6SR7).

F56W (6SQT) R70W (6SQV) K98W (6SR7)

Data collection
Space group P3,21 P2:22; P4;2,2
Cell dimensions

a b, c[A] 89.0, 89.0, 85.6 76.1,76.1,136.9 76.3,76.3,151.5

a, 8,719 90, 90, 120 90, 90, 90 90, 90, 90
Resolution [A] 38.89-1.844 51.02-2.45 68.11-1.86

(1.87-1.84) (2.49-2.45) (1.89-1.86)

Rmerge [%] 5.3 (89.8) 4.9 (172.7) 13.9 (88.6)
1/ o(l) 25.4 (0.7) 25.8 (1.4) 14.8 (2.4)
Completeness [%)] 82.1 (13.4) 100.0 (100.0) 100 (99.6)
Multiplicity 13.9(1.2) 12.8 (12.8) 24.1 (15.2)
CC(1/2) 1.0 (0.27) 1.0 (0.66) 1.0 (0.54)
Refinement
Resolution [A] 38.92-1.84 51.08-2.45 68.31-1.86
No. reflections 27593 28682 36417
Ruwork! Riree 21.34/24.46 24.05/27.34 22.14/25.60
No. atoms

Protein 2198 2806 2863

Ligand (RNA) +ion 0 0415 0

Water 73 5 78
B-factors

Protein 43.94 82.45 29.75

Ligand (RNA) + ion — 116.82 —

Water 37.26 69.28 28.68
R.m.s. deviations

Bond lengths [A] 0.0145 0.0143 0.0142

Bond angles [ 1.91 1.98 1.89
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Table S4.4: Data collection and refinement statistics for the crystal structures RNA:F56W obtained by co-
crystallization (PDB ID 6SQN) and RNA:F56W obtained by soaking (PDB ID 6SQQ).

RNA:F56Wco.crystaliized (6SQN) RNA:F56Wsoaked (6SQQ)

Data collection
Space group

Cell dimensions

a, b, c[A] 96.6, 96.6, 257.6 96.2, 96.2, 258.2

o, 8,719 90, 90, 120 90, 90, 120
Resolution [A] 51.74-2.05 51.60-2.37

(2.09-2.05) (2.41-2.37)

Rmerge [%6] 19.7 (235.7) 28.7 (257.5)
1/ o(l) 18.2 (1.9) 12.4 (1.4)
Completeness [%] 100.0 (99.9) 100.0 (99.9)
Multiplicity 38.0 (39.6) 38.2 (40.2)
CC(1/2) 0.999 (0.683) 0.998 (0.753)
Refinement
Resolution [A] 48.52-2.05 51.03-2.37
No. reflections 46908 28072
Ruwork/ Riree 22.97/24.88 24.8/29.4
No. atoms

Protein 2335 2277

Ligand (RNA) +ion 993 + 0 1008 + 1

Water 95 26
B-factors

Protein 37.10 44.33

Ligand (RNA) + ion 46.81 53.55 + 49.26

Water 33.94 36.11
R.m.s. deviations

Bond lengths [A] 0.127 0.0126

Bond angles [ 1.81 1.82

P6522

P6522
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Supplementary Figures
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Figure S4.1: Sequence logos (Schneider & Stephens, 1990) of the central part of the RNA recognition motif (Pfam
entry RRM_1, PF00076) for about 500 U1A homologs from Viridiplantae (left) and from Animalia (right). In Animalia
phenylalanine is the predominant amino acid at position 56, whereas tryptophan is highly conserved in the group of

Viridiplantae.
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Figure S4.2: SDS polyacrylamide gel (15%) to analyze the purity of the different U1A variants after CHT1-column.
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Figure S4.3: Native PAGE showing that the novel U1A variants retain their ability to bind the RNA hairpin. Lane
1 shows the RNA target in absence of protein, lane 2 the U1A Y31H\Q36R mutant, and lanes 3-7 the new U1A
variants containing a triple mutation. Protein and RNA were incubated at a 1:1 ratio and a concentration of 10 uM
each. The intensity of the bands deriving from protein:RNA complexes is weaker than the bands deriving from free

RNA, since the protein hinders the interaction of the nucleic acid dye with RNA.
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Figure S4.4: Formation of the ternary DNA:RNA:U1A complex. Analytical SEC run demonstrates a monodisperse

ternary complex.
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Figure S4.5: Analysis of the SAXS measurements. (A) Background corrected and concentration scaled SAXS data
with the ternary complex at concentrations of 5, 10, 15 mg/ml. The data are extrapolated for each scattering vector
individually to zero concentration to extract the form factor without influence of a structure factor due to interparticle
interactions. (B) Exemplary comparison of a single DAMMIF result to the original form factor. We observe excellent
description of all details of the measured form factor. The quality of other DAMMIF results is of the same quality.
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Figure S4.6: Homonuclear TOCSY spectra of ternary complex (black), DNA:RNA complex without protein (orange)
and U1A protein alone (blue). Signals corresponding to cytosines within the catalytic loop (asterisk) are not affected
by U1A binding, while shifted signals (boxes) indicating uracil/cytosine signals in the binding loop.
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Figure S4.7: DNA:RNA:protein complex model fitted into the low-resolution shape obtained by SAXS with the
DNAzyme shown in gray, RNA shown in orange, and U1A protein in cyan. The fitted model is shown from two
different perspectives.

D R DR PDR

T839_hairpin

Dz839_A5C \-ad

T839_hairpin cleavage product

Figure S4.8: Cleavage assay of the DNAzyme in absence and presence of the U1A protein. PAGE analysis of the
reaction mixtures containing DNAzyme (D), RNA substrate T839_hairpin (R), DNAzyme:RNA complex (DR), and
protein:DNA:RNA coplex (PDR) shows that the presence of the protein does not influence the cleavage reaction.

Figure S4.9: Orientation of one molecule of the asymmetric unit towards the closest symmetry-related molecule in
grey (in case of the U1A variants F56W and R70W) or another molecule within the same AU, respectively (in case
of the U1A variant K98W). The residues at position 52, 54 and56 are shown as balls representing the RNA binding
site. The distances are measured between the amino acid residues at position 56 that are involved into RNA binding
and can therefore be used as a reference for the accessibility of the RNA-binding site.
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Figure S4.10: Analysis of bound RNA after soaking experiments with preformed protein crystals of the U1A variants
F56W, R70W and K98W by denaturing PAGE (18%). The amount of RNA was estimated using the volume tool of
the ChemiDoc MP System (Bio-Rad, Hercules, CA, USA). As a standard we used an amount of 20 pmol hairpin
RNA. The samples were visualized using the nucleic acid stain GelRed.
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Figure S4.11: U1 hairpin loop sequence with the disordered residues 13—15 (UCC), which are located in the loop
region of the hairpin motif.
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5 Approaches to crystallize the
10-23 DNAzyme in a biologically relevant
conformation

This chapter reflects content of the following publication.

5.1 Publication information

Hannah Rosenbach, Julian Victor, Thomas Pauly, Luitgard Nagel-Steger, Manuel Etzkorn,
Gerhard Steger, and Ingrid Span

To be submitted to: Crystals

5.2 Abstract

X-ray crystallography is currently the most favoured technique for structure determination of
nucleic acids. However, structure elucidation by X-ray diffraction requires well-ordered single
crystals of high quality. For this purpose, large amounts of DNA or RNA in high purity and
structural homogeneity are of great importance. Structure elucidation of the 10-23 DNAzyme
in a biologically relevant conformation faces three mayor challenges: (i) The stabilization of
the substrate to capture the DNA:RNA complex in the active conformation, (ii) preventing the
formation of an artificial duplex conformation due to a self-complementary sequence in the
catalytic core of the DNAzyme, and (iii) the difficulty to crystallize nucleic acids due to their
surface properties. We address general challenges that arise with the crystallization of nucleic
acids and discuss a variety of different strategies to crystallize the 10-23 DNAzyme in complex
with its RNA substrate in a native conformation. These strategies include co-crystallization with
the RNA-binding protein U1A; combinatorial screens for suitable crystallization conditions for
the DNAzyme:RNA complex with varying length of the RNA substrate and the binding arms of
DNAzyme resulting in duplexes with and without overhangs; DNAzymes with reduced flexibility
within the catalytic core due to nucleotide deletion; and tetrahedral nanostructures consisting
of three DNAzyme molecules and their RNA substrates.
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5.3 Introduction

X-ray crystallography is an excellent method to obtain insights into the structure of nucleic
acids on an molecular level as well as into structural relationships between nucleic acids and
metal ions. However, structure elucidation of nucleic acids using X-ray crystallography is of-
ten impeded by their regularly ordered and negatively charged phosphate backbone that can
lead to crystals with a poor long-range order. Approaches to tackle this problem involve co-
crystallization of the nucleic acid with a crystallization helper such as the human U1 small
nuclear ribonucleoprotein A (U1A) that was previously used for the crystallization of several
large RNAs including ribozymes and riboswitches (Cochrane et al., 2007; Ferré-D’Amaré et al.,
1998). The first crystal structure of an RNA-cleaving DNAzyme, namely the 8-17 DNAzyme
(Santoro & Joyce, 1997), was obtained in the presence of the African swine fever virus DNA
polymerase X (AsfvPolX) (Liu et al., 2017). Proteins that serve as crystallization helpers can
bind to a specific nucleic acid motif as it is the case for the U1A protein that specifically binds
an RNA hairpin loop (Oubridge et al., 1994), or to double-stranded DNA sequences as it is
the case for AsfvPolX (Chen et al., 2017c). However, what proteins serving as crystallization
helpers for the crystallization of nucleic acids have in common is that they support the formation
of well-ordered crystals due to their diverse surface properties and compact fold.

Furthermore, approaches to successfully crystallize nucleic acids involve a careful considera-
tion of their sequence and length. This is true for both approaches involving the use of a protein
as a crystallization helper or solely crystallizing the nucleic acids of interest, since the success
of crystallization primarily depends on the nature of the nucleic acid molecules, rather than the
composition of the crystallization buffers (Ferré-D’Amaré & Doudna, 2000b). In most cases,
the nucleic acid that is aimed at being crystallized comprises a conserved motif or sequence
of interest, while other regions may be varied, or even deleted or added. To obtain highly or-
dered crystals, it is beneficial to reduce the flexibility by minimizing the size of the nucleic acid.
Additionaly, the crystal packing has to be considered (Holbrook & Holbrook, 2001). One of the
most successfull methods for improving the quality of nucleic acid crytals is to vary the length
and sequence of double helices present in a molecule (Jordan et al., 1985). This approach is
called helix-engineering approach. For DNA helices a length of 10 or 12 base pairs and for RNA
helices 6, 8 or 12 base pairs are favorable since this results in an integral or simple fraction of
the helical repeat length (Holbrook & Holbrook, 2001). Double helices are usually involved in
crystal contacts resulting from stacking interactions: The strength of the stacking interaction
is mediated by the sequence of the terminal nucleotides, while the distance to the neighbour-
ing molecules within the crystal lattice is defined by the length of the helix. The generation of
overhangs within the double helices can result in intermolecular base pairing, i.e. new crys-
tal contacts between neighbouring molecules. Modification of the helices by either shortening
or extending one of the strands led to several crystal structures of protein:DNA complexes, ri-
bozymes, and small oligonucleotides (Anderson et al., 1996; Jordan et al., 1985; Scott et al.,
1995).
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The 10-23 DNAzyme comprises a catalytic core that consists of 15 nucleotides and shows
high flexibility. This flexibility might be an obstancle for the crystallization of the DNAzyme:RNA
complex. In 2000, Okumoto & Sugimoto reported on a reduced variant of the 10-23 DNAzyme
that lacks the nucleotides at position 5 to 8 within the catalytic core. This DNAzyme variant is
still active in the presence of Ca?* ions. Five years later, Zaborowska et al. reported that the
nucleotide at position eight of the catalytic core region can be deleted without severe effects
on the catalytic activity. We use both reduced variants of the 10-23 DNAzyme for crystallization
experiments in order to obtain sequences with reduced flexibility, since this might be beneficial
for the crystallization properties of the nucleic acid complex.

Although the success of crystallization of nucleic acids highly depends on the properties of
the biological sample, purity of the nucleic acids, buffers, additives such as divalent metal ions
and polyamines, and precipitants should not be disregarded. Nucleic acids can be synthesized
either chemically or enzymatically. Chemical synthesis of RNA is more difficult than the chem-
ical synthesis of DNA, since RNA provides an additional 2’-hydroxyl group that needs to be
protected during and deprotected after the synthesis. However, incorporation of non-natural
nucleotides is possible during the sythesis process, making chemical synthesis of nucleic acids
for crystallographic purposes superior over enzymatic approaches. Enzymatic approaches in-
clude the production of DNA by polymerase chain reaction (PCR) and plasmid amplification or
the production of RNA from a DNA template harboring a promotor for the T7 RNA polymerase
(Holbrook & Holbrook, 2001). Purification of nucleic acids can be performed by either polyacry-
lamide gel electrophoresis (PAGE) or liquid chromatography such as High-performance liquid
chromatography (HPLC) (Francgois et al., 2005). Buffers used for nucleic acid screens usually
range between pH 5 and pH 8, to prevend hydrolysis of the molecules. Preferred buffers are
acetate pH 4.5, citrate pH 5.5, cacodylate 6.5, or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) pH 7.5 (Holbrook & Holbrook, 2001). Potassium cacodylate pH 6.0—6.5 is a com-
monly used buffer, since the low pH prevents autocatalytic cleavage of RNA sequences (Golden
& Kundrot, 2003). Furthermore, the addition of mono- and divalent metal ions were reported to
have a great effect on the nucleic acid crystals (Correll et al., 1999; Golden & Kundrot, 2003;
Pley et al., 1994b), and the addition of polyamines such as spermine or spermidine had favour-
bale effects as well as temperatures between 28°C and 37 °C (Golden & Kundrot, 2003). Here,
we present different strategies for the crystallization of the RNA-cleaving 10-23 DNAzyme in
complex with its native RNA substrate in a catalytically relevant conformation. For this purpose,
it is necessary to stabilize the RNA substrate against DNAzyme-mediated cleavage. We use
RNA targets that are stabilized at the cleavage site through substitution of the 2’-hydroxyl group
by a fluorine atom. Previous approaches to crystallize the 10-23 DNAzyme in complex with its
RNA substrate resulted in the formation of a biologically irrelevant dimer during crystallization
(Nowakowski ef al., 1999b). This duplex formation was due to a self-complemetary sequence
within the catalytic core of the DNAzyme. However, single substitution of each nucleotide in the
self-complementary sequence within the catalytic core of the 10-23 DNAzyme (5’CGATCGS3’;
see Figure 5.1) showed that certain nucleotides of this sequence can be exchanged while cat-
alytic activity is retained (Zaborowska et al., 2002). In this study, we used two variants of the
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Figure 5.1: Secondary structure of the 10-23 DNAzyme. (A) Schematic representation of the 10-23 DNAzyme
(black) in complex with its RNA substrate (red). The self-complementary sequence within the catalytic loop that led
to the formation of a biologically irrelevant duplex formation (Nowakowski et al., 1999b) is highlighted in green. The
mutations C3A and A5C lead to a partialy active DNAzyme (Zaborowska et al., 2002). (B) 2’-fluoro modified RNA
fragment.

10-23 DNAzyme in which the self-complementary sequence is destroyed by the introduction of
the point mutations C3A and A5C in order to suppress the formation of the biological irrelevant
duplex conformation.

5.4 Material and Methods

5.4.1 Oligonucleotides used in this study

The DNAzyme and RNA sequences for crystallization experiments with the ternary complex
were designed according to Rosenbach et al.. DNA and RNA oligonucleotides (Table 5.1) were
acquired from biomers.net GmbH (Ulm, Germany) and BioSpring (Frankfurt a. Main, Germany).
Fluorescent-labeled RNA substrates for cleavage assays are labeled wit a 6-Carboxyfluores-
cein (6-FAM) fluorophor on the 5’-end. The RNA substrates used for crystallography are stabi-
lized by substituting the 2°0OH group of the guanosine at the cleavage site by a fluorine atom.
The oligonucleotides were dissolved in water at a concentration of 2 mM and stored at -20°C.
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Table 5.1: Oligonucleotide sequences used in this study.

Name

Sequence 5'-3’

Co-crystallization
T839_U1A_1
T839_U1A_2
Dz839_U1A_C3A
Dz839_U1A_A5C
Helix-engineering
6-FAM-T839_9-10
T839_9-10
Dz839_A5C_8-8
Dz839_A5C_8-9
Dz839_A5C_9-8
Dz839_A5C_9-9
Dz839_A5C_8-10
Dz839_A5C_10-8
Dz839_A5C_9-10
Dz839_A5C_10-9
Dz839_A5C_10-10
Deletion approach
6-FAM-T839

1839
Dz839_AAGCT
Dz839_AT

Tetrahedral
DNAzymes

6-FAM-T839
T839

sDz839_A
sDz839 B

sDz839_C

ACA UGC ACC GUU ACC UCA CCU GCA UUG CAC UCC GCA G
ACA UGC ACC GUU ACC UCA CAU CCA UUG CAC UCCGGA U
GTG AGG TAA GGA TAG CTA CAA CGA GGT GCA TGT
GTG AGG TAA GGC TCG CTA CAA CGA GGT GCATGT

6FAM-AAA ACA UGC ACC GUU ACC UCA CC

ACA UGC ACC GUU ACC UCA CC

TGG GGT AAG GCT CGC TAC AAC GAG GTG CAT G

TGG GGT AAG GCT CGC TAC AAC GAG GTG CAT GT
GTG GGG TAA GGC TCG CTA CAA CGA GGT GCA TG
GTG GGG TAA GGC TCG CTA CAA CGA GGT GCA TGT
TGG GGT AAG GCT CGC TAC AAC GAG GTG CAT GTT
GGT GGG GTA AGG CTC GCT ACA ACG AGG TGC ATG
GTG GGG TAA GGC TCG CTA CAACGA GGT GCATGT T
GGT GGG GTA AGG CTC GCT ACA ACGAGG TGCATG T
GGT GGG GTA AGG CTC GCT ACA ACGAGG TGCATGTT

6FAM-AAA ACA UGC ACC GUU ACC CCA A

ACA UGC ACC GUU ACCCCAA

TTG GGG TAA GGC TAC AAC GAG GTG CAT GT

TTG GGG TAA GGC TAG CAC AAC GAG GTG CAT GT

6FAM-AAA ACA UGC ACC GUU ACC CCA A

ACA UGC ACC GUU ACC CCA A

GTGTCGTTT TTG GGG TAA GGC TAG CTA CAA CGA GGT GCATGT
ACT TCA GAC TTA GGA ATG TGC TTC CCA CG

GCT CTT CAC TTG GGG TAA GGC TAG CTA CAACGA GGT GCATGT
AAA CGA CAC TAC GTG GGA ATC TAC TAT GG

GTC TGA AAC TTG GGG TAA GGC TAG CTA CAA CGA GGT GCATGT
GAG AAG AGC CGC CAT AGT AACACATTC CT

5.4.2 Self-assembly of tetrahedral DNAzymes

Tetrahedral DNAzymes (TDz) were prepared by self-assembly of three single stranded DNA
molecules sDz839A, sDz839B, and sDz839C (Table 5.1). The single-stranded DNAzymes were
incubated with a concentration of 600 nM each in 10 mM Tris/HCI pH 8.0, 20 mM MgCl,, and
150 mM NaCl at 95°C for 10 min and then slowly cooled down to 4°C over 8 h. The assembled
DNAzymes were analyzed on 10% native polyacrylamide gel electrophoresis (PAGE) and via
analytical ultracentrifugation (AUC) after incubation of 3 h at 37°C to test their stability.
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5.4.3 Native PAGE

To analyze the self-assembly of TDz the samples were mixed with DNA Loading Dye (6x)
(Thermo Fisher Scientific, Schwerte, Germany) and 10 uM of the complex were then analyzed
on a 10% native Polyacrylamide gel for 3 h at 180 V. For visualization, the gel was incubated in
Tris-borate EDTA (TBE) buffer containing a 1:10,000 dilution of the fluorescent nucleic acid dye
GelRed (Merck, Darmstadt, Germany) for 1 h. Images were acquired using the ChemiDoc MP
System (Bio-Rad, Hercules, CA, USA).

5.4.4 Analytical ultracentrifugation (AUC)

Sedimentation velocity (SV) analysis was performed to determine the size and shape-distri-
bution of self-assembled TDz. Experiments were carried out in an analytical ultracentrifuge
(Proteome Lab XL-A, Beckman Coulter, Brea, US) at 50,000 rpm, 20°C and with a radial res-
olution of 0.002 cm in standard double sector cells made out of aluminium with an optical path
length of 12 mm (Beckman Coulter, Brea, CA, USA). An An-60Ti (4-hole) rotor (Beckman Coul-
ter, Brea, CA, USA) was used. The SV data were analyzed applying a continuous distribution
Lamm equation model, ¢(s) as implemented in the analysis software Sedfit (version 16p35)
(Schuck, 2000). The wavelength for absorbance detection was set to 270 nm.

5.4.5 Cleavage assays

Cleavage assays with ternary DNAzyme:RNA:U1A complexes were performed with 10 uM
unlabeled RNA substrate and 10 uM DNAzyme in 50 mM tris(hydroxymethyl)aminomethane
(Tris)/HCI pH 7.5 in the presence of 10 mM Mg?* for 3 h at 37°C. Cleavage assays with the
binary DNAzyme:RNA complexes were performed with 0.4 uM fluorescein-labeled RNA sub-
strate and 0.4 pM or 0.04 uM DNAyzme in 50 mM Tris/HCI pH 7.5 in the presence of 10 mM
Mg?* or 100 mM Ca?* for 3 h at 37°C. Prior to cleavage the RNA and DNAzymes were dena-
tured in buffer in the absence of Mg?* or Ca2* at 73°C for 5 min, followed by an incubation for
10 min at room temperature. Subsequently, the reaction was started by adding Mg?* or Ca?*.
For cleavage assays in the presence of the U1A protein, 10 uM of the U1A variant F56W were
incubated for 30 min at room temperature to allow for formation of the ternary complex before
starting the reaction with Mg?*. Cleavage assays with tetrahedral DNAzymes (TDz) were per-
formed with 0.04 uM TDz839 and 0.4 pM RNA substrate. Without prior denaturation at 73°C.
The RNA substrates were labeled with a fluorescein-label at the 5’-end to allow fluoresence-
based visualization of the cleavage product. Cleavage reactions were terminated by adding
95% formamide and 25 mM EDTA. Samples were heated to 96°C for 10 min and then cooled
down on ice.
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5.4.6 Denaturing PAGE

Separation of the samples from cleavage assays or dissolved crystals was carried out on 18%
polyacrylamide gels with 7 M urea buffered with Tris-borate EDTA buffer (TBE) for 1.5 h at 20 W.
For visualization of unlabeled nucleic acids the gel was incubated in TBE buffer containing a
1:10,000 dilution of the fluorescent nucleic acid dye GelRed (Merck, Darmstadt, Germany)
for 1 h. Visualization of fluorescein-labeled RNA substrates was carried out by fluorescence
detection. Images were acquired using the ChemiDoc MP System (Bio-Rad, Hercules, CA,
USA).

5.4.7 Purification and isolation of the crystallization helper U1A

The crystallization helper was purified and isolated as described (Rosenbach et al., 2020). Be-
fore being used in crystallization experiments, the protein was transferred into 25 mM Tris/HCI
buffer pH 7.0 and the protein concentration was adjusted to 2 mM. The protein was stored at
-80°C.

5.4.8 Sample preparation for the crystallization of the ternary complex

Prior to crystallization, RNA substrate and DNAzyme were mixed in an equimolar ratio in 25 mM
Tris/HCI pH 7.0 and denatured for 5 min at 73°C, followed by an incubation for 10 min at room
temperature. Then, MgCl, and KCI were added to final concentrations of 10 mM and 50 mM,
respectively. DNAzyme, RNA and protein variant were sequentially incubated at room temper-
ature for 30 min in a final concentration of 0.5 mM ternary complex in 25 mM Tris/HCI pH 7.0,
10 mM MgCl, and 50 mM KCI.

5.4.9 Sample preparation for the helix-engineering approach

Prior to crystallization, RNA substrate and DNAzyme were mixed in an equimolar ratio in 10 mM
sodium cacodylate pH 7.0 and denatured for 5 min at 73 °C, followed by an incubation for 10 min
at room temperature. Then, MgCl, and spermine were added to final concentrations of 10 mM
and 2 mM, respectively.

5.4.10 Crystallization experiments with the ternary complex

In order to screen for a plethora of different parameters on the crystallization behavior of the
ternary complexes, including type and concentration of buffer, precipitants, mono- and divalent
metal ions, and other additives we used sparse matrix crystallization screens for initial screen-
ing. We used JBScreens Classic 1-8, which are commercially available from Jena Bioscience,
Jena, Germany. Crystallization experiments were performed using the sitting-drop vapor diffu-
sion method at room temperature. A sample volume of 0.3 pl with a concentration of 0.5 mM
DNAzyme:RNA:protein complex in 25 mM Tris pH 7.0, 10 mM MgCl, and 50 mM KCI was mixed
with an equal volume of resevoir solution. The crystallization plates were sealed with tape and
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incubated for four weeks at room temperature. Tiny crystals of the ternary complex consisting
of Dz839 U1A_A5C:T839 U1A_1:R70W were obtained from 10% PEG 3350, 100 mM CaCls,
and 13% Glycerol; and 20 mM MES pH 5.8, 27% MPD, 400 mM NaCl, and 120 mM CacCls;
and of Dz839_U1A_A5C:T839_U1A_1:F56W from 100 mM Tris/HCI pH 7.4, 15% PEG 400,
80 mM CaCl,, 20 mM NaCl; and 100 mM HEPES pH 7.5, 30% PEG 400, 200 mM CacCl, as
listed in Table 5.2. To obtain larger crystals, fine screening was performed based on the results
from the inital screens with a sample volume of 1 ul beeing mixed with an equal volume of
reservoir solution. After five weeks at room temperature, crystals were obtained. After soaking
for 1 min in cryoprotecting solution (50% glycerol) the crystals were mounted on loops, flash-
frozen, and stored in liquid nitrogen. Photos of the crystals were acquired using the Axiocam
105 color (Zeiss, Oberkochen, Germany).

Table 5.2: Crystallization hits for the ternary complex consisting of DNAzyme, RNA substrate and U1A protein.

Complex components Crystallization conditions

100 mM Tris/HCI pH 7.4, 15% PEG 400, 80 mM
CaCl,, 20 mM NaCl

100 mM HEPES pH 7.5, 30% PEG 400, 200 mM
C&Clg

100 mM MES pH 6.0, 10% PEG 3350, 100 mM
CaCl,, 13% Glycerol

20 mM MES pH 5.8, 27% MPD, 400 mM NacCl,
120 mM CaCl,

Dz839_A5C_U1A:T839_U1A_1:F56W
Dz839_A5C_U1A:T839_U1A_1:F56W
Dz839_A5C_U1A:T839_U1A_1:R70W

Dz839_A5C_U1A:T839_U1A_1:R70W

5.4.11 Crystallization experiments with binary and tetrahedral DNAzyme:RNA
complexes

For the crystallization experiments with binary and tetrahedral DNAzyme(TDz):RNA complexes
we used screening conditions that were designed by Nowakowski et al. for their combinato-
rial screen of paired oligonucleotides. Crystallization experiments were performed using the
sitting-drop vapor diffusion method at room temperature. A sample volume of 0.5 pl with a
concentration of 0.5 mM complex in 10 mM sodium cacodylate buffer pH 7.0, 10 mM MgCly,
and 2 mM spermine was mixed with an equal volume of reservoir solution. The crystallization
plates were sealed with tape and incubated for four weeks at room temperature. Crystals were
obtained after four to seven days as listed in Table 5.3. Photos of the crystals were acquired
using the Axiocam 105 color (Zeiss, Oberkochen, Germany). Since all tested cryoprotecting
solutions caused visible damage to the crystals, the crystals were mounted on loops without
previous soaking into cryprotectant, flash-frozen, and stored in liquid nitrogen.
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Table 5.3: Crystallization hits for the binary and tetrahedral DNAzyme:RNA complexes.

Complex components Crystallization conditions

50 mM sodium cacodylate buffer pH 6.0, 18 mM
Dz839 A5C_8-10:T839 9-10 MgClo, 2.25 mM spermine, 1 mM CuSQO4, 9%

2-propanol

50 mM sodium cacodylate buffer pH 6.5, 18 mM
Dz839_A5C_8-10:T839_9-10 MgCls, 0.9 mM spermine, 1.8 mM cobalt (lll) hexam-

ine, 9% 2-propanol

50 mM sodium cacodylate buffer pH 6.0,
Dz839_AT:T839 18 mM MgClo, 2.25 mM spermine, 1 mM CuSOyq,
9% 2-propanol
50 mM HEPES pH 7.0, 80 mM MgCl,, 2.5 mM sper-
mine
50 mM sodium cacodylate pH 6.0, 20 mM MgCl,,
2.4 mM spermine, 5% PEG 4000

Dz839_AAGCT:T839

TDz839:T839

5.4.12 Test for X-ray diffraction

Crystals were tested for X-ray diffraction at beamline P11 at PETRA Il of the Deutsches Elek-
tronensynchrotron (German Electron Synchrotron, DESY) in Hamburg (Burkhardt et al., 2016;
Meents et al., 2013), Germany at 100 K using radiation with an energy of 12 keV.

5.5 Results

5.5.1 Co-crystallization of the 10-23 DNAzyme in complex with its RNA
substrate and the RNA-binding protein U1A

Our first approach involves the co-crystallization of the 10-23 DNAzyme variant Dz839, which
specifically binds and cleaves the mRNA of the human prion protein (PrP) (Victor et al., 2018),
in complex with its stabilized RNA substrate and the RNA-binding protein U1A (Figure 5.2A).
Besides a U1A variant that has been reported to have superior crystallization properties com-
pared to the wildtype sequence due to the two mutations Y31H and Q36R (Oubridge et al.,
1994), we used two novel variants of the U1A protein, i.e. UTAF56W and U1AR70W that
both contain a tryptophan residue and were reported to expand the toolbox for nucleic acid
crystallization (Rosenbach et al., 2020). In order to prevent the formation of catalytically irrele-
vant duplexes, we introduced point mutations at the positions C3 and A5 of the catalytic core
region to obtain new variants of the 10-23 DNAzyme Dz839, namely Dz839 U1A C3A and
Dz839_U1A_A5C. To enable the RNA substrate T839 to simultaneously bind to the DNAzyme
and the U1A protein, the RNA sequence has been elongated by the addition of the U1A specific
hairpin loop. Since flexible regions in macromolecules may hinder or support crystallization of
the sample, we designed two RNA substrates: For one substrate (T839_U1A_1) the RNA se-
quence has been designed in the most rigid conformation with the nucleotide at the very 5’-end
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of the DNAzyme stacking onto the last nucleotide at the 3’-end of the elongated RNA substrate.
Within the other substrate (T839_U1A_2) the nucleotide at the 5’-end of the DNAzyme is not
able to stack onto the last nucleotide at the 3’-end of the RNA substrate, resulting in a more flex-
ibel conformation. All sequences for both the DNAzyme variats as well as the RNA substrates
are listed in Table 5.1. Prior to crystallization, the DNAzyme Dz839_U1A_A5C was tested for
its cleavage activity in the presence of the RNA-binding protein U1AF56W. It was shown that
the presence of the protein does not inhibit the cleavage of the RNA substrate T839_U1A_2
(Figure 5.2B). Nuclear magnetic resonance (NMR) experiments with the DNAzyme:RNA com-
plex in the presence and absence of the U1A protein further demonstrate that binding of the
protein has no influence on the structure of the catalytic loop region of the DNAzyme (Rosen-
bach et al., 2020). The DNAzyme variants, RNA substrate variants and protein variants were
combinatorially mixed and crystallization experiments were performed with each ternary com-
plex.

37°C
Protein [10 uM] - - X
RNA substrate T839_U1A 2 Dz[10pM] - . .
5~-ACAUGCACCGUUACCUCACAUCC RNA [10 uM] X - T2
3'-TGTACGTG§ gATGGAGTGUAGG MgCly [100 mM] " x «
Dz839 A5C_U1A ¢ G
c ©
A 0 . - uncleaved .
A C oint mutation
c G B . cm—
AT C
cleaved -

Figure 5.2: The RNA-binding protein U1A does not affect the DNAzyme activity. (A) Schematic representation of
the ternary complex consisting of the 10-23 DNAzyme variant Dz839_U1A_A5C (black) in complex with the rigid
RNA substrate T839_U1A_2 (red) and the RNA-binding protein U1A (blue). The point mutation at position five that
was used to break down the palindromic sequence (green) is indicated in red. (B) Cleavage assay of the DNAzyme
Dz839_U1A_A5C in the presence of the U1A protein variant F56W. PAGE analysis of the reaction mixtures contain-
ing DNAzyme Dz839_U1A_A5C (Dz), RNA substrate T839_U1A_2 (T2) and the DNAzyme:RNA:protein complex
shows that the presence of the protein does not hinder the RNA cleavage. The samples were visualized using the nu-
cleic acid stain GelRed. Schematic representation of the ternary complex with the rigid RNA substrate T839_U1A_1
and the corresponding cleavage assay were previously published by Rosenbach et al..

Although the crystals obtained from fine screenings were single crystals with sharp edges,
they did only poorly diffract. The best crystal (Figure 5.3A) was obtained from Dz839_A5C_U1A
in complex with T839_U1A_1 and the U1A variant F56W. The crystal was grown in 100 mM
HEPES pH 7.5, 30% PEG 400, and 200 mM CacCl, at room temperature. This crystal showed
diffraction with a resolution of about 15 A (Figure 5.3B), which is way too low for structure
determination. In another study, this complex was analyzed using small angle X-ray scattering
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Figure 5.3: Crystals of the ternary complex led to waek diffraction patterns. (A) Single crystal of the
Dz839_A5C_U1A:T839_U1A_1:F56W complex grown in 100 mM HEPES pH 7.5, 30% PEG 400, and 200 mM
CaCl, at room temperature. (B) The diffraction pattern of the crystal shown in (A) only shows very weak diffraction
up a maximum resolution of 15 A.

(SAXS). The reconstitution of a low-resolution model showed that the ternary complex provides
an elongated shape and has a length of about 11 nm, which is consistent with the number of
baise pairs in the binding arms and the protein (Rosenbach et al., 2020).

5.5.2 Crystallization experiments with DNAzyme:RNA complexes with varying
helix length

In addition to co-crystallization of the DNAzyme:RNA complex with a crystallization helper, we
also tested the capability of the binary DNAzyme:RNA complex to form highly-ordered crystals.
For this purpose we used an approach that was previously successfully used for the crystalliza-
tion of protein:DNA complexes, ribozymes, and small oligonucleotides (Anderson et al., 1996;
Jordan et al., 1985; Scott et al., 1995) and that will be referred to as the helix-engineering
approach. This approach has already been applied to the wildtype 10-23 DNAzyme (hosting
the self-complementary sequence within the catalytic core) and involves a combinatorial matrix
consisting of nine different DNAzymes and nine different RNA substrates (Nowakowski et al.,
1999a) that differ from each other in length. The study by Nowakowski et al. resulted in well-
formed single crystals obtained from 25 out of 81 different DNAyzme:RNA combinations. The
best crystal was diffracting up to 2.8 A. However, diffraction data did not lead to the structure
of the 10-23 DNAzyme and its RNA substrate in a native conformation. Based on the results
obtained by Nowakowski et al., we designed an RNA substrate of the 10-23 DNAzyme vari-
ant Dz839 A5C that had a total length of 20 nucleotides and is termed T839_9-10. In the
study by Nowakowski et al., for the RNA substrate of this length crystals have been obtained
in combination with any DNAzyme variant. Even after an incubation time of four weeks, we
were not able to reproduce the high yield of crystals obtained by Nowakowski et al.. Screen-
ing only resulted in crystals of the RNA substrate T839_9-10 in complex with the DNAzyme
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variant Dz839_A5C_8-10 that appeared after an incubation time of 7 days in 50 mM sodium
cacodylate buffer pH 6.0, 18 mM MgCls,, 2.25 mM spermine, 1 mM CuSO,, and 9% 2-propanol
as well as 50 mM sodium cacodylate buffer pH 6.5, 18 mM MgCl,, 0.9 mM spermine, 1.8 mM
cobalt (Ill) hexamine, and 9% 2-propanol. The binary complex consisting of Dz839_A5C_8-10
and T839_9-10 exhibits overhangs of one nucleotide each on both binding arms as demon-
strated in Figure 5.4A. Activity assays performed with the unstabilized RNA substrate verified
the capability of the DNAzyme Dz839_A5C_8-10 to cleave the RNA substrate T839_9-10 (Fig-
ure 5.4B).

A B 37°C
Dz [0.04 uM
RNA substrate T839_9/10 RNA{ e ﬁM}
5-ACA UG CACCGUUACCCCACC=Y )
[ T T R T T R | T R R T (N B MgCl3 [10 mM]
33=T T GTACGT G G A AT GGGGT®=9%
Dz839_A5C_8/10 A G
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Figure 5.4: Crystallization attempts using a binary DNAzyme:RNA complex. (A) Schematic representation of the
10-23 DNAzyme variant Dz839_A5C_8-10 (black) in complex with the RNA substrate T839_9-10 (red). The point
mutation at position five that was used to break down the palindromic sequence (green) is indicated in red. (B)
Cleavage assay of the DNAzyme Dz839_A5C_8-10 and its fluorescent-labeled RNA substrate T839_9-10 in the
presence of 10 mM MgCl, for 3 h at 37°C. The samples were visualized using fluorecence detection.

To explore the composition of the crystals of the binary complex, some crystals (Figure 5.5A)
grown in the conditions listed in Table 5.3 were dissolved in RNA loading buffer and analyzed on
a denaturing PAGE. Comparing the resulting bands with a standard of 20 pmol of the DNAzyme
and RNA component, respectively, strongly supports the assumption that the crystals consist
of intact DNAzyme and RNA sequences (Figure 5.5B). However, until now we were not able to
solve the structure of the complex due to weak diffraction patterns.
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Figure 5.5: Analysis of crystals from binary DNA:RNA complexes. (A) Crystals obtained from the binary complex
consisting of the DNAzyme Dz839_A5C_8-10 and its RNA substrate T839_9-10 in 50 mM sodium cacodylate buffer
pH 6.0, 18 mM MgCl,, 2.25 mM spermine, 1 mM CuSQy4, 9% 2-propanol (crystals A and B) and 50 mM sodium
cacodylate buffer pH 6.5, 18 mM MgCl,, 0.9 mM spermine, 1.8 mM cobalt (lll) hexamine, 9% 2-propanol (crystal
C). (B) Analysis of the crystal composition by denaturing PAGE (18%). As a standard 20 pmol DNAzyme and RNA
substrate were used. The samples were visualized using the nucleic acid stain GelRed.

5.5.3 Crystallization experiments with 10-23 DNAzyme with reduced flexibility
due to nucleotide deletion within the catalytic core

Flexible regions can tremendousely hamper the crystallization of macromulecules. With 15 nu-
cleotides, the 10-23 DNAzyme provides a large catalytic core, which is supposed to be highly
flexible. In contrast to the 8-17 DNAzyme, the 10-23 DNAzyme does not provide any intramole-
cular basepairing within the catalytic core. Stabilizing the catalytic core or even minimizing the
conserved region to obtain a more rigid conformation might be a great benefit for structural
studies. In 2000, Okumoto & Sugimoto reported on a mutant DNAzyme that was derived from
the 10-23 DNAzyme but lacks the nucleotides five to eight within the catalytic core, therefore
providing a flexible region with eleven instead of 15 nucleotides. This new DNAzyme variant
showed activity in the presence of Ca2*, but was nearly inactive in the presence of Mg?™. Five
years later, in 2005, Zaborowska et al. performed deletion experiments where they stepwise
deleted nucleotides within the catalytic core. It was shown that deletion of the thymidine at
position eight did not have a severe effect on the catalytic activity of the 10-23 DNAzyme. To
broaden our repertoire of biological samples for the structure elucidation of the 10-23 DNAzyme
we performed crystallization experiments with both mutants. Based on the nucleotides that have
been deleted from the catalytic core region, these DNAzymes will be referred to as Dz839_AT
and Dz839_AAGCT (Figure 5.6A and B). Prior to crystallization experiments, both DNAzymes
were tested for their cleavage activity. While the DNAzyme Dz839 AT was tested for RNA-
cleaving activity in the presence of Mg?*, the shorter variant Dz839_AAGCT was tested in the
presence of Ca?* (Figure 5.6C).

Crystallization experiments were performed under conditions described by Nowakowski et al.
and that already have been used for crystallization experiments on the binary complexes with
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Figure 5.6: DNAzymes with reduced flexibility show RNA-cleavage activity in the presence of divalent metal
ions. Schematic representation of the reduced DNAzyme variants Dz839_AT (A) and Dz839_AAGCT (B) with
the DNAzyme in black and the RNA substrate in red. (C) Cleavage assay of the DNAzyme Dz839_ AT and
Dz839_AAGCT and their fluorescent-labeled RNA substrate T839_9-10 in the presence of 10 mM MgCl, and
100 mM CacCl, for 3 h at 37°C. The samples were visualized using fluorescence detection.

varying helix length. We obtained very fragile crystals of the Dz839_AT:RNA complex from
50 mM sodium cacodylate buffer pH 6.0, 18 mM MgCl,, 2.25 mM spermine, 1 mM CuSQy, and
9% 2-propanol and of the Dz839_AAGCT:RNA from 50 mM HEPES pH 7.0, 80 mM MgCls,

and 2.5 mM spermine (Figure 5.7A and B). However, so far, it was not possible to reproduce
these crystals.

Figure 5.7: Crystallization experiments with DNAzymes with reduced flexibility led to crystals, which could not
be reproduced. (A) Crystals obtained from crystallization experiments with the binary complex Dz839_AT:RNA
grown in 50 mM sodium cacodylate buffer pH 6.0, 18 mM MgCl,, 2.25 mM spermine, 1 mM CuSOQO4, and 9%
2-propanol at room temperature. (B) Crystals obtained from crystallization experiments with the binary complex
Dz839_AAGCT:RNA in 50 mM HEPES pH 7.0, 80 mM MgCl,, and 2.5 mM spermine at room temperature.
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5.5.4 Crystallization experiments with tetrahedral nanostructures built from
10-23 DNAzymes with their RNA substrates

In 2018, Thai et al. reported on the design of tetrahedral nanostructures with enhanced intra-
cellular gene-silencing activity. These tetrahedral DNAzymes (TDz) were derived from three
single-stranded 8-17 DNAzyme variants during self-assembly. The TDz-based nanostructures
hold promise for enhanced cellular uptake and higher stability in biological fluids, since DNA
tetrahedrons have already been successfully employed as nanocarriers for the delivery of small
molecule drugs (Goodman et al., 2005; Kim et al., 2013b). The 8-17 DNAzyme-based tetrahe-
dral nanostructures by Thai et al. were designed for intracellular cleavage of the mRNA of
the enhanced green fluorescent protein (eGFP). The TDz were tested for their in vitro activity.
Here, a very low cleavage activity could be observed in the presence of 0.5 mM Mg®*. How-
ever, the duration of the cleavage assays is not mentioned. Furthermore, the TDz by Thai et al.
were tested for their cellular uptake properties. For this purpose NIH3T3 cells were treated with
fluorescence-labeled TDz in the absence of transfection agents and the uptake efficiency was
then measured using flow cytometry. Here, Thai ef al. found that the uptake of TDz is much more
efficient than the uptake of their single-stranded counterparts. This observation was traced back
to the enhanced serum stability of TDz. Thai et al. also reported on an enhanced in vivo gene-
silencing activity. However, control experiments to exclude that the observed downreagulation
of the mRNA and protein levels is solely due to antisense effects are missing. Nevertheless,
the tetrahedral nanostructures provide a defined three-dimensional structure, which makes the
TDz promising canditates for crystallization experiments. We designed TDz that contain the
catalytic motif of the 10-23 DNAzyme (TDz839, Figure 5.8A) and thus, differ from the TDz re-
ported by Thai et al., which provide the catalytic motif of the 8-17 DNAzyme. However, the
sequences, which are required for the self-assembly process are adapted from the previousely
reported TDz (Thai et al., 2018). Self-assembly of the TDz was induced by incubating three
single-stranded DNAzymes (sDzA, sDzB and sDzC), each of it capable of binding the RNA
substrate T839, in an equimolar ration of 600 nM in 10 mM Tris/HCI pH 8.0, 20 mM MgCly,
and 150 mM NaCl. The DNA sequences were denatured at 95°C for 10 min, before cooled
down to 4°C over about 8 h. The success of the assembly process was varified using native
PAGE analysis (Figure 5.8B, line 4) and analytical ultracentrifugation (AUC) (Figure 5.8C). The
tetrahedral complex was then incubated with three equivalents of the stabilized RNA substrate
T839 to allow specific binding of the RNA to the three pairs of binding arms within the DNA
tetrahedron and the binding was monitored using a native PAGE (Figure 5.8B, line 5). Unstabi-
lized RNA substrates were used to test the TDz for its RNA-cleavage activity in the presence of
1 mM MgCl, (Figure 5.8D).

We also tested the tetrahedral DNAzyme TDz839 for its ability to cleave the mRNA of the
human PrP in vivo (data not shown). For this purpose, WAC2 cells were transfected with the
TDz839 using Lipofectamine® 3000. After 5 days, cell lysates were prepared and analyzed for
their PrP levels using Western blot. No differences in PrP levels could be observed between
cells that were treated with the TDz839 and untreated cells.
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Figure 5.8: Tetrahedral nanostructures built from the 10-23 DNAzyme. (A) Schematic representation of the tetra-
hedral DNAyzme TDz839 (black) in complex with the RNA substrates T839 (red). (B) Native PAGE visualizes the
assembly of the TDz from single-stranded DNA molecules (sDzA, sDzB, sDzC) as well as the binding of the RNA
substrate T839 to the TDz (TDz:RNA). (C) Size distribution derived from AUC experiments. (D) Cleavage assay of
the TDz839 with fluorescent-labeled RNA substrates T839 in the presence of 1 mM MgCl, at different time points
after incubation at 20°C.

Nevertheless, TDz839 in complex with the stabilized T839 RNA substrates was used for
crystallization experiments using the screening conditions reported by Nowakowski et al.. So
far, only one crystal was obtained after one week in 50 mM sodium cacodylate pH 6.0, 20 mM
MgCl,, 2.4 mM spermine, and 5% PEG 4000 at room temperature. However, this crystal sub-
sequently resolved.

5.6 Discussion

Structure elucidation of nucleic acids is often impeded by their negatively charged and regu-
larly ordered phosphate backbone. Although several crystal structures of catalytic RNAs have
been solved, until today, only two crystal structures of DNA catalysts in a biologically relevant
conformation exist. One crystal structure shows the post-catalytic state of the RNA-ligating
DNAzyme 9DB1 (Ponce-Salvatierra et al,, 2016) and one crystal structure shows the RNA-
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cleaving 8-17 DNAzyme in complex with a non-native DNA substrate (Liu et al., 2017). Besides
the detrimental surface properties of nucleic acids, the 10-23 DNAzyme provides an additional
feature, which may be disadvantageous for crystallization experiments: The DNA catalyst com-
prises a highly flexible catalytic core region, which consists of 15 nucleotides. In this study,
we present four different approaches for the structure elucidation of the 10-23 DNAzyme in
complex with its RNA substrate using X-ray crystallography. All approaches aim at finding the
optimal properties of the biological sample, rather than optimizing the screening conditions.
The U1A protein has been successfully used for X-ray crystallography resulting in several crys-
tal structures (Adams et al., 2004; Cochrane et al., 2007; Ferré-D’Amaré et al., 1998). However,
in 2020 we have been the first reporting on the use of the U1A protein for structural studies of a
ternary complex comprising DNA, RNA and the protein itself. In the present study we used this
approach for crystallization experiments, resulting in poorly diffracting crystals. One challenge
that may arise with the co-crystallization of the protein with a binary nucleic acid complex is the
homogeneity of the sample, since the three components need to be combined in exact equimo-
lar ratios to provide a highly pure sample. One opportunity to circumvent this challenge may
be the synthesis of a chimeric RNA:DNA strand that comprises both the DNAzyme moijety as
well as the RNA subtrate. However, synthesis of a chimeric nucleic acid of such a length might
be difficult and cost-intense. In analogy to the helix-engineering approach used for the binary
complex, the length, as well as the sequence of the 3’-end of the DNAzyme or the 5’-end of the
RNA could be modified, as well as the stacking interaction between the 5’-end of the DNAzyme
and the 3’-end of the RNA hairpin.

The most promising results were obtained from the crystallization experiments with the bi-
nary complexes with varying helices based on the combinatorial screen by Nowakowski et al..
Analysis of the crystals using denaturing PAGE clearly indicates that the crystals consist of
the DNAzyme and its RNA target. However, we were not yet able to solve the structure of the
complex due to poor diffraction of the crystals indicating a poor long-range order within the
crystal lattice. Introduction of the point mutation A5C on the one hand prevents the formation of
a catalycally irrelevant duplex formation as it was reported by Nowakowski et al., on the other
hand, the omission of the self-complementary sequence reduces the amount of intramolecu-
lar interactions, probably leading to a higher flexibility of the catalytic core. However, due to
the inital success that the obtained crystals contain the intact RNA substrate and DNAzyme,
this approach should be followed up focussing on the optimization of the crystallization condi-
tions, including optimization of the incubation temperature for the crystal plates, since nucleic
acids favour higher temperatures between 28°C and 37°C for crystallization (Golden & Kun-
drot, 2003). The deletion of nucleotides from the catalytic core is one approach to tackle the
high flexibility of the catalytic core region. We used 10-23 DNAzyme variants that were reported
to lack one or four nucleotides within the flexible loop, but still showed activity in the presence of
divalent metal ions (Okumoto & Sugimoto, 2000; Zaborowska et al., 2005). Since the reduction
of the catalytic core has so far not been leading to highly-ordered crystals of the DNAzyme:RNA
complex, a combination of both, the helix-engineering approach and the deletion of nucleotides
from the catalytic core might be a step into the right direction.
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The TDz that were reported to be promising in terms of enhanced in vivo activity (Thai et al.,
2018), were used as a starting point for the design of novel tetrahedral DNAzymes based on
the sequence motif of the 10-23 DNAzyme. A combined analysis of the self-assembly process
via native PAGE and AUC provide evidence that the TDz are formed in high purity (Figure 5.8B
and C), although AUC profiles point towards the presence of single-stranded DNA molecules
within the sample. In contrast to the TDz designed by Thai et al. the 10-23 DNAzyme based
tetrahedrons did not show any in vivo activity, although in vitro activity was comparably high.
Since the TDz are stable for several hours at 37°C and have shown an enhaced stability in
blood serum, it is unlikely that the lack of in vivo activity is due a disassembly of the tetrahe-
drons. Nevertheless, the intracellular milieu provides conditions that significatly differ from in
vitro conditions. Therefore, aspects like high salt concentrations and molecular crowding ef-
fects that may impede the catalytic activity of the DNA catalysts should not be disregarded. The
three-dimensional fold of the DNA tetrahedrons makes these DNAzyme variants attractive for
crystallization experiments. Nevertheless, we did not test the influence of changes in salt con-
centration or pH that may have an impact on the tetrahedron stability after the assembly. Thus,
we have no evidence for the stability of the TDz under the tested crystallization conditions. The
analysis of the stability of the assembled TDzs provides a crucial test for the suitability of these
nanostructures of crystallization experiments. Another approach that can be taken under con-
sideration is the co-crystallization of TDz with the RNA-binding protein U1A to further improve
the crystallization properties of the biological sample. Therefore, the TDz needs to be incubated
with pre-assembled RNA:U1A complexes after the self-assembly of the tetrahedrons.

Taken together, the crystallization of the 10-23 DNAzyme remains a challenging task. One
critical aspect is the design of the biological samples for crystallization experiments. Further
approaches may involve the introduction of chemically modified nucleotides or the introduction
of locked nucleic acids (LNA), since it was reported that LNA modifications enhance the stability
of DNA:RNA complexes (Vester & Wengel, 2004). Solving the structure of the 10-23 DNAzyme
will provide essential insights into the reaction mechanism, which is crucial for understand-
ing DNAzyme-mediated catalysis. Structural and mechanistic information provide the basis for
further optimization and developing DNAzyme applications.

126



6 General discussion on DNA-mediated
catalysis

In this thesis, the RNA-cleaving 10-23 DNAzyme has been the center of attention. Several mu-
tational studies and activity analyses have been reviewed with special regard to the importance
of specific molecular features and functional groups as well as the role of different metal ions
in the catalytic process that will enable the development of improved strategies to elucidate the
three-dimensional structure of the 10-23 DNAzyme and to understand the mechanism by which
the DNAzyme performs RNA-cleavage (Chapter 2). We discussed the experimental setups that
have been used in numerous studies to explore the influence of nucleotide modifications on the
catalytic properties of the DNAzyme. In a majority of these studies, DNAzyme and RNA sub-
strate were used in non-catalytic ratios with the DNAzyme in 100- to 200-fold excess over
the RNA substrate (Nawrot et al., 2007; Raz & Hollenstein, 2015) or with enormous amounts
of MgCl, (Wang et al., 2010a) (see Table 2.3). To obtain comparable insights into structural
and functional properties of the 10-23 DNAzyme, activity and mutagenesis studies should be
performed under catalytic conditions, i. e. reasonable DNAzyme:RNA ratios and moderate con-
centrations of divalent cations to mimick physiological conditions. Nevertheless, the analyses of
the mutational and substitutional studies allowed for the identification of some functional groups
that play a key role in 10-23 DNAzyme-mediated catalysis (Section 2.5).

The investigation, understanding and prediction of M™* binding to nucleic acids is a highly
complex and difficult task. Two main problems exist: (i) all four nucleotides offer possible coor-
dination sites, including the negatively charged phosphate backbone as well as atoms of the
sugar and nucleobase moieties (Figure 2.7, Chapter 2). (ii) M"™ ions that are usually found
to be associated with nucleic acids such as Na*™, K* or Mg?*, and also Mn?* are kinetically
labile and show a mixture of inner- and outer-sphere contacts. As a consequence, a precise
localization of the binding sites is very challenging. The analysis of kinetic parameters of the
10-23 DNAzyme in the presence of different sodium ion levels and different divalent metal ions
revealed novel aspects that have previously not been under consideration: The lack of in vivo
activity of the 10-23 DNAzyme has been previously traced back to the low abundance of free
Mg?* ions inside the cell (Victor et al., 2018). In this study a simple two-state model was as-
sumed in which the DNAzyme:RNA complex is either completely free of Mg?* or fully bound to
all three Mg?*. Our new calorimetric data show that in in the absence as well as presence of
NaCl a model assuming multiple Mg?*-binding sites in an n:1 binding mode provides the best
fit (Figure 3.1E and 3.1F). EPR measurements further support the observation that more than
one divalent metal ion is interacting with the DNAzyme:RNA complex in the presence of all
tested NaCl concentrations. In the absence of NaCl our EPR data is best fit to a simple model
assuming a non-cooperative binding of six Mn®* to the DNAzyme:RNA complex. Increasing
NaCl concentrations induce a cooperative binding behavior with a Hill coefficient of > 1 (Fig-
ures 3.3B and 3.3C, S3.4). A Hill coefficient n > 1 indicates positive cooperativity, meaning
that once one Mn?* is bound to the DNAzyme:RNA complex, its affinity for another Mn?* in-

127



General discussion on DNA-mediated catalysis

creases. In comparison to the binding behavior in the absence of NaCl (Figure 3.3A) our data
indicate that the presence of NaCl makes binding of the first Mn?>* ions less favorable. Possible
explanations for the role of NaCl in this behavior include competition for the same binding site,
shielding of electrostatic interactions and/or stabilization of different complex conformations.

That increasing NaCl concentrations induce a cooperative binding behavior of Mn?* to cat-
alytically active nucleic acids has been further reported for a DNA:RNA hybrid consisting of a
DNA substrate and the hammerhead ribozyme (Horton et al., 1998). In the abscence of NaCl,
the obtained data was best fit to a single set of 16 Mn?* sites with an averange Kp of 40 pM.
In contrast to experiments that were performed at low monovalent cation concentrations, Mn?*
binding to the hammerhead:DNA hybrid in the presence of 1 M NaCl resulted in a sigmoidal
binding isotherm, suggesting a cooperative binding behavior. In 1 M NaCl, a single Mn?* binds
at low concentrations of added Mn?*. This is contrary to the the behavior observed in 100 mM
NaCl, where a steep rise to three to four bound Mn?* per hybrid was observed at similar con-
centrations of added Mn?*. In 1 M NaCl, however, at higher concentrations of added Mn?* a
transition occurs resulting in the population of additional metal sites. Fitting the data obtained
at low Mn?* concentrations, an apparent Kp of < 10 pM was obtained for the initially occupied,
tight Mn?* site in the presence of 1 M NaCl.

Using NMR spectroscopy and Mg?* titration experiments, we were able to shed more light on
the structural changes induced by mono- and divalent metal ions. For the interaction of Mg+
with the binding arms of the DNAzyme, fast exchange interactions could be observed. Analysis
of Mg?*-induced CSPs of selected peaks allowed for the precise determination of a Kp value
of 2.2 mM. Interaction of Mg?* with the catalytic loop resulted in intermediate exchange rates
that lead to the disappearance of the affected peaks. Here, we were not able to determine an
accurate Kp value for this region. Nevertheless, our data suggest that the affinity of nucleotides
in the catalytic loop could be about 10-fold higher for Mg+ as compared to residues in the
binding arms (Figure 3.4C). In addition, we compared the influence of the addition of 1 mM
MgCl, or addition of 400 mM NaCl on the complex conformation and exchange dynamics. Both
conditions induced comparable peak shifts (Figure 3.4), indicating that both conditions have
similar structural effects. Nevertheless, the DNAzyme is inactive even in the presence of high
Na* concentrations of 1 M (Figure S3.7), indicating that the intrinsic properties of Mg* ions
are cruicial for DNAzyme activity. Our new results obtained by FRET-based cleavage assays
as well as NMR spectroscopy provide evidence, that the sodium ions compete with Mg?* ions
for the same binding sites within the DNAzyme:RNA complex and that therefore high levels
of monovalent metal ions inside the cell have an inhibitory effect on the DNAzyme activity. At
monovalent cation concentrations of physiological relevance a decrease of the cleavage rate of
approximately 40% was observed for each Mg?* concentration (Figure 3.5C). For simplicity, we
assumed a model in which one Mg?™ ion replaces one Na* ion ((3.4) and (3.5) in Chapter 3),
although ITC measurements as well as NMR experiments speak for the binding of further Mg+
ions. However, due to a too large range of parameters that can be assumed for this model, it
was not possible to draw definite conclusions with regard to binding constants for the different
cations (Figure S3.8 and Table 3.2). A completely opposite effect effect on the cleavage rate has
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been observed for Mn?*. Here, the cleavage rates increase with increasing NaCl concentra-
tions at constant Mn?* concentrations (Figure 3.6). We assumed a model in which Na™ induces
a folding of the DNAzyme:RNA complex that is favorable for the binding of Mn?* ((3.6) and (3.7)
in Chapter 3). Combining our findings with the intrinsic properties of the different metal ions (see
Table S3.2) it can be speculated that Na™* can rather adequately mimick the hydration shell con-
tacts of divalent ions which are responsible to induce a cleavage-competent conformation of the
pre-catalytic DNAzyme:RNA complex. This pre-catalytic state, however, requires at least one
additional divalent cation for catalytic activity. Especially with regard to in vivo appplications or
applications as biosensors of RNA-cleaving DNAzymes the observation made for the metal ion
dependency of the DNAzyme:RNA complex are of great interest, since they do not only reveal
another aspect that may hinder the in vivo activity of DNAzymes, but also point towards the
complexity of DNA-mediated catalysis. The different behavior of the 10-23 DNAzyme with re-
gard to catalytic rates and metal binding reveal that one has to carefully consider the use of the
10-23 DNAzyme as metal sensors, before the RNA-cleavage mechanism is fully understood.

Although our kinetic analyses already provide deep insights into the metal ion dependency of
the 10-23 DNAzyme, in the absence of structural data, the mechanism by which the DNAzyme
performs the cleavage reaction is still not fully understood. The same is true for the exact metal
binding sites within the DNAzyme:RNA complex. We put great effort in screening for sam-
ples with enhanced properties for crystallization. The surface of nucleic acids is dominated by
negatively charged and regularly ordered phosphate groups that often lead to crystals with a
poor long-range order. Several strategies have been developed to overcome these difficulties,
including the design of several matrix screens that have been exclusively designed for the crys-
tallization of nucleic acids. Analyses of the crystallization conditions from 1450 nucleic acid
crystal structures that are deposited in the Protein Data Bank (PDB) revealed that 2-methyl-
2,4-pentanediol (MPD) as a precipitant and MgCl, and spermine as additives are the most
successfully used components for the crystallization of nucleic acids (Viladoms & Parkinson,
2014). For our crystallization experiments we basically used the commercially available nucleic
acid screen JBScreen Nuc-Pro (JenaBioscience, Jena, Germany) or a matrix screen that has
been previously reported by Nowakowski et al. (1999a) that are both designed based on ra-
tional combination of additives and buffers that have successfully been used for nucleic acid
crystallization. Nevertheless, the screen reported by Nowakowski et al. (1999a), basically used
cacodylate buffer. While the advantage of cacodylate buffer is its extrem pH stability at different
temperatures, the buffer contains arsenic. Its presence can result in drowning out a fluores-
cence emission signal during a fluorescence scan for selenium or bromine atoms, masking
the peak and inflection points of the anomalous scatters (Stepanov et al., 2011; Viladoms &
Parkinson, 2014). Although that is not relevant for this study, since we do not use nucleic acid
sequences with modified bases with anomalous scattering atoms, it should be kept in mind,
since such modifications are ideal for ab initio methods for structure elucidation. Further ma-
trix crystallization screens that have been used in this study include the JBScreens Classic
1-10 from JenaBioscience (Jena, Germany) as well as the PEG and AmSO, Suits from Qiagen
(Hilden, Germany). These screens were primary tested for crystallization experiments that in-
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volve the co-crystallization of nucleic acids in complex with an RNA-binding protein. Besides the
crystallization conditions, the biological sample has a great impact on the success of crystalliza-
tion experiments with nucleic acids. Therefore, we put great effort in optimizing the samples for
crystallization experiments. One approach that previously has been successfully used for the
crystallization of nucleic acids such as ribozymes (Ferré-D’Amaré et al., 1998), riboswitsches
(Cochrane et al., 2007) or introns (Adams et al., 2004) involves the co-crystallization of the
large nucleic acid in complex with the RNA-binding domain of the human U1 small nuclear
ribonucleoprotein A (U1A-RBD). This protein provides several properties that make it a suit-
able crystallization helper: (i) The U1A domain comprises residues 1-98 and adopts a globular
shape with a compact fold, in presence or absence of RNA (Nagai et al., 1990; Oubridge et al.,
1994). (ii) The crystal structures of UTA:RNA complexes reveal that contacts between RNA
and protein comprises both polar and non-polar interactions, which are independent of ionic
strength. Therefore, complex formation is not strongly affected by extreme crystallization condi-
tions, such as solutions with very low or high salt concentrations (Ferré-D’Amaré, 2010). (iii) The
protein U1A binds to the specific RNA loop with high affinity, the dissociation constant K of the
complex was determined to be approximately 10"'" M (van Gelder et al., 1993). Nevertheless,
no tryptophan residues are present in the amino acid sequence of the protein U1A as it has
been used as a crystallization module, which prohibits the distinction between salt and protein
crystals by fluorescence techniques. Therefore, we designed and successfully isolated new
variants of the U1A protein, A2W, H10W, F56W, R70W and K98W, with each of them exhibiting
a tryptophan residue for fluorescence detection. Analysis of the crystals that where obtained
from three of the variants in the absence of nucleic acids reveal that the variants F56W, R70W
and K98W all crystallize in different space groups (see Figure 4.3, Chapter 4), while the overall
structure and the RNA-binding properties are not affected. Hereby, the U1A variant F56W was
in particular catching our eyes, since the arrangement of the molecules within the asymmetric
unit was particulary interesting for soaking experiments with nucleic acids (Figure S4.9). While
most U1A-RBD variants in animals lack tryptophan residues, the homologs from Viridiplantae
contain a tryptophan residue at position 56 (Figure S4.1). This amino acid residue is involved
in RNA-binding (Shiels et al., 2002). However, since the nucleotide sequence of the U1 RNA
hairpin sequence is highly conserved in both Animalia and Viridiplantae, the mutation F56W
should not have an impact on the RNA-binding properties of the protein. In crystals obtained
from the protein variant F56W, the distance between two molecules was determined to be 19 A
with the RNA-binding pockets facing towards the bulk solvent of the crystal and that no close
crystal-packing contacts are present around the RNA-binding pocket. These properties of the
preformed protein crystals allowed for soaking of the specific, 21 nucleotides comprising hair-
pin loop into the crystals resulting in crystals that diffracted up to 2.37 A. The structure of this
protein:RNA complex did not significantly differ from the structure that was obtained from co-
crystallization experiments of the U1A variant F56W with the specific RNA hairpin (Figure 4.6).
Furthermore, the presence of a tryptophan residue within the RNA-binding pocket allows for
the monitoring of RNA-binding by fluorescence detection (Figure 4.4). In the absence of RNA,
the protein crystal shows tryptophan fluorescence when exposed to UV light, while binding of
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the specific RNA hairpin leads to a decrease in the fluorescence signal, resulting from stacking
interactions between the RNA and the tryptophan residue. This allows for in crystallo detection
of RNA-binding to the protein in the crystalline form, that has not previously been reported.
Although soaking of nucleic acid sequences into preformed protein crystals is so far not a com-
mon technique and only a few crystal structures of nucleic acid:protein crystals are reported that
have been obtained by soaking (Horn et al., 2004; Valegard et al., 1994; Wojtas et al., 2012),
this method has several advantages over the co-crystallization of nucleic acid:protein com-
plexes: (i) Since especially RNA is a very fragile macromolecule that can be easily degraded by
RNAses, soaking provides a method that preserves the RNA. The incubation time of the RNA
or DNA within the crystallization solution is drastically reduced. (ii) Furthermore, the amount
of RNA that is needed for soaking experiments is significatly lower than for co-crystallization
experiments, since one does not have to search for new crystallization conditions once protein
crystals are obtained. That makes the soaking approach also more cost-effective. Neverthe-
less, soaking causes the risk of irreversibly disrupting the packing interactions of preformed
protein crystals. In the worst case, this can lead to the complete dissolution of the crystal, a
phenomenon that we observed several times, until the optimal soaking conditions, including
RNA concentration and composition of the crystallization conditions for the protein have been
evaluated. Nevertheless, we are convinced that our protocol is applicable for structure elucida-
tion of RNA:protein or DNA:RNA:protein complexes that differ from the reported nucleic acids
and protein variants. While the novel protein U1A F56W, that we successfully used for the soak-
ing of the U1 RNA hairpin sequence into preformed protein crystals is the only variant derived
from the sequence of the previously reported U1A crystallization helper by the introduction of
tryptophan mutations that forms soakable crystals, the other U1A variants expand the toolbox
for co-crystallization experiments. The U1A mutants A2W, H10W, R70W, and K98W are all ca-
pable of binding the specific RNA hairpin sequence (Figure S4.3). We used two of the novel
U1A variants, F56W and R70W, for co-crystallization experiments with the 10-23 DNAzyme
and a stabilized and elongated RNA substrate, after the formation of a homogeneous ternary
complex has been varified by using SEC, native PAGE and NMR spectroscopy (Figures S4.4,
4.2A, and 4.2C). These attempts led to poorly diffracting crystals with a quality not high enough
for structure elucidation (Chapter 5.5.1, Figure 5.3B). Ternary complexes with the U1A variants
A2W, H10W and K98W have not been screened for their crystallization properties simply due to
the high amount of nucleic acid samples that are needed for this purpose and that would have
exceeded the financial framework of this thesis. The search for crystals of the ternary complex
with a sufficient long-range order can therefore be expanded to at least complexes involving
the U1A variants A2W and K98W. Analysis of crystals derived from the parental, tryptophan-
lacking U1A protein holds evidence that the residue at position 10 is crucial for intermolecular
crystal contacts and therefore mutation of this residue may hamper the crystallisation properties
(Nagai et al., 1990). An additional option that can be explored to further improve the crystalliza-
tion properties of the ternary complex is the modification of the protein surface by methylation
of the amino group of solvent-exposed lysine residues. This method has been routinely used
as a rescue strategy in cases where initial crystallization screens are not successful (Walter
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et al., 2006). Besides the attempts to crystallize a ternary complex consisting of the DNAzyme,
the stabilized RNA substrate and the RNA-binding protein U1A, we performed several crys-
tallization experiments in the absence of a crystallization module. These experiments were
solely based on the variation of the sequence and length of the DNAzyme and the RNA sub-
strate. For this purpose, we used an approach that has previousely been reported as the helix
engineering-approach (Jordan et al., 1985). This approach involves the variation of the length of
the binding arms of the DNAzyme and of the RNA substrate. Here, we obtained crystals that, as
verified by a denaturing PAGE (Figure 5.5), consist of the DNAzyme variant Dz839_A5C_8-10
and the RNA substrate T839_9-10 in the presence of cacodylate buffer, MgCl, and spermine
as well as additional additives. However, so far we have not been able to solve the structure of
this complex due to weak diffraction. We have also been able to produce crystals of the RNA
substrate T839_9-10 and a DNAzyme variant that lacks either one or four nucleotides within
the catalytic core. Previously, it was shown that the deletion of the nucleotide T at position 8
only slightly affects the activity of the DNAyzme, while the deletion of the nucleotides at po-
sition 5 to 8 changes the metal ion specificty of the DNAzyme from Mg?* to Ca2* (Okumoto
& Sugimoto, 2000; Zaborowska et al., 2005). However, we were not able to reproduce these
initially obtained crystals for structure elucidation. As another strategy, we designed tetrahedral
DNAzyme structures that consist of three DNAzymes that form a tetrahedron. Such tetrahedral
DNAzyme complexes were previously reported to show an enhanced in vivo activity (Thai et al.,
2018). However, the tetrahedral DNAzymes were assembled from single-stranded DNAzymes
derived from the 8-17 DNAzyme, while we used single-stranded 10-23 DNAzyme for the tetra-
hedron assembly. For these nanostructures, we were not able to detect any in vivo activity for
gene silencing of the human Prion protein. Furthermore, we were not able to obtain reliable
crystals from this sample (Chapter 5.5.4).

Besides the great effort that we put in attempts to crystallize the 10-23 DNAzyme in complex
with its RNA substrate | was involved in a collaborative project that aims at solving the structure
of the DNAzyme:RNA complex by solution NMR. Here, | assisted with kinetic measurements
of the 10-23 DNAzyme Dz839_A5C to provide functional data that support the structural data.
These results have not been included to this thesis, nevertheless they will shed a new light on
the structural aspects that DNA-mediated RNA-cleavage is based on.

In this thesis we did not only reveal new aspects of metal ion dependency of the DNAzyme,
but we also introduced new methods in the field of structural elucidation of DNA catalysts that
will serve as a starting point for future experiments on this interesting and fascinating molecular
tool. High-resolution structural information will allow for a better understanding of the reaction
mechanism, which provides the basis for introducing chemical modifications to obtain an im-
proved activity, especially at low Mg+ concentrations. Such an optimization was for example
reported by Fedoruk-Wyszomirska and co-workers (Fedoruk-Wyszomirska et al., 2009) who
introduced a structural element into minimalist hammerhead ribozymes that stabilizes the cat-
alytic core in its active conformation and therefore maked the ribozyme more active at low
Mg?* concentrations. This modification was only possible due to a detailed understanding of
the structural and mechanistic properties of the ribozyme.
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7 Iron-sulfur clusters in pro- and eukaryotes

Iron-sulfur (Fe—S) clusters are ubiquitous cofactors present in all domains of life. They are
capable of catalyzing diverse reactions and are associated with different enzymes that are in-
volved in crucial cellular processes. Reactions catalyzed by proteins harboring Fe—S clusters
range from simple one-electron transfer, over dinitrogen reduction to complex organic reactions
promoted by radical S-adenosylmethionine (SAM) enzymes (Beinert et al., 1997; Frey et al.,
2008; Hoffman et al., 2013). Despite the wide structural range of Fe—S clusters within proteins,
the biological synthesis of all Fe—S clusters starts with the assembly of [2Fe—2S] and [4Fe—
48S] clusters (Figure 7.1). These clusters serve as a starting point for the assembly of more
complex metallocofactors such as FeMo cofactors of nitrogenases or the H-cluster in hydroge-
nases. Besides the rhombic [2Fe—2S] clusters as found in ferredoxins (Morales et al., 1999) and
cubic [4Fe—4S] clusters as found in the quinolinate synthetase (Cicchillo et al., 2005), [3Fe—4S]
clusters as found for example in the enyzmatically inactive form of the aconitase (Robbins &
Stout, 1989) as well as the rubredoxin-like [1Fe] cofactors (Bachmayer et al., 1967; Maher et al.,
2004; Watenpaugh et al., 1972) belong to the most widly spread iron-containing metallostruc-
tures. In rubredoxin-like [1Fe] centers, the iron atom is coordinated by four cysteine residues
in a tetrahedral geometry. In [2Fe—2S], [3Fe—4S], and [4Fe—4S] complexes, protein bound Fe
ions are linked to each other through sulfide bridges. Fe—S clusters are predominantly ligated
by cysteine residues, but also histidine, arginine, serine, tyrosine or glutamate residues where
reported to be involved in the coordination of Fe—S clusters (Freibert et al., 2018). However, the
experimental characterization of Fe—S clusters is not trivial due to Fe—S clusters being prone
to react with oxygen, resulting in the damage or loss of the Fe—S clusters upon aerobic iso-
lation of the proteins. That is why mainly Fe—S cluster containing proteins are isolated in their
apo form, especially, when they are over-expressed in Escherichia coli (E. coli). However, the
clusters of many simple Fe—S proteins can be reconstituted under anaerobic conditions using
either chemical (Meyer et al., 1986) or semi-enzymatic strategies (Gao et al., 2013).

In vivo assembly of Fe—S clusters is a highly regulated process. This is most likely due to the
toxicity of free iron and sulfides (Miller et al., 2015; Munday, 1989). Several machineries have
been identified that are involved in the assembly of Fe—S clusters: (i) The Iron Sulfur Cluster
(ISC) machinery is responsible for housekeeping cluster assembly under standard conditions
in bacteria and eukaryotic mitochonria (reviewed in Lill, 2009)). (ii) The Sulfur Utilization Factor
(SUF) is used under stress conditions in bacteria and chloroplasts of eukaryotes. Furthermore,
SUF is the only machinery for Fe—S cluster assembly in archae, cyanobacteria, and many
Gram-positive, thermophilic, and pathogenic bacteria (for review see Pérard & de Choudens,
2018) (iii) The Nltrogen Fixation (NIF) system was found in nitrogen-fixing bacteria such as
Azotobacter vinelandii and is responsible for nitrogenase maturation (Hu & Ribbe, 2016; Py &
Barras, 2015; Zheng et al., 1998). (iv) In eukaryotes, the Cytosolic Iron-Sulfur Cluster Assembly
(CIA) system was found for cytosolic and nuclear Fe—S cluster assembly (for review see Sharma
et al., 2010). (v) The Cysteine Sulfinate Desulfinase (CSD) from E. coli was reported to have
components similar to the ISC or SUF system, but lacks a scaffold protein (Loiseau et al., 2005).
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Figure 7.1: Schematic structural represetation of the most common Fe-S clusters. The simplest cluster is the [1Fe]
cluster as found in rubredoxins. Here the iron is coordinated in a tetrahedral manner by four cysteine residues. The
most prominent clusters are the [2Fe—2S] and [4Fe—4S] clusters. [3Fe—4S] clusters often result from the degradation
of [4Fe—4S] clusters.

NIF, ISC, SUF, and CIA machinery all follow the same overall biogenesis process that can be
split into two main steps: The first step involves the de novo synthesis of an Fe—S cluster on a
scaffold protein. The second step involves the transfer of the assembled Fe—S cluster from the
scaffold protein to the target apo protein. The general priciples that are involved in the assembly
and insertion of Fe—S clusters into target apo proteins are similar for all different machineries.
However, the concrete proteins have not been identified for all machineries. Nevertheless, the
main actors and key steps in the Fe—S cluster assembly and insertion process can be split into
five categories (Lill, 2009).

(1) A sulfur donor, a cysteine desulfurase, is required for the release of sulfur by the con-
version from cysteine to alanine. In bacteria, the cysteine desulfurase is termed NifS (Zheng
et al., 1993), IscS (Urbina et al., 2001), or SufS (Blhning et al., 2017). During the transforma-
tion process persulfide is formed on a conserved cysteine residue of the cysteine desulfurase
as an intermediate, which is then transferred to an assisting protein such as SufE (Ollagnier-de
Choudens et al., 2003a) or directly to scaffold proteins, for example IscU (Wu et al., 2002),
SufU (Albrecht et al., 2010) or NifU (Johnson et al., 2005).

(2) Since iron is not free in cells, an iron donor is required for the accurate and efficient delivery
to the scaffold protein. Such iron donors were for example reported to be the bacterial CyaY
(Layer et al., 2006) and the human frataxin (Yoon & Cowan, 2003) as ISC components. These
proteins bind iron, the desulfurase as well as the scaffold protein such as IscU.

(3) Another crucial step in the assembly of Fe—S clusters is the electron transfer for the re-
duction of S° as present in cysteine to S* as present in Fe—S clusters. The electron transfer
is performed by ferredoxin reductases or ferredoxin (Fdx) (Mihlenhoff et al., 2003; Yan et al.,
2015) in the ISC machinery. In the NIF system, this role is taken by the ferredoxin-like domain
of NifU (Lill, 2009).

(4) The de novo assembly of Fe—S clusters from iron and sulfide takes place on so-called scaf-
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fold proteins. These proteins labilely bind Fe—S clusters over conserved cysteine residues, to
guarantee the transfer to the target protein. In bacteria, the most conserved scaffold proteins
are reported to be IscU and SufU, while in eukaryotes Isu1 (Wu et al., 2002) performs this
function.

(5) The final step in the maturation of Fe—S cluster containing proteins is the transfer of the
assembled Fe-S cluster to the target protein. This step is mediated by cluster transfer pro-
teins. These proteins are required for the dissociation of the cluster from the scaffold protein, to
mediate the transfer to the apo target Fe—S cluster protein and to induce the correct assembly
and insertion of the cluster at the correct acceptor side in the apo protein. Bacterial examples of
those cluster transfer proteins are the chaperones HscA and HscB (Chandramouli & Johnson,
2006) of the ISC machinery.

The general pathway of Fe—S cluster assembly performed by ISC, SUF, NIF, or CIA is shown
in Figure 7.2.
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Figure 7.2: Schematic representation of Fe—S cluster assembly as performed by the ISC, SUF, NIF and CIA ma-
chineries. In a first step, a cysteine desulfurase (yellow) converts a substrate cysteine to alanine to form persulfide.
Persulfide and iron provided from an iron donor as well as electrons from an electron donor are transferred to a
scaffold protein (orange). On the scaffold protein, the Fe—S cluster is assembled. It is still under debate, whether
the physiological form of the scaffold protein is monomeric or dimeric and whether the scaffold carries one or two
[2Fe—2S] clusters or a [4Fe—4S] cluster, altough most evidence is provided for the presence of one [2Fe—2S] cluster
in vivo. For the assembly of [4Fe—4S] clusters additional electrons are required for the reductive dimerisation of
[2Fe—28] clusters to form one [4Fe—4S] cluster (not shown). The assembled Fe-S cluster is finally transferred with
the support of chaperones or carrier proteins (brown/green) to the apo target protein (grey). Figure based on Blanc
et al. (2015); Lill (2009).
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7.1 Iron-Sulfur Cluster (ISC) machinery

Under standard growth conditions the ISC machinery is responsible for the housekeeping
cluster assembly in bacteria and eukaryotic mitochondria. In addition to several open read-
ing frames of unknown function, the iscRSUA-hscBA-fdx (isc) operon encoding the proteins
of the ISC machinery contains genes for molecular chaperones (hscA and hscB), an electron
transferring [2Fe—2S] ferredoxin (fdx), and three isc genes, iscS, iscU, and iscA as well as the
gene encoding for the transcriptional regulator of this operon, iscR (Blanc et al., 2015; John-
son et al., 2005). During the ISC-mediated Fe—S biosynthesis process in E. coli the cysteine
desulfurase IscS provides the sulfur to form a labile Fe—S cluster on the scaffold protein IscU.
A complex formed by the chaperone proteins HscB and HscA with IscU facilitates the cluster
transfer to the apo target protein. In an alternative way, the A-type carrier IscA supports the
transfer of the Fe—S cluster from IscU to the apo target protein. A [2Fe—2S] ferredoxin that is
also encoded on the isc operon promotes the electron transfer in the reduction of S° to S2- and
the transcription factor IscR functions as a transcriptional regulator of the operon.

In the following, the most important game players in iron-sulfur cluster biosynthesis that are
part of the isc operon (Figure 7.3) will be briefly discussed.

iscR iscS iscU iSCA hscB  hscA fdx iscx

sco " ) -

Figure 7.3: Operon organization of the genes encoding for the proteins of the ISC machinery in Gram-negative
bacteria such as E. coli (Zheng et al., 1998). The figure is color-coded according to the function of the corresponding
gene products: transcription regulator iscR in gray, sulfur-activating enzyme IscS in yellow ,scaffold protein IscU in
orange, iron donor or cluster carrier in light pink, ATPase HscA in green, co-chaperone HscB in brown, electron
donor ferredoxin (Fdx) in blue, and a protein of unknown function, IscX, in light red. Adapted from Blanc et al.
(2015).

The transcriptional regulator IscR is a [2Fe—2S] cluster protein that controls the expression
of more than 40 genes in E. coli (Giel et al., 2006). Although it was found that transcription of
the isc operon is repressed by IscR (Schwartz et al., 2001), this autoregulatory mechanism is
not fully understood and how Fe—S biogenesis is regulated in vivo still remains to be elucidated
completely. However, it was shown that two different classes of IscR binding sites exist on DNA,
which are reffered to as Type 1 and Type 2 (Giel et al., 2006). While [2Fe—2S] bound IscR is
capable of binding to the Type 1 site with higher affinity than IscR without any Fe—S cluster,
both IscR forms bind to the Type 2 site with the same affinity (Rajagopalan et al., 2013). It
has been proposed that under aerobic conditions more Fe—S clusters are required due to an
increased rate of Fe—S cluster turnover, leading to a higher amount of apo proteins. In turn, this
leads to a competition between these apo proteins and the IscR protein for Fe—S clusters. As a
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result, the occupancy of [2Fe—2S] in IscR is low, and IscR does not repress the expression of
the isc operon. In contrast, under anaerobic conditions, the rate of cluster turnover is reduced,
the IscR [2Fe—2S] occupancy is increased and IscR represses the expression of the isc genes
by binding to the Type 1 DNA binding site (Giel et al., 2013). The proposed mechanism for
the regulation of the isc operon by the transcriptational regulator IscR in the presence and
abscence of oxygen is depict in Figure 7.4.
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Figure 7.4: Proposed model for the IscR regulated Fe—S cluster biosynthesis under (A) anaerobic and (B) aerobic
conditions. In the presence of oxygen, a high amount auf Fe—S clusters is needed due to an increased rate of Fe-S
cluster turnover resulting in elevated levels of apo target proteins. This results in a competition between the apo
target proteins and IscR proteins in acquiring Fe—S clusters from the ISC machinery, resulting in low IscR [2Fe—
28] cluster occupancy and a reduced repression of the isc operon. Under anaerobic conditions, the demand for
Fe—S clusters is reduced compared to aerobic conditions, due to a decreased rate of Fe—S custer turnover. This
leads to an increased IscR [2Fe—2S] cluster occupancy, and a higher repression of the ISC pathway. Figure based
on Giel et al. (2013).

Two of the nine genes encoded by the isc operon, iscS and iscU, encode for homodimeric
proteins. The gene products of iscS and iscU have a high similarity with the extensively stud-
ied proteins NifS and NifU (Dean et al., 1993; Fu et al., 1994; Zheng & Dean, 1994; Zheng
et al.,, 1994). IscS is a highly conserved cysteine desulfurase that catalyzes the transformation
from L-cysteine to alanine and sulfur. The sulfur is stored as a persulfide at a conserved cys-
teine residue of the protein. In solution, IscS is a homodimer with a pyridoxal-phospahte (PLP)
cofactor (Flint, 1996; Zheng et al., 1998). IscS delivers sulfur to numerous sulfur-accepting
proteins such as the primary scaffold protein for the assembly of Fe—S cluster proteins, IscU
(Agar et al., 2000a), Thil, TusA, and MoaD/MoeB that commit the sulfur to different metabolic

137



Iron-sulfur clusters in pro- and eukaryotes

pathways, including iron-sulfur cluster assembly, thiamine and biotin synthesis, tRNA modifica-
tions, or molybdopterin biosynthesis (Johnson et al., 2005; Kessler, 2006; Zhang et al., 2010a).
In addition, IscS interacts with several other proteins such as the bacterial homolog of hu-
man frataxin, CyaY (Adinolfi et al., 2009; Layer et al., 2006), a possible adaptor protein, IscX,
whose gene is also located in the isc operon, but whose function is currently not well under-
stood,(Pastore et al., 2006; Tokumoto et al., 2002), and rhodanese RhdA (Forlani et al., 2005).
CyaY/frataxin has been postulated as an iron chaperone (Bou-Abdallah et al., 2004), an iron
donor for Fe-S cluster assembly (Ding et al., 2007; Layer et al., 2006; Li et al., 2009), or a
regulator of Fe—S cluster formation (Adinolfi et al., 2009). However, in contrast to the catalytic
mechanism of the cysteine desulfurase, which has been intensively studied (Tirupati et al.,
2004; Zheng et al., 1994), little is known about how transfer of persulfide sulfur to an acceptor
protein occurs. The crystal structure of the IscS dimer from E. coli revealed that the catalytic
cysteine residue (Cys328) is located in a partially ordered active site loop, pointing away from
the active site pocket of IscS where the PLP cofactor as well as the bound cysteine substrate
are found (Cupp-Vickery et al., 2003). This active site loop in IscS was reported to be signifi-
cantly longer than in the cysteine desulfurases NifS or SufS, resulting in an open conformation
in IscS in contrast to the closed conformation in NifS and SufS (Shi et al., 2010). Since the ac-
tive residue Cys328 has a dual role in the sulfur transfer by being directly involved in the attack
of the substrate cysteine as well as by taking part in the transfer of persulfide to the accpetor
scaffold protein (Urbina et al., 2001; Zheng et al., 1994), it has been assumed that the relatively
open orientation and the longer loop sequence in which the active Cys328 is located are cru-
cial for the function of Cys328 to target different acceptor proteins (Shi et al., 2010) that are not
exclusively related to Fe—S cluster biosynthesis. In contrast, in the proteins NifS and SufS, the
catalytic cysteine is located in closer proximity to the PLP cofactor, a structural feature that is in
agreement with direct sulfur loading from the cysteine substrate (Blanc et al., 2015).

IscU is the scaffold protein of the ISC machinery and it is supposed to be one of the most
conserved proteins in nature (Hwang et al., 1996). Its function has been studied both in vivo and
in vitro (Agar et al., 2000a; Raulfs et al., 2008; Tokumoto & Takahashi, 2001). In vitro studies
on dimeric E. coli IscU under anaerobic conditions reveal that the protein can be reconstituted
with iron and sulfur to generate a holo enzyme. This reconstitution occurs within hours in a se-
quential manner: At first, one [2Fe—2S] cluster is incorporated per dimer, followed by a second
[2Fe—2S] cluster. In a third step, the two [2Fe—2S] cluster form one [4Fe—4S] cluster (Agar et al.,
2000a). Under aerobic conditions, the [4Fe—4S] cluster is converted back to a [2Fe—2S] cluster.
Several studies support the hypothesis that in its physiological form IscU harbors one [2Fe—2S]
cluster per dimer. An X-ray structure of trimeric IscU from Aquifex aeolicus was solved in the
presence of a [2Fe—2S] cluster (Shimomura et al., 2008) and by in vitro experiments it could
be shown that the rate of Fe—S transfer from IscU with one [2Fe—2S] cluster per dimer to apo
target proteins could be enhanced in the presence of chaperones, whereas this effect could
not be observed for IscU proteins harboring either two [2Fe—2S] cluster or one [4Fe—4S] cluster
per dimer (Shakamuri et al., 2012; Unciuleac et al., 2007). Additionally, it has been observed
that one of the [2Fe—2S] clusters in the IscU form with two [2Fe—2S] clusters per dimer can
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be selectively removed in the presence of EDTA (Agar et al., 2000a). Spectroscopic studies
on IscU in either the one or two [2Fe—2S] cluster-containing form provide evidence that the
[2Fe—2S] clusters have both very similar protein environments with at least one and possibly
two oxygen or nitrogen ligands at one iron site (Agar et al., 2000a). Since IscU in E. coli and
A. vinelandii contains three conserved cysteine residues (Zheng et al., 1998) it is likely that
therefore each IscU monomer can harbor one [2Fe—2S] cluster, but it cannot be excluded that
both clusters bridge the subunits. Discussing all these properties of the dimeric isolated IscU,
one has to keep in mind that IscU does not form a complex with the cysteine desulfurase IscS
in its dimeric form. Isothermal titration calorimetry (ITC) experiments showed that IscU interacts
with IscS in a 1:1 stoichiometry (Prischi et al., 2010). Two crystal structures of the IscS-IscU
complex have been solved so far (Marinoni et al., 2012; Shi et al., 2010) and both provide
evidence that one IscU monomer binds near the C-terminal portion of an IscS dimer.

The protein IscA is member of the so-called A-type carrier family. Studies in E. coli and
Saccharomyces cerevisiae using gene disruptions reveal that the protein is important but not
essential in Fe—S cluster biosynthesis (Jensen & Culotta, 2000; Pelzer et al., 2000; Tokumoto
& Takahashi, 2001). IscA has three conserved cysteine residues. Spectroscopic analysis of
IscA in A. vinelandii suggest the coordination of either a [2Fe—2S] cluster or a [4Fe—4S] cluster
by these cysteine residues to be more likely than the coordination of a Fe(ll) or Fe(lll) (Krebs
et al., 2001; Ollagnier-de Choudens et al., 2001). Based on these studies, a role for IscA in the
delivery of iron to cluster assembly proteins seems unlikely. However, in vitro studies of E. coli
IscA in the presence of oxygen with Fe2* and Dithiothreitol (DTT) or the thioredoxin reductase
system revealed that IscA binds one iron atom per homodimer with high affinity (Ding & Clark,
2004; Ding et al., 2005). The different characterizations of IscA as either an Fe-S cluster or
an Fe-binding protein led to the proposal of different roles of this protein as a scaffold protein
under aerobic or oxidative stress conditions, an Fe—S carrier protein that mediates the delivery
of an Fe—S cluster from IscU to the apo target protein, or as a chaperone for the delivery of iron
to IscU (Blanc et al., 2015)

HscA and HscB are two proteins encoded by the isc operon. HscA is a member of the
Hsp70 chaperone family, while HscB belongs to the so-called auxiliary J-type co-chaperones.
In addition to their role in stress responses, Hsp70s are involved in housekeeping functions,
including the folding of newly synthesized proteins, translocation of proteins across membranes,
cellular trafficking, and control of regulatory proteins (Mayer et al., 2001). Initial studies on the
properties of HscA and HscB of E. coli have shown that HscA exhibits a low intrinsic ATPase
activity (Vickery et al., 1997), as it is typical for other members if the Hsp70 family. In the
presence of the co-chaperone HscB, the ATPase activity is significantly enhanced. It was shown
that HscA recognizes a specific amino acid sequence motif on IscU (LPPVK). This interaction
is regulated by HscB, which interacts with IscU through hydrophobic residues (Flzéry et al.,
2008; Hoff et al., 2003). However, the exact mechanism by which HscA-HscB promotes the
Fe—S cluster assembly is still controversial. Roles in stabilizing the Fe—S clusters on IscU were
assumed based on in vitro studies (Wu et al., 2005), while in vivo studies suggest a contribution
in cluster transfer from IscU to the apo form of the target protein (Mihlenhoff et al., 2003).
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However, as already discussed in the section dealing with IscU it was found that in vitro the
HscA—-HscB system enhances the rate of [2Fe—2S] cluster transfer from the IscU dimer, but
that it has no effect on the rate of [4Fe—4S] cluster transfer from IscU dimer to the apo target
protein. These observations suggest the presence of a specific conformation of IscU harboring
a [2Fe—2S] cluster that is able to interact with chaperones (Chandramouli & Johnson, 2006;
Shakamuri et al., 2012; Unciuleac et al., 2007). However, it is still under debate, whether these
properties observed in vitro truly reflect the physiological properties. Nevertheless, based on
in vitro analyses, two mechanisms have been proposed for the interaction of HscA-HscB with
IscU in the transfer process of [2Fe—2S] clusters that are depict in Figure 7.5 (Bonomi et al.,
2011; Kim et al., 2012b).

Ferredoxins are small electron transfer proteins that are found in biological redox systems.
They harbor either a [4Fe—4S], a [3Fe—4S], or a [2Fe—2S] cluster with highly negative reduction
potentials (Beinert, 1990; Holden et al., 1994; Matsubara & Saeki, 1992). Ferredoxins with one
[2Fe—2S] cluster is found in plants, animals, and bacteria (Matsubara & Saeki, 1992; Muller
et al., 1999). They have four cysteine residues that coordinate the Fe—S cluster, however, their
amino acid sequences differ depending on the biological process in which they are involved.
Deletion studies in E. coli have shown that ferredoxins are cruicial in the assembly process of
Fe—S clusters (Tokumoto & Takahashi, 2001). It was revealed that ferredoxin (Yah1p in yeast) is
involved in the formation of the Fe—S cluster on the scaffold protein IscU by the reduction of per-
sulfide (Lange et al., 2000). An additional function of ferredoxin is supposed to be the reductive
coupling of two [2Fe—2S] clusters to one [4Fe—4S] on the scaffold protein IscU (Chandramouli
et al., 2007). Furthermore, pull-down assays in E. coli suggest interactions of ferredoxin with
IscS in the Fe—S cluster assembly step and with HscA and IscA in the transfer step of the Fe-S
cluster to the target apo-protein (Ollagnier-de Choudens et al., 2001; Tokumoto et al., 2002).

IscX is a small protein and its function has not been satisfactorily understood. Studies in
which the iscX gene has been deleted do not reveal any specific phenotype, except a small
decrease of the activity of the transcriptional regulator IscR (Prischi et al., 2010; Tokumoto et al.,
2002). Structural studies reveal a motif that is typically present in DNA-binding proteins (Pastore
et al., 2006; Shimomura et al., 2005). However, it was shown that IscX can inhibit the formation
of Fe—S clusters on the scaffold protein IscU, but does not affect the desulfurase activity of
IscS (Kim et al., 2014). These results strongly suggest the function of IscX as an adaptor that
can modulate Fe—S biosynthesis, rather than being a transcription factor as suggested by its
structure.

140



7.2 Sulfur Utilization Factor (SUF)

apo protein C —_— € holo protein
Pi

AD|
ADP
ATP

A B

D
D
ﬁ”
D

apo IscUp

p
ATP

IscU; with labile [2Fe-2S]

[2Fe-2S] IscU; u HscA R-state

HscB co-chaperone u HscAT-state @ @ [2Fe-25]

apo protein holo protein

888

Figure 7.5: Proposed models for chaperone-mediated transport of Fe—S clusters from IscU dimers (IscU,) to the
target apo proteins. (A) The co-chaperone HscB is bound to IscU; in its structured state (S-form) and targets the
ATP-bound form of the chaperone HscA (T-state with low substrate affinity), resulting in a HscA-HscB-holo-IscU,
complex. Interaction with an Fe—S cluster acceptor apo target protein leads to the hydrolysis of ATP to ADP and
P; and the conformation of HscA changes from T-state to ADP-bound form (R-state with high substrate affinity),
which stabilizes the disordered form (D-form) of IscU.. This leads to the release of the Fe—S cluster and of HscB.
HscA remains bound to the disordered IscU, after the release of ADP, but subsequent binding of ATP induces a
conformational change of HscA to the T-state. HscA in its T-state releases IscU; in its disorderes apo form (Kim
et al., 2012b). (B) The second model involves two isomers of [2Fe—2S]-bound IscU, that differ by their affinity for
the [2Fe—2S] cluster due to different metal coordination (Bonomi et al., 2008). HscB is released from a HscA-HscB-
holo-IscU after ATP hydrolysis and the [2Fe—28S] shifts to the IscU isomer in which the cluster is less tightly bound
and which is stabilized by ADP bound HscA or HscA in the absence of ADP or ATP. The transition of HscA to the
ATP-bound state leads to the release of the [2Fe—2S]—-IscU, protein then able to transfer its Fe—S cluster to the apo
target protein (Bonomi et al., 2011). Figure adapted from Blanc et al. (2015).

7.2 Sulfur Utilization Factor (SUF)

While the ISC pathway is widely spread across almost all domains of life, the SUF system
is less wide distributed. Genes encoding for the SUF machinery are located in the suf operon
(Figure 7.6), which is in E. coli under the control of the iron-dependent Fur regulator (Fontecave
et al., 2005). The SUF machinery is used under stress conditions and it is the sole machinery
for Fe—S cluster biogenesis in archae, cyanobacteria, and many Gram-positive, thermophilic
and pathogenic bacteria, but it is not found in yeast or animals (Bai et al., 2018).
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The specific process of Fe—S cluster assembly via the SUF pathway involves the cysteine
desulfurase SufS, a PLP-dependent enyzme, which catalyzes the transformation of cysteine to
alanine to form persulfide that is bound to a specific cysteine residue of the enzyme to form a
stable intermediate (Bai et al., 2018). The reactivity of SufS was found to be dramatically in-
creased in the presence of SufE, a sulfur transfer protein that receives the persulfide from SufS
via a conserved cysteine residue (Loiseau et al., 2003; Ollagnier-de Choudens et al., 2003a;
Outten et al., 2003). SufE transfers the sulfur to the scaffold complex formed by SufBC,D, the
iron donor remains unknown. The Fe-S cluster is preassembled on the scaffold complex and
then either directly transferred to the apo target protein or via carrier proteins (Bai et al., 2018).

SUfA sufB sufC sufD sufS sufE

SUF ) o)) ) e

Figure 7.6: Operon organization of the genes encoding for the proteins of the SUF machinery in Gram-negative
bacteria such as E. coli (Takahashi & Tokumoto, 2002). The figure is color-coded according to the function of the
corresponding gene products: sulfur-activating enzyme SufS in yellow ,scaffold protein SufB in orange, iron donor
or cluster carrier SufA in light pink, ATPase SufC in green, a sulfur acceptor protein SufE in light green, and a protein
of unknown function, SufD, in cyan. Figure adapted from Blanc et al. (2015).

In the following, the different gene products encoded by the suf operon will be briefly dis-
cussed.

In E. coli the protein SufA is highly similar to the protein IscA, both in structure and function
(Bilder et al., 2004; Wada et al., 2005). Deletion studies show that the proteins seem to have
redundant functions (Lu et al., 2008; Vinella et al., 2009). However, as for IscA the exact func-
tion is unknown. Spectroscopic analysis of E. coli SufA isolated under anaerobic conditions
revealed that the protein hosts a [2Fe—28S] cluster in vivo. Additionally it was shown that SufA
can transfer its [2Fe—2S] cluster to apo [2Fe—2S] and [4Fe—4S] proteins (Gupta et al., 2009;
Ollagnier-de Choudens et al., 2003b), supporting the theory that SufA functions as a carrier for
a subset of Fe—S proteins.

SufB contains several conserved cysteine residues that are capable of assembling Fe-S
clusters (Ayala-Castro et al., 2008; Fontecave & Ollagnier-de Choudens, 2008). The protein
plays a key role in the assembly of Fe—S clusters, since it functions as the core protein of the
SufBC,D scaffold complex. In the SUF pathway of Fe—S biosynthesis, SufB receives persulfide
from the cysteine desulfurase via the sulfur transfer protein SufE (Layer et al., 2007). In the
stable SufBC,D complex, SufB interacts tightly with the proteins SufC, an ATPase, and SufD
(Nachin et al., 2003; Outten et al., 2003). This complex was shown to be capable of transfering
Fe—S clusters to SufA (Chahal et al., 2009); cluster transfer to aconitase B was reported to
occur without the requirement of SufA (Wollers et al., 2010).
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In addition to the SufBC,D complex, a stable SufB,C, complex has been found in vivo (Saini
et al., 2010). Semi-enzymatic reconstitution of SufB leads to the formation of a [4Fe—4S] clus-
ter, which is degraded to a [2Fe—2S] cluster when exposed to oxygen (Layer et al., 2007). The
formation of a [4Fe—4S] cluster in SufB has also been observed, when the protein was part
of the SufBC,D scaffold complex (Wollers et al., 2010). The co-expression of sufB with the
genes sufCDSE led to the isolation of the complexes SufBC.D and SufB,C, with [3Fe—4S] and
[4Fe—4S] clusters (Saini et al., 2010).

The SufBC,D complex also binds one FADH, molecule per complex, which has been pro-
posed to function in the reduction of Fe3* to Fe* or persulfide (S°) to sulfide (S%) (Saini et al.,
2010; Wollers et al., 2010).

The protein SufC is another component of the SufBC,D scaffold complex. The protein was
reported to be a member of ABC-type ATPases that are mostly found to be associated with
membrane proteins, forming a complex that allows translocation across membranes (Holland &
Blight, 1999). The crystal structure of E. coli SufC revealed that despite low sequence similarity
with other ABC-type ATPases, the secondary structures and overall architectures are similar
(Kitaoka et al., 2006). However, no such function was found for SufC. As previously mentioned,
SufC complexes interact with SufB and SufD to form a scaffold complex for the assembly of
Fe—S clusters. When ATP is bound to SufC, two SufC proteins form a dimer. This process was
reported to induce a conformational change within the SufBC,D complex that enables the for-
mation of an Fe—S cluster (Hirabayashi et al., 2015; Yuda et al., 2017).

The biological function of the protein SufD is still not understood. However, it has been pro-
posed to be important for the acquisition of iron during the assembly process (Saini et al.,
2010). The protein SufD is homologous to SufB and both proteins share the same domain or-
ganization (Yuda et al., 2017).

The protein SufS is the cysteine sulfurase within the SUF pathway. This homodimeric protein
is PLP-dependent and catalyzes the transformation of cysteine to alanine to form persulfide
that is required for the assembly of Fe—S clusters (Dos Santos, 2017b; Mihara & Esaki, 2002).
The activity of SufS is more than tenfold enhanced when another homodimeric protein, SufE,
binds to the protein (Lill, 2009). The interaction between SufS and SufE also allows the persul-
fide bound to a cysteine residue in SufS to be transferred to a conserved cysteine residue on
SufE.

From SufE, the persulfide is then transferred to the scaffold protein SufB (Layer et al., 2007).
Surprisingly, the structure of SufE is very similar to the structure of U-type scaffold proteins
such as IscU. Although, SufE does not function as a scaffold protein (Liu et al., 2005). The
structurally characteristic loop that hosts the active cysteine in IscS was not found in SufS. For
this reason, sulfur transfer from SufS typically involves the participation of a sulfur acceptor
protein, such as SufE in E. coli, which serves as an intermediate sulfur-carrier to a scaffold
protein (Blauenburg et al., 2016; Tirupati et al., 2004).
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7.3 Fe-S Cluster assembly in eukaryotes

The early steps of Fe—S cluster assembly in eukaryotes such as Saccharomyces cerevisiae
(S. cerevisiae) are very similar to what has been discussed for the ISC machinery in E. coli.
In S. cerevisiae the process begins within the mitochondria with the components of the ISC
machinery as already described for E. coli (Section 7.1). The early proteins of the ISC machin-
ery include the Isu1 scaffold protein requiring sulfide from the cysteine desulfurase complex
Nfs1-Isd11-Acp1 (Braymer & Lill, 2017; Van Vranken et al., 2016), electrons from the trans-
fer complex NADPH-Arh1 and the ferredoxin Yah1 (Webert et al., 2014), and the regulator
and/or iron donor Yfh1 (Parent et al., 2015). All these proteins are required for the synthesis of
[2Fe—2S] clusters on the scaffold protein Isu1 (Mihlenhoff et al., 2003). The [2Fe—2S] cluster
is then transferred to the monothiol glutaredoxin Grx5 (Uzarska et al., 2013). This transfer is
assisted by the chaperone Ssq1, an ATPase, and the co-chaperone Jac1 (Kampinga & Craig,
2010; Majewska et al., 2013). From Grx5, the [2Fe—-2S] cluster is either directly transferred
to an apo target protein or it is transported to the late proteins of the ISC machinery, namely
the protein complex Isal-Isa2-1ba57, to assemble [4Fe—4S] clusters (Mihlenhoff et al., 2011;
Sheftel et al., 2012). In addition to the [2Fe—2S] cluster proteins of the early ISC machinery
an uncharacterized X-S component is generated that is required for the transport of sulfur to
the components of the CIA machinery for the assembly of cytosolic or nuclear Fe-S cluster
containing proteins. The final trafficking and insertion of [4Fe—4S] clusters into the apo target
proteins was reported to require the proteins Nfu1, Inc1 and Bol. However, this last step is not
well understood (Braymer & Lill, 2017).

7.4 Fe-S cluster assembly in Gram-positive bacteria

The formation of Fe-S clusters in Gram-positive bacteria such as Bacillus subtilis (B. subtilis)
is far less understood than the according processes in Gram-negative bacteria such as E. coli
or in the mitochondria of eukaryotes. Nevertheless, the basic steps in Fe—S cluster assembly
are proposed to be the same as in E. coli, including sulfur activation, assembly of the Fe—S
cluster, and the transfer of the pre-assembled cluster onto the apo target protein (Figure 7.2)
(Dos Santos, 2017b). According to Dos Santos (2017a), three different pathways of Fe—S clus-
ter assembly have been discovered so far: The Clostridia-ISC partway, the Actinobacteria-SUF
pathway, and the Bacilli-SUF pathway. A remarkable difference between Gram-positive and
Gram-negative bacteria is that Gram-positive bacteria usually only host one set of genes en-
coding for an Fe—S cluster assembly machinery, while the genome of Gram-negative bacteria
usually contains at least two Fe—S cluster assembly machineries (Huet et al., 2005; Kobayashi
et al., 2003). Furthermore, Gram-positive bacteria have been reported to have a variety of dif-
ferent cysteine desulfurases encoded on different loci on the genome, each participating in the
synthesis of different sulfur-containing cofactors (Black & Dos Santos, 2015). In Gram-negative
bacteria, one cysteine desulfurase such as IscS is involved in sulfur acquisition for various
sulfur-containing cofactors (Dos Santos, 2017a; Schwartz et al., 2000).
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The genes encoding for the components of the SUF machinery in Gram-positive are lo-
cated in the operon sufCDSUB (Figure 7.7) that slightly differs from the suf operon found in
Gram-negative bacteria (Figure 7.6) (Dos Santos, 2017b). The same is true for the isc operon,
however, the ISC machinery of Gram-positive bacteria will not be the subject of this thesis,
since it is only very rarely distributed. The suf operon from B. subtilis lacks the genes encoding
for the carrier proteins SufE and SufA, but instead harbors the gene encoding for SufU. SufU
was reported to be an U-type scaffold protein that shares high similarities with IscU (Riboldi
et al., 2009). As IscU, SufU contains three conserved cysteine residues that are involved in
Fe—S cluster coordination, but lacks the characteristic LPPVK amino acid sequence. This is in
agreement with the absence of the chaprone proteins HscA and HscB in B. subtilis. Together
with the cysteine desulfurase SufS, the protein SufU catalyzes the sulfur mobilization (Selbach
et al., 2010). SufC is an ATPase as described for Gram-negative bacteria. Binding of SufD to
SufC can enhance the ATP hydrolysis approximately 30-fold. SufBCD is proposed to have the
same scaffold function as the complex SufBC,D in E. coli (Dos Santos, 2017a).

sufC sufD sufS sufUu sufB
SUF [ o

Figure 7.7: Operon organization of the genes encoding for the proteins of the SUF machinery in Gram-positive
bacteria such as B. subtilis (Takahashi & Tokumoto, 2002). The figure is color-coded according to the function of
the corresponding gene products: sulfur-activating enzyme SufS in yellow, scaffold protein SufB in orange, ATPase
SufC in green, a sulfur acceptor protein SufU in light green, and a protein of unknown function, SufD, in cyan. Figure
adapted from Blanc et al. (2015).

7.5 Aim of this thesis

Fe—S cluster assembly machineries in pro- and eukaryotes have been studied for many years
and many components within the pathways and their functions have been deciphered. However,
the recombinant production of Fe—S cluster containing proteins for spectroscopic and structural
studies is still challenging. Isolation of recombinant holo proteins from E. coli is highly desir-
able for the collection of high quality functional and structural data. The objective of this work is
to systematically investigate the synthesis of different Fe—S proteins using different strategies.
We use three target proteins that all host a [4Fe—4S] cluster and that have been extensively
studied in the past. These proteins are the aconitase B (AcnB), 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (IspH) and quinolinate synthase A (NadA), all from E. coli. The influ-
ence of different E. coli cell strains and expression systems on the expression levels and pro-
tein yields, as well as the Fe—S cluster occupancy will be studied. Here, the influence of the

145



Iron-sulfur clusters in pro- and eukaryotes

co-expression of plasmids harboring the genes of either the ISC or the SUF machinery, as well
as the knockdown of the transcriptational regulator of the ISC machinery, IscR, will be inves-
tigated. In addition to different expression systems, we compare the results of the as-isolated
protein samples with protein samples obtained by chemical or semi-enzymatic reconstitution.
Furthermore, we investigate the expression levels, protein yields and Fe—S cluster occupancy
of the radical S-adenosylmethionine (SAM) enzyme ThnB after in vivo and in vitro cluster in-
corporation. The protein is involved in thioether bond formation in the sactipeptide ThnH from
B. thuringiensis and hosts two [4Fe—4S] cluster. Previously, ThnB was isolated in the absence
of the Fe—S clusters and spectroscopic analyses were performed on a chemically reconsituted
sample (Wieckowski et al., 2015). However, in vitro reconstitution of Fe—S clusters can lead
to incomplete cluster formation (Archer et al., 1994; Leartsakulpanich et al., 2000) or iron-
containing precipitate that can lead to falsified results in spectroscopic analyses (Freibert et al.,
2018). Furthermore, excess iron and sulfur that are added to a protein sample within the re-
constitution process may have a negative impact on the crystallization properties of a protein.
Therefore, the isolation of Fe—S cluster containing proteins in its holo form is important to get a
realistic and unadulterated view on the protein.

A second objective of this thesis is to characterize the pyrophosphatase domain of the bifunc-
tional pyrophosphatase-kinase Asp1 from Saccharomyces pombe. Previously, it was reported
that chemical reconstitution of the pyrophosphatase domain of Asp1 (Asp1365-920) |eads to the
formation of a [2Fe—2S] cluster (Wang et al., 2015b). However, the biological function and phys-
iological relevance of this cluster is still under debate. This thesis aims at characterizing the
Fe—S cluster of "as-isolated" Asp1365-920 samples that do not require a reconstitution process
after the protein isolation from E. coli as well as S. pombe. We will use optical spectroscopy,
electron paramagnetic resonance (EPR) spectroscopy, and X-ray absorption spectroscopy to
study the nature, environment and redox state of Asp1365-920_ Studies performed with the "as-
isolated" protein may also lead to a deeper understanding of the biological function of the
protein.

All methods and protocols that will be established or used for the work on this thesis are not
exclusively directed to the proteins that are under investigation. Much more this thesis aims
at obtaining a deeper understanding on how different proteins can be individually addressed
for structural and functional analysis. Special focus will be set on methods for the recombinant
production and isolation of holo Fe—S proteins that do not require additional reconstitution steps,
since chemical or semi-enzymatic reconsitution procedures may entail the risk of the formation
of aggregates or biologically irrelevant clusters.
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8 Comparing the maturation of [4Fe—4S]
cluster containing proteins in vivo and in
vitro

This chapter reflects content of the following publication.

8.1 Publication information

Hannah Rosenbach, Steffen Mielenbrink, Melissa Jansing, Sabine Metzger, and Ingrid Span
To be submitted to: ChemBioChem

8.2 Abstract

Fe—S clusters are ubiquitous cofactors that are essential in many biological processes. The
biosynthesis of Fe—S clusters is strictly regulated in all organisms. Several strategies have
been reported for the maturation of recombinantly produced proteins, however, a systematic
comparison of different maturation protocols for the same target proteins has not yet been re-
ported. In this work, we use three well-characterized [4Fe-4S] proteins, including aconitase B,
4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH), and quinolinate synthase (NadA),
to investigate the influence of different maturation strategies. These include the maturation of
the apo protein using chemical or semi-enzymatic reconstitution, co-expression with two differ-
ent plasmids containing the iron-sulfur cluster (isc) or sulfur formation (suf) operon, and a cell
strain lacking IscR, the transcriptional regulator of the ISC machinery. Our results show that the
maturation of the Fe-S proteins in vivo is more specific and efficient compared to reconstitu-
tion. Surprisingly, we observed that the differences between the in vivo maturation systems are
pronounced, although ISC and SUF should be capable of maturating the same proteins. We
observed that it is difficult to predict which strategy results in successful maturation, thus, the
optimal cell strain has to be determined experimentally. We also provide a rationale for prefer-
ences for SUF versus ISC pathway. Furthermore, we show that the in vivo strategies can be
extended to more complex enzymes, such the radical SAM protein ThnB, which was previously
only maturated by reconstitution. Our results shed light on the differences of in vitro and in vivo
Fe—S cluster maturation and points out the pitfalls of chemical reconstitution.
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8.3 Introduction

Fe—S clusters are ancient and ubiquitous cofactors in proteins. They are involved in many es-
sential biological processes, including such as oxidative respiration, photosynthesis, hydrogen
production, nitrogen fixation, and DNA replication/repair. The most common species found in
proteins are the rhombic [2Fe—2S] and cubic [4Fe—4S] forms and they are predominantly co-
ordinated by cysteine residues, however, other residues can be involved as ligands as well
(Freibert et al., 2018). Fe—S proteins are predominantly involved in electron transfer reactions.
Furthermore, they also play important roles in providing stability to protein structures, regulation
of gene expression, non-redox catalysis, repair and processing of nucleic acids, regulation of
cellular processes, and iron homeostasis (Beinert, 2000; Beinert et al., 1997; White & Dilling-
ham, 2012).

Fe—S cofactors have played a significant role in the metabolism of the primordial cells, which
were formed in an atmosphere with an extremely low oxygen concentration. Under these con-
ditions, oxidation of Fe(ll) to Fe(lll), which is insoluble in water, by molecular oxygen leading to
the degradation of the cluster was not a major issue. The versatility and stability of the cluster
lead to a dominant role in primordial catalysis. With rising oxygen concentration in the atmo-
sphere, some organisms have evolved to utilize copper proteins instead of Fe-S proteins, since
both oxidation states of copper are soluble in aqueous solutions. Despite the need to protect
the cofactors from oxygen, Fe—S proteins are still wildly used cofactors in nature and their key
role in many biological processes makes them the focus of a large research community.

The sensitivity of Fe—S proteins towards oxygen requires special attention during gene ex-
pression, protein isolation and purification. Gene expression occurs in the cytosol with a re-
ducing environment and virtually no free molecular oxygen, so in most cases the cells can be
cultivated under aerobic conditions without an impact on the Fe—S proteins. However, cultiva-
tion of cells under shaking with low speed as well as expression under anaerobic conditions
have been shown to have a beneficial effect on Fe—S protein production (Kuchenreuther et al.,
2010). Escherichia coli (E. coli) is a facultative anaerobic bacterium, thus, it can also be culti-
vated at low oxygen concentrations. After cell lysis, the Fe—S proteins are exposed to molecular
oxygen and their cofactor decomposes rapidly in most cases due to the insolubility of ferric ions.
Some members of the Fe—S protein family are capable of stabilizing protein-bound ferric ions,
such as rubredoxins, or the clusters are protected from the environment by the protein, such as
some ferredoxins, resulting in no or slow degradation of the cluster under aerobic conditions.
In most cases though, isolation and purification of Fe—S proteins lead to protein in apo form or
with partial cluster loading.

Another important consideration is the assembly and transfer of the cofactors to recombi-
nantly produced proteins using the Fe—S bioassembly machinery of the host (see Figure 8.1
for a schematic representation of the components of Fe—S assembly machineries in general).
While the recombinant gene is expressed to an abnormally and excessively high level, the level
of the Fe—S assembly proteins remains unchanged and the machinery is not capable of keep-
ing up with the production of the cofactor. The Fe—S cluster content in partially loaded proteins
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can be enhanced by chemical reconstitution, which is performed by treating the protein with an
inorganic iron and sulfide source in the presence of a reductant (Malkin & Rabinowitz, 1966).
A more sophisticated variation of the reconstitution reaction is a semi-enzymatic approach that
involves the protein cysteine desulfurase and L-cysteine instead an inorganic sulfur source
(Figure 8.2A) (Gao et al., 2013).

Cysteine Desulfurase Scaffold Protein Apo Protein Holo Protein

]
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Cysteine  Alanine ‘
Carrier/Chaperone

Figure 8.1: Schematic representation of iron sulfur cluster assembly machineries such as the ISC and SUF ma-
chinery. Adapted from Lill (2009).

In cases where the nature of the native Fe—S cluster has not been ascertained, chemical
reconstitution can result in incomplete cluster formation or assembly of artifacts (Archer et al.,
1994; Leartsakulpanich et al., 2000). Biosynthesis of the Fe—S clusters in vivo by co-expression
of the genes encoding for the Fe—S cluster assembly machinery ensures the incorporation of
biologically relevant cluster forms. While the Iron Sulfur Cluster (ISC) machinery is used for
housekeeping cluster assembly under standard growth conditions in bacteria and eukaryotic
mitochondria (reviewed byLill), the Sulfur Formation (SUF, also termed Sulfur Utilization Factor)
machinery is used under stress conditions in bacteria and chloroplasts of eukaryotes (reviewed
by Bai et al.). SUF is the sole machinery for Fe—S cluster biogenesis in archaea, cyanobacteria,
and many Gram-positive, thermophilic and pathogenic bacteria (Pérard & de Choudens, 2018).
Additional machineries responsible for Fe-S cluster assembly are the Nitrogen Fixation (NIF)
system that plays a specialized role in the maturation of Fe—S cluster proteins in nitrogen fixing
organisms such as Azotobacter vinelandii (Pérard & de Choudens, 2018), the Cysteine Sulfi-
nate Desulfinase (CSD) from E. coli that has components similar to the ISC or SUF system, but
lacks a scaffold protein (Loiseau et al., 2005), and the Cytosolic Iron-Sulfur Cluster Assembly
(CIA) system, that is responsible for cytosolic and nuclear Fe—S cluster assembly in eukaryotes
(reviewed Sharma et al.). All Fe-S biosynthesis pathways follow the same pattern and include
enzymes with similar function (Figure 8.1). The cysteine desulfurase converts the substrate
L-cysteine into L-alanine and provides the sulfur to the scaffold protein. The requirement of an
iron donor protein or the specific iron source are not clear (lannuzzi et al., 2011; Layer et al.,
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2006; Roche et al., 2015). For the bacterial pathway, it has been shown that a complex of cys-
teine desulfurase and scaffold protein is formed that assembles [2Fe—2S] and possibly also
[4Fe—4S] clusters in the presence of an electron source (Agar et al., 2000a,b; Marinoni et al.,
2012). Previous studies have shown that co-expression of genes encoding for Fe—S proteins
with the isc or suf operon have resulted in higher protein yields and increased cofactor content
(Figure 8.2B) (Grawert et al., 2004; Hanzelmann et al., 2004). Furthermore, it was reported
that the deletion of the gene encoding for the transcriptional regulator of the ISC machinery,
iscR, in E. coli BL21(DE3) cells results in an enhanced expression of the isc operon provid-
ing as an alternative to plasmid-based overexpression (Figure 8.2B) (Schwartz et al., 2001).
Each method has been successfully used for one or several proteins (Akhtar & Jones, 2008;
Gao et al., 2013; Grawert et al., 2004; Hanzelmann et al., 2004; Malkin & Rabinowitz, 1966),
however, systematic studies comparing several different strategies for the same protein have
not been reported. The obvious approach would be to use the biosynthesis machinery that is
biological relevant, which is only possible for prokaryotic proteins. In addition, the co-expression
of two plasmids may result in an additional stress for the host cells and, therefore, reduce the
productivity of protein synthesis.
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Figure 8.2: Assembly of Fe—S clusters in proteins. (A) Schematic overview on the workflow for chemical and semi-
enzymatic in vitro reconstitution of Fe—S cluster into the apo form of a protein. While for chemical reconstitution
an inorganic sulfur source is required, semi-enzymatic reconstitution requires the cysteine desulfurase IscS and
L-cysteine as an organic sulfur source. Both methods require an inorganic iron source. (B) Schematic overview of in
vivo assembly for the isolation of Fe cluster proteins in their holo form using the co-expression of the target protein
with the plasmids pSUF or pISC in BL21(DE3) as well as the expression of the target protein in BL21(DE3) AiscR.
Cells are cultivated in growth media supplemented with inorganic iron and L-cysteine as a sulfur source.

In this study, we investigate six different strategies for the production of [4Fe—4S] proteins
using four different target proteins. Our study shows that selection of the appropriate strategy
for cluster incorporation not only influences the cofactor content in proteins, but also signif-
icantly alters the expression levels of the recombinant genes. We use electronic absorption
spectroscopy (EAS) and circular dichroism (CD) spectroscopy to assess the amount of Fe—S
cluster bound to the proteins as well as the specificity of the method. In addition, we quantified
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the Fe—S cluster content of the samples using inductively coupled plasma mass spectroscopy
(ICP-MS).

We chose E. coli aconitase B (AcnB), E. coli 4-hydroxy-3-methylbut-2-enyl diphosphate re-
ductase (IspH), E. coli quinolinate synthase A (NadA) and Bacillus thuringiensis Thurincin B
(ThnB) as target proteins, since all proteins bind [4Fe—4S] clusters that are coordinated by
three cysteine residues. ThnB harbors a second [4Fe—4S] cluster that is coordinated by four
cysteines. We have chosen three proteins that have previously been studied extensively and
the properties of their cofactor is well established. In addition, we included a radical SAM en-
zyme in our study, where we have observed a dramatic impact of the expression system.

In the presence of iron, AcnB from E. coli functions as an enzyme in the essential citric acid
cycle and the glyoxylate cycle, which assembles a [4Fe—4S] cluster. Under oxidative stress con-
ditions and iron starvation, the Fe—S cluster disassembles and the enzymatically inactive apo
protein functions as a nucleic acid binding protein, which binds to its own mRNA for positive
regulation (Beinert & Kennedy, 1993; Tang & Guest, 1999; Williams et al., 2002). The crystal
structure of an inactive porcine heart mitochondrial aconitase hosting a [3Fe—4S] cluster re-
veals that the cluster is ligated by three cysteine residues (Robbins & Stout, 1989). The fourth
coordination partner in the active form of the aconitase with a [4Fe—4S] cluster is proposed to be
the citrate substrate (Beinert & Kennedy, 1993). IspH from E. coli produces the universal pre-
cursors of terpenes in the methylerythritol phosphate isoprenoid biosynthesis using its 2H* /2e”
reductase activity (Span et al., 2012). The protein hosts a [4Fe—4S] cluster (Span et al., 2012),
but enzymatic activity has also been discovered in the presence of a [3Fe—4S] cluster (Grawert
et al., 2009). In both cases, the cluster is coordinated by three cysteine residues, as known
from the aconitase. NadA from E. coli plays an important role in the synthesis of nicotinamide
adenine dinucleotide (NAD), an essential cofactor in numerous important redox reactions (Be-
gley et al., 2001). It harbors a [4Fe—4S] cluster coordinated by 3 cysteine residues (Cicchillo
et al., 2005). The protein ThnB from B. thuringiensis is a member of the so-called radical SAM
enzymes, that are reported to be involved in the maturation process of sactipeptides (Wieck-
owski et al., 2015). Sactipeptides represent a new class of natural products featuring promising
antimicrobial activities. However, the role of these peptides within the producer strain remains
unknown (Fliihe & Marahiel, 2013). The first step in the biosynthesis of these sactipeptides
is the formation of the characteristic cysteine-sulfur to a-carbon thioether linkage in the pre-
cursor peptide (FIhe & Marahiel, 2013; Lohans & Vederas, 2014). It has been shown that
this reaction is catalyzed by enzymes that incorporate two Fe-S clusters and a SAM cofac-
tor. These enzymes share a characteristic CX3CX2C motif, which is capable of binding one
catalytic [4Fe—4S] cluster that is required for the reductive cleavage of SAM into methionine
and a 5’-deoxyadenosyl (5’-dA) radical (Broderick et al., 2014; Roach, 2011). The function of
a second [4Fe—4S] cluster, hosted by radical SAM enzymes and studied for example in the
radical SAM enzyme family members subtilisin A (AlbA) and sporulation killing factor (SkfB) is
supposed to be electron transfer during the process of thioether bond formation (Flihe et al.,
2013, 2012; Flihe & Marahiel, 2013).
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The proteins AcnB, IspH and NadA studied in that work were all taken from E. coli, whereas
the radical SAM enzyme ThnB was taken from B. thuringiensis. While E. coli hosts both the
ISC and the SUF machinery (Mettert & Kiley, 2014), in for Gram-positive bacteria such as
B. subtilis, only the SUF machinery is thought to be the sole prevalent pathway (Selbach et al.,
2014). Therefore, we set special focus on how the co-expression with the ISC or SUF machinery
from E. coli influences the expression of the radical SAM protein from B. thuringiensis.

Several spectroscopic techniques, including the optical absorption methods EAS and CD
spectroscopy, can be used for the biophysical characterization of Fe—S cluster containing pro-
teins. Among the broad variety of spectroscopic methods including electron paramagnetic res-
onance (EPR) (Jasniewski et al., 2019), Mdssbauer (Dunham et al., 1994), X-ray absorption
(Ward et al., 2014) or resonance Raman spectroscopy (Spiro & Czernuszewicz, 1995), EAS
and CD spectroscopy are the most widespread techniques that require only uM protein con-
centrations and small volumes of the samples.

Fe-S clusters usually show broad but characteristic absorption bands in the EAS These
characteristic features can be used to roughly estimate the type of Fe-S cluster present in
the protein. Generally spoken, proteins containing a [2Fe—2S] show more complex absorption
bands between 410 nm and 430 nm, in the range of 470 nm, as well as a relatively broad
maximum between 550 nm and 600 nm, while proteins containing a [4Fe—4S] cluster show a
characteristic peak between 400 nm and 420 nm (Freibert et al., 2018).

8.4 Material and Methods

8.4.1 Gene expression and protein isolation

For gene expression in E. coli BL21(DE3) overnight starting cultures containing one of the
plasmids hosting the genes acnB, ispH, nadA or thnB were used to inoculate 2x Yeast ex-
tract (2YT) medium at 1% (v/v). 2YT medium was supplemented with a final concentration of
100 pg/ml ampicillin and the cells were cultivated under shaking at 37°C and 160 rpm until
the optical density measured at 600 nm (ODggg) reached 2. Gene expression was induced by
adding 0.5 mM Isopropyl-3-D-thiogalactopyranosid (IPTG). For the gene expression supported
by the operons of the Fe—S cluster assembly machineries, overnight starting cultures of E.
coli BL21(DE3) AiscR (Akhtar & Jones, 2008) containing the plasmids encoding for the target
protein as well as E. coli BL21(DE3) containing one plasmid encoding for the target protein
as well as a second plasmid pACYCiscS-fdx (pISC) (Grawert et al., 2004) or pACYC-Duet-
1-suf (pSUF) (Hanzelmann et al., 2004) were used to inoculate 2YT medium at 1% (v/v). TB
medium was supplemented with kanamycin (50 pg/ml), ampicillin (100 pg/ml) or chlorampheni-
col (25 pg/ml) as needed, as well as ferric ammonium citrate (2 mM final concentration). Cells
were cultivated aerobically at 37°C and 160 rpm until the ODggg reached 2. Subsequently, the
gene expression was induced using 0.5 mM IPTG. To facilitate Fe—S cluster assembly 2 mM
L-cysteine were added. All cultures were incubated at 25°C and 140 rpm for 20 h following
induction. Cells were harvested by centrifugation for 10 min at 6,000 x g and 4°C. For cell lysis
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cells were resuspended in 50 mM Tris pH 8.0, 150 mM NaCl containing EDTA-free cOmplete™
Protease Inhibitor Cocktail Tablets (Roche, Basel, Switzerland) were added according to the
manufacturer’s instructions. After stirring at room temperature (RT) for 20 min under anaerobic
conditions, the samples were covered with argon to maintain anaerobic conditions and the cell
suspension was sonicated for 20 min with an amplitude of 60% and a pulse of 1 s every 3 s
using VS70/T sonotrode (Bandelin electronic, Berlin, Germany). Argon covered lysates were
clarified by centrifugation at 40,000 x g.

8.4.2 Anaerobic protein purification

Protein purification and all following procedures were carried out under strictly anaerobic con-
dition in an anaerobic chamber with < 2 ppm O.. Isolation and purification of the protein was
performed using immobilized metal affinity chromatography. Therefore, protein lysates were
applied to a Protino Ni-NTA Agarose column (Macherey-Nagel, Diren, Germany) that was
equilibrated in wash buffer (50 mM Tris pH 8.0, 150 mMNaCl) using an AKTA start system
(GE Healthcare, Little Chalfont, UK). The column was then washed with wash buffer containing
50 mM imidazole to remove unspecifically bound proteins and the target protein was eluted
with 250 mM imidazole. Fractions containing the target protein were pooled, dialyzed against
wash buffer, and their purity was analyzed by SDS-PAGE. Protein concentrations of the protein
samples were determined using the Bradford method (Bradford, 1976).

8.4.3 Chemical reconstitution

For the first step of the chemical reconstitution reaction, the reduction of the as-isolated protein
with dithiothreitol (DTT), 100 uM protein solution were incubated with 1 mM DTT for 1 h on
ice and then supplemented with 600 uM ferric ammonium citrate (FAC) and 600 uM Li>S for
the proteins with one [4Fe—4S] cluster. In case of ThnB, which contains two [4Fe—4S] clusters
800 uM FAC and 800 uM Li»S were added. After an incubation time of 1 h the protein was
applied to a PD-10 Desalting Column (GE Healtthcare, Little Chalfont, UK) that was equilibrated
with 50 mM HEPES, pH 7.5; 100 mM KCI to separate the protein from excess iron and sulfide.
Finally, the volume of the protein solution was adjusted to 500 pl.

8.4.4 Semi-enzymatic reconstitution

For the semi-enzymatic reconstitution reaction 100 uM protein solution were incubated on ice
with 1 mM DTT for 1 h. Then 20 uM E. coli cysteine desulfurase IscS, 5 mM L-cysteine, and
600 uM FAC were added to the protein followed by an incubation of 1 h at RT. Subsequently,
excess reagents were removed using a PD-10 Desalting Column (GE Healtthcare, Little Chal-
font, UK) equilibrated with 50 mM HEPES, pH .5; 100 mM KCI. Finally, the volume of the protein
solution was adjusted to 500 pl.
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8.4.5 Determination of metal content

To obtain the metal-to-monomer ratio of the isolated samples, we determined the protein con-
centration using the Bradford method (Bradford, 1976) and measured the iron content using
inductively coupled plasma mass spectroscopy. Samples were prepared by precipitating 10 uM
of freshly, anaerobically isolated protein with 3% trace-metal grade nitric acid. Precipitate was
removed by centrifugation for 30 min at 15,000 x g and the sample was then transferred to
a metal-free centrifugation tube (VWR, Radnor, PA, USA). Measurements of the iron content
were performed using an Agilent 7700 ICP-MS (Agilent Technologies, Waldbronn, Germany)
in the Biocenter MS-Platform at the University of Cologne. The measurements were done by
strictly following the manufacturer’s instructions using He in the collision cell mode to minimize
spectral interferences. Measurements were performed in technical triplicates and the presented
data has an r? value of 0.999.

8.4.6 Electronic absorption spectroscopy (EAS)

Electronic absorption spectra were collected using a Cary-60 spectrophotometer (Agilent Tech-
nologies, Ratingen, Germany) with 1 nm bandwidth, a scanning speed of 120 nm/min and a
1-cm-path-length quartz cuvette at RT.

8.4.7 Circular dichroism (CD) spectroscopy

CD spectra were collected using a Jasco J-815 Circular dichroism spectrometer (Jasco Ger-
many, Pfungstadt, Germany) with a scanning speed of 100 nm/min and a bandwidth of 5 nm in
a 2 mm path length quartz cuvette. An average of 20 scans was collected at 20°C with 1 nm
resolution. The spectra were processed with the Spectra Analysis software using the Adaptive-
Smoothing function with the following parameters: convolution width 15, noise deviations 1. CD
spectra of HEPES and Tris buffer (Figure S8.3) were subtracted from protein spectra prior to
the calculation of the molar ellipticity and plotting the data. Samples for CD spectroscopy were
in a concentration range between 150 and 300 puM.

8.5 Results and discussion

The production of correctly assembled Fe—S cluster proteins is a major challenge in the field.
We have compared six different strategies for protein production in this work: (i) expression
in BL21(DE3); (ii) expression in BL21(DE3) and chemical reconstitution; (iii) expression in
BL21(DE3) and semi-enzymatic reconstitution; (iv) co-expression in BL21(DE3) with pISC; (v)
co-expression in BL21(DE3) with pSUF; and (vi) expression in BL21(DE3) AiscR. Hereby, gene
expression was always performed under aerobic conditions, cell lysis and all further steps under
anaerobic conditions. The target proteins E. coli AcnB, E. coli IspH, and E. coli NadA contain
one [4Fe—4S] cluster ligated by three cysteine residues. We also studied cluster incorporation
into the radical SAM enzyme B. thuringiensis ThnB that contains two Fe—S clusters, one of
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them with an open coordination site for the SAM cofactor. We studied the impact of the protocol
on expression levels, Fe—S cluster content, and specificity of cluster incorporation.

8.5.1 Expression levels

We compared the protein levels obtained in different cell lines, including XL1-Blue, BL21(DE3),
and BL21 (DE3) AiscR utilizing SDS-PAGE and Western blot analysis (Figure 8.3). Common
BL21(DES3) cells harbor both, the ISC and SUF Fe—-S pathways (Barras et al., 2005; Johnson
et al., 2005). However, when expressing genes to an abnormally high level, the endogenous
enzymes involved in biosynthesis are not capable of producing and transferring a sufficient
amount of Fe—S clusters. BL21(DE3) cells containing an additional plasmid encoding for the
Fe—S assembly machineries ISC or SUF produce an increased level of ISC or SUF proteins,
respectively, which may result in increased levels of Fe-S cluster content in the target pro-
tein. XL1-Blue cells are routinely utilized for cloning, yet they have been successfully applied
for co-expression of IspH with the ISC proteins (Grawert et al., 2004), therefore, we included
expression tests with XL1-Blue cells harboring pISC or pSUF in our study. Another approach
to increase the level of Fe—S biosynthesis proteins is to delete the regulator of the ISC path-
way, IscR, which is responsible for the attenuation of the ISC proteins. The E. coli BL21(DES3)
AiscR cell strain shows an upregulation of isc operon expression, leading to higher levels of
the ISC proteins and the ability to maturate abnormally high levels of Fe—S proteins. Notably,
recent studies indicate a more general role of IscR in the regulation of Fe—S cluster biogenesis,
therefore the deletion of IscR may also influence the SUF protein levels (Giel et al., 2006).
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Figure 8.3: Analysis of ispH, nadA and acnB expression in different systems. The cell lysate was analyzed by SDS-
PAGE on a 15% Tris-Glycine gel and proteins were visualized by Coomassie staining (top) and the corresponding a
Western blot analysis using a conjugated anti-Histidine antibody (bottom).
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The constructs for IspH, NadA, and AcnB were designed to result in proteins with an N-
terminal Histidine affinity tag followed by the recognition site for the TEV protease to allow for
cleavage of the Histidine affinity tag. In addition, we have also investigated the expression of
the constructs pQE30-ispH (Grawert et al., 2004) with a Histidine affinity tag and no protease
recognition site as well as pET46-nadA with a Histidine affinity tag and an enterokinase cleav-
age site. These constructs were previously used for protein production, however, the Histidine
affinity tag enhances the purity after the first purification step and is, thus, more suitable for our
study. We expressed the five different constructs in six different cell lines, except pQE30-ispH,
which did not co-transform with neither the pISC, nor the pSUF plasmid.

Western blot analysis indicated that pQE30-ispH does not express in either cell strain, which
is surprising, as previous studies report high protein yields for pQE30-ispH using the XL1-Blue
cells harboring the pISC plasmid (Grawert et al., 2004). The pISC plasmid used for protein
biosynthesis in this study is different from the one previously used, since it was discovered that
the originally used pISC plasmid contained three point mutation in the iscS and iscU genes
(Span, 2012). Interestingly, correction of these mutations resulted in a dramatic reduction of
ispH expression in E. coli XL1-Blue cells. SDS-PAGE analysis shows protein bands for expres-
sion in BL21(DE3) and BL21(DE3) AiscR, suggesting that IspH protein is synthesized. The
Histidine affinity tag of this construct is shorter, which could influence the Western blot analy-
sis. Another possibility is that the Histidine affinity tag is not accessible, possibly due to dimer
formation, which was also observed in the crystal structure (Grawert et al., 2009).

We also observe no detectable expression of either protein in the XL1-Blue cell line indepen-
dent of the co-transformed plasmid. Furthermore, we obtained high amounts of protein for all
other samples and Western blot analysis confirmed that the proteins carry a Histidine affinity
tag and are most certainly our target proteins. Notably, the intensity of the signal on the Western
blot does not necessary correspond to the amount of protein, since there are several factors
that influence staining. Thus, we base our decision of which expression system to select for
protein production not fully on SDS-PAGE or Western blot analysis, but on the resulting protein
yield after the initial purification step.

The protein AcnB from E. coli is a [4Fe—4S] cluster protein that plays a key role in the citric
acid cycle under conditions in which sufficient iron is present, whereas in the absence of iron,
the protein loses its enzymatic activity and functions as a nucleic acid binding protein, stabilizing
its own mRNA (Beinert & Kennedy, 1993; Tang & Guest, 1999; Williams et al., 2002). Western
blot analysis of cell lysates after the expression of the protein in E. coli BL21(DE3) provide
evidence that additional co-expression of the acnB gene with genes encoding for the SUF or
ISC machinery do not have an influence on the protein levels of AcnB. The same is true for
the expression of acnB in BL21(DE3) AiscR (Figure 8.3). In all cases, expression was directed
from a pET16bTEV expression plasmid resulting in a target protein with an N-terminal Histidine
affinity tag.

Purification of AcnB has only slightly been influenced by the choice of the expression system.
Isolation of AcnB from BL21(DE3) with the additional plasmid pSUF and from BL21(DE3) AiscR
resulted in 500 pl protein solution with a concentration of approximately 300 uM (75 nmol, 7 mg)
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obtained from 1 | expression culture using immobilized metal affinity chromatography (IMAC).
Isolation of AcnB from BL21(DE3) with and without the additional plasmid pISC resulted in
500 pl protein solution with a slightly lower concentration of 250 uM (63 nmol, 6 mg) (Table 8.1,
Figure S8.1).

The protein IspH from E. coli is an enzyme catalyzing the conversion of 1-hydroxy-2-methyl-
2-(E)-butenyl diphosphate into isopentenyl diphosphate and dimethylallyldiphosphate in the
nonmevalonate isoprenoid biosynthesis pathway. The protein hosts a [4Fe—4S] cluster (Span
et al., 2012), but enzymatic activity can also be discovered in a variant hosting a [3Fe—4S]
cluster (Grawert et al., 2009). In this study, we expressed the ispH gene fused to an N-terminal
Histidine affinity tag from a pET16bTEV expression vector in BL21(DE3) and BL21(DE3) AiscR
cells in the presence and absence of the plasmids pSUF and pISC and compared our results
with previously reported spectroscopic data on IspH. Previous studies on IspH used either the
E. coli strain M15[pREP4] or XL1-Blue with the ispH gene hosted in a pQE30 expression vector
(Grawert et al., 2004; Wolff et al., 2003). In the latter study using E. coli XL1-Blue cells for gene
expression, the pISC plasmid was co-expressed with the pQE30 expression vector hosting the
target protein, however the growth medium was not supplemented with additional iron or sulfur
sources. Isolation of the protein was carried out under strictly anaerobic conditions resulting in
a protein fraction that shows a significant peak at 410 nm with a molar extinction coefficient of
11.9 mM" cm for a monomeric protein structure (Grawert et al., 2004). Purification of IspH
isolated from E. coli M15[pREP4] was performed aerobically and the Fe—S cluster was then
anaerobically reconstituted using Na,S, FeCl; and DTT. Here, a molar extinction coefficient at
410 nm with a value of 18.75 mM™ cm™ has been observed for a dimeric protein structure
(Wolff et al., 2003). In this study, we explored that the co-expression of the ispH gene with the
plasmids pSUF and pISC had a positive effect on the protein level in BL21(DE3) (Figure 8.3).
For expression in BL21(DE3) in the absence of pSUF and pISC as well as the expression
in BL21(DE3) AiscR reduced protein levels have been observed. Additionally, we tested the
expression of ispH directed from the expression vector pET16bTEV in E. coli XL1-Blue with
the additional plasmids pISC and pSUF respectively, but Western blot analysis revealed that
the protein production using these expression systems was not successful. The same is true
for the expression of ispH directed from the expression vector pQE30 in BL21(DE3) with and
without the plasmids pSUF and pISC as well as in BL21(DE3) AiscR (Figure 8.3). The protein
yields obtained after the purification process are in agreement with the observations for the ex-
pression levels of ispH. After the IspH isolation from BL21(DE3) with pSUF or pISC 500 pl with a
concentration of 150 uM (38 nmol, 1.4 mg) were obtained, while the concentrations were higher
in samples obtained from the expression in BL21(DE3) and from BL21(DE3) AiscR(500 pl with
a concentration of 250 pl, i.e. 63 nmol, 2.3 mg) (Table 8.2 and Figure S8.1).

Quinolinic acid is an intermediate in the synthesis of NAD that is an important cofactor in
numerous redox reactions (Begley et al., 2001). E. coli and most other prokaryotes gener-
ate quinolinic acid via a condensation reaction between dihydroxyacetone phosphate and imi-
nosuccinate. For this purpose, two proteins are required: the quinolinate synthetase, NadA,
and the aspartate oxidase, NadB (Begley et al., 2001). In this study we are focusing on the
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[4Fe—4S] cluster protein NadA. In a previous study, the presence and nature of the Fe-S clus-
ter has been explored after the expression of nadA on the expression plasmid pET-28A in E. coli
with an additional arabinose-inducible plasmid pDB1282 harboring the genes encoding for the
proteins of the ISC machinery (Cicchillo et al., 2005). Spectroscopic analysis to verify the pres-
ence of the [4Fe—4S] cluster was carried out either on the as-isolated protein using EAS and
EPR spectroscopy or with a chemically reconstituted sample using Méssbauer spectroscopy.
In the present study, we tested two constructs for the expression of the gene nadA: In analogy
to our studies on AcnB, IspH and ThnB we generated a construct in which the gene was in-
corporated into the expression plasmid pET16bTEV. However, using Western blot analysis, we
could not detect any recombinant protein production neither in E. coli BL21(DE3), BL21(DES3)
AiscR, nor XL1-Blue (Figure 8.3). Interestingly, the NadA protein levels could be significantly
increased using a pET46-nadA construct that also allows for the expression of a fusion protein
with an N-terminal Histidine affinity tag. Here, the highest expression levels could be detected
in BL21(DE3) in the presence of pSUF in BL21 AiscR, while the expression levels were mod-
erate when the genes encoding for the ISC machinery were co-expressed in BL21(DE3) as
well as in BL21(DE3) without co-expression. Purification via IMAC resulted in highly pure pro-
tein samples. In a reduced volume of 500 pl after the isolation process a concentration of
250 pM (63 nmol, 2.5 mg) was detected for the samples obtained from BL21(DE3) AiscR,
and BL21(DE3) with the additional plasmid pSUF, while a significantly lower concentration of
150 uM (38 nmol, 1.5 mg) has been detected in the sample obtained from BL21(DE3) without
the co-expression of Fe—S cluster assembly machineries and with additional co-expression of
pISC (Table FeSTable3 and Figure S8.1).

8.5.2 Analysis of iron content

The first protein that we investigated in terms of Fe—S cluster maturation is E. coli AcnB, which
contains an [3Fe—4S] cluster in the inactive form that can be activated by conversion to the
[4Fe—4S] form. Our spectroscopic analysis of AcnB produced using the previously mentioned
strategies reveals significant differences in the cluster occupancy of the different samples. Ex-
pression in BL21(DES3) cells in the absence or presence of an additional plasmid encoding for
the genes for the ISC or SUF machinery led to the isolation of the apo protein without sig-
nificant amounts of iron as indicated by an electronic spectra (Figure 8.4A). The absorption
bands at 325 nm and in the range of 400—420 nm with low intensities and molar extinction
coefficients below 3 mM-cm™ (Table 8.1) are a strong indicators for low Fe—S cluster content.
Protein obtained from E. coli BL21(DE3) AiscR cells shows a molar extinction coefficient of
7.6 mM'em™ at 420 nm, suggesting an improved incorporation of Fe-S clusters into the pro-
tein. According to the literature, values of 10 mM-'cm™ are common for fully loaded Fe-S pro-
teins (Jacquot, 2017), leading to the conclusion that the majority of AcnB protein obtained from
E. coli BL21(DE3) AiscR cells contains an Fe—S cluster. We were able to increase the amount
of Fe—S cluster in protein isolated in the apo form from E. coli BL21(DE3) cells using chemical or
semi-enzymatic reconstitution. Both protocols led to samples with a molar extinction coefficient
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of > 18 mM-'cm™ for the major absorption band. Surprisingly, the molar extinction coefficients
of the major signal are significantly higher than previously reported for E. coli AcnB obtained by
expression in the E. coli strain W3110 and reconstituted with (NH4)2Fe(SO4), NasS, and DTT
after (8 mM'cm™ to 10 mM'cm™) (Jordan et al., 1999). Interestingly, we also observe a shift of
the most prominent signal from 420 nm to 400 nm in the protein sample obtained by chemical
reconstitution. Furthermore, we observe a large absorption feature at wavelengths higher than
650 nm, indicating impurities that are not bound to the protein but cannot be separated using a
desalting column.

To investigate the sample in more detail, we measured CD spectra in the visible region
(Stephens et al.,, 1978). The chiral nature of Fe-S clusters inside proteins makes Fe-S pro-
teins amenable for CD spectroscopy. While all Fe—S proteins exhibit characteristics CD signals,
the CD spectra of [4Fe—4S] cluster containing proteins are less defined compared to [2Fe—2S]
proteins and often of low intensity (Freibert et al., 2018). Low intensity or absence of a signal in
the CD spectrum is an indicator of either low concentration of a species or a highly symmetric
environment. The advantage of CD spectroscopy over EAS is that the absorption bands split
up to maxima and minima, therefore, facilitating the detection of subtle changes, and bands
deriving from absorbing impurities do not contribute to the spectrum. The latter includes metal
ions in solution, as well as metal complexes formed with buffer substances or other reagents,
such as reducing substances.

The electronic spectra of the AcnB samples show bands at 325 nm and in the region of
400—420 nm, which are characteristic for protein-bound [4Fe—4S] clusters, however, all absorp-
tion features are quite broad with a high background. The bands in the CD spectra show minima
at 325 nm and 400 nm as well as maxima at 310 nm, 360 nm, 450 nm, 590 nm, and 640 nm.
When taking a closer look at the 400-450 nm range of the CD spectrum it becomes evident that
the absorption bands for both reconstituted samples are at 410 nm, whereas the predominant
band of the samples from the BL21(DE3) AiscR cells is located at 450 nm. This shift most likely
indicates differences in the oxidation states of the [4Fe—4S] cluster, similar to the observations
for the [4Fe—4S] ferredoxin from Bacillus stearothermophilus (Mullinger et al., 1975). The elec-
tronic spectrum of the oxidized cluster in ferredoxin resembles the spectrum of AcnB protein.
The maximum at 410 nm in the ferredoxin spectrum was assigned to the oxidized form of the
[4Fe—4S] cluster, whereas the maximum at 450 nm corresponds to the reduced form. These
findings suggest that the [4Fe—4S] cluster is in a different oxidation state when matured in vitro,
which has a dramatic impact on the characterization of proteins by spectroscopy.

Absorption features in CD spectra can be more easily distinguished from each other than
in electronic spectra, especially the features beyond 550 nm. The baseline was corrected for
the buffer used for the samples, however, the baseline of some of the AcnB samples is unex-
pectedly high above 600 nm. In addition, the noise levels increase significantly beyond 600 nm.
Therefore, it is difficult to compare the molar ellipticity values analogous to molar extinction
coefficients. Despite the shifted baselines, the CD spectra indicate that the samples obtained
by chemical and semi-enzymatic reconstitution do not contain significantly more Fe—S clusters
than the in vivo maturated samples isolated from E. coli BL21(DE3) AiscR cells. In addition,
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Figure 8.4: Analysis of Fe-S content of AcnB protein obtained by different strategies. (A) Electronic absorption
spectra reveal the Fe—S content of the AcnB protein. Corresponding CD spectra are shown in Figure S8.2A. (B) Iron
content per monomer of the samples in (A) determined by ICP-MS measurements. AcnB protein as-isolated from
E. coli BL21(DEB3) is shown in grey, samples obtained by subsequent chemical or semi-enzymatic reconstitution are
displayed in pink or orange, respectively. Samples co-expressed with either pISC or pSUF are shown in green or
blue, respectively, and protein isolated from BL21(DE3) AiscR is presented in purple.

the broad features at 590 nm and 640 nm support the presence of impurities consisting most
likely of Fe—S aggregates.

To determine the amount of iron bound to the AcnB protein, we adjusted the protein con-
centration of all samples and measured the iron content utilizing ICP-MS. Hence, we were
able to determine the iron per monomer ratio for AcnB obtained by different protocols. Our re-
sults show that the samples isolated form E. coli BL21(DE3) contain approximately one iron
per monomer, while the samples isolated from E. coli BL21(DE3) co-expressed with either the
pISC or pSUF plasmid contain up to two iron per monomer (Figure 8.4B). AcnB as isolated from
E. coli BL21(DE3) AiscR binds close to four iron per monomer, pointing to a fully loaded Fe-S
protein. In line with the spectroscopic results, the protein obtained by chemical reconstitution
binds more than five irons per monomer, suggesting adventitious metal binding. Surprisingly,
the samples obtained by semi-enzymatic reconstitution show an iron content lower than 3,
which is significantly lower than expected based on the high absorption at 420 nm in the EAS.
We speculate that the discrepancy between this ICP-MS result and the EAS may be caused by
inaccuracy during determining the protein concentration, which has previously been reported
to be the most error-prone step (Galle et al., 2018). In summary, our results show that reconsti-
tution of Fe—S cluster using the chemical or semi-enzymatic approach lead to high amount of
Fe—S cluster content, however, these samples contain also a larger amount of impurities, pre-
sumably consisting of Fe—S aggregates. Assembly of Fe—S clusters in vivo is more specific and
efficient, as the reconstitution step as well as subsequent purification steps are not required.
The best result for AcnB protein was achieved by isolating the protein from BL21(DE3) AiscR.

As previously mentioned, the ISC machinery is responsible for the production of Fe-S clus-
ters in E. coli under normal conditions, while the SUF machinery fulfils the same function under
stress conditions. Under oxidative stress or iron depletion condition, AcnB enhances its own
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Table 8.1: Overview on different expression strategies and reconstitution methods for the Fe—S cluster protein AcnB.

Significant Extinction Yield  [nmol]
Expression g coefficient Fe/monomer per | cell Purity [%]
band [nm] A
strategy [mM-cm '] culture
BL21(DESJ) 420 1.6 1.1 60 >90
BL21(DESJ) 400 18.9 5.5 53 —
chemic.
reconst.
BL21(DES3) 420 18.3 2.8 55 —
semi-enzym.
reconst.
BL21 AiscR 420 7.6 3.9 76 >90
BL21(DESJ) 420 2.0 2.1 63 >90
w/pISC
BL21(DES3) 420 2.9 1.2 75 >90
w/pSUF

production by binding to its own mRNA and inducing a positive regulation mechanism (Tang
& Guest, 1999). AcnB plays a key role in the citric acid cycle as well as the glyoxylate cycle.
Nevertheless, deletion of this important protein in E. coli can be compensated by a second
aconitase, AcnA (Gruer et al., 1997), although the sequence identity between both proteins is
only 17% (Bradbury et al., 1996). Whereas AcnB is adapted for the major catabolic function
(Jordan et al., 1999), AcnA is responsible for maintenance of the citric acid cycle activity dur-
ing oxidative stress (Cunningham et al., 1997). A previous study has shown that the SufBC,D
complex is capable of inserting an Fe—S cluster into AcnB, however, we speculate that the in-
teraction of AcnB with the SUF machinery is not biological relevant, since the function of AcnB
is compensated by AcnA during oxidative stress conditions. Therefore, the ISC machinery is
most likely responsible for the maturation of AcnB inside the cell, which is in line with our ob-
servation that the E. coli BL21(DE3) AiscR cells lead to the highest yield of Fe—S containing
AcnB protein.

Surprisingly, the co-expression of the acnB gene with the additional plasmid pISC in E. coli
BL21(DES3) cells leads to incomplete cluster assembly in the as-isolated protein. This effect may
be a result of additional stress for the host cell caused by the expression of a second plasmid.

The second protein that we investigated is the [4Fe—4S] cluster containing protein IspH. The
EAS of the protein samples obtained by different methods are dominated by an absorption
band at 415 nm (Figure 8.5A), which is in agreement with previous studies (Grawert et al.,
2004; Wolff et al., 2003). In general, we observe similar trends as for AcnB, even though the
differences between as-isolated a reconstituted samples are not as pronounced as for AcnB.
IspH protein isolated from E. coli BL21(DE3) cells that was then maturated using the semi-
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Figure 8.5: Analysis of Fe-S content of IspH protein obtained by different strategies. (A) EAS of IspH protein from
different cell strains and after Fe-S reconstitution reactions. Corresponding CD spectra are shown in Figure S8.2B.
(B) Iron content per monomer of the samples in (A) determined by ICP-MS measurements. IspH protein as-isolated
from E. coli BL21(DE3) is shown in grey, samples obtained by subsequent chemical or semi-enzymatic reconsti-
tution are displayed in pink or orange, respectively. Samples co-expressed with either pISC or pSUF are shown in
green or blue, respectively, and protein isolated from BL21(DE3) AjscR is presented in purple.

enzymatic method shows a lower Fe—S content compared to AcnB, while the co-expression
in presence of the pSUF plasmid yields a larger portion of Fe—S containing protein. As for
AcnB, we observe a shift of the band at 410 nm to 400 nm for the chemically reconstituted
IspH sample in addition to a broad feature at 650 nm. The large feature beyond 600 nm in
the electronic spectrum of chemically reconstituted IspH indicates again the presence of large
amount of Fe—S aggregates, which is also supported by the CD spectra (Figure S8.2B). In
line with these observations, ICP-MS measurements show that this protein sample contains an
average of seven iron per monomer (Figure 8.5B). Overall, the molar extinction coefficients of
all IspH samples are higher compared to AcnB (Table 8.2), but the iron per monomer ratios
follow the same trend as for AcnB (Figure 8.5B). The absorption feature at 415 nm in the CD
spectrum shown for the protein samples obtained by chemical reconstitution and as-isolated
from E. coli BL21(DE3) AiscR cells (Figure S8.2B) indicates that the majority of the cluster is
in the oxidized form.

The amount of iron per monomer is similar for the protein isolated from E. coli BL21(DE3) in
absence or presence of an additional plasmid encoding for the ISC or SUF machinery. While the
yield of IspH protein obtained in BL21(DES3) cells is similar to AcnB, 61 nmol/l and 60 nmol/l cell
culture, respectively, the yields of IspH protein obtained from co-expression with the plasmids
encoding for the biosynthesis pipelines is reduced by approximately 50% (Tables 8.1 and 8.2).
Semi-enzymatic reconstitution results in an iron/monomer ratio of 3, which is consistent with the
molar extinction coefficient. The highest Fe-S cluster content of as-isolated protein was again
achieved in E. coli BL21(DE3) AiscR cells, with a molar extinction coefficient of 15 mM-'cm™
at 415 nm and 4 Fe/monomer.

Several expression strategies have been reported previously for IspH from E. coli as well as
Aquifex aeolicus. For this purpose, expression was performed in E. coli M15, E. coli TOP10,
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and E. coli BL21(DER) cells (Rekittke et al., 2008; Wang et al., 2010b; Wolff et al., 2003). These
studies performed by three different groups all reported very low Fe-S content, with very low
Aogo/A41¢ ratios, which they increased by chemical reconstitution. A different study reported the
co-expression of E. coli IspH protein with the pISC plasmid in E. coli XL1-Blue cells (Graw-
ert et al., 2004). As mentioned previously, these experiments were carried out using a pISC
plasmid with three point mutation that were only discovered afterwards (Span, 2012). We have
tried to reproduce these results using a pISC plasmid that was corrected using site-directed
mutagenesis, however, no expression was detectable by Western Blot analysis. IspH protein
obtained by chemical reconstitution results in a molar extinction coefficient of 2 mMecm™ at
410 nm and 7 Fe/monomer. The broad absorption feature at 650 nm and the high iron content
suggest that significant amounts of impurities have been formed during the chemical recon-
stitution reaction. To investigate if the excess iron is specifically bound to the protein or if the
impurities consist of Fe—S aggregates, we performed size exclusion chromatography (SEC) on
this sample (Figure S8.4). The electronic spectrum of the IspH protein after the SEC reveals
that the absorption feature at 650 nm is completely removed by this additional purification step.
The Ags0/A41¢ ratio is reduced from 0.50 to 0.16 by SEC, showing that these impurities consist
of Fe—S aggregates, which can be separated from the protein. The additional purification step
improves the purity and homogeneiety of the protein sample significantly, however, it requires a
fast protein liquid chromatography (FPLC) system in an anaerobic chamber. If this instrumental
setup is available, then isolation of the mature Fe—S protein under anaerobic conditions is the
more efficient method to obtain active protein, since chemical reconstitution followed by SEC
are more time-consuming. Taken together, our results show that expression and maturation
in E. coli BL21(DE3) AiscR cells is the most efficient strategy to obtain [4Fe—4S] IspH, as
previously observed for AcnB.

The third [4Fe—4S] protein that was studied here is the quinolinate synthetase NadA. Our
spectroscopic analysis of the proteins reveals that the trends observed for AcnB and IspH are
not reproduced in these experiments. As previously observed for AcnB and IspH, protein mat-
urated by chemical reconstitution using FAC and LisS in the presence of DTT yields a high
absorption band at 415 nm and a broad feature beyond 600 nm (Figure 8.6A). In combination
with the high iron content determined by ICP-MS (Figure 8.6B), the data indicate the formation
of unspecific Fe—S aggregates, which is consistent with our previous observations. Unlike AcnB
and IspH, the expression of nadA (vector pET22b+) in E. coli BL21(DE3) AiscR resulted in the
isolation of protein with insufficient cluster loading as shown by the EAS and low Fe/monomer
ratio. Expression in E. coli BL21(DE3) as well as E. coli BL21(DE3) AiscR result in molar ex-
tinction coefficients of 4-6 mM “'ecm™ for the band at 415 nm, which indicate that the majority
of the protein is in the apo form (Figure 8.6A). NadA protein obtained by semi-enzymatic re-
constitution or by co-expression with the isc operon yield slightly better results, but overall a
low amount of Fe—S cluster containing protein (Table 8.3). The most promising result for NadA
protein was obtained by co-expression with the pSUF plasmid in E. coli BL21(DES3) cells. The
CD spectra of chemically reconstituted NadA and protein obtained by co-expression with the
SUF plasmid (Figure S8.2C) show a maximum at 415 nm, supporting an [4Fe—4S] cluster
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Table 8.2: Overview on different expression strategies and reconstitution methods for the Fe—S cluster protein IspH.

Significant Extinction Yield [nmol]
Expression g coefficient Fe/monomer per | cell Purity [%]
band [nm] A
strategy [mM-cm '] culture
BL21(DES3) 415 8.1 2.4 31 >95
BL21(DES3) 400 24.6 7.2 23 —
chemic.
reconst.
BL21(DES3) 415 15.2 3.2 30 —
semi-enzym.
reconst.
BL21 AiscR 415 17.2 4.0 63 >90
BL21(DES3) 415 8.0 2.0 63 >95
w/pISC
BL21(DES3) 415 11.5 2.2 38 >95
w/pSUF

in the oxidized form. The spectroscopic results are in good agreement with the Fe/monomer
ration obtained by ICP-MS (Figure 8.6B). The Fe/monomer rations for proteins isolated from
E. coli BL21(DE3) as well as E. coli BL21(DE3) AiscR are below 1, proteins obtained by semi-
enzymatic reconstitution and co-expression with pISC yield a value of approximately 2, and
co-expression with pSUF results in 4 Fe/monomer. As previously mentioned, chemical recon-
stitution leads to excess iron binding to NadA. These results are in good agreement with the
presence of an [4Fe—4S] cluster in NadA protein and show that specific and efficient maturation
of NadA was achieved using the co-expression strategy with the pSUF plasmid (Rousset et al.,
2008).

Our results on the biosynthesis and maturation of AcnB and IspH show that expression in
the BL21(DE3) AiscR cells yields the highest Fe—S cluster content, as observed by EAS, with-
out the binding of excess iron or formation of Fe—S aggregates, as deducted from the ICP-MS
analysis. This lead to the initial conclusion that the deletion of the IscR regulator is a superior
approach compared to introducing an additional plasmid into the cells, which may result in ad-
ditional stress for the host cell. The maturation of NadA demonstrates that the co-expression
with the SUF plasmid leads to increased Fe—S cluster incorporation. This raises the question
whether NadA interacts specifically with the SUF machinery inside the cell. To our knowledge,
the interaction of NadA with the SUF proteins have not yet been investigated in detail. Pre-
vious studies of E. coli NadA with an E. coli strains lacking the iscS gene have shown that
NAD biosynthesis is impaired, leading to the conclusion that iscS is essential for the matura-
tion of NadA (Ollagnier-de Choudens et al., 2005). Apparently, sufS was not able to replace
iscS in these experiments and maturate NadA protein. This hypothesis has not been further
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Figure 8.6: Analysis of Fe—S content of NadA protein obtained by different strategies. (A) EAS of NadA samples
as-isolated from different cell strains or obtained by different reconstitution methods. Corresponding CD spectra are
shown in Figure S8.2C. (B) Iron content per monomer of the samples in (A) determined by ICP-MS measurements.
NadA protein as-isolated from E. coli BL21(DES3) is shown in grey, samples obtained by subsequent chemical or
semi-enzymatic reconstitution are displayed in pink or orange, respectively. Samples co-expressed with either pISC
or pSUF are shown in green or blue, respectively, and protein isolated from BL21(DE3) AiscR is presented in purple.

investigated on a molecular level. Controversially, another study reports a specific connection
between NadA and a potential new system for Fe—S assembly in E.coli referred to as CSD
(Bolstad et al., 2010; Kurihara et al., 2003; Loiseau et al., 2005). The role of this system in
Fe—S cluster biosynthesis has not been established yet and recent review articles on this topic
only mention two Fe—S biosynthesis pathways in E. coli (Lill, 2009). The only evidence for the
interaction of NadA and a member of the SUF machinery was provided in Arabidopsis thaliana
(Narayana Murthy et al., 2007). Hereby, a characterization of two novel chloroplast SufE-like
proteins from A. thaliana was reported and the results revealed that the mature SufE3 contains
two domains, one SufE-like and one with similarity to the bacterial quinolinate synthase, NadA.
They showed that SufE3 displayed both SufE activity and quinolinate synthase activity, thus,
they concluded that SufE3 is the NadA enzyme of A. thaliana. Our results on the maturation of
E. coli NadA protein corroborate a close relation of NadA and the SUF machinery. These find-
ings are particularly interesting, since in E. coli both systems are co-existing and supposedly
responsible for the maturation of the same set of proteins under different conditions. While the
ISC pathway is predominantly used for Fe—S biosynthesis under standard growth conditions,
the SUF pathway is essential under stress conditions. As a consequence, both systems should
be able to maturate the same proteins with a high efficiency. The different preferences of the
proteins for one system versus the other may be related to the role of the protein in the cell, or
possibly relevance of the protein for the survival of the organism.

Taken together our results from the systematic analysis of six different strategies for the mat-
uration of three different [4Fe—4S] proteins, we observe that in vivo maturation results in more
specific and effective maturation of [4Fe—4S] proteins. For each protein one of the in vivo mat-
uration strategies yielded fully assembled Fe—S clusters without excess iron species. However,
the suitable biosynthesis method has to be determined for each protein. In all three cases,
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Table 8.3: Overview on different expression strategies and reconstitution methods for the Fe—S cluster protein
NadA.

Significant Extinction Yield [nmol]
Expression ba% d [nm] coefficient Fe/monomer per | cell Purity [%]
strategy [mMTem 1] culture
BL21(DES3) 415 3.5 0.7 19 >95
BL21(DES3) 415 36.4 5.6 17 -
chemic.
reconst.
BL21(DES3) 415 10.1 2.7 18 -
semi-enzym.
reconst.
BL21 AiscR 415 55 1.0 63 >95
BL21(DES3) 415 12.2 2.4 38 >95
w/pISC
BL21(DES3) 415 20.2 4.2 63 >95
w/pSUF

chemical reconstitution leads to high Fe—S cluster contents in the protein, but also to the for-
mation of high amounts of Fe—S aggregates, which require an additional SEC purification step
to separate them from the protein sample. In one case, we have also observed that maturation
by reconstitution results in a different oxidation state of the [4Fe—4S] cluster compared to in vivo
maturation. CD spectroscopy has been a very useful tool to obtain more detailed information
about the Fe—S cluster and provided insights on the oxidation states of the cluster. So far, we
have investigated three proteins, AcnB, IspH, and NadA, which contain only one [4Fe—4S] clus-
ter and have previously been characterized. Next, we aimed at transferring the new insights on
Fe—S cluster maturation on the radical SAM enzyme ThnB, which has not yet been maturated
in vivo.

8.5.3 Maturation of the radical SAM enzyme ThnB

The radical SAM enzyme ThnB from B. thuringiensis has been reported to host two [4Fe—4S]
clusters and is required for thioether bond formation during the maturation of the sactipeptide
ThnH (Wieckowski et al., 2015). Previous spectroscopic analyses of the enzyme were per-
formed on samples obtained from recombinant production in E. coli BL21(DE3) directed from
the expression plasmid pET28a(+) resulting in a fusion protein with an N-terminal Histidine
affinity tag. Using this construct, ThnB could be isolated with high purity by IMAC . EAS and
EPR spectroscopy on the chemically reconstituted sample provide evidence for the presence
of at least one [4Fe—4S] cluster. Characteristic signals have been detected at 413 nm with a
molar extinction coefficient of approximately 30 mM-'cm™ and at 325 nm with a molar extinc-
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tion coefficient of approximately 40 mM 'cm™*. However, determination of the iron and metal
content indicate the presence of more than one [4Fe—4S] cluster (Wieckowski et al., 2015). In
the present study, we directed the expression of the thnB gene from the expression plasmid
pPET16bTEV in E. coli BL21(DES3) in the presence and absence of the plasmid pISC or pSUF
as well as in BL21(DE3) AiscR. Analysis of the protein levels using Western blot show that
the co-expression of thnB with the pSUF plasmid results in the highest amount of protein (Fig-
ure S8.5). A slightly lower expression level has been detected for the co-expression with pISC
and the expression in BL21(DE3) AiscR. The lowest expression level has been detected for
the expression in BL21(DES3) in the absence of pISC or pSUF. These results show that specific
expression systems tailored for Fe—S proteins not only increase the fraction of holo protein,
but also lead to higher protein levels. In some cases where expression has not resulted in
detectable protein levels in common BL21(DES), using BL21(DE3) AiscR cells improved the
expression levels dramatically and large amounts of Fe—S proteins could be isolated (unpub-
lished data).

The electronic spectra show that co-expression with pISC, expression in BL21(DE3) AiscR
cells and BL21(DE3) cells leads to a large fraction of apo ThnB. This is in line with a low
metal content of < 1.0 Fe/monomer (Figure 8.7B, Table 8.4). Maturation of ThnB by chemi-
cal reconstitution was previously reported to result in considerable amounts protein containing
two correctly assembled [4Fe—4S] clusters (Wieckowski et al., 2015). Unfortunately, we were
not able to reproduce the high Fe—S content in ThnB. The absorption band at 413 nm in the
electronic spectrum of the ThnB protein has a molar extinction coefficient of 12 mM-'cm™,
which is considerably lower than in the earlier study. Controversially, these samples contain
13.6 Fe/monomer, which is much higher than expected for a protein binding two [4Fe—4S] clus-
ters. The additional iron most likely corresponds to excess reagent that was not removed by the
desalting column or Fe—S aggregates that are often observed for this method.

When using IscS and L-cysteine as sulfur source, the reconstituted ThnB protein reveals a
higher Fe—S content compared to the chemical reaction with a molar extinction coefficient of
24 mM'em™ at 413 nm. ICP-MS measurements shows that the protein binds 2.5 Fe/monomer.
The most efficient Fe—S cluster assembly was achieved by co-expression of the thnB gene
with the pSUF. The electronic spectra show a high absorption feature at 413 nm with a molar
extinction coefficient of 32 mM-'cm™' (Figure 8.7A, Table 8.4), which is similar to the previously
reported values for chemically reconstituted ThnB protein. The metal content was determined
by ICP-MS and reveals that the protein binds 5.3 Fe/monomer (Figure 8.7B, Table 8.4). The
lower metal content could derive from incomplete cluster assembly or an inaccurate protein
concentration determination, as reported previously (Galle et al., 2018). The protein concen-
tration was performed using the Bradford method, which so far has resulted in reliable values,
however, the purity of the ThnB samples was lower compared to AcnB, IspH, and NadA. Based
on SDS-PAGE analysis we estimate the purity of the samples to be between 60% and 80%
(Figure S8.1). While the impurities do not seem to interfere with the spectroscopic analysis, the
values for the concentration of ThnB are overestimated, resulting in a lower Fe/monomer ratio.
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Figure 8.7: Characterization of Fe—S cluster bound to ThnB in different samples. (A) EAS of ThnB samples as-
isolated from different cell strains or obtained by different reconstitution methods. Corresponding CD spectra are
shown in Figure S8.2D. (B) Iron content per monomer of ThnB proteins shown in (A) determined by ICP-MS mea-
surements. Protein as-isolated from E. coli BL21(DES3) is shown in grey, samples obtained by subsequent chemical
or semi-enzymatic reconstitution are displayed in pink or orange, respectively. Samples co-expressed with either
pISC or pSUF are shown in green or blue, respectively, and protein isolated from BL21(DE3) AiscR is presented in
purple.

Another possible explanation would be that the protein contains one [2Fe—2S] cluster in addi-
tion to a [4Fe—4S] cluster. The electronic spectrum of the sample obtained from co-expression
contains additional absorption bands at 515 nm and 615 nm. A previous study of the antivi-
ral radical SAM enzyme viperin has assigned the feature at 615 nm to a [2Fe—2S]?* cluster
(Duschene & Broderick, 2010). Similar bands have been observed in the electronic spectrum
of the active spore photoproduct lyase, a member of the radical SAM superfamily from Bacillus
(Buis et al., 2006). However, these features have not been analyzed in detail. The Fe content
(Figure 8.7B) would be consistent with one [4Fe—4S] and one [2Fe—2S] cluster in ThnB. The
CD spectra of ThnB protein obtained by co-expression of the thnB gene with the pSUF plas-
mid and semi-enzymatic reconstitution show a maximum at 450 nm, which indicates that the
two [4Fe—4S] clusters are isolated in the reduced form (Figure S8.2D). However, since a CD
signal at 450 nm is also characteristic for an oxidized [2Fe—2S] cluster, we cannot exclude the
presence of a [2Fe—2S] cluster in ThnB.

Our results show that the presence of the SUF machinery is required for efficient maturation
of the radical SAM protein ThnB. This raises the question whether the SUF pathway is the
biologically relevant biosynthesis machinery? To our knowledge, the Fe-S biosynthesis in B.
thuringiensis has not yet been investigated. However, B. subtilis does not harbor any protein
of the ISC machinery (Albrecht et al., 2010; Yokoyama et al., 2018). We used BLAST (Altschul
et al., 1990) to perform sequence alignments in order to determine whether B. thuringiensis
contains the isc operon and we were not able to find any member of the ISC pathway, suggest-
ing that B. thuringiensis relies on the SUF pathway for Fe—S cluster biosynthesis.
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Table 8.4: Overview on different expression strategies and reconstitution methods for the Fe—S cluster protein ThnB.

S Extinction Yield  [nmol]
Expression Significant coefficient Fe/monomer per | cell Purity [%]
band [nm] A .
strategy [mMMTem '] culture
BL21(DESJ) 413 4.2 0.2 31 60
BL21(DES3) 413 11.7 13.6 27 —
chemic.
reconst.
BL21(DES3) 413 241 25 29 —
semi-enzym.
reconst.
BL21 AiscR 413 9.9 0.9 63 70
BL21(DES3) 413 10.5 1.0 61 60
w/plSC
BL21(DES3) 413 31.9 5.3 63 80
w/pSUF

" The yield refers to the total amount of protein within the sample not to the exclusive amount of target
protein.

8.6 Conclusion

In this study we investigate the maturation of recombinantly produced Fe—S proteins in great
detail. We compare six different strategies for protein biosynthesis, including the common ex-
pression strain BL21(DES), three specific cell strains tailored for the maturation of high levels
of Fe—S proteins, and two in vitro reconstitution methods. The biosynthesis of Fe—S proteins in
nature has been studied extensively, however, the maturation of recombinantly produced Fe-S
proteins has only been investigated for highly complex systems, such as hydrogenases or ni-
trogenases. We have, for the first time, systematically evaluated the most common maturation
protocols for three well-characterized [4Fe—4S] proteins. The pitfalls of chemical reconstitution
pointed out here, such as the formation of Fe—S aggregates, unspecifically bound iron, and
different oxidation states of the cluster, have previously led to conflicting results in different
studies. These strategies are not limited to proteins containing one [4Fe—4S] cluster. We have
previously shown that the same strategies can be applied for the maturation of a [2Fe—2S] pro-
tein. In addition, we have demonstrated that this approach can be also used for a radical SAM
enzyme. Therefore, we consider the presented methods to be applicable for a large variety of
Fe—S cluster-containing proteins. As a consequence, our results will contribute to improve the
maturation of Fe-S proteins and obtain samples with correctly assembled cofactors, allowing
for understanding the function of the proteins. Maturation of the proteins in vivo also leads to
more homogeneous samples, which are more amenable for structure determination.
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8.7 Supporting data

Supplementary Tables

Table S8.1: Plasmids used in this study.

Plasmid Reference
pACYCiscS-fdx (pISC) Grawert et al.
pACYC-Duet-1-suf (pSUF) Hanzelmann et al.
pET16bTEV-acnB This work
pET16bTEV-ispH This work
pQE30-ispH Grawert et al.
pET46-nadA This work
pET16bTEV-nadA This work
pET16bTEV-thnB This work

Supplementary Figures
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Figure S8.1: SDS PAGE (15%) to analyze the purity of the different proteins after Ni-NTA-column. The fractions
containing the target protein were pooled and the volume was reduced to 500 pl, before 5 pl were applied to the gel.
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Figure S8.4: EAS of chemically reconstituted IspH after SEC.
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Figure S8.5: Analyzation of the expression of thnB and the production of the corresponding protein. (A) Sodium
dodecyl sulfate (SDS) polyacrylamide gel (PAGE) (15%) and (B) Western blot using a conjugated anti-His antibody
of cell lysates after gene expression.
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9 The Asp1 pyrophosphatase from S. pombe
hosts a [2Fe-2S]?* cluster in vivo

This chapter reflects content of the following publication.

9.1 Publication information

Hannah Rosenbach, Eva K. Walla, George E. Cutsail Ill, James Birrell, Marina Pascual-Ortiz,
Serena DeBeer, Ursula Fleig, and Ingrid Span

To be submitted to: Journal of Biological Inorganic Chemistry

9.2 Abstract

The Schizosaccharomyces pombe (S.) Asp1 protein is a bifunctional kinase/pyrophosphatase
that belongs to the highly conserved eukaryotic diphosphoinositol pentakisphosphate kinase
(PPIP5K/Vip1) family. The N-terminal Asp1 kinase domain generates specific high-energy in-
ositol pyrophosphate (IPP) molecules, which are hydrolyzed by the C-terminal Asp1 pyrophos-
phatase domain (Asp1365-920) Thus, Asp1 enzymatic activities regulate the intracellular level of
a specific class of IPP molecules, which control a wide number of biological processes ranging
from cell morphogenesis to chromosome transmission in the fission yeast S. pombe. Recently,
it was shown that chemical reconstitution of Asp1365-920 results in a [2Fe—2S] cluster containing
protein, however, the biological relevance of the cofactor remained under debate. In this study,
we compare the expression in different cell strains and demonstrate that we can isolate the
Fe—S-containing Asp1385-920 protein under anaerobic conditions. Expression in S. pombe and
isolation under anaerobic conditions also results in the Fe—S bound protein. Characterization
of the as-isolated protein by X-ray absorption and Méssbauer spectroscopies is in agreement
with the presence of a [2Fe—2S]?* cluster in the enzyme. Furthermore, we have pinpointed
the four cysteines involved in coordinating the cofactor by site-directed mutagenesis. We also
showed that the Fe—S cluster is sensitive to oxygen and is most likely not involved in redox pro-
cesses. Our in vitro enzymatic activity analysis provides evidence that the [2Fe—2S]?* cluster
does not modulate Asp1 pyrophosphatase activity. Asp1 contains an Fe—S cluster in vivo but
the absence of the cluster has no measurable effect on the in vivo pyrophosphatase function.
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9.3 Introduction

Iron-sulfur (Fe—S) clusters are ancient and versatile cofactors that are ubiquitously found in
all organisms. Fe—S clusters associated to proteins are essential for numerous biological pro-
cesses, including electron transfer, substrate binding and activation, redox catalysis, sensing
of iron and oxygen, DNA replication and repair, regulation of gene expression, tRNA modifi-
cation, and genome instability (Beinert et al., 1997; Johnson et al., 2005; Stirling et al., 2011;
White & Dillingham, 2012). Fe—S clusters occur in nature in different shapes and nuclearities,
the most common types are the rhombic [2Fe—2S] cluster, the cuboidal [3Fe—4S], and the cu-
bic [4Fe—4S] cluster (Johnson et al., 2005). The vast majority of Fe—S clusters are bound to
the protein backbone by cysteine residues. In many Fe—S proteins the Cys ligands that bind
the cofactor are arranged in characteristic sequence patterns. Despite the constant discovery
of novel ligation patterns, it remains challenging to identify Fe—S-containing proteins purely
based on sequence analysis. Another challenge in identifying protein-bound Fe—-S cofactors is
their sensitivity to oxygen. Most Fe—S clusters degrade rapidly in the presence of atmospheric
oxygen, thus, numerous native Fe—S proteins are isolated in the absence of the cofactor.

The lack of a well-known characteristic Cys pattern and the sensitivity to oxygen are the
reasons why the Fe—S cluster bound to the C-terminal pyrophosphatase domain of Asp1 from
Schizosaccharomyces pombe (S. pombe) has not been discovered until recently (Wang et al.,
2015Db). Asp1 belongs to the highly conserved Vip1/PPIP5Ks family, which generate a unique
subclass of the soluble inositol phosphates (IPs) namely the inositol pyrophosphates (Fig-
ure 9.1A) (Menniti et al.,, 1993; Stephens et al., 1993). Vip1/PPIP5Ks family members are
bifunctional enzymes with a N-terminal kinase domain and a C-terminal domain with specific in-
ositol pyrophosphate 1-phosphatase activity (Choi et al., 2007; Dollins et al., 2020; Fridy et al.,
2007; Mulugu et al., 2007; Péhimann et al., 2014; Wang et al., 2015b). Extensive research has
defined numerous biological processes controlled by inositol pyrophosphates and in the fission
yeast S. pombe, these signaling molecules control cell morphogenesis, microtubule stability,
chromosome transmission fidelity, modulation of the actin cytoskeleton and vacuole integrity
(Dollins et al., 2020; Feoktistova et al., 1999; Pascual-Ortiz ef al., 2018; Péhimann & Fleig,
2010; Péhimann et al., 2014; Topolski et al., 2016). Specifically, as Asp1 generated inositol
pyrophosphates regulate microtubule stability, yeast cell sensitivity or resistance to microtubule
poisons such as thiabendazole (TBZ) is directly correlated by lower or higher inositol pyrophos-
phate levels, respectively (Figure 9.1B, top panel) (Pascual-Ortiz et al., 2018; P6hlmann et al.,
2014; Topolski et al., 2016). The intracellular level of the inositol pyrophosphate 1,5-1Pg is reg-
ulated by the enzymatic activity of the Asp1 pyrophosphatase domain (Pascual-Ortiz et al.,
2018). Thus, increased sensitivity to TBZ is a read-out for Asp1 pyrophosphatase activity, while
resistance to TBZ is a read-out for an inactive Asp1 pyrophosphatase. Similarly, the transi-
tion from the normal surface single-celled growth form to the invasive hyphal growth form is
controlled by 1,5-1Pg and a direct correlation exits between the number of invasively growing
colonies and intracellular 1,5-1Pg levels (Figure 9.1B, bottom panel) (Péhimann & Fleig, 2010).
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Figure 9.1: Enzymatic activity and biological function of the kinase (K) and pyrophosphatase (P) domain of Asp1. (A)
Schematic representation of the reactions catalyzed by the N-terminal kinase and the C-terminal pyrophosphatase
domains of S. pombe Asp1 (Pascual-Ortiz et al., 2018). Top panel: substrates used for in vitro assay; bottom panel:
major in vivo activities. (B) Biological function of Asp1 in S. pombe: Top panels show serial dilution patch tests of
yeast cells growing with (left) or without (right) the microtubule destabilizing drug TBZ. The existence of a direct
correlation between intracellular 1,5-1Pg levels and microtubule (MT) stability results in a resistance of the cells to
TBZ. Bottom panels: Asp1 kinase activity is required for the switch from surface, single-celled yeast growth (yeast
form) to invasive pseudohyphal growth. Asp1 pyrophosphatase activity negatively regulates this switch (P6himann
etal., 2014).

A recent study with the Asp1 pyrophosphatase variant Asp1371-920 showed that the recombi-
nantly produced and aerobically purified protein contains substoichiometric amounts of iron as
well as acid-labile sulfate, which were increased by chemical reconstitution. The authors pro-
posed that Asp1371920 pinds a [2Fe—2S]?* cluster, which inhibits its pyrophosphatase activity.
Surprisingly, removal of the Fe—S cluster from the reconstituted protein using dithionite (DTH)
and ethylenediaminetetraacetic acid (EDTA) did not restore the pyrophosphatase activity. De-
spite the evidence that Asp1 can bind a cluster in vitro, whether the Fe—S cluster is bound to
Asp1 protein in vivo and its biological relevance remained unclear.

In this study, we demonstrate the presence of the [2Fe-2S]?* cluster in the Asp1 pyrophos-
phatase domain in vivo. The electronic absorption spectra of the C-terminal pyrophosphatase
domain of S. pombe Asp1 (Asp1365-920) isolated from E. coli BL21(DE3) AiscR or S. pombe
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cells under strictly anaerobic conditions show that the protein contains an Fe-S cluster. We
have characterized the structure and function of the Fe—S cluster in Asp1365-920 gssembled
in vivo using electronic absorption spectroscopy, X-ray absorption spectroscopy and electron
paramagnetic resonance (EPR) spectroscopy. Méssbauer spectra of reconstituted protein sup-
port that a [2Fe-2S]?* cluster is the cofactor of Asp1385-920_ However, our data show that chemi-
cal reconstitution yields an inhomogeneous sample. To identify potential ligands of the cofactor,
we have exchanged each of the four cysteines 607, 663, 864 and 879 to serine by site-directed
mutagenesis and, in addition, generated a quadruple mutant (QM) with these four cysteines re-
placed by serine. Furthermore, we have investigated the function of Asp1365-920 in the presence
or absence of the [2Fe-2S]?* cluster using in vivo and in vitro activity assays.

9.4 Material and Methods

9.4.1 Chemicals and buffers

All chemicals were of analytical grade or better. Buffers were prepared using Milli-Q-water.

9.4.2 Strains and plasmids

All strains used are listed in Table S9.1 and all plasmids used are listed in Table S9.2. Gen-
eration of the pKM36-asp 1365920 construct was performed as previously described (Pdhlmann
etal., 2014).

Plasmids harboring asp1365-920.0607S | 55p1365-920,06635  55p1365-920,C864S  41365-920,C879S,
asp 1365-920,C6075,C6635,C8645,C679S grg derivatives of pKM36. The variants were generated by di-
rected mutagenesis using a QuikChange Il site-directed mutagenesis kit (Agilent Technologies,
Santa Clara, CA, USA) and cloned into the E. coli expression vector pKM36 (a gift from Dr. K.
Mélleken, Heinrich-Heine-Universitat, Disseldorf, Germany) to generate GST-tagged proteins
via homologous recombination in Schizosaccharomyces cerevisiae (S. cerevisiae) (Jakopec
etal., 2011). The expression constructs pJR2-3XL-asp1, pJR2-3XL-asp 173334 and pJR2-3XL-
asp1365-920 for expression in S. pombe were generated as previously described (Péhimann &
Fleig, 2010). The plasmids pJR2-3XL-asp1°697S, pJR2-3XL-asp1°6635 pJR2-3XL-asp1¢864S,
and pJR2-3XL-asp1°¢79S were generated according to the same protocol. In brief, PCR frag-
ments were generated by directed mutagenesis using a QuikChange Il site-directed mutage-
nesis kit (Agilent Technologies, Santa Clara, CA, USA) and cloned into pJR2-3XL18 via ho-
mologous recombination in S. cerevisiae (Belén Moreno et al., 2000). The quadruple mutant
pJR2-3XL-asp 1365-920,C607S, C663S, C864S, C879S \ya5 obtained by digestion of pJR2-3XL with the
restriction enzymes Notl and Pstl (New England Biolabs, Ipswich, MA, USA) and homologous
recombination in S. cerevisiae (Jakopec et al., 2011), followed by leucine selection. For con-
structing the pJR2-3XL-asp 1%65-920-GST plasmid, the GST fragment was generated by PCR and
cloned into the vector pJR2-3XL-asp 1965-9202a-GFP (pghimann & Fleig, 2010), which was previ-
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ously digested using the restriction enzymes Smal and Ncol (New England Biolabs) via homol-
ogous recombination in S. cerevisiae (Jakopec et al., 2011), followed by leucine selection.

9.4.3 Anaerobic gene expression in E. coli, cell harvest and lysis

Overnight starting cultures of E. coli BL21(DE3), E. coli BL21(DES3) pISC, E. coli BL21(DES3)
pSUF containing the plasmid pKM36-asp 136929, and E. coli BL21(DE3) AiscR containing ei-
ther the plasmid pKM36-asp1365-920 or one of the corresponding plasmids harboring the gene
encoding for one of the Asp1385-920 variants were used to inoculate Terrific Broth (TB) medium
at 1% (v/v). TB medium was supplemented with kanamycin (50 pg/ml), ampicillin (100 ug/ml)
and ferric ammonium citrate (2 mM final concentration). Cells were cultivated aerobically at
37°C and 160 rpm until the optical density measured at 600 nm (ODgqg) reached 2. For anaer-
obic cell growth cultures were then moved to an anaerobic glove box (Coy Laboratory Products,
Grass Lake, MI, USA) containing 98% N, and 2% H,. Gene expression was induced by adding
0.5 mM Isopropy! 3-d-1-thiogalactopyranoside (IPTG). To facilitate Fe—S cluster assembly and
anaerobic metabolism 2 mM L-cysteine as well as 25 mM sodium fumarate were added. Cul-
tures were stirred on a magnetic stirrer at room temperature (RT) for 20 h following induction.
Cells were harvested for 10 min at 6,000 x g and 4°C, under an argon atmosphere to maintain
anaerobic conditions. For cell lysis, cells were resuspended in 25 mM Tris pH 8.0, 150 mM
NaCl. EDTA-free cOmpleteTM Protease Inhibitor Cocktail Tablets (Roche, Basel, Switzerland)
were added as needed. After stirring at RT for 20 min under anaerobic conditions the suspen-
sion was sonicated (Bandelin electronic, Berlin, Germany) for 20 min with an amplitude of 60%
and a pulse of 1 s every 3 s using VS70/T sonotrode, under an argon atmosphere. Lysates
were clarified by centrifugation at 40,000 x g under an argon atmosphere.

9.4.4 Aerobic gene expression of Asp13%°20 in E. coli

In order to obtain a higher protein yield necessary for Méssbauer spectroscopy expression
of asp1369-920 was carried out under aerobic conditions resulting in a higher cell density and
expression level. Aerobic expression was essentially the same as anaerobic expression, but the
cultures were not transferred to an anaerobic chamber prior to induction and were incubated at
25°C and 160 rpm for 20 h. Cell harvest and lysis were performed as previously described, but
without exchanging the atmosphere with argon. Aerobically isolated protein was also used for
activity assays with the apo protein as well as for reconstitution experiments with the different
Asp1365-920 yariants.

9.4.5 Aerobic gene expression in S. pombe, cell harvest and lysis

S. pombe transformants expressing asp1%6°-920 on plasmid via the nmt1* promoter, were grown
in minimal medium with supplements for 18 h at 30°C. Then, 2 x 102 cells of a logarith-
mic S. pombe culture were harvested be spinning for 5 min at 3500 rpm. The pellet was
washed with 5 ml STOP buffer (0.9% NaCl, 1 mM NaN3, 10 mM EDTA and 50 mM NaF).
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Cells were resuspended under anaerobic conditions in 500 ul HB15 buffer (25 mM MOPS,
60 mM j-glycerophosphate, 15 mM p-nitrophenylphosphate, 15 mM MgCl,, 15 mM Ethylene-
bis(oxyethylenenitrilo)tetraacetic acid (EGTA), 1 mM DTT, 0.1 mM sodium orthovanadate, 1%
Triton X100, 1 mM PMSF and cOmpleteTM Protease Inhibitor Cocktail Tablet, Roche, Basel,
Switzerland) and lysed using glass beads. Then, 500 ul of HB15 buffer were added, samples
were purged with argon gas, and centrifuged for 30 min at 4°C and 13,000 rpm. The pelleted
cells were then washed with HB15 buffer and centrifuged for 30 min.

9.4.6 Anaerobic protein isolation

Asp1 purifications were carried out under strictly anaerobic conditions at RT. Lysate was ap-
plied to a GSTrap HP column (GE Healthcare, Little Chalfont, UK) with a bed volume of 5 ml
equilibrated with 25 mM Tris pH 8.0, 150 mM NaCl using an AKTAprime plus system (GE
Healthcare, Little Chalfont, UK). The column was then washed with 10 column volumes (CV)
buffer A before the target protein was eluted with buffer containing 10 mM L-Glutathione. Frac-
tions containing the brownish target protein were pooled. The protein was transferred into
50 mM HEPES, pH 7.5; 150 mM KCI using a HiTrap Desalting column (GE Healthcare, Little
Chalfont, UK). Protein concentrations were determined using the Bradford method (Bradford,
1976).

9.4.7 Chemical reconstitution of Asp1365920 yariants

100 uM of aerobically isolated Asp136°-920 was incubated on ice with 50 mM DTT under anaer-
obic conditions for 1 h and then supplemented with 400 uM ferric ammonium citrate, 400 uM
ferrous ammonium sulfate and 800 uM Li,S. After 1 h the protein was applied to a HiTrap
Desalting column (GE Healthcare, Little Chalfont, UK) to separate the protein from excess iron
and sulfide. For Méssbauer spectroscopy, aerobically purified Asp1365-920 was reconstituted fol-
lowing the described protocol but with 5”FeCls; instead of ferrous ammonium sulfate and ferric
ammonium citrate.

9.4.8 In vitro activity assay of Asp1365-920

To investigate the activity of aerobically and anaerobically purified as well as reconstituted
Asp1365-920 the protein was isolated from E. coli BL21(DE3) AiscR as described in this manus-
cript. For the kinase reaction, 4 ug of purified Asp1'364 protein was incubated for 16 h at
37°C with 300 uM inositol hexakisphosphate (IPg) (Sigma-Aldrich, St. Louis, Missouri, USA),
followed by Asp11-364 inactivation at 65°C for 20 min. The Asp1'-364 inactivation was verified by
performing a kinase assay with the treated Asp1'-3% protein. For the phosphatase assay, 30 i
of the generated 5-diphosphoinositol(1,2,3,4,6)pentakisphosphate (1-1P7) were incubated with
2 g of Asp1365-920 for 3 or 18 h at 37 °C. The assay was carried out under anaerobic conditions.
The samples were analyzed on a 35% polyacrylamide gel using electrophoresis, followed by
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staining with Toluidine Blue O (Merck KGaA, Darmstadt, Germany) to visualize the inositol
compounds.

9.4.9 Invasive-growth assay

Invasive-growth assays were carried out as described (Pdéhimann & Fleig, 2010). S. pombe
asp 13974 transformants were pre-grown in minimal medium without thiamine to allow high ex-
pression of the plasmid-encoded asp? variants via the thiamine-repressible promoter nmt1*.
10% cells were then patched on plasmid-selective minimal medium agar plates and incubated
for 21 days at 25°C. Plates were washed thoroughly to eliminate all surface grown yeast, fol-
lowed by microscopic determination of the number of invasively growing colonies. Plates were
photographed using Axiovert 40FL, Axiocam HR and AxioVisionLE64 programs.

9.4.10 Determination of metal content

10 uM freshly and anaerobically isolated protein were precipitated with 3% trace-metal grade
nitric acid before analysis. The protein was pelleted by centrifugation for 20 min at 15,000 x g.
The supernatant was then transferred to a metal-free centrifugation tube (VWR, Radnor, PA,
USA). The Fe content of the protein was determined by inductively coupled plasma mass spec-
troscopy (ICP-MS) using an Agilent 7500ce ICP-MS instrument (Agilent Technologies, Ratin-
gen, Germany) in the Central Institute for Engineering, Electronics and Analytics (ZEA-3) at
Forschungszentrum Jilich. Samples were measured in triplicates.

9.4.11 Electronic absorption spectroscopy

Electronic absorption spectroscopy (EAS) was used to determine the iron-sulfur cluster con-
tent of Asp1365-920 Agp{365-920,C607S pgp1365-920,06638 pgpy1365-920,0864S A gp{365-920,C879S g
Asp1365-920,C607S,C6638,C8645,C879S  E|actronic absorption spectra were recorded using a Cary-
60 spectrophotometer (Agilent Technologies, Ratingen, Germany) with 1 nm bandwidth, a scan-
ning speed of 120 nm/min and a 1-cm-path-length quartz cuvette at RT. For Fe—S cluster stabil-
ity assays we recorded a spectrum every 30 min and purged the cuvette with oxygen between
the measurements.

9.4.12 X-ray absorption spectroscopy

Samples of Asp1 were loaded into custom Delrin X-ray sample cells with a Kapton tape window
and frozen and stored in liquid nitrogen until measurement. The total protein concentration of
measured sample was 0.35 mM for a total 0.7 mM concentration of Fe. Fe K-edge XAS data
were recorded on SSRL beamline 9-3 using a 100-element solid state Ge detector (Canberra)
with a SPEAR storage ring current of ~ 500 mA at a power of 3.0 GeV as previously de-
scribed (Strautmann et al., 2008). The incoming X-rays were selected using a Si(220) double-
crystal monochromator and a Rh-coated mirror was utilized for harmonic rejection. Samples
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were maintained at ~ 10 K in a liquid helium flow cryostat. Data were calibrated by simulta-
neously measuring an iron foil, with the first inflection point set to 7111.2 eV. Assessment of
short XANES scans (~ 2-10 min) was used to assess radiation damage and determine dwell
time limits. When necessary, the incident beam was attenuated by detuning and/or insertion
of aluminum foil into the beam path at varying attenuation lengths. Only scans that showed
no evidence of radiation damage were included in the final analysis. Individual PFY-EXAFS
scans were evaluated and processed in Matlab 2017a to average selected channels of the
multi-element detector and perform normalization of the averaged PFY signal by the incident
beam character (10). Final averaged scans were then further processed within Athena (Ravel
& Newville, 2005), where a second order polynomial was fit to the pre-edge region and sub-
tracted throughout the entire EXAFS spectrum. A three-region cubic spline (with the AUTOBK
function within Athena) was employed to model the background function to k = 12 A'. Fourier-
transforms were performed over a windowed k range of 2 to 11.75 A" and presented without a
phase shift correction. Theoretical EXAFS spectra were calculated using Artemis utilizing the
multiple scattering FEFF6 code (Ravel & Newville, 2005). The EXAFS amplitude, x(k), is given
by

NOED S fif;(ql;) | Sin(2kR + e 2R g2 (9.1)
R

where sg is the overall many-body amplitude factor, N is the degeneracy of the paths, |fe(k)| is
the effective scattering amplitude, and R is the absorber-scatterer distance. A Debye-Waller like
factor, exp(-202k?) is also included to account for disorder. Lastly, )\ is the mean free path of
the photoelectron and ®y is the total photoelectron wave phase shift for the interaction between
the absorber and the scatterer. Individual scattering paths were selected and fit within Artemis
from paths calculated by FEFF6. The Fourier-transform spectrum (FT) of each were fit over a
range of R = 1.0 to 3.0 A (non-phase shift corrected). The FT is the product of a transform
of k3-weighted EXAFS spectrum with a Hann window over the range of k = 2to 11.75 A''. By
grouping similar scattering paths of a common coordination shell and increasing its degeneracy,
N, the number of variables used for that coordination shell is minimal, 2 variables: ¢° and AR. A
single AEj variable is used for all paths in a given fit. S5 was set to 0.9 for all paths. Goodness
of final fits were evaluated by their reduced y?-value, defined below and calculated by Artemis,
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Here d is the raw data, f is the fitted data, ¢ is the estimated noise level, summed over M points
of the spectrum. The reduced y? value is normalized for the number of variables used (Nigp/Nrit)
so that fits of differing number of paths may be statistically compared.

9.4.13 Mdéssbauer spectroscopy

Mdéssbauer spectra were recorded on a conventional spectrometer with alternating constant
acceleration cooled with an Oxford Instruments Variox cryostat, using a °”Co/Rh (1.8 GBq) ~-
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source. Samples were measured at 80 K and with no applied magnetic field. Isomer shifts are
relative to iron metal at 300 K. Spectra were simulated and fitted using Lorentzian quadrupole
doublets using in house software.

9.5 Results

9.5.1 Expression in BL21(DE3) AiscR cells leads to Fe-S cluster-containing
Asp1365-920

In our previous work we have characterized several recombinant Asp1365-920 variants with elec-
tronic absorption spectroscopy and the spectra show no or very low bands at 410 nm, which
would indicate the presence of an Fe-S cluster (Pascual-Ortiz et al., 2018). All genes were
expressed in E. coli Rosetta(DE3) cells and the resulting proteins were isolated in the pres-
ence of atmospheric oxygen. High level expression in conventional cell strains, including E. coli
Rosetta(DE3), leads to partially loaded Fe—S proteins, since the iron-sulfur cluster (ISC) assem-
bly machinery cannot meet the great demand of Fe—S clusters. In addition, protein isolation
and purification under aerobic conditions leads to degradation of the oxygen-sensitive Fe—S
clusters. Notably, the degree of sensitivity of Fe—S clusters can vary from protein to protein,
thus, some Fe—S proteins may not degrade when handled under aerobic conditions. Therefore,
we compared different protocols for producing Fe—S proteins to determine if we can isolate
Asp1365-920 in the cluster bound form. Hereby, we expressed the truncated version of the asp?
gene encoding for the residues 365-920 in different cell strains, including E. coli BL21(DE3) and
BL21(DE3) AiscR cells, which was genetically engineered to increase the amount of iron-sulfur
cluster containing protein significantly (Akhtar et al., 2000). The deletion of the gene encoding
the negative regulator protein (IscR) of the isc operon leads to an elevated level of the ISC pro-
teins responsible for Fe—S biosynthesis and the cells are capable of producing a higher amount
of Fe—S cluster—containing proteins. We also used protein isolated from BL21(DES3) cells and
performed chemical and semi-enzymatic reconstitution reactions using the IscS and L-cysteine
as sulfur source in the enzymatic reactions. Furthermore, we analyzed protein obtained from
BL21(DES3) cells containing an additional plasmid encoding for either the ISC or SUF machin-
ery. The resulting proteins were isolated in an anaerobic chamber with an atmosphere of 96%
nitrogen and 4% hydrogen gas and analyzed using EAS as well as ICP-MS.

Our data show that Asp1365920 contains an [2Fe—2S] cluster, when isolated under anaer-
obic conditions from cell strains tailored for Fe—S protein production. Electronic spectra of
Asp1365-920 (Figure 9.2A) produced in BL21(DE3) cells suggest that the majority of the pro-
tein is present in the apo form. Co-expression in cells harboring the pACYC184iscS-fdx (pISC)
(Grawert et al., 2004) or pACYC-Duet-1-suf (pSUF) (Hanzelmann et al., 2004) plasmid re-
sults in protein with a high Fe-S cluster content, indicated by the bands at 325 nm, 410 nm
and 470 nm. S-to-Fe charge transfer bands in this range of the spectrum are characteristic
for [2Fe—2S]?* clusters (Dailey et al., 1994; Freibert et al., 2018). The features observed at
wavelengths higher than 500 nm are not present in every sample and may be a result of Fe—-S
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Figure 9.2: EAS (A) and ICP-MS (B) of comparison expression systems.

aggregates that co-purify with the protein. The protein isolated from BL21(DE3) AiscR cells
also shows intense bands in the spectrum, suggesting that the majority of Asp136°-920 contains
an Fe—S cluster. Protein isolated from BL21(DES3) in the apo form and then reconstituted using
either an inorganic or biological source of sulfur show similar levels of Fe—S protein, which are
slightly lower than the proteins from the BL21(DE3) AiscR or BL21(DE3) pSUF cells. The mo-
lar extinction coefficients (¢) for all samples except the protein isolated from BL21(DE3) cells
are between 7-10 mM-'cm™, which is in good agreement with values found in literature of
~1-10 mM'em™' (Jacquot, 2017). Interestingly, protein production in BL21(DE3) AiscR cells
results in a higher fraction of Fe—S-containing protein than in BL21(DE3) pISC cells, although
the same proteins should be upregulated. A possible explanation could be that the additional
plasmid in the cells has a negative effect on protein production or that the levels of ISC proteins
varies between the two cell strains. To quantify the amount of iron that is bound to Asp1365-920,
we analyzed the samples that were used for EAS with ICP-MS. This technique can be used to
measure the iron content in the samples and the protein content can be determined using the
Bradford method (Bradford, 1976). These two values can then be used to calculate the number
of iron ions per monomer. Our results show that protein produced in BL21(DE3) cells and iso-
lated under anaerobic conditions contains almost no Fe—S cluster, since the iron value is close
to 0 (Figure 9.2B). The other protocols lead to values close to two irons per monomer, which
supports the presence of a [2Fe—2S] cluster in Asp1365-920 and suggest that the fraction of holo
protein is close to 100%. Chemical reconstitution results in a value that is above two iron per
monomer, indicating some unspecific iron binding. In agreement with the spectroscopic results,
protein production in BL21(DE3) AiscR and BL21(DE3) pSUF cell strains results in protein
samples with fully assembled [2Fe—2S] clusters. Since the SUF machinery is not present in eu-
karyotes, including S. pombe, we choose the BL21(DE3) AiscR cells for producing Asp1365-920
for all further experiments if not stated otherwise.
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9.5.2 Asp136%-920 jgolated from the native organism contains an Fe-S cluster

Chemical reconstitution of proteins has previously been reported to result in artefacts. The
unspecific incorporation of iron-sulfur clusters inside cells has not been reported previously
and is unlikely due to the high specificity of the assembly machinery. However, we aimed at
validating that the inorganic cofactor is also incorporated into the Asp1365920 protein in its
native organism, S. pombe. The asp1365-920-GST fysjon gene was expressed in S. pombe and
the resulting protein was isolated and purified under strictly anaerobic conditions. The electronic
spectrum (Figure S9.1) confirms the presence of the Fe—S cluster, although with an extinction
coefficient that is significantly lower than for Asp136%920 jsolated from the BL21(DE3) strains
tailored for Fe—S protein production. The decreased extinction coefficient of the protein isolated
from S. pombe indicates that only a part of the protein binds the inorganic cofactor, which is
most likely a result of the high levels of expression and the inability of the endogenous Fe-S
cluster assembly machinery to incorporate the cofactor under these conditions. The presence
of the [2Fe—2S]J?* cluster in Asp1365-920 jsolated from the native organism further supports the
biological relevance of the inorganic cofactor for its function.

9.5.3 Characterization of the Fe-S cluster in Asp1 using X-ray absorption
spectroscopy

To obtain more information about the electronic structure and the coordinating ligands of the
Fe-S cluster we performed X-ray absorption spectroscopy including extended X-ray absorption
fine structure (EXAFS) analysis. The Fe K-edge XAS spectrum of the as-isolated Asp1365-920
(Figure 9.3A) exhibits a rising-edge of ~ 7120 eV and a single pre-edge feature at 7112.6 eV of
0.146 units of intensity. These energies are partially consistent with the ferric iron sites in both
[2Fe—2S]?* clusters and Fe3* rubredoxin (Figure S9.2) (George et al., 1996). However, the
white line of Asp1365920 gppears sharper and more intense than what is typically observed for
tetrathiolate coordinated irons. Additionally, the pre-edge has a lower intensity than commonly
observed for other Fe—S biological sites. This may indicate light-atom coordination to the ferric
iron, or the presence of an additional light-atom coordinated ferric iron species.

The k3-weighted EXAFS (Figure 9.3B, right) is dominated by an Fe—S scattering interaction
as indicated by the intense, partly uniform sinusoidal oscillation in a k-range of 2-7 A! and
an Fe—Fe at higher k, yielding a deconstructive interference at approximately k~8 A, char-
acteristic of Fe—=S clusters. The non-phase shifted Fourier transform of the EXAFS spectrum
(Figure 9.3B, left) yields an intense radial shell at R ~ 1.8 A, and a second less intense shell at
R ~ 2.4 A. The first and second radial shells are the Fe—S and Fe—Fe scattering interactions,
respectively. The intensity ratio of the two shells is typical of [2Fe—2S] cluster, whereas higher
nuclearity Fe—S clusters would possess a more intense Fe—Fe scattering interaction. The EX-
AFS of Asp1365920 s well fit N = 4 Fe—S scattering interaction at a mean scattering distance
of 2.25 A and a Debye-Waller like disorder value of 2 = 6.72 x 10-3 A2, Table S9.3. The fitted
Fe—S of the four-fold degenerate scattering path is in good agreement with typical Fe—S(cys)
and Fe-(-S%) distances found in oxidized ferredoxin clusters. The Fe—Fe scattering interaction
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Figure 9.3: Spectroscopic characterization of wild-type Asp13592°, (A) Fe K-edge X-ray absorption spectrum of
Asp1%85°20 with the pre-edge region expanded within the inset. A cubic spline fitting of the edge and background
(gray dashed line) is subtracted from the pre-edge feature (blue) and fitted with a single pseudo-Voigt lineshape (red
dashed line). The fitted pre-edge feature is centered at 7112.6 eV, a full-width half-max of 1.82 eV and 0.146 units
of normalized intensity. (B) The k®-weighted EXAFS of Asp136®92° (black) with fitted EXAFS (red) and residual
(gray dashed) over a k-range of 2-11.75 A (right). The non-phase shifted Fourier Transform of the k3-weighted
EXAFS is displayed (black) with a respected fit (red) (left). (C) Méssbauer spectrum of Asp1%%5-°2° enriched with
5"Fe measured at 80 K without applied field. The experimental data (gray circles) has been fit (black line) with five
components (green, light blue, dark blue, pink and yellow lines). The fitting parameters are presented in Table S9.2.

is fit to distance of 2.73 A by a well-ordered scattering interaction, reflected by the ¢2-value of
3.57 x 10-3 A2. Attempts to further refine the fitting of the EXAFS data by inclusion of an ad-
ditional Fe—N/O scattering interaction of shorter distance were not conclusive (Figure S9.2 and
Table S9.4). Inclusion of another Fe—N/O scattering interaction yielded fits with better goodness
of fit values, however, other parameters of the fit are not physical intuitive, including either neg-
ative o2-values or no support of Cys ligation in contradiction of mutagenesis result, discussed
below. As the technique is a bulk probe and reports the average iron spectrum, influence from
minor iron species may contribute. While the assignment of the first coordination shell is not
definitive from the EXAFS spectroscopy, a S(cys)4 [2Fe—2S] cluster is supported. The EXAFS
does observe the Fe—Fe interaction of the cluster extremely well concluding that a [2Fe—2S]
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cluster is present in vivo and it is the majority species. Most important finding is that this cluster
is formed without the need of iron and sulfur reconstitution.

9.5.4 Characterization of reconstituted wild-type Asp136>°20 by Méssbauer
spectroscopy

Mdssbauer spectroscopy is a technique that probes transitions between the nuclear ground
state and a low-lying nuclear excited state. The nucleus most amenable to Méssbauer spec-
troscopy is 5Fe, thus, 5’Fe Mdssbauer spectroscopy is frequently used to obtain detailed in-
formation about the chemical environment and electronic structure of iron in Fe—S proteins.
One drawback is that the protein samples have to be reconstituted or enriched with the isotope
57Fe. All previous experiments have been performed with as-isolated Asp1365-920 protein and
all attempts to fully remove the inorganic cofactor lead to degradation of the protein. Therefore,
we used Asp1365-920 protein as isolated from an aerobic purification for chemical reconstitution
using %”FeCl; to enrich the 5Fe content. The electronic spectra (Figure S9.3) reveal that the
majority of the as isolated protein is in the apo form (extinction coefficient is 2.09 mM'cm™ at
410 nm). The Mdssbauer sample of the reconstituted Asp1 protein has an extinction coefficient
of 8.37 mM'ecm™! at 410 nm, which is almost identical to the protein isolated in the Fe—S bound
form (extinction coefficient is 8.98 mM-Tecm™ at 410 nm). Thus, the protein used for Méssbauer
spectroscopy has a similar Fe—S content as the protein produced in BL21(DE3) AiscR cells.
A reasonable fit to the experimental spectrum (Figure 9.3C) was achieved with five compo-
nents (Table S9.4): two quadrupole doublets with low isomer shifts (§ = 0.32 and 0.42 mm/s)
and small quadrupole splittings (AEq = 0.75 and 1.25 mm/s), typical of iron-sulfur clusters
and three quadrupole doublets with high isomer shifts (1.10, 1.44 and 1.61 mm/s) and large
quadrupole splittings (2.95, 2.88 and 3.04 mm/s), typical of high spin Fe?*. The latter are likely
to be due to some iron aggregates generated during Fe—S cluster reconstitution. The isomer
shift and quadrupole splitting for components 1 and 2 are slightly larger than those normally
observed for all cysteine ligated [2Fe—2S] clusters (~ 0.27 mm/s) (Pandelia et al., 2015). How-
ever, the isomer shift and the quadrupole splitting can be affected by environment around the
cluster (Fee et al., 1984). The unusual Mdssbauer properties correlate with the unusual XAS
spectral properties and the inability to observe an S = 1/2 signal in the EPR spectrum of the
reduced protein.

9.5.5 Cysteine residues 607, 663, 864, and 879 are involved in binding the Fe-S
cluster

After characterizing the structure and coordination environment of the [2Fe—2S]?* cluster in the
Asp13685-920 protein, we aimed at identifying the residues involved in linking the inorganic co-
factor to the protein backbone. Fe—S clusters are predominantly ligated by cysteine residues,
however, they can also be coordinated by histidine, aspartate, arginine, serine tyrosine, or glu-
tamate residues (Freibert et al., 2018). Several consensus sequence motifs are known for
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[2Fe—2S] cluster coordination, typically involving four cysteine residues as ligands, yet it re-
mains challenging to identify the coordinating residues based on the sequence. In order to
pinpoint the residues involved in cluster coordination, we performed site-directed mutagenesis
and characterized the ability to incorporate a [2Fe—2S] cluster. It was previously described that
exchange of the cysteine residues 607, 663, 864, 868, 879, and 905 lead to a reduced iron
content of Asp1371-920 (Wang et al., 2015b). Three of these cysteines, 663, 864, and 879, are
highly conserved in some fungal homologs of Asp1. Cysteine 868 in Asp1 aligns with a highly
conserved aspartate residue, which could be a potential oxygenic ligand for an Fe-S cluster.
As our spectroscopic data suggest that the cluster is exclusively coordinated by cysteines, we
concluded that this Cys is not a potential ligand of the cofactor. Cysteine 905 in Asp1 is not con-
served in other yeasts and is therefore most likely not involved in cluster ligation. To pinpoint
the residues coordinating the cluster, we generated and produced five new Asp1365-920 yari-
ants: C607S, C663S, C864S, C879S and the quadruple mutant C607S C663S C864S C879S
(QM). The position of these cysteine residues in Asp1 protein is shown in Figure 9.4A. All gene
constructs were expressed in E. coli BL21(DE3) AiscR and the Asp1265920 variant proteins
were isolated under strictly anaerobic conditions followed by analysis of the Fe—S cluster con-
tent by electronic absorption spectroscopy and inductively coupled plasma mass spectroscopy
(ICP-MS) (Figure 9.4B and C). Our data show that the Asp1365-920/QM j5 ot capable of binding
a significant amount of Fe—S cluster and the metal content is lower than 0.1 iron per monomer.
The three Asp1365-920 variants C663S, C864S, and C879S contain a very low amount of clus-
ter indicated by the band intensities in the electronic spectra and the low metal content of
0.1-0.4 iron per monomer. While the metal content of the Asp1365-920 C607S protein is the
same as for the wild-type protein with 2.0 iron per monomer, a comparison of the molar extinc-
tion coefficients indicates that the amount of Fe—S cluster is approximately 20% lower in the
C607 variant. Taken together, our results demonstrate that the cysteines 663, 864, and 879 are
essential for binding of the [2Fe—2S] cluster to the protein backbone. Cysteine 607 seems to
have an impact on the cluster, since the extinction coefficient at 410 nm is lower compared to
Asp1365-920 however, the role of this residue in cluster coordination is not clear.

To ensure that the cluster content of all Asp1365920 variants is not a result of accidental degra-
dation during the isolation and purification of the protein, we performed chemical reconstitution
on all Asp1365-920 yariants. The electronic spectra of the proteins after the reconstitution reac-
tion and buffer exchange show that the values for the molar extinction coefficients of Asp1365-920
(11.91 mM'em™ at 325 nm and 8.98 mM'cm™ at 410 nm) and C607S (11.64 mM-'ecm™ at
325 nm and 7.76 mM “'cm™ at 410 nm) did not increase. This indicates that the Asp1365-920
protein was isolated with a fully assembled [2Fe—2S] cluster. It also shows that the lower amount
of Fe—S cluster in the C607S variant is due to the inability of this variant to stabilize the cluster,
pointing to a possible function of this Cys as cluster ligand. Furthermore, chemical reconstitu-
tion of the Asp1365920 yariants C663S, C864S, C879S, and QM did not increase the signals at
325 nm and 410 nm, indicating that these mutants are not capable of binding an Fe—S cluster
(Figure S9.4).
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Figure 9.4: Characterization of binding and stability of the Fe—S cluster in the Asp1°%°% variants. (A) Schematic
representation of the Asp136%92° pyrophosphatase domain used for this study in orange with the location of the
four cysteines that were replaced utilizing site-directed mutagenesis highlighted in blue. (B) Electronic spectra of
Asp1%5°20 wt in orange and the variants C607S, C663S, C864S, C879S and QM (different shades of blue) as-
isolated from E. coli BL21(DE3) AiscR. (C) Iron content of the proteins shown in (B) determined with ICP-MS. (D)
Electronic spectra of Asp1%%%920 exposed to molecular oxygen.

9.5.6 The Fe-S cluster degrades when exposed to oxygen

Most iron-sulfur clusters are damaged or degraded when exposed to oxygen, therefore protein
isolation and handling is usually performed under anaerobic conditions. [2Fe—2S]?* cluster-
containing proteins with four cysteine residues as coordinating ligands are particularly stable
and there are examples for highly oxygen-stable Fe—S proteins, such as E. coli [2Fe—2S]-
ferredoxin (Nakamura et al., 1999). This Fe—S protein can be isolated and even crystallized
under aerobic conditions and still contains a fully occupied [2Fe—2S] cluster (Kakuta et al.,
2001). The behavior of Fe-S clusters in the presence of oxygen can provide insights into the
function of the cofactor. Degradation of the cluster in the presence of oxygen may potentially
indicate a role in oxidative stress response. In E. coli, the [2Fe—2S] transcriptional factor, SoxR,
functions as a sensor of oxidative stress (Ding et al., 1996). Modulation of the Fe—S cluster in
SoxR was proposed to control the protein’s function in transcription. To analyze the stability of
the [2Fe—2S]?* cluster in Asp1365-920 jn the presence of oxygen, we exposed the anaerobically
isolated protein samples to air and monitored the Fe—S cluster degradation utilizing electronic
absorption spectroscopy. Our results show that the cluster in Asp1365-920 js stable in an aerobic
environment for approximately 30 min (Figure 9.4D). After 60 min a small fraction of the cluster
in Asp1365920 js degraded and after 120 min most of the cluster is not present anymore. Based
on our spectroscopic characterization, we speculate that Cys 607 has an influence on Fe-S
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cluster stability, although it is not clear if this residue directly coordinates to one of the iron
ions. To gain more insights into the role of residues 607, we also investigated the behavior of
the Asp1365-920 C607S variant towards oxygen. In this case, cluster degradation begins within
less than 30 min and the cluster is not detectable after 120 min (Figure S9.6A). The stability
of the [2Fe—2S] cluster in Asp1365-920 towards degradation by oxygen is, thus, increased by the
presence of Cys 607, further supporting its role of in cluster coordination.

9.5.7 The [2Fe-2S]?* cluster in Asp135%920 js redox inactive

The capability to switch between different oxidation states is a crucial feature for proteins that
are involved in electron transfer or redox chemistry. The potential of Fe—S clusters to take part
in redox reactions can be estimated by incubating the Fe—S protein with different amounts of
reducing agents, such as sodium DTH. Our X-ay absorption spectra suggested the presence
of an oxidized [2Fe—2S]?* cluster in Asp1365-920 a5 isolated from E. coli BL21(DE3) AiscR. This
type of cluster is EPR silent. Reduced [2Fe—2S]* clusters with four cysteine ligands typically
exhibit average g-values in the range 1.94 to g = 1.96 (Freibert et al., 2018; Orio & Mouesca,
2008). Previous studies using reconstituted and anaerobically reduced Asp1 protein have re-
ported that no EPR signal characteristic of a S = 1/2 [2Fe—2S]'* was observed (Wang et al.,
2015b). However, when samples were reduced anaerobically with a twofold excess of DTH in
the EPR tube they detected weak rhombic EPR signals with average g-value of 1.96 that ac-
counted for 0.06 spins/Asp1371920_ Our attempts to reduce the in vivo prepared samples with
1 and 2 equivalents of DTH were not successful, as shown in the EPR spectra of Asp1371-920
as-isolated and a sample containing 2 equivalents of DTH (Figure S9.7), which do not show
evidence of any reduced [2Fe—2S]* cluster as previously observed. Our samples did exhibit a
sharp signal at g = 4.3 characteristic of high-spin ferric iron that is estimated to be no more
than 10% of the sample. Furthermore, a weak but sharp isotropic signal at g ~ 2 is also ob-
served with relaxation properties similar to an organic radical. Both the high-spin ferric iron
and radical-like signal may arises as a result from cluster decomposition. To further investigate
the potential reduction of the cluster, Asp1%65920 and C607S variant, we incubated samples
with different amounts of DTH under anaerobic conditions. Reduction of an [2Fe—2S]?* cluster
to [2Fe—2S]* may be diagnosed by decreases of the absorbance at 410 nm and 470 nm and
corresponding increases at 400 nm and 550 nm (Kim et al., 2013a). The electronic spectra of
Asp1365-920 gand C607S do not show any changes upon treatment with one equivalent of re-
ducing agent (Figure S9.8), indicating that the oxidation state of the cluster did not change, in
agreement with the EPR observations. Further addition of reducing equivalents led to loss of
the characteristic absorption bands at 410 nm and 470 nm, suggesting decomposition of the
Fe—S cluster.
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9.5.8 The Fe-S cluster does not influence phosphatase activity in vitro

Our results have shown that Asp1365-920 pinds to a [2Fe—2S]?* cluster inside the cells, which
is most likely not involved in electron transfer. This raises the questions, whether it influences
pyrophosphatase activity or what the role of the inorganic cofactor is. To address the first ques-
tion, we produced Asp1365-920 in the apo form and compared the activity with the Fe—S-cluster
containing protein as isolated. To measure the enzymatic activity of these Asp1365-920 vari-
ants, we used an in vitro test system that had allowed us previously to show for the first time
that a member of the PPIP5K/Vip1 family is a bifunctional enzyme and that the hitherto C-
terminal "phosphatase-like domain" of PPIP5K/Vip1 family members is indeed a phosphatase
(Péhimann et al., 2014). The 1-pyrophosphatase activity of this family is conserved (Dollins
et al., 2020; Gu et al., 2017; Wang et al., 2015b; Yousaf et al., 2018). The pyrophosphatase
activity measurements were performed in this work were carried out as previously described
(Pascual-Ortiz et al., 2018). Briefly, 1-IP7 produced by the Asp1 kinase variant Asp1'-364 was
used as a substrate for Asp1385-920 (Figure 9.5A). GST-Asp1365920 was bacterially produced
and isolated under aerobic or anaerobic conditions. Next, 2 pg of anaerobic or aerobically
produced Asp1365-920 was added to the mixture and incubated for 3 h or 18 h, followed by
the analysis of the resulting inositol polyphosphates via PAGE. Incubation of 1-1P7 with either
aerobically or anaerobically produced Asp1365-920 |ed to a moderate (3 h) or massive (18 h) re-
duction in the amount of this inositol pyrophosphate (Figure 9.5B and C). Thus, as both forms
of Asp1365-920 showed a comparable enzymatic activity, we conclude that the presence of the
[2Fe—2S]?* cluster does not inhibit phosphatase activity in vitro, in contrast to what has been
reported in a previous study by Wang et al..
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Figure 9.5: Activity of Asp13%%°2 jn vjtro. (A) Schematic representation of the in vitro pyrophosphatase assay. (B)
In vitro pyrophosphatase assay using the indicated Asp1%6%2 variants. 2 ug of the indicated proteins were added
to Asp1 kinase-generated 1-IP; (input is shown in the lane labelled 1-IP;) and incubated for 3 h or 18 h. The
resulting inositol polyphosphates were resolved on a 35.5% PAGE gel and stained with toluidine blue. The assay
was performed twice with reproducible results. (C) Quantification of 1-IP7 bands shown in (B).

9.5.9 Expression of the Asp1365-920GM yariant induces TBZ-hypersensitivity and
reduces the ability of yeast cells to grow invasively comparable to

Activity measurements with apo and holo protein have shown that the cofactor does not influ-
ence the ability to carry out the pyrophosphatase function in vitro. To investigate whether the
presence of the Fe—S cluster affects the function of the Asp1 pyrophosphatase in vivo, we an-
alyzed two biological processes controlled by 1,5-IPg in fission yeast. A direct correlation exists
between intracellular 1,5-IPg levels and (i) microtubule stability as well as (ii) the ability to form
invasively growing colonies (Figure 9.1B) (Pascual-Ortiz et al., 2018; Péhimann & Fleig, 2010;
Topolski et al., 2016). As intracellular levels of 1,5-1Pg are controlled by the activity of the Asp1
pyrophosphatase, the in vivo activity of Asp1 pyrophosphatase variants can be determined by
using the following read-outs: expression of plasmid-borne functional Asp1 pyrophosphatase
variants in S. pombe transformants will lead to (i) increased sensitivity to the microtubule-
destabilizing drug TBZ and (ii) a reduction in the number of cells that can switch to invasive
growth. As shown in Figure 9.6B, the plasmid-borne expression of either wild-type Asp1365-920
pyrophosphatase or the Asp1365-920/QM yariant with cysteines 607, 663, 864 and 879 mutated
to serine residues via the thiamine-repressible promoter nmt1* (Figure 9.6A), both resulted in a
virtually identical reduction of growth in the presence of the microtubule-destabilizing drug TBZ.
Next, we used the asp7H3974 strain, which expresses an endogenous Asp1 variant with an in-
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Figure 9.6: Activity of Asp13%®92° jn vivo. (A) Western blot analysis of a wild-type strain transformed with a control

plasmid or plasmids harboring the indicted asp? variants. Transformants were grown in thiamine-less, plasmid-
selective minimal media to highly express the asp1 variants via the nmt1* promoter. Similar amounts of protein
extracts were resolved by SDS-PAGE and probed with anti-Asp1 or anti-tubulin antibodies, respectively. (B) Se-
rial dilution patch tests (10*-10" cells) of the transformants shown in (A). Transformants were grown either in the
presence or absence of thiamine, which will lead to low or high expression from the nmt1* promoter and with
or without the microtubule destabilizing drug TBZ. (C) Invasive growth test of strain asp17%”* transformed with a
control plasmids or plasmids harboring the indicated asp? variants. Transformants were grown in the absence of
thiamine to allow high expression of asp1%6°°2° and asp1°¢°929M Transformant cells were incubated for 21 d under
plasmid-selective conditions, plates washed to eliminate all surface grown cells and the number of invasive colonies
quantified via microscopy.

active pyrophosphatase (Pascual-Ortiz et al., 2018). Thus, this strain has significantly higher
than wild-type 1,5-IPg levels and as a consequence shows an increased ability to switch to
invasive growth (Figure 9.6C, left most panel) (P6himann & Fleig, 2010). Expression of either
the wild-type Asp1365920 or the mutant Asp1365-920/GM in, this strain resulted in a decrease of in-
vasively growing colonies (Figure 9.6, middle and right panels and quantification of the number
of invasively growing colonies). Again, as shown for the previous in vivo assay, the read-out of
Asp1365-920/M gng Asp1365-920 gxpression is very similar. We conclude that the enzymatic ac-
tivities of Asp1365-920/QM gng Asp1365-920 gre comparable and that the absence of the inorganic
cofactor does not affect Asp1365-920/QM fynction in vivo in the biological processes tested.

9.6 Discussion

The maturation of Fe—S proteins is a strictly regulated process. In bacteria two dedicated
machineries are responsible for the correct assembly and transfer of Fe-S clusters: the ISC
(Grawert et al., 2004; Hanzelmann et al., 2004) and SUF pathways are responsible for the
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biogenesis of Fe—S proteins under normal and oxidative-stress conditions, respectively. Dur-
ing evolution both machineries were transferred by endosymbiosis to eukaryotes containing
Fe—S proteins in mitochondria, cytosol and the nucleus. Biogenesis of Fe—S proteins in the
eukaryotic cytosol and nuclei requires the assistance of the mitochondrial ISC assembly ma-
chinery, a mitochondrial ISC export system, as well as the cytosolic Fe—S-protein assembly
(CIA) machinery (Kispal et al., 1999; Lill, 2009). The first insights into the complex biosynthe-
sis pathways in eukaryotes were established in the yeast Saccharomyces cerevisiae, however,
subsequent studies have shown that this process is highly conserved from yeast to human.
During recombinant gene expression proteins are produced to an abnormally and excessively
high level, which frequently leads to incomplete Fe—S cluster incorporation. Several approaches
have been used to increase the Fe—S cluster content in proteins, including the co-expression
with plasmids containing the isc or suf operons or the deletion of the regulating iscR gene.
Expression of the asp? gene variant in these cell strains yields high amounts of Fe-S cluster-
containing Asp1365-920 protein, supporting the biological relevance of the inorganic cofactor.
Despite the absence of the SUF machinery in all yeast strains, including S. pombe, the co-
expression with the suf operon results in high protein yields. Since the ISC and SUF machinery
are almost completely interchangeable in bacteria, both machineries are supposedly capable
to interact with the same proteins. Therefore, it is not surprising that the SUF machinery is
efficiently incorporating Fe—S clusters into a eukaryotic protein. Qualitative and quantitative
analysis of Asp1365-920 in jits Fe—S bound form using electronic absorption spectroscopy and
ICP-MS, respectively, have shown that expression in BL21(DE3) AiscR cells results in a high
yield of Fe—S protein (Figure 9.2). Chemical or semi-enzymatical reconstitution seem to result
in protein with similar spectral properties and iron content. However, the iron/monomer ratio of
the samples obtained by chemical reconstitution are above 2, revealing unspecific iron binding.
In vivo incorporation of Fe—S clusters result in samples with higher homogeneity and purity,
since (i) the protein is folded correctly when the Fe—S cofactor is incorporated during or directly
after translation, (ii) metal-binding sites may be occupied by non-native metals such as Zn or Ni
during expression or purification, leading to inaccessible metal-binding sites (iii) excess Fe-S
aggregates can be formed during reconstitution that are quite difficult to separate from the pro-
tein, (iv) reconstitution may result in a cluster form that is not identical to the native cluster
form, and (v) adventitious iron may bind to the protein in an unspecific manner, interfering with
spectroscopic characterization. Spectral features in electronic spectra are not as pronounced
as we would expect for a [2Fe—2S] cluster. For rhombic dinuclear clusters, we expect two well
resolved bands at 410 and 470 nm. The degree of which structures can be resolved decreases
with increasing numbers of iron atom, thus, we only observe one broad feature in the range of
400-450 nm for [4Fe—4S] proteins. The electronic spectra of the Asp1265-920 protein as-isolated
as well as chemically reconstituted protein reveals a broad feature that is more characteristic
for [4Fe—4S] proteins, however, the ICP-MS data show that two iron ions are bound to the pro-
tein suggesting a [2Fe—2S] cluster. EXAFS analysis also support the presence of the [2Fe—2S]
form, since the intensity ratio of the first and second radial shells, derived from the Fe-S and
Fe—Fe scattering interactions, respectively, is typical of [2Fe—2S] cluster. Fe—S clusters with
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higher nuclearities would possess a more intense Fe—Fe scattering interaction. The isomer
shift and quadrupole splitting in the Mdssbauer spectrum are consistent with an all cysteine lig-
ated [2Fe—2S] cluster, even though they are slightly larger. In addition, a majority high spin Fe2*
can be fitted into the experimental spectrum, deriving from impurities probably deriving from
chemical reconstitution. While all samples for this study were produced in vivo, the samples for
Méssbauer spectroscopy had to be prepared by chemical reconstitution, since this protocol is
by far more cost-effective than in vivo incorporation of %’Fe. Our mutagenesis study demon-
strates that exchange of cysteines 663, 864, and 879 by serines have a dramatic impact on
cluster stability. Replacement of Cys by Ser was chosen, because serines are more likely to
maintain the hydrogen bonding network in the structure compared to Ala. Mutation of Cys 607
to Ser also leads to a decreased Fe—S cluster content (Figure 9.4C), however, while the ex-
tinction coefficients for the C663S, C864S and C879S variants decrease from 8.98 mM-'cm"
to values ranging between 3.51 and 3.98, the value for the C607S variant only decreases to
7.75. The number of irons per monomer for the C607S variant is also close to the value for
Asp1365-920 The hydroxyl group of S607 may be capable of stabilizing the cluster to a certain
extent. In this case, the question arises why the hydroxyl group is not able to stabilize the cluster
when introduced at another position. A possible explanation may be that this cysteine is more
flexible than the others or that the exchange of Cys 663, 864, and 879 leads to local changes in
the hydrogen network in a fashion that the hydroxyl group is not available for cluster stabiliza-
tion. As the Asp1365-920/GM yariant reveals a virtually identical level of phosphatase activity, it
is unlikely that amino acid exchange leads to major rearrangements. Another possibility is that
there is another Cys located in close proximity of residue 607 that is capable of rearranging to
stabilize the Fe-S cluster. It has previously been reported that when cysteine ligands to an Fe-S
cluster are changed to alanine, nearby cysteines can substitute and form ligands to the cluster
(Golinelli et al., 1996). In absence of structural information, it is difficult to predict which residue
would be a potential candidate. Finally, the cluster could be coordinated by three Cys residues,
as seen in the scaffold protein ISU1 involved in Fe—S cluster biogenesis (Wu et al., 2002).
This would lead to an open coordination site that allows potential binding partners to bind to
Asp1365-920 though a Cys residue that occupies the free coordination site, as observed in the
IscU:lscS complex (Marinoni et al., 2012). Our EXAFS analysis shows Fe-S scattering inter-
action that are typical of [2Fe—2S] clusters, which could be modelled satisfactory by majority
S coordinated iron-sulfur cluster, in agreement with the electronic and the Méssbauer specitra.
Our data are therefore consistent with the [2Fe—2S] cluster coordinated to four cysteines, we
therefore propose that Cys 607 is a cluster ligand. Our activity measurements in vitro and in
vivo reveal that the pyrophosphatase function is not influenced by the absence of the [2Fe—2S]
cluster. For the in vitro analysis, the level of activity of Asp1365-920 jsolated under anaerobic
conditions in the [2Fe—28S] cluster-containing form or under aerobic condition in the apo form
are similar, demonstrating that the cluster is not involved in this reaction. Previously, the FeS
cluster was proposed to inhibit the pyrophosphatase activity (Wang et al., 2015b). In this study,
activity could not be recovered after removal of the Fe—S cluster, which could indicate that the
loss of activity derives from the presence of excess reagents from the reconstitution reaction
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or Fe-S aggregates that are formed during chemical reconstitution. Another possibility is that
the treatment of the protein to remove the cluster affected the structural integrity leading to an
inactive pyrophosphatase domain. The authors did not provide evidence for structural integrity
of the samples. This raises the question of the function of the Fe—S cluster in Asp1. A function
in redox catalysis or electron transfer are highly unlikely, since all attempts to reduce the cluster
have failed so far. A structural role is one possibility, however, since the pyrophosphatase do-
main is active in absence of the cluster, we conclude that the Asp1 is folded correctly in absence
of the Fe—S cluster. Our present in vivo analysis tested two biological processes that require
1,5-1Pg: microtubule stability and morphogenesis. In these assays the absence of the [2Fe—2S]
cluster in Asp1 did not lead to phenotypic consequences of the yeast strains expressing such
Asp1 variants indicting that these two processes are not affected by the absence of the [2Fe—
25] cluster. What then might be the functional role of the Asp1 [2Fe—2S] cluster? We have
recently found that Asp1 interacts physically with the mitochondrially localized Met10 protein
and that Met10 inhibits the pyrophosphatase activity of Asp1365-920 jn vitro (Pascual-Ortiz et al.,
2018). The budding yeast homologue of Met10 protein, ScMet10, is a Fe—S cluster containing
protein that physically interacts with Met18/Mms19, which is part of the cytosolic iron-sulfur
protein assembly (CIA) machinery (Stehling et al., 2012). Our unpublished observations indi-
cate that an Asp1 subspecies exists in fission yeast mitochondria and Asp1 mutants give rise
to altered ATP levels. Altered ATP levels were also observed in human cell lines which did not
express PPIP5K (Gu et al., 2017). We therefore speculate that the role of the [2Fe—2S] cluster
in Asp1365920 may be related to a possible interaction with the protein Met10.
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9.7 Supporting data

Supplementary tables

Table S9.1: E. coli and S. pombe strains used in this study.

Name Genotype Reference
BL21(DE3) AiscR F - ompT hsdSg (rs. mg.) gal dem iscR::kan® (DE3) Akhtar and Jones
UFY his3-D1, ade6-M210, leu1-32, ura4-D18, h" K. Gould

H397A.. R e _ - -
UFY 1579 asp1 :kan™ |, his3-D1, ade6-M210, leu1-32, ura4 U. Fleig

D18, h*
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Table $9.2: Plasmids used in this study.

Name

For expression in E. coli

ampR, tac Promotor, lac Promotor, GST Factor X
pKM36-asp 1365-920 site, TRP, based on pGEX-3X (GE Gealthcare,
Chicago, IL, USA)
pKM36-asp 1365-920.C6075
pKM36-asp 1365-920,C6635
pKM36'35,0 1365-920, C864S

pKM36-asp 1365-920.C8795
pKM36-asp 1365-920.0607, C6635, C8645, C879S

For expression in S. pombe

pJR2-3XL éilﬁ;tzrrnpﬂ, pREP3Xx, thiamin-repressible nmt1*
pJR2-3XL-asp 136592022

pJ R2—3XL—asp 1365-9202a-GST

pJR2-3XL-asp 103334

pJ R2-3XL-asp 1365-920, C607S

pJ R2—3XL—asp 1365-920, C663S

pJ R2-3XL-asp 1365-920, C864S

pJR2-3XL-asp1365-920.C8795
pJR2-3XL-asp 1365-920C6075,C6635,C8645,C8795

For expression in E. coli

pACYC-Duet-suf (pSUF) Cha
PACYCisc-fax (pISC) ChaP

Table S9.3: Comparison of different fits for the EXAFS data collected from Asp13%5920 as-isolated from E. coli
BL21(DE3) AiscR.

N Path R(A) z’;)x 10 g, Fvalue 2
Fit 1 4 Fe-S 2.254 6.72 0.883  1.437 281.63
1 FeFe 2726 3.57
Fit 2 3 Fe-S 2.258 473 0.989 0.876 191.16
1 Fe-N 2127 14.92
1 Fe-Fe  2.729 4.23
Fit 3 3.5 Fe-S 2.238 5.79 4471 0814 196.94
05 Fe-N 2.163 -4.06
1 Fe-Fe  2.716 4.74
Fit 4 2 Fe-S 2.268 2.70 3.633 0.549 150.44
2 Fe-N 2.078 9.22
1 FeFe 2738 4.68
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Table S9.4: Fitting parameters for the Méssbauer spectrum in Figure 9.3C.

Component 1 2 3 4 5
'((SS‘)’mer shift 3o 0.42 1.61 1.44 1.4
Quadrupole

splitting (AEq) 0.73 1.25 3.04 2.88 2.95
FWHM 0.45 0.39 0.34 0.29 0.22
Depth 1.78 1.17 0.57 0.52 0.23
% Intensity 48 28 12 9 3
RMSD 0.872
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Figure S9.1: Electronic absorption spectra of Asp1%55°2 as-isolated from E. coli BL21(DE3) AiscR and S. pombe.

Asp1

—Fe(lll) Rubrudoxin

— Gt (Cys),(His)2Fe2sf”
1 (Cys),[2Fe2sf*

o

8

Normalized Intensity
o
o

o

4

0 ? .
7100 710 7120 7130 7140 7150
Absorption Energy [eV]

Figure S9.2: Comparison of XAS data collected from Asp13¢592° (Asp1) as isolated from E. coli BL21(DE3) AiscR
with published data.
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Figure S9.3: EXAFS fits for Asp13659%,
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10 General discussion on iron-sulfur clusters
in pro- and eukaryotes

The objective of this thesis was to explore the influence of differnt expression systems on the
Fe-S cluster assembly in different target proteins that are known to harbor either one or two
[4Fe—4S] clusters or a [2Fe—2S] cluster. While the proteins AcnB, IspH, and NadA, and their
Fe—S cofactors were already extensively studied in the past (Bradbury et al., 1996; Grawert
et al., 2004; Jordan et al., 1999; Rousset et al., 2008), only little is known about the proteins
ThnB and Asp1. To study the incorporation of [4Fe—4S] clusters we used different expression
systems that have been previously successfully tested for the recombinant production of Fe—S
cluster containing proteins. These strategies include (i) the co-expression of the target gene
with an additional plasmid that harbors the genes encoding for the ISC machinery, (ii) the co-
expression of the target gene with an additional plasmid that harbors the genes encoding for
SUF machinery, and (iii) the expression of the target gene in an E. coli strain that lacks the
gene of the transcriptional regulator of the ISC machinery, IscR (Chapter 8). Although many
studies focus on the biosynthesis of Fe—S proteins, the maturation of recombinantly produced
Fe—S proteins has not been investigated in great detail. We used established expression con-
structs with a Hisg affinity tag in addition to newly generated constructs with a Hisqq affinity tag
in this study. We could detect that the expression levels of the proteins highly depend on the
expression construct that is used. However, once a suitable expression construct was found,
the expression levels do not show significant variation for the same protein using different ex-
pression systems. Only in case of IspH, the expression is weaker in E. coli BL21(DE3) in the
presence of the additional plasmid pSUF as well as in BL21(DE3) without any additional plas-
mid (Figure 8.3). A similar trend was observed for the yields after the first purification step.
However, we could observe dramatic differences in the cluster incorporation for the different ex-
pression systems: For AcnB and IspH isolation from E. coli BL21(DE3)AiscR resulted in highly
pure protein with spectroscopic features that are in very good agreement with data reported
for the holo proteins (Grawert et al., 2004; Jordan et al., 1999). ICP-MS data additionally varify
the presence of four iron atoms per protein monomer in these samples (Figure 8.4B and 8.5B).
The convincing results obtained from this strain may be traced back to the fact that in the ab-
sence of an additional plasmid no further stress causing factor is introduced to the expression
system. For the protein NadA, the best result was obtained when the protein was expressed
in BL21(DES3) in the presence of the plasmid pSUF (Figure 8.6). However, the interaction of
NadA with the SUF proteins has not yet been investigated in detail. Previous studies of E. coli
NadA led to controversial results. Studies on NadA with an E. coli strains lacking the iscS gene
have shown that NAD biosynthesis is impaired, suggesting that iscS is essential for the mat-
uration of NadA (Ollagnier-de Choudens et al., 2005). SufS was not able to replace IscS in
these experiments and maturate NadA protein. This hypothesis has not been further investi-
gated on a molecular level. Another study reports a specific connection between NadA and
the CSD system (Bolstad et al., 2010; Kurihara et al., 2003; Loiseau et al., 2005). The role of
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this system in Fe—S cluster biosynthesis has not been established in detail. The only evidence
for the interaction of NadA and a member of the SUF machinery was provided in Arabidopsis
thaliana (Narayana Murthy et al., 2007). It has been reported that the mature SufE3, a SufE-like
protein from Arabidopsis thaliana, contains two domains: one SufE-like and one with similarity
to the bacterial quinolinate synthase, NadA, that hosts a [4Fe—4S] cluster. This cluster could
be reconstituted by the SufE-like domaine of the protein in the presence of the cysteine desul-
furase CpNifS, cysteine and ferrous iron (Narayana Murthy et al., 2007). It is therefore likely
that also during recombinant production of NadA in E. coli an interaction between NadA and
the proteins of the SUF machinery is supported. The most interesting results have been ob-
tained for the expression of the radical SAM enzyme ThnB. This enzyme has previously been
isolated only in its apo form and studies on the active protein have been only performed af-
ter chemical reconstitution (Wieckowski et al., 2015). Again, Western blot analysis revealed
that the expression was slightly reduced in E. coli BL21(DE3) without the knockdown of the
transcriptional regulator IscR or the additional plasmids pSUF and pISC, while the expression
levels in the modified strains were quite similar. Also, yield and purity after isolation of ThnB
from BL21(DE3) were slightly lower than for the other proteins. The most promising results
with regard to the [4Fe—4S] cluster specific signals within the electronic spectra and the iron
content measured by ISC-MS were obtained from co-expression of thnB with pSUF. For this
sample with a purity of approximately 80% (Figure S8.1) approximately 6 iron ions could be
detected per monomer (Figure 8.7B). Also, the intensities of the molar extinction coefficient of
the sample are in the range of what has been reported for other radical SAM enzymes such as
AlbA (Flihe et al., 2012). Our results show that the presence of the SUF machinery is required
for efficient maturation of the radical SAM protein ThnB. Furthermore, co-expression of other
radical SAM enyzmes such as CteB (Grove et al., 2017), CofH, and CofG (Decamps et al.,
2012) with pSUF has previously been successfull. Therefore, we suggest that the SUF machin-
ery is the biologically relevant assembly machinery in B. thuringiensis. To our knowledge, the
Fe—S biosynthesis in B. thuringiensis has not yet been investigated. However, it is known that
B. subtilis does not harbor any protein of the ISC machinery (Albrecht et al., 2010; Yokoyama
et al., 2018). Using BLAST (Altschul et al., 1990) we performed sequence alignments in order
to determine whether B. thuringiensis contains genes of the isc operon. We did not find any
member of the ISC pathway, suggesting that B. thuringiensis relies on the SUF pathway for
Fe—S cluster biosynthesis.

For all proteins which have been under investigation chemical reconstitution of the protein
led to the formation of aggregates that could not be removed by running an additional pu-
rification step. Here, the results might be improved by repeating the desalting step several
times. However, this may significantly reduce the protein yield. Taken together, we systemati-
cally investigated the suitability of different expression systems for the recombinant production
of Fe—S proteins. Our work reveals that one cannot assume a general-purpose system for the
production of Fe—S cluster containing holo proteins, but that the expression system needs to
be individually optimized for different target proteins. In addition to the EAS that have been dis-
cussed in great detail, we performed CD spectroscopy to further analyze the localization of the
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absorption bands and to obtain additional information about the oxidation states of the Fe—S
clusters (Figure S8.2). We found that the choice of the expression systems can have an impact
on the oxidation state of the cluster, indicating the importance of establishing suitable protocols
for a native maturation of the target protein.

In an additional study, we investigated the spectroscopic properties of the pyrophosphatase
domain of the bifunctional enzyme Asp1 from S. pombe (Chapter 9). Previously, it has been re-
ported that this protein hosts a [2Fe—2S]?* cluster after chemical reconstitution. It was reported,
that this cluster can be reduced using 2-fold stoichiometric excess of the strong reducing agent
dithionite and that the cluster has an inhibitory effect on the phosphatase activity of the protein.
These studies were performed on the phosphatase domain inlcuding the amino acids 371 to
920 of the full-length protein. Addtionally, activity assays have been performed on the full-length
protein, that also led to a significant decrease of 95% of the phosphatse activity in the pres-
ence of the reconstituted Fe—S cluster compared to the as-isolated protein with approximately
40% cluster loading (Wang et al., 2015b). However, it is remarkable, that it was not possible to
recover the phosphatase activty after treating both the as-isolated and the reconstituted protein
with dithionite and EDTA to remove the cluster. It was therefore suggested, that the Fe—S cluster
is not directly involved in phosphatase activity, but indirectly by stabilizing a catalytically relevant
conformation. However, studying the activities of the full-length protein it was also found that in
the presence of the Fe—S cluster, the product of the kinase reaction is considerably high and
comparable to the level produced by a Asp1 mutant that lacks the pyrophosphatase activity.
Based on these findings, the authors suggested that under iron-replete conditions in vivo the
kinase is the predominant activity of Asp1 (Wang et al., 2015b).

The objective of this thesis was to investigate whether Asp1 binds a Fe—S cluster in vivo and
to characterize the active site of the pyrophosphatase domain of Asp1 (Asp1365920) gs-isolated.
For this purpose, we tested the expression in the same expression systems as previously used
for the [4Fe—4S] cluster containing proteins. We could show, that the most promising results
based on a combination of electronic absorption spectroscopy and ICP-MS measurements
were obtained using either the E. coli strain BL21(DE3)AiscR or the additional plasmid pSUF
for the co-expression in E. coli BL21(DE3) (Figure 9.2). The molar extinction coefficients for the
samples after the first purification step at 410 nm, 420 nm, and 325 nm were in the same range
as reported for the reconstituted samples of Asp1371-920 by Wang et al. (2015b). Additionally, we
were not able to further increase the molar extinction coefficients of these samples by adding
inorganic iron and sulfur, indicating a full cluster occupancy (Figure S9.5). In the absence of
enhanced SUF or ISC activity, nearly no Fe was found in the sample. For further spectro-
scopic analysis, Asp1365-920 was isolated under anaerobic conditions from BL21(DE3)AiscR.
The same expression system was used for the recombinant production of Asp1365-920 yari-
ants with single cysteine mutations to serine at the positions 607, 663, 864, and 879, as well
as quadruple mutant with all four cysteine residues mutated to serine. Significantly decreased
molar extinction coefficients at 325 nm and 410 nm observed for all of the different mutants
indicate that the cysteine residues at all these positions are involved in the coordination of the
Fe—S cluster. However, the cysteine 607 seems to be not as critical for stabilizing the cofac-
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tor. We propose, that this residue is flexible and therefore capable of reorganizing to create an
unoccupied coordination site for binding of another ligand or that another residue, for example
another cysteine or a histidine or aspartate close by is capable of stabilizing the Fe—S cluster
in the protein variant C607. Exposure of the wild-type Asp1365920 and the variant C607S to
oxygen revealed that the Fe—S cluster is not stable under aerobic conditions.

We also aimed at validating that the Fe—S cluster is present in Asp1365920 when isolated

from the native organism S. pombe. For this purpose, we isolated the protein from S. pombe
under strictly anaerobic conditions and analyzed the protein sample using EAS (Figure S9.1).
Although the extinction coefficient was lower than for the same protein isolated from E. coli
BL21(DE3)AiscR we could detect a characteristic absorption band, indicating the presence of
an Fe—S cluster for this sample. We assumed that the cluster occupancy in the Asp1365-920
isolated from S. pombe is lower since the protein is expressed at an abnormally high level and
that therefore the Fe—S assembly machineries in S. pombe cannot cover the extended amount
of Fe—S cluster that is needed. However, the presence of the Fe—S cluster within the protein
isolated from S. pombe reveals that the inorganic cofactor plays an important biological role.
To verify our assumption that the amino acid residues at positions 607, 663, 864, and 879 are
involved in the coordination of the Fe—S cluster, we performed X-ray absorption spectroscopy
(XAS) including extended X-ray absorption fine structure (EXAFS) analysis (Figure 9.3A and B,
S$9.2 and S9.3). The information that we obtained from the data can be summarized in two con-
clusions: (i) the EXAFS does observe the Fe—Fe interaction of the cluster strongly supporting
the presence of a [2Fe—2S] cluster in vivo, and (ii) the Fe—S cluster is most likely coordinated
by four cysteine residues. However, the white line of Asp1365-920 in the X-ray absorption spectra
appears sharper and more intense than what is typically observed for tetrathiolate coordinated
irons George et al. (1996). Additionally, the pre-edge has a lower intensity than commonly ob-
served for other Fe—S biological sites. XAS experiments performed on the mutant C607S did
not lead to high-quality data and have therefore not been published. However, the data suggest
that in the Asp1365-920 C607S is not capable of binding a [2Fe—2S] cluster.
Méssbauer spectroscopy (Figure 9.3C) performed on a reconstituted sample also highly sug-
gests the presence of a [2Fe—2S] cluster within the protein, although a low amount of high
spin Fe?* has been detected. However, this species is due to aggregates generated during
the reconstitution process. The isomer shift and quadrupole splitting for the [2Fe—2S] cluster
components are slightly larger than those normally observed for all cysteine ligated [2Fe—2S]
clusters (Pandelia et al., 2015), which is in agreement with the unusual spectroscopic properties
observed in XAS.

EPR measurements on the as-isolated Asp1365-920 in the presence and absence of the re-
ducing agent dithionate did not yield a S = 1/2 signal characteristic of the reduced [2Fe—-2S]*
(Figure S9.7) as it was previously detected on a reduced sample of Asp1371-920 (Wang et al.,
2015b). Attempts to observe the reduction of the [2Fe—2S] cluster by EAS have also not been
successful. Reduction of an [2Fe—2S]?* cluster to [2Fe—2S]* can be detected by decreases of
the absorbances at 410 nm and 470 nm and corresponding increases at 400 nm and 550 nm
(Kim et al., 2013a). The EAS of the as-isolated Asp1365-920 wildtype and C607S variants did
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not show such a change, indicating that it is not possible to change the oxidation state of the
cluster (Figure S9.8).

In addition to the spectroscopic analysis, we performed activity measurements both in vitro
and in vivo. In vitro we could not detect significant differences in the pyrophosphatase activity
of the anaerobically and aerobically isolated protein. Previously, the Fe—S cluster was proposed
to inhibit the pyrophosphatase activity (Wang et al., 2015b). In this study, activity could not be
recovered after removal of the Fe—S cluster, which may suggest that the loss of activity derives
from the presence of excess inorganic iron and sulfur from the reconstitution process or Fe—S
aggregates that are formed during chemical reconstitution. Furthermore, it might be possible
that the treatment of the protein to remove the cluster affected its structural integrity leading
to an inactive pyrophosphatase domain. Unpublished observations from our group provide ev-
idence that Asp1365-920 tends to aggregate when treated with EDTA or DTH. Our observations
raise the question of the function of the Fe—S cluster in Asp1. Since all attempts to reduce
the cluster have failed, we consider a function in redox catalysis or electron transfer as highly
unlikely. In addition, a structural role of the Fe—S cluster can be excluded, since the pyrophos-
phatase domain is active in absence of the cluster. Our in vivo analysis testing two biological
processes that require 1,5-1Pg, i. e. microtubule stability and morphogenesis, revealed that the
absence of the [2Fe—2S] cluster in Asp1 does not lead to phenotypic consequences of the
yeast strains. This observation indicates that these two processes are not affected by the ab-
sence of the [2Fe—2S] cluster. So what else may be the function of the Fe—S cluster in Asp1?
Our collaboration partners recently found that Asp1 interacts physically with the mitochondrially
localized Met10 protein and that Met10 inhibits the pyrophosphatase activity of Asp1365-920 jn
vitro (Pascual-Ortiz et al., 2018). The yeast homologue of the Met10 protein, ScMet10, is a
Fe—S cluster containing protein that physically interacts with Met18/Mms19, which is part of the
cytosolic iron-sulfur protein assembly (CIA) machinery (Stehling et al., 2012). The unpublished
observations from our collaboration partners highly suggest that an Asp1 subspecies exits in
fission yeast mitochondria and Asp1 mutants give rise to altered ATP levels. Such altered ATP
levels were also observed in human cell lines which did not express PPIP5K (Gu et al., 2017).

We did not discuss our unpublished observation that a significant amount of nucleic acids
was detected within the Asp1365-920 sample when we did not add any DNase to the purifica-
tion buffer. We, therefore, additionallz suggest that a possible role of the [2Fe—2S] cluster in
Asp1365-920 might be involved in interacting with nucleic acids as for example reported for the
protein DNA2 (Lutz, 2018), a nuclease/helicase from S. cerevisiae. Another possible function
of the Fe—S cluster might be a role in oxygen sensing in S. pombe, as it has been reported
for the protein AirSR from Staphylococcus aureus that hosts a [2Fe—2S] cluster (Sun et al.,
2012). However, at this point, we cannot definetly answer the question of the functional role
of the [2Fe—2S] cluster in Asp1. More detailed experiments will be necessary to fully under-
stand its function. We are aiming at solving the crystal structure of either the full-length Asp1
or Asp1365920 in E. coli to fully understand the function of the Fe—S cluster and its coordination
geometry as well as to interprete the unusual data that we obtained from XAS, EXAFS and
Mdssbauer spectroscopy in a more conclusive way.
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With this work, we obtained important knowledge about the maturation of recombinantly pro-
duced proteins that is of great interest for the bioinorganic community. Using two poorly charac-
terized proteins, namely the radical SAM protein ThnB from B. subtilis as well as the pyrophos-
phatase domain Asp1365-920 of g bifunctional protein from S. pombe we could demonstrate that
both [2Fe—2S] and [4Fe—4S] cluster proteins can become accessible for spectroscopic char-
acterization in their native form. Our work contributes to efficiently produce Fe—S proteins in
their biologically relevant form and to obtain a deeper understanding of the function of these
ubiquitously existing proteins.
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