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Summary

Proteins are intrinsically flexible and their function depends on the three-dimensional
structure as well as dynamics. Protein motions are characterized by a number of confor-
mations that constantly undergo exchange processes. Defining the intrinsic dynamics
of proteins provides valuable insight into their mode of action. Nuclear magnetic reso-
nance (NMR) spectroscopy, complemented with molecular dynamics (MD) simulations,
is a powerful technique to study protein structure and dynamics, at atomic resolution.
In this work, a combined NMR and MD simulation study was employed to study the
effect of structure and dynamics on the protein function, using two different protein

systems.

2-Deoxyribose-5-phosphate aldolase (DERA) catalyzes the reversible conversion of
2-deoxyribose-5-phosphate (dR5P) into acetaldehyde and glyceraldehyde-3-phosphate
(G3P) and is involved in nucleotide catabolism. Its unique ability to catalyze C-C bond
formation between two aldehydes and a broad acceptor-substrate tolerance makes it
an attractive biocatalyst. The reaction mechanism of the E. coli DERA (ecDERA), a
symmetric homodimer with 259 amino acids per monomeric unit, has been proposed
based on crystal structures of ecDERA with reaction intermediates and mutagenesis
studies [1]. Although numerous biochemical studies have highlighted the importance
of the C-terminal tyrosine (Y259) in the catalytic reaction, the structural basis of
its participation remained elusive due to missing electron density of the last 8 to 9
C-terminal residues (C-terminal tail) in the available crystal structures. Using NMR
spectroscopy on a monomer variant of the ecDERA and its mutants, transient sam-
pling of catalytically-relevant conformations of the C-terminal tail, where Y259 enters
the active site (closed state), was observed in the absence of the substrate. A signifi-
cantly populated closed state gave rise to nuclear Overhauser effect (NOE) cross-peaks
in NOE spectroscopy (NOESY) experiments, based on which the first solution struc-
ture of the closed state ensemble of the C-terminal tail was derived. Extensive MD
simulations, complementing the NMR results, were further used to characterize the
transient interactions stabilizing the C-terminal tail in the closed state conformation.
Moreover, hydrogen/deuterium exchange experiments revealed that Y259 side chain is

necessary for efficient substrate-proton abstraction and thus, may facilitate the imine
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to enamine transition in the ecDERA reaction mechanism. Furthermore, besides the
known phosphate binding site identified in ecDERA crystal structures, a previously
unknown auxiliary binding site was identified, located at the C-terminal tail, using
chemical shift perturbation analysis. This phosphate binding site may dock onto the
substrate’s phosphate group, thereby stabilizing the optimal position of Y259 during

the catalytic reaction.

Human Nedd4-1 (hNedd4-1) (Neuronal precursor cell expressed developmentally

down-regulated gene 4-1) is an E3 ubiquitin ligase, that mediates the transfer of ubiq-
uitin from the cognate E2 ubiquitin-conjugating enzyme to the substrate. The first
recognized target of Nedd4-1 was the human epithelial Na® channel (hENaC). The
characteristic architecture of Nedd4 family proteins comprises three to four WW do-
mains sandwiched between an N-terminal C2 domain and a C-terminal HECT domain.
Substrate specificity and affinity is defined by the protein-protein interaction domains;
the WW domains. WW domains of hNedd4-1 recognize the PPxY motif from hENaC
(PY motif) and have high sequence similarity amongst themselves. However, the affini-
ties to the PY motif vary significantly, with the third WW domain (WW3*) showing
the highest affinity. Using NMR spectroscopy, WW3* domain was found to exist in
an equilibrium between a folded, binding-competent, and a random coil-like state in
solution. The PY motif binds to the binding-competent state, thereby shifting the
folding equilibrium towards the folded state. Hence, WW3*-PY motif interaction oc-
curs through coupled folding and binding equilibria.
The highest sequence diversity amongst the four hNedd4-1 WW domains lies within
the loop connecting the first two S-strands (loop I). Loop I of WW3* adopts a type I
pB-turn. Type I turns are known to form within 100 ns, thereby allowing fast folding.
A highly statistically preferred proline is found at i+1 position in loop I of WW3*
but not the other three hNedd4-1 WW domains. Characterization of loop I stability
and dynamics was accomplished using a combination of NMR spectroscopy and MD
simulations. Exchange of the loop I proline from WW3* domain into the corresponding
residue from WW4 (threonine) resulted in a dynamic seven residue loop rather than
the wild-type type I S-turn. Peptide binding, however, locks this loop in a type I (-
turn for both, wild-type and P433T mutant of WW3*. Moreover, the P to T mutation
in loop I not only alters loop I stability but also the overall stability of the apo-WW3*
P433T mutant, evident from a 6 °C decrease in melting temperature. Therefore, pres-
ence of proline in loop I enables presence of a stable type I S-turn, which may affect
the affinity towards the a-hENaC peptide.



Zusammenfassung

Proteine sind intrinsisch flexibl und ihre Funktion héngt sowohl von der dreidimen-
sionalen Struktur als auch von der Dynamik ab. Proteinbewegungen sind durch eine
Anzahl von Konformationen gekennzeichnet, die stdndige Austauschprozesse durch-
laufen. Die Charakterisierung der intrinsischen Dynamik von Proteinen gibt wertvolle
Einblicke in ihre Wirkungsweise. Kernspinresonanz (NMR, engl.: Nuclear Magnetic
Resonance)-Spektroskopie, erginzt durch Molekiildynamik (MD)-Simulationen, ist eine
leistungsfahige Methode zur Untersuchung der Proteinstruktur als auch ihrer Dy-
namik auf atomarer Ebene. In dieser Arbeit wurde eine kombinierte NMR-~ und
MD-Simulations Studie verwendet, um den Effekt von Struktur und Dynamik unter
Verwendung von zwei unterschiedlichen Proteinsystemen auf die Proteinfunktion zu

untersuchen.

2-Desoxyribose-5-phosphat Aldolase (DERA) katalysiert die reversible Umwand-
lung von 2-Desoxyribose-5-phosphat in Acetaldehyd und Glyceraldehyd-3-phosphat
(G3P) und ist im Nukleotidkatabolismus beteiligt. Die einzigartige Féahigkeit der
DERA, die C-C-Bindungsreaktion zwischen zwei Aldehyden zu katalysieren, und eine
breite Akzeptor-Substrat Toleranz, machen es zu einem attraktiven Biokatalysator.
Der Reaktionsmechanismus der E. coli DERA (ecDERA), welche als symmetrischer
Homodimer mit einer Grofle von 259 Aminosauren pro Monomer vorliegt, wurde basie-
rend auf Kristallstrukturen des Proteins mit Reaktionsintermediaten und Mutagenese
Studien postuliert [1]. Obwohl in zahlreichen Studien die Bedeutung des C-terminalen
Tyrosins (Y259) in der katalytischen Reaktion hervorgehoben wurde, blieb die struk-
turelle Basis der Beteiligung dieses Restes aufgrund fehlender Elektronendichte der
letz-ten 8 bis 9 C-terminalen Reste (C-terminal Tail) verborgen. Unter Verwendung
von NMR-Spektroskopie an einer Monomervariante der ecDERA und ihrer Mutanten
wurde das Sampling einer katalytisch relevanten Konformation des C-terminalen Tails,
wobei Y259 ins aktive Zentrum hineinreicht (geschlossener Zustand), in Abwesenheit
des Substrats beobachtet. Ein signifikant populierter geschlossener Zustand fiithrte zu
Kern-Overhauser-Effekt (NOE, engl.: Nuclear Overhauser Effect)-Kreuzpeaks in NOE-
Spektroskopie (NOESY) Experimenten, auf deren Grundlage die erste Struktur des C-

terminalen Tails im geschlossenen-Zustands Ensemble berechnet wurde. Umfangreiche

vii
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MD-Simulationen, die die NMR, Ergebnisse erganzen, wurden verwendet, um die tran-
sienten Wechselwirkungen naher zu charakterisieren, welche den C-terminalen Tail im
geschlossenen Zustand stabilisieren. Dartiber hinaus zeigten Wasserstoff/Deuterium-
Austausch Experimente, dass die Y259 Seitenkette fiir eine effiziente Substrat-Proton-
Abstraktion notwendig ist und somit den Imin-Enamin-Ubergang im ecDERA-Re-
aktionsmechanismus beschleunigen konnte. Des Weiteren wurde neben der bekann-
ten Phosphatbindungsstelle, die in ecDERA-Kristallstrukturen identifiziert wurde, eine
zuvor unbekannte Hilfsbindungsstelle, welche sich am C-terminalen Tail befindet, an-
hand von Anderungen der chemischen Verschiebung mittels einer Phosphat Titration
identifiziert. Diese Phosphatbindestelle kann die Phosphatgruppe des Substrats koor-
dinieren, wodurch moglicherweise die optimale Position von Y259 wahrend der kat-

alytischen Reaktion stabilisiert wird.

Humanes Nedd4-1 (hNedd4-1) (engl.: Neuronal precursor cell expressed devel-
opmentally down-regulated gene 4-1) ist eine E3-Ubiquitin-Ligase, die den Ubiqui-
tintransfer des entsprechenden E2-Enzyms auf das Substrat vermittelt. Das erste
bekannte Target von Nedd4-1 war der humane epitheliale Natriumkanal (hENaC,
engl.: epithelial Na™ channel). Der charakteristische Aufbau der Nedd4-Proteine
umfasst drei bis vier WW-Domaénen, die zwischen einer N-terminalen C2-Doméne
und einer C-terminalen HECT-Domane liegen. Die Substratspezifitat wird durch die
Protein-Protein-Interaktionsdoméanen, den WW-Doménen, definiert. WW-Doménen
von Nedd4-1 erkennen das PPxY-Motiv des hENaC (PY-Motiv) und weisen eine hohe
Sequenzéhnlichkeit untereinander auf. Die Affinitat zum PY-Motiv variiert jedoch sig-
nifikant, wobei die dritte WW-Domé&ne (WW3*) die hochste Affinitét zeigt. Mit Hilfe
von NMR-Spektroskopie konnte gezeigt werden, dass die WW3*-Doméne in einem
Gleichgewicht zwischen einem gefalteten bindungskompetenten, und einem ungefal-
teten Zustand in Losung existiert. Das PY-Motiv bindet an den bindungskompeten-
ten Zustand und verschiebt dadurch das Gleichgewicht zum gefalteten Zustand. Die
Wechselwirkung der WW3*-Doméne mit dem PY-Motiv tritt daher durch gekoppelte
Faltungs- und Bindungsgleichgewichte auf.

Die grofite Sequenzdiversitat unter den vier hNedd4-1 WW-Domanen liegt innerhalb
des Loops, welcher die ersten beiden [-Faltblétter verbindet (Loop I). Loop I der
WW3*-Doméne nimmt die Struktur eines Type I S-Turns an. Type I S-Turns bilden
sich innerhalb von 100 ns und ermoglichen somit eine schnelle Faltung. Ein in Type I
B-Turns statistisch bevorzugtes Prolin befindet sich an der 41 Position von Loop I der
WW3*-Doméne, allerdings nicht in den anderen drei hNedd4-1 WW-Doménen. Die
Charakterisierung der Stabilitat und der Dynamik von Loop I wurde mit einer Kom-
bination aus NMR-Spektroskopie und MD-Simulationen durchgefiihrt. Der Austausch

des Prolins an der i+1 Position in Loop I der WW3*-Domaéne durch den entsprechenden
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Rest in WW4 (Threonin) fithrt zu einem dynamischen, aus sieben Resten bestehenden
Loop I anstelle eines Type I g-Turns. Die Bindung des hENaC-Peptids stabilisiert den
Type I f-Turn in Loop I, sowohl fiir den Wildtyp als auch fir die P433T Mutante der
WW3*-Doméne. Dartiber hinaus verdndert die P zu T Mutation in Loop I nicht nur
die Stabilitat von Loop I, sondern auch die Gesamtstabilitat der WW3* P433T Mu-
tante, was aus einer Abnahme der Schmelztemperatur um 6 °C ersichtlich ist. Somit
ermoglicht ein Prolin in ¢+1 Position in Loop I einen stabilen Type I g-Turn, was die
Affinitat zum a-hENaC Peptid beeinflussen kénnte.
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Chapter 1

Introduction

1.1 Solution NMR Spectroscopy to Study Proteins

1.1.1 A Short Introduction to Protein NMR

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique to obtain
structural, dynamic and functional information of biomolecules at atomic resolution.
Unlike X-ray crystallography or cryo-electron microscopy (cryo-EM), that also allow de-
tailed structural analysis of biomacromolecules, proteins can be studied in solution with
physiological buffer and temperature, resembling their natural environment. Typical
NMR experiments, however, require non-natural protein purity at very high concentra-
tions (typically 50 uM - 1 mM) resulting in experimental conditions which still slightly
differ from their native environment, lacking e.g. macromolecular crowding or possible
interactions with other cellular molecules. The emerging field of in-cell NMR allows to
study proteins in living cells at atomic resolution [2] and is particularly interesting when
studying a protein’s native network of interactions or post-translational modifications.
However, in-cell NMR is particularly challenging due to large and complex systems.
Another advantageous feature of NMR, spectroscopy is the inwardly labeling technique
used for classical NMR experiments. Enriching proteins with *C or °N isotopes does
not affect their structure or dynamics, unlike other methods (e.g. Forster resonance
energy transfer (FRET)), that require the covalent attachment of sizable labels to the

protein.

1.1.2 Principles of NMR

NMR is a powerful technique to study structure and dynamics of biomolecules at atomic
resolution by exploiting magnetic properties of atomic nuclei. NMR active nuclei are
characterized by a total nuclear spin (/) different from zero requiring an odd number

of either neutrons, protons or both. These nuclei with nonzero spin angular momen-
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tum also have nuclear magnetic moments. The main elements found in proteins are
hydrogen, carbon, nitrogen and oxygen out of which only the most abundant isotopes
of hydrogen ('H, 99.98 %) and nitrogen (N, 99.6 %) are NMR active. However, N,
with a spin of I = 1, is unattractive for studying biological systems using NMR due
to strong resonance broadening caused by fast quadrupolar relaxation. The natural
abundance of NMR active isotopes of the other elements is marginal: *C (1.1 %) and
170 (0.04 %). Though, advances in sample preparation, in particular isotopic labeling,

have made these elements (i.e. N, C, and O) accessible to NMR spectroscopic studies.

A spin is an intrinsic property of a particle and is a form of the angular momentum,
that has a total of 27 4+ 1 angular momentum states which are degenerate. In presence
of a magnetic field (B) the intrinsic magnetic moment interacts with the magnetic field,
resulting in equally spaced energy levels, known as Zeeman levels, with energies given
by:

E=—uxB (1.1)

where p represents the nuclear magnetic moment, which is proportional to the
gyromagnetic ratio . For nuclei with v > 0 the magnetic energy is minimal when the
spin angular momentum is parallel to the magnetic field and is maximized when it is
anti-parallel and only a single transition between the energy levels exist. When aligned
to the external magnetic field (either parallel or anti-parallel), the nuclear spins precess
around the magnetic field at the Lamor frequency, w, which depends on the type of
nucleus and the magnetic field strength, that is mainly dominated by the external
magnetic field (typically 11.7 T - 23.6 T), but also depends on the local environment

of the nucleus:
w=n~DB (1.2)

In thermal equilibrium, the relative populations of these energy states are described
by the Boltzmann distribution. The population difference depends mainly on the type
of nucleus () and the magnetic field (B). As an example, the population difference
is on the order of 2 in 10° for 'H spins at 14.1 T and room temperature. Since the
sensitivity of NMR spectroscopy depends on the population differences between the
Zeeman states, NMR is a rather insensitive spectroscopic technique. To increase sensi-
tivity, magnets with higher field are being constructed (today available field strengths

< 24 T) and nuclei with a large gyromagnetic ratio are preferentially used, such as 'H.

During an NMR experiment, the equilibrium, in which nuclear spins precess around
the magnetic field, gets perturbed by a radio frequency (RF) pulse, that is resonant
with the precession of a given nucleus — at the Lamor frequency. The pulse, usually
at the order of several us in duration, displaces the bulk magnetic moment (vector

sum of p of individual nuclei) by generating a transition between the energy levels.
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When the RF field is turned off, the bulk magnetic moment precesses with w in a plane
perpendicular to the magnetic field, inducing an oscillating electric current known as
the free-induction decay (FID). This time-dependent current, which is induced and
also detected in the receiver coil of the NMR spectrometer, results from all precessing
nuclei in the sample. Thus, the observed FID is the sum of all individual FIDs for each
nucleus, which oscillates at a characteristic frequency. After the FID is acquired, it is
Fourier transformed from a time domain into a frequency domain, yielding the three
primary NMR observables (chemical shift §, intensity / and the linewidth \) for each
NMR signal, where ¢ is defined as:

V—="Vpe
S(ppm) = —L % 109 (1.3)
Vyef
with the resonance frequency v of a nucleus in the protein and v,.¢ represents the
resonance frequency of a reference substance (e.g. tetramethylsilane (TMS) or 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) [3]).

After a pulse, the spins return to equilibrium through two different relaxation pro-
cesses, thereby describing the decay of the FID. The longitudinal relaxation time cor-
responds to the process of re-establishing the equilibrium distribution in the magnetic
field of the spin states and is characterized by T7. The loss of coherence of the transverse
nuclear spin magnetization is described by the time constant 75. For small molecules
in solution, 7T} and T; are typically several seconds, whereas in proteins 75 is usually
on the order of milliseconds leading to a rapid decay of the FID and hence, broad
linewidths in the NMR spectrum, as 75 is inversely proportional to the linewidth. The
transverse relaxation rate Ry (= 1/7%) and thus the homogeneous linewidth (in ab-
sence of chemical exchange processes or aggregation) is proportional to the rotational
correlation time 7., that essentially depends on the molecular size and shape of a pro-
tein, with larger proteins having larger 7. and thus broader linewidths. Consequently,
solution-state NMR is predominantly applied for the structural analyses of smaller sys-
tems (< 80 kDa). The largest monomeric protein structure solved using solution-state
NMR till date is the one of the enzyme malate synthase G with a size of 81.4 kDa [4]
exploiting advances in NMR techniques along with specific isotope labeling methods

in order to increase the sensitivity and reduce spectral crowding.

1.1.3 A First Orientation: Sequence-Specific Chemical Shift
Assignments
NMR spectra contain a wealth of structural and dynamic information. Protein-protein

interactions, for example, can be easily observed by titrating one compound to the

other using simple 2D spectra and analyzing the resulting chemical shift changes. In
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a fingerprint 'H-1°N HSQC spectrum, there should be in principle one resonance per
amino acid (apart from prolines) representing the amide groups, two additional peaks
for glutamine and asparagine side chain NHs, and one additional peak for each trypto-
phan indole group. A brief look at a 'H-’N HSQC spectrum directly reveals whether
the protein is well folded resulting in well dispersed peaks, or unfolded, indicated by
a poor chemical shift dispersion with the majority of resonances located between 8 - 9
ppm in proton dimension. However, for further analyses, e.g. protein-ligand interac-
tion studies, structure determination or dynamics analyses, it is necessary to identify
the amino acid represented by the given HSQC cross-peak. To obtain sequence-specific
chemical shift assignments, multiple-resonance experiments have been developed, ex-
ploiting interactions between spins of NMR active nuclei. There are two common
spin-spin interactions: through bonds and through space. Through-bond interactions
are known as J-couplings, that provide information about e.g. the connectivity of nu-
clei and dihedral angles according to the Karplus equation [5]. The nuclear Overhauser
effect (NOE) allows estimation of distances between nuclei (usually up to 5 A), that
are not directly covalently attached, providing useful distance-restraints, particularly
for structure determination of proteins. For small unlabeled molecules and peptides (<
15 amino acids) homonuclear 2D experiments such as correlation spectroscopy (COSY)
connecting neighboring protons and total correlation spectroscopy (TOCSY) connecting
all protons of an individual amino acid using J-couplings may be sufficient [6]. How-
ever, for larger proteins, higher number of protons create severe spectral overlap, which
can hamper this approach. In heteronuclear multi-dimensional NMR experiments the
spectral overlap is significantly reduced by use of additional nuclei, i.e. *C and !N,
thereby extending information of individual 2D spectra into additional dimensions.
For obtaining backbone chemical shift assignments, a set of standard triple-resonance
experiments (s. Table 1.1), exclusively relying on J-couplings over one or two bonds

(1J/?J), is recorded on a '3C and '°N isotropically enriched protein sample.

Table 1.1: Standard Triple-Resonance Experiments used for Backbone Assignments

Experiment Nuclei observed

HNCO [7-9] H(3), N(2), C'(1 — 1)

HNCA [7,8,10] H(z), N(2), Cu(i), Co(i — 1)

HN(CO)CA [8,11] H(7), N(i), Co(i — 1)

HN(CA)CO [12] H(7), N(i), C’(4)

CBCA(CO)NH [13] H(i), N(37), Co(i — 1), Cg(i — 1)

CBCANH [§] H(i), N(7), Cu(i), Cp(i), Coli — 1), Cp(i — 1)
HNCACB [8] H(i), N(7), Cu(i), Cp(i), Coli — 1), Cg(i — 1)
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As the ' J-couplings are quite large between *C and "N nuclei (11 Hz < J > 55
Hz) as well as between their attached protons (90 Hz < J > 140 Hz) and the 2J-
coupling between N and '3C,(i-1) (*J = 7 Hz), they allow fast coherence transfer
which can keep up with the loss of magnetization during the pules sequence. This is
particularly important for large proteins (> 25 kDa) due to their short 75 relaxation
times. Using deuterium labeling techniques, the relaxation times can be significantly
increased [14-16], thus making these experiments feasible for larger proteins with molec-

ular masses well above 25 kDa.

Two common examples for triple-resonance experiments correlating sequential amino
acids are the HNCA and CBCA(CO)NH experiment. The magnetization transfer in

these experiments is illustrated in Figure 1.1.

HNCA CBCA(CO)NH

Figure 1.1: Magnetization transfer in HNCA and CBCA(CO)NH experiments, typi-
cally used for backbone resonance assignment. Nuclei colored in maroon are observed
in the resulting spectra, whereas the ones colored in orange are only used for magne-

tization transfer. Figure adapted from www.protein-nmr.org.uk.

In the HNCA, the magnetization is transfered from 'Hy to the amide nitrogen °N
and then to the 3C, of the same amino acid (i) and the preceding one (i-1). From
the 13C, the magnetization is transfered back to 'Hy for detection (out-and-back ex-
periment). Because the ®N couples with the 3C, of the same amino acid and the
preceding one, both resonances will be visible in each 'Hy-'°N strip. However, since
the N(7) - 3C, (i) 'J-coupling is larger (11 Hz) compared to the *N(i) - 3C,(i-1)
2 J-coupling (7 Hz), the peak representing the *C, (i) will be more intense in the spec-
trum. In the CBCA(CO)NH the magnetization is transferred from the 'H, and the
"Hgs to their directly attached carbon, *C, and *Cg, respectively, and from the *Cg
to the 13C,. Via the '3C’ and N the magnetization is transferred to the amide proton
'Hy for detection. In the resulting spectrum each 'Hy-'°N strip contains two peaks

representing the *C, and the '¥Cj of the preceding amino acid.


www.protein-nmr.org.uk
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A combination of triple-resonance experiments (Table 1.1) is typically recorded
to allow a sequential backbone walk illustrated in Figure 1.2. As starting points, usu-

ally alanine residues are used due to their characteristic *Cy chemical shift (~ 20 ppm).

i-3 i-2 i-1 i i+1
B 15N.7 lSN.r 15Ni7 15Ni lSNi,
0 - 3 2 1 H-Ca-N H'C“r'\'l
Sl 0-+@
54
13C - H-Ca-N H-Cai_s-N e
s6 F @ @
- D) ------]
58 | H-Ca-N
60 | 1 @
L H-Ga-N H-Ca, N
62 L
[ppm] H,,

Figure 1.2: General example of a backbone walk. N-strips from a HNCA showing
the resonances of the ¥C, of residue (i) and the preceding residue (i-1) in purple.
Resonances of the CBCA(CO)NH representing the *C,, of only the preceding residue
are colored blue. A combination of both spectra can be used to obtain the backbone

chemical shifts by sequentially connecting the backbone atoms.

Once the backbone (‘Hy, PN, 13C,,, ¥C’) and ¥Cj chemical shifts are obtained, the
side chain resonances can be assigned using, e.g. HBHANH, CC(CO)NH, H(CCO)NH
and BC or N edited TOCSY experiments. For the aromatic side chain assignment,
typically (HB)CB(CGCD)HD, (HB)CB(CGCDCE)HE and 'H-'C NOESY-HSQC of

the aromatic region are employed.

Recording the above described multiple-resonance experiments can be NMR, time-
intensive. Since increments in every dimension have to be recorded, the experimental
times for 3D experiments typically lie between 2 - 6 days, whereas these times sig-
nificantly increase for 4D or 5D experiments. To tackle this issue, non-uniform sam-
pling [17,18] of the data can be employed, thereby reducing the total experimental
time to ~ 1 - 10 %. Also, time-optimized pulse sequences such as BEST [19] and
SOFAST [20] experiments allow acquisition of multi-dimensional NMR experiments in

a shorter time.
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1.1.4 Structure Determination using NMR

Structure and dynamics of proteins are key determinants for their function, thus mak-
ing them a central aspect of structural biology. For determination of protein structures,
NMR spectroscopy, X-ray diffraction and also cryo-EM can be used. As described in
section 1.1.2, solution-state NMR spectroscopy studies are limited to small systems
(< 80 kDa), whereas X-ray diffraction can be used for considerably larger systems,
however, requiring non-physiological crystallization conditions. The emerging field of
single-particle cryo-EM has been shown to be a valuable tool for solving structures of
large systems, e.g. integral membrane proteins [21,22], microtubules [23] and large
assemblies such as transcription initiation complexes [24] at nearly atomic resolution,
while only requiring very small amounts of sample compared to X-ray diffraction and
especially NMR spectroscopy. Cryo-EM reports on structures of single particles which
may, however, be challenging for heterogeneous samples, whereas NMR reports on time
and molecule averaged quantities complementing cryo-EM data, particularly useful for
structure validation purposes. Moreover, NMR allows studies of small proteins that

may not be feasible for cryo-EM.

The process of obtaining a solution NMR structure is lengthy and expensive and
therefore usually only applied if a protein doesn’t crystallize or the solution structure is
expected to have features not visible or detectable in the crystal structure. Also, NMR
does not directly provide atomic coordinates as such, but it provides local geometric
information, that can be used to calculate the three-dimensional protein structure.
Structure determination via NMR involves firstly, the production of *C, *N (and ?H
for proteins > 20 kDa) labeled protein samples at high concentration and purity and,
secondly, a complete backbone and side chain resonance assignment (s. section 1.1.3).
For large proteins or proteins with intrinsically disordered regions (IDRs), a special
labeling technique (e.g. Ile-Leu-Val [25]) may be necessary to reduce spectral overlap.
After majority of resonances is assigned, conformational restraints such as backbone
torsion angles (®, ¥), hydrogen bonds and NOE based distance restraints need to be
defined. Using these restraints, a three-dimensional structure can be calculated and

subsequently evaluated and refined.

Backbone torsion angles (®, W) and certain side chain rotamers (e.g. x1) can be
easily predicted based on 'Hy, °N, 13C,, 'H, and ¥*C’ chemical shifts, which are
dominated by the local protein secondary structure, using programs such as TALOS-N
provided by Ad Bax’s group [26] or DANGLE [27]. Tt is further possible to determine
torsion angles experimentally by measuring the 3.J-couplings that correlate to the cor-
responding dihedral angle according to the Karplus equation [5]. However, coupling

constants for some 3.J-couplings are small (< 10 Hz), thus hampering efficient magneti-
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zation transfer during the pulse sequence and therefore not suitable for larger proteins
(> 20 kDa) with short T3 times.

Hydrogen bonds in proteins can be identified using either direct or indirect meth-
ods. Direct experimental approaches allow identification of the hydrogen bond donor
and acceptor by exploiting the partial covalent nature of hydrogen bonds, thus giving
rise to a weak J-coupling [28]. The rate of hydrogen/deuterium (H/D) exchange of the
amide 'Hy is slower if a particular proton is involved in hydrogen bonding, thereby
indirectly identifying presence of hydrogen bonds. Moreover, the magnitude of the
temperature coefficient describing the dependence of the chemical shift on tempera-
ture is smaller for hydrogen-bonded protons than non-bonded ones. Therefore, the
temperature coefficient can also be used for indirect detection of hydrogen bonds. The
indirect methods for detecting hydrogen bonds are usually simple experiments, how-
ever, they only provide information about the donor 'Hy-*N group, not the acceptor.
For obtaining a more reliable indicator of hydrogen bonds the two indirect methods

can be combined [29].

The most routinely used distance restraints between non-bonded atoms are the
NOE distances obtained by a NOESY experiment. Unlike other experiments that de-
pend on spin-spin couplings, the NOE occurs through space and not through bonds
(i.e. covalent, hydrogen bonds). It is a cross-relaxation effect and the intensity of the
cross peaks connecting protons in close proximity to each other depends mainly on the
distance between them with a distance dependence of r=%. Therefore, NOE derived
distance restraints are usually within 5 A and can be estimated using an internal stan-

dard (e.g. atoms within a phenylalanine or tyrosine ring) for calibration.

Figure 1.3: Ilustration of commonly used structural restraints including hydrogen

bond, NOE and dihedral angle restraints used for structure calculation.
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NOE derived interproton distance restraints supplemented by torsion angle re-
straints and hydrogen bond information is usually sufficient for the study of globu-
lar proteins, given the large number of short proton-proton distances between amino
acids which are far apart in the protein sequence. However, long-range distance in-
formation is at times indispensable, especially, when studying challenging systems like
multi-domain complexes, proteins with IDRs or macromolecular complexes. There are
two ways to obtain long-range distance information: residual dipolar couplings (RDCs)

and the application of paramagnetic relaxation enhancement (PRE).

RDCs are measured in weakly anisotropic alignment media (e.g. phages, bicelles,
polyacrylamide gels) and it allows the determination of a heteronuclear vector (e.g. 'H
- N or 'H - 13C) with respect to the molecular axis. This is particularly useful for de-
termining the orientation of multiple domains relative to each other in a multi-domain
complex [30], where there is usually only limited short-range distance information avail-

able at the domain interface.

The PRE effect arises from the interaction of magnetic dipoles between unpaired
electrons of a paramagnetic agent and a nucleus, causing an increase in relaxation rates
and this appears in form of strong line-broadening in the NMR spectrum. Application
of PRE can provide distance information up to ~ 35 A since the magnetic moment of
an unpaired electron is quite large. By covalently attaching a paramagnetic spin label
(e.g. based on nitroxide free radicals [31] or metal ions chelated to EDTA [32]), usually
via disulfide chemistry to the protein, resonances of residues will be line-broadened,
depending on their distance to the spin label. In addition to this application, it is
also possible to use solvent PREs, which do not require any chemical modifications
of the protein, to obtain structural information. Here, different concentrations of a
soluble and inert paramagnetic agent (e.g. gadolinium diethylenetriamine pentaacetic
acid-bismethylamide [Gd(DTPA-BMA)] [33]) is added to the solvent, enhancing the
relaxation rates of nearby nuclei in a concentration depended manner. Nuclei at the
surface are affected the most, whereas nuclei located in the protein core will only show
paramagnetic relaxation enhancement at higher concentrations of the solvent PRE
agent. By measuring the concentration dependent relaxation rates, information about
the solvent accessibility of nuclei can be obtained, aiding in structure refinement [34],
in particular, in identifying domain interfaces [35] or protein-protein interaction sites

in protein-ligand complexes [36].

Once a combination of the aforementioned restraints is obtained, the solution struc-
ture can be calculated using various softwares like ARIA [37], CYANA [38] or Xplor-
NIH [39].
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1.1.5 Power of NMR to Study Protein Dynamics

As described in section 1.1.4, it is possible to solve protein solution-structures using
NMR spectroscopy methods, however, its real strength is its unique ability to identify
and quantify protein motion which is crucial for protein function, at atomistic resolu-
tion. Protein motions are characterized by a number of conformations that constantly
undergo exchange processes. Defining the intrinsic dynamics (conformational energy
landscape) of proteins therefore provides valuable insight into their mode of action.
Functional processes and thus, also the accompanying protein dynamics happen on
various timescales ranging from picoseconds to several hours [40,41]. Figure 1.4 illus-
trates the timescale of important dynamical processes and NMR experiments, that can

be used to characterize them.

Ligand binding
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Enzyme catalysis

Loop motions %ZE %\\gw)
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| Protein folding
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Figure 1.4: Timescale of motions detectable using NMR, spectroscopy. Protein dynam-

ics range from pico seconds to several hours.

Processes requiring large conformational changes such as protein folding happen on
a relatively slow timescale ranging form ms to hours. Conformational changes involved

in, e.g. domain motions, ligand binding, enzyme catalysis or to transfer information in
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allosteric regulation processes happens on a timescale between ps and ms. Loop mo-

tions, side chain rotations and local atomic fluctuations are on the ps to us timescale.

NMR spectroscopy is uniquely suited to study protein dynamics because it pro-
vides techniques allowing the investigation of motions over a wide range of timescales
at atomic resolution. Internal dynamics on the ps to ns timescale and rotational tum-
bling of the protein affects the relaxation processes of the NMR active nuclei. The
longitudinal and transversal relaxation rates (R;, Rs2) as well as the heteronuclear
NOE (hetNOE) are sensitive on this timescale and thus report on atomic fluctuations
and side chain rotations. Experiments probing nuclear relaxation processes usually

focus on the amide bond vector and report on backbone mobility.

Conformational exchange processes on the ps to ms timescale, which have been
directly linked to protein function [42] (e.g. enzyme catalysis or ligand recognition and
allostery), have been in the focus of recent dynamics studies and can be characterized by
analyzing the lineshape of NMR resonances. Conformational exchange (thereby chang-
ing the chemical environment of a given nucleus) can have an effect on the lineshape
depending on the population of different conformations (sub-states), their exchange
rate, k.., and the difference in chemical shift, Aw. In case of slow chemical exchange
(kex < Aw) separate peaks for each conformation are visible. A faster exchange rate
in the regime of k., ~ Aw results in line-broadening and a distinction between differ-
ent states becomes challenging. In the fast exchanging regime (k.. > Aw) a decrease
in line-broadening is observed and instead of multiple peaks only one average peak is
visible representing the different states. For quantification of the exchange parame-
ters (population of the sub-states, k.., Aw), typically the Carr-Purcell-Meiboom-Gill
(CPMG) experiment is used. In this experiment, the line-broadening caused by us -
ms exchange processes is reduced by applying a variable number of refocusing pulses
(i.e. CPMG pulse train) to the magnetization when it evolves under the influence of a
stochastically varying chemical shift, thereby providing information about the nature
of the exchange process [43]. The first CPMG experiments were employed in the 1950s
and 1960s to quantify conformational exchange processes in small molecules [44-46]
and was further improved by A. G. Palmer I1II and coworkers [47] allowing the charac-
terization of us - ms chemical exchange of the protein backbone. Since then, CPMG
relaxation dispersion experiments have been constantly improved and its application
expanded to all backbone nuclei [48] and several side chains [49-53]. In addition to
characterizing the exchange between different conformations in a protein with a minor
state population as low as ~ 0.5 %, which cannot be directly observed in NMR spectra,
it is also possible to calculate the structure of the invisible state using the chemical

shifts differences (Aw) [54]. Excited states are usually low populated, according to
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the Boltzmann distribution, but they can be extremely important for the function or
dysfunction of the protein. For instance, using CPMG relaxation dispersion experi-
ments, a low populated folding intermediate of the SH3 domain could be characterized
that has been shown to be implicated in amyloid fibril formation [54]. Further, the
relevance of minor states in enzyme catalysis has been well established [55-60]. Wright
and coworkers characterized catalytically relevant conformations of Fscherichia coli
(E. coli) dihydrofolate reductase (DHFR) and found that the catalytic turnover rate

is governed by the exchange between ground and exited states [55].

CPMG relaxation dispersion experiments are usually applicable to characterize ex-
change rates of ~ 200 - 2000 s™' and a minor population > 0.5 % [61]. For slower
interconversion rates of ~ 20 - 200 s~! between a major and an invisible minor state
(population > 0.5 %) chemical exchange saturation transfer (CEST) experiments can
be used to characterize the exchange process and detect the invisible, excited protein
conformation [61]. In this method, a weak B; field is applied, irradiating various re-
gions of a spectrum and monitoring the effect on the major peak. If B is applied at the
position of the invisible minor peak the resulting perturbation is transferred to the ex-
changing major peak and visible as a decrease in the intensity [61]. Using ZZ-exchange
experiments, even slower exchange processes between a major and minor state in the
range of 0.1 - 10 s7! (ke ~ R;) can be characterized if the minor-state population is
large enough to generate resonance signals in conventional spectra [62]. In this exper-
iment, the exchange of longitudinal magnetization between the two exchanging states

is monitored [62].

1.1.6 Combination of MD Simulation and NMR Spectroscopy

A multidisciplinary approach to study the structure and dynamics of proteins compris-
ing experimental techniques such as NMR spectroscopy and X-ray diffraction along
with molecular dynamics (MD) simulation has become common practice. Getting a
complete picture of a biological system using experimental techniques is often ham-
pered by e.g. spectral overlap or severe linebroadening using NMR or missing electron
density or dynamic information using X-ray crystallography. To fill in the gaps and fa-
cilitate the interpretation of experimental data, MD simulations can be a powerful tool
providing insight into time-resolved protein motions at atomic level. MD simulations
strongly depend on the so called force field that defines a parameter set used to calcu-
late the potential energy of a system of particles in the simulation. Different force fields
are suitable for different systems and it can be a challenge choosing the appropriate
parameter set for a given system [63], in particular for IDPs [64,65]. Thus, it is crucial
to validate results obtained by MD simulations using experimental data in order to

draw meaningful and reliable conclusions. For validation, average properties derived
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by experiments can be compared to simulations, provided that the conformational dis-
tribution obtained by MD simulation reflects the dominant conformations observed in
the experiment [66]. Preferably, properties that are directly measurable are used for
validation [66], such as J-couplings, relaxation times (77, T3) and, most commonly,
chemical shifts. Chemical shifts are sensitive to backbone and side chain torsion angle
fluctuations, hydrogen bonds and aromatic ring positions, and thus provide a complex
description of the chemical environment of each nucleus. Moreover, chemical shift as-
signments are relatively straight forward to obtain (s. section 1.1.3) and are necessary

for any structural or dynamic NMR study, and thus, usually available.

MD simulations provide a trajectory of three-dimensional protein structures over
time (typically ns - us). There are different methodologies available to predict chemical
shifts from three-dimensional structures ranging from quantum mechanical to empirical
ones [67]. Since the protein systems that are typically studied are large (> 100 amino
acids) and trajectories easily consist of more than 100,000 structures, the computation-
ally expensive quantum mechanical approaches are not feasible, and hence, empirical
methods are routinely employed. The most accurate and time efficient prediction meth-
ods for backbone and '*Cjs chemical shifts employ a combination of machine learning
techniques and empirical methods, namely SPARTA+ [68] and SHIFTX2 [69].
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1.2 Protein-Ligand Interactions

1.2.1 Overview of Protein-Ligand Interactions

Macromolecular interactions, typically protein-ligand interactions, form the basis of
response to stimuli of all living organisms. Most common protein-ligand interactions
include enzyme-substrate, protein-lipids, protein-nucleic acids and protein-protein in-
teractions. Understanding the nature of these interactions is key to understanding how
biological systems function and particularly useful for e.g. drug design.
In a simple protein (P) ligand (L) interaction model, the interaction can be described
as:
P+ L2 pL (1.4)
kot
with the rate constants of association and dissociation k., and ks, respectively.
The equilibrium dissociation constant Kp is defined as:
sy = PIL] _ s .
[PL]  kon
where [P] and [L] are the concentrations of the free protein and ligand, respectively,
and [PL] is the concentration of the protein-ligand complex. For protein-ligand inter-

actions the Kp is typically in the nm - mM range.

Protein function depends mainly on their three-dimensional structure. Thus, ob-
taining the protein structure is a necessity for understanding how proteins function
on a molecular level. The first protein structure solved by X-ray diffraction was the
one of the enzyme hen egg-white lysozyme in 1965 by C. C. F. Blake and cowork-
ers [70] and has paved the way for structural biology. The first solution-state NMR
structure of proteinase inhibitor ITA followed in 1985 [71] laying the ground work
for protein structure determination by NMR spectroscopy. Since then, well more than
100,000 protein and protein-complex structures have been solved by these two methods
(https://www.rcsb.org/pdb/statistics/holdings.do) allowing extensive studies.
Investigation of protein structures in the ligand-free and ligand-bound states, revealing
conformational changes, rapidly discarded Fischer’s lock-and-key model as mechanis-
tic explanation for molecular recognition, which postulates that the conformation of a
protein in the free or ligand-bound state is essentially the same [72]. In 1958 Koshland
proposed the induced fit hypothesis, stating, that different conformations of these two
states result upon binding the ligand, which drives the protein towards a novel con-
formation [73]. In both cases, proteins are considered to exist in a single and stable
conformation. Proteins, however, are inherently dynamic and sample a large ensemble
of different conformations and therefore, conformations other than the lowest-energy

conformation may play a role in molecular recognition [74].
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Induced fit

Conformational
selection

Figure 1.5: Conformational selection versus induced fit model. In the induced fit
mechanism, binding of the ligand (L) drives conformational changes, whereas in con-
formational selection the binding-competent state (Pj) already exists in equilibrium
with the ground state (P;) which is then selectively bound by the ligand. Figure is
adapted from [56].

This conformational selection model, derived from the energy landscape theory of
protein structure and dynamics [74-77], considers the conformational diversity and
proposes that low populated, high energy conformations are responsible for the recog-
nition and binding to ligands with a subsequent shift of the population towards this
conformer [56]. The main difference between the two extreme models, induced fit
model and conformational selection, is thus, that in the induced fit model binding of
the ligand induces conformational changes towards the bound conformation, whereas
this is pre-sampled in the conformational selection mechanism in absence of the ligand.
A simplified conformational selection and induced fit process are shown in Figure 1.5.
According to this model, the conformational selection process will dominate if the con-
centration of the high energy, binding-competent state [Ps] is higher than the induced
fit intermediate [P;L] [78]. A study of the recognition dynamics of ubiquitin revealed
that conformational selection suffices to explain structural adaptations of the ubiquitin
backbone upon complex formation with different binding partners observed in crystal
structures [79]. Though, subsequent small conformational changes, in particular side

chain rearrangements, may be induced after the binding event [79].

Conformational changes related to enzyme function are typically on the us - ms
timescale and are therefore well suited for NMR studies (s. Figure 1.4) combined with

MD simulations. For instance, extensive studies combining these two methods were
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carried out on TIM, identifying and quantifying active-site loop motions that were
found to have an implication on its catalytic function [80-82]. Furthermore, multi-
temperature and fixed-target X-ray free-electron laser (XFEL) crystallography have
been used to map the conformational landscape of cyclophilin A (Cyp A) [83] and
hence, also presents a valuable tool for the investigation of conformational changes

related to protein-ligand interactions.

1.2.2 Techniques for Quantifying Protein-Ligand Interactions

Various techniques can be used to characterize protein-ligand interactions, with the
most common ones being isothermal titration calorimetry (ITC), surface plasmon res-

onance (SPR), fluorescence spectroscopy and NMR spectroscopy.

An isothermal titration calorimeter consists of two identical cells, a reference cell
containing the buffer, and a sample cell containing the reaction buffer and the pro-
tein. Ligand-aliquots are titrated into the sample cell causing a change in temperature
depending on the nature of the reaction, and the power required to maintain equal
temperature in both, the reference and the sample cell, is measured. ITC allows the
determination of the binding affinity (K4 = 1/Kp), stoichiometry (n) and enthalpy
(AH). From these measurements, the changes in Gibbs free energy (AG) and entropy
(AS) can be determined, thus providing a complete thermodynamic characterization.
This approach is feasible for Kps in the nM to uM range and requires no chemical
modification of the protein or the ligand, has no limitations in molecular weight and
allows a variety of experimental conditions to study binding thermodynamics in so-
lution. However, it usually requires high amounts of sample and does not report on

binding kinetics.

SPR is an optical technique for measuring the refractive index of thin layers of
material absorbed on a metal surface (typically gold). The binding event changes the
refraction index of the material, which translates into the SPR signal. The experi-
mental setup for determination of protein-ligand interaction using SPR involves the
immobilization of the target protein (or ligand) onto a surface (typically dextran) lo-
cated at the straight side of half a circular prism coated with a thin metal film between
the glass and dextran layer. A solution containing the ligand is injected over the layer
of the immobilized interaction partner, binding the protein, and thereby increasing the
SPR signal during the association time. After the steady-state is reached, a solution
without the ligand (buffer only) is injected resulting in the dissociation of the ligand
and hence, in a decrease of the SPR signal. This approach provides kinetic information
such as the association and dissociation rate constants k,, and k,ss, respectively, and

thus also on the Kp. Small quantities of protein (~ ng quantities) required for this
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technique and the possibility to establish high-throughput measurements make this
method very attractive for obtaining binding kinetics of protein-ligand interactions,
whereas thermodynamic information are not obtained. However, immobilization of
one component typically requires the chemical modification of this component to cou-
ple it to the dextran matrix, which may also sterically hinder ligand or protein binding.
Moreover, it prevents free diffusion of one component and SPR is only applicable to lim-

ited experimental conditions that do not interfere with the optical measuring technique.

Multiple fluorescence methods can be used to characterize protein ligand interac-
tions [84], many of them, however, require the covalent attachment of a chromophor to
the protein. A very simple, lable-free technique to obtain the Kp of a protein-ligand
binding interaction is to follow changes in ligand fluorescence or the intrinsic protein
fluorescence sensitive to ligand binding. The intrinsic protein fluorescence mainly arises
from tryptophan and tyrosine side chains and can be observed in the ultraviolet (UV)
spectrum. Relative changes in the fluorescence intensity or wavelength that reflect
ligand binding can be quantified as a function of ligand concentration to extract the
dissociation constant. Hence, a basic requirement for the application of this method
is naturally the presence of tryptophan and/or tyrosine residues in the protein or the
ligand that are affected by the binding event. Moreover, no kinetic information can
be obtained using this technique, however, it is a fast and straight-forward approach
to determine the binding affinity that requires only small amounts of protein and is

feasible for high-throughput screening.

Characterization of protein-ligand binding via NMR can be accomplished by follow-
ing changes in two-dimensional spectra (typically 'H-'*N HSQC spectra) of the protein
upon titration of a ligand. These titration experiments are typically straight forward
to conduct, but information-rich and capable of simultaneously characterizing binding
thermodynamics (Kp), kinetics (Kon, kofr), along with structural aspects of the binding
event via changes in the chemical shift (§). Chemical shift changes of non-overlapping
resonances can be used to extract residue-specific dissociation constants. Moreover,
the appearance of NMR resonances (i.e. the exchange regime: slow, intermediate or
fast) in a titration experiment depends on the exchange rate (k.,) between the apo and
complex forms as well as the chemical shift difference (Aw) between them, provided
that the exchange is on the ps-ms timescale (s. section 1.1.5). The exchange regime
is strongly affected by the ligand binding affinity, as a tighter binding yields a longer-
lived protein-ligand complex and thus slower exchange between free (P) and bound
(PL) states, whereas weak binding consequently leads to fast exchange. Schematic
linewidth changes in the extreme cases of slow, intermediate, and fast exchange pro-

cesses upon ligand binding are illustrated in Figure 1.6.
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Figure 1.6: NMR line shape analysis used for studying protein-ligand interactions. The
chemical exchange regime is affected by the ligand binding affinity, K4, with a strong
affinity leading to a more stable complex and thus in slower exchange. Linewidth
changes upon ligand binding for slow (A), intermediate (B) and fast exchange (C) are

schematically illustrated as 1D trace.

Since the exchange rate k., depends on the association and dissociation rate con-

stants according to

kew = k’on[L] + k’off (16)

it is possible to extract kinetic information based on changes in linewidth, e.g. with the
program TITration ANalaysis (TITAN) [85]. Considering that the on-rate for protein-
ligand interactions is usually diffusion-limited, the Kp is typically determined by the
off-rate.

Unlike the other methods mentioned above, NMR provides direct structural, residue-
specific information about the protein-ligand interaction, provided that a residue spe-
cific resonance assignment is available. This method is label-free, yet, requires isotopic
labeling of the protein. As for other NMR experiments, only small protein systems (<
80 kDa) can typically be studied and a high sample concentration (> pM) is required.
NMR is particularly suited to characterize medium to weak protein-ligand binding in
the uM to mM range. Since no thermodynamic information other than the Kp can
be obtained with this method, it can be complemented with I'TC to obtain a complete
characterization of the protein-ligand binding interaction. When comparing these two
methods, they may, however, result in non-identical Kp values. For instance, if the
protein is in equilibrium between a binding-competent and low populated, non-binding-
competent conformation, then the NMR and ITC derived Kp values may differ. I'TC
does not differentiate between multiple conformations of a reaction partner, whereas
specific Kps can be obtained from NMR chemical shifts of a given conformation. Thus,
the ITC derived Kp can be amended to account for the minor, non-binding-competent

population. (e.g. using CPMG relaxation disperion experiments) [86].
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1.3 Enzyme catalysis

1.3.1 Introduction to Enzyme Catalysis

Enzymes are biomacromolecules that are able to catalyze chemical reactions which
would otherwise not occur on biologically relevant timescales. They are typically pro-
teins, however, in very few cases nucleic acids can act like enzymes, so called ribozymes,
which catalyze e.g. the hydrolysis of RNA [87]. In living organisms enzymes are in-
volved in numerous metabolic pathways and thus crucial for survival. Understanding
how enzymes function on a molecular level is not only essential to understand natural
processes, but also with respect to medical applications. For example, L-Asparaginase,
that catalyzes the hydrolysis of L-asparagine to L-aspartic acid and ammonia, is used
in leukemia treatment exploiting that tumor cells require high amounts of L-asparagine
that they usually cannot synthesize themselves [88]. Some enzymes function without
any additives, whereas others require cofactors such as small organic molecules or metal
ions.

Moreover, it has been shown that enzymes can be used within living cells or outside
to catalyze reactions and thus have been applied in several processes as biocatalysts
(e.g. in food production such as beer [89], wine [90] and cheese [91]). The commercial
application of biocatalysis has been enormously extended over the last century and
is now established in various industrial sectors such as food production, therapeutics,
chemicals, detergents and many more [92,93], due to the many advantages of enzyme

catalysis namely high catalytic efficiency, stereospecificity or environmental factors.

Enzymes are classified based on the chemical reaction they catalyze into six main
groups (Enzyme Commission (EC) numbers 1-6) according to the Nomenclature Com-
mittee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB)
[94,95]:

EC 1 Oxidoreductases catalyze oxidation and reduction reactions involving electron
transfers. A well studied member of this group is the dihydrofolate reductase
(DHFR) which reduces dihydrofolate (DHF') to tetrahydrofolate (THF') using re-

duced nicotinamide adenine dinucleotide phosphate (NADPH) as electron donor.

EC 2 Transferases catalyze the transfer of a functional group (e.g. amino or phos-
phate groups) from a donor to an acceptor. An example of phosphotransferase is

the adenylate kinase catalyzing the reversible conversion of adenine nucleotides
ATP and AMP into two ADP molecules.

EC 3 Hydrolases catalyze the hydrolysis of a substrate, thereby splitting it into mul-

tiple compounds by addition of water. A well-known member of the sub-class
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aspartic proteases is the human immunodeficiency virus (HIV) protease cleaving

viral proteins at specific sites crucial for HIV replication.

EC 4 Lyases catalyze reactions involving the elimination of a double bond by addition
of a functional group or the reverse way. A prominent example is Fructose-
1,6-bisphosphate aldolase (FBPA), that catalyzes the conversion of fructose 1,6-
bisphosphate into dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-
phosphate (G3P). Also, the 2-deoxyribose-5-phosphate aldolase (DERA), which

is further described in section 1.4, belongs to this enzyme class.

EC 5 Isomerases catalyze the conversion of an isomer of a compound to another in-
volving intra-molecular rearrangements. Triosephosphate isomerase (TIM), that
catalyzes the reversible interconversion of dihydroxyacetone phosphate into its

isomer G3P, is one of the most studied members of this group.

EC 6 Ligases catalyse the formation of covalent bonds to ligate multiple substrates
such as the DNA ligase that catalyzes the formation of a phosphodiester bond
thereby facilitating the linkage of DNA strands.

The mechanism through which enzyme-substrate interactions proceed could be ei-
ther induced fit, conformational selection or a combination of both [56] as described in
section 1.2.1. For several enzymes including adenylate kinase [60,96], dihydrofolate re-
ductase [55,97] and RNase A [59], the conformational selection process has been shown
to be implicated in their catalytic function. NMR studies on E. coli and Aquifex aeoli-
cus adenylate kinase revealed that the enzyme fluctuates between an open and closed
conformation and that the release of the product presumably depends on the transition
between the open and closed state, due to a strong correlation of the catalytic turnover

number (k.:) and the exchange rate between the two states [60,96].

1.3.2 Enzyme Kinetics and Thermodynamics

According to the transition state theory developed in 1935 by Eyring, Evans and
Polanyi [98], the conversion from reactants to products occurs via a transition state
which has the highest free energy along the reaction coordinate. Catalysts (i.e. en-
zymes) reduce the activation energy (AG*) thereby dramatically increasing the reac-
tion rate as shown in Figure 1.7. For instance, urease, catalyzing the hydrolysis of urea
into carbon dioxide and ammonia, reduces the activation enthalpy from 32.1 kcal /mol
(non-catalyzed) to 9.9 kcal/mol thereby speeding up the reaction by a factor of 10
or chorismate mutase that catalyzes the conversion of chorismate to prephenate, es-

sential in the production of phenylalanine and tyrosine, decreases the enthalpy from
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24.4 keal/mol to 8.6 kcal/mol, which translates into an enhancement by a factor of
10'2 [99]. Rate acceleration by enzymes can go up to a factor of more than 10?7, which
is accomplished, for example, by the alkaline phosphatase [100,101].
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+
uncatalyzed

AG*

catalyzed

Reactants

AG

Reaction
Products

Gibbs free energy of the reaction, G

>

Reaction coordinate

Figure 1.7: Reaction coordinate diagram in an uncatalyzed (purple) and a catalyzed
(green) reaction, respectively. TS denotes the transition state. The activation (AG*)

as well as the Gibbs free energy of reaction (AG geaction) are illustrated.

To describe and quantify enzyme-catalyzed reaction rates, the Michaelis-Menten
kinetics model [102], relating the rate of reaction, v, with substrate concentration [S],
is commonly employed. In a reaction, the enzyme (F) forms a complex with the
substrate (S) with the association rate, k,,, and the dissociation rate, k,rs, of the
enzyme-substrate complex (F - S), respectively and subsequently releases the product

(P) and the unaltered enzyme:

Et+Step. gk pyp (1.7)
kogr

where k.. is the catalytic rate constant describing the rate of product formation.
The rate of the catalytic reaction, v, can be defined as product formation per time

unit:
d[P]

dt

with [P] denoting the product concentration. At an initial substrate concentration,

(1.8)

[S]o, the rate of reaction, v, is proportional to the total enzyme concentration, [E]y. At
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a given [E]y and low [S]o, v is proportional to [S]y, whereas at high [S]y the reaction

rate is independent from [S]y and approaches the maximum velocity, V,q.:

B

T+ 15 (19)

U= Vma:c

with the Michaelis constant, K, i.e. the substrate concentration at 1/2 V..,

illustrated in Figure 1.8.
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Rate of reaction, v

Y

K., Substrate concentration, [S]

Figure 1.8: Michaelis Menten saturation curve describing the dependence of the reac-

tion rate, v, on the substrate concentration, [S]y, in an enzyme catalyzed reaction.

kO kca
Ky = —ffk+ t (1.10)

and the maximum velocity V,,q.:
Vmam - kcat[E]O (111)

keqt, the so called turnover number, denotes the number of products formed in a
catalytic cycle per unit of time, typically s='. The catalytic efficiency, €, of an enzyme

is defined as the ratio of k.,; and K;:

kcat kon kcat (1 12)

KM B koff + kcat

€ is maximal when k., > kopy. Since k,, is the rate constant of the formation
of the enzyme-substrate complex with both, enzyme and substrate freely diffusing in

solution, the maximum efficiency is diffusion limited.
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1.4 2-Deoxyribose-5-phosphate Aldolase from FE. col:

2-Deoxyribose-5-phosphate aldolase (DERA, EC 4.1.2.4) is an acetaldehyde-dependent,
homodimeric class 1 aldolase, that catalyzes the reversible conversion of acetaldehyde
and G3P to generate 2-deoxyribose-5-phosphate (dR5P), illustrated in Figure 1.9,
through a Schiff base intermediate [103]. Due to its ability to catalyze carbon-carbon
cleavage or formation, DERA is classified as a lyase and can be assigned to the first
subclass (E.C. 4.1). Aldolases are typically classified into two groups according to their
mechanism: class I aldolases have a conserved active-site lysine residue that forms a
Schiff base intermediate with the donor substrate, whereas class II aldolases utilize

divalent metal ions (Zn?") in their catalytic mechanism.

2_
03PO
j\ * 1 ‘—DAERA 1T — O oM
H H /U\K\OPOf' H J\/\‘/\OPng‘
OH OH

OH

Figure 1.9: DERA reaction in vivo. DERA catalyzes the reversible aldol reaction
between the donor acetaldehyde, and the acceptor G3P producing dR5P.

DERA plays an important role in key metabolic pathways by providing crucial
metabolic intermediates namely acetaldehyde and G3P, and is involved in the nu-
cleotide catabolism [104]. Acetaldehyde generated by DERA along with other enzymes
(e.g. alcohol dehydrogenase), is important for synthesis of acetyl co-enzyme A which
participates in the citric acid cycle. Additionally, G3P is involved in glycolysis and the
pentose phosphate pathway. Thus, DERA is crucial for bacterial survival and consid-
ered as a potential pharmaceutical target against several human pathogens [105, 106].
The E. coli DERA (ecDERA) is particularly interesting to study in this aspect given
that it is highly sequence identical (> 94 %) to DERAs of several human pathogens such
as Shigella flexneri, Salmonella typhimurium and Cronobacter sakazakii, but shares
only 38 % sequence identity with human DERA (hDERA).

ecDERA has the typical (a/3)s TIM barrel fold, which is a common structural fea-
ture among class I aldolases, and consists of 259 residues per monomeric unit [1]. Heine
et al. [1] proposed a reaction mechanism, based on ecDERA crystal structures with
carbinolamine and Schiff base intermediats (s. Figure 1.10) along with site-directed
mutagenesis studies, which states that the reversible aldol reaction of acetaldehyde
and G3P generating dR5P proceeds through Schiff base formation with the acitve-site
K167. Active-site residues K201, D102 and a conserved water molecule are proposed
to perturb the pK, of K167 and serve as a proton shuffling system in the multistage

reaction mechanism.
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Figure 1.10: ecDERA crystal structure with the Schiff base intermediate (pdb: 1JCJ)
[1]. The reaction intermediate with the active-site residue K167 is shown as sticks. N’
and C’ terminal residues are indicated by blue and red spheres, respectively. Due to a
lack of electron density, the last 8 to 9 C-terminal residues are missing from the crystal
structure, and the last visible residues G251 (Monomer A) and H250 (Monomer B) are
indicated.

The active site of ecDERA, shown in Figure 1.11, can be sub-divided into two re-
gions: the aldehyde binding region and the phosphate binding region. The aldehyde
binding region comprises the Schiff base-forming K167 and residues K201 and D102
involved in the proton shuffling system. Backbone amide groups of G205 and S238
directly interact with the phosphate group and, via a water molecule, also K172 side
chain and G204, V206, S239 and G171 backbone amide groups according to [1,107].

Also the C-terminal Y259 of ecDERA has been shown to be important for catalysis
since the Y259F mutation leads to a drastic drop (~ 200 fold) in catalytic efficiency [1].
However, investigation of its implication in the catalytic reaction mechanism has been
hampered due to missing electron density of the last 8 to 9 C-terminal residues in all
available ecDERA crystal structures [1,107,108], probably due to intrinsic flexibility
of the C-terminal tail [107].

In addition to its biological function, DERA is unique in catalyzing the carbon-
carbon bond formation between two aldehydes and has a broad acceptor substrate

tolerance, thus it is being utilized as a “green” biocatalyst for the synthesis of, e.g. chiral
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Figure 1.11: Close-up of the ecDERA active site with the Schiff base intermediate (pdb:
1JCL and 1JCJ). Active-site residues K167 (in complex with dR5P), D102 and K201

as well as phosphate binding residues 5238 and G205 are shown as stick representation.

synthons for the synthesis of statins [109-111]. Kinetic studies, however, have shown
that DERA is strictly dependent on phosphorylated acceptor substrates, demonstrated
by a severe loss in activity when comparing dR5P and deoxyribose (dR) as acceptor
substrates [112], hence limiting its application as efficient biocatalyst to phosphorylated
aldehydes.
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1.5 Human Nedd4-1 WW3* High Affinity Domain

Ubiquitination of cellular proteins is a post-translational modification process in eu-
karyotes that can mark proteins for proteasome degradation [113] and regulates nu-
merous other cellular activities [114,115]. The functional diversity arises due to the
large variety of E3 ubiquitin ligases responsible for mediating the transfer of ubiquitin
from an E2 ubiquitin-conjugating enzyme to the substrate. The modular composi-
tion of these ligases mediates substrate specificity, affinity and thus ligase activity.
The human Nedd4 (neuronal precursor cell expressed developmentally down-regulated
gene 4) family of HECT-type E3 ubiquitin ligases consists of nine members comprising
NEDD4 (Nedd4-1), NEDD4-2, ITCH, WWP1, WWP2, NEDL1, NEDL1, SMURF1
and SMURF2 [116]. The founding member of this family, Nedd4-1, was originally
identified as a developmentally down-regulated mouse gene in the central nervous sys-
tem [117]. The first recognized target of Nedd4-1 was the human epithelial Nat channel
(hENaC) [118,119]. Human Nedd4-1 (hNedd4-1) has further been shown to regulate
the activity of signaling receptors [120] such as the insulin-like growth factor-1 [121].
Furthermore, hNedd4-1 is associated in cancer development, supported by an overex-
pression in prostate and bladder cancer [122], and is thus considered as a pharmaceu-
tical target [123].

Figure 1.12: Modular organization of hNedd4-1. hNedd4-1 contains an N-terminal C2
domain (green), a central region comprising four WW domains (weat-colored) and a C-
terminal HECT domain (magenta). For hNedd4-1, crystal structures of the C2 domain
(pdb: 3B7Y), WW3 domain (pdb: 4N7F) and the HECT-domain (pdb: 2XBF) are
available and illustrated above the schematic representation with blue and red spheres

indicating the N-terminal and C-terminal region of each domain, respectively.

The characteristic domain architecture of Nedd4 family proteins is illustrated in
Figure 1.12 for hNedd4-1. Tt includes presence of an N-terminal C2 domain (Ca®"-
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dependent lipid binding domain), three to four WW domains (protein-protein interac-
tion domains) and a catalytic, C-terminal HECT domain, which mediates the transfer
of ubiquition from the cognate E2 to the substrate [116]. Nedd4 proteins exist in an
autoinhibited conformation through an interdomain interaction between the C2 and
HECT domain, which is disrupted by binding of Ca?", thus activating E3 ligase ac-
tivity [124]. Additionally, this autoinhibited state can also be unlocked by adapter
proteins interacting with the WW domains of the protein [125]. Hence, WW domains
are involved in both, regulating the activity as well as substrate recognition of Nedd4

proteins.
WW domains are compact interaction modules consisting of 38 to 40 amino acids

and exhibit two highly conserved tryptophan residues and an invariant proline [126,127]
illustrated for the third domain of hNedd4-1 in Figure 1.13.

loop |

XP pocket

Figure 1.13: hNedd4-1 WW3* domain with the a-hENaC peptide (purple, pdb: 2M30)
containing the PPxY motif. Side chains of the conserved tryptophan residues, the
invariant proline as well as F438 that forms the XP pocket with W449 are shown as
sticks representations.

Structures of WW domains in complex with their cognate peptide reveal that the

first tryptophan residue and the invariant proline are crucial for domain stability,
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whereas the second tryptophan is important for peptide recognition [128-132]. The
second tryptophan, along with one other conserved aromatic residue (typically pheny-
lalanine), forms the “XP pocket”that binds a conserved proline in proline-rich motifs
that are recognized by WW domains. WW domains adopt a characteristic three-
stranded antiparallel S-sheet fold and can be subdivided into five different classes ac-
cording to the proline-rich sequence they recognize. The WW domains of Nedd4 family
members bind the PPxY (PY) motif-peptides and are thus members of the class T WW
domains [133].

The WW domains of hNedd4-1 show a high sequence similarity, however, they bind
the a-hENaC PY motif with different affinities [134,135] as shown in Figure 1.14. WW1
showed no physiologically relevant affinity, whereas the highest affinity was reported
for WW3 (WW3*, the asterisk designates a high-affinity domain) with a Kp of ~
5 uM. WW2 and WW4 showed binding, however with a significantly lower binding
affinity (s. Figure 1.14). Furthermore, a tandem construct of WW2, WW3* and WW4
of hNedd4-1 did not show increased peptide binding affinity towards the a-hENaC
peptide, demonstrating the WW3* domain suffices for high-affinity binding [134].

— - o0 g K,

* % %k% * % * * % *
WW1l “'BrLPPGIEER0ODI L.GE VNERSERITOTKRPHEP %2 >500 uM

WW2 >***SGLPPGHNSODERGIE \Y NTIPTV3E 101 um
WW3 “?'GFLPEGYaVEHAPNGEPFE IPEINTINETTERPEL > 5um
WW4 “*GPLPPGIUHAMATHT DG FM T NIEIN T N0 F PR 5¢ 150 pum

Figure 1.14: Sequence homology between the four WW domains is highlighted for
nonpolar (yellow), polar (green), acidic (red) and basic (blue) amino acids and the two
conserved tryptophans (black). The invariant proline along with the two tryptohan
residues is highlighted in bold letters. Sequence numbering is according to NCBI entry
(NM_006153.3) and CLUSTALW [136] was used for sequence alignment. Additionally,
the binding affinity of the individual WW domains towards the a-hENaC PY motif
[134] is presented. Directly interacting residues are highlighted with a gray asterisk.
Adapted from [86].

Sequence alignment of the four hNedd4-1 WW domains illustrates that most residues
involved in direct a-hENaC peptide interaction (s. Figure 1.14) are sequence identical
or at least have a conserved substitution. The high degree of sequence similarity and
differing binding affinities from Nedd4 extends to other species, including mouse, rat,
Drosophila and Xenopus [135]. The highest sequence diversity among the hNedd4-
1 WW domains is observed in loop I (s. Figure 1.14) that adopts a type I S-turn
connecting the first two [-sheets. In this type I S-turn of the WW3* domain, three
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residues interact with the a-hENaC peptide [137], indicating that peptide-binding affin-
ity of the WW domains may be defined by the loop I sequence. Mutagenesis studies
of Nedd4 have illustrated that exchanging loop I residues affects the peptide binding
affinity [135, 138]. Moreover, studies of the human peptidyl-prolyl isomerase (Pinl)
WW domain showed that, in addition to the amino acid composition, loop I flexibil-
ity affects the peptide-binding affinity [139]. Hence, chemical recognition as well as
dynamics appear to play a role in determining the peptide binding affinity of WW

domains.
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Chapter 2
Aims

The objective of this thesis was to obtain a deeper understanding of the structural and
dynamic determinants of protein function using a combination of NMR spectroscopy
and MD simulations. To this end, two different protein systems namely ecDERA and
WW3* domain of hNedd4-1, were studied.

Previous studies of ecDERA highlighted the importance of the C-terminal tyrosine
(Y259), however its involvement in the catalytic reaction remained elusive. Missing
electron density of the last 8 to 9 C-terminal residues in ecDERA crystal structures
have hampered structural analyses of this region. Thus, the aim for this work was to
understand the involvement of Y259 in the catalytic reaction and to obtain a structural
and dynamic characterization of the C-terminal tail. Due to the size of the homod-
imeric ecDERA (56 kDa), an active, monomeric variant, carrying the K5h8E and YO6W
mutations (DERAm) [108], was used for these studies.

Target binding specificity and affinity of hNedd4-1 is defined by the protein-protein
interaction modules, the WW-domains, with the third domain showing the highest
binding affinity to the PPxY motif of the a-ENaC peptide. The objective of this project
was to characterize the structure and dynamics of the high affinity third WW domain
(WW3*) from hNedd4-1, in the apo-state and in complex with the a-ENaC peptide,
to understand the molecular basis of the tight binding. Considering the high sequence
diversity in loop I amongst the four hNedd4-1 WW domains, and its uniqueness in
WW3* domain, loop I stability could be a key aspect defining the high affinity binding.
In particular, the effect of the exchange of the highly preferred proline in i+1 position

to a threonine, to loop I and the overall WW3* domain stability was investigated.
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Scientific publications

1. 'H, 13C, and N backbone and sidechain resonance assignments of a
monomeric variant of FE. coli deoxyribose-5-phosphate aldolase
M. Schulte, M. Stoldt, P. Neudecker, J. Pietruszka, D. Willbold and V. Pan-
walkar
Biomolecular NMR Assignments 2017, 11(2), 197-201.

Complete execution of experimental procedures and data evaluation including
backbone and side chain resonance assignment of FE.coli DERA monomer, 90 %

composition of the manuscript.

2. Conformational Sampling of the Intrinsically Disordered C-terminal
Tail of DERA is Important for Enzyme Catalysis
M. Schulte, D. Petrovi¢, P. Neudecker, R. Hartmann, J. Pietruszka, S. Willbold,
D. Willbold and V. Panwalkar
ACS Catalysis 2018, 8, 3971-3984

Protein expression, purification and execution of all NMR experiments (except
3P NMR) and subsequent processing and analysis of the data. Further, I carried
out all enzyme activity assays. The calculation of DERAm with the C-terminal
tail in the closed state using Xplor-NITH was carried out by P. Neudecker and the
MD simulations were setup and analyzed by D. Petrovi¢. My overall contribution

to the manuscript is about 75 %.
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Stoldt, M. A. Brimble, D. Willbold and A. J. Dingley
Biochemistry 2016, 55(4), 659-674.
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the manuscript.

. Data describing the solution structure of the WW3* domain from hu-

man Nedd4-1
V. Panwalkar, M. Schulte, J. Lecher, M. Stoldt, D. Willbold and A. J. Dingley
Data in Brief 2016, 8, 605-612.

Complete MD simulation setup and trajectory analysis, 25 % composition of

the manuscript.

. Proline Restricts Loop I Conformation of the High Affinity WW Do-

main from Human Nedd4-1 to a Ligand Binding-Competent Type I
S-Turn

M. Schulte, V. Panwalkar, S. Freischem, D. Willbold and A. J. Dingley

The Journal of Physical Chemistry B 2018, 122(15), 4219-4230

Complete MD simulation setup and trajectory analysis, protein expression and
purification and thermal melt analysis. NMR measurements and analysis was
equally carried out by me and V. Panwalkar, and S. Freischem helped with pro-
tein expression and purification. My overall contribution to the manuscript is
about 75 %.



3.1 'H, BC, and "N backbone and sidechain res-
onance assignments of a monomeric variant of

E. coli deoxyribose-5-phosphate aldolase

Summary

Before any structural or dynamic NMR analyses can be performed, chemical shift as-
signments need to be obtained. In this publication, we provide a near complete set of
backbone and side chain chemical shift assignments of a monomer variant of ecDERA
(DERAm) in HEPES buffer (BMRB accession number: 27048). Moreover, an expres-
sion and purification protocol of this construct is provided. TALOS-N [26] secondary
structure prediction, based on the chemical shifts, reveals presence of eight S-strands
and eleven a-helices. These predictions are in accordance with the TIM barrel fold and
in close agreement with the X-ray structure of DERAm [108]. We further show, that
presence of a C-terminal Hisg-tag, used in other biochemical studies of ecDERA, alters
the chemical environment of active-site residues and its presence drastically reduces
the catalytic activity of DERAm.
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Abstract Deoxyribose-5-phosphate aldolase (DERA)
catalyses the reversible conversion of 2-deoxyribose-
5-phosphate  (dR5P) into glyceraldehyde-3-phosphate
(G3P) and acetaldehyde. For industrial applications, this
enzyme is used in organic synthesis for aldol reactions
between acetaldehyde as a donor and a wide range of alde-
hydes as acceptors. Here, we present a near complete set
of sequence-specific 'H, '*C and >N resonance assign-
ments of a 28 kDa monomeric variant of the Escherichia
coli DERA. These assignments provide the basis for ongo-
ing structural and dynamic analysis of DERA substrate
specificity.

Keywords NMR assignments - Pentose-phosphate-
pathway - DERA - Enzyme catalysis - Non-uniform
sampling

Biological context

Deoxyribose-5-phosphate aldolase (DERA, E.C. 4.1.2.4)
is an important enzyme participating in key metabolic
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pathways, like nucleotide catabolism, pentose-phosphate
pathway and glycolysis, in living organisms (Tozzi et al.
2006). It is responsible for deoxyribose phosphate aldo-
lase activity in bacteria where it catalyses the conversion
of 2-deoxy-D-ribose-5-phosphate (dR5P) into glyceralde-
hyde-3-phosphate (G3P) and acetaldehyde (Machajewski
and Wong 2000). DERA belongs to class I aldolases whose
reaction mechanism involves formation of a Schiff base
intermediate with a conserved active-site lysine residue
(Hoffee et al. 1974; Rose and O’Connell 1969). Because
of its role in the production of key metabolic intermediates
crucial for bacterial survival, DERA is also being consid-
ered as an interesting pharmaceutical target against several
bacterial pathogens (Cao et al. 2016; Tonkin et al. 2015).

In addition to its role in metabolic pathways, DERA is
also able to catalyse the carbon—carbon bond formation
under mild conditions with stereospecific control and irre-
spective of substrate structure, thus showing an abundant
potential as an environment-friendly biocatalyst (Windle
et al. 2014). DERA-catalysed reactions are already being
used to synthesize crucial pharmaceutical precursors like
statins (Greenberg et al. 2004). The Escherichia coli DERA
(DERAg) is of particular interest because it is unique in
catalysing cross-aldol condensation between two aldehydes
(Barbas et al. 1990) along with having high protein stabil-
ity and expression yields. However, DERAy- shows poor
tolerance towards high concentrations of acetaldehyde,
the enzyme is irreversibly inactivated at acetaldehyde con-
centrations of ~300 mM (Dick et al. 2016a; Hoffee et al.
1965). Considerable success has been achieved in modify-
ing DERAs for accelerated enzyme catalysis (Britton et al.
2016) and higher acetaldehyde tolerance to increase prod-
uct yield (Dick et al. 2016a).

Besides its strict dependence on acetaldehyde as a
donor molecule, DERAg is also heavily dependent on
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phosphorylated substrate molecules (Barbas et al. 1990).
Furthermore, the C-terminal tyrosine residue of DERAg-
is crucial for enzyme catalysis (Heine et al. 2001; Hoffee
et al. 1974). However, the exact mechanism of the underly-
ing two processes is poorly understood. Although several
high resolution crystal structures of DERA are available
(Dick et al. 2016a; Heine et al. 2001, 2004), the mecha-
nistic role of its C-terminus remains elusive because the
electron density for the last ~10 C-terminal amino acids
is poorly defined, indicating significant conformational
mobility. Thus we are using NMR spectroscopy to eluci-
date the structural and dynamic determinants of DERAg
function. Wild type DERAg is a symmetric homodimer
with a combined molecular weight of 56 kDa. This high
molecular weight makes the use of NMR spectroscopy to
provide atomic-resolution structural and dynamic infor-
mation challenging. Therefore, we have used a mono-
meric variant of DERAg., a K58E-Y96W double mutant
(DERAg monomer), which exhibits a virtually identical
tertiary structure as observed by X-ray crystallography and
similar enzymatic activity (Dick et al. 2016a).

As a crucial first step in the investigation of the structure
and dynamics of DERA- monomer by NMR spectroscopy
in order to understand the substrate specificity and the role
of the mobile C-terminus towards the enzyme monomer
activity, we have obtained sequence-specific chemical shift
resonance assignments of the backbone and sidechain IH,
13C and >N nuclei. As a prerequisite for NMR analysis of
the structure and dynamics of DERAg, these resonances
will therefore add to the ongoing development of DERAg
variants with enhanced or novel enzyme activity.

Materials and experiments
Protein expression and purification

The gene encoding DERAg- monomer was amplified by
PCR and inserted into pET15b-Kombi-P expression vec-
tor carrying an amino- terminal Hiss-tag and a PreScis-
sion protease cleavage site. The recombinant plasmid was
transformed into chemically competent E. coli BL21(DE3)
TIR (Sigma Aldrich Chemie GmbH, Munich, Germany)
for expression. Bacterial cells were grown at 37°C in
100 ml LB medium with ampicillin overnight and then
transferred into M9 minimal medium containing '*NH,CI
and '3C-glucose as exclusive nitrogen and carbon sources,
respectively. At the ODg,, of 0.8, the protein expression
was induced with isopropyl-f-thiogalactoside (IPTG) at a
final concentration of 0.25 mM and the cells were grown
for an additional 16 h at 27°C. The cells were harvested
by centrifugation for 20 min at 5000g and resuspended in
lysis buffer containing 20 mM potassium phosphate (pH
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7.0). The cells were lysed using a cell-disruptor (I&L Bio-
systems GmbH, Konigswinter, Germany) and the soluble
lysate was subsequently loaded onto a Ni**-affinity chro-
matography column (GE Healthcare, Freiburg, Germany).
Column-bound Hisg-tagged protein was washed with the
lysis buffer containing an additional 10 mM imidazole and
then was eluted with 250 mM imidazole. Fractions contain-
ing the DERA;- monomer were pooled and treated with
PreScission protease (GE Healthcare, Freiburg, Germany)
overnight to remove the N-terminal His¢-tag, leaving two
exogenous residues (GP) at the N-terminus. The tagless
protein was further purified and buffer exchanged into
50 mM HEPES buffer (pH 6.8) using size-exclusion chro-
matography (HiLoad 16/60 Superdex 75 prep-grade, GE
Healthcare, Freiburg, Germany). The final NMR samples
were concentrated up to ~850 uM using a 3.0 kDa molecu-
lar weight cut-off filter in an Amicon chamber (Merck Mil-
lipore, Darmstadt, Germany), freeze-dried and stored at
—20°C. The protein concentration was estimated from the
absorbance at 280 nm using an extinction coefficient of
18,450 M~ em™.

NMR spectroscopy

The NMR samples of DERAg-. monomer contained
[U-3C, 'N] or [U-'>N] DERAg. K58E Y96W in 50 mM
HEPES buffer (pH 6.8) with 0.03% (w/v) NaN; and 1 mM
2,2,3,3-d(4)-3-(tetramethylsilyl)propionic acid sodium salt
(TSP, Thermo Fisher Scientific, Karlsruhe, Germany) in a
90/10% (v/v) H,0O/D,0 mixture.

NMR spectra were recorded at 25.0°C on Bruker
Avance III HD (600 and 700 MHz) and Varian VNMRS
(800 and 900 MHz) NMR spectrometers equipped with
cryogenically cooled z-gradient probes. The NMR sample
temperature was calibrated with a perdeuterated methanol
sample as described by Findeisen et al. (2007). Sequence
specific backbone and sidechain chemical shift assignments
of DERA: monomer were accomplished using standard
multidimensional experiments (Sattler et al. 1999), namely
2D 'H-'SN HSQC, 2D 'H-'3C CT HSQC, 2D 'H-"*C CT
HSQC (aromatic region), 3D HNCO, 3D HNCACB, 3D
HNCA, 3D CBCA(CO)NH, 3D CC(CO)NH, 3D H(CCO)
NH, 2D (HB)CB(CGCD)HD, 2D (HB)CB(CGCDCE)
HE, 3D HBHA(CBCACO)NH, 3D HBHANH, 3D HCCH-
TOCSY, 3D 'H-"N TOCSY-HSQC and 3D 'H-"3C
NOESY-HSQC (aromatic region, mixing time: 140 ms).
The triple resonance experiments, except for the 3D 'H-
3¢ NOESY-HSQC, were recorded using non-uniform
sampling of the NMR data based on a 10% Poisson gap
sampling schedule (Hyberts et al. 2012) and subsequently
reconstructed using the iterative soft threshold method
(Hyberts et al. 2013). Proton chemical shifts were refer-
enced to TSP, whereas N and '’C chemical shifts were
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indirectly referenced according to the ratios given by
Wishart et al. (Wishart et al. 1995). The NMR data was
processed using the NMRPipe package (Delaglio et al.
1995) and analysed with CcpNMR Analysis (Vranken et al.
2005).

Activity essays

To determine the enzymatic activity, consumption of
NADH (Sigma Aldrich Chemie GmbH, Munich, Germany)
in a retroaldol reaction with 0.02-1.5 mM dRS5P in 50 mM
HEPES (pH 6.8) at 19 °C was monitored at 340 nm using a
coupled enzyme assay as described previously (Dick et al.
2016a; Nicholas 1988).

Resonance assignment, data deposition and chemical
shift analysis

As seen in Fig. 1, DERAL- monomer shows a very well-
dispersed 'H-'N HSQC spectrum in 50 mM HEPES, pH
6.8, in the absence of any Hiss-tag. A recent combined
NMR and biochemical analysis on DERAg- monomer
variant, in a buffer containing 50 mM potassium phos-
phate pH 6.8, employed a C-terminal Hisq-tagged protein
(HiSDERAEC monomer) (Dick et al. 2016a, b) for investiga-
tion of the enzyme inactivation at high acetaldehyde con-
centrations (Dick et al. 2016a). Since E. coli DERA has
a phosphate binding site (Heine et al. 2001), we decided
to switch from the previously used potassium phosphate
buffer to a non-phosphate buffer (50 mM HEPES, pH 6.8).
Comparison of a 'H-'>’N HSQC spectrum of the tagless
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Fig. 1 2D 'H-">N HSQC spectrum of DERAg. monomer in 50 mM
HEPES at pH 6.8, 0.03% NaN; and 90/10% (v/v) H,0/D,0 mixture
recorded at 800 MHz and 25 °C. Horizontal dashed lines represent
NH, sidechain resonances. Assignment information for the most
crowded regions of the spectrum is given in the insets

DERAg, monomer with the spectrum of TSDERAg. mon-
omer immediately revealed a large number of conspicu-
ous chemical shift changes upon removal of the Hisq-tag
in several regions of the protein, most importantly in the
vicinity of the active site. This suggests that the Hise-tag
may interfere with DERA activity. Indeed, a comparison
of DERAg- monomer enzyme activity for the C-terminally
Hisg-tagged and the tagless variants determined in 50 mM
HEPES, pH 6.8, revealed a 15-fold increase in DERAg-
monomer kinetic rate constant, k.,, after removal of the
C-terminal Hisg-tag (Table 1). This clearly demonstrates
that only tagless DERA can be considered highly active
and we recommend using this form for all future biochemi-
cal and structural studies involving DERA. Unfortunately
the extent of the chemical shift changes also means that
the previous backbone-only chemical shift assignments of
HSDER A monomer (Dick et al. 2016a) (BMRB acces-
sion number 25904) are inadequate for analysing NMR
spectra of tagless DERAL- monomer. This forced us to
start over and record a complete set of backbone and side-
chain assignment experiments in order to obtain the NMR
resonance assignments of the DERAg- monomer in its bio-
chemically and structurally relevant high activity form.
Sequence-specific assignments for 96% of all the back-
bone atoms, in 50 mM HEPES buffer, have been achieved.
In total, 246 out of 251 possible non-proline backbone
amide groups, 94.2% of all the C’ atoms (244 out of
259), 99.2% of all the Ca (257 out of 259) and 98.9% of
all the Ha atoms (274 out of 277) have been successfully
assigned. Additionally, we have successfully assigned the
sidechain NH, groups of all the asparagine and glutamine
residues. Backbone amides for D22, V206, S238, S239 and
L240 could not be assigned under the used NMR condi-
tions because they are line-broadened beyond detection,
suggesting conformational exchange on an intermediate
timescale in these regions. According to the crystal struc-
ture of DERAg (Heine et al. 2001), residues 206, 238, 239
and 240 are located at the interface directly coordinating
the phosphate group of dRSP whereas residue 22 is located
in close proximity to the region interacting with the alde-
hyde group of dRSP. Besides the backbone assignments
in 50 mM HEPES buffer, we have successfully assigned
81.7% (558 out of 683) sidechain carbons and 86% (797

Table 1 Michaelis—Menten kinetics of aldol cleavage by DERA
monomer with and without a C-terminal Hisg-tag

Enzyme ke [s71] Ky [mM]
DERA- monomer 29.3+0.8 0.344+0.024
HSDER Ay monomer 1.94+0.09 0.011+£0.003

Triplicate measurements were performed at 19°C in 50 mM HEPES
at pH 6.8 with different 2-deoxy-D-ribose-5-phosphate (dRSP) con-
centrations ranging from 0.02 to 1.5 mM
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out of 927) of all the sidechain protons. These include
96.2% of all the Cp atoms (232 out of 241) and 95.4% of all
the HP atoms (372 out of 390). The unassigned sidechain
atoms included serine y protons, threonine yl protons,
lysine {, arginine € and 1, histidine NHS and NHe atoms,
and { CH groups from tyrosine and phenylalanine resi-
dues. The chemical shift resonance assignments for tagless,
highly active DERA- monomer in 50 mM HEPES buffer,
pH 6.8, have been deposited with the Biological Magnetic
Resonance Data Bank under the accession number 27048.
A quantitative analysis of the aforementioned back-
bone amide chemical shift changes between MDER-
Agc monomer and tagless DERAg- monomer is shown
in Fig. 2. For a more accurate assessment of the effect of
the Hisg-tag itself, this comparison was carried out in
the phosphate buffer used previously (Dick et al. 2016a).

Sequence-specific backbone chemical shift assignments for
the tagless DERAg- monomer in 50 mM potassium phos-
phate buffer, pH 6.8, were verified using 3D HNCACB
and 3D CBCA(CO)NH experiments. The chemical shift
changes in the N-terminal region could be a consequence
of the “Gly-Pro” overhang from the protease cleavage site.
Significant chemical shift changes upon removal of the
C-terminal Hisg-tag also occur in the C-terminal region and
in several additional regions of the protein including the
residues involved in coordination of the phosphate group of
dR5P (residues 204, 205, 206 and 238) and residues in the
vicinity of the active site (residues 11 and 20).

Using the obtained PN BN, Bee Ig® Be’ and BcP
assignments (in 50 mM HEPES buffer, pH 6.8), a TALOS-
N (Shen and Bax 2013) prediction of secondary structure
elements was performed (Fig. 3). It is evident from the

=i a
0.06
€
Q
£ 0.04
‘05
<
0.02 I H
|| | l | 1
0.00 -
20 40 60 80 100 120 140 160 180 200 220 240

Residue number

Fig. 2 Weighted average 'H and >N chemical shift differences, A8,
between DERAg: monomer and "DERAg. monomer. 2D 'H-°N
HSQC spectra for both the proteins were recorded under NMR con-
ditions employed by (Dick et al. 2016a). Unlike in HEPES buffer,
resonances for V206, S238 and L240 are severely line-broadened
but still detectable above the noise threshold of the 'H-""N HSQC
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indicates the mean A3, value of 0.009 ppm and the dotted black line
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Fig. 3 Secondary structure
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the enzyme active site (D16, C47, K167, K210) are highlighted in
blue and residues involved in phosphate coordination (G171, G204,
G205, V206, S238, S239), as observed in the DERAg. crystal
structure (PDB: 1JCL) (Heine et al. 2001) are highlighted in green.
A schematic representation of the secondary structure elements,
observed in DERAg. crystal structure, is shown at the fop. In b the
A, are represented on the crystal structure of DERAg. using the
colour scale shown in the figure. The open-form of dR5P is repre-
sented in magenta with the phosphate group highlighted in yellow
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chemical shift data that DERA- monomer in solution
shows the presence of eight beta-strands and eleven alpha-
helices. The TALOS-N predictions are in accordance with
the canonical TIM barrel fold of type I aldolases, in close
agreement with the crystal structure of DERAg- monomer
(Dick et al. 2016a).
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3.2 Conformational Sampling of the Intrinsically
Disordered C-terminal Tail of DERA is Impor-

tant for Enzyme Catalysis

Summary

The previously obtained set of backbone and side chain chemical shift assignments
enabled us to perform structural and dynamic NMR studies on DERAm with focus on
the C-terminal tail, and in particular the C-terminal residue Y259. In this publication,
we show that the C-terminal tail of DERAm is flexible in solution and transiently
samples a conformation allowing Y259 to enter the active site (closed state). Based on
NOE distance restraints, the solution structure of the C-terminal tail in the closed state
was derived. Transition between the closed states and open states may be necessary for
substrate and/or product diffusion. The importance of Y259 in the catalytic reaction
has been demonstrated in numerous biochemical studies, however the structural basis
of its involvement remained elusive. Using time resolved hydrogen/deuterium (H/D)
exchange experiments of propanal, in presence of DERAm and DERAm Y259F, we
conclusively show that Y259 "OH group facilitates the C2 proton exchange, and thus
may facilitate the imine-enamine transition in the multistep reaction of ecDERA.
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Figure 3.1: Graphical table of contents

Acknowledgments Reprint Permission

This section contains a complete reprint of the publication and supporting information.
Reprinted with permission from ACS Catalysis 2018, 8, 3971-3984,

doi:10.1021 /acscatal.7b04408. Copyright 2018 American Chemical Society.

42


http://dx.doi.org/10.1021/acscatal.7b04408

Research Article

<

& Cite This: ACS Catal. 2018, 8, 3971-3984

pubs.acs.org/acscatalysis

Conformational Sampling of the Intrinsically Disordered C-Terminal
Tail of DERA Is Important for Enzyme Catalysis

Marianne Schulte,m' Dusan Petrovié,i’#

Philipp Neudecker,“t Rudolf Hartmann,;t Jorg Pietruszka,§’”

Sabine Willbold," Dieter Willbold,"*® and Vineet Panwalkar® "

Mnstitut fiir Physikalische Biologie, Heinrich-Heine-Universitit Diisseldorf, 40225 Diisseldorf, Germany
*Institute of Complex Systems 6 (ICS-6): Structural Biochemistry, Forschungszentrum Jiilich, 52425 Jiilich, Germany

Snstitute of Bioorganic Chemistry, Heinrich-Heine-Universitit im Forschungszentrum Jiilich, 52425 Jiilich, Germany

Institute of Bio- and Geosciences 1 (IBG-1): Biotechnology, Forschungszentrum Jiilich, 52425 Jiilich, Germany
LCentral Institute of Engineering, Electronics and Analytics (ZEA-3), Forschungszentrum Jiilich, 52425 Jiilich, Germany

© Supporting Information

ABSTRACT: 2-Deoxyribose-S-phosphate aldolase (DERA)
catalyzes the reversible conversion of acetaldehyde and
glyceraldehyde-3-phosphate into deoxyribose-S-phosphate.
DERA is used as a biocatalyst for the synthesis of drugs
such as statins and is a promising pharmaceutical target due to
its involvement in nucleotide catabolism. Despite previous
biochemical studies suggesting the catalytic importance of the
C-terminal tyrosine residue found in several bacterial DERAs,
the structural and functional basis of its participation in
catalysis remains elusive because the electron density for the
last eight to nine residues (i.e., the C-terminal tail) is absent in
all available crystal structures. Using a combination of NMR
spectroscopy and molecular dynamics simulations, we
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conclusively show that the rarely studied C-terminal tail of E. coli DERA (ecDERA) is intrinsically disordered and exists in
equilibrium between open and catalytically relevant closed states, where the C-terminal tyrosine (Y259) enters the active site.
Nuclear Overhauser effect distance restraints, obtained due to the presence of a substantial closed state population, were used to
derive the solution-state structure of the ecDERA closed state. Real-time NMR hydrogen/deuterium exchange experiments reveal
that Y259 is required for efficiency of the proton abstraction step of the catalytic reaction. Phosphate titration experiments show
that, in addition to the phosphate-binding residues located near the active site, as observed in the available crystal structures,
ecDERA contains previously unknown auxiliary phosphate-binding residues on the C-terminal tail which could facilitate in
orienting Y259 in an optimal position for catalysis. Thus, we present significant insights into the structural and mechanistic
importance of the ecDERA C-terminal tail and illustrate the role of conformational sampling in enzyme catalysis.

KEYWORDS: aldolase, TIM-barrel fold, Hamiltonian replica exchange, NMR H/D exchange, NOE

B INTRODUCTION

The fundamental principle of enzyme catalysis is the ability of
an enzyme to decrease the transition-state energy (or
destabilize the ground state) and thereby accelerate the
chemical reactions which would otherwise not occur on
biologically relevant time scales.' > Enzymes are intrinsically
dynamic, and the emerging consensus is that conformational
sampling plays a crucial role in enzyme catalysis.""'*> However,
describing the direct link between protein motions and
enzymatic function remains challenging. Under native con-
ditions, enzymes sample various conformations separated by
energy barriers that determine the rates of exchange between
these substates.'”' "> Tt has been shown that some of the
substates sampled by enzymes in the absence of a substrate

resemble the substrate-bound state,”’*™"° thus demonstrating
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the importance of conformational sampling in enzyme
catalysis.”>°

2-Deoxyribose-S-phosphate aldolase (DERA, E.C. 4.1.2.4) is
a class I aldolase with a triosephosphate isomerase (TIM) barrel
fold and a highly conserved sequence in bacteria. In vivo,
DERA catalyzes the reversible conversion of acetaldehyde and
glyceraldehyde-3-phoszphate (G3P) to generate deoxyribose-S-
phosphate (dRSP)*"** and provides key intermediates essential
for different metabolic pathways, e.g., glycolysis, the pentose-
phosphate pathway, and nucleotide catabolism.”® Therefore,
DERA is considered as a promisindg pharmaceutical target
against human bacterial pathogens.””** In addition to this,
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Scheme 1. Mechanism of the DERA-Catalyzed Aldol Reaction of Acetaldehyde (Magenta) and G3P (Green) Proceeding via a

Schiff-Base Intermediate with K167, Giving dRSP“
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“In addition, D102, K201, and a water molecule were proposed to act as an acid (A)/base (B) in a proton relay system responsible for abstracting a

C2 proton (highlighted in boldface).”

DERA is unique in catalyzing the cross-aldol condensation
between two aldehydes and is utilized as an environmentally
friendly biocatalyst for the synthesis of drugs such as
statins.”*">* However, the absence of a phosphate group
from the substrate severely curtails the catalytic efficiency of
DERA,” thereby restricting its use as an efficient biocatalyst to
phosphorylated aldehydes. Additionally, mutations of residues
interacting with the dRSP phosphate group have also been
shown to drastically decrease the activity of ecDERA.> Several
efforts have been made to re-engineer DERAs for accelerated
enzyme catalysis’ and acceptance of nonphosphorylated
substrates.>

On the basis of Escherichia coli DERA (ecDERA) crystal
structures with carbinolamine and Schiff base intermediates, as
well as site-directed mutagenesis, Heine et al.** have proposed a
reaction mechanism of the reversible conversion of acetalde-
hyde and G3P to generate dRSP, which proceeds through a
Schiff base formation with the active site K167 residue (Scheme
1). After the formation of an imine, a proton relay system
composed of D102, K201, and a conserved water molecule
facilitates the abstraction of a C2 proton (i.e., a proton attached
to carbon adjacent to the aldehyde group), allowing the
formation of an enamine. The enamine further performs a
nucleophilic attack onto the carbonyl carbon of the acceptor
aldehyde (G3P) to yield dRSP. The crystal structures also
reveal that, within the ecDERA active site, the most important
substrate coordinating residues are T18, D102, K167, and
T170, whereas residues G205 and S238 directly coordinate the
dRSP phosphate group, forming the major part of a phosphate-
binding site.*®

Despite several biochemical studies suggesting that the C-
terminal tyrosine (i.e, Y259) is crucial for efficient catalysis of
dRSP breakdown,”>** the absence of electron density for the
last eight C-terminal residues (residues D252-Y259 in
ecDERA: ie, the C-terminal tail) in all available crystal
structures of DERAs containing a C-terminal tyrosine
(including ecDERA)>**>333%3% has precluded acquiring in-
sights into the role of the tyrosine as well as the C-terminal tail.
As observed in ecDERA, the C-terminal tyrosine residue of class
I rabbit muscle fructose-1,6-disphosphate aldolase (FBPA) is
important for the catalysis of dihydroxyacetone phosphate
(DHAP) breakdown. Unlike ecDERA, however, crystal
structures of FBPA reveal that, upon binding DHAP, the
phosphate dianion recruits the disordered C-terminal region to
the active site.*”

To investigate the structural and functional basis of Y259 in
the ecDERA catalytic mechanism, we have carried out a
combined molecular dynamics (MD) and NMR spectroscopy
study on its monomeric variant, DERAm (carrying KS8E and
Y96W mutations).’”* Since the high molecular weight (56
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kDa) of the dimeric wild-type ecDERA makes acquiring atomic-
resolution NMR structural and dynamic information challeng-
ing, we chose DERAm, which has been shown to have a nearly
identical tertiary structure and exhibits enzymatic activity
similar to that of the dimeric ecDERA.>* In this study, we
show that the C-terminal tail is flexible in solution and provide
the first direct structural evidence that, in the absence of the
substrate, it samples several substates including a catalytically
relevant conformation where Y259 is located inside the active
site (i.e, the closed state). We present the solution-state
structure of the catalytically relevant closed state, derived using
NOE distance restraints, in the substrate-free form of DERAm.
We further reveal that, in the closed state conformation, the
Y259 "OH group is responsible for efficient substrate C2
proton exchange and, therefore, could enable a fast transition
from the imine to enamine intermediates. Chemical shift
perturbations with potassium phosphate reveal that ecDERA
contains two distinct sets of phosphate-binding residues: the
main phosphate-binding residues near the active site as
observed from the reaction-intermediate bound crystal
structures® and previously unknown auxiliary phosphate-
binding residues on the C-terminal tail, which could aid in
stabilizing the catalytically active conformation of Y259. Thus,
our data provide novel insights into DERA function and
highlight the role of conformational sampling in the catalysis of
dRSP breakdown.

B EXPERIMENTAL SECTION

Protein Expression and Purification. Cloning of the
DERAm construct was performed as described previously.*®
Y259F, S257D/S258D, and the C-terminal tail deletion mutant
of DERAm, D252stop (where the new C-terminal residue is
G251), were generated with the QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies, Diisseldorf-Ratingen,
Germany) according to the manufacturer’s instructions using
the primers given in Table SI. The recombinant protein
production and purification were carried out as described
previously.*®

Activity Assay. Enzyme activity was determined at 20 °C in
a retro-aldol reaction with 0.02—5.0 mM dRSP in 50 mM
HEPES buffer (pH 6.8) using a coupled enzyme assay as
described previously.”*” In this assay, the G3P generated in
the DERA-catalyzed retro-aldol reaction is isomerized to
DHAP by triosephosphate isomerase. DHAP is further reduced
to glycerol-3-phosphate by glycerol-3-phosphate dehydrogen-
ase through the oxidation of NADH (Sigma-Aldrich Chemie
GmbH, Munich, Germany). The decrease in NADH
concentration was monitored at 340 nm.
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NMR Experiments. [U-"*C,"SN] and [U-'*N] DERAm and
its mutants were prepared in SO mM HEPES buffer (pH 6.8),
unless stated otherwise, 0.03% (w/v) NaN3, and 1 mM 2,2,3,3-
d(4)-3-(tetramethylsilyl)propionic acid sodium salt (TMSP,
Thermo Fisher Scientific, Karlsruhe, Germany) in a 90%/10%
(v/v) H,0/D,0 mixture. The protein concentration was 800
uM. The NMR spectra were recorded on spectrometers
operating at proton frequencies of 600, 800, and 900 MHz,
equipped with cryogenically cooled z-gradient probes, and at 25
°C. The sample temperature was calibrated using a
perdeuterated methanol sample as described by Findeisen et
al*® 'H, BC, and N backbone and side chain resonance
assignments for DERAm were published previously (BMRB
entry: 27048).>® The backbone assignments for DERAm
mutants were confirmed using standard multidimensional
heteronuclear NMR experiments.41 Spectra were processed
using the NMRPipe package® and analyzed with CcpNMR
Analysis.*

{'H}-N Heteronuclear NOE. {'H}*N NOE values for
DERAm in S0 mM HEPES (pH 6.8) at 25 °C were derived
from pairs of interleaved spectra recorded with (NOE) and
without (reference) proton saturation during the recycle delay.
A recycle delay of 14 s was used at 14.1 T. The {'"H}"*N NOE
values were calculated from peak intensity ratios obtained from
the NOE and reference spectra, with uncertainties estimated
from background noise of the spectra.

Solvent Paramagnetic Relaxation Enhancement (sPRE).
2D 'H—"N HSQC spectra of DERAm and the Y259F mutant
(300 uM each) in SO mM HEPES (pH 6.8) at 25 °C were
recorded in the presence of 0.5 and 1.0 mM [Gd(DTPA-
BMA)]* and in the absence of the paramagnetic agent. The
HSQC spectra were recorded with 1024* X 140* complex data
in the 'H and '*N dimensions, respectively, with acquisition
times of 106.5 ms (t;y) and 67.7 ms (ty). The recycle delay
was S s, and 16 scans were collected over 6.5 h per experiment.
The experiment was performed in duplicate. The ratio of peak
intensities in the presence and absence of the paramagnetic
agent (Ipm/Idm) was used to qualitatively assess the solvent
accessibility for DERAm and the Y259F mutant.

NMR Structure Calculation. All NOESY-HSQC experi-
ments were recorded at 800 MHz and 25 °C. Distance
restraints were obtained from C- and '“N-edited NOESY
spectra recorded with mixing times of 100—110 ms.

The NOE distance restraint derived structural ensemble of
DERAm closed state conformation was calculated starting from
the crystal structure (PDB ID: SEKY).*> Residues missing from
the crystal structure (ie, N-terminal M1—T2 and C-terminal
D252—Y259) were added with Swiss-PdbViewer 4.1.0,* and
hydrogen atoms were added with NIH version 1.2.1 of X-
PLOR 3.851 (XPLOR-NIH 1.2.1).***” Structure preparation
was followed by 1000 steps of Powell minimization*® based on
the bond geometry parameter file parallhdg.pro modified as
described previously™ with harmonic restraints to keep the
heavy atoms as close to the crystal structure as possible (atomic
RMSDs of 0.28 A for the backbone and 0.37 A for all heavy
atoms) while reducing the deviation from the ideal covalent
geometry of the force field used for the subsequent structure
calculation. The resulting heavy-atom positions of residues
D3—H250 were kept fixed, except for the side chains of 1245,
K246, and H250 and the carbonyl group of H250. The closed
conformation of the C-terminal region was determined from 48
unambiguous medium- to long-range distance restraints derived
from the three-dimensional NOESY spectra in an iterative
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procedure. The NOEs were manually classified into medium
(<3.8 A) and long (<5.3 A) distance restraints on the basis of
their corresponding cross peak volumes, i.e.,, medium and weak.
Intra-residual, sequential, and possibly also medium-range NOE
cross-peaks in the highly mobile C-terminal region are expected
to contain significant contributions from conformations other
than the closed state conformation and were therefore not
included in the structure calculation. These experimental
restraints served as an input for the calculation of 120
structures using restrained molecular dynamics according to a
three-stage simulated annealing protocol®® using floatin
assignment of prochiral grgups‘“ with XPLOR-NIH 1.2.1,"%*
as described previously.”> The Gaussian conformational
database potential®® with a cutoff of 10.0 standard deviations®*
was included in the target function in order to improve the
stereochemical properties. The 26 structures showing the
lowest energy values (excluding conformational database
potential) and fewest distance restraint violations were selected
for further characterization using XPLOR-NIH 1.2.1*** and
PROCHECK-NMR 3.4.%°

Chemical Shift Perturbation Analysis. Potassium phosphate
(KP,) at concentrations ranging from 0 to 150 mM was titrated
against 800 uM DERAm and the Y259F, D2S52stop, and
$257D/S258D mutants in SO mM HEPES buffer (pH 6.8) to
obtain the affinity toward inorganic phosphate. 2D 'H-"N
HSQC spectra for each titration point were recorded at 25 °C
and 600 MHz (DERAm and the $257D/S258D and D252stop
mutants) and 800 MHz (Y259F mutant). The data matrix of
the 2D "H—""N HSQC at 600 MHz consisted of 160* X 1024*
complex data points with acquisition times of 77.5 ms (ty) and
107 ms (tyy) and 160* X 832* data points and 59 ms (ty) and
64.5 ms (fy) at 800 MHz. Sixteen scans per titration point
were collected with a recycle delay of 1.3 s. The total measuring
time was 2 h per 2D 'H-"N HSQC experiment. The
equilibrium dissociation constant, K, was obtained from
changes in the weighted average chemical shift differences
A8, = [(A8%y + A8%/25)/2]"* assuming a two-state
model*®

Kp
1+ X4+ =2
(B,

AS,

ol

1
bs = EAémax

(1)

where [P,] is the total protein concentration and X is the molar
ratio of ligand to protein. In total, chemical shift changes for 21
residues were used to report the average Ky, values for DERAm
and the Y2S9F mutant and 16 residues for the D252stop
mutant, whereas 23 residues could be used for the S257D/
$258D mutant to describe the respective affinities toward P;.
1D "H Hydrogen/Deuterium Exchange Experiments. A 200
mM solution of propanal (Sigma-Aldrich Chemie GmbH,
Munich, Germany) was incubated in S0 mM potassium
phosphate in degassed D,O (pD 6.8) with 0.5 mM TMSP.
In aqueous solution propanal exists in equilibrium with its
hydrate, propane-1,1-diol. The chemical shift assignments of
the 1D '"H spectrum of propanal were confirmed using a 2D
"H-'H COSY spectrum. A reference sample without DERA
was recorded as time point t = 0. After addition of 5 uM
DERAm to the reaction mixture, 1D 'H spectra were recorded

DOI: 10.1021/acscatal.7b04408
ACS Catal. 2018, 8, 3971-3984



ACS Catalysis

Research Article

with a relaxation delay of 20 s, 16384 data points, a spectral
width of 9579 Hz, and four scans resulting in 128 s per
experiment. A series of 1D spectra was recorded for 3 h. In
another experiment, upon the addition of 5 yM Y259F mutant,
1D 'H spectra were recorded using the same acquisition
parameters with 32 scans and resulting in 13 min 57 s per 1D
experiment, over a period of 4 days. Peak heights were
extracted using NMRDraw.*” To quantify the rate of
hydrogen/deuterium (H/D) exchange of the C2 proton, the
collapse of the triplet representing the methyl group of
propanal at 1.06 ppm (t, *Jy_y = 7.3 Hz) and propane-1,1-
diol at 0.91 ppm (t, *Jy_yy = 7.5) to a doublet (with coupling
constants of d, *J;_y = 7.4 Hz for propanal and d, *J;_y; = 7.6
Hz for propane-1,1-diol) was monitored and the ratio of the
upfield peak and the downfield peak of each triplicate was
plotted as a function of time. The intensity ratios could be fit to
the monoexponential equation

y(t) =y + Ae"Y @)
with Ry = 1/7 where y is the intensity ratio, y, is the intensity
ratio of the reference (without DERA) representing ¢ = 0, R is
the rate and 7 is the time constant describing the H/D
exchange kinetics. The fitting was performed using OriginPro
8.5G (OriginLab Corporation, Friedrichsdorf, Germany).

1D 3'P NMR Experiments. 1D *'P NMR spectra of 50 mM
KP; (pH 6.8) with 800 yuM DERAm and its mutants were
recorded on a Bruker Avance III HD with a Prodigy cryoprobe
at 600 MHz and 25 °C with 16384* complex data points and
an acquisition time of 672.8 ms and 86161 scans with an
experimental time of 27.5 h per experiment.

MD Simulations. System Setup. The crystal structure of
DERAm (PDB ID: SEKY),*” resolved at 1.1 A resolution, was
used as the starting structure for MD simulations. As this
structure contains several unassigned residues due to the
absence of electron density (i.e, N-terminal MI—T2 and C-
terminal D252—Y259), we used the MODELER 9.14 tool’” to
prepare the full-length protein structure. A model where the C-
terminus is positioned laterally to the TIM barrel was selected
(K167—Y259 distance of ~26 A).

For MD simulations, GROMACS 5.1 suite’®” was used.
The protein was represented with the Amber 99SB*-ILDN
force field®™ in combination with the explicit TIP3P water
model.”® For titratable residues, the protonation states were
assigned to a pH of 6.8, on the basis of the PROPKA 3
estimate.* The protein was centered in a cubic box, at least 15
A away from any edge. A larger than usual box size was used so
that the flexible C-terminus does not come in contact with the
periodic image even in the extended state. The simulation box
was filled with ~22000 water molecules, and the charge was
neutralized with Na* ions. The steepest descent algorithm was
used to minimize the system (maximal force of 500 kJ mol™
nm™') before equilibrations. In NVT equilibration, the system
was heated to 298 K (v-rescale thermostat®) and equilibrated
for 200 ps. At this stage, positional restraints were applied to all
protein atoms (force constant of 1000 k] mol™' nm™2). During
2.5 ns NPT equilibration, the restraints were gradually reduced
from 1000 to S kJ mol™' nm ™, while the pressure was kept at 1
bar (Berendsen barostat®).

The system was modeled under periodic boundary
conditions, and the particle mesh Ewald method®” was used
to treat electrostatic interactions. The short-range nonbonded
interactions were calculated under the cutoff of 10 A. All bonds
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were constrained using the LINCS algorithm.®® An integration
step of 2.0 fs was used.

HREX-MD Simulation. The Hamiltonian replica exchange
(HREX)-MD was performed in GROMACS patched with the
Plumed 2.3 plugin.”””® Twelve replicas were simulated, where
the Hamiltonian affecting the C-terminus and several loops
over the active site were scaled (i.e., residues 1925, 75—82,
168—178, 202—208, 249—259). The Hamiltonian scaling
factors were 1.00, 0.95, 0.91, 0.87, 0.83, 0.79, 0.76, 0.72, 0.69,
0.66, 0.63, and 0.60, which corresponds to the temperature
range of 298—497 K. The exchanges between replicas were
attempted every 4 ps, leading to an exchange acceptance rate of
~30%. Production HREX-MD simulation was carried out with
the NPT ensemble (v-rescale thermostat and the Parrinello—
Rahman barostat’"). Each replica was simulated for 220 ns
(accumulated sampling time of 2.64 us), with coordinates of
the system collected every 5 ps. The replica with the
unperturbed Hamiltonian (ie., scaling factor of 1.00) was
used for the analysis.

MD Simulations. A set of 120 frames, where Y259 was
observed in the active site (distance between K167 ‘N and
Y259 "0 < 6 A) was selected from HREX-MD. From each
frame, an unrestrained MD simulation was set up. The water
box was reduced to at least 10 A away from any edge, while
preserving the cubic shape. The system was minimized and
equilibrated as initially described. Production MD simulations
were 50 ns long, providing a total of 6 us of sampling, and
coordinates of the system were saved every 20 ps.

Structural Analysis. The analysis of MD trajectories was
performed using GROMACS tools and the MDTraj library.”
Hydrogen bonds were identified according to the Baker—
Hubbard criteria,”> ie., where the H---acceptor distance was
shorter than 2.5 A and the donor—H:--acceptor angle was
greater than 120° in at least 30% of frames. For the
identification of the hydrophobic contacts between residues,
all side chain C atoms not directly bound to a heteroatom were
considered. Given a residue pair, a hydrophobic contact was
defined if the shortest distance between the two residues was
lower than 4.5 A, in at least 30% of the frames.

B RESULTS
Efficient Catalysis by ecDERA Requires Y259 "OH. The

ecDERA reaction mechanism, proposed by Heine et al,»
describes the reversible conversion of acetaldehyde and G3P to
dRSP, through a Schiff-base intermediate with the catalytic
K167. Several studies have indicated that the side chain
hydroxyl group of the C-terminal tyrosine is crucial for DERA
catalysis®** and the Y259F mutation results in a reduction in
the catalytic activity of 2 orders of magnitude.*® Similarly, the
DERAm variant, used in our study, shows an ~100-fold
decrease in the kinetic rate constant due to the Y259F mutation
(k.y Table 1), further highlighting the importance of this
residue in the catalytic mechanism.

C-Terminal Tail of DERAm Is Flexible in Solution and
Transiently Occupies the Active Site. In all the available

Table 1. Catalytic Activities of DERAm and Its Y259F
Mutant Using dRSP as a Substrate

DERA variant ke (s7) Ky (mM) kee/Ky (s72 M7Y)
DERAm 19.0 + 1.0 031 + 0.01 (6.1 + 0.1) x 10*
DERAm Y259F 0.20 + 0.05 0.16 + 0.01 (13 +03) x 10°

DOI: 10.1021/acscatal.7b04408
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Figure 1. Flexibility of DERAm in solution. (A) Steady-state heteronuclear {'"H}**N NOE values recorded at 25 °C and 14.1 T. The dashed black
line is drawn at an NOE value of 0.65. (B) Intensity ratio (Ipm/ldia) of the backbone amide resonances of DERAm at two concentrations of the
paramagnetic agent [Gd(DTPA-DMA)]: 0.5 mM (blue) and 1.0 mM (red). A schematic representation of the secondary structure elements is

shown at the top. Residues in the C-terminal tail are highlighted in yellow.

crystal structures of DERAs containing a C-terminal
tyrosine,>**>3%3%3%7* the electron density for the C-terminal
tail is poorly defined, which prevents understanding the
structural and functional basis of the participation of Y259 in
catalysis. To characterize the dynamics of the C-terminal tail in
solution, we acquired {'"H}'"*N heteronuclear NOE (hetNOE)
values for DERAm. The hetNOE values, obtained for 204 out
of total 251 nonproline residues, suggest that the TIM-barrel
fold of DERAm (residues 2—250) is rigid on the picosecond to
nanosecond time scale with only G20S and D147 showing
hetNOE values lower than 0.65 (Figure 1A). The C-terminal
tail shows hetNOE values consistently lower than 0.65,
indicating high flexibility in solution, which explains the lack
of well-defined electron density in the crystal structures.

Many recent experimental and computational studies have
shown that, under native conditions, enzymes have an intrinsic
ability to sample open and closed forms in the absence of a
substrate.”””’>’¢ Upon substrate binding one of these
conformations gets stabilized through local rearrangements.*
For the possible participation of DERAm Y259 in the
enzymatic reaction, it is plausible that the C-terminal tail
would need to sample conformations which allow Y259 to
enter the active site (closed state). However, for the substrate
binding and product release, the enzyme should preferentially
be in a conformation that does not block the active site (i.e.,
open state). A highly flexible C-terminal tail of DERA leads
potentially to many open states which would have higher
solvent accessibility in comparison to the closed conformation.
Paramagnetic relaxation enhancements, induced using soluble
paramagnetic compounds (sPREs), provide a straightforward
approach toward structural and dynamic analysis of biomole-
cules using solvent accessibilities.””~”® sPREs have been used to
detect transiently populated conformers and changes in the
solvent accessibilities of intrinsically disordered regions of
proteins.go’81

In our study, we used sPREs of the backbone amide group,
with [Gd(DTPA-DMA)] as a paramagnetic agent, to assess the
solvent accessibility of DERAm. Intensity ratios (Ipm/Idia) of
resonances in 2D 'H—'"N HSQC spectra recorded with (0.5
mM and 1.0 mM [Gd(DTPA-DMA)]) and without the
paramagnetic solvent indicate that several loop regions
(N21-E26, A93—A98, E115-V117, G224, A225, A230,
R231) and the N-terminus of helix 3 (residues Y49—I53) are
the most surface exposed regions of the protein (Figure 1B). In
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contrast, the flexible C-terminal tail shows significantly higher
Lo/ Lo values in comparison with the aforementioned surface-
exposed residues. These observations indicate that the C-
terminal tail may sample conformations with low solvent-
accessible surface area: e.g, a closed state.

To investigate the possibility of the C-terminal tail adopting a
closed state, thereby allowing Y259 to enter the active site, we
recorded 2D 'H-"N HSQC spectra of DERAm Y259F
mutant. A quantitative analysis of the backbone amide chemical
shift differences between DERAm and the Y2S9F mutant
revealed that most of the significant chemical shift changes (i.e.,
AS,, > 0.015 ppm) occurred to residues located within the
DERAm active site (i.e., T18, L20, T168, T170, G171, A203,
G204, G205, and R207) (Figure 2). These residues have been
shown to be crucial for DERA—substrate interaction.”> The
observed perturbations demonstrate that the flexible C-terminal
tail of DERAm can sample the closed conformation, thereby
bringing Y259 into the active site, in the absence of the
substrate. Additionally, the I,/ I;, ratios between DERAm and
the Y259F mutant in the presence of 1 mM [Gd(DTPA-
DMA)] are nearly identical with each other (Figure S2). This
indicates that the absence of the "OH group of Y259 does not
result in large scale conformational changes and the
aforementioned chemical shift perturbations arise primarily
due to the absence of the Y259 side chain hydroxyl group.

MD Simulations Suggest That the Closed State Is
Stabilized by a Weak-Interaction Network. The inability
to resolve the conformation of the C-terminal tail of ecDERA
from X-ray crystallography®>*>*> was at the origin of an idea
that the tail is intrinsically disordered and samples many
states.”>*> However, the early kinetic investigation pointed out
the crucial role of the C-terminus for catalysis by DERA (Table
1). Although the C-terminus is long enough to extend and
protrude into the active site,”® no structure of such a
conformation is available. To understand the closed con-
formation of DERA, where Y259 is in the active site, we
explored the conformational ensemble of DERAm using
enhanced sampling HREX-MD simulations. We recently
demonstrated how HREX-MD can be used to study conforma-
tional ensembles of enzyme active sites'® and here present the
sampling on a larger scale. To that extent, we enhanced the
sampling of the C-terminal tail together with the loops on the
catalytic face. While the secondary structure elements of the
TIM (a/f); barrel fold remain stable during 220 ns of HREX-
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Figure 2. Weighted "H—""N chemical shift differences (AJ,,) between DERAm and the Y259F mutant. (A) The black dotted line represents the
average AJ,, value, whereas the red dotted line represents the average Ad,, plus one standard deviation (SD). A schematic representation of the
secondary structure elements is shown at the top. (B) The A§,, values are mapped onto the ecDERA crystal structure (PDB ID: 1JCL) using the
coloring scheme shown. The catalytic K167 side chain is shown in a ball and stick representation.

MD (RMSD value of 2 A from the initial structure), the
complete protein backbone indicates much more dynamics
(RMSD of up to 6 A, Figure S3) which comes from the highly
flexible C-terminal tail.

To analyze if the C-terminus protrudes into the active site,
we measured the distance between the catalytic K167 and C-
terminal Y259 residue. Figure S4 shows that the C-terminal tail
of DERAm explores a wide range of conformations. While there
are multiple open states which present the majority of the
complete conformational ensemble, a low closed-state pop-
ulation was identified where the K167—-Y259 distance was
shorter than 6 A (Figure S4A). In the open states, the C-
terminal tail samples a wide range of conformations, as
indicated by structures representing maxima on the distance
distribution plot (Figure S4B). The high relative free energy of
the closed state, in comparison to the open states, leads to a low
occurrence of this state in the HREX-MD simulations. To
further sample the closed state, we performed an additional 6
us of MD (120 simulations starting from different closed state
frames identified in the HREX-MD, each S0 ns long). Figure
SSA shows that a much higher number of the closed state
conformations were sampled, which allowed us to investigate
the interactions that stabilize this state.

We used the complete closed state ensemble, identified with
MD (around 80000 structures), to investigate the noncovalent
interactions in the closed state, which we roughly divide into
polar (Figure 3A) and hydrophobic (Figure 3B). However, as
the C-terminal tail was found to open in each of the 120 closed
state simulations (Figure SSB), these stabilizing interactions are
only transient.

The hydrophobic contacts are defined here based on the
proximity of nonpolar C atoms in any residue pair, i.e., below
the cutoff of 4.5 A. The distance distributions for hydrophobic
contacts are shown in Figure S6. These interactions, stabilizing
the closed conformation of the C-terminal tail of DERAm,
could be split into two groups: those stabilizing N-terminal half
of the tail and those stabilizing Y259 in the active site. The
former group involves a particularly complex network of
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contacts through the aliphatic side chain of 1248, KS, L9, L12,
and V40, which seems to tether the C-terminal helix 10 (S239—
1248 in PDB ID: SEKY) with the rest of the protein. L245,
located on the helix 10, forms contacts with residues H250 and
D252 on the tail (Figure S6L,M). D252 also forms contacts
with A242, and A256 is further in contact with L241 and A242,
both located on the helix 10 (Figure 3b2). Y259 forms an
extensive network of hydrophobic contacts with aliphatic side
chains of residues located in the active site: i.e., T18, L20, and
K172 (Figure 3albl).

Polar interactions were further split into salt bridges and
hydrogen bonds (Figure S7). Only one salt bridge was
identified in the closed state, between K172, located on the
loop over the active site, and the Y259 C-terminal COO™ group
(Figure 3al and Figure S7A). Furthermore, several hydrogen
bonds were identified between the C-terminal tail and the
protein core (ie, G249—K246, H250—L24S, and S255—Q3S,
Figure S7B—D) and also within the tail itself (A256—G2S3,
$257—K254, and S258—S525S, Figure S7E—G). However, the
last three hydrogen bonds observed in the C-terminal tail (i.e.,
residues 253—258) are rarely present simultaneously, appearing
together only in 5% of the total closed state ensemble, whereas
at least one of the three is present in more than 70% of the
sampled conformations.

NOE-Derived NMR Structure of the Closed State. The
classical MD simulations indicate that the closed state of the
DERAm C-terminal tail gets stabilized through a range of
hydrophobic interactions with residues in the C-terminal helix
10 (Figure 3A,b1,b2). To verify the closed state structural
representation and confirm the MD-observed interactions that
stabilize the closed state in solution, we recorded a 2D 'H—"N
HSQC spectrum of the D252stop mutant. A quantitative
analysis of the backbone amide chemical shift differences
between DERAm and the D252stop mutant revealed that most
of the significant chemical shift changes (i, A, > 0.038
ppm) occurred not only to residues located around the active
site but also to residues located in the helix 10 (A242, S243,
1244, 1245, and K246) (Figure S8). These chemical shift
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Figure 3. Transient noncovalent interactions stabilize the closed state conformation. (A) Polar and (B) hydrophobic interactions stabilize the C-
terminal tail in the closed state conformation. The side chain of the catalytic K167 is highlighted in dark gray. (al) The hydrophobic interaction
between the K172 side chain and the aromatic ring of Y259 as well as the salt bridge between the K172 *N-group and the C-terminal COO~ group.
(a2) Hydrogen bonds between A256 and G253 backbone as well as 5255 N to Q35 “O. (bl) The C-terminal tyrosine Y259 is further stabilized
through hydrophobic interactions with T18 and L20. (b2) Residues A256 and D252 have hydrophobic interactions with residues L241 and A242

located at the C-terminal helix 10.

changes coincide with the hydrophobic contacts observed from
the MD simulations. Therefore, we recorded NOESY spectra in
an attempt to obtain distance restraints between the C-terminal
tail and rest of the protein.

Analyses of the NOESY spectra revealed the presence of an
unambiguous NOE network between residues in the C-
terminal tail and the rest of the protein: in particular, the
active site (Figure 4). Although the hetNOE values and
TALOS-N secondary structure prediction, using NMR
chemical shifts,*® show conclusively that the C-terminal tail is
disordered in solution (Figure 1A), the presence of NOEs
indicates that the closed conformations of the C-terminal tail
could nevertheless be populated in the conformational
equilibrium for a substantial fraction of the time. Owing to
the steep r° dependence of the NOE intensity on the
interproton distance, r, long-range contacts are expected to give
rise to detectable NOE cross-peaks even if these contacts are
only transiently populated for a fraction of the NOESY mixing
time used.*”

We used a total of 48 unambiguous NOE distance restraints
(Table S2), between the residues in the C-terminal tail and the
rest of the protein (ie., helix 10 and active site), for the
calculation of an ensemble of 26 structures representing the
closed state of DERAm (Figure 4A), which is provided as a
PDB file in the Supporting Information. Each of these 26
structures individually satisfies the full set of 48 distance
restraints without seriously violating the stereochemical quality.
None of the C-terminal tail residues lie in the disallowed region
of the Ramachandran plot, and only $257 and S258 are in the
generously allowed region.

The contribution of the distance restraints to the target
function was 043 + 0.29 kcal mol™, the root-mean-square
deviation from the distance restraints was 0.013 + 0.004 A, and
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no distance restraint was violated by more than 0.12 A. The
transient presence of Y259 in the active site is conclusively
supported by an extensive network of NOEs between the Y259
side chain and residues in the active site (Figure 4A inset). A
comparison of inter-residue cross-peak intensities of NOEs
between Y259 and other active site residues (Figure 4B—D)
indicates that the & atoms of Y259 protrude more deeply in the
active site than the & groups. The distance between the side
chain amino group of the active site K167 and the "OH group
of Y259 in the NMR ensemble was 4.3 + 0.5 A (n = 26), in
support of the observations made by the MD simulations. The
population of the closed state represented by the calculated
NMR structure was estimated to be ~13% from intensities of
NOEs between L20 H’'* and Y259 H*. To estimate the
population, we assumed that in open states the contribution to
the NOE intensity is zero due to larger interproton distances.
The interproton distances were averaged with r™® weighting,
and intra-residue NOE between L20 H’'* and L20 H® was
used as an internal distance reference.

It is important to note that although the NMR ensemble
satisfies all 48 experimentally derived distance restraints and
exhibits structural features very similar to those observed in the
MD simulations, this closed state represents only a small—
albeit significant—fraction of the full conformational ensemble
sampled by the intrinsically disordered C-terminal tail.
Moreover, our MD simulations point out that not all stabilizing
interactions are simultaneously required to maintain the
DERAm closed state: i.e., to keep Y259 inside the active site.
This is also illustrated by fluctuations of the distance between
the side chain amino group of the active site K167 and the
hydroxyl group of Y259 in the apoenzyme (Figure SS).
Therefore, due to the flexible nature of the C-terminal tail, we
cannot rule out the existence of a more diverse closed state

DOI: 10.1021/acscatal.7b04408
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Figure 4. NOE distance restraint derived structural ensemble of DERAm C-terminal tail closed state. (A) A set of 48 NOEs satisfies the closed state
ensemble. The inset shows that the presence of Y259 inside the active site is supported by NOEs (dashed lines) to nearby residues. Strips from "*C-
edited NOESY spectra showing inter-residue NOE interactions for 259 H?* (B), 259 H®* (C), and 18 H** (D) protons. Weak NOE between 259
H* and 20 H®'* is highlighted by a black circle in (B). *C chemical shifts for 259 C®*, 259 C®*, and 18 C* are displayed at the top of the NOESY

strips in (B)—(D), respectively.

conformational ensemble in comparison to that calculated
using our limited unambiguous NOE data.

Y259 Facilitates C2 Proton Exchange in Propanal. The
importance of the Y259 "OH group in the ecDERA catalytic
reaction is highlighted by an ~100-fold reduction in the k.,
value reported herein (Table 1) and in previous studies.*>** To
understand the role of the Y259 "OH group, we monitored the
real-time H/D exchange of the C2 proton of propanal in the
presence of DERAm and the Y259F mutant using 1D 'H NMR
in D,O and KP; buffer (Figure SA). Propanal was chosen over
acetaldehyde (natural substrate) because the latter can react in
a sequential manner to form side products which covalently
attach to and inactivate ecDERA.*>* For monitoring of the C2
deprotonation, the transformation of the methyl group of both
propanal and its hydrate, propane-1,1-diol, from a triplet into a
doublet was monitored over time. The addition of DERAm
leads to an immediate decrease in the intensity of the downfield
resonance of the methyl group triplet and a simultaneous
increase in the upfield resonance (Figure SB), signifying
exchange of a C2 proton with a deuterium. Fitting the change
in the intensity ratio of the upfield and downfield peaks to a
monoexponential equation (eq 2) yielded a time constant (7)
of 19.7 + 2.5 min for DERAm-catalyzed C2 deprotonation
(Figure SC). However, the change in the aforementioned
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intensity ratio in the presence of the Y259F mutant was
observed to be significantly slower, with the fits yielding a time
constant of 62.7 = 5.9 h (Figure SD), ~190-fold higher than
Tperam- This drastic increase in 7 indicates that the C2 proton
abstraction is significantly more efficient in the presence of the
Y259 side chain hydroxyl group than in its absence.

C-Terminal Tail Contains Auxiliary Phosphate-Binding
Residues. The catalytic efficiency of ecDERA is severely
reduced for nonphosphorylated substrates. The k, value is 68
+ 1 s7! with dRSP as the acceptor, whereas it decreases by a
factor of ~600 to 0.11 + 0.01 s™' when deoxyribose (dR) is
used as the acceptor aldehyde.”” A strong increase in Ky from
0.64 mM (dRSP) to 57.7 mM (dR) suggests that the phosphate
group is vital for the enzyme—substrate interaction. Addition-
ally, under our reaction conditions, we could not detect any
catalytic activity for DERAm toward dR.

Considering that the phosphate group is crucial for enzyme—
substrate interaction, we investigated the interaction between
DERAm and phosphate using 2D "H-"N HSQC spectra
recorded at different phosphate concentrations ranging from 0
mM to 100 mM KP; (Figure 6A). As expected, the main
phosphate-binding residues in the vicinity of the active site
identified by X-ray crystallography (ie, T18, L20, T170, G171,
G204, G20S, and A237)> show significant chemical shift
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Figure 5. Substitution of the C2-proton of propanal with deuterium in the presence of DERAm and the Y259F mutant studied with 1D proton
NMR spectroscopy highlights the role of Y259. (A) Schematic of the DERA-catalyzed H/D exchange reaction. The proton undergoing exchange is
highlighted in red. (B) Transformation of the propanal methyl group triplet into a doublet over time in the presence of S uM DERAm. The ratio of
the peaks at 1.068 and 1.043 ppm (marked with asterisks in (B)) was fit to a single-exponential equation in the presence of $ uM DERAm (C) and $
4M Y259F mutant (D), respectively. The errors in (C) and (D) were estimated from triplicate measurements.

changes upon titration of KP;. Residues undergoing fast to
intermediate exchange on the NMR time scale were used to
extract Kp, values (eq 1). The chemical shift changes for 16
residues in DERAm (Table S3) were used to calculate an
average Kp, value of 18.8 + 3.6 mM for the main phosphate-
binding residues. Additionally, several residues on the C-
terminal tail showed chemical shift changes upon interaction
with phosphate. The average Kp value for these auxiliary
phosphate-binding residues was 19.0 + 0.7 mM (n = S, Table
S3), nearly identical with that for the main set of residues. The
3P NMR spectrum, recorded on DERAm variant in 50 mM
KP; buffer (pH 6.8), shows the presence of one additional
phosphate resonance in addition to the buffer resonance. This
observation indicates that both binding sites may simulta-
neously coordinate the same molecule of inorganic phosphate
(Figure S9).

To identify the key C-terminal tail auxiliary phosphate-
binding residues, we carried out "H—"*N HSQC titration of KP;
with *N-labeled DERAm mutants: Y259F and S257D/S258D.
The affinity toward P; for the main and auxiliary binding
residues in the Y259F mutant were 17.9 + 2.4 mM (n = 16)
and 19.3 + 0.4 mM (n = 5), respectively. The near-identical
affinities for both sets of binding residues, as well as those to
the corresponding binding sites in DERAm, indicate that the
Y259 "OH group does not play any role in phosphate
coordination. This is supported by the presence of a single
protein-bound phosphate resonance in the *'P NMR spectrum,
which has a chemical shift identical with that of the bound
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phosphate resonance in the *'P spectrum of DERAm variant
(Figure S9).

For the $257D/S258D mutant, 2D 'H—""N HSQC spectra
were recorded with KP; concentrations ranging from 0 to 150
mM, in anticipation of the decreased phosphate affinity due to
the presence of negatively charged aspartic acid residues.
Residues Y259 and A256, flanking the mutation site, show a
decrease in P; affinity by more than 200%, whereas residues
D258, G253, L241, A237, and T208 show an affinity decrease
of more than 100% in comparison to their respective affinities
in DERAm and the Y259F mutant (Table S3). The remaining
residues used for K, determination located around the active
site (ie, D16, T18, L20, T170, N176, A177, A203, G204,
G205, and R207) show a decrease in affinity between 47 and
87% (Table S3). Additionally, a 3P NMR spectrum recorded
on the $257D/S258D mutant shows a single protein-bound
phosphate resonance which has a distinct chemical shift in
comparison with the bound phosphate resonance observed in
3P NMR spectra of DERAm and Y259F mutant (Figure S9).
This observation indicates that $257 and S258 might be the key
phosphate interacting residues on the C-terminal tail and
demonstrates that the perturbation of the phosphate affinity of
the auxiliary phosphate-binding residues has a direct effect on
the affinity of the main phosphate-binding residues.

B DISCUSSION

In this report, we show that mutation of the C-terminal Y259
into a phenylalanine leads to a drastic drop in the catalytic
activity of the monomer variant of ecDERA (ie, DERAm)
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Figure 6. Phosphate-binding sites in DERAm. (A) Overlay of 2D 'H—"*N HSQC spectra of DERAm recorded in the presence of KP; ranging from 0
mM to 100 mM. The main and auxiliary phosphate-binding residues show significant changes in backbone amide chemical shift. In addition to
chemical shift changes for various residues, extensive changes in line widths are observed. (B) Residues showing significant chemical shift changes
upon addition of KP; are highlighted (magenta, main; cyan, auxiliary) on a model of the DERAm closed state. The catalytic K167 side chain is shown

in a ball and stick representation.

(Table 1), similar to the effect observed in wild-type ecDERA.*®
Such an observation indicates that the "OH group of Y259
plays a crucial role in the function of ecDERA. Despite the
presence of significant structural and biochemical work on
ecDERA,>7303%33:35,36 precise structural information on how its
intrinsically disordered C-terminal tail facilitates the catalytic
process has been largely unaddressed. Using NMR chemical
shift perturbations, we provide the first evidence demonstrating
that the intrinsically disordered C-terminal tail samples
conformations which allow Y259 to enter the active site (i.e.,
closed state), in the absence of the substrate (Figure 2). Such
presampling of functionally relevant conformations in the
absence of substrates has been observed for several enzymes,
highlighting the importance of conformational flexibility for the
catalytic process. For example, loops within the structural core
of enzymes such as cyclophilin A,° adenylate kinase,"™** and
RNase A'® have the ability to sample catalytically relevant
“closed” state conformations in the absence of a substrate, and
the frequency of the sampling of such conformations correlates
with the catalytic turnover rates. We also attempted to quantify
the exchange rate between the open and closed states of the
DERAm C-terminal tail. However, even at S °C, the exchange
process was too fast to obtain reliable quantitative data from
NMR CPMG relaxation dispersion experiments (ie., ko >
10000 s7'). Since DERAm-catalyzed dRSP breakdown
proceeds with a k., value of 19 s7', fast sampling of the
open and closed states, in the substrate-free form, is unlikely to
be the rate-limiting step of DERAm catalysis. Experiments to
probe the effect of the natural substrate (dRSP) on the C-
terminal tail conformational sampling were hampered by the
instability of the system. Upon addition of dRSP, chemical shift
as well as line width changes in a series of 2D ['H—"*N] HSQC
spectra were observed over time (Figure S10). These time-
dependent changes could be caused by acetaldehyde molecules,
formed during the reversible aldol reaction, which can react in a
sequential manner to form side products’® which may
covalently attach to the enzyme.

Despite the conformational plasticity of the C-terminal tail,
the population of the closed state was sufficiently large to give
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rise to NOEs between the C-terminal tail and DERAm active
site as well as helix 10 (Figure 4B—D). Using the unambiguous
NOE distance restraints, we were able to derive a structural
ensemble of the catalytically relevant closed state. The NMR
ensemble concurs with a closed state ensemble generated
through the MD simulations. Medium- to weak-intensity NOEs
were observed between residues showing hydrophobic
interactions in the MD simulations: ie., Y259—120, A256—
A242, A246—1.241, and others (Table S2). From a structural
point of view, it appears that the closed state is not ideal for the
substrate entry and/or product exit, as Y259 blocks the
entrance to the active site pocket (Figure S11). Therefore, a
transition between open and closed states may be necessary for
substrate and product diffusion, as observed for rabbit muscle
FBPA>”* Additionally, deletion of the C-terminal tail
(D2S52stop mutant) leads to a significant decrease in DERAm
activity in comparison to full-length DERAm. Interestingly, the
activity of D252stop mutant (k.. = 048 s™' and Ky = 0.12
mM) was moderately higher (2.4-fold increase in k) than that
of the Y259F mutant. This increase could be attributed to
efficient substrate entry and/or product release in the absence
of the C-terminal tail (i.e, the open conformation) and
indicates that Y259 could be the only C-terminal tail residue
participating in the catalytic process.

In spite of the abundance of biochemical data stressing the
importance of Y259 in DERA catalysis, the role of this crucial
residue remained inconclusive. Studies with Salmonella
typhimurium DERA, which is 96.5% sequence identical with
ecDERA, have shown that Y259 does not play a role in
facilitating active site Schiff base formation.>* In FBPA, the C-
terminal tyrosine residue is proposed to be a general base in the
reaction with DHAP, enabling the transformation of the imine
to enamine intermediate.>”®> However, Heine et al.** used a
combination of X-ray crystallography and 1D "H NMR to rule
out the role of Y259 as a general base in the catalytic
mechanism of ecDERA. Instead, it was proposed that a
structurally conserved water molecule participates in a proton
relay, together with D102 and K201, responsible for the C2
proton abstraction from the substrate.
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Our study shows that the C2 proton of propanal is abstracted
by DERAm and the Y2S9F mutant, similarly to the
observations by Heine et al.*> However, analysis of the real-
time propanal H/D exchange performed herein, using a 14-fold
lower concentration of the enzyme (relative to Heine et al.),
reveals an ~190-fold increase in the time constant for the
Y259F mutant catalyzed C2 proton abstraction (Figure S),
making it the rate-limiting step for this mutant. A similar effect
was observed for FBPA after hydrolysis of the carboxy—
terminal peptide bond through carboxypeptidase treatment.*
Therefore, participation of Y259 in the ecDERA catalytic
mechanism, together with residues D102 and K201, cannot be
ruled out. Two putative mechanisms could explain the role that
the Y259 "OH group plays in lowering the activation energy
(AAG* 3505 pERam Value of ~3 kcal mol™, obtained from k in
Table 1 using the Eyring equation) for the proton-abstraction
step. (1) Y259 "OH acts as a general base to directly abstract
the C2 proton, as suggested previously for other class I
aldolases.>”® In its absence, an alternative mechanism such as
the participation of a conserved water molecule could drive the
substrate proton abstraction, albeit inefficiently. (2) Y259 "OH
participates in the proton-relay system, originally proposed for
ecDERA,* by maintaining a desirable electrostatic environment
for fast proton abstraction. The absence of the Y259 "OH
group (e.g., in the Y259F and D252stop mutants) perturbs this
conducive environment, leading to a much slower proton
abstraction.

Overlay of the NMR structure of the DERAm closed state
with the crystal structure of ecDERA bound to the carbinol-
amine intermediate (PDB: 1JCL) reveals the presence of a
steric clash between Y259 and the substrate (Figure 7).
Therefore, after the substrate enters the active site, a
reorientation of the side chains of Y259 and other active site
residues might be necessary.

Using a combination of chemical shift perturbation analysis
and P NMR with different DERAm mutants, we have
revealed that the C-terminal tail coordinates the active site
phosphate moiety through previously unknown auxiliary
phosphate-binding residues (Figure 6 and Figure S9) involving
amino acids 256—259. For FBPA, a water-mediated coordina-

Carbinolamine
intermediate

Figure 7. Y259 side chain clashed with the carbinolamine
intermediate. An overlay of the NMR DERAm closed state structure
(yellow) with the crystal structure of ecDERA in complex with the
carbinolamine reaction intermediate (PDB: 1JCL) reveals the presence
of a steric clash between Y259 and the carbinolamine intermediate.
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tion of the C-terminal Y363 with inorganic phosphate and
DHAP phosphate was proposed to generate a reactive
phenolate ion which carries out stereospecific proton
abstraction to generate the enamine intermediate.>” However,
for DERAm we observed identical phosphate-binding affinities
regardless of the C-terminal residue: ie, Y259 or F259.
Furthermore, the deprotonation of Y259 through a phosphate
coordinating water molecule, to generate a phenolate ion, can
also be ruled out for DERAm due to the near-identical chemical
shifts of the Y259 epsilon carbon (C°) in SO mM HEPES and
50 mM KP; buffers (Y259 “C, 118.00 ppm in HEPES buffer;**
and Y259 °C, 118.04 ppm in KP; buffer). Therefore, the
auxiliary phosphate-binding residues might have an alternative
function.

The phosphate-binding region of ecDERA active site shows
the presence of A237, $238, and S239, forming a noncanonical
phosphate-binding site.*® Interestingly, the auxiliary phosphate-
binding residues form a noncanonical motif (residues A256,
$257, and S258) as well. Mutation of $257 and S258 into
aspartic acids decreased P; affinity not only at the C-terminal
tail but also in the active site. This demonstrates that the
residues in the two noncanonical phosphate-binding regions
coordinate the same phosphate molecule located at the active
site. Since deletion of the C-terminal tail results in a slight
increase (1.9-fold, Table S3) in phosphate affinity in the vicinity
of the active site, the auxiliary phosphate-binding residues are
not required for the phosphate interaction of the main
phosphate-binding residues. Therefore, we hypothesize that
these auxiliary residues allow the C-terminal tail to dock onto
the phosphate group of the substrate, thereby stabilizing the
closed state conformation. Such docking may allow reorienta-
tion Y259 in an optimal position, avoiding a steric clash with
the substrate and enabling participation in the C2 proton
exchange step of the DERA catalytic reaction.

B CONCLUSIONS

We have uncovered novel insights into the role of the rarely
studied intrinsically disordered C-terminal tail on a structural
level and provided a more detailed picture of the ecDERA
catalytic reaction mechanism. Although a comparison between
the static crystal structures of ecDERA in the apo- and
substrate-bound states has provided insights into understanding
the DERA—substrate interactions,>”>>>> our data demonstrate
that conformational sampling of the C-terminal tail is a key
feature for efficient catalysis. The dynamic aspects related to
enzyme catalysis are becoming more evident with the
development of both experimental (e.g, NMR*” and multi-
temperature and X-ray-free electron laser crystallography'*)
and computational (e.g., MD®®* and Monte Carlo simulations®”)
methods. The TIM-barrel fold is one of the most common
among enzymes, and many recent attempts to design de novo
enzymes showed an incredible evolvability of the TIM-barrel
scaffolds.”® > The importance of loop dynamics within the
TIM-barrel fold family of enzymes, for the catalytic activity, has
been highlighted previously.”>™"” However, to our knowledge,
the results provided herein represent the first structural
evidence in the TIM-barrel fold family where an intrinsically
disordered C-terminal tail, located outside the fold, not only
samples catalytically relevant conformations in the absence of a
substrate but also participates in the catalytic reaction.
Therefore, our current contribution not only provides
significant insights related to DERAs specifically but also
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deepens the understanding of the involvement of the intrinsic
motions in catalysis of the TIM-barrel fold enzymes.

Furthermore, DERAs found in several human pathogens, e.g.
Salmonella typhimurium, Klebsiella pneumoniae, Vibrio cholerae,
and others (Figure S12), show a high sequence identity (81%
for V. cholerae and >94% identity for the others presented) with
ecDERA, unlike human DERA with only 38% identity.”® All of
these pathogens (except V. cholerae) have an identical C-
terminal tail sequence. Since DERA plays a crucial role in
microbial survival by participating in nucleotide catabolism and
providing key metabolic intermediates such as acetaldehyde and
G3P, it is considered to be a promising drug target against
human pathogens.”*** Considering the high sequence identity
between the aforementioned bacterial DERAs, their structural
and dynamic properties should be identical with those of
ecDERA. The insights uncovered herein, together with the
closed state structure, should therefore aid in not only the
development of better DERA variants for efficient biocatalysis
but also small-molecule inhibitors targeting DERAs from
human bacterial pathogens.
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Table S1: Primers sequences used to generate DERAm mutants with the mutation site
underlined

Construct Primers 5¢ — 3¢ sequence
Y259F fwd GAGCGCCAGCAGCTTCTAACTCGAGGATG
Y259F rws CATCCTCGAGTTAGAAGCTGCTGGCGCTC

D252stop fwd CTGAAAGCGCTGGGTCACGGCTAAGGTAAGAGCGCCAGCAGCTAC

D252stop_rws GTAGCTGCTGGCGCTCTTACCTITAGCCGTGACCCAGCGCTTTCAG
S257D/S258D_fwd GCGACGGTAAGAGCGCCGACGACTACTAACTCGAGGATG
S257D/S258D_rws CATCCTCGAGTTAGTAGTCGTCGGCGCTCTTACCGTCGC
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Table S2: NOE distance restraints used for calculation of DERAm closed state conformation

NOE

Atom A Atom B Intensity
Y259 H” T18 HY Weak
Y259 H> T18 HP Weak
Y259 HY T18 H™* Weak
Y259 HY L20 " Weak
Y259 H> A237 H” Weak
Y259 H* T18 HY Weak
Y259 H* T18 HP Weak
Y259 H* T18 H Weak
Y259 H* L20 H®" Weak
Y259 H* L20 H** Weak
Y259 H A203 H* Weak
Y259 H” A203 H” Weak
Y259 H” A237 HY Weak
Y259 H* A237 H” Weak
A256 H" L240 H* Weak
A256 H® A242 H* Medium
G253 HY A242 H Medium
G253 HY K246 H" Weak
G253 HY K246 H” Weak
G253 H" A242 H Medium
G253 H"! S243 HY Weak
G253 HY K246 HY Weak
G253 H* K246 H Weak
G253 H* K246 H” Weak
G253 H* A242 H* Medium
G253 H” S243 HY Weak
G253 H* K246 HY Weak
G253 H* K246 H"! Weak
G253 H* K246 H Weak
D252 H" K246 H" Medium
G251 HY L245 H* Weak
G251 1Y K246 H Weak
G251 H* L245 H*" Medium
H250 H” L248 HY Weak
H250 H” 1248 H Medium
H250 H* L248 H> Medium
K246 H” A242 H Weak
K246 H* G253 HY Weak
L245 HY H250 H™ Weak
A242 g G253 HY Weak
A242 H” G253 H"! Weak
A242 H* K254 H* Weak
A242 g S255 H* Weak
A242 H” S255 H” Weak
A237 H* Y259 H Medium
A237 H Y259 H* Weak
G171 H" Y259 H” Medium
G171 H* Y259 H” Medium
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Table S3: Residue-specific Kp values, towards inorganic phosphate, for DERAm variants
derived from NMR

Residue Kp [mM]

number DERAm Y259F S257D/S258D D252stop
16 16.5 £0.7° 17.9 +£0.8 268 +£1.2 9.5 +0.5
18 16.1 +£0.8 154 +£0.7 294 +£1.3 8.5 04
20 18.7 £0.9 194 £0.9 352 +£1.7 10.2 £0.5
170 9.9 +£0.5 11.1 £0.5 14.1 £0.6 6.3 +0.3
171 237 +£1.3 19.8 £1.0 50.6 £2.8 12.9 +0.7
176 15.8 £0.8 164 +£0.7 234 £1.1 89 £04
177 174 £0.9 17.3 £0.8 290 £1.5 9.7 £0.5
203 19.6 £1.0 204 +£1.0 38.7 £2.1 11.4 £0.6
204 230 £1.3 17.7 £0.8 379 £2.0 9.8 0.6
205 18.2 £0.9 17.7 £0.8 31.1 £1.6 9.7 £0.5
206" - - 36.5 £2.7 -
207 18.5 £0.9 182 £0.9 29.6 £1.5 10.1 +0.5
208 204 +1.1 20.2 £1.0 428 +£2.2 109 £0.5
209 256 =1.5 17.0 £0.7 283 +14 9.4 +£0.5
237 21.1 £1.2 215 £1.1 499 +2.8 12.3 £0.6
241 206 £1.1 19.2 £1.0 415 +24 11.8 +1.0
242 164 +£14 17.0 £1.0 30.1 £1.6 8.1 +04
252 189 +1.1 19.6 £0.9 37.1 £1.9 -
253 184 +£1.0 18.5 £0.9 40.0 £1.9 -
256 18.5 £0.9 194 +0.9 58.7 £3.1 -
257° - - 450 £2.3 -
258 203 1.3 19.5 £0.9 52.5 £3.0 -
259 189 +£1.0 19.5 £0.9 61.7 £3.6 -

Average 18.9 +3.2° 182 +£2.2 37.8 £11.3 10.0 =1.6

* Fit error.

® K1 values could not be obtained for DERAm and the Y259F mutant due to resonance overlap.

¢Standard deviation
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Figure S1: The crystal structure of the wild-type dimeric ecDERA with the carbinolamine
intermediate.' Residues K58 and Y96, located at the dimer interface, were mutated (K58E and
Y96W) to generate the monomeric variant DERAm. The side chains of K58, Y96 and the

Schiff-base forming K167 are labelled.
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Figure S2: Comparison of solvent accessibility for DERAm and the Y259F mutant using
sPRE agent. The intensity ratio of the backbone amide resonances of DERAm (black) and the
Y259F mutant (orange) in the presence and absence of 1 mM soluble paramagnetic agent:
[GA(DTPA-DMA)]. The errors were obtained through duplicate measurements. A schematic

representation of the secondary structure elements is shown at the top.
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Figure S3: DERAm backbone RMSD from the HREX-MD simulation. While the TIM (a/B)s
barrel is stable during the entire simulation (green), the whole protein appears very flexible

(blue) due to the C-terminal flexibility.

K167-Y259 distance [A]

0 50 100 150 200

Figure S4: HREX-MD sampling of the C-terminal tail conformational ensemble. (A) The
conformational sampling as a function of the distance between the active site (represented by
the K167 “N-atom) and C-terminus (represented by the Y259 "O-atom). Dashed lines show
the 6 A cutoff, below which we assume that C-terminus is in the closed state. (B) Four
representative structures corresponding to the closed state (blue) and several open states

indicated by the arrows in (A). The catalytic K167 and the C-terminal tail are highlighted in

B).
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Figure S5: MD sampling of the C-terminal tail conformational ensemble starting from the
closed state. (A) Distance distribution from all 120 MD simulations and (B) from each
simulation separately. The dashed lines indicate the 6 A cutoff. Panel (B) shows the K167-
Y259F distance distribution as a box plot. In every simulation conformations are sampled in
which the K167-Y259 distance is above 6 A, demonstrating that within every 50 ns long
simulation Y259 exits the active site pocket. Such behavior further illustrates the transient

nature of the closed state.
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Figure S6: Hydrophobic contacts in the closed ensemble (K167-Y259 distance < 6 A) from
combined 6 us DERAm MD simulations. The minimal distance between the residue pairs
(any hydrophobic C-atom contacts) is shown as density distribution, and the cutoff of 4.5 A is
shown as dashed line. (A) K5-L248, (B) L9-L248, (C) L12-L248, (D) T18-Y259, (E) L20-
Y259, (F) V40-L248, (G) K172-Y259, (H) A237-Y259, (I) L241-A256, (J) A242-D252, (K)

A242-A256, (L) L245-H250, (M) L245-D252.
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Figure S7: Polar interactions (salt bridges and H-bonds) in the closed ensemble (K167-Y259
distance < 6 A) from combined 6 ps DERAm MD simulations. Distance distribution between
the donor and acceptor is shown as density distribution, and the cutoff of 3.5 A is shown as
the dashed line. Salt bridge (A) K172-Y259, and H-bonds (B) G249-K246, (C) H250-L245,

(D) S255-Q35, (E) A256-G253, (F) $257-K254, (G) S258-S255.
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Figure S8: Changes in backbone amide chemical shifts of DERAm due to deletion of the C-
terminal tail. (A) Weighted 'H- "N chemical shift differences between DERAm and the
D252stop mutant. The black dotted line represents the average Ad,, value whereas the red
dotted line represents the average Ad,, plus one S.D. (B) The Ad,, are mapped onto the
DERAm structure using the coloring scheme shown. The C-terminal tail is represented in

grey. A schematic representation of the secondary structure elements is shown at the top.
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Figure S9: *'P NMR spectra of DERAm variants. Overlay of 1D *'P NMR spectra of three
DERAm variants recorded in 50 mM KP; (pH 6.8) at 25 °C and 600 MHz. The spectra were
referenced to the buffer phosphate. A single phosphate resonance at ~3.4 ppm other than the

buffer resonance (1.23 ppm) was observed which represents the protein-bound phosphate.
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Figure S$10: Overlay of a 2D ['H-'"N] HSQC spectrum of DERAm before (gray) and after the

addition of 1.7 mM dRS5P over time (blue to red). Spectra were recorded over an incubation
time of 8 h at 25 °C and 600 MHz. Resonances undergoing chemical shift and linewidth
changes over time are labeled, suggesting the formation of side-products” that may interact

with the protein.
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Figure S11: Surface representation of DERAm with the catalytic K167 highlighted in red.

(A) The crystal structure (PDB: SEKY) without the C-terminal tail. (B) In the lowest energy
NMR structure of the closed state, the C-terminal tail (rendered as blue surface) mostly covers
the active site. (C) The C-terminal tail rendered as cartoon indicates that Y259, highlighted in
VDW representation, is responsible for closing the active site pocket in the closed

conformation.
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Figure S12: Comparison of amino acids sequences of ecDERA with DERA enzymes from
human bacterial pathogens. (A) Sequence alignment of ecDERA with DERA enzymes from
other human pathogens, created using T-coffee’: S. flexneri (99.2 % identity), K. pneumoniae
(94.6 % identity), S. typhimurium (96.5 % identity), C. koseri (95.8 % identity), C. sakazakii
(93.8 % identity) and V. cholerae (80.8 % identity). The UniProt accession numbers are
shown in the bracket. Partially conserved residues are highlighted in green, non-conserved
residues are highlighted in red. (B) The positions of the partially conserved (green) or non-
conserved (red) residues are shown spheres, on the ecDERA structure. The size of the spheres
corresponds to the number of sequences shown in panel (A) deviating from a particular

residue (minimum two) at a given position.
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3.3 The Nedd4-1 WW Domain Recognizes the PY
Motif Peptide through Coupled Folding and Bind-
ing Equilibria

Summary

The focus of this work is to understand the role of conformational sampling in molecular
recognition of the high affinity third domain (WW3*) from hNedd4-1 to the PY motif of
the a-hENaC peptide. Comparison of the NOE-derived structure of WW3* in the apo
state (pdb: 5AHT) with the previously solved structure of WW3* in complex with the
a-hENaC peptide [137] reveals only minor changes in side chain conformations, which
were further investigated by MD simulations. Closer inspection of the dynamics, how-
ever, reveals that WW3* in the apo state exhibits pronounced chemical exchange on
the ms timescale which is quenched upon peptide binding. Multi-temperature CPMG
relaxation dispersion experiments revealed that WW3* in the apo state exists in an
equilibrium between the natively folded, binding-competent conformation and an un-
folded state, which is populated ~20 % at 37 °C. These results highlight that conforma-
tional sampling of WW3* is crucial for peptide recognition, as the a-hENaC peptide
selectively binds the natively, folded binding-competent state.
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ABSTRACT: The four WW domains of human Nedd4—1
(neuronal precursor cell expressed developmentally down-
regulated gene 4—1) interact with the PPxY (PY) motifs of the
human epithelial Na* channel (hENaC) subunits, with the
third WW domain (WW3*) showing the highest affinity. We
have shown previously that the a-hENaC PY motif binding
interface of WW3* undergoes conformational exchange on the
millisecond time scale, indicating that conformational sampling
plays a role in peptide recognition. To further understand this
role, the structure and dynamics of hNedd4—1 WW3* were
investigated. The nuclear Overhauser effect-derived structure
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of apo-WW3* resembles the domain in complex with the a-hENaC peptide, although particular side chain conformations change
upon peptide binding, which was further investigated by molecular dynamics simulations. Model-free analysis of the '*N nuclear
magnetic resonance spin relaxation data showed that the apo and peptide-bound states of WW3* have similar backbone
picosecond to nanosecond time scale dynamics. However, apo-WW3* exhibits pronounced chemical exchange on the
millisecond time scale that is quenched upon peptide binding. 'Hy and *N Carr—Purcell-Meiboom—Gill (CPMG) relaxation
dispersion experiments at various temperatures revealed that apo-WW3* exists in an equilibrium between the natively folded
peptide binding-competent state and a random coil-like denatured state. The thermodynamics of the folding equilibrium was
determined by fitting a thermal denaturation profile monitored by circular dichroism spectroscopy in combination with the
CPMG data, leading to the conclusion that the unfolded state is populated to ~20% at 37 °C. These results show that the
binding of the hNedd4—1 WW3* domain to a-hENaC is coupled to the folding equilibrium.

biquitination of cellular proteins is an abundant

posttranslational modification process in eukaryotes that
was originally considered solely as a marker for proteasome
degradation;] however, ubiquitination is now known to regulate
various cellular activities.”> This diversity in function arises
because of the large variety of E3 ubiquitin ligases that catalyze
ubiquitin chain formation, and the modular architecture of
these ligases mediates substrate specificity and ligase activity.
The human Nedd4 (neuronal precursor cell expressed
developmentally downregulated gene 4) family of HECT-type
E3 ubiquitin ligases contains nine members. The prototypic
member of the family, Nedd4—1, was originally discovered as a
developmentally downregulated gene in mouse brain.* The
human epithelial Na* channel (hENaC) was the first
recognized substrate of Nedd4—1.>° Subsequent results show
that human Nedd4—1 (hNedd4—1) is both a positive and
negative regulator of the activity of signaling receptors,”
including the insulin-like growth factor-1 receptor.® hNedd4—

v ACS Publications  © 2015 American Chemical Society 659

1 is overexpressed in various cancers and is thus a potential
anticancer drug target, possibly through the design of peptide
therapeutics.”

The domain architecture of Nedd4 proteins includes an N-
terminal C2 domain that binds Ca** and phospholipids, a
central region composed of up to four WW domains that are
responsible for the recognition of substrates and a C-terminal
HECT ubiquitin ligase domain.'® Nedd4 proteins form an
autoinhibited conformation via an interdomain interaction
between the C2 and HECT domains.'"'* The catalytic activity
of Nedd4 proteins is activated upon the C2 domain binding
Ca®, which then leads to recruitment of Nedd4 to the plasma
membrane."*'* Additionally, the autoinhibited state of Nedd4—
1 is released by adapter proteins via interaction with the WW
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domains of Nedd4—1."° Thus, the WW domains play a role in
both regulating activity and substrate recognition by Nedd4
family members.

WW domains are small interaction modules of 38—40
residues that have two conserved tryptophans and an invariant
proline."*™"? Structures of WW domains in complex with their
cognate peptides show that the first tryptophan and the
invariant proline are important for the stability of the domain,
whereas the second tryptophan is essential for peptide
recognition®* > and is one of two conserved aromatic residues
that form the hydrophobic “XP pocket” that binds a conserved
proline in proline-rich motifs recognized by WW domains. WW
domains adopt a common three-stranded twisted antiparallel -
sheet fold but fall into five different classes because they
recognize different proline-rich motifs. Nedd4 WW domains
bind PY motif (L/PPxY) peptides and are members of class I
WW domains.*®

The WW domains of hNedd4—1 bind the a-hENaC PY
motif with different affinities.””*® The strongest binding was
reported for the third WW domain (WW3*) of hNedd4—1
with a dissociation constant (K;) of ~5 uM; WW1 showed no
affinity, and WW2 and WW4 showed binding that was ~25-
fold weaker than that of WW3*2® Moreover, a construct
consisting of WW domains 2, 3, and 4 of Nedd4—1 did not
bind the a-hENaC peptide with higher affinity, showing that
the WW3* domain is sufficient for high-affinity substrate
recognition.”® Examination of a sequence alignment among the
four WW domains of hNedd4—1 shows that the majority of the
WW3* residues directly interacting with the a-hENaC peptide
either are sequence identical or have a conserved substitution in
the other three WW domains (Figure 1). This high degree of

“ loop | “ loop Il m

* Kk * LA i L
WW1l '"SPLPP DILGE UHESRR [0/ WiAR) 25
WW2 "*IGLPP DERG)IS! PTV"
WW3 ‘'GFLP DH""K""WI' Rif
WW4 ‘“GPLPP -THTDGQIFII {H KR (o WID) R Al

Figure 1. Alignment of the four human Nedd4—1 WW domains.
Sequence homology between domains is highlighted for nonpolar
(yellow), polar (green), acidic (red), and basic (blue) amino acids, and
the conserved tryptophans are highlighted in black. The secondary
structure is shown above the sequence alignment, and asterisks mark
those residues of the WW3* domain that are involved in peptide
interaction. Sequence numbering is according to NCBI sequence entry
NM_006154.3, and the sequence alignment was performed with
CLUSTALW.”

sequence homology extends to other species, including rat,
mouse, Drosophila, and Xenopus Nedd4 isoforms.”” The
majority of the sequence diversity between the WW domains
of hNedd4—1 resides in the f1—p2 loop, and biophysical
studies combined with mutagenesis of rat Nedd4 WW4 have
shown that residues of this loop play a role in peptide binding
affinity,”” in agreement with the general notion that sequence
divergence in the loops encodes specificity for WW domain—
peptide complexes.”> Nonetheless, studies of the WW domain
from the human peptidyl-prolyl isomerase (Pinl) showed that
besides chemical recognition, the flexibility of the PIN1 WW
B1—P2 loop also augments peptide affinity.’® Thus, it appears
that both chemical recognition and dynamics play a role in
defining the peptide affinity of WW domains, and under-
standing these determinants for hNedd4—1 should aid in the
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development of approaches to modulating Nedd4 interaction
networks associated with human disease.

We have reported a structure—dynamics study of the
Nedd4—1 WW3*—a-hENaC peptide complex. In this study,
residues located at the domain—peptide interface were found to
undergo conformational exchange on the microsecond to
millisecond time scale, suggesting that conformational sampling
might direct peptide recognition.’ To further understand the
importance of motion in peptide recognition, we have
investigated the structure and dynamics of hNedd4-1
WW3*, The NOE-derived structure of the apo-WW3* domain
is very similar to that of the domain in complex with the a-
hENaC peptide, whereas the dynamics of the domain show
dramatic changes upon peptide recognition. Here, microsecond
to millisecond motions are observed for many residues in the
apo state, and these motions are quenched upon peptide
binding. Moreover, CD melt and relaxation dispersion analysis
showed that in the apo state an unfolded form of the WW
domain exists, and at 37 °C, ~20% of the protein population
adopts this state. The mechanism of peptide binding by the
WW domain is thus reminiscent of coupled folding and binding
equilibria.

B EXPERIMENTAL PROCEDURES

Sample Preparation. The WW3* domain of hNedd4—1
(G416—A458) was expressed and purified as described
previously.”® A peptide representing the extended PY motif in
the a-hENaC subunit (** TAPPPAYATLG®**', where a prime
is used to distinguish it from the WW domain sequences) was
synthetically produced.31 For structure determination, a 1.8
mM sample containing the [U-C,“N]hNedd4—1 WW3*
domain was prepared in 20 mM sodium phosphate buffer (pH
6.5), S0 mM NaCl, 0.1% (w/v) NaN3, and 1 mM DSS in a
93%/7% (v/v) H,0/D,0 mixture. The samples used for
relaxation experiments were a 1.5 mM sample containing
[U-"N]hNedd4—1 WW3* and a 1.5 mM sample containing
[U-"N]hNedd4—1 WW3* with 4.5 mM @-hENaC peptide.
Both samples were prepared in the buffer used for structure
calculations.

Isothermal Titration Calorimetry. For ITC measure-
ments, the protein samples were dialyzed extensively against 20
mM sodium phosphate and 50 mM NaCl (pH 6.5).
Experiments were performed with a MicroCal VP-ITC
instrument (GE Healthcare Europe GmbH, Freiburg, Ger-
many). Twenty-five aliquots of 1.52 uL of 8 mM a-hENaC
peptide were injected into 200 uL of 0.8 mM hNedd4—1
WW3* domain, with a mixing speed of 300 rpm. The
temperature was regulated at 25 °C. The experiment was
conducted in triplicate. Following subtraction of the corre-
sponding heats of dilution, the binding isotherms were fitted by
nonlinear least-squares optimization using 100 Levenberg—
Marquardt iterations to obtain the binding stoichiometry (n),
the apparent enthalpy of interaction (AH¥?), and the apparent
equilibrium dissociation constant (K¥?). Data processing was
performed with the Origin ITC analysis software supplied by
GE Healthcare.

Chemical Shift Perturbation Analysis. The a-hENaC
peptide at concentrations ranging from 0 to 300 uM was
titrated against 10 M hNedd4—1 WW3* domain in 20 mM
sodium phosphate and S0 mM NaCl (pH 6.5). Two-
dimensional (2D) '"H—'"SN HSQC spectra for each titration
point were recorded at 25 °C and 800 MHz. The data matrix of
the 2D "H—""N HSQC consisted of 128* X 960* data points
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(were n* refers to complex points) with acquisition times of 49
ms (ty) and 75 ms (#y)- A total of 64—80 scans per complex
ty increment were collected. The recycle delay was 1.25 s. The
total measuring time was 3—3.8 h. The equilibrium dissociation
constant, K¥?, was obtained from changes in the weighted
average chemical shift differences™ AS,, = [(A&%yy + A8/
25)/ 2]1/ 2 assuming a one-site binding model:

app
Ay = 0.5A il 1 + X + =2
obs axis [Po]
o 2
e x+ 2| —ax
(R]

1)

where [Py] is the total protein concentration and X is the molar
ratio of the ligand to protein.

Resonances for residues 1423, W427, V429, H431, G435,
R436, D441, N443, D451, 1454, and K455 were used to report
the average K¥* for the hNedd4—1 WW3*—q-hENaC
complex. These residues showed linear chemical shift changes
upon titration and could be fit by the one-site binding model
(eq 1), which neglects any complications from the coupling of
the binding equilibrium to the folding equilibrium.

NMR Measurements for Structure Determination.
NMR spectra were recorded at 25 °C on NMR spectrometers
equipped with cryogenically cooled z-gradient probes operating
at 'H frequencies of 600 and 900 MHz. Backbone and aliphatic
and aromatic side chain 'H, N, and '3C resonance
assignments for the hNedd4—1 WW3* domain were obtained
from multidimensional heteronuclear NMR experiments
(Table S1).**** Proton chemical shifts were referenced to
DSS, whereas the >N and *C chemical shifts were indirectly
referenced according to the ratios given by Wishart et al.** Data
sets were processed using NMRPipe®® and analyzed using
CcpNMR Analysis.>”

Distance restraints were obtained from N- and '*C-edited
NOESY spectra with mixing times between 150 and 180 ms.
Backbone dihedral restraints for the ¢ and y angles were
derived from backbone chemical shifts using TALOS+.>® 3]
scalar couplings providing information about the y, angles were
obtained from quantitative 3]NH,,-HNHB39 and 3]H,,,H/,—HAHB—
(CACO)NH40 experiments.

Structure Calculations. NOE cross peak assignments of
the acquired '“N- and 'C-edited NOESY spectra were
obtained by an iterative procedure using a combination of
manual and automatic steps. The tolerances for automatic
assignments by Aria version 2.3.1*' were 0.03—0.06 and 0.05—
0.09 ppm for the 'H direct and indirect dimensions,
respectively, and 0.5 ppm for the heteronuclear dimensions.
Structures were calculated by a combination of Aria version
2.3.1*"" and CNS version 1.21* (including the Aria patchset)
using the PARALLHDG force field with a log-harmonic
potential**** and automatic restraint weighting. All molecular
dynamics parameters were used in the default configuration.
The 15 lowest-energy structures of the 100 calculated were
further refined in a 9 A explicit water shell as a final step in the
Aria procedure. The stereochemical quality of the refined
models was assessed via PROCHECK-NMR* and MolPro-
bity.** VMD software was used for the superposition and
visualization of structures.*’
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NMR Relaxation Experiments. Backbone dynamics for
the hNedd4—1 WW3* domain and the WW3* domain in
complex with the a-hENaC peptide were derived from "N
relaxation experiments*® at static magnetic field strengths of
14.1, 18.8, and 21.2 T and a temperature of 25 °C (Tables S2
and S3). R, experiments were conducted using inversion
recovery times between 30.2 and 1811.7 ms, with a recycle
delay of 3.0 s. The R;, experiments were conducted according
to the method of Korzhnev et al*’ with spin-lock periods
between 5 and 150 ms, and "*N spin-lock field strengths of 1.87
kHz (212 T), 1.84 kHz (18.8 T), and 1.72 kHz (14.1 T). A
recycle delay of 3.0 s was used. R; and R, values were
determined by nonlinear least-squares fitting of the intensities
quantified in Analysis by two-parameter monoexponential
equations using CurveFit (A. G. Palmer, III, Columbia
University, New York, NY). R, values were determined from
the measured R, and R, rates.”’ {'H}—"5N heteronuclear NOE
values were measured from pairs of interleaved spectra
recorded with (NOE) and without (control) proton saturation
during the recycle delay. A recycle delay of 12 s was used at
14.1 T, whereas a delay of 15 s was used at the higher fields.
Reported errors for rates were standard deviations from Monte
Carlo simulations in CurveFit. The heteronuclear steady state
{'"H}-""N NOE values were calculated from peak intensity
ratios obtained from the NOE and control spectra, with
uncertainties estimated from the background noise of the
spectra.

N single-quantum®"** and 'Hy single-quantum® CPMG
relaxation dispersion (RD) experiments were conducted at 14.1
and 21.2 T. N single-quantum CPMG data sets for apo-
hNedd4—1 WW3* were acquired at S, 10, 15, 20, and 25 °C,
whereas data sets for the hNedd4—1 WW3* domain—a-
hENaC complex were recorded at 5, 15, and 25 °C. 'Hy single-
quantum CPMG experiments were conducted at 5 °C. Data
were processed with NMRPipe and quantified with Analysis. In
each "N CPMG experiment, 14 or 21 different CPMG
frequencies vcpyg = 1/26, where 6 is the time between
consecutive refocusing pulses, ranging up to 2000 (1000) Hz at
14.1 (21.2) T were sampled during a constant-time relaxation
interval (Tcpyg) of 48 ms. Because of the large "N sweep
width at 21.2 T, the experiments were conducted at two
separate "N offsets (118 and 108 ppm) to reduce offset effects.
In each 'Hy CPMG experiment, 15 different CPMG
frequencies ranging up to 2000 Hz at 14.1 and 212 T were
sampled during a Tcpyg of 30 ms. Global exchange parameters
(exchange rates and equilibrium populations) and residue
specific values (N chemical shift differences and intrinsic
relaxation rates R, ;) were extracted by a nonlinear least-squares
fitting procedure whereby experimental dispersion profiles
[Ry(vepme) = Ryg + Re(Vepme)] were fit to those calculated by
deriving the evolution of magnetization during the CPMG
interval by solving the Bloch—McConnell equations numeri-
cally for a two-site exchange model. This fitting routine was
performed as described previously,”* ™ and errors of the fitted
parameters were calculated from the covariance matrix.’’
Absolute signs of N chemical shift differences between
exchanging states were obtained from differences in SN peak
positions in 2D 'H-""N HMQC and 2D 'H-N HSQC
spectra recorded at 21.2 T and/or between two 2D 'H-BN
HSQC spectra obtained at 14.1 and 21.2 T.>® Absolute signs of
the 'Hy chemical shift differences were determined from the
difference in 'Hy resonance positions in 2D '"H-N HSQC
spectra recorded at 5 °C, and 14.1 and 21.2 T.*
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Model-Free Analysis. Model-free analysis was performed
using the method for the combined optimization of the global
diffusion tensor and local model-free parameters implemented
in the software relax (version 2.0),°°"%* as described in more
detail previously.”'

Circular Dichroism Spectropolarimetry. Far-UV circular
dichroism (CD) spectra were recorded using a temperature-
controlled JASCO J-1100 spectropolarimeter (Jasco, Easton,
MA). Apo-hNedd4—1 WW3*, the hNedd4—1 WW3*—q-
hENaC peptide complex, and the a-hENaC peptide samples in
20 mM sodium phosphate and S0 mM NaCl (pH 6.5) were
equilibrated for 30 min at the set temperature. Spectra were
recorded at 0, 25, 50, and 75 °C. CD spectra were recorded
over the wavelength range of 200—260 nm in 0.2 nm intervals
with a scan speed of 2 nm min~". The path length of the quartz
cuvette was 2.0 mm. The WW3* sample concentration was 5SS
UM (275 uM peptide). For each measurement, five scans were
averaged and a spectrum of the buffer alone was subtracted. For
the complex data, both the buffer signal and the signal from
83% of a 275 uM peptide signal were subtracted. The
subtraction of 83% of the free peptide CD signal derives
from calculation of the concentration of the peptide—domain
complex using a standard heteronuclear bimolecular binding
scheme, where [peptide] = 275 uM, [WW3*] = 55 uM, and
the ITC-derived K; value is 44 uM (see Results).
Approximately 10% of the apo WW3* domain is also present
in the sample of the complex. This was not corrected for in the
CD spectrum of the complex because of the uncertainty
associated with the Ky value. CD spectra were normalized to
yield mean residue ellipticity.

Equilibrium thermal denaturation CD profiles of the apo-
WW3* domain were acquired by monitoring the ellipticity at
230 nm as a function of temperature employing a constant scan
rate of 0.5 deg min™' over the range of 0-98 °C. Signal
averaging at each temperature step was 4 s, and the WW3*
concentration was 55 uM. A buffer only signal was subtracted.
The thermal denaturation curve and fractions of the unfolded
domain obtained from relaxation dispersion analysis at various
temperatures were fitted to a standard equation describing a
two-state transition (eq 2%) using a previously reported excess
heat capacity for folding (AC, 5 = C,z—C,u) value of —1745 ]
K™! mol™ for the WW domain of YAP65.°* This value is in
close agreement with the value derived using empirical
relationships.

& — & + (my — mg)T

1+ exp{%l:ACP’F ln(%> - (% - i)(AHF - TmACp,F)]}

+ mpT

+ g

g =

)

where T is the temperature, € is the ellipticity at 230 nm
(millidegrees), R is the universal gas constant, T}, is the thermal
midpoint of unfolding, AH. is the molar enthalpy of folding at
T,, €} and &} are the ellipticities of the unfolded and folded
domain at 0 K, respectively, and my, and my are the temperature
slopes of the ellipticities of the unfolded and folded domain,
respectively.

Equilibrium unfolding transitions were normalized to the
fraction of unfolded domain (Fy):

1

ren{ifac,n(z) - (- ) - nac, ]}

©)

}«b:
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The simultaneous fits of the CD thermal denaturation curve
(eq 2) and fractions of the unfolded domain from CPMG
analysis (eq 3) used the leastsq optimizer module from Python
scipy package version 0.13.3 to minimize the combined y*
function:

#=3

w_i_fCPMG xzw

4)

Scaling factor fcpyg used in weighting the relaxation
dispersion-derived fraction unfolded data relative to the CD
data was established by minimizing the resulting x* totals for
the fraction unfolded data points as a function of scaling factor
fepmg- Minimization was considered converged when the y*
total did not improve by more than 5%.

A coupled folding—binding model was used to extract the K4
and AH, values of binding to the active state using a
combination of the ITC and CD data, as described
previously.”> The common thermodynamic equilibrium model

describing protein folding and ligand binding is

(&) Fy

KpAHzA

ULy FL (8)
In this model, the folded domain (F) is in equilibrium with the
peptide-bound state (FL) and the partially or fully unfolded
form (U) is thought to be binding-incompetent, so that the
population of the “encounter complex” (UL) is not significant.
Indeed, the chemical exchange from domain unfolding and/or
folding is quenched in the complex, and we do not observe any
additional resonances in 2D 'H—""N HSQC spectra of the
complex that would suggest any significant population of UL.
The thermodynamic parameters AHg, AH,, AC,p, and AC, 4
are changes in enthalpy and heat capacity for the folding and
binding steps. Kz and K, = 1/Ky are the folding and ligand
association equilibrium constants, respectively. The ITC
measurements contain contributions from both folding and
binding reactions. Thus, the thermodynamic parameters are
related to the measured binding parameters AHF* and Ki? as

Ky,AH,AC, ,

KP(T) = (1 - R)K(T) & Ky = (1 - FHKF®  (6)

AHR(T) = AH,(T) + F,AHg )
where

AHK(T) = AHK(T,) + AC, (T - T,,) (8)

Thus, AH, and K values were extracted using eqs 6—8, the
CD melt analysis of the apo-WW domain, and the measured
AHZ¥P and KFP from ITC at 25 °C.

Molecular Dynamics Simulations. GROMACS version
4.6.5% was used to perform MD simulations on apo-hNedd4—
1 WW3* and the hNedd4—1 WW3*—q-hENaC complex. The
starting structures used for the simulations were the same
lowest-energy structures from the NMR ensembles used for
model-free analysis [Protein Data Bank (PDB) entries 2M30
for the hNedd4—1 WW3*—a-hENaC complex and SAHT for
the apo-hNedd4—1 WW3* structure]. Prior to MD simu-
lations, the structures were solvated with the TIP4P®” water
model and energy minimized via steepest descent minimization.
The solvated apo-hNedd4—1 WW3* system consisted of 6387
water molecules in a 197.1 nm® cubic box, whereas the
hNedd4—1 WW3*—q-hENaC complex contained 6983 water
molecules in a 222.2 nm® cubic box. Six Na* and seven CI” ions
were added to balance the net charge and maintain the salt
concentration of the simulated systems at S0 mM. A 1 ns
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Figure 2. Different chemical exchange processes observed during titration of the a-hENaC peptide against the WW3* domain (10 M). The peptide
was titrated to 30-fold excess (0—300 yM) with 1S titration points. (A) The resonance in the 15 overlaid 2D 'H—"*N HSQC representing F422
shows small chemical shift change during the titration. (B) The resonance for R436 shows a progressive shift during the titration, indicative of fast
exchange. Resonances representing residues located at the peptide binding interface, W449, A432, and H442, show characteristics of intermediate-to-
slow exchange as the peptide is titrated (C and D). Resonances for W449 and A432 were observed only at the lowest (apo) and highest (complex)

peptide concentrations.

equilibration was conducted in the NVT ensemble with a final
temperature of 25 °C, followed by a 1 ns equilibration using the
NPT ensemble with the Parrinello—Rahman barostat at 1 atm.
To calculate long-range electrostatic interactions, the particle
mesh Ewald method®”® was used with a 1 nm cutoff. The
AMBER99SBnmr1-ILDN force field” with periodic boundary
conditions was employed to conduct the simulations, and
snapshots were taken every 2 ps. Production runs of 100 ns
were conducted for the apo and complex systems using the
leapfrog integrator and a time step of 2 fs. Bond lengths were
constrained using the LINCS algorithm.

Backbone chemical shifts were calculated for each frame of
the MD trajectory in both systems (4 ps spacing) using
SPARTA+.”" SPARTA+ was also used to compute the
backbone chemical shifts of the lowest-energy NMR structures
(PDB entries 2M30 and SAHT) and the X-ray crystal
structures (PDB entries 4N7F and 4N7H). The water
molecules within the crystal structure were removed; the
structure was solvated as described above, and the shifts were
computed after a 200-step minimization had been performed
with the AMBER99SBnmr-ILDN force field.

NMR Data and Coordinates. NMR resonance assign-
ments of the hNedd4—1 WW3* domain have been deposited
in the BioMagResBank (accession code 25349). The structural
coordinates have been deposited in the PDB (SAHT).

B RESULTS

Binding of the PPXY Motif by the hNedd4—1 WW3*
Domain Leads to Changes in Chemical Exchange
Processes. The binding affinity of hNedd4—1 WW3* for
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the a-hENaC peptide was determined by isothermal titration
calorimetry (ITC) (Figure S1 and Table S4). Fitting of the
binding isotherms (run in triplicate) derived from the titrations
gave an average apparent Ky (K¥?) value of (44.53 + 1.84) uM
at 25 °C with a favorable apparent association enthalpy term
(AH¥P) of (—5820 + 029) kJ mol™ that offsets the
unfavorable entropy term of —106 J K™ mol™". The energy
terms are in close agreement with previous ITC results for the
WW domain from the human Yes-associated protein binding its
cognate PY ligand at pH 6.0 and 25 °C.”> The K¥? is ~10-fold
higher than the reported value using surface plasmon resonance
(SPR).*® This discrepancy in K¥? is most likely because of the
different buffer conditions, as previously shown for the rat
Nedd4 WW domains where a change in pH from 7 to 6
resulted in a slight decrease of the binding affinity presumably
due to chan§es in the jonization state of histidine rings involved
in binding.2 In the hNedd4—1 WW3* domain, the ionization
state of H442, a key residue involved in recognition of Y644/,
would differ between the previous SPR study (pH 8.0) and this
study (pH 6.5), thereby potentially affecting peptide affinity.
To further characterize the binding affinity, a chemical shift
perturbation titration was performed using the assigned 2D
"H—"N HSQC spectra of apo and peptide-bound forms of the
hNedd4—1 WW3* domain (Figure S2). Only residues in the
third f-strand (f3) (T446, T447, and T448) and F438 (XP
pocket) showed weighted chemical shift differences (AS,,)
larger than one standard deviation (SD) above the mean AGS,,
(Figure S3), suggesting that peptide binding does not lead to
changes in the overall fold of the domain. Nonetheless, the Ad,,
values for residues in 33 suggest that this strand undergoes the
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Table 1. Assignments and Structural Statistics for the 15 Lowest-Energy Structures of the Nedd4-1 WW3* Domain

assignment statistics
no. of residues (418—458)
molecular mass (Da)
completeness of resonance assignments (%)
protein, backbone” (193/200)
protein, all atoms” (302/319)
structural statistics
NOE distance restraints
assigned
intraresidue (i = j)
interresidue
sequential (li — jl = 1)
medium-range (1 < li — jl < §)
long-range (li —jl > 5)
ambiguous

root-mean-square deviation value from experimental distance restraints (A) (1592)
root-mean-square deviation value from TALOS+ torsion angle restraints (deg) (60)

deviations from idealized covalent geometry
bonds (A)
angles (deg)
impropers (deg)
coordinate precision (A)°
core region (423—457)
backbone
all heavy atoms
RPF scores”
recall
precision
F measure
DP score
Ramachandran statistics (%)¢
residues in most favored regions
residues in additionally allowed regions
residues in generously allowed regions

residues in disallowed regions/

41
4805

96.5
954

1328
416

390
266
256
264
0.120 £ 0.015
0.980 + 0.264

0.0035 + 0.0002
0.45 £+ 0.017
1.10 + 0.07

0.71 £ 0.19
0.99 + 0.16

0.79
0.88
0.83
0.71

853 £ 4.1
13.9 + 3.8
0.0 = 0.0
0.8 + 0.0

“Obtained from the 'HY, 1*C?%, N, 3C’, and 'H® resonances. bRoutinely assigned 'H, N, and '*C resonances are taken into account, excluding the
N-terminal and Lys amino groups, guanidino groups of Arg, side chain hydroxyl protons of Ser, Thr, and Tyr, carboxyl resonances of Asp and Glu,
and quaternary aromatic carbons. 'H belonging to the same methyl group and Phe, Tyr 'H’ 'H are counted as one signal. “Coordinate precision is
the average root-mean-square deviation of all the structures from the average structure coordinates. 9Calculated RPF scores according to Huang et
al.”® Calculated with PROCHECK-NMR.* /Residues in the disallowed region are outside the core region of the domain (L423—K457).

largest conformational transition upon peptide binding.
Interestingly, the observed narrowing of resonance line widths
upon peptide interaction indicates that the Nedd4-—1
WW3*—a-hENaC peptide complex adopts a stable WW fold
that does not undergo chemical exchange on the microsecond
to millisecond time scale (Figure S2) and that peptide binding
quenches chemical exchange.

The 'H—"N HSQC titration of the a-hENaC peptide with
the '*N-labeled WW3* domain showed that exchange
processes between free and bound forms ranged from slow-
to-intermediate to fast on the NMR time scale. In general,
resonances that show the smallest chemical shift change are in
fast exchange, whereas those that show the largest chemical
shift changes are in slower exchange. For resonances
representing residues at the N-terminus (M418—K425) and
C-terminus (I456—A458) and residues within the core of the
domain that are not involved in ligand recognition (i.e., R436,
D441, D451, and V429), the chemical shift changes observed
were small and in the fast exchange regime (Figure 2A,B and
Figure S3). Resonances for peptide-interacting residues and
residues adjacent to these interacting residues (R430, H431,
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A432, N434, F438, 1440, H442, T447, W449, and K445)
underwent intermediate-to-slow exchange during the peptide
titration experiment (Figure 2C,D). Residues along the f3
strand (T444, T446, and T448) were also observed to undergo
slow-to-intermediate exchange processes on the NMR time
scale. Residues undergoing fast-to-intermediate exchange were
used to extract K¥? values (eq 1). Chemical shift changes for
L423, W427, V429, H431, G435, R436, D441, N443, D451,
1454, and K455 were used for calculating the KFP of the
domain—peptide interaction (Figure S4). The average KF*?
value for the hNedd4—1 WW3*—a-hENaC peptide complex
interaction was calculated to be (30.41 + 2.32) uM (n = 11)
and is in good agreement with the ITC analysis.

The Backbone Structure of the WW3* Domain from
hNedd4—1 Is Similar in the Apo and Peptide-Bound
States, but the Side Chain Conformations Are Different.
Standard triple-resonance experiments (Table S1) were used to
obtain backbone and side chain chemical shift assignments of
the hNedd4—1 WW3* domain. Near complete assignments
were obtained for the backbone (96.5%) and side chain
(95.4%) resonances for the WW3* domain (Table 1).
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Structural restraints for the WW3* domain included backbone
torsion angle restraints from TALOS+;*® 1592 NOEs and side
chain y; angles for residues N434, D441, H442, D451, and
R453 were restrained to one of the staggered conformations
(60°, 180°, and —60°) + 60° as determined by combined 3]0,,,
and ¥y, coupling analysis (Figure SS). ] coupling data to
define the staggered rotamers of the Ca—Cp bond of other
residues gave either intermediate coupling values indicative of
dynamic averaging between rotameric states (i.e., E419, Q420,
F422, 1423, K425, R430, H431, L454, and K455) or
insufficient coupling data (e.g, severe line broadening) to
define unambiguously the rotamer state of residues W427,
R436, F438, N443, K445, and W449. In comparison, severe
line broadening was not as prevalent in the peptide-bound state
with coupling values indicative of distinct rotamer states being
adopted for residues W427, R430, N434, F438, D441, H442,
N443, K445, W449, D451, and R453 (Figure SS).
Superposition of the 15 lowest-energy models of the
Nedd4—1 WW3* domain is shown in Figure 3A. The
backbone atom coordinate root-mean-square deviation
(rmsd) was (0.71 + 0.19) A for the backbone heavy atoms

Figure 3. Solution structure of the Nedd4—1 WW3* domain. (A)
Superposition of the 15 lowest-energy structures (423—457). The
backbone of the WW domain is colored blue. There are three
antiparallel f-strands between W427 and H431 (1), R436 and D441
(f2), and T446 and T448 (3). Side chains of residues that are part of
the conserved hydrophobic core and involved in peptide binding are
colored yellow and red, respectively. (B) Superposition of the lowest-
energy structures of the WW3* domain in the apo (blue) and peptide-
bound (red) states. The side chains of residues involved in peptide

binding and the hydrophobic core are labeled.
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in the ordered (core) region (423—457) and (0.99 + 0.16) A
for all heavy atoms over the same region. Structural statistics
are listed in Table 1. The structure is similar to determined
structures of apo WW domains (Figure S6A),27 including the
Nedd4 WW domains from Drosophila (backbone rmsd of 1.19
A),* rat (0.84 A),”* and human (0.79 A)*" in complex with
their cognate peptides (Figure S6B), and to the recently
determined Nedd4—1 apo-WW3* crystal structure (0.65 A)
(Figure $6C).”* As shown in Figure S6C, the backbone
conformation and side chain orientations of residues involved
in peptide recognition and domain stability are very similar
between the solution and crystal structures, with only R430 and
1440 showing rotamer state disparity (see description below).

The peptide binding epitope of the Nedd4—1 WWwW3*
domain can be divided into three regions: the “XP” groove
(W449, F438, T447, and A432), a hydrophobic pocket (F438,
1440, and R430), and the tyrosine binding pocket (H442, K445,
and 1440) (Figure 3). Despite the small difference in the
backbone rmsd between the peptide-bound and apo states of
0.79 A, particular side chains of residues involved in peptide
recognition adopt different conformations between the two
structural states (Figure 3B).

The side chain of R430 is displaced by ~2.3 A (as measured
using the Cy atom) upon peptide binding to facilitate
interaction with L647’, and this is in accord with the
displacement observed for R430 in the Nedd4—1 WW3*—
ARRDC3 complex.”* The side chain y, angle of 1440 changes
from trans in the apo form to gauche™ in the peptide-bound
state (Figure 3B). In contrast, in the crystal structure of the
apo-WW3* domain (Figure S6C), the side chain y; angle of
1440 changes from +60° (there are two structures in the
asymmetric unit of the apo state) to gauche® in the peptide-
bound state. Thus, the structural data of the apo-WW3*
domain suggest that the side chain of 1440 adopts all three y,
rotamer states, but in the complex, the side chain adopts
predominantly the gauche® rotamer. The y, angle of 1440
adopts the commonly found trans state in both apo and
peptide-bound states, which is supported by the relationship
between the C*' chemical shift of 16.4 ppm and rotamer state.””
As previously reported,”* these structural changes create the
hydrophobic binding pocket for L647’, which comprises the y1
methylene and 61 methyl groups of 1440 and the aliphatic side
chain of R430. For Y644’ binding, peptide interaction leads to
the displacement of residues H442 and K445 by ~1.5 A to
facilitate Y644' binding, and the back face of this site is formed
by the y2 methyl group of 1440.

The side chain orientations of F438 and W449 (XP pocket)
show only minor conformational differences between the apo
and peptide-bound states (Figure 3B). In the structure of the
apo-WW3* domain, the side chain of R436 (side chain not
shown in Figure 3) packs across the underside of the indole
ring of W449, as supported by NOEs between the H/H/H®
and H¢ atoms of R436 and the H” and H® atoms of W449,
respectively. Similar conformations are present in the crystal
structures of the apo state (PDB entry 4N7F) and the WW3*—
ARRDC3 peptide complex (PDB entry 4N7H), and the
solution structure of the Drosophila WW3*—Comm peptide
complex (PDB entry 2EZS). This stacking arrangement
restricts the W449 side chain conformation and thus restrains
opening of the XP pocket.

To probe the conformational state of the XP pocket, 100 ns
MD simulations were performed. In support of the structural
data, no fluctuations in the y, torsion angle in either the
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Figure 4. y; torsion angle values and chemical shift predictions of T447 *Ca atoms in 100 ns MD simulations of the WW3* domain in the apo and
peptide-bound states. Values of the y; torsion angle of T447 in the apo-WW3* domain (A) and the WW3*—peptide complex (B) for snapshots
saved every 4 ns of the MD trajectories. (C) The normalized distribution of the SPART A+-predicted shifts of T447 *Cat from the trajectories of the
apo (blue) and complex (red) states. Chemical shifts were predicted for snapshots saved each 4 ns. The average values of the SPARTA+ predictions
over the entire MD trajectory (square) and obtained from the lowest-energy NMR (circle) and X-ray (triangle) structures for the apo (blue) and
WW3*—peptide complex (red) states are shown. The experimentally determined values (inverted triangles) are shown for the apo (blue) and
complex (red) states. (D) Conformation of T447 observed in the X-ray structures of the hNedd4—1 WW3* domain in the apo and peptide-bound
states. Representative structural snapshots of T447 at the average SPARTA+ *Ca chemical shift values for the apo and peptide-bound states. The
dotted line shows the presence of the T447 OH"'---O[ZLC P642’ H-bond.

peptide-free or -bound state were observed for F438 and W449
over the MD simulation period (Figure S7). Furthermore,
measured ¢ and ¢ torsion angles for each 4 ps snapshot taken
(data not shown) showed that backbone structural fluctuations
were small and the backbone conformation was similar between
the apo and peptide-bound states.

In Figure 4A, the y, of the T447 side chain, which forms the
front face of the XP pocket (Figure 3), fluctuates between
gauche® and gauche™ throughout the course of the 100 ns
simulation for the apo state. In contrast, in the peptide-bound
state (Figure 4B), the y, of T447 adopts solely the gauche™
rotamer during the simulation because the formation of the H-
bond between the side chain OH"' group of T447 and the
backbone carbonyl group of P642' stabilizes this particular
rotamer (Figure 4D). Figure 4C shows the normalized
distribution of the '*Ca chemical shift predictions of T447
determined by SPARTA+ for each 4 ps snapshot taken,
together with representative conformations from the MD
trajectory and the X-ray structure (Figure 4D). The distribution
of the T447 "*Ca shift indicates that the presence of a bimodal
equilibrium distribution of different y; rotamers produces a
prediction of the experimental chemical shift more accurate
than that of the rotamer observed in either the NMR or crystal
structure for the apo-WW3* domain. Thus, the MD
simulations show that the side chain of T447 in the apo state
fluctuates between nonligand binding-competent states and
ligand binding-competent states, and upon peptide binding, the
side chain rotamer fluctuations of T447 are quenched and the
side chain adopts solely ligand binding-competent states.

>N Dynamics of the WW3+* Domain Reveals That
Chemical Exchange Processes Are Quenched in the
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Peptide-Bound State. In a previous study,>’ we reported a
dynamics analysis of the Nedd4—1 WW3*—a-hENaC peptide
complex with the observation of R,, contributions for a number
of residues. However, closer inspection of the data revealed that
the sample contained inadvertently a minor population of the
apo state. Nonetheless, the original set of data provided
impetus for this study, showing that microsecond to milli-
second dynamics present in the WW domain is likely to be
crucial in peptide recognition. Thus, relaxation data of the
complex have also been recorded. Nuclear "N spin relaxation
data acquired at 14.1, 18.8, and 21.2 T (Figure S8) were used to
quantify picosecond to nanosecond dynamics of the WW3*
domain using the model-free formalism. In contrast to the
similar R, values between the two states (Figure S8), the overall
average R, rates for residues of apo-WW3* are noticeably
higher than the R, rates derived from the peptide-bound
WW3* domain, indicative of R, contributions to the R, rates
for residues of the domain in the apo state. These high R,
values for the apo WW3* domain could arise from a self-
association equilibrium, as observed for an SH2 domain*® and
the FBP28 WW domain;’® however, average R, values for
samples at 250 and 1300 uM, after excluding residues that
undergo fast internal motion and/or conformational ex-
change,50 were (740 + 0.10) and (7.59 + 0.11) s (n =
18), respectively, and are not significantly different. The average
{'H}-"N heteronuclear NOE values for the core region
(423—457) of the Nedd4—1 WW3*—a-hENaC complex were
0.70 + 0.03 (14.1 T), 0.75 + 0.03 (18.8 T), and 0.74 + 0.03
(21.2 T), whereas lower values of 0.60 + 0.02 (14.1 T), 0.70 +
0.03 (18.8 T), and 0.72 + 0.03 (21.2 T) were observed for the
apo-WW3* domain.
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The rotational diffusion tensor of the apo-WW3* domain is
best represented by an ellipsoid described by the isotropic
component for diffusion Dy, = (3.87 + 0.03) X 107 s7', the
anisotropy of diffusion D, = (4.59 + 0.15) X 107 s7', the
rhombicity D, = 0.24 + 0.02, and the three Euler angles a =
(132.5 + 1.6)°, B = (78.8 + 1.4)°, and 7 = (95.8 + 1.4)°. The
global rotational correlation time (r,,) of the domain was
calculated to be 4.30 ns, which is in reasonable agreement with
the HYDRONMR-determined value of 4.8 ns using the three-
dimensional structure and an atomic element radius of 3.1 A.””
The diffusion tensor of the Nedd4—1 WW3*—a-hENaC
peptide complex is best represented by a prolate spheroid
described by D,, = (3.97 + 0.02) X 107 s}, D, = (5.43 + 0.99)
X 10°s7", Dy/D, = 1.14 + 0.03, the polar angle 6 = (1022 +
6.9)°, and azimuthal angle ¢ = (98.3 % 8.9)°. The 7, was
determined to be 4.20 ns, suggesting that peptide binding
causes a slight compaction of the WW3* domain. The data for
34 of a possible 37 native non-proline residues of the apo-
WW3* domain construct could be measured and fitted
satisfactorily to one of the 10 models (Table $5): 1 (m2; S?
and 7,), 16 (m4; S, 7, and R,,), 4 (mS3; $% SZ, and 7,), 4 (m6;
SZ; Tp SfZJ and Ts)) 8 (m7i SZ/ szf To and Rex)! and 1 (mSF Sz; Ty
S#, 7, and R,,). For the WW3* domain in complex with the a-
hENaC peptide, 36 residues could be fitted (Table S6): 3 (m1;
§%),17 (m2), 1 (m3; $* and R,,), 3 (m4), 6 (m3), and 6 (m6).
The majority of residues (58%) in the complex were
satisfactorily fit to motional models with one or two parameters
(m1-m3). In contrast, only one residue was assigned to these
models in the apo state with 33 spins assigned to models that
contained three or more parameters (m4—m8), with 13 spins
described by models m6 to m8. This result shows that in the
apo state backbone motions occur over a wide time scale and
the motional characteristics of the WW3* residues are more
multifaceted in the apo state than in the complex state. An
overview of the relaxation analysis is presented in Figure S.

The N- and C-termini of the WW3* domain in both states
are highly mobile with S* values of <0.50, whereas the overall
average S* values for residues excluding the two termini (ie.,
residues 423—4SS) are 0.79 + 0.04 (apo) and 0.84 + 0.02
(complex), indicating that peptide binding restricts the
amplitude of motions across the WW3* domain. Residues in
the f-strands show picosecond to nanosecond motions with
amplitudes lower than the averages with S* values of 0.80 =+
0.02 (apo) and 0.85 + 0.02 (complex) for f1 (W427—H431),
0.82 + 0.03 (apo) and 0.88 + 0.02 (complex) for 2 (R436—
D441), and 0.79 + 0.02 (apo) and 0.89 + 0.02 (complex) for
3 (T446—T448). While residues in all three f-strands show
lower-amplitude motions (ie., greater rigidity) upon peptide
recognition, it is strand 3 that undergoes the largest reduction
in mobility (ie, AS* = 0.10), indicating that peptide binding
affects the fast time scale motions of this strand the most.
Experimental and MD simulations have shown that strand 3
forms last (or dissociates first from the core fold) during the
folding (unfolding) of the FBP28 (formin binding protein
28)"%” and YAP (yes kinase-associated protein)® WW
domains. The greater flexibility of strand 3 observed herein
might reflect the lower-energy barrier for this strand to sample
other non-native conformers. Such motion might promote
peptide recognition because T447 and W449 are located within
and at the end of strand /3.

In a dynamics study of the Pinl WW domain binding of the
cognate peptide, Cdc25 gave rise to a noticeable increase in the
S§* values for residues in loop I (average AS* = 0.19) but not
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Figure S. Summary of the model-free parameters of residues of the
hNedd4—1 WW3* domain (black) and hNedd4—1 WW3*—a-hENaC
complex (red) obtained using the extended model-free formula with
the model selection approach. The global rotation of the WW3*
domain in both states was determined to be asymmetric. (A) Lipari—
Szabo order parameters, S* (=S¢ X S2). The black dashed lines
represent the average S* values [0.79 + 0.04 (apo) and 0.84 + 0.02
(complex)] over the ordered region (L423—K4S5S) of the WW3*
domain. (B) Effective fast internal correlation time (z, = 7¢), (C) slow
effective internal correlation time (7, = 7,), and (D) apparent chemical
exchange contribution, R, to relaxation rate R,. A schematic
representation of the secondary structure elements is shown at the top.

strand 3 (average AS® = 0.03), indicative of the enhanced
rigidity of loop I upon peptide binding.** Moreover, this study
showed that reducing the length of loop I from six to five
residues reduced the flexibility for subnanosecond motions of
the backbone NH groups concomitant with reduced peptide
affinity, suggesting that the mobility of this loop augments
peptide affinity. Such dramatic changes in loop I dynamics for
the hNedd4—1 WW3* domain were not observed (Figure SA),
because loop I is a more structured four-residue type I G1 bulge
turn. In accord with loop I dynamic behavior of the Pinl WW
domain, the greater subnanosecond motions of strand 3 of
apo-WW3* might function in peptide affinity.

The change in free entropy, ie., conformational entropy
(AS.on),”" and excluding other entropic contributions such as
solvation that are not examined herein, resulting from changes
in the S* values was estimated to be an upper bound value of
TAS. ¢ = —17.53 kK] mol™" at 25 °C (excluding outlier K445),
which is comparable to the TAS¥P measured by ITC for this
binding reaction (Table S4). Thus, these small restrictions in
backbone motion on the picosecond to nanosecond time scale
upon the WW3* domain binding its cognate peptide might
account for part of the unfavorable association entropy term
derived from the ITC fits. Additional restriction in side chain
motion upon peptide binding is also likely to contribute to
changes in entropy, as observed for T447 in the MD
simulations (Figure 4). Moreover, relaxation parameters
obtained for the W422 and W449 indole NH' groups were
also fit by relax.®° For W422, the $? values in the apo and
complex state were indistinguishable with values of 0.675 +
0.016 (apo) and 0.678 + 0.012 (complex). In contrast, peptide
recognition by W449 leads to the NH' group S* value
increasing from 0.640 + 0.012 (apo) to 0.717 + 0.012
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(complex), which translates into a change in TAS,,¢ of —0.67
k] mol™ at 25 °C, showing that peptide binding restricts
picosecond to nanosecond time scale motions of this side chain.

Twenty-five residues of the WW3* domain have contribu-
tions to the effective "N R, values due to chemical or
conformational exchange on the microsecond to millisecond
time scale, R,,, between 0.2 and 11.5 s' (Figure SD). The
largest R, contributions determined by model-free analysis
were observed for residues N434 ((10.8 + 0.4) s™!), K445
((10.5 + 0.7) s7'), and T446 ((11.5 + 0.4) s™'), which are
located in loop I, loop II, and strand 33, respectively, indicative
of the widespread R, observed for residues of the apo-WW3*
domain. Upon peptide binding, the R, contributions of the
hNedd4—1 WW3* residues are quenched with only residues
R436, T444, T446, and T447 showing small R, contributions
[02—1.1 s (Figure 5D)]. This quenching of R, suggests that
maybe only a subensemble of Nedd4—1 WW3* conformations
is ligand binding-competent.

CPMG Relaxation Dispersion Analysis of the Apo and
Complex Forms of the WW3* Domain Reflects a
Coupled Folding—Binding Equilibrium. To investigate
the microsecond to millisecond motions in more detail, >N
and 'Hy single-quantum CPMG relaxation dispersion analysis
was conducted at 600 and 900 MHz. Thirty residues exhibited
relaxation dispersions for the WW3* domain in the apo state
over the temperature range of 5—25 °C, whereas relaxation
dispersions were essentially absent in the complex state
(Figures S9 and S10), supporting the notion described above
that peptide binding quenches chemical exchange. Initially,
relaxation dispersion profiles for the 30 residues were fit
simultaneously by a two-site exchange model using only the 5
°C data where exchange is the slowest. Subsequently, data sets
at 10 and 15 °C were added successively to the fitting routine.
Although accurate data fitting was increasingly difficult at 20
and 25 °C because the exchange rate was in the fast exchange
regime, negligible changes, ie., within derived errors, were
observed in the fitted parameters at the lower temperatures
when these two data sets were included in the fit routine. Thus,
relaxation dispersion profiles for the 30 residues at the five
temperatures were fit simultaneously by a two-site exchange
model (Table 2). The results of the fitting showed that residues
undergo a conformational exchange process with a k, of (3639
+ 68) s7' at S °C increasing to (13230 + 372) s™' at 20 °C.
The population of the excited state increased from (2.24 +
0.04)% at 5 °C to (6.89 + 0.42)% at 20 °C. There is an

Table 2. Exchange Parameters Extracted from Fitting a Two-
Site Model of Chemical Exchange to CPMG Relaxation
Dispersion Data Recorded on the Apo-hNedd4—1 WW3*
Domain at Multiple Temperatures™

T (OC) kex,FU (571) Py (%)
S 3638 + 68 2.24 + 0.04
10 5282 + 142 2.67 +0.12
15 6381 + 203 2.78 £ 0.15
20 13230 + 372 6.89 + 0.42
25 11917 + 993 4.67 + 0.73

“All temperature-dependent data were fit simultaneously assuming an
F « U exchange model, where F is the folded state and U is the
unfolded (excited) state. Exchange parameters at 20 and 25 °C have
higher uncertainties because the exchange process is in the fast
exchange regime.
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excellent correlation between the N and 'Hy chemical shifts
of the excited state reconstructed from the CPMG fit and
random coil chemical shifts** with low rmsd values of 1.17 ppm
for "N, which is similar to the unfolding equilibrium of SH3
domain mutants,** and 0.37 ppm for 'Hy (Figure 6). Clearly,
the apo-WW3* domain exists in equilibrium between the native
state, which must be the binding-competent state given the
relatively minor tertiary structure changes upon binding, and a
random coil-like unfolded state, and binding of the peptide
shifts the equilibrium to predominantly the ligand binding-
competent state. Such a linking of equilibria between
unfolded—folded states and peptide-free and peptide-bound
states is reminiscent of a coupled folding—binding mechanism.

The hNedd4—-1 WW3* Domain Unfolds in a Single
Broad Transition with Low Thermal Stability. The CD
spectrum of the hNedd4—1 WW3* domain (Figure 7A) shows
the characteristic profile observed for WW domains.*® The
positive CD band with a maximum at ~230 nm is due to local
interactions involving aromatic side chains. In the WW3*
structure, this arises from the packing of W427 into the
hydrophobic core that also consists of L423, F439, and P452
(Figure 3A). The low-wavelength region of the CD spectrum is
characteristic of f-II proteins, which have a f-sheet/random
coil ratio lower than those of typical f-sheet proteins that have
CD spectra with a characteristic negative band at ~218 nm.**
Moreover, there will be a CD contribution from the unfolded
WW3* domain, as determined from the CPMG analysis
(~7%). The addition of the a-hENaC peptide to WW3* results
in clear changes in the CD spectrum. In particular, the stronger
intensity of the CD band at 230 nm is due to the peptide
folding to form a poly(Pro)II helix and stacking of the P641’
side chain between the side chains of W449 and F438 (i.e., XP
groove).** Additionally, the negative band shifts from ~208 to
~218 nm, indicative that upon peptide binding there is
negligible unfolded domain present and thus the majority of the
‘WW domain adopts a well-folded, antiparallel $-sheet structure.

Figure 7B shows the thermal denaturation profile of the apo-
WW3* domain monitored by CD spectroscopy at 230 nm. The
unfolding profile shows a cooperative thermal transition, which
is very broad as expected for a domain this size. The width of
the transition makes it more difficult to fit the linear pre- and
posttransition baselines. To overcome this difficulty and obtain
a more accurate picture of the thermodynamics of denaturation,
we used our knowledge of the unfolded state population at low
temperatures from the CPMG analysis and simultaneously
fitted the CD thermal denaturation profile and fractions of the
unfolded domain obtained from the relaxation dispersion
analysis at various temperatures (Table 2) using a two-state
equilibrium model. The solid line in Figure 7B represents the
best fit to the data. The fit shows that the data can be described
by a two-state model with a temperature midpoint (T,) = (49.7
+ 0.3) °C, an enthalpy of folding (AHg) = —(103.2 + 0.5) kJ
mol ™, an entropy of folding (ASg) = (—0.32 + 0.00) kJ mol ™"
K™, and a global () values from both CD and relaxation
dispersion data fitting) reduced y* value of 2.9 with an fcpyg
value of 1.4 (see Experimental Procedures). The thermody-
namic values are similar to those reported for other WW
domains,®® including the WW4 domain from Nedd4.*® The
normalized fraction unfolded profile is presented in Figure 7C,
along with the relaxation dispersion-derived fraction unfolded
data at five temperatures. The unfolded state is populated to
~20% at physiological temperature (37 °C), which is
significantly higher than those of the more thermally stable
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Figure 6. Comparison of chemical shift differences between excited
and folded states of the hNedd4—1 WW3* domain extracted from
simultaneous fits of CPMG data at multiple temperatures using a two-
site model of F — U exchange (A@y . y = wy — ), with differences
between random coil, wyc, and folded, wg, (A) N and (B) 'Hy shift
values. The excellent correlation between the "N and 'Hy chemical
shifts extracted for the excited state with random coil values identifies
this state as unfolded. Data points are labeled with assignment
information. Because CPMG experiments yield only the magnitude,
Ay, ¢, the absolute signs of the chemical shift differences between
the exchanging states were obtained by comparing 2D "H—"*N HSQC
and 2D 'H—'*N HMQC spectra at two different fields.”*** Signs of
data points colored red could not be determined because of resonance
overlap or insufficient signal to noise and were inferred from the
random coil chemical shifts, wgc.

Pinl and FBP WW domains, where the denatured state is
barely populated at <37 °C,*>® but similar to the simulated
unfoéded profile of the Nedd4 WW4 domain studied at pH
6.0.°
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Figure 7. CD thermal denaturation analysis of the hNedd4 Ww3*
domain. (A) Temperature dependency of the far-UV CD spectra of
hNedd4—1 WW3* at 0 (blue), 25 (black), SO (green), and 75 °C
(red). The free peptide corrected hNedd4—1 WW3*—q-hENaC
complex (1:S ratio) spectrum is also shown (© ). Data collection was
terminated at 213 nm (complex) and 208 nm (apo) because of the
high tension voltage (dynode) registered at lower wavelengths. (B)
CD thermal denaturation profiles recorded at 230 nm of apo-
hNedd4—1 WW3* (o). The dotted lines represent the baselines
obtained from the fitting routine for the native and denatured states of
the apo thermal denaturation profile. The solid line through
experimental data corresponds to the best fit of the data by the two-
state equilibrium model. (C) Normalized equilibrium thermal
denaturation curves of the WW3* domain in the apo state. Data
points between S and 25 °C are the fractions of the unfolded domain
obtained from relaxation dispersion analysis (Table 2).

The thermal denaturation result supports the chemical shift
changes observed in the 2D "H—"N HSQC spectra of the apo-
hNedd4—1 WW3* domain between S and 37 °C (Figure S11).
Here, the rmsds between random coil backbone N chemical
shifts®* and the chemical shifts of the resonances at S, 25, and
37 °C were determined to be 3.3, 2.9, and 2.8 ppm, indicating
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that as the temperature increases the population of the
unfolded domain contributing to the NMR chemical shift
values increases. Nonetheless, these rmsd values are noticeably
larger than the value of ~1 ppm reported for urea-denatured
apomyoglobin®® and unfolded mutant SH3 domains,>*
demonstrating that the folded apo-hNedd4—1 WW3* domain
is the predominant population at <37 °C and the chemical shift
changes are primarily due to an increasing percentage of the
unfolded state population.

Because the hNedd4—1 WW3* domain is in coupled
folding—binding equilibria, the thermodynamics of folding
from the CD melt analysis and the apparent thermodynamics of
binding from ITC were used to reconstruct AH, and K values
describing binding of the ligand to the native state using eqs
(6—8). On the basis of the unfolded state population of Fy =
7.5% at 25 °C from the combined CD/CPMG fit (Figure 7),
the AH, and K; values determined were —67.63 k] mol™" and
41 uM at 25 °C, respectively.

B DISCUSSION

In this report, the NOE-derived structure of the apo-WW3*
domain from Nedd4—1 was found to adopt a fold similar to
that of the previously determined structure of the a-hENaC
peptide-bound WW3* domain®' and in agreement with the
crystal structure.”* Backbone amide chemical shift perturbations
of the WW3* domain upon a-hENaC peptide interaction
revealed that resonances from the $3 strand undergo the largest
chemical shift changes (Figure S3). Moreover, strand /33
undergoes the greatest rigidification on the picosecond to
nanosecond time scale upon peptide interaction, as determined
by S* analysis (Figure 5). These observations are congruent
with folding studies that showed that the third strand is the first
to dissociate,”* *”*? suggesting that lower-energy barriers allow
this strand to sample other conformers that might facilitate
domain folding and peptide recognition.

"Hy and N CPMG relaxation dispersion analysis showed
that the apo-WW3* domain exists in an equilibrium between
the ligand binding-competent folded state (ground state) and
an unfolded state (Figure 6). This unfolded state was quenched
upon peptide binding, leading to negligible R, contributions to
R, values (Figure S and Figures $9—S10). Thus, the binding of
the hNedd4—1 WW3* domain to the peptide is coupled to the
folding equilibrium. The derived k., values from the relaxation
dispersion analysis concur with rates of folding of other WW
domains, which have been reported to be 10000 s~ (lifetime of
~100 ps).5*”*% Combination of CPMG relaxation dispersion
and CD thermal unfolding analysis revealed that the unfolded
state of this WW domain is populated to ~20% at 37 °C. This
population is considerably higher than those from previous
studies of Pinl and FBP28 WW domains,®*®" where the
unfolded state is barely populated at <37 °C, and explains why
this coupled folding and binding equilibrium has not been
observed in these two WW domains. This higher population of
unfolded species reflects the lower thermal stability of the
hNedd4—1 WW3* domain under the conditions of this study
compared with those of the Pinl (T, = 59 °C) and FBP28 (T,
= 64 °C) WW domains. The exact biological significance of this
low thermal stability and relatively high population of the
unfolded hNedd4—1 WW3* domain at physiological temper-
ature are unclear, but as observed for intrinsically disordered
proteins,” this feature of WW3* appears to be thermodynami-
cally advantageous with respect to complex formation. In a
study of the YAP WW domain,** mutation of the tryptophan
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crucial in maintaining domain integrity shifted the folding
equilibrium to predominantly the unfolded state, but addition
of the cognate ligand results in PY-ligand induced folding
without a dramatic change in the K¥? compared with that of
the more stable wild-type domain. This is an extreme case but
highlights the fact that the energy barrier between the unfolded
and folded macrostates can be low, which is also observed for
the hNedd4 WW4 domain,*® and that enthalpy—entropy
compensation facilitates ligand binding by coupling the peptide
binding event to WW domain folding.*

The observed structural changes in side chain orientations
upon ligand binding”* show that peptide binding influences the
rotamer state adopted by particular side chains. Determination
of the side chain rotamer populations by comprehensive *]
analysis** or residual dipolar couplings®' of the y; angle should
provide insights into whether changes in side chain rotamer
states play a role in peptide recognition. Interestingly, the side
chain rotamer for the peptide binding residue T447 positioned
on the front face of the XP pocket of apo-WW3* follows a
bimodal distribution in the MD simulations (Figure 4), with
the major state resembling the side chain rotamer of the
peptide-bound state and the minor state the apo conformation
present in the experimentally determined structures (PDB
entries SAHT and 4N7F). Thus, T447 rotation between two
distinct rotamer states for the apo state suggests a conforma-
tional selection approach for peptide binding. Two other key
residues, W449 and F438, of the XP pocket showed no jumps
between distinct rotameric states in the MD simulations
(Figure S7). However, the S* value of the side chain indole
group of W449 increased upon peptide interaction, and the
MD simulations of W449 also showed that the "*Car chemical
shift distribution narrowed in the simulation of the peptide-
bound WW3* domain without a major shift in the J¢,
maximum, suggesting that motions sampled by this residue
are further restricted when the peptide is bound (Figure S7F).
Future efforts directed at studying side chain dynamics of the
WW3* domain should reveal how side chain motion facilitates
peptide recognition and the formation of a stable hNedd4—1
WW3*—a-hENaC complex.

Coupled folding—binding mechanisms for protein—protein
interactions have been presented in detail in intrinsically
disordered proteins (IDPs) and proteins with intrinsically
disordered regions (IDRs).” IDPs and IDRs have been found
to interact with their target binding partner by either an
induced fit or conformational selection binding mechanism;”>
depending on the flux,” i.e., rate constants and concentrations
of all species, a combination of the two mechanisms is plausible.
Although it is conceivable that flux through both pathways
exists for the coupled folding—binding mechanism of the
WW3* domain, we have no evidence of an encounter complex
(UL) between the peptide (L) and the unfolded state (U)
being populated significantly, because no additional resonances
in the 2D 'H—"N HSQC spectra of the complex indicative of a
population of UL were observed. Thus, even though our data
for coupled folding and binding equilibria are consistent with a
conformational selection mechanism, we cannot rule out the
possibility that folding and peptide binding also follow an
induced fit mechanism without an in-depth kinetic study, which
is beyond the scope of this work.

The lower stability and folding energy barrier of the Nedd4—
1 WW3* domain might be crucial for self-regulation of Nedd4,
where WW domain flexibility may facilitate the self-regulatory
interaction between the C2 and HECT domains.""'> Whether
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the thermodynamic properties of the isolated WW3* domain
are retained in the presence of the neighboring domains or
whether there is coordination between the four WW domains
remains unresolved and represents a worthy future study.
Nonetheless, the isolated WW3* domain from the hNedd4—1
domain has been shown to be sufficient to bind and trigger
ubiquitination of hENaC and assist in the viral budding process
of Ebola and Marburg viruses.”* Because the results presented
herein provide a detailed picture of the stabilizing interactions
and dynamics of the binding interface, such information could
be used to investigate the interactions of previously identified
Nedd4—1 specific substrates via homology modeling of the
complexes with the Nedd4—1 WW3* structure. This modeling
might aid in the design of mutagenesis experiments for
functional assays and in the development of WW constructs
that manipulate protein interaction networks. Such efforts
should aid in the design of therapeutics that target hNedd4—1
dysfunction.”
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Table S1. NMR data acquired for structure determination of the apo-hNedd4-1 WW3*

domain

Experiment Time (h) Acquisition times (ms) Data matrices

2D 'H-"N HSQC 0.5 78.0 (fin) % 67.9 (tx) 700% (H) x 128* (N)*

2D 'H-"C CT HSQC 1.5 122.3 (ty) x 23.1 (tc) 1024* (H) x 256* (C)

3D HNCO 15.0 106.9 (fin) x 17.0 (ty) x 20.4 (tc)  1024* (H) x 32* (N) x 40* (C)
3D HNCA 33.5 122.3 () X 22.3 (tn) x 14.2 (1) 1024* (H) x 42* (N) x 64* (C)
3D CBCA(CO)NH 18.5 106.9 (tn) x 17.0 (tx) X 6.4 (1c)  1024* (H) x 32* (N) x 48* (C)
3D H(CCO)NH 38.0 122.3 (tyn) % 12.7 (t8) x 142 (tc0)  1024* (H) x 24* (N) x 64* (C)
3D CC(CO)NH 66.5 122.3 (tyn) X 223 (tn) X 6.1 (1c)  1024%* (H) x 42* (N) x 64* (C)
3D 'H-"N TOCSY-HSQC 24.5 136.5 (tn) x 103 (tn) x 6.7 () 1024* (H) x 20* (N) x 50* (H)
3D HCCH-TOCSY 90.0 1313 (ty) x 3.4 (tc) x 25.7 (ty)  512% (H) x 38* (C) x 100* (H)
2D (HB)CB(CGCD)HD 1.0 53.4 (ty) x 4.3 (tc) 750* (H) x 32* (C)

2D (HB)CB(CGCDCE)HE 1.0 53.4 (ty) x 4.3 (tc) 750% (H) x 32* (C)

3D 'H-""N NOESY-HSQC’ 77.5 76.2 () X 18.7 (t5) x 11.3 (fy)  1024* (H) x 46* (N) x 128* (H)
3D 'H-">C NOESY-HSQC  163.0 60.8 (1) x 10.9 (1) x 14.1 (1) 768* (H) x 94* (C) x 73* (H)

3D 'H-"C NOESY-HSQC
43.0 65.9 (tn) x 19.8 (1c) x 9.6 (ty) 832* (H) x 36* (C) x 50* (H)
(aromatic region)

“n* refers to complex points. "NOESY experiments were run at 900 MHz, whereas the
other experiments were recorded at 600 MHz.
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Table S2. Summary of the NMR relaxation experiments recorded for the apo-hNedd4-1

WW3* domain

Experiment ;l;:)m ¢ é;;])uisition times Data matrices y:llglz%l ¢
2D PN Ry, relaxation 17 64.0 (tuy) x 52.6 (ty)  615* (H) x 96*% (N)*  14.1
2D PN R, relaxation 22 64.0 (tuy) x 52.6 (ty)  614* (H) x 96* (N) 141
ﬁge{r;ﬁ;fr o 28 65.8 (fun) X 52.6 (tn)  633* (H) x 96* (N) 14.1
ﬁg};ﬁigr? CPMG 59 106.9 () x 582 (4n)  1024% (H) x 92* (N)  14.1
2D 'H-""N HSQC 10 106.9 (tiy) x140.5 (£)  1024* (H) x 256* (N)  14.1
2D 'H-""N HMQC 10 106.9 (tun) x140.5 (tn)  1024* (H) x 256* (N)  14.1
ﬁg}:gsis(ﬁ CPMG 44 1069 () x 52.6 (1) 1024* (H) x 96* (N)  14.1
2D °N Ry, relaxation 21 64.6 (tun) x 40.0 ()  832*% (H) x 104* (N)  18.8
2D "N R, relaxation 24 64.6 (tun) x 40.0 (x)  832* (H) x 104* (N)  18.8
ﬁ?teiﬁ Cllseljr NOE 39 646(nm)x40.0(t)  B32F(H) x 104*(N) 188
2D °N R, relaxation 17 70.5 (tn) % 35.1 ((n)  1024* (H) x 96* (N)  21.2
2D "N R, relaxation 22 70.5 (fun) x 35.1 (tn)  1024* (H) x 96* (N)  21.2
ﬁge{r;i}wl;fr NOE 36 70.5 (tun) x 35.1 (ty)  1024% (H) x 96% (N)  21.2
ﬁg;gig‘r? CPMG 59 70,5 () % 35.1 () 1024% (H) x 96* (N)  21.2
2D "H-""N HSQC 13 71.3 (tan) X 93.6 (n)  1024* (H) x 256* (N)  21.2
2D 'H-""N HMQC 13 71.3 (tan) X 93.6 () 1024* (H) x 256* (N)  21.2
D HSQCPMG 1 g3 o 351 () 1024* () x 96* (N) 212

dispersion

“n* refers to complex points.
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Table S3. Summary of the NMR relaxation experiments recorded for the hNedd4-1

WW3*—a-hENaC complex

. Time  Acquisition times . Magnetic
Experiment (h) (ms) Data matrices field (T)
2D N R, relaxation 20 136.4 (tun) x 56.6 (tx)  1024* (H) x 110* (N)  14.1
2D SN R, relaxation 22 136.4 (fun) x 51.4 (&n)  1024* (H) x 100* (N)  14.1
2D {'H}-"N ¥ "
heteronuclear NOE 32 1364 (tan) x 65.8 () 1024* (H) < 128* (N)  14.1
2D "N SQ CPMG . «
dispersion 24 1069 (fun) x 58.2 (tn)  1024* (H) x 92* (N)  14.1
2D PN Ry, relaxation 21 64.6 (tun) x 39.5 (&) 832% (H) x 96* (N) 18.8
2D PN R relaxation 24  64.6 (tun) x 39.5 (tn)  832* (H) x 96* (N) 18.8
2D {'H}-"N . .
heteromuclear NOE 39 046 (1) x39.5 (y) 832 (H) x96* (N)  18.8
2D PN Ry, relaxation 18  70.5 (tun) x 32.9 () 1024* (H) x 90* (N) ~ 21.2
2D PN R relaxation 22 70.5 (fun) x 32.9 () 1024* (H) x 90* (N)  21.2
2D {'H}-"N
heteronuclear NOE 30 705 (6m) x32.9 () 1024% (H) x 90* (N)  21.2
2D "N SQ CPMG . .
dispersion 29 705 (tn) x 35.1 () 1024* (H) x 96* (N)  21.2

S4



Table S4. Thermodynamic parameters of association derived from fitting the ITC

measurements of the hNedd4-1 WW3*—a-hENaC complex (see Figure S1)

n* 0.88 £ 0.02

K3PP (44.53 + 1.84) uM
AHRPP (—58.20 £ 0.29) kJ mol ™
TASPP®  (=31.67 £ 0.04) kJ mol '
AG,™P (—26.57 £ 0.29) kJ mol ™

’n = stoichiometry

bTemperature (T)=25°C.
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Table S5. Results from model-free analysis of the apo-hNedd4 WW3* domain

7, < 7, >
Residue  Model s AS? Szf ASZf 13:_) gs [?) :f] 131(_) Zs [Ap zs] [I:_ef] [A;fi(
[ps] [ps]

418 8 0.260 0.099 0.652 0.039 61.60 7.35 2409 572 0.58 031
419 5 0.365 0.007 0.801 0.014 - - 355 9 - -
420 6 0.276 0.015 0.731 0.014 69.67 8.87 1008 63 - -
421 6 0.241 0.014 0.719 0.014 72.53 7.50 1437 68 - -
422 6 0.475 0.02 0.811 0.023 31.17 13.74 1024 119 - -
423 7 0.722 0.027 0.838 0.03 - - 277 139 148 0.16
425 5 0.800 0.021 0.882 0.024 - - 513 209 - -
426 4 0.767 0.029 - - - - 1234 138 1.71  0.21
427 4 0.835 0.019 - - 2932  8.00 - - 298 0.20
428 4 0.790 0.019 - - 37.68 6.99 - - 1.01 0.14
429 4 0.809 0.018 - - 35.72 7.83 - - 445 0.20
430 4 0.841 0.018 - - 84.38 20.54 - - 5.67 0.25
431 4 0.741 0.018 - - 40.58 6.03 - - 7.61 0.29
432 4 0.813 0.019 - - 41.13 8.76 - - 2.03 0.18
434 4 0.742 0.027 - - - - 1230 107 10.75 0.41
435 2 0.888 0.014 - - - - 117 63 - -
436 4 0.823 0.019 - - 4532 937 - - 3.34 0.20
438 7 0.834 0.077 0.919 0.035 - - 561 528 519 0.36
439 4 0.818 0.019 - - 3511 9.10 - - 7.60 0.28
440 5 0.834 0.025 0.91 0.022 - - 591 301 - -
441 4 0.780 0.017 - - 44.71 7.49 - - 112 0.13
442 4 0.916 0.025 - - - - 426 233 231 0.20
443 4 0.917 0.016 - - - - 185 150 571 0.28
445 7 0.566 0.212 0.818 0.054 - - 1920 1186 10.46 0.66
446 4 0.730 0.018 - - 28.20 4.77 - - 11.47 0.377
447 4 0.871 0.019 - - 99.59 36.54 - - 181 0.20
448 4 0.759 0.018 - - 26.86 5.22 - - 393 0.21
449 7 0.807 0.056 0.884 0.04 - - 445 397 195 0.25
451 7 0.769 0.075 0.873 0.037 - - 763 459 403 0.35
453 7 0.778 0.075 0.901 0.033 - - 841 434 051 031
454 7 0.734 0.071 0.866 0.031 - - 745 370 1.89 0.32
455 5 0.622 0.016 0.857 0.015 - - 495 65 - -
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456 6 0.227 0.014 0.665 0.012 7437 6.59 1187 63 - -
458 7 0.123 0.012 0.666 0.015 - - 571 11 0.16  0.05
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Table S6. Results from model-free analysis of the hNedd4 WW3*—a-hENaC peptide

complex

7 < 7>
Residue  Model s AS % AS% 133 gs At [ps] 13:) II_:S [i :5] [':fi‘] [As,ffi(
[ps] [ps]

418 6 0.361 0.046 0.684 0.019 75.86 7.21 2622 793 - -
419 6 0.176 0.018 0.547 0.009 79.86 5.01 1588 127 - -
420 6 0.242 0.021 0.668 0.014 75.12 7.04 1442 119 - -
421 6 0.302 0.025 0.677 0.019 54.381 6.52 1746 233 - -
422 5 0.502 0.022 0.836 0.015 - - 892 74 - -
423 5 0.703 0.026 0.851 0.014 - - 817 194 - -
425 2 0.817 0.013 - - 26.55 7.04 - - - -
426 2 0.861 0.015 - - 31.66 11.20 - - - -
427 2 091 0.015 - - 35.58 19.38 - - - -
428 5 0.794 0.033 0.856 0.028 - - 1895 1226 - -
429 1 0.858 0.015 - - - - - - - -
430 2 0.907 0.014 - - 27.56 17.92 - - - -
431 5 0.793 0.022 0.839 0.05 - - 474 413 - -
432 2 0.85 0.015 - - 14.05 8.87 - - - -
434 2 0.801 0.013 - - 39.11 7.14 - - - -
435 2 0.853 0.015 - - 49.67 11.61 - - - -
436 4 0.861 0.019 - - 57.59 15.27 - - 0.23 0.14
438 2 0.898 0.016 - - 22.85 14.18 - - - -
439 2 0.892 0.015 - - 2420 1394 - - - -
440 2 0.864 0.015 - - 33.40 11.22 - - - -
441 1 0.881 0.014 - - - - - - - -
442 1 0.882 0.015 - - - - - - - -
443 2 0.896 0.016 - - 56.49 19.48 - - - -
444 4 0.823 0.019 - - 19.07 8.22 - - 0.56 0.14
445 2 0.944 0.015 - - 62.80 203.00 - - - -
446 4 0.903 0.02 - - 24.02 15.52 - - 0.61 0.15
447 3 0.867 0.02 - - - - - - 1.13 0.16
448 2 0.92 0.015 - - 4226  32.35 - - - -
449 5 0.822 0.035 0.913 0.02 - - 1425 863 - -
450 2 0.904 0.015 - - 70.98 42.82 - - - -
451 2 0.823 0.014 - - 18.64 7.54 - - - -
453 2 0.882 0.015 - - 29.48 12.76 - - - -
454 2 0.824 0.014 - - 27.50 8.24 - - - -
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455 6 0.428 0.026 0.764 0.024 49.28 10.03 1471 242
456 6 0.211 0.018 0.712 0.015 7341 9.11 1072 75
458 5 0.06 0.007 0.646 0.014 - - 654 7
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Figure S1. ITC data for the hNedd4-1 WW3* domain binding to the a-hENaC peptide. 4,
Baseline-subtracted raw ITC data for injections of the a-hENaC peptide into a solution of the
WW3* domain at 25 °C. The raw data is expressed as a change in thermal power with respect
to time over the period of the titration. B, Change in the molar heat as a function of the molar
ratio of the a-hENaC peptide to the WW3* domain of Nedd4-1. The solid line shows the fit

of the raw data to a single site binding model.
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Figure S2. 2D 'H-">’N HSQC spectra of the WW3* domain from hNedd4-1. Overlay of 2D
'H-"*N HSQC spectra of apo (blue) and peptide-bound hNedd4-1 WW3* (red) recorded at
25 °C. Assignment information is provided. In the apo state, the resonance for residue T444
was only observable at a lower contour plotting threshold. The dotted lines connect side chain

amide protons corresponding to Q420, N434 and N443.
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Figure S3. Changes in 'Hy and "°N chemical shifts between the apo-Nedd4-1 WW3* domain
and the WW3* domain in complex with the a-hENaC peptide. (A) Changes in 'Hy chemical
shifts (Adun = dun(apo) — dun(complex)) between apo and peptide bound states. (B) Changes
in °N chemical shifts (Ady = dx(apo) — dn(complex)) between apo and peptide bound states.
(C) Weighted average 'H and "N chemical shift changes, A&, (Ady = [(Adun +
AéZN/25)/2]1/2), for residues of the hNedd4-1 WW3* domain upon binding the a-hENaC
peptide at a molar ratio of protein to peptide of 1:30. The line represents the mean A, of
0.18 ppm for all residues, whereas the dotted line represents the mean plus one S.D. =
0.42 ppm. The bars in red indicate data for residues directly involved in the interaction with
the a-hENaC peptide (i.e., R430, A432, N434, F438, 1440, H442, K445, T447 and W449). A

schematic representation of the secondary structure elements is shown at the top.
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Figure S4. Selected titration curves showing the Ad, changes derived from 2D 'H-'"N

HSQC spectra as a function of peptide concentration for the titration of '*N-labeled hNedd4-1

WW3* with the a-hENaC peptide. The WW3* domain concentration was 10 uM and fifteen

peptide concentrations were used: 0, 3, 7, 10, 15, 20, 30, 40, 60, 80, 100, 130, 160, 200 and

300 uM. Values of Ad,, are plotted as symbols and the continuous red lines show the curves

fitted individually to a one-site binding model (Eq. 1). K;pp values for the individual fits are

given in each panel. Errors are derived from two separate titrations.
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Trans, gauche' and gauche™ rotamer state boundaries were determined using the y;-related
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consensus Karplus coefficients inferred from self-consistent J couplings analysis' using an
amplitude of y; angle fluctuations of +20° for each rotamer state. Thus, 3JNB coupling values
of 2.0 < 3JN[3 < 3.7 Hz were considered to indicate dynamic averaging between y; rotameric
states, and °J,p couplings values of 5.5 < °J, < 9.8 Hz were considered to indicate dynamic
averaging between y; rotameric states. These regions are shaded grey in the figure. Upper
limits for 3Jas (shown as bars) were derived for residues where one of the two cross peaks
were missing using the ratio of the height of the lowest plotted contour line relative to the
amplitude of the diagonal peak.” Distinct rotamer states that were used in structure
calculations of the apo-hNedd4-1 WW3* domain were for residues N434, D441, H442, D451
and R453. For other residues, insufficient coupling data (e.g., due to severe line broadening)
was available to define unambiguously the rotamer state of residues W427, R436, F438,
N443, K445 and W449, or the coupling values were indicative of rotamer averaging (i.e.,
E419, Q420, F422, 1423, K425, R430, H431, L454 and K455). For residues K425, H431 and
K445, single coupling values were determined for the apo-state because the chemical shifts of
the HPB protons for these residues were indistinguishable (e.g., chemically equivalent),
whereas in the complex resonances for each H were observed. Data for E428, F439 and
E450 were not obtained because the chemical shifts of the HP} protons for these three residues

were indistinguishable in both the apo and peptide bound states.
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Figure S6. Comparison of the solution structure of the human Nedd4-1 WW3* domain with
other WW domains. (A) Superposition of the human Nedd4-1 WW3* apo domain (red) with
other apo-WW domains: human FBPI11 (yellow, PDB ID: IZR7),3 mouse FBP28 WW

domain (blue, 1EOL)* and a de novo prototype WW domain (green, 1EOM).* The two

S16



conserved tryptophan residues are shown. (B) Superposition of the human Nedd4-1 WW3*
apo domain (red), human Nedd4-1 WW3* domain in complex with the human o-ENaC
peptide (blue, 2M30),” Drosophila Nedd4 WW3 domain in complex with the Comm
(Commissureless) peptide (green, 2EZ5)° and rat Nedd4 WW3 domain in complex with the
rat ENaC BP2 peptide (yellow, 1I5H).” The two conserved tryptophan residues are shown.
(C) Superposition of the human Nedd4-1 WW3* apo domain structures solved by NMR
(averaged structure; red) and X-ray crystallography® (PDB ID: 4N7F; blue and green — there
are two molecules in the asymmetric unit). The side chains of residues involved in peptide
binding and the hydrophobic core are shown. Two key peptide binding residues, R430 and
1440, show different side chain rotamers in the NMR and crystal structures. The side chain
y1 angle of R430 adopts a gauche” rotamer in subunit A of the crystal structure and a gauche™
rotamer in subunit B, whereas in the solution structure the rotamer is gauche'. The side chain
x1 angle of 1440 adopts a gauche side chain rotamer in subunit A and a gauche™ rotamer in

subunit B, whereas in the solution structure the rotamer state is trans.
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Figure S7. Chemical shift predictions of F438 and W449 PCa in 100 ns MD simulations of
WW3* in the apo and peptide bound states. The value of the y; torsion angle of F438 (A,B)
and W449 (D,E) in the apo (A, D) and complex (B, E) states for snapshots saved every 4 ns
of the MD trajectories. Normalized distributions of the SPARTA+ predicted Co chemical

shifts of F438 (C) and W449 (F) from the 100 ns MD trajectories of the apo state (blue line)
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and peptide bound state (red line). Chemical shifts were predicted for snapshots saved each 4
ns. The average value of the SPARTA+ predictions over the entire MD trajectory are shown
(apo, blue square; WW3*-peptide complex, red square). The SPARTA+ predictions obtained
from the lowest energy NMR (circle) and X-ray (triangle) structures in the apo (blue) and
peptide bound (red) states are shown. The experimentally determined values are shown for

the apo (blue inverted triangle) and complex (red inverted triangle).
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Figure S8. Backbone amide PN relaxation data of hNedd4-1 WW3* and the hNedd4-1

WW3*-a-hENaC peptide complex. Longitudinal R; relaxation rates (A, D), transverse R,
relaxation rates (B, E) and steady-state heteronuclear {IH}—ISN NOE (C, F) recorded at
25 °C and magnetic field strengths of 14.1 T (green), 18.8 T (blue) and 21.1 T (red). Data for
the apo-state is presented in the three panels on the left (A, B, C) and data of the WW3*
domain in complex with the a-hENaC peptide is presented in the three panels on the right (D,
E, F). The dashed lines in (A, D) and (B, E) represent the average rates, whereas in (C, F), the
black dashed line is drawn at an NOE value of 0.65. A schematic representation of the

secondary structure is presented at the top.
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Figure S9. Effective 1HN and °N single-quantum (SQ) relaxation rates R.g as a function of
CPMG frequency vcpmg for G426 of the hNedd4 WW3* domain in the free (A, B, C and D)
and peptide bound (E, F and G) states. (A) "Hy SQ Rerat 5 °C; (B and E) "N SQ R at 5 °C;
(C and F) BN SQ R at 15 °C; (D and G) BN SQ Regr at 25 °C. Continuous lines are the
relaxation dispersion profiles predicted using parameters generated from fitting a two-state

exchange model to the '"Hy and "N relaxation dispersion data.
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Figure S10. Effective 1HN and °N single-quantum (SQ) relaxation rates R.s as a function of
CPMG frequency vcpmg for N443 of the hNedd4 WW3* domain in the free (A, B, C and D)
and peptide bound (E, F and G) states. (A) "Hy SQ Regrat 5 °C; (B and E) °N SQ R at 5 °C;
(C and F) BN SQ Regr at 15 °C; (D and G) BN SQ R at 25 °C. Continuous lines are the
relaxation dispersion profiles predicted using parameters generated from fitting a two-state

exchange model to the 'Hy and "°N relaxation dispersion data.
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3.4 Data describing the solution structure of the
WW3* domain from human Nedd4-1

Summary

This publication supplements the previous study, providing a more detailed descrip-
tion of the structure determination of apo-WW3* from hNedd4-1 by solution-state
NMR. This data was complemented with MD simulations, illustrating conformational
fluctuations not observed in the time- and molecule-averaged NMR observables. MD
simulations suggest, for example, that y; of residue T447, located in close proximity to
the XP-pocket, fluctuates between a gauche™ and a gauche™ conformer state, whereas

in complex with the a-hENaC peptide, it solely adopts the gauche™ rotamer.
Reprint

This section contains a complete reprint of the publication Data in Brief 2016, 8,
605-612, doi:10.1016/j.dib.2016.06.024. This article is available under the terms of the

Creative Commons Attribution License (CC BY) which can be found here: https:

//creativecommons.org/licenses/by/4.0/.
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How data was Heteronuclear multidimensional solution-state NMR spectroscopy and MD
acquired simulations from experimental structure.

Data format Processed, analyzed

Experimental The NMR experiments were performed on samples containing 1.5-1.8 mM
factors WW3* domain ('3C, '°N-labeled) from human Nedd4-1 in 20 mM sodium

phosphate buffer (pH 6.5), 50 mM NaCl, 0.1% (w/v) NaN; and 1 mM DSS in a
93%/7% (v|v) H,O/D,0 mixture.

Experimental All NMR spectra were acquired at 25 °C on Bruker BioSpin Avance III HD 600
features and Varian INOVA 900 spectrometers and data were processed using
NMRPipe.
Data source ICS-6 (Strukturbiochemie), Forschungszentrum Jiilich, Jilich, Germany
location

Data accessibility Data are within this article and have been deposited in the RCSB Protein Data
Bank (http://www.rcsb.org) under the accession number PDB: 5AHT and in the
BioMagResBank (accession code: 25349).

Value of the data

® The NOE network defines clearly the side chain orientations of particular ligand-binding residues;

e MD simulations provide atomistic descriptions of conformational fluctuations within the WW3’
domain that are not observed in the NMR-derived structure of the domain;

e This data set serves as a reference for future studies involving WW domains.

1. Data

We have collected 1592 NOE distance restraints from three-dimensional "’N-edited and *C-edited
NOESY spectra, which were processed using NMRPipe [2] and analyzed using CcpNMR Analysis [3].
The NOE dataset consists of 390 sequential, 416 intra-residue, 266 medium-range and 256 long-range
NOE distance restraints. In addition, 60 dihedral angle restraints and five sidechain y; angle restraints
determined from combined 3]043 and BJNB couplings were used for structure calculation. The NOEs
were picked manually and assigned in a semi-automated manner using the Aria 2.3.1 [4] software
package. The structure calculation was carried out by a combination of Aria 2.3.1 and CNS version 1.21
[5] using the PARALLHDG force field. The protocol employed by Aria for calculation of the solution
structure of the WW3" domain is provided as supplementary material. The experiments performed to
acquire chemical shift assignments, 3] couplings and NOE distance restraints are summarized in
Table 1. The 3] couplings and the subsequently determined rotameric state for the WW3* domain are
given in Table 2.

We provide, as examples, the NOE networks for two key peptide binding residues 1440 and T447
(Figs. 1 and 2), side chain rotamers of which differ between NMR and the crystal structures [6]. MD
simulations data of ¥; rotameric states of six key peptide binding residues (R430, F438, 1440, H442,
T447 and W449) over 100 ns in the apo and hENaC peptide bound state of the WW3  domain is
provided (Fig. 3).



Table 1

NMR experiments used for structure determination.

Experiment

Sweep width (ppm)

Data matrices

Chemical shift offset (ppm) Number of scans Recycle delay (s) Time (h)

Backbone assignments®
3D HNCO

3D HNCA

3D CBCA(CO)NH

Side chain assignments
3D H(CCO)NH

3D CC(CO)NH

3D ®N-edited TOCSY
3D HCCH-TOCSY

2D (HB)CB(CGCD)HD
2D (HB)CB(CGCDDE)HE

Distance restraints

3D N-edited NOESY

3D *C-edited NOESY

3D '*C-edited NOESY(aromatic region)

Dihedral restraints
3D HNHB
3D HAHBCACONH

16 (H) x 32 (N) x 13 (C)
12.5 (H) x 29 (N) x 28 (C)
16 (H) x 32 (N) x 50 (C)

4 (H) x 32 (N) x 7.5 (H)

4 (H) x 32 (N) x 70 (C)
12.5 (H) x 32 (N) x 12.5 (H)
( )x 74 (C) x 6.5 (H)

H) x 33 (C)
( ) %33 (C)

15 (H) x 27 (N) x 12.5 (H)
14 (H) x 38 (C) x 6 (H)
14 (H) x 23 (C) x 6 (H)

12.5 (H) x 32 (N) x 12.5 (H)
12.5 (H) x 32 (N) x 12.5 (H)

1024* (H) x 32* (N) x 40* (C)
1024* (H) x 42* (N) x 64* (C)
1024* (H) x 32* (N) x 48" (C)

1024* (H) (N)x 64* (C
1024* (H) x 42* (N) x 64*( )
1024* (H) x 20* (N) x 50* (H)
512* (H) x 38* (C) x 100* (H)
750* (H) x 32° (C)

750* (H) x 32° (C)

) x 24*

1024* (H) x 46" (N) x 128" (H)
768* (H) x 94* (C) x 73* (H)
832* (H) x 36 (C) x 50° (H)

1024* (H) x 21* (N) x 64* (H)
1024* (H) x 10* (N) x 61 (H)

4.7 (H) x 1171 (N) x 175.2 (C)
4.7 (H) x 1171 (N) x 56.8 (C)
4.7 (H) x 1171 (N) x 50 (C)
4.7 (H) x 1171 (N) x 3.0 (H)
4.7 (H) x 1171 (N) x 42 (C)
4.7 (H) x 1171 (N) x 4.7 (H)
3.2 (H)x 45.2 (C) x 1.5 (H)
4.7 (H) x 35 (C)

4.7 (H) x 35 (C)

4.7 (H) x 119 (N) x 4.7 (H)
4.7 (H) % 29 (C) x 2.8 (H)
4.7 (H) x 123.4 (C) x 7.3 (H)

4.7 (H) x 1171 (N) x 4.7 (H)
4.7 (H) x 1171 (N) x 2.7 (H)

8
8
8

16
128

12
12

15
28
38

38
57
24
90
1
1

80
161
43

35
134

2 NMR backbone and side chain spectra as well as 3] data were recorded at 600 MHz, whereas distance restraint experiments were recorded at 900 MHz.

Z19-509 (910Z) 8 Joud ut Ipq / Ib 32 ADY[DMUD] A
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Table 2

3] couplings and the subsequently derived side chain rotamer used in structure determination of the WW3* domain.
Residue 3] coupling (Hz) x angle

I Np 3 op

N434 2.15+0.89, 3.64 +0.50 3.42 +1.02, 4.38 +0.79 gauche-
D441 0.58 +0.19, 0.95 +0.12 N.D., N.D. trans
H442 4.07 +£0.09, 1.73 +0.22 3.06% 1114 + 1.19 gauche+
D451 115+ 0.11, 0.85 +0.15 N.D., N.D. trans
R453 143 +0.09, 0.85 +0.15 412 +1.06,10.31 + 0.37 gauche+

N.D. Not determined
2 upper limit value for the 3] coupling.
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Fig. 1. Strips from a *C-edited NOESY spectrum for the 81 methyl protons (A) and the y2 methyl protons (B) of the residue 1440
of the WW3* domain are shown. The '>C chemical shifts are shown at the top of each strip. The NOE network that gives rise to
the trans rotamer for 1440 is mapped onto the structure (C). The y2 methyl protons show NOEs to the g and y protons of E428 as
well as the & protons of R430 (red dashed lines in Fig. 1C). The §1 methyl protons of 1440 do not show NOEs to E428 and R430
but show NOEs to the amide proton and the « proton of H442 (black dashed lines in Fig. 1C). This NOE pattern defines the side
chain conformation of 1440.
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Fig. 2. Strips from a *C-edited NOESY spectrum for the p proton (A) and the y2 methyl protons (B) of the residue T337 of the
WW3* domain are shown. The NOE network that gives rise to a gauche+ rotamer is mapped onto the structure (C). This NOE
pattern defines the side chain conformation of T447.

2. Experimental design, materials and methods
2.1. Protein expression, purification and NMR sample preparation
The WW3~ domain (41 residues, 4.8 kDa) from neuronal precursor cell expressed developmentally

down-regulated gene 4-1 (Nedd4-1) was overexpressed in E. coli BL21 (DE3)pLysS cells, as described
previously [7,8]. Protein purification was performed as described previously [1,7,8].

2.2. NMR spectroscopy

Standard heteronuclear multidimensional NMR experiments [9] were performed on samples
containing 1.5-1.8 mM WW3" domain (*3C, °N-labeled) from human Nedd4-1 in 20 mM sodium
phosphate buffer (pH 6.5), 50 mM NaCl, 0.1% (w/v) NaN3s and 1 mM DSS in a 93%/7% (v/v) H,O/D,0
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Fig. 3. Plots of side chain rotameric states for key peptide binding residues (R430, F438, 1440, H442, T447 and W449) observed
over 100 ns MD simulations of the apo- and hENaC peptide bound forms of the WW3* domain are shown.

mixture. NMR spectra were recorded at 25 °C on NMR spectrometers equipped with cryogenically
cooled z-gradient probes operating at 'H frequencies of 600 and 900 MHz. 'H, >N and '3C chemical
shift assignments of the WW3* domain were obtained using experiments in Table 1. An example of a
backbone sequential walk using three-dimensional (3D) HNCA and CBCA(CO)NH spectra between
residues F438 and H442 is presented in Fig. 4. Near complete backbone (193/200 or 96.5%) and side
chain assignments (302/319 or 94.5%) were obtained. To derive NOE distance restraints for structure
calculation, ">N-edited and ®C-edited NOESY spectra were recorded using mixing times between 150
and 180 ms. Backbone dihedral angles were obtained from TALOS+ [10] using a combination of
backbone ('Hy, 'Hq, Cq C and "N) and "Cg chemical shifts. Sidechain y; dihedral angles were
obtained from a combination of 31(,[3 and 3]Nﬁ couplings derived from 3D HNHB [11] and 3D HAHB
(CACO)NH [12] experiments (Table 2).

2.3. MD simulations

MD simulations were performed using parameters described in [1].
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Fig. 4. Strips from 3D HNCA (red) and 3D CBCA(CO)NH (green) spectra illustrating the backbone sequential walk from F438 to
H442 of the WW3* domain. The N chemical shift is shown at the top of each strip.
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3.5 Proline Restricts Loop I Conformation of the
High Affinity WW Domain from Human Nedd4-
1 to a Ligand Binding-Competent Type I -
Turn

Summary

The four WW domains from hNedd4-1, despite having high sequence similarity, show
differing peptide binding affinities towards the PY motif of the a-hENaC peptide. Se-
quence alignment of the four WW domains from hNedd4-1 reveals that the highest
sequence diversity lies in loop I, suggesting its role in defining the WW domain pep-
tide affinities. Loop I of the high affinity domain WW3* adopts a type I S-turn and
exhibits the statistically preferred proline at the i4+1 position found in S-turns. The
stability and dynamics of loop I were characterized using a combination of MD sim-
ulation and experimental techniques. Mutation of the proline in i+1 position to a
threonine (WW3* P433T), the equivalent residue in WW4, shifts the loop I conforma-
tion from a predominantly type I S-turn to an open, seven-residue €2 loop. Transitions
between these two states in both, wild-type WW3* and WW3* P433T, were further
investigated using cluster analysis. MD simulations and hetNOE values suggest that
the WW3* P433T-a-hENaC peptide interaction locks the loop I into a type I S-turn.
Hence, presence of proline at the ¢+1 position, results in a stable, peptide-binding

competent, type I f-turn, which may affect peptide binding affinity.

Figure 3.2: Graphical table of contents

Acknowledgments Reprint Permission

This section contains a complete reprint of the publication and supporting information.
Reprinted with permission from The Journal of Physical Chemistry B 2018, 122 (15),
4219-4230, doi:10.1021 /acs.jpch.7b11637. Copyright 2018 American Chemical Society.

123


http://dx.doi.org/10.1021/acs.jpcb.7b11637

124 CHAPTER 3. SCIENTIFIC PUBLICATIONS



THE JOURNAL OF

PHYSICAL CHEMISTRY

& Cite This: J. Phys. Chem. B 2018, 122, 4219-4230

pubs.acs.org/JPCB

Proline Restricts Loop | Conformation of the High Affinity WW
Domain from Human Nedd4-1 to a Ligand Binding-Competent Type |

p-Turn

Marianne Schulte,T'§ Vineet Panwalkar,T'§ Stefan Freischem,T’§ Dieter Willbold,T’§

and Andrew J. Dingley*'*’§

1CS-6 (Strukturbiochemie), Forschungszentrum Jiilich, 52425 Jiilich, Germany
SInstitut fiir Physikalische Biologie, Heinrich-Heine-Universitit, 40225 Diisseldorf, Germany

© Supporting Information

ABSTRACT: Sequence alignment of the four WW domains from human
Nedd4-1 (neuronal precursor cell expressed developmentally down-regulated
gene 4-1) reveals that the highest sequence diversity exists in loop I. Three
residues in this type I f-turn interact with the PPxY motif of the human
epithelial Na* channel (hENaC) subunits, indicating that peptide affinity is
defined by the loop I sequence. The third WW domain (WW3*) has the
highest ligand affinity and unlike the other three hNedd4-1 WW domains or

P433T
e

v
)

other WW domains studied contains the highly statistically preferred proline at

the (i + 1) position found in S-turns. In this report, molecular dynamics simulations and experimental data were combined to
characterize loop I stability and dynamics. Exchange of the proline to the equivalent residue in WW4 (Thr) results in the
presence of a predominantly open seven residue Q loop rather than the type I f-turn conformation for the wild-type apo-WW3*.
In the presence of the ligand, the structure of the mutated loop I is locked into a type I f-turn. Thus, proline in loop I ensures a
stable peptide binding-competent S-turn conformation, indicating that amino acid sequence modulates local flexibility to tune
binding preferences and stability of dynamic interaction motifs.

H INTRODUCTION

WW domains are small interaction modules that are ~40
residues in length with two conserved tryptophans and an
invariant proline. These domains are present in eukaryotic
signaling and structural proteins and function by mediating
protein—protein interactions in cell signaling networks."” WW
domains adopt a three-stranded twisted antiparallel $-sheet fold
with two intervening loops.” Structures of WW domains in
complex with peptides show that the first tryptophan and the
invariant proline are required for domain stability, whereas the
second tryptophan is essential for peptide recognition and is
one of two conserved aromatic residues that form the
hydrophobic “XP pocket” that binds a conserved proline in
proline-rich sequences recognized by WW domains.”™*
Depending on species and isoform, the E3 ubiquitin ligase
Nedd4 (neuronal precursor cell expressed developmentally
downregulated gene 4), which targets membrane proteins for
endocytosis,” contains 3—4 WW domains sandwiched between
a C2 domain and a C-terminal HECT ubiquitin ligase domain.
Human Nedd4 isoform 1 (hNedd4-1) contains four WW
domains that bind the alpha human epithelial Na* channel (a-
hENaC) (L/P)PxY motif (PY motif) with differing affinity'®
with the third domain (WW3%*, where the asterisk designates a
WW domain with high affinity for targets) showing the highest
affinity. Sequence alignment of the four hNedd4-1 WW
domains shows that of the 10 residues of WW3* involved in
direct interaction with the a-hENaC peptide’ seven are

v ACS Publications  © 2018 American Chemical Society
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sequence identical or have a conserved substitution in the
other three WW domains (Figure 1A). This high degree of
sequence similarity and differing affinities of WW domains from
Nedd4 extends to other species, including rat, mouse,
Drosophila, and Xenopus.>'""*

The highest sequence diversity among the WW domains of
hNedd4-1 exists in loop I, which forms a type I S-turn for the
WW3* domain (Figure 1).%"3'* Three residues in this f-turn
of WW3* interact with the a-hENaC peptide,* indicating that
peptide affinity of the four WW domains is defined primarily by
the sequence of loop I. Mutagenesis studies of Nedd4 have
demonstrated that exchanging residues in loop I of the WW
domains affects peptide binding affinity.'"""> Here, exchanging
Ala and Pro of the loop I sequence (A432—R436) from
hNedd4 WW3* with the corresponding His and Thr in WW4
decreased binding to the ENaC peptide by ~3-fold."" In the
subsequent study of Drosophila Nedd4,' it was shown that the
APN sequence in loop I is required for defining high affinity
binding of Nedd4 WW3* domains. Ala at this position in loop I
was considered to be sterically more suited because it creates a
larger XP groove that accommodates tighter ligand binding,
whereas the Pro restricts the dynamics of loop I in the apo-
state, which may yield a smaller entropic cost upon ligand
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Figure 1. (A) Alignment of the four human Nedd4-1 WW domains.
Sequence homology between domains is highlighted for nonpolar
(yellow), polar (green), acidic (red), and basic (blue) amino acids, and
the conserved tryptophans are highlighted in black. The secondary
structure is shown above the sequence alignment, and bold lettering
indicates those residues of the WW3* domain that are involved in
peptide interaction (R430, A432, P433, N434, F438, 1440, H442,
K448, T447, and W449). Sequence numbering is according to NCBI
sequence entry NM_006154.3, and the sequence alignment was
performed with CLUSTALW.* This figure is a modified version from
Panwalkar et al.'* (B) Energy minimized starting structure of the apo-
state wild-type hNedd4-1 WW3* structure. H-bonds that provide loop
I stability are shown. Blue and red spheres refer to the N- and C-
termini, respectively. (C) Stick representation of the backbone and
N434 side chain of the loop I substructure (A432—R436) in wild-type
hNedd4-1 WW3*. Backbone G435-A432 and A432-R436 H-bonds,
and the H-bond between the side chain carbonyl oxygen of the
carboxamide group of N434 and the backbone amide group of R436
are indicated by black dashed lines.

binding and domain folding.“’12 Moreover, the Pro residue in

WW3* provides contacts with the target peptide, whereas in
the structure of the rat Nedd4-1 WW4—ENaC peptide complex
the corresponding Thr residue does not interact with the
peptide.' 1>

WW domains have been used extensively as models to study
the kinetics and thermodynamics of f-sheet folding.'>™*°
Kinetic studies show that WW domains fold in less than 100

5, 219192026 and this folding rate is sufficiently fast to make
molecular dynamics simulations of WW folding feasible.””**
For the folding of WW domains from human peptidyl-prolyl
isomerase NIMA-interacting 1 (hPinl) protein, Formin-
binding protein 28 (FBP28) and human yes-associated protein
(hYAP), formation of loop I is the rate-limiting step.'®***'
Mutational and kinetic analysis of the Pinl WW domain
showed that reducing the length of the 6-residue loop I to the
frequently found S-residue type I G-bulge f-turn of WW
domains increased the stability and rate of foldmg of the
domain but compromised ligand binding affinity.”' This
observation highlights that the length of loop I of the Pinl
WW domain is optimized for function at the expense of folding
energetics. Moreover, shortening loop I of the Pinl WW
domain sunultaneously reduces flexibility and peptide binding
aﬂ:lmty, indicating that the intrinsic disorder and flexibility of
this loop has also been selected for function.

These studies describing the role of loop I in WW domain
folding and stability have focused on the human Pinl WW
domain (loop I sequence: SRSSGR), the FBP28 WW domain
(TADGK) and the human YAP65 WW domain (TSSGQ).
However, none of these WW domains contain a Pro at the (i +
1) position of type I fS-turns, which has the highest statistical

4220

occurrence at this position in type I /}-turns.3l‘32 Consequently,
characterizing the role of loop I from the WW3* domain of
Nedd4-1, which contains a Pro at position (i + 1) in loop I,
should augment results describing the function of loop Iin WW
domain dynamics, stability, folding and peptide recognition. In
this report, the role of P433 in loop I of hNedd4-1 WW3* to
conformation, flexibility and overall domain stability was
examined by molecular dynamics (MD) simulations and
complemented with experimental data. The results showed
that mutation of P433 causes loop I to adopt a dynamic seven
residue open loop conformation rather than the stable type I
3:5 p-turn. Thus, proline in loop I ensures a stable ligand
binding-competent pS-turn conformation, which likely affects
the apparent peptide ligand affinity and may explain the lower
affinity of the other hNedd4-1 WW domains toward the o-
hENaC peptide.

B EXPERIMENTAL SECTION

MD Simulations. MD simulations of the apo and the a-
hENaC peptide-bound forms of the wild-type and P433T
mutant of the hNedd4-1 WW3* domain were performed using
the AMBER99SBnmrl1-ILDN force field” with GROMACS
version 4.6.5.>* As starting structures for wild-type simulations,
the NMR-derived lowest-energy structures of the apo-state
(PDB ID: SAHT) and peptide-bound state (PDB ID: 2M30)
were used. The P433T mutation was introduced by usmg the
tool “Rotamers” provided in Ch1mera (version 1.10.2)* and
the Dunbrack rotamer library.*® Prior to MD simulations, the
structures were placed into cubic boxes with all protein atoms
at a distance > 1 nm from the box edges and solvated with the
TIP4P*” water model. Sodium and chloride ions were added as
counterions to neutralize the total charge of the system and
mimic a salt concentration that matched the experimental
conditions followed by an energy minimization via the steepest
descent method. The numbers of ions, protein, and solvent
atoms, along with further details on the MD simulations are
provided in Table S1.

One nanosecond equilibrations were conducted for each
system in the NVT ensemble (constant number of particles N,
constant volume V, and temperature T) with a final
temperature of 25 °C, followed by a 1 ns equilibration using
the NPT ensemble (constant pressure P) with the Parrinello—
Rahman barostat®® at 1 atm. The backbone root-mean-square-
deviation (RMSD) of loop I between the wild-type and P433T
mutant starting structures after energy minimization and
equilibration was 0.29 A for the apo-state and 0.36 A in the
peptide bound state.

Production runs were performed in the isothermal—isobaric
NPT ensemble at 25 °C, using the velocity-rescaling thermo-
stat’ with a coupling constant of 0.1 s. Pressure was
maintained at 1 atm using the Parrinello—Rahman barostat®®
with a time constant for pressure coupling of 2 ps. For
constraining bond lengths, the LINCS algorithm40 was used
allowing a 2 fs time step. Electrostatic interactions were treated
with the Particle-Mesh-Ewald algorithm*"** with a Fourier grid
spacing of 1.6 A and cubic interpolation. Moreover, the
minimum distance between the protein and its periodic images
was at all times larger than the cutoff distance for short-range
interactions, ensuring that the protein did not interact with its
images during the simulations (Table S1). Production runs
were conducted for 100 ns using the leapfrog integrator.

Multiple shorter (50 ns each) simulations were performed
using different starting structures taken from the cluster analysis

DOI: 10.1021/acs.jpcb.7b11637
J. Phys. Chem. B 2018, 122, 4219-4230



The Journal of Physical Chemistry B

(see below) of the apo-WW3* domain (n = 20 for wild-type
and P433T mutant) and the WW3*-g-hENaC peptide complex
(n = 10 for wild-type and P433T mutant). Energy minimization
and equilibration was performed as described above.

MD Trajectory Analysis. Conformations of loop I sampled
during the 100 ns simulation at time intervals of 4 ps were
grouped according to RMSD. This clustering analysis of loop I
(H431—P437) was performed using the gmx cluster utility of
GROMACS 5.1°* with the GROMOS clustering algorithm*®
and a backbone RMSD cutoff of 0.5 A. The GROMOS
algorithm first calculates the RMSD between all structures
using only the backbone atoms of loop I All structures that
have an RMSD lower than the cutoff (0.5 A) are considered as
neighbors. The structure with the largest number of neighbors
is considered as the representative structure of the largest
cluster (cluster 1) and is eliminated from the pool of clusters
along with all its neighbors. This procedure is repeated until
there are no structures left in the pool. With all structures
assigned to a cluster, it is possible to illustrate the clusters
sampled over the simulation time and to define clusters that are
directly or indirectly connected. To display the connectivity
between clusters or main conformations, respectively, the
program Gephi version 0.9.1** was used to generate network
figures. GROMACS 5.1 gmx hbond tool with default settings
(ie.,, dy..o < 0.35 nm, and «ZN—H---O = 180 + 30°) was used
to calculate the presence of H-bonds. The gmx mindist utility
was used to calculate the distance between H-bond donor and
acceptor atoms (dyy...o) in the SO ns simulations.

Backbone chemical shifts (i.e., Ca, C’, N, and Hy), and ¢
and y torsion angles were calculated for each frame of the MD
trajectories using SPARTA+.*

Cloning, Protein Production, and Purification. Muta-
genesis to generate the P433T mutation in loop I was
performed using the QuikChange II site-directed mutagenesis
kit (Agilent Technologies, Santa Clara, CA, U.S.A.) according
to the manufacturer’s instructions with the forward 5'-
GAAGTCCGGCATGCAACAAATGGGAGGCCTT-3" and
reverse 5'-AAGGCCTCCCATTTIGTTGCATGCCGGA-
CTTC-3' primers (mutation codon is underlined). Recombi-
nant protein production and purification of wild-type and the
P433T mutant hNedd4-1 WW3* domain was carried out as
described previously.'’

NMR Spectroscopy. [U-"3C, °N] and [U-""N] P433T
WW3* mutant samples and the [U—"N] WW3* wild-type
sample were prepared in 20 mM sodium phosphate buffer (pH
6.5), 50 mM NaCl, 0.1% (w/v) NaN3, and 1 mM DSS in a
90%/10% H,0/D,0 mixture. The concentration of the WW
domain samples was 0.8 mM. Samples of the WW domain in
complex with the unlabeled a-hENaC peptide were prepared at
a molar peptide to domain ratio of 5:1. NMR spectra were
recorded on a Bruker Avance III spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany) equipped with a cryogenically
cooled z-gradient probe and operating at a 'H frequency of 600
MHz. Backbone 'H, *N and "*C assignments of the hNedd4-1
P433T WW3* mutant were obtained from standard multi-
dimensional heteronuclear NMR experiments at 5 °C.** Proton
chemical shifts were referenced to DSS, whereas the N and
BC chemical shifts were referenced indirectly according to the
ratios given by Wishart et al.*” A series of 2D 'H—""N HSQC
spectra over a temperature range of 5—25 °C were recorded to
map the S °C backbone amide chemical shifts to the 2D
'"H-"N HSQC spectrum at 25 °C. {"H}—""N heteronuclear
NOE values for the hNedd4-1 WW3* domain and the P433T

4221

variant in the apo- and peptide-bound states at S °C were
derived from pairs of interleaved spectra recorded with (NOE)
and without (control) proton saturation during the recycle
delay, which was 14 s.*® The {'H}-'N NOE values were
calculated from peak intensity ratios obtained from the NOE
and control spectra, with uncertainties estimated from back-
ground noise of the spectra. Data sets were processed using
NMRPipe*® and analyzed using CcpNMR Analysis.>

B RESULTS AND DISCUSSION

Loop | of the Wild-Type hNedd4-1 WW3* Domain
Adopts a Type | f-turn. Structural data shows that the first
loop of the wild-type hNedd4-1 WW3* domain exists as a type
I 3:5 fB-turn with a G1 beta-bulge consisting of residues A432
(i), P433 (i + 1), N434 (i + 2), G435 (i + 3), and R436 (i +
4).%'>'* This p-turn is characterized by the canonical
backbone—backbone hydrogen bonds (H-bonds) between the
N—H of G435 and the C=0 of A432, and the N—H of A432
and the C=0 of R436 (Figure 1B,C). Proline has the highest
statistical occurrence at the (i + 1) position for type I f-turns
because the pyrrolidine ring restricts the ¢ torsion angle to the
favored value of —60°>% In the crystal structure of WW3*
(PDB ID: 4N7F), P433 adopts the conventional ¢ and w
torsion angles for type I turns of —60° and —25°, respectively.
Additionally, Asn and Gly at the (i + 2) and (i + 3) positions,
respectively, are also statistically favored in type I f-turns.*>>’
The dihedral angles of N434 (¢ = —86°, y = 3°) and G435 (¢
= 89°, y = 2°) are very close to the ideal values of the (i + 2)
position for a type I f-turn (¢ = —90°, y = 0°) and the typically
found backbone torsion angles for the (i + 3) position of a left-
handed helix, respectively, which facilitates the return of the
backbone to run antiparallel to its original direction after
completion of the turn. Asn at the (i + 2) has also been shown
to be favored® because the side chain carboxamide group
forms an H-bond with the backbone amide group of R436 due
to the side chain adopting the gauche™ rotamer state (PDB ID:
4N7F; Figure 1B,C). Thus, the first loop in the hNedd4-1
WW3* domain contains amino acids with high positional
potentials to promote the formation of the stable type I S-turn
observed in the solution and crystal structures.*'>'* In support
of loop I forming a stable f-turn, NMR backbone dynamics
analysis of the apo-state of the WW3* domain at 25 °C"
showed that the amplitude of motions (ie., square of the
generalized order parameter (S?)) for residues in loop I
(average S* = 0.82, n = 4) are very similar to residues located in
the stable f-sheet (average S* = 0.80, n = 12), indicating that
loop I of hNedd4-1 WW3* adopts a relatively rigid
substructure on the pico- to nanosecond (ps—ns) time scale.
The importance of P433 in stabilizing the type I f-turn was
examined by exchanging this amino acid to Thr; the
corresponding amino acid present in loop I of hNedd4-1
WW4 (Figure 1A). Ile and Glu located at the (i + 1) position in
Nedd4-1 WW1 and WW2, respectively, were not selected
because the van der Waals volumes are larger (Glu, 109 A3 Tle,
169 A%) than Pro (90 A3) and Thr (93 A®). Moreover the
choice of Glu would introduce a negative charge to the loop
region that may facilitate the formation of a salt bridge or H-
bond with the proximal H431 side chain, which would likely
affect the f-turn structure and stability. Alanine was also
considered, however, this amino acid has a significantly lower
van der Waals volume (67 A®) when compared with that of
proline, and Thr and Ala have similar (i + 1) potentials in type I
[-turns, that is, 1.07 versus 0.94.>* Thus, the P433T mutation
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was considered a suitable choice for this study. 2D 'H-"N
HSQC spectra of the wild-type WW3* domain and the P433T
mutant were recorded to investigate structural changes to the
WW3* caused by the mutation (Figure S1). Overlay of the 2D
'"H—'SN HSQC spectra showed that the mutation did not affect
the overall fold of the WW domain with only small chemical
shift differences for resonances arising from residues located in
loop I and in close structural proximity of loop I (R430, H431,
and W449).

Loop | of the hNedd4-1 WW3* Domain Samples The
Largest Conformational Space with the P433T Mutation
Leading to Greater Conformational Heterogeneity and
Flexibility of Loop . Variation of the backbone conformation
of the wild-type hNedd4 WW3* domain and the P433T
mutant in the apo- and peptide-bound states was determined
by calculating the standard deviation (o) of ¢ and y torsion
angles for all structural snapshots taken during each simulation
(Table S2). The majority of residues in the core f-sheet region
(K425—E450) for both wild-type and P433T have ¢ and
torsion angle deviations (o, 6,) that show limited conforma-
tional sampling as illustrated in Figure 2, which shows o,, values

Figure 2. Standard deviations of the y torsion angle (o,) describing
backbone conformational flexibility during the 100 ns simulations for
(A) the apo-state wild-type WW3* domain and (B) the apo-state
P433T mutant. The 6, values were mapped onto the cluster 1
structure of each simulation (Figure 7). Structures are shown in tube
representation and residues colored according to their o,, value.

mapped onto the WW3* structure. Only residues N434 (50°)
and G435 (62°) located in loop I, and E450 (51°) in the core
P-sheet region of the apo-state of the wild-type WW3* domain
have ¢, values well above the mean 6,, of 18° (n = 26) (Figure
2A), showing that loop I samples more conformational space
than other residues in this core region. The large o,, value for
E450 is hypothesized to arise from transient side chain
interactions with R436, which has a 6 value (Table S2) that
is above the mean o, value. A similar result is observed for the
P433T mutant (Figure 2B); however, both residues N434
(79°) and G435 (108°) have larger o, values when compared
with the mean 6, of 24° (n = 26) for the core region and the
values derived from the wild-type WW3* domain. The
observed increase in o, values for N434 and G435 of the
P433T mutant shows that the proline at the (i + 2) position
restricts the conformational space that these two residues
sample in the wild-type WW3* domain. In contrast to loop I,
the backbone of residues in loop II displays a much narrower
torsion angle distribution because of the extensive network of
hydrogen bonds for this type I 4:6 f-turn affording a rigid
substructure."*** In the presence of the a-hENaC peptide the
o, and oy values for residues in loop I decrease and are
comparable between wild-type and P433T WW3* (Table S2,
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Figure S2), showing that upon peptide binding loop I samples a
more confined conformational space.

We have shown by NMR dynamics that the core f-sheet
region of the wild-type WW3* domain at 25 °C shows limited
mobility on the ps—ns time scale."® Thus, to characterize the
effect of the P433T mutation to internal motions of the WW3*
domain, the {'"H}—'"N heteronuclear NOE experiment was
recorded. However, severe line-broadening of many resonances
in this HSQC-type experiment due to chemical exchange
processes precluded collection of a satisfactory set of
complementary data for the P433T mutant at 25 °C, especially
data for residues adjacent and part of loop I. We hypothesize,
based on our previous observation of a fold-unfold equilibrium
of the wild-type WW3* domain,"” that the P433T mutation has
altered the kinetics (exchange rate) and thermodynamics
(relative populations) of this equilibrium to give rise to the
broad line widths at 25 °C.

In a previous report, line shape analysis of 2D 'H-"*N
HSQC spectra recorded on the wild-type WW3* domain at
different temperatures showed that line widths were narrower
at lower temperatures.53 Thus, {'"H}—"N heteronuclear NOE
experiments were recorded at 5 °C in an effort to obtain data
describing fast internal motions. Data recorded at this
temperature provided a near complete set of {'H}—""N
heteronuclear NOE values for both proteins (Figure 3).
Lower {'H}—"N heteronuclear NOE values for residues in
loop I were observed for the P433T mutant when compared
with that of the wild-type WW3* domain (Figure 3A,B,E;
{'"H}—"N heteronuclear NOE differences between wild-type
and P433T for residues A432, N434, and G435 were 0.063 +
0.001, 0.103 + 0.008, and 0.043 + 0.001, respectively),
indicating larger amplitudes of ps—ns time scale motions. The
increase in the {'H}—'"N heteronuclear NOE values upon
addition of the peptide shows that peptide binding quenches
ps—ns time scale motion of this loop in both wild-type and
P433T WW3* domains (Figure 3C,D,F), with larger differ-
ences generally observed for loop I amide groups of the mutant
(Figure 3D). In summary, the MD simulations and {'H}-"*N
heteronuclear NOE results show that mutation of P433 leads to
greater conformational freedom and mobility (fast time scale
motion) of loop I without significant perturbations to other
regions of the domain stability or fast time scale motion.

Backbone >N Chemical Shifts Derived From the
Simulated Data. Calculation of chemical shifts from structural
ensembles derived from MD trajectories provides a link
between simulation and NMR (experimental) data for
validation purposes, and facilitates interpretation of exper-
imental data such as dynamically averaged experimental
chemical shifts.”* Thus, chemical shifts of backbone nuclei for
each frame of the MD trajectories were calculated with a focus
on the N chemical shifts because comparisons can be made
with available experimental data at 25 °C. Figure 4 presents the
normalized distributions of SPARTA+ predicted backbone N
chemical shifts for A432, G435, and R436 (i.e., H-bond donors)
from the simulations of wild-type and mutant WW3* domains
in the apo and complex states. The experimental values and the
average SPARTA+ predictions are also shown. The average '°N
predicted chemical shifts of A432 and G43S in both apo and
complex states of the WW3* domain are similar to the
experimental values, suggesting the simulations describe the
systems reasonably well; however, the predicted average values
for R436 differ from the experimental values noticeably. This
difference could arise from the simulation period being too
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short to capture all conformational space and dynamics this
residue samples. Nonetheless, the differences between exper-
imental and predicted N chemical shifts for R436 are in
reasonable agreement (average difference = 2.31 ppm) with the
standard deviation (2.4S ppm) reported in the SPARTA+
validation set of proteins.*®

The N chemical shift distributions of A432 for both the
P433T mutant and wild-type WW3* domain in the apo-state
have similar broad profiles over a comparable chemical shift
range. The 6, and o6, values for A432 of the wild-type and
P433T WW3* domains (Table S2) are modestly above the
average values for the core region (and should be comparatively
narrower than the distributions for G43S if torsion angles are
the only factor influencing the chemical shifts; Table S2),
suggesting that backbone conformational sampling by this
residue does not fully explain the large chemical shift
distribution observed. Thus, other structural factors also affect
the A432 "N chemical shift; however, the slight narrowing of
the chemical shift distributions in the complex state for wild-
type and P433T WW3* domains does correlate with modest
reductions in o, and o, values.

The wider N chemical shift distribution of G435 for the
P433T WW3* domain compared with the results for the wild-
type WW3* domain indicates that this residue samples a larger
conformational space during the simulation of the P433T
WW3* domain than that of the wild-type WW3* domain,
which is in agreement with the larger backbone conformational
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distribution observed for G43$ in the mutant construct (Figure
2; Table S2). Moreover, as the "N chemical shift is influenced
by the y angle of the preceding residue further substantiates the
observed wider '*N chemical shift distribution of G435 of the
P433T mutant (Table S2; 6,, mutant for N434 = 79°, ¢, wild-
type for N434 = 50°). In complex with the a-hENaC peptide
the N chemical shift distribution of G435 for both domains
narrows and this correlates with the o, and o,, values, indicating
that fluctuations in the backbone of G43S account predom-
inantly for the observed chemical shift distributions.

The '“N chemical shift distributions for R436 in both apo
and complex states are similar. However, distributions of R436
SN shifts in both states for the wild-type WW3* domain and
the P433T mutant in the complex state display apparent
bimodal equilibrium distributions. Inspection of WW3*
structures from the MD simulation of the wild-type WW3%—
peptide complex reveals a correlation between the *N chemical
shift and the y; angle of R436. By binning chemical shifts based
on the R436 y, rotamer states (ie, 60° (gauche™), — 60°
(gauche®), and 180° (trans)) we observe distinct chemical shift
ranges, with average and ¢ of 118.7 + 2.1, 120.2 + 1.3, and
121.5 + 1.5 ppm for the gauche™, gauche’, and trans rotamer
states, respectively. The chemical shift averages and o for each
state overlap and thus mask the expected trimodal distribution
in Figure 4. The results for the wild-type WW3* domain in the
apo-state give even closer distributions with average and o-
values of 121.3 + 1.5, 120.8 + 1.2, and 122.2 + 1.3 ppm for the
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Figure 4. Normalized distributions of the SPARTA+ predicted >N
chemical shift of A432, G435, and R436 from the MD trajectories of
WW3* wild-type (red) and P433T mutant (blue) in both the apo and
complex states. The average values of the SPARTA+ predictions over
each MD trajectory are shown as squares (SMD). The experimentally
measured values are shown as stars (GExp).

gauche™, gauche’, and trans rotamer states, respectively.
Differences in the N chemical shift distributions for the
rotamers of the P433T mutant are not as apparent, especially
for the apo-state.

MD Simulations Reveal That Loop | of the WW3*
Domain of hNedd4-1 Fluctuates Between a Four
Residue f#-Turn and a Seven Residue Q Loop. The
conformation of loop I of wild-type and P433T WW3* in the
absence and presence of the a-hENaC peptide was examined in
further detail. This was carried out by analysis of backbone
torsion angles of residues R430 to P437 during the MD
simulations (Figures S3—S6) and also visualized by Ramachan-
dran plots of loop I residues (Figures S7—S11). The MD
simulation of the apo-state of the wild-type WW3* domain
showed that for the majority of the simulation ¢ and y torsion
angles adopted values similar to those reported in the crystal
structure for these residues (Figure S3). During the period
between 30 and 47 ns ¢ and y torsion angles of N434 and
G435 showed large deviations, whereas the ¢ and y torsion
angles for the other residues displayed modest deviations, with
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the values for P433 showing minimal changes over the entire
simulation (Figure S3).

The effect of ¢ and y torsion angle changes to loop I stability
was examined by focusing on residues G435 and A432 because
the backbone amide groups of these residues are H-bond
donors in the type I f-turn. Changes in the side chain y; angle
for residue N434 were also examined because this residue acts
as an H-bond acceptor for the backbone to side chain R436—
N434 H-bond (Figure 1C). Figure SA,D shows changes in
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Figure S. Torsion angles and H-bond distances of the apo-state wild-
type WW3* domain during the 100 ns MD simulation with snapshots
were taken every 4 ps. Changes in ¢ (red) and y (blue) torsion angles
of (A) G43S and (B) A432. (C) Changes in the y, torsion angle of
N434. The backbone H:--O distance (dy..o) for the (D) G435—A432
and (E) A432—R436 H-bonds, and the dy.o for the (F) R436
backbone to N434 side chain H-bond.

backbone torsion angles for G435 and changes in the G435—
A432 H-bond length during the MD simulations. The average
and standard deviation of ¢ and y torsion angles of G435 in
wild-type apo-WW3* were 91 + 24° and 6 + 22°, respectively,
for 83% of the simulation, whereas between 30 and 47 ns the
mean and standard deviation of the y torsion angle was —131
+ 67°, and the ¢ angle fluctuated between average values of 77
+ 30° (major population) of —135 + 36 (minor population).
The change in ¢ and y torsion angles of G435 during this 17 ns
period correlated with the disruption of the G435—A432 H-
bond (Figures SD and S12) with the H-bond reforming when
the ¢)-angle adopted a minor population value (Figure S12).
This disruption and reforming of the G435—A432 H-bond also

DOI: 10.1021/acs.jpcb.7b11637
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correlated with large fluctuation of the N434 torsion angles
(Figure S3). A similar pattern was observed for the A432—R436
H-bond (Figure SE) with the backbone ¢ and y torsion angles
of A432 adopting values of —83 =+ 17° and 160 =+ 10°
respectively, during the majority of the simulation (Figure SB).
During the 30 to 47 ns period of the MD simulation these two
angles adopted average and standard deviation values of —114
+ 20° and 134 + 21°, respectively. However, in comparison
with the G435—A432 H-bond results, the transient reforming
of this A432—R436 H-bond during the 30—47 ns period
showed no correlation with changes in the ¢/y torsion angles
of A432, presumably because the backbone torsion angles of
A432 (and R436) are more restricted by the presence of the
adjacent f-sheet. The y; angle of N434 adopts the gauche™
rotamer (Figure SC), whereas during the 30—47 ns period the
rotamer state is either gauche" or trans, and both these rotamer
states cause disruption of the R436—N434 H-bond (Figure
SF). Closer inspection of the timeline of the disruption of the
three H-bonds at ~30 ns reveals that the R436—N434 H-bond
breaks 1.3 ns before the almost simultaneous rupture (the
A432—R436 H-bond breaks ~350 ps before the G435—A432
H-bond) of the G435—A432 and A432—R436 H-bonds. The
breaking of the three H-bonds during the MD simulation
causes the conformation of loop I to change from a stable type I
p-turn to a seven residue Q loop,*® which encompasses residues
H431—-P437 (Figure S12). Besides the absence of the H-bonds,
the average (+ standard deviation) Ca-to-Ca distance between
H431 and R436 is larger than for the closed f-turn (5.6 + 0.3
A) with a value of 7.3 + 0.6 A. No disruption to H-bonding
along the f-sheet is observed and the Ca-to-Ca distance
between H431 and P437, which belong to the f-sheet structure,
is similar between both loop structures due to the termini
constricting. The reforming of the three H-bonds occurs within
500 ps at ~47 ns in the MD simulation with the R436—N434
H-bond the last to reform.

In contrast to the MD simulation results of the wild-type
WW3* domain, loop I of the P433T mutant fluctuates
throughout the simulation between the closed f-turn structure
and the seven residue € loop structure with loop I adopting a
seven residue loop conformation for ~75% of the simulation
time. Fluctuations in the y and ¢ torsion angles of G435 during
the 100 ns MD simulation caused concerted rupture and
formation of the G435—A432 H-bond (Figure 6AD). As
observed for the wild-type WW3* domain, fluctuation of the y
and ¢ torsion angles for A432 in P433T were not as
pronounced as that observed for G435 (Figure 6B) and these
fluctuations did not correlate strongly with changes in the
A432—R436 H-bond distance (Figure 6E). The limited change
in torsion angles for A432 is probably because of the adjacent
P-sheet restricting backbone mobility. The y, angle of N434
fluctuates continuously among the three rotamer states during
the simulation with the R436—N434 H-bond calculated to be
present for only ~4% of the simulation period (Figure 6CF).
Moreover, for both apo-state wild-type WW3* and the P433T
mutant stable formation of the R436—N434 H-bond only
occurred during the MD simulations when the other two H-
bonds were not fluctuating between closed and open states
(Figures S and 6), indicating that stable formation of the
R436—N434 H-bond is reliant on a stable #-turn conformation.

Unlike the apo-state, the MD simulations of the peptide-
bound wild-type and P433T mutant WW3* domains showed
no large backbone torsion angle fluctuations for residues in

loop I (Figures S4 and S6), indicating that binding of the
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Figure 6. Torsion angles and H-bond distances of the apo-state P433T
WW3* mutant during the 100 ns MD simulation with snapshots taken
every 4 ps. Changes in ¢ (red) and y (blue) torsion angles of (A)
G43S and (B) A432. (C) Changes in the y, torsion angle of N434.
The backbone H-+-O distance (dy..o) for the (D) G435—A432 and
(E) A432—R436 H-bonds, (F) and the dy;...q for the R436 backbone to
N434 side chain H-bond.

peptide restricts loop I to the type I B-turn conformation.
Consequently, H-bonds G435—A432 and A432—R436 re-
mained essentially intact throughout the 100 ns simulation for
both proteins, as indicated by the H-bond lengths remaining at
~0.2 nm (Figure S13A,B). In contrast, the R436—N434 H-
bond was not stable throughout the simulation, and fluctuations
between a formed and ruptured H-bond correlated with
changes in the y,; angle for N434 (Figure S13C). Nonetheless,
breaking of this H-bond did not lead to changes in the overall
loop I structure (Figure S12D,E). This H-bond is also
populated slightly more in the P433T (36%) than in the
wild-type domain (30%). Surprisingly, for the wild-type WW3*
domain in the apo-state (Figure SF) this H-bond was present
for 41% of the MD simulation, which initially seemed
counterintuitive. However, analysis of the structures taken
during the simulation reveals that W449 adopts a fixed state in
the presence of the peptide because of the proline from the PY-
motif peptide and the cation-7 interaction with the side chain of
R436, as reported in structural studies.">'* This important
cation-z interaction reduces the flexibility of the R436 side
chain and leads to subtle changes in the backbone
conformation that positions the amide group less favorably
for formation of a stable H-bond with the side chain of N434.
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transparent cartoon representation.

We hypothesize that this conformational change to facilitate a
tighter cation-7 interaction in the complex state destabilizes the
R436—N434 H-bond, thereby leading to a shift in the
population distribution of the N434 y, rotamer states to
gauche™ and trans rotamers, which prevent formation of the
R436—N434 H-bond because the side chain N434 carboxamide
group faces away from the donor R436 amide.

Cluster Analysis Shows That the P433T Mutant
Transitions Between More Conformational States Than
the Wild-Type WW3* Domain. Cluster analysis of residues
H431-P437 using the GROMOS algorithm with a backbone
cutoff RMSD of 0.5 A was performed to characterize the
transition mechanism of loop I from a type I f-turn to a seven
residue Q loop. The R436—N434 H-bond was not examined in
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this analysis because this H-bond was found to form only when
loop I adopts the closed type I f-turn with the other two H-
bonds present. In the wild-type apo-WW3* simulation, loop I
fluctuates between the type I f-turn and a seven residue  loop
with cluster 1 representing type I f-turn conformers and the
most populated cluster observed during the simulation (80.2%;
Table S3), whereas cluster 2 (9.7%) represents the majority of
structures with a seven residue open loop I conformation.
Figure 7A shows that these two clusters are not directly
connected, but transition through intermediate states with
multiple transition pathways observed from the cluster analysis.
The representative structures of the clusters below the network
figure show that clusters 1, 4, and 9 possess the H-bonds
between G435—A432 and A432—R436 that give the type I f-

DOI: 10.1021/acs.jpcb.7b11637
J. Phys. Chem. B 2018, 122, 4219-4230



The Journal of Physical Chemistry B

25 — | R — L T T T T T
— a0l 66.5% A1 83.3% B |
2o | 19.0% 83.4%
53 1sf 1 ]
g4 |
83 1o T 1
g I
ol \A_ —
2.5 f F——t——1+— i +— ¥ i F—r—t—t
sol 59.0% c 1 85.6% D ]
To 13.2% 88.3%
=2 15
sa [ T i
T oy
g_@ 1.0 <4 i
8_<(
ot A 1 ]
0.0’ W P . o ™ t—— L
0.1 0.2 0.3 0.4 05 06 01 02 0.3 0.4 0.5 06 07
dy...o [NM] dy...o [Nm]

Figure 9. Distance distributions between the donor and acceptor atoms (dy;...o) for the two backbone H-bonds of loop I obtained from multiple 50
ns simulations of the hNedd4-1 wild-type and P433T WW3* domain (A,C) and in the corresponding complex with the a-hENaC peptide (B,D). In
each panel, the red and the blue lines represent the dy;..q distribution for the wild-type and P433T WW3* domain, respectively. The vertical black
dotted line represents a dyy..o distance of 0.25 nm. The H-bond populations (defined as being a dy..o < 0.25 nm) are given in each panel.

turn. The H-bond between G435—A432 is only present in the
representative structures of clusters 3 and 14. Thus, the
transition pathway from the closed f-turn substructure to an
open loop conformation involves the stepwise rupturing of the
A432—R436 and G435—A432 H-bonds (Figure S).

Cluster analysis of the apo-state P433T mutant shows
significantly more transitions and a more complex transition
network (Figure 7B). Clearly, the open state conformation
(cluster 1) transitions between a much larger number of
intermediates than the wild-type WW3* domain with many of
the conformers not involved in the on-pathways between the
closed type I f-turn (cluster 2, Figure 7B) and the largest
cluster, the seven residue Q loop (cluster 1). This analysis
shows that the P433T mutation has reduced the energy barrier
between structural states of the loop that enable this
substructure at 25 °C to sample a much larger conformational
space during the simulation, which is more kinetically restricted
for the wild-type WW3* domain. Approximately 28% of all
transition intermediates are intercluster transitions, whereas this
is only 7% in the wild-type simulation of the apo-state. Cluster
1 comprises 30.3% of all sampled conformations for the P433T
simulation, whereas cluster 2 is sampled in 17.4% of the
simulation period. Clusters that are sampled during the
transition from the type I f-turn to the seven residue Q loop
have only the H-bond between G435—A432 (clusters 10 and
16), showing that during particular transitions from a type I f-
turn to a seven residue loop the H-bond between A432—R436
breaks before the one formed by G435—A432. Interestingly, in
the 1 — 7 — 14 — 2 pathway the two intermediates 7 and 14
have neither H-bond formed but the structural transition from
7 to 14 juxtapositions the donor and acceptor groups to
facilitate both H-bonds forming during the transition 14 — 2.

In both simulations of the complex state, only minor
conformational changes to loop I are observed. The largest
cluster in the wild-type WW3*—a-hENaC peptide complex
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MD simulation is populated with over 92.8% of all sampled
conformations and this value is 95.5% in the corresponding
P433T WW3* mutant simulation (Figure 8; Table S4). The
other clusters sampled during the complex simulations still
exhibit both G435—A432 and A432—R436 H-bonds, showing
that during the simulations loop I maintains a type I S-turn
structure.

Absence of Proline in Loop | of WW3* Results in the
Open State Conformation in Multiple MD Simulations.
Using the cluster analysis as a pool of different initial loop I
conformations, we have conducted multiple short MD
simulations to provide more reliable sampling of the conforma-
tional states and thus a more accurate estimate of the
population of the type I f-turn and seven-residue € loop
conformation. Twenty 50 ns MD simulations of both wild-type
WW3* and the P433T mutant in the apo-state were performed
(i, total of 1 us each). Starting structures were chosen based
on the cluster populations (Table S5) and structures randomly
distributed within a given cluster were selected (Table S6). The
same approach was applied for the two constructs in the a-
hENaC peptide bound state, except 10 MD simulations were
run for both complexes (Tables S5 and S7). For the apo-state,
these multiple simulations showed that the H-bond distance
(dy..0) defined as < 0.25 nm between G435—A432 and A432—
R436 is sampled more often for the wild-type WW3* domain
(66.5% and 59.0%, respectively) than for the P433T WW3*
mutant (19.0% and 13.2%, respectively) (Figure 9A,C). MD
simulations of the complex state showed that the G435—A432
and A432—R436 H-bonds in both wild-type and P433T WW3*
domains were populated for more than 83% of the sampling
time (Figure 9B,D). Interestingly, the MD simulations of the
apo-state P433T mutant starting from a type I p-turn
conformation (cluster 2, Table S6) showed that this protein
spent a longer period in the open state (71%; Table S6) when
compared with the corresponding results for the wild-type
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WW3* (cluster 1; 31%). The results of the 60 MD simulations
support the observations made from the 100 ns trajectories that
the P433T mutant adopts a predominantly open seven residue
Q loop conformation for loop I, whereas complex formation
with the a-hENaC peptide stabilizes the type I p-turn
conformation for the wild-type and P433T WW3* domains.

B CONCLUSIONS

In this report, MD simulations revealed that a single amino acid
exchange, P433T, in loop I of the Nedd4—1 WW3* domain
reduced the stability of the type I f-turn substructure, leading
to this loop adopting a seven residue € loop during the
majority of the 100 ns simulation. In both constructs, loop I is
locked in the peptide binding-competent type I f-turn state in
the presence of the a-hENaC peptide. These observations were
supported through enhanced sampling (total of 3 us)
conducted using multiple 50 ns MD simulations and different
starting structures of each protein. The reduced sampling of
conformational space of loop I in the peptide bound state arises
because residues A432, P433, and N434 interact with the
peptide.”'* Although no structural data of the P433T mutant is
available, it is conceivable that this amino acid in the P433T
WW3* mutant also provides contacts with the peptide;
although in the rat Nedd4—1 WW4—aENaC peptide complex
the equivalent Thr residue at this position in the loop does not
interact with the peptide.'’ Consequently, this mutation may
reduce the affinity of the P433T WW3* domain toward the a-
hENaC peptide.

WW domains have been used extensively in thermodynamic
and kinetic fold-unfold analysis,'>'®"$72%*%375% byt ynlike the
Nedd4—1 WW3* domain the other WW domains studied do
not contain a proline at the (i + 1) position. A number of these
studies show that mutagenesis of the loop I substructure by
either changing the length of the loop or exchanging amino
acids modulates the thermodynamic stability of the domain.
Thermal melting analysis of Nedd4—1 WW3* wild-type'® and
P433T mutant showed that the mutation does reduce the
thermal stability of the domain by 6 °C. The MD simulations
illustrate that the P433T mutation results in the loop I adopting
an open seven residue  loop conformation, lacking the three
H-bonds present in Nedd4—1 WW3* wild-type, as the favored
conformation (75% of the simulation; Figure 6) with minimal
structural changes in other regions of the domain (Figure S1).
The aforementioned 6 °C decrease in the thermal midpoint
(T,,) and higher loop I flexibility (Figure 3D,E) for the WW3*
domain due to the mutation could be attributed to loss of the
three H-bonds from this loop (i.e, lower enthalpy of
unfolding). Therefore, the favored seven residue Q loop
conformation, observed in the MD simulations, may represent
the most populated state for loop I of the WW3* P433T
mutant in solution. Currently, it is not possible to define
accurately the enthalpy and entropy contributions that lead to
this reduced T,,. Nonetheless, assuming negligible changes in
entropy (although the change in loop size and structure will
also reduce the entropy of unfolding) and taking the AHy,q of
—103 kJ mol ™ reported for the wild-type'* this difference in T},
would correspond to an enthalpy change of at least 2 k] mol™".
Future efforts that combine experimental data with additional
MD simulations of WW3* at different temperatures should
provide an explanation for the reduced T,

The corresponding amino acid at the (i + 1) position for the
other three WW domains of hNedd4-1 is not proline,
suggesting that the loop I in these WW domains may not
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adopt as stable a type I f-turn and could influence peptide
affinity. Only the position-favored glycine at the (i + 3) position
is sequence conserved in the four WW domains. Whether the
absence of the proline in the other three Nedd4-1 WW
domains influences the stability of this substructure requires
further investigation; however, studies have shown that the
hNedd4-1 WW4 domain displays higher thermal stability than
WW3*>% indicating that the absence of a proline in loop I of
WW4 does not reduce the overall fold stability as observed for
the P433T mutant. Thus, additional factors contribute to the
thermal stability of the hNedd4-1 WW domains to match the
stabilizing effect the proline provides to loop L

In summary, the results provide evidence that P433 in the
WW3* domain is a key residue for domain stability and
mutation causes loop I to sample a much larger conformational
space, though still increasing the entropic cost from restriction
of conformational freedom by the threonine mutation. An
understanding of the reduced thermal stability and the effect
this has on the rate of folding remains unknown, as does the
influence of this mutation on the affinity of the domain toward
the a-hENaC peptide. By characterizing these aspects of the
P433T mutant, we will further our understanding of WW
domain stability and roles in biological processes.
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Table S1. Parameters used in the MD simulations of the wild-type (WT) WW3* domain and

the P433T mutant in both the apo and peptide bound states.

Property apo WT WT complex apo P433T P433T complex
# atoms 26280 28814 26244 22962

# water molecules 6387 6983 6278 5522

#Na' ions 20 20 20 16

# CI” ions 21 21 21 17

Mean volume [nm’] 198.6 217.8 198.3 173.7

min. protein distance 1.53 1.66 1.83 1.21

to its periodic image
[nm]
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Table S2. Distribution (standard deviation) of the ¢ and y torsion angles for hNedd4-1 wild-

type and P433T WW3* during the 100 ns MD simulations. Residues located in B-strands are

shaded.
Wild-type P433T mutant
Residue apo complex apo complex

O¢ Oy O¢ Oy O¢ Oy O¢ Oy
418 228 60.1 28.5 56.5 11.7 115 23.0 73.4
419 24.1 48.9 284 82.5 12.1 12.6 22.5 55.2
420 243 81.7 26.9 87.6 15.2 18.2 21.9 69.3
421 91.8 133.8 95.2 118.8 448 22.5 80.4 54.8
422 59.2 98.5 33.1 17.4 19.9 19.6 20.2 16.1
423 24.9 20.1 27.4 13.8 273 16.2 244 13.1
424 103 234 93 9.5 10.4 14.4 9.7 14.7
425 10.8 12.2 10.3 10.9 16.8 13.1 18.5 40.2
426 15.5 23.7 12.8 17.4 14.6 27.3 38.2 252
427 252 11.7 18.4 9.8 27.8 12.1 245 103
428 122 12.5 10.6 9.9 15.6 14.1 11.6 10.1
429 16.0 9.3 12.0 7.5 16.7 9.8 12.1 7.7
430 9.7 14.3 8.6 9.6 10.8 16.4 9.2 9.3
431 20.8 14.8 16.2 11.6 272 15.0 14.9 11.1
432 21.8 16.2 185 10.8 252 22.4 16.8 9.8
433 9.0 12.9 8.9 13.5 23.0 17.3 15.5 16.1
434 22.1 49.6 16.7 21.0 26.3 78.8 16.5 18.7
435 54.4 62.2 23.9 24.7 94.9 107.7 22.9 22.6
436 26.3 13.8 29.0 133 27.4 12.4 27.7 8.9
437 10.6 12.0 9.8 10.2 10.7 12.4 9.5 9.3
438 12.7 11.0 12.0 9.8 13.9 11.7 11.5 9.2
439 14.2 10.0 11.1 9.3 16.0 10.2 10.6 9.0
440 11.4 8.7 10.6 9.3 134 10.1 10.2 8.7
441 18.4 13.5 12.5 10.8 19.1 15.6 16.5 11.8
442 122 13.5 113 13.6 12.4 13.8 12.0 14.0
443 19.2 16.0 13.8 12.7 19.7 153 15.1 13.8
444 18.7 10.9 15.5 9.2 18.1 11.2 16.1 10.9
445 7.9 15.6 7.8 9.7 8.0 14.9 8.4 13.9
446 21.7 16.1 11.7 9.2 20.9 132 21.6 143
447 15.8 13.7 10.1 9.2 193 12.5 13.1 11.0
448 12.4 16.0 9.2 8.1 12.0 12.3 9.9 8.0
449 154 17.9 10.0 10.6 19.7 21.1 9.6 103
450 23.1 51.2 15.6 12.7 23.1 85.8 14.5 11.6
451 16.6 8.1 12.7 7.8 37.8 8.6 12.5 6.3
452 9.8 10.0 10.8 12.4 125 10.7 9.4 11.0
453 9.2 11.6 24.2 18.0 9.3 11.9 12.4 12.7
454 18.2 21.9 19.5 20.8 18.9 19.3 17.8 27.5
455 24.5 15.9 27.7 29.6 235 16.7 293 70.3
456 22.7 17.5 222 10.7 22.1 133 25.2 15.1
457 - - - - - - - -
458 - - - - - - - -
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Table S3. All clusters of loop I that were obtained using cluster analysis of the 100 ns

simulation of apo-state hNedd4-1 wild-type and P433T WW3*,

Cluster WT WT P433T  P433T  Cluster P433T  P433T
ID total #  [%] total # %] ID total # %]
1 20044 80.18 7583 30.33 44 10 0.04
2 2434 9.74 4357 17.43 45 10 0.04
3 1040 4.16 4188 16.75 46 9 0.04
4 475 1.90 1669 6.68 47 8 0.03
5 233 0.93 1236 4.94 48 8 0.03
6 152 0.61 751 3.00 49 7 0.03
7 141 0.56 738 2.95 50 7 0.03
8 77 0.31 730 2.92 51 7 0.03
9 66 0.26 528 2.11 52 7 0.03
10 55 0.22 357 1.43 53 6 0.02
11 50 0.2 284 1.14 54 6 0.02
12 43 0.17 269 1.08 55 6 0.02
13 36 0.14 267 1.07 56 6 0.02
14 36 0.14 200 0.80 57 5 0.02
15 19 0.08 148 0.59 58 5 0.02
16 17 0.07 144 0.58 59 5 0.02
17 15 0.06 136 0.54 60 5 0.02
18 12 0.05 117 0.47 61 4 0.02
19 10 0.04 100 0.40 62 4 0.02
20 9 0.04 99 0.40 63 4 0.02
21 7 0.03 96 0.38 64 4 0.02
2 5 0.02 86 0.34 65 4 0.02
23 4 0.02 73 0.29 66 4 0.02
24 4 0.02 59 0.24 67 3 0.01
25 4 0.02 56 0.22 68 3 0.01
26 3 0.01 55 0.22 69 3 0.01
27 2 0.01 54 0.22 70 3 0.01
28 2 0.00 49 0.20 71 2 0.01
29 2 0.00 47 0.19 72 2 0.01
30 1 0.00 40 0.16 73 2 0.01
31 1 0.00 39 0.16 74 2 0.01
32 1 0.00 38 0.15 75 2 0.01
33 1 0.00 36 0.14 76 2 0.01
34 - - 35 0.14 77 1 0.00
35 — - 30 0.12 78 1 0.00
36 - - 2 0.09 79 1 0.00
37 - - 21 0.08 80 1 0.00
38 - - 19 0.08 81 1 0.00
39 - - 17 0.07 82 1 0.00
40 - - 15 0.06 83 1 0.00
41 - - 15 0.06 84 1 0.00
42 — — 12 0.05 85 1 0.00
43 - - 10 0.04 86 1 0.00

* The total number of structures and the percentage population are given.

® Clusters shaded in gray were sampled more than 0.1% during the whole simulation time
and are shown in Figure 7.
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Table S4. All clusters of loop I that were obtained using cluster analysis of the 100 ns

simulation of peptide-bound hNedd4-1 wild-type and P433T WW3*,

Cluster WT WT P433T P433T

1D total #  [%] total #  [%]
1 23209° 92.84 23862  95.49
2 1250 5.00 541 2.16
3 403 1.61 490 1.96
4 50 0.20 32 0.13
5 41 0.16 29 0.12
6 23 0.09 19 0.08
7 9 0.04 8 0.03
8 8 0.03 7 0.03
9 4 0.02 6 0.02
10 3 0.01 5 0.02
11 1 0.00 1 0.00
12 - - 1 0.00

? The total number of structures and the percentage population are given.

® Clusters shaded in gray were sampled more than 0.1% during the total simulation time and
are shown in Figure 8.

S5



Table S5. Overview of starting structures of the 50 ns simulations. The starting structures

were chosen based on the results of the cluster analysis.

Cluster  Population # Starting
ID [%] structures®

WT apo (20 simulations)

1 80.18 17
2 9.74 2
3 4.16 1
4 1.90 0
5 0.93 0
P433T apo (20 simulations)
1 30.33 8
2 17.43 5
3 16.75 4
4 6.68 2
5 4.94 1
WT complex (10 simulations)
1 92.84 9
2 5.00 1
3 1.61 0
4 0.20 0
5 0.16 0
P433T complex (10 simulations)
1 95.49 10
2 2.16 0
3 1.96 0
4 0.13 0
5 0.12 0

?The total number of starting structures from a given cluster.
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Table S6. Details of the individual 50 ns simulations of the apo-state hNedd4-1 wild-type (n

= 20) and P433T WW3* (n = 20).

b ¢
Cluster Snapshot duewo Star[nm] duwo Mean” [nm] Population of Transitions®
D [ps]® the close(fi #
G435-A432  A432-R436 G435-A432  A432-R436  State[%]
WT apo
1000 0.198 0.202 0.328+0.132 0.367+0.112 24.65 3
5000 0.198 0.234 0213+0.028 0201 +0.025 96.78 0
10000 0.204 0.205 0.208+0.022  0.203+0.028 96.66 0
12500 0.197 0.188 0316+0.131 0.326+0.120 4221 2
20000 0215 0.176 0.31240.133  0316+0.137 54.12 1
25000 0.198 0.235 0.349+0.130  0.399+0.104 14.88 1
50000 0.189 0.196 0.255+0.103 0.238+0.087 80.00 1
53000 0.282 0.210 0.2214£0.062 0.220+0.066 88.42 2
1 62000 0215 0.190 0.348+0.136 0.375+0.127 29.41 1
65000 0219 0.191 0.25940.102 0.281+0.132  69.09 2
70000 0.195 0.198 0.232£0.079 0.237+£0.093 82.81 1
75000 0.175 0.200 0.214£0.030 0.204+0.033 94.70 0
80000 0.232 0.192 0.20740.022  0.200%0.025 97.80 0
85000 0.180 0.173 0.208£0.024 0.203+0.030 95.73 0
90000 0.197 0.213 0.322+0.133  0.331+0.130 44.84 1
95000 0.252 0.201 0213£0.029 0.201+0.027 97.02 0
100000 0.239 0.187 0.277+0.113  0.290%0.120  59.36 1
5 30060 0.364 0.477 0.390+0.127 0.420+0.073 4.14 2
47000 0.530 0.536 0.343+0.131  0.399+0.075 1.33 0
3 34648 0.207 0.398 0361 £0.128  0.425+0.072  3.60 0
P433T apo
6900 0.571 0.481 0216+0.038 0.216+0.055 85.51 1
16000 0.504 0.452 0.488+0.093 0.441+0.058 0.07 0
25000 0.444 0.448 0.457+0.119  0.439+0.063 0.54 0
. 30000 0.550 0.407 0.472£0.107 0.449+0.060 0.32 0
45000 0.600 0.449 0.542£0.082  0.441+0.050 0.15 0
61700 0.504 0.485 0.455+0.121  0.436+0.068 0.93 0
70000 0.486 0.417 0.468+0.112  0.439+0.061 0.36 0
91000 0.452 0.489 0.423%0.130  0.426+0.080 4.85 1
500 0215 0.187 0355+0.167 0.317+0.134 53.11 1
6000 0.223 0.176 0.352+0.154 0342+£0.123 37.66 6
2 28900 0.227 0.172 0.463+0.120 0.454+0.079 3.82 1
50000 0.188 0.203 0.403+0.144 0.385+0.116 22.40 5
60000 0.240 0.194 0.396+0.151 0.379+0.127 28.53 1
8700 0.46 0.545 0.481+0.114 0.449+0.064 0.84 0
3 30008 0.345 0.458 0.465+0.115 0.432+0.071 227 2
70100 0.288 0.210 0.467£0.113  0.444+0.062  0.40 0
97000 0.240 0.468 0.457+£0.134  0.426+0.095 10.16 2
. 25200 0.634 0.490 0.473+0.136  0.432+0.073  4.00 2
72220 0.614 0.462 0.459+0.117 0.437+0.073 2.74 2
5 36000 0.520 0.549 0.488+0.098  0.466+0.060 0.34 0

* Snapshot taken at the given time point in the 100 ns simulation was used as the starting
structure for the 50 ns simulation.

® Distance between H-bond donor and acceptor atoms in the starting structure.
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¢ Mean distance and standard deviation between H-bond donor and acceptor atoms averaged
over the 50 ns simulation.

4 Population (%) of the A432—-R436 H-bond when dj.o <0.25 nm.

¢ Total number of transitions during the simulation is given. A transition is defined as the
change in the A432-R436 H-bond dy...o from <0.25 nm to >0.25 nm and vice-versa, for
longer than 0.5 ns.
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Table S7. Details of the individual 50 ns simulations of the peptide-bound hNedd4-1 wild-

type (n = 10) and P433T WW3* (n = 10).

b c
Cluster Snapshot duewo Star[nm] duwo Mean” [nm] Population of Transitions®
D [ps]® the close(fi #
G435-Ad32  A432-R436 G435-Ad32  A432-R436  state [%]
WT complex
1000 0.228 0.206 0.215+0.033 0.199+0.023 97.79 0
10000 0.168 0.182 0.207 £0.022 0.198=0.016 99.05 0
20000 0.208 0.204 0.212+£0.029 0.198+0.021 98.19 0
30000 0216 0.176 0.295+0.131 0.270+0.104 63.95 1
1 40000 0.207 0.188 0.380+£0.131 0.445+0.123 10.30 1
50000 0.223 0.195 0.212+£0.027 0.197+0.017 98.82 0
60000 0.214 0.172 0.207 £0.021 0.198+0.018 98.70 0
75000 0.202 0.231 0.215+0.039 0.205+0.040 94.58 2
90000 0.191 0.203 0.209 £0.023 0.198+0.017 98.71 0
2 53420 0.213 0.207 0.210£0.026 0.203 £0.024  95.53 0
P433T complex
1000 0.228 0.209 0.210+£0.022 0.200+0.019 98.24 0
10000 0.224 0217 0.219+£0.031 0.203 £0.023 95.95 0
20000 0.199 0.200 0.216 £0.030 0.199 +0.022 97.89 0
30000 0.218 0.185 0.210+£0.022 0.199+0.019 98.42 0
| 40000 0.210 0213 0.327+£0.161 0291+0.114 5647 D
50000 0.210 0.195 0.218£0.032 0.200+0.024 97.36 0
60000 0.202 0.209 0.209 £0.022 0.199+0.018 98.66 0
70000 0.208 0.220 0.210+£0.022 0201+0.018 98.16 0
80000 0.254 0.192 0.213+£0.027 0202+0.021 96.86 0
90000 0.262 0.184 0.358+0.150 0.310£0.108 44.55 4

* Snapshot taken at the given time point in the 100 ns simulation was used as the starting
structure for the 50 ns simulation.

® Distance between H-bond donor and acceptor atoms in the starting structure.

 Mean distance and standard deviation between H-bond donor and acceptor atoms averaged
over the 50 ns simulation.

4 Population (%) of the A432—-R436 H-bond when dj..o <0.25 nm.

¢ Total number of transitions during the simulation is given. A transition is defined as the
change in the A432-R436 H-bond dy...o from <0.25 nm to >0.25 nm and vice-versa, for
longer than 0.5 ns.
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. Overlay of 2D 'H-">’N HSQC spectra of hNedd4-1 wild-type (blue) and P433T

WW3* (red) recorded at 5 °C. Assignment information is provided. In the P433T mutant, the

resonance for residue T444 was only observable at a lower contour plotting threshold and is

shown as a red circle to mark the chemical shift of the resonance. Resonances that showed the

largest chemical shift changes due to the P433T mutation are located predominantly in loop I

with weighted average chemical shift differences, Ady = [(Ad%un + Ad*N/25)/2]"2, for A432,

N434, G435 and R436 of 0.14, 0.71, 0.22 and 0.05 ppm, respectively. Unassigned weak

resonances observed for the P433T mutant represent a minor conformational state(s).
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Figure S2. Changes in backbone conformation mapped to the WW domain structure in

complex with the a-hENaC peptide for the hNedd4-1 wild-type WW3* domain (A) and the
P433T mutant (B) during the 100 ns MD simulations. Backbone conformational distribution
of the wild-type hNedd4 WW3* domain and the P433T mutant in the peptide-bound state was
determined by calculating the o, for all structural snapshots taken during each simulation.
Structures are shown in licorice representation and residues colored according to their o,

value. The peptide is colored light brown.

S11



180
90

-90
-180

o} R430 ' ¢ =-133° y = 165°

180 bpomramecy T B L gt S YW NI T s s ot g <

L v Sy
180 F T T T T T T T T H

90 | P433 ¢=-57°,y = -30°

6, v [’

-180 k& 1 ! :9"‘-“*-—- {loi® L ()

0 10 20 30 40 _ 50 60 70
Time [ns]

Figure S3. ¢ (red) and y (blue) torsion angles of R430-P437 during the 100 ns MD
simulation of the wild-type WW3* domain in the apo-state. Snapshots of the structure were
taken every 4 ps of the trajectory. Average ¢ and y torsion angles, excluding the simulation
period 30—47 ns, are provided. The ¢ and y torsion angles for these residues taken from the
crystal structure (PDB ID: 4N7F, molecule A) are —139° and 168° (R430), —126° and 135°

(H431), —79° and 171° (A432), —60° and —25° (P433), —86° and 3° (N434), 89° and 2°

(G435), —=77° and 129° (R436), and —73° and 152° (P437).
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Figure S5. ¢ (red) and y (blue) torsion angles of R430-P437 during the 100 ns MD
simulation of the P433T WW3* mutant in the apo-state. Snapshots of the structure were taken
every 4 ps of the trajectory. Average ¢ and v torsion angles are indicated. The average ¢ and
y torsion angles of N434 and G435 are not provided because these angles fluctuate
substantially during the simulation with large standard deviations (see Table S1).
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simulation of the P433T WW3* mutant in the complex state. Snapshots of the structure were

taken every 4 ps of the trajectory. Average ¢ and y torsion angles are indicated.
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Figure S7. Ramachandran plots of A432 in wild-type WW3 (A,C) and the P433T mutant
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Figure S9. Ramachandran plots of N434 in wild-type WW3 (A,C) and the P433T mutant

(B,D). The constructs in the apo-state (A,B) and in complex with the a-hENaC peptide (C,D).
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Figure S10. Ramachandran plots of G435 in wild-type WW3 (A,C) and the P433T mutant

(B,D). The constructs in the apo-state (A,B) and in complex with the a-hENaC peptide (C,D).
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Figure S11. Ramachandran plots of R436 in wild-type WW3 (A,C) and the P433T mutant

(B,D). The constructs in the apo-state (A,B) and in complex with the a-hENaC peptide (C,D).
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Figure S12. Representative structures taken from MD simulations of loop I of the wild-type
hNedd4-1 WW3* apo-state showing the (A) closed B-turn state with both the G435-A432
and A432-R436 H-bonds present, (B) open state Q loop (H431-P437) where the v and ¢
torsion angles adopt values that disrupt the H-bonds (i.e., representation of the major
population during the 30—47 ns period of the simulation) and (C) the G435 ¢ torsion angle
adopts a value (minor population) that enables formation of the G435—-A432 H-bond. The Ca
to Ca distances between H431 and R436 in (A), (B) and (C) are 5.6, 8.1 and 6.6 A. (D,E)
Loop I of the wild-type hNedd4-1 WW3* in complex with the peptide bound state showing

that reorientation of the y; angle of N434 disrupts the R436-N434 H-bond, but does not lead

to disruption of the -turn.
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Figure S13. Loop I H-bond distances for (A) the wild-type hNedd4-1 WW3*—a-hENaC

peptide complex and (B) the P433T hNedd4-1 WW3* mutant—a-hENaC peptide complex.

G435—-A432, A432-R436 and R436—N434 H-bond (dy...0) distances are shown in black, red

and blue symbols, respectively. (C) Changes in the y; torsion angle of N434 for the wild-type

(black) and P433T mutant (red) in the a-hENaC peptide-bound state.
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Chapter 4
Conclusions and Outlook

Protein structure and dynamics define their function. In this thesis, a combination
of NMR spectroscopy and MD simulations were used, together, to highlight structural

and dynamic determinants of ecDERA catalysis and WW domain-PY motif interaction.

The ecDERA catalyzes the reversible conversion of dR5P into acetaldehyde and
G3P. Importance of the C-terminal Y259 in ecDERA catalysis of the breakdown of its
natural substrate dR5HP was highlighted by ~100 fold reduction in the catalytic turnover
number upon Y259F mutation, using the monomeric variant DERAm. Hamiltonian
Replica Exchange MD simulations suggested that the C-terminal tail may adopt confor-
mations that allow Y259 to enter the active site in absence of the substrate. Presence of
such a conformation in solution was confirmed using chemical shift perturbation anal-
ysis, comparing DERAm and DERAm Y259F mutant, and the observation of NOEs
between Y259 and active-site residues. Additionally, transient, non-covalent interac-
tions, stabilizing the C-terminal tail in the closed state, were identified. Based on NOE
distance restraints, a solution-state structure of DERAm with the C-terminal tail in
the catalytically-relevant, closed state was derived. Analysis of H/D exchange of the
C2 proton of propanal, in presence of DERAm and the DERAm Y259F mutant, re-
vealed that the exchange is significantly faster with Y259 than with F259 as C-terminal
residue, highlighting the role of Y259 side chain in the proton abstraction step in the
catalytic reaction. In order to probe if the exchange process between the closed state
ensemble and the open states determines the catalytic rate constant, quantification
of the exchange rate constant was attempted. However, the exchange process was too
fast to obtain reliable quantitative data from NMR CPMG relaxation dispersion exper-
iments, even at 5 °C. This indicates that the exchange between open and closed states
is unlikely to be rate limiting. Experiments carried out in presence of the substrate
(i.e. dR5P), to investigate the effect of the substrate on the C-terminal tail exchange
process, were hampered by the instability of the system. For future investigation of the

effect of the substrate on the motion of the C-terminal tail, use of an inactive variant
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and/or an inhibitor may be a promising approach. The results presented in this work
for DERAm provide a more complete picture of DERA reaction mechanism. Due to
the high sequence identity of ecDERA with DERAs of several human pathogens, such
as Klebsiella pneumoniae or Salmonella typhimurium, their structural and dynamic
properties should be identical to ecDERA. Thus, the insights uncovered herein, may

aid in the development of small molecule inhibitors targeting bacterial DERAs.

The hNedd4-1 mediates the transfer of ubiquitin from its cognate E2 ubiquitin-
conjugating enzyme to the substrate. Substrate specificity and affinity is defined by
the WW domains, with the third one (WW3*) showing highest peptide binding affinity
to the a-hENaC peptide. Comparison of hNedd4-1 WW3* solution-state structures in
the apo form and in complex with the a-hENaC peptide revealed only minor structural
changes, such as side chain orientations. Analyses of the dynamic properties, however,
revealed that apo-WW3* exhibits pronounced chemical exchange contributions on the
ms timescale. WW3* in the apo state exists in an equilibrium between a natively
folded binding-competent state and a random-coil like state. This chemical exchange
is quenched in presence of the a-hENaC peptide, which locks the WW3* domain in the
folded state. The largest sequence diversity amongst the four hNedd4-1 WW domains
lies in loop I, indicating that different binding affinities may arise due to different loop
I sequences. Unlike the other hNedd4-1 WW domains, WW3* exhibits a statistically
preferred proline in the ¢+1 position of loop I. Mutation of this proline to a threonine,
the corresponding residue in WW4, leads to a shift of the major loop I conformation
from a type I S-turn to a €2 seven residue loop conformation, observed using MD sim-
ulations. Lower hetNOE values of loop I residues further indicate an increase in ps-ns
motion. Thus, proline in the ¢+1 position results in a stable, peptide-binding compe-
tent, type I S-turn conformation. Moreover, a P to T mutation in loop I alters the
overall protein stability, evident from a 6 °C reduction in melting temperature. Char-
acterization of the effect of P433T mutation on the fold-unfold equilibrium of WW3*
domain and its affinity to the a-hENaC peptide would significantly enhance the under-
standing of how this domain interacts with its cognate peptides. Such a knowledge of
the molecular recognition processes involving WW domains may aid in gaining further
insight in several human diseases that involve WW domains, e.g. Liddle’s syndrome,

Huntington’s disease and cancer.



Appendix A

A.1 Material

A.1.1 Bacterial Strains

Bacterial strains used for DNA amplification and recombinant protein expression are
listed in Table A.1. All bacterial strains are stored as 100 L aliquots (XL10 Gold®
as 20 pL aliquots) at -80 °C.

Table A.1: Overview of used bacterial strains

Strain Genotype Supplier
BL21(DE3) E~ ompT hsdSg(rgz, myg) gal dem(DE3) Novagen, Darmstadt,
Germany
Omnimax?™2  F'{proAB lacl? lacZAM15 Tn10(Tet®) Thermo Fisher Sci-
T1% A(ccdAB)} merA A(mrr hsdRMS- entific, Karlsruhe,
merBC) ®80(lacZ)AM15 A(lacZYA- Germany
argF)U169 endAl recAl supE44 thi-1
gyrA96 relAl tonA panD
XL10 Gold® Tet” A(merA)183 A(merCB-hsdSMR- Stratagene, La Jolla,

mrr)173 endAl supEd4 thi-1 recAl
gyrA96 relAl lac Hte [F” proAB
laclYZAM15 Tn10 (Tet")Amy Cam"]

USA

A.1.2 Chemicals and Biochemicals

Chemicals used for this research correspond to purity grade pro analysis. Standard

chemicals were usually purchased from Merck KGaA (Darmstadt, Germany), Carl Roth
GmbH (Karlsruhe, Germany), AppliChem (Darmstadt, Germany) and Sigma-Aldrich
(St. Louis, USA). Table A.2 shows a selected list of chemicals and biochemicals.
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Table A.2: Used chemicals and biochemicals

Chemicals and biochemicals

Supplier

B-Nicotinamide adenine dinucleotide, reduced
disodium (NADH)

a-Glycerophosphate Dehydrogenase- Triosephos-

phate Isomerase from rabbit muscle

Pierce™ Unstained Protein MW Marker

Propionaldehyde

Gd(DTPA-DMA)
D-Glyceraldehyde-3-phosphate solution
Deuterium oxide (D20) 99.90%
2-Deoxyribose-5-phosphate sodium salt
2,2,3,3-d(4)-3-(tetramethylsilyl)propionic acid
sodium salt (TSP)

[U-15N 99%] ammonium chloride

[U-13C 99%] D-glucose

GERBU Biotechnik GmbH, Hei-
delberg, Germany

Sigma-Aldrich, St. Louis, USA

Thermo Fisher Scientific, Karl-

sruhe, Germany

Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Thermo Fisher Scientific, Karl-

sruhe, Germany

Cambridge Isotope Laboratories,
Inc., Andover, USA

Cambridge Isotope Laboratories,
Inc., Andover, USA

A.1.3 Kits

Table A.3: Commercially obtained Kits

Kit

Supplier

innuPREP Plasmid Mini Kit
QIAGEN Plasmid Midi Kit

QuikChange 1T XL Site-directed Mutagenesis Kit

NucleoSpin® Gel and PCR Clean-up

Analytik Jena, Jena, Germany
QIAGEN, Hilden, Germany
Agilent, Santa Clara, USA
MACHEREY-NAGEL, Diiren,

Germany
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A.2 Methods

A.2.1 Cloning of pET15b-kombi-P_deoC_K58EY96W

The gene encoding a monomeric variant of E. coli DERA, carrying K68E and YO6W
mutations (DERAm), was PCR-amplified from the vector pET21a using the forward
primer 5" — GGAGATGGGCCCATGACTGATC-3’ and the reverse primer 5’-

GTGGTGCTCGAGTTAGTAGCTGC-3’ containing Bspl20I and Xhol restriction
sites, respectively. DNA digest of the vector (pET15b-Kombi-P) and the amplified gene
was confirmed using agarose gel and the DNA was extracted using the NucleoSpin®
kit (MACHEREY-NAGEL, Diiren, Germany). Prior to ligation, the digested recipient
vector was treated with shrimp alkaline phosphatase (SAP) (Thermo Fisher Scientific,
Karlsruhe, Germany). 2 pL ligation reaction was used for the transformation into F.
coli OmniMAXT™ 2 T1R competent cells. The resulting construct encodes DERAm
with an N-terminal Hisg-tag with a PreScission protease cleavage site (LEVLFQ/GP).
Point mutations were introduced using the QuikChange IT XL site-directed mutagenesis

kit (s. Table A.3) according to the manufacturer’s instructions.

A.2.2 Transformation of Vector DNA into E. col:

Transformation refers to the process of the introduction of external DNA into chem-
ically competent cells which is facilitated by chemical or physical methods. 100 uL
chemically competent cells (s. Table A.1), which are stored at -80 °C, were thawed
on ice for 10 min. Approximately 100 ng of plasmid DNA was added and cautiously
mixed with the cells. The solution was incubated on ice for 20 min. Subsequently, a 45
s heat shock at 42 °C was applied to the cells followed by incubation on ice for 2 min.
800 pL LB medium was added and the cells were incubated for 60 min at 37 °C under
moderate agitation and cultivated overnight at 37 °C on an LB agar plate containing

the antibiotic ampicillin.

A.2.3 Protein Expression and Purification

For recombinant protein production of DERAm variant, the E. coli strain BL21(DE3),
described in Table A.1, was used. After transformation, LB pre-cultures containing
100 pg/ml ampicillin were inoculated with one colony and incubated overnight at 37 °C
under moderate shaking at 120 rpm. Cells were centrifuged and resuspended in min-
imal medium (M9) containing isotopically enriched >N ammonium chloride (and '3C
glucose) as exclusive carbon and nitrogen source. The main M9 culture was inoculated
to an ODggg of ~0.2 and incubated at 37 °C under moderate shaking. After the culture
had reached on optical density of 0.9 < ODggg > 1.1, the expression was induced by
adding isopropyl-g-D-1-thiogalactosid (IPTG) to a final concentration of 0.5 mM. Af-
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ter 16 h of expression at 27 °C, cells were harvested by centrifugation (4000 rpm for 15
min at 10 °C). If cells were not processed directly, cell-pellets were stored at -20 °C. For
protein purification, the cells pellets were thawed on ice and resuspended in lysis buffer
(20 mM potassium phosphate (KP;, pH 7.1)). Cells were lysed using a cell-disruptor
(I&L Biosystems GmbH, Konigswinter, Germany) in four rounds, and afterwards the
lysate was centrifuged (15,000 rpm for 45 min at 4 °C) to remove the non-soluble
components. The supernatant was applied twice onto an equilibrated gravity column
packed with 5 ml nickel nitrilotriacetic acid (Ni-NTA) agarose. After washing the
column-bound Hisg-tagged protein with lysis buffer (2 x 8 ml) and washing buffer con-
taining an additional 10 mM imidazole (2 x 4 ml) it was eluted with 250 mM imidazole
(5 x 2 ml). Fractions containing DERAm were pooled and the N-terminal Hisg-tag
was enzymatically removed with glutathione-S-transferase (GST)-tagged PreScission
protease (GE Healthcare, Freiburg, Germany), leaving two exogenous residues (GP) at
the N-terminus. Protease digest was done overnight at 4 °C utilizing ~1 mg of PreScis-
sion protease and completeness was confirmed using SDS-PAGE (Figure A.2). The
separation of the Hisg-tag, further purification, and buffer exchange was accomplished
using size-exclusion chromatography (SEC). The protein solution was applied in multi-
ple rounds (5 ml / round) to a SEC-column (HighLoad 16/60 Superdex 75 prep-grade,
GE Healthcare, Freiburg, Germany), pre-equilibrated with the NMR buffer. Fractions
containing DERAm (or mutants), according to SDS-PAGE, elute around 69 ml corre-

sponding to a protein size of 28 kDa, and were subsequently pooled and concentrated.
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Figure A.1: Purification of DERA after digestion with PreScission protease was carried

out by size-exclusion chromatography. The pure DERAm protein elutes at ~69 ml.
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For protein concentration an Amicon chamber (Merck Milipore, Darmstadt, Ger-
many) was used with a 3 kDa molecular weight cut-off filter. For long-term storage
the protein samples were freeze-dried and stored at -20 °C.

DERAm mutants described in this work (DERAm Y259F, DERAm S257DS258D and
DERAm G252*) were expressed and purified according to the same protocol.

MW [kDa] M
116.0
66.2

L D W, W, W, w,

45.0
35.0

25.0

18.8

14.4

Figure A.2: Protein expression and purification of DERAm was confirmed by SDS-
PAGE. As marker the Pierce™ Unstained Protein MW Marker (M) was used. From
left to right following samples are shown: lysate (L), flow-through (D), washing steps
with lysis buffer (W,), washing steps with 10 mM imidazole (WL,), elutions (E,) and
PreScission digestion was confirmed by comparing the molecular weight before (B) and
after digest (A) in duplicates.

A.2.4 NMR Spectroscopy

A.2.4.1 Sample Preparation

If not stated otherwise, NMR samples contained 800 uL [U-'3C, 'SN] or [U-'5N] protein
in 50 mM HEPES (pH 6.8), with 0.03 % (w/v) NaN3 in a 90/10 % (v/v) H,O/D50 mix-
ture. For referencing purposes, 2,2,3,3,-d(4)-3-(tetramethylsilyl)propionic acid sodium
salt (TSP, Thermo Fisher Scientific, Karlsruhe, Germany) to a final concentration of
1 mM was added.
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A.2.4.2 NMR Spectrometers

Table A.4: NMR spectrometers

Spectrometer Supplier

VNMRS with 21.1 T (900 MHz) Agilent Technologies Inc., Santa
Clara, USA

VNMRS with 18.8 T (800 MHz) Agilent Technologies Inc., Santa
Clara, USA

Bruker with 16.5 T (700 MHz) Bruker, Billerica, USA

Bruker with 14.1 T (600 MHz) Bruker, Billerica, USA

Bruker with 14.1 T (600 MHz) Bruker, Billerica, USA

A.2.5 Databases

The RCSB Protein Data Bank (PDB; www.rcsb.org) was used for obtaining structural
information about proteins, the Universal Protein Resource (UniProt) (www.uniprot.
org) was used for protein sequence information. Sequence-specific NMR assignments

were deposited in the BMRB database (www.bmrb.wisc.edu).

A.2.6 Software

Visualization of protein structures and generation of figures for this work was accom-
plished using the PyMOL Molecular Graphics System v. 1.8.6.0 , (Schrodinger, LLC,
New York, USA) and Visual Molecular Dynamics (VMD) v. 1.9.3 [140]. VMD was also
used for visualizing molecular dynamics trajectories, which have been generated and
analyzed using GROMACS v. 4.6 and later versions [141]. For protein sequence analy-
sis (e.g. extinction coefficient, molecular weight or isoelectric point), protein and DNA
sequence alignment, and translation of nucleotide sequences into protein sequences,

tools from the ExPASy Bioinformatics Resource Portal were used [142].

In addition to PyMOL and VMD, the following programs were used for figure gen-
eration: Adobe Illustrator CS5 v. 15.0.0 (Adobe Systems, San José, USA), and Grace
v. 5.1.25 (http://plasma-gate.weizmann.ac.il/Grace/). ChemDraw Professional
v. 16.0 (PerkinElmer, Waltham, USA) was employed to draw the structural formula

of chemical compounds and reaction mechanisms.

For setting up NMR experiments, the software TopSpin v. 3.2 (Bruker, Billerica,
USA) and VnmrJ v. 4.2 (http://openvnmrj.org/) was used for Bruker and Varian


www.rcsb.org
www.uniprot.org
www.uniprot.org
www.bmrb.wisc.edu
http://plasma-gate.weizmann.ac.il/Grace/
http://openvnmrj.org/
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instruments (s. Table A.4), respectively. Data was processed and analyzed using the
NMRPipe package v. 9.3 [143] and CcpNmr Analysis v. 2.4 [144]. Talos-N [26] was used
to predict protein backbone torsion angles based on chemical shifts and SPARTA+ [68]
predicted chemical shifts were used for analyzing and validating molecular dynamics

simulations.

MATLAB 2015b (The MathWorks, Inc., Natick, USA) and OriginPro v. 8.5G

(OriginLab Corporation, Friedrichsdorf, Germany) were used to analyze and fit data.
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Presentations and Awards

Some parts of this work have been presented as a poster or talk at scientific conferences.

Molecular mechanism of E. coli 2-deoxyribose-5-phosphate aldolase catalysis
M. Schulte
Presented as a talk on the bio-N*MR, Network Meeting, 09/2017, Jiilich, Germany

Understanding the mechanistic role of the C-terminal tail of E. coli DERA in en-
zyme catalysis

M. Schulte, P. Neudecker, D. Petrovi¢, R. Hartmann, J. Pietruszka, S. Willbold, D.
Willbold, V. Panwalkar

Presented as a poster on the EMBO Practical Course NMR, 08/2017, Basel, Switzer-
land. Awarded the poster prize.

Understanding the mechanistic role of the C-terminal tail of E. coli DERA in en-
zyme catalysis

M. Schulte, P. Neudecker, D. Petrovi¢, R. Hartmann, J. Pietruszka, S. Willbold, D.
Willbold, V. Panwalkar

Presented as a poster on the EUROMAR, 07/2017, Warsaw, Poland. Awarded the

Suraj Manrao Student Poster Prize.

A step towards understanding and optimizing enzyme catalysis
M. Schulte
Presented as a talk on the bio-N3MR Network Meeting, 09/2016, Diisseldorf, Germany.

Anti-aggregation approach to biotech proteins

M. Schulte, V. Panwalkar, P. Skozinski, C. Haist, A. Knapp, K.-E. Jager, P. Neudecker,
D. Willbold

Presented at the XXVII** ICMRBS, 08/2016, Kyoto, Japan.

169



170 APPENDIX A.



Bibliography

1]

[10]

A. Heine, G. DeSantis, J. G. Luz, M. Mitchell, C.-H. Wong, and I. A. Wilson.
Observation of covalent intermediates in an enzyme mechanism at atomic reso-
lution. Science, 294(5541):369-374, 2001.

E. Luchinat and L. Banci. A unique tool for cellular structural biology: In-cell
NMR. Journal of Biological Chemistry, 291(8):3776-3784, 2016.

D. S. Wishart, C. G. Bigam, J. Yao, F. Abildgaard, H. J. Dyson, E. Oldfield,
J. L. Markley, and B. D. Sykes. 'H, ¥C and N chemical shift referencing in
biomolecular NMR. Journal of Biomolecular NMR, 6(2):135-140, 1995.

V. Tugarinov, W.-Y. Choy, V. Y. Orekhov, and L. E. Kay. Solution NMR-derived
global fold of a monomeric 82-kDa enzyme. Proceedings of the National Academy
of Sciences of the United States of America, 102(3):622-627, 2005.

M. J. Minch. Orientational dependence of vicinal proton-proton NMR coupling
constants: The Karplus relationship. Concepts in Magnetic Resonance, 6(1):41-
56, 1994.

K. Wiithrich. NMR of Proteins and Nucleic Acids. A Wiley-interscience publi-
cation. Wiley, 1986.

L. E. Kay, M. Ikura, R. Tschudin, and A. Bax. Three-dimensional triple-
resonance NMR spectroscopy of isotopically enriched proteins. Journal of Mag-
netic Resonance (1969), 89(3):496 — 514, 1990.

S. Grzesiek and A. Bax. Improved 3D triple-resonance NMR techniques applied
to a 31 kDa protein. Journal of Magnetic Resonance (1969), 96(2):432-440, 1992.

D. R. Muhandiram and L. E. Kay. Gradient-enhanced triple-resonance three-
dimensional NMR experiments with improved sensitivity. Journal of Magnetic
Resonance, Series B, 103(3):203-216, 1994.

B. T. Farmer, R. A. Venters, L. D. Spicer, M. G. Wittekind, and L. Miiller.
A refocused and optimized HNCA: Increased sensitivity and resolution in large
macromolecules. Journal of Biomolecular NMR, 2(2):195-202, 1992.

171



172

[11]

[12]

[13]

[14]

[15]

[18]

[19]

[20]

BIBLIOGRAPHY

A. Bax and M. Ikura. An efficient 3D NMR technique for correlating the proton
and ' N backbone amide resonances with the a-carbon of the preceding residue
in uniformly N /'3C enriched proteins. Journal of Biomolecular NMR, 1(1):99~
104, 1991.

R. T. Clubb, V. Thanabal, and G. Wagner. A constant-time three-dimensional
triple-resonance pulse scheme to correlate intraresidue 'HY, N, and 3C’ chem-
ical shifts in '°N - 3C-labelled proteins. Journal of Magnetic Resonance (1969),
97(1):213-217, 1992.

S. Grzesiek and A. Bax. Correlating backbone amide and side chain resonances
in larger proteins by multiple relayed triple resonance NMR. Journal of the
American Chemical Society, 114(16):6291-6293, 1992.

S. Grzesiek, J. Anglister, H. Ren, and A. Bax. Carbon-13 line narrowing by deu-
terium decoupling in deuterium/carbon-13/nitrogen-15 enriched proteins. Appli-
cation to triple resonance 4D J connectivity of sequential amides. Journal of the
American Chemical Society, 115(10):4369-4370, 1993.

T. Yamazaki, W. Lee, M. Revington, D. L. Mattiello, F. W. Dahlquist, C. H.
Arrowsmith, and L. E. Kay. An HNCA pulse scheme for the backbone assignment
of °N, 13C, 2H-labeled proteins: Application to a 37-kDa Trp repressor-DNA
complex. Journal of the American Chemical Society, 116(14):6464-6465, 1994.

M. Sattler and S. W. Fesik. Use of deuterium labeling in NMR: Overcoming a
sizeable problem. Structure, 4(11):1245 — 1249, 1996.

D. Rovnyak, D. P. Frueh, M. Sastry, Z.-Y. J. Sun, A. S. Stern, J. C. Hoch, and
G. Wagner. Accelerated acquisition of high resolution triple-resonance spectra

using non-uniform sampling and maximum entropy reconstruction. Journal of
Magnetic Resonance, 170(1):15-21, 2004.

S. G. Hyberts, S. A. Robson, and G. Wagner. Exploring signal-to-noise ratio and
sensitivity in non-uniformly sampled multi-dimensional NMR spectra. Journal
of Biomolecular NMR, 55(2):167-178, 2013.

P. Schanda, H. Van Melckebeke, and B. Brutscher. Speeding up three-dimensional
protein NMR experiments to a few minutes. Journal of the American Chemical
Society, 128(28):9042-9043, 2006.

P. Schanda and B. Brutscher. Very fast two-dimensional NMR spectroscopy for
real-time investigation of dynamic events in proteins on the time scale of seconds.

Journal of the American Chemical Society, 127(22):8014-8015, 2005.



[21]

[22]

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

32]

173

R. K. Hite, P. Yuan, Z. Li, Y. Hsuing, T. Walz, and R. MacKinnon. Cryo-
electron microscopy structure of the Slo2.2 NaT-activated K™ channel. Nature,
527(7577):198-203, 2015.

J. Du, W. Lii, S. Wu, Y. Cheng, and E. Gouaux. Glycine receptor mechanism
elucidated by electron cryo-microscopy. Nature, 526(7572):224-229, 2015.

R. Zhang, G. M. Alushin, A. Brown, and E. Nogales. Mechanistic origin of micro-
tubule dynamic instability and its modulation by EB proteins. Cell, 162(4):849—
859, 2015.

Y. He, J. Fang, D. J. Taatjes, and E. Nogales. Structural visualization of key
steps in human transcription initiation. Nature, 495(7442):481-486, 2013.

W. J. Metzler, M. Wittekind, V. Goldfarb, L.. Mueller, and B. T. Farmer. Incor-
poration of 'H/1¥C/®N-(Ile, Leu, Val) into a perdeuterated, >N-labeled protein:
Potential in structure determination of large proteins by NMR. Journal of the
American Chemical Society, 118(28):6800-6801, 1996.

Y. Shen and A. Bax. Protein backbone and sidechain torsion angles predicted
from NMR chemical shifts using artificial neural networks. Journal of Biomolec-
ular NMR, 56(3):227-241, 2013.

M.-S. Cheung, M. L. Maguire, T. J. Stevens, and R. W. Broadhurst. DANGLE: A
bayesian inferential method for predicting protein backbone dihedral angles and
secondary structure. Journal of Magnetic Resonance, 202(2):223 — 233, 2010.

S. Grzesiek, F. Cordier, V. Jaravine, and M. Barfield. Insights into biomolecu-
lar hydrogen bonds from hydrogen bond scalar couplings. Progress in Nuclear
Magnetic Resonance Spectroscopy, 45(3):275 — 300, 2004.

N. J. Baxter and M. P. Williamson. Temperature dependence of 'H chemical
shifts in proteins. Journal of Biomolecular NMR, 9(4):359-369, 1997.

P. Dosset, J.-C. Hus, D. Marion, and M. Blackledge. A novel interactive tool
for rigid-body modeling of multi-domain macromolecules using residual dipolar
couplings. Journal of Biomolecular NMR, 20(3):223-231, 2001.

P. A. Kosen. Spin labeling of proteins. In Nuclear Magnetic Resonance Part
B Structure and Mechanism, volume 177 of Methods in Enzymology, pages 86 —
121. Academic Press, 1989.

J. Iwahara, D. E. Anderson, E. C. Murphy, and G. M. Clore. EDTA-derivatized

deoxythymidine as a tool for rapid determination of protein binding polarity to



174

33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

BIBLIOGRAPHY

DNA by intermolecular paramagnetic relaxation enhancement. Journal of the
American Chemical Society, 125(22):6634-6635, 2003.

G. Pintacuda and G. Otting. Identification of protein surfaces by NMR measure-
ments with a paramagnetic Gd(III) chelate. Journal of the American Chemical
Society, 124(3):372-373, 2002.

T. Madl, W. Bermel, and K. Zangger. Use of relaxation enhancements in a param-
agnetic environment for the structure determination of proteins using NMR spec-
troscopy. Angewandte Chemie International Edition, 48(44):8259-8262, 2009.

T. Madl, T. Giittler, D. Gorlich, and M. Sattler. Structural analysis of large pro-
tein complexes using solvent paramagnetic relaxation enhancements. Angewandte
Chemie International Edition, 50(17):3993-3997, 2011.

M. Sakakura, S. Noba, P. A. Luchette, I. Shimada, and R. S. Prosser. An
NMR method for the determination of protein-binding interfaces using dioxygen-
induced spin-lattice relaxation enhancement. Journal of the American Chemical
Society, 127(16):5826-5832, 2005.

J. P. Linge, M. Habeck, W. Rieping, and M. Nilges. ARIA: Automated NOE
assignment and NMR structure calculation. Bioinformatics, 19:315-316, 2003.

P. Giintert and L. Buchner. Combined automated NOE assignment and structure
calculation with CYANA. Journal of Biomolecular NMR, 62(4):453-471, 2015.

C. D. Schwieters, J. J. Kuszewski, N. Tjandra, and G. M. Clore. The Xplor-NTH
NMR molecular structure determination package. Journal of Magnetic Reso-
nance, 160(1):65 — 73, 2003.

Markus Zeeb and Jochen Balbach. Protein folding studied by real-time NMR
spectroscopy. Methods, 34(1):65 — 74, 2004.

A. Mittermaier and L. E. Kay. New tools provide new insights in NMR studies
of protein dynamics. Science, 312(5771):224-228, 2006.

M. Akke. NMR methods for characterizing microsecond to millisecond dynamics
in recognition and catalysis. Current Opinion in Structural Biology, 12(5):642 —
647, 2002.

A. K. Mittermaier and L. E. Kay. Observing biological dynamics at atomic
resolution using NMR. Trends in Biochemical Sciences, 34(12):601 — 611, 2009.

H. Y. Carr and E. M. Purcell. Effects of diffusion on free precession in nuclear

magnetic resonance experiments. Phys. Rev., 94:630-638, 1954.



[45]

[51]

[53]

175

S. Meiboom and D. Gill. Modified spin echo method for measuring nuclear
relaxation times. Review of Scientific Instruments, 29(8):688-691, 1958.

Z. Luz and S. Meiboom. Nuclear magnetic resonance study of the protolysis of
trimethylammonium ion in aqueous solution—QOrder of the reaction with respect
to solvent. The Journal of Chemical Physics, 39(2):366-370, 1963.

J. P. Loria, M. Rance, and A. G. Palmer. A relaxation-compensated Carr-
Purcell-Meiboom-Gill sequence for characterizing chemical exchange by NMR
spectroscopy. Journal of the American Chemical Society, 121(10):2331-2332,
1999.

D. F. Hansen, P. Vallurupalli, P. Lundstrom, P. Neudecker, and L. E. Kay. Prob-
ing chemical shifts of invisible states of proteins with relaxation dispersion NMR
spectroscopy: How well can we do? Journal of the American Chemical Society,
130(8):2667-2675, 2008.

P. Lundstrém, H. Lin, and L. E. Kay. Measuring *C? chemical shifts of invisible
excited states in proteins by relaxation dispersion NMR spectroscopy. Journal
of Biomolecular NMR, 44(3):139-155, 2009.

A. L. Hansen and L. E. Kay. Quantifying millisecond time-scale exchange in pro-
teins by CPMG relaxation dispersion NMR spectroscopy of side-chain carbonyl
groups. Journal of Biomolecular NMR, 50(4):347-355, 2011.

F. A. A. Mulder, N. R. Skrynnikov, B. Hon, F. W. Dahlquist, and L. E. Kay.
Measurement of slow (us-ms) time scale dynamics in protein side chains by N
relaxation dispersion NMR spectroscopy: Application to Asn and Gln residues

in a cavity mutant of T4 Lysozyme. Journal of the American Chemical Society,
123(5):967-975, 2001.

N. R. Skrynnikov, F. A. A. Mulder, B. Hon, F. W. Dahlquist, and L. E. Kay.
Probing slow time scale dynamics at methyl-containing side chains in proteins
by relaxation dispersion NMR measurements: Application to methionine residues

in a cavity mutant of T4 lysozyme. Journal of the American Chemical Society,
123(19):4556-4566, 2001.

A.J. Baldwin, T. L. Religa, D. F. Hansen, G. Bouvignies, and L. E. Kay. 3CHD,
methyl group probes of millisecond time scale exchange in proteins by 'H relax-
ation dispersion: An application to proteasome gating residue dynamics. Journal
of the American Chemical Society, 132(32):10992-10995, 2010.



176

[54]

[55]

[56]

[58]

[59]

[62]

[63]

BIBLIOGRAPHY

P. Neudecker, P. Robustelli, A. Cavalli, P. Walsh, P. Lundstrém, A. Zarrine-
Afsar, S. Sharpe, M. Vendruscolo, and L. E. Kay. Structure of an intermediate
state in protein folding and aggregation. Science, 336(6079):362-366, 2012.

D. D. Boehr, D. McElheny, H. J. Dyson, and P. E. Wright. The dynamic energy
landscape of dihydrofolate reductase catalysis. Science, 313(5793):1638-1642,
2006.

D. D. Boehr, R. Nussinov, and P. E. Wright. The role of dynamic conformational
ensembles in biomolecular recognition. Nature Chemical Biology, 5(11):789-796,
2009.

[. Bahar, C. Chennubhotla, and D. Tobi. Intrinsic dynamics of enzymes in the
unbound state and relation to allosteric regulation. Current Opinion in Structural
Biology, 17(6):633-640, 2007.

E. Z. Eisenmesser, O. Millet, W. Labeikovsky, D. M. Korzhnev, M. Wolf-Watz,
D. A. Bosco, J. J. Skalicky, L. E. Kay, and D. Kern. Intrinsic dynamics of an
enzyme underlies catalysis. Nature, 438(7064):117-121, 2005.

H. Beach, R. Cole, M. L. Gill, and J. P. Loria. Conservation of us-ms enzyme
motions in the apo- and substrate-mimicked state. Journal of the American
Chemical Society, 127(25):9167-9176, 2005.

K. A. Henzler-Wildman, V. Thai, M. Lei, M. Ott, M. Wolf-Watz, T. Fenn,
E. Pozharski, M. A. Wilson, G. A. Petsko, M. Karplus, C. G. Hubner, and

D. Kern. Intrinsic motions along an enzymatic reaction trajectory. Nature,
450(7171):838-844, 2007.

P. Vallurupalli, A. Sekhar, T. Yuwen, and L. E. Kay. Probing conformational
dynamics in biomolecules via chemical exchange saturation transfer: A primer.
Journal of Biomolecular NMR, 67(4):243-271, 2017.

A. G. Palmer, C. D. Kroenke, and J. P. Loria. [10] - Nuclear magnetic resonance
methods for quantifying microsecond-to-millisecond motions in biological macro-
molecules. In L. T. James, V. Dotsch, and U. Schmitz, editors, Nuclear Magnetic
Resonance of Biological Macromolecules - Part B, volume 339 of Methods in

Enzymology, pages 204 — 238. Academic Press, 2001.

E. A. Cino, W.-Y. Choy, and M. Karttunen. Comparison of secondary structure
formation using 10 different force fields in microsecond molecular dynamics sim-
ulations. Journal of Chemical Theory and Computation, 8(8):2725-2740, 2012.



[64]

[65]

[66]

[68]

[69]

[70]

[72]

73]

[74]

177

S. Rauscher, V. Gapsys, M. J. Gajda, M. Zweckstetter, B. L. de Groot, and
H. Grubmiiller. Structural ensembles of intrinsically disordered proteins depend
strongly on force field: A comparison to experiment. Journal of Chemical Theory
and Computation, 11(11):5513-5524, 2015.

J. Henriques, C. Cragnell, and M. Skepo. Molecular dynamics simulations of
intrinsically disordered proteins: Force field evaluation and comparison with ex-
periment. Journal of Chemical Theory and Computation, 11(7):3420-3431, 2015.

W. F. van Gunsteren, J. Dolenc, and A. E. Mark. Molecular simulation as an
aid to experimentalists. Current Opinion in Structural Biology, 18(2):149 — 153,
2008.

A. K. Dehof, S. Loew, H.-P. Lenhof, and A. Hildebrandt. NightShift: NMR, shift
inference by general hybrid model training - a framework for NMR chemical shift
prediction. BMC' Bioinformatics, 14(1):98, 2013.

Y. Shen and A. Bax. SPARTA+: A modest improvement in empirical NMR
chemical shift prediction by means of an artificial neural network. Journal of
Biomolecular NMR, 48(1):13-22, 2010.

B. Han, Y. Liu, S. W. Ginzinger, and D. S. Wishart. SHIFTX2: Signifi-
cantly improved protein chemical shift prediction. Journal of Biomolecular NMR,
50(1):43-57, 2011.

C. C. F. Blake, D. F. Koenig, G. A. Mair, A. C. T. North, D. C. Phillips, and
V. R. Sarma. Structure of hen egg-white lysozyme: A three-dimensional fourier
synthesis at 2 A resolution. Nature, 206:757-761, 1965.

M. P. Williamson, T. F. Havel, and K. Wiithrich. Solution conformation of pro-
teinase inhibitor ITA from bull seminal plasma by 'H nuclear magnetic resonance
and distance geometry. Journal of Molecular Biology, 182(2):295 — 315, 1985.

E. Fischer. Einfluss der Configuration auf die Wirkung der Enzyme. Berichte
der deutschen chemischen Gesellschaft, 27(3):2985-2993, 1894.

D. E. Koshland. Application of a theory of enzyme specificity to protein synthesis.
Proceedings of the National Academy of Sciences of the United States of America,
44(2):98-104, 1958.

H. Frauenfelder, S. G. Sligar, and P. G. Wolynes. The energy landscapes and
motions of proteins. Science, 254(5038):1598-1603, 1991.



178

[75]

[76]

[77]

78]

[80]

[81]

[84]

BIBLIOGRAPHY

C. J. Tsai, S. Kumar, B. Ma, and R. Nussinov. Folding funnels, binding funnels,
and protein function. Protein Science : A Publication of the Protein Society,
8(6):1181-1190, 1999.

S. Kumar, B. Ma, C. J. Tsai, N. Sinha, and R. Nussinov. Folding and bind-
ing cascades: Dynamic landscapes and population shifts. Protein Science : A
Publication of the Protein Society, 9(1):10-19, 2000.

D. W. Miller and K. A. Dill. Ligand binding to proteins: The binding landscape
model. Protein Science : A Publication of the Protein Society, 6(10):2166-2179,
1997.

T. R. Weikl and C. von Deuster. Selected-fit versus induced-fit protein binding:
Kinetic differences and mutational analysis. Proteins: Structure, Function, and
Bioinformatics, 75(1):104-110, 2009.

O. F. Lange, N.-A. Lakomek, C. Fares, G. F. Schroder, K. F. A. Walter, S. Becker,
J. Meiler, H. Grubmiiller, C. Griesinger, and B. L. de Groot. Recognition dy-

namics up to microseconds revealed from an RDC-derived ubiquitin ensemble in
solution. Science, 320(5882):1471-1475, 2008.

D. Joseph, G. A. Petsko, and M. Karplus. Anatomy of a conformational
change: Hinged “lid“ motion of the triosephosphate isomerase loop. Science,
249(4975):1425-1428, 1990.

F. Massi, C. Wang, and A. G. Palmer. Solution NMR and computer simulation

studies of active site loop motion in triosephosphate isomerase. Biochemistry,
45(36):10787-10794, 2006.

J. C. Williams and A. E. McDermott. Dynamics of the flexible loop of triose-
phosphate isomerase: The loop motion is not ligand gated. Biochemistry,
34(26):8309-8319, 1995.

D. A. Keedy, L. R. Kenner, M. Warkentin, R. A. Woldeyes, J. B. Hopkins, M. C.
Thompson, A. S. Brewster, A. H. Van Benschoten, E. L. Baxter, M. Uerviroj-
nangkoorn, S. E. McPhillips, J. Song, R. Alonso-Mori, J. M. Holton, W. 1. Weis,
A. T. Brunger, S. M. Soltis, H. Lemke, A. Gonzalez, N. K. Sauter, A. E. Cohen,
H. van den Bedem, R. E. Thorne, and J. S. Fraser. Mapping the conformational
landscape of a dynamic enzyme by multitemperature and XFEL crystallography.
eLife, 4:e07574, 2015.

R. Sridharan, J. Zuber, S. M. Connelly, E. Mathew, and M. E. Dumont. Fluores-

cent approaches for understanding interactions of ligands with G protein coupled



[85]

[36]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[95]

[96]

179

receptors. Biochimica et Biophysica Acta (BBA) - Biomembranes, 1838(1, Part
A):15 - 33, 2014.

C. A. Waudby, A. Ramos, L. D. Cabrita, and J. Christodoulou. Two-dimensional
NMR lineshape analysis. Scientific Reports, 6:24826, 2016.

V. Panwalkar, P. Neudecker, M. Schmitz, J. Lecher, M. Schulte, K. Medini,
M. Stoldt, M. A. Brimble, D. Willbold, and A. J. Dingley. The Nedd4-1 WW
domain recognizes the PY motif peptide through coupled folding and binding
equilibria. Biochemistry, 55(4):659-674, 2016.

M. J. Fedor and J. R. Williamson. The catalytic diversity of RNAs. Nature
Reviews Molecular Cell Biology, 6(5):399-412, 2005.

U. K. Narta, S. S. Kanwar, and W. Azmi. Pharmacological and clinical evalua-
tion of L-asparaginase in the treatment of leukemia. Critical Reviews in Oncol-
ogy/Hematology, 61(3):208 — 221, 2007.

C. A. Masschelein, D. S. Ryder, and J.-P. Simon. Immobilized cell technology in
beer production. Critical Reviews in Biotechnology, 14(2):155-177, 1994.

O. Colagrande, A. Silva, and M. D. Fumi. Recent applications of biotechnology
in wine production. Biotechnology Progress, 10(1):2-18, 1994.

P. F. Fox and L. Stepaniak. Enzymes in cheese technology. International Dairy
Journal, 3(4):509 — 530, 1993.

O. Kirk, T. V. Borchert, and C. C. Fuglsang. Industrial enzyme applications.
Current Opinion in Biotechnology, 13(4):345 — 351, 2002.

K. Buchholz, V. Kasche, and U. T. Bornscheuer. Biocatalysts and enzyme tech-
nology. John Wiley & Sons, 2012.

E. C. Webb. Enzyme nomenclature 1992. Recommendations of the Nomenclature
Commuttee of the International Union of Biochemistry and Molecular Biology on

the Nomenclature and Classification of Enzymes. Academic Press, 1992.

A. J. Barrett. Enzyme nomenclature. Recommendations 1992. European Journal
of Biochemistry, 232(1-6):1-1, 1995.

M. Wolf-Watz, V. Thai, K. Henzler-Wildman, G. Hadjipavlou, E. Z. Eisen-
messer, and D. Kern. Linkage between dynamics and catalysis in a thermophilic-
mesophilic enzyme pair. Nature Structural and Molecular Biology, 11(10):945—
949, 2004.



180

[97]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

107]

BIBLIOGRAPHY

D. McElheny, J. R. Schnell, J. C. Lansing, H. J. Dyson, and P. E. Wright. Defin-
ing the role of active-site loop fluctuations in dihydrofolate reductase catalysis.
Proceedings of the National Academy of Sciences of the United States of America,
102(14):5032-5037, 2005.

K. J. Laidler and M. C. King. Development of transition-state theory. The
Journal of Physical Chemistry, 87(15):2657-2664, 1983.

R. Wolfenden, M. Snider, C. Ridgway, and B. Miller. The temperature depen-
dence of enzyme rate enhancements. Journal of the American Chemical Society,
121(32):7419-7420, 1999.

J. G. Zalatan, T. D. Fenn, and D. Herschlag. Comparative enzymology in the
alkaline phosphatase superfamily to determine the catalytic role of an active site
metal ion. Journal of Molecular Biology, 384(5):1174-1189, 2008.

J. K. Lassila, J. G. Zalatan, and D. Herschlag. Biological phosphoryl-transfer
reactions: Understanding mechanism and catalysis. Annual Review of Biochem-
1stry, 80:669-702, 2011.

L. Michaelis and M. L. Menten. Die Kinetik der Invertinwirkung. Biochemische
Zeitschrift, 49:333-369, 1913.

P. Valentin-Hansen, F. Boétius, K. Hammer-Jespersen, and 1. Svendsen. The
primary structure of Escherichia coli K12 2-deoxyribose 5-phosphate aldolase.
European Journal of Biochemistry, 125(3):561-566, 1982.

M. G. Tozzi, M. Camici, L. Mascia, F. Sgarrella, and P. L. Ipata. Pentose phos-
phates in nucleoside interconversion and catabolism. FEBS Journal, 273(6):1089—
1101, 2006.

T. P. Cao, J. S. Kim, M. H. Woo, J. M. Choi, Y. Jun, K. H. Lee, and S. H. Lee.
Structural insight for substrate tolerance to 2-deoxyribose-5-phosphate aldolase
from the pathogen Streptococcus suis. Journal of Microbiology, 54(4):311-321,
2016.

M. L. Tonkin, A. S. Halavaty, R. Ramaswamy, J. Ruan, M. Igarashi, H. M. Ngo,
and M. J. Boulanger. Structural and functional divergence of the aldolase fold
in Toxoplasma gondii. Journal of Molecular Biology, 427(4):840-852, 2015.

A. Heine, J. G. Luz, C.-H. Wong, and I. A. Wilson. Analysis of the class I al-
dolase binding site architecture based on the crystal structure of 2-deoxyribose-
5-phosphate aldolase at 0.99 A resolution. Journal of Molecular Biology,
343(4):1019 — 1034, 2004.



[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115)

[116]

[117)

[118]

181

M. Dick, R. Hartmann, O. H. Weiergraber, C. Bisterfeld, T. Classen,
M. Schwarten, P. Neudecker, D. Willbold, and J. Pietruszka. Mechanism-based
inhibition of an aldolase at high concentrations of its natural substrate acetalde-

hyde: Structural insights and protective strategies. Chemical Science, 7:4492—
4502, 2016.

C. L. Windle, M. Miiller, A. Nelson, and A. Berry. Engineering aldolases as
biocatalysts. Current Opinion in Chemical Biology, 19(Supplement C):25 — 33,
2014.

H. J. M. Gijsen and C.-H. Wong. Unprecedented asymmetric aldol reactions
with three aldehyde substrates catalyzed by 2-deoxyribose-5-phosphate aldolase.
Journal of the American Chemical Society, 116(18):8422-8423, 1994.

W. A. Greenberg, A. Varvak, S. R. Hanson, K. Wong, H. Huang, P. Chen, and
M. J. Burk. Development of an efficient, scalable, aldolase-catalyzed process for

enantioselective synthesis of statin intermediates. Proceedings of the National
Academy of Sciences of the United States of America, 101(16):5788-5793, 2004.

G. DeSantis, J. Liu, D. P. Clark, A. Heine, I. A Wilson, and C.-H. Wong.
Structure-Based mutagenesis approaches toward expanding the substrate speci-
ficity of D-2-Deoxyribose-5-phosphate aldolase. Bioorganic € Medicinal Chem-
istry, 11(1):43 — 52, 2003.

A. Hershko, A. Ciechanover, and I. A. Rose. Resolution of the ATP-dependent
proteolytic system from reticulocytes: A component that interacts with ATP.
Proceedings of the National Academy of Sciences, 76(7):3107-3110, 1979.

M. J. Clague, H. Liu, and S. Urbé. Governance of endocytic trafficking and
signaling by reversible ubiquitylation. Developmental Cell, 23(3):457 — 467, 2012.

L. K. Teixeira and S. I. Reed. Ubiquitin ligases and cell cycle control. Annual
Review of Biochemistry, 82(1):387-414, 2013.

M. Scheffner and S. Kumar. Mammalian HECT ubiquitin-protein ligases: Bio-
logical and pathophysiological aspects. Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research, 1843(1):61 — 74, 2014.

S. Kumar, Y. Tomooka, and M. Noda. Identification of a set of genes with
developmentally down-regulated expression in the mouse brain. Biochemical and
Biophysical Research Communications, 185(3):1155 — 1161, 1992.

O. Staub, S. Dho, P. Henry, J. Correa, T. Ishikawa, J. McGlade, and D. Rotin.
WW domains of Nedd4 bind to the proline-rich PY motifs in the epithelial Na™*



182

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

127]

[128]

[129]

BIBLIOGRAPHY

channel deleted in Liddle’s syndrome. The EMBO Journal, 15(10):2371-2380,
1996.

O. Staub, H. Yeger, P. J. Plant, H. Kim, S. A. Ernst, and D. Rotin. Immunolo-
calization of the ubiquitin-protein ligase Nedd4 in tissues expressing the epithe-
lial Na+ channel (ENaC). American Journal of Physiology - Cell Physiology,
272(6):C1871-C1880, 1997.

B. Yang and S. Kumar. Nedd4 and Nedd4-2: Closely related ubiquitin-protein
ligases with distinct physiological functions. Cell death and Differentiation,
17(1):68-77, 2010.

X. R. Cao, N. L. Lill, N. Boase, P. P. Shi, D. R. Croucher, H. Shan, J. Qu,
E. M. Sweezer, T. Place, P. A. Kirby, R. J. Daly, S. Kumar, and B. Yang.
Nedd4 controls animal growth by regulating IGF-1 signaling. Science signaling,
1(38):rab-rab, 2008.

C. Chen and L. E. Matesic. The Nedd4-like family of E3 ubiquitin ligases and
cancer. Cancer and Metastasis Reviews, 26(3):587-604, 2007.

F. Bernassola, M. K., A. Ciechanover, and G. Melino. The HECT family of E3
ubiquitin ligases: Multiple players in cancer development. Cancer Cell, 14(1):10
— 21, 2008.

J. Wang, Q. Peng, Q. Lin, C. Childress, D. Carey, and W. Yang. Calcium
activates Nedd4 E3 ubiquitin ligases by releasing the C2 domain-mediated auto-
inhibition. Journal of Biological Chemistry, 285(16):12279-12288, 2010.

T. Mund and H. R. B. Pelham. Control of the activity of WW-HECT domain
E3 ubiquitin ligases by NDFIP proteins. EMBO reports, 10(5):501-507, 20009.

P. Bork and M. Sudol. The WW domain: A signalling site in dystrophin? Trends
in Biochemical Sciences, 19(12):531 — 533, 1994.

H. I. Chen and M. Sudol. The WW domain of Yes-associated protein binds a
proline-rich ligand that differs from the consensus established for Src homology 3-
binding modules. Proceedings of the National Academy of Sciences, 92(17):7819—
7823, 1995.

M. J. Macias, V. Gervais, C. Civera, and H. Oschkinat. Structural analysis of
WW domains and design of a WW prototype. Nature Structural Biology, 7:375—
379, 2000.

A. Zarrinpar and W. A. Lim. Converging on proline: The mechanism of WW
domain peptide recognition. Nature Structural Biology, 7:611-613, 2000.



[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

138

[139)]

183

X. Huang, F. Poy, R. Zhang, A. Joachimiak, M. Sudol, and M. J. Eck. Struc-
ture of a WW domain containing fragment of dystrophin in complex with (-
dystroglycan. Nature Structural Biology, 7:634-638, 2000.

V. Kanelis, D. Rotin, and J. D. Forman-Kay. Solution structure of a Nedd4 WW
domain-ENaC peptide complex. Nature Structural Biology, 8:407-412, 2001.

M. A. Verdecia, M. E. Bowman, K. P. Lu, T. Hunter, and J. P. Noel. Structural
basis for phosphoserine-proline recognition by group IV WW domains. Nature
Structural Biology, 7:639-643, 2000.

B. K. Kay, M. P. Williamson, and M. Sudol. The importance of being proline:
The interaction of proline-rich motifs in signaling proteins with their cognate
domains. The FASEB Journal, 14(2):231-241, 2000.

J. S. Lott, S. J. Coddington-Lawson, P. H. Teesdale-Spittle, and F. J. McDonald.
A single WW domain is the predominant mediator of the interaction between the
human ubiquitin-protein ligase Nedd4 and the human epithelial sodium channel.
Biochemical Journal, 361(3):481-488, 2002.

P. C. Henry, V. Kanelis, M. C. O'Brien, B. Kim, [. Gautschi, J. Forman-
Kay, L. Schild, and D. Rotin. Affinity and specificity of interactions between
Nedd4 isoforms and the epithelial Na+ channel. Journal of Biological Chem-
istry, 278(22):20019-20028, 2003.

M. A. Larkin, G. Blackshields, N. P. Brown, R. Chenna, P. A. McGettigan,
H. McWilliam, F. Valentin, I. M. Wallace, A. Wilm, R. Lopez, J.D. Thomp-
son, T. J. Gibson, and D. G. Higgins. Clustal W and Clustal X version 2.0.
Bioinformatics, 23(21):2947-2948, 2007.

R. Bobby, K. Medini, P. Neudecker, T. V. Lee, M. A. Brimble, F. J. McDonald,
J. S. Lott, and A. J. Dingley. Structure and dynamics of human Nedd4-1 WW3
in complex with the aENaC PY motif. Biochimica et Biophysica Acta (BBA) -
Proteins and Proteomics, 1834(8):1632 — 1641, 2013.

V. Kanelis, M. C. Bruce, N. R. Skrynnikov, D. Rotin, and J. D. Forman-Kay.
Structural determinants for high-affinity binding in a Nedd4 WW3* domain-
Comm PY motif complex. Structure, 14(3):543 — 553, 2006.

T. Peng, J. S Zintsmaster, A. T. Namanja, and J. W. Peng. Sequence-specific
dynamics modulate recognition specificity in WW domains. Nature Structural
and Molecular Biology, 14(4):325-332, 2007.



184

[140]

[141]

[142]

[143]

144]

BIBLIOGRAPHY

W. Humphrey, A. Dalke, and K. Schulten. VMD — Visual Molecular Dynamics.
Journal of Molecular Graphics, 14:33-38, 1996.

S. Pronk, S. Pall, R. Schulz, P. Larsson, P. Bjelkmar, R. Apostolov, M. R. Shirts,
J. C. Smith, P. M. Kasson, D. van der Spoel, B. Hess, and E. Lindahl. GROMACS
4.5: A high-throughput and highly parallel open source molecular simulation
toolkit. Bioinformatics, 29(7):845-854, 2013.

E. Gasteiger, A. Gattiker, C. Hoogland, I. Ivanyi, R. D. Appel, and A. Bairoch.
ExPASy: The proteomics server for in-depth protein knowledge and analysis.
Nucleic Acids Research, 31(13):3784-3788, 2003.

F. Delaglio, S. Grzesiek, G. W. Vuister, G. Zhu, J. Pfeifer, and A. Bax. NMRPipe:
A multidimensional spectral processing system based on UNIX pipes. Journal of
Biomolecular NMR, 6(3):277-293, 1995.

W. F. Vranken, W. Boucher, T. J. Stevens, R. H. Fogh, A. Pajon, M. Llinas,
E. L. Ulrich, J. L. Markley, J. Ionides, and E. D. Laue. The CCPN data model

for NMR spectroscopy: Development of a software pipeline. Proteins: Structure,
Function, and Bioinformatics, 59(4):687-696, 2005.



	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	Solution NMR Spectroscopy to Study Proteins
	A Short Introduction to Protein NMR
	Principles of NMR
	A First Orientation: Sequence-Specific Chemical Shift Assignments
	Structure Determination using NMR
	Power of NMR to Study Protein Dynamics
	Combination of MD Simulation and NMR Spectroscopy

	Protein-Ligand Interactions
	Overview of Protein-Ligand Interactions
	Techniques for Quantifying Protein-Ligand Interactions

	Enzyme catalysis
	Introduction to Enzyme Catalysis
	Enzyme Kinetics and Thermodynamics

	2-Deoxyribose-5-phosphate Aldolase from E. coli
	Human Nedd4-1 WW3* High Affinity Domain

	Aims
	Scientific publications
	1H, 13C, and 15N backbone and sidechain resonance assignments of a monomeric variant of E. coli deoxyribose-5-phosphate aldolase
	Conformational Sampling of the Intrinsically Disordered C-terminal Tail of DERA is Important for Enzyme Catalysis
	The Nedd4-1 WW Domain Recognizes the PY Motif Peptide through Coupled Folding and Binding Equilibria
	Data describing the solution structure of the WW3* domain from human Nedd4-1
	Proline Restricts Loop I Conformation of the High Affinity WW Domain from Human Nedd4-1 to a Ligand Binding-Competent Type I β-Turn

	Conclusions and Outlook
	
	Material
	Bacterial Strains
	Chemicals and Biochemicals
	Kits

	Methods
	Cloning of pET15b-kombi-P_deoC_K58EY96W
	Transformation of Vector DNA into E. coli
	Protein Expression and Purification
	NMR Spectroscopy
	Databases
	Software


	Presentations and Awards
	Bibliography

