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Zusammenfassung

FEine der essentiellen Nanomaschinerien in Gram-negativen Bakterien sind die Typ I
Sekretionssysteme (T1SS). Sie sekretieren ein breites Spektrum an Substraten aus dem
Cytoplasma, iiber die innere und duflere Membran, direkt in den extrazellularen Raum.
Der Transportprozess erfolgt ungefalten und in einen Schritt ohne ein periplasmatisches
Intermediat. Die Vielfalt der sekretierten Proteine reicht von 78 bis 8682 Aminoséduren in
der Gorfle und umfasst Himophore, Lipasen, Hiillproteine, Nodulations- und Adhésion-
sproteine sowie Toxine. Allen Substraten gemein ist das C-terminale Sekretionssignal,
welches weder wahrend noch nach der Sekretion abgeschnitten wird. Eines der am besten
charakterisierten T1SS Substrate ist das Zellen-lysierende Toxin Hamolysin A (HlyA).
HlyA gehort zu der repeats in toxin (RTX) Proteinfamilie. Sein Sekretionssystem besteht
aus dem &ufleren Membranprotein (OMP) TolC, das eine Pore durch die &ulere Mem-
bran bildet, dem ABC-Transporter Hamolysin B (HlyB) in der inneren Membran, der
den Transportprozess antreibt und das Substrat erkennt, und dem Membranfusionspro-
tein (MFP) Hamolysin D (HlyD), das TolC und HlyB miteinander verbindet und den
periplasmatischen Raum iiberbriickt. Zusammen bilden diese Proteine das HlyA T1SS.
Wiéhrend dieser Doktorarbeit wurde die Direktionalitdt und die Rolle des Sekretion-
ssignals des HlyA Transportes charakterisiert. Die Fusion des gesteigerten griin fluo-
reszierenden Proteins (eGFP) an den N-Terminus von HlyA bzw. HlyAc (C-terminale
218 Aminosduren von HlyA) resultierte in einer Verstopfung des gesamten HlyA T1SS.
Markierungen der Termini und Fluoreszenzmikroskopie bestéatigten, dass der C-Terminus
als erstes an die Zelloberfliche gelangt. Ferner legten Deletionen des Sekretionssig-
nals nahe, dass das Sekretionssignal essentiell fiir die Einfithrung des Substrates in
den Translokator ist. Auflerden erlaubten die verstopfen und markierten Transporter
die Quantifizierung der aktiven HlyA T1SS pro Bakterienzelle. Dadurch konnte die
Sekretionsrate bezogen auf sekretierte Aminosduren pro Sekunde und Sekretionssys-
tem quantifiziert werden. Die Sekretionsrate ist nicht beeinflusst von der Proteinlénge,
der Anzahl an Glycin-reichen Wiederholungen und der extrazelluldren Kalziumkonzen-
tration. Zusétzlich konnten HlyB Mutanten und die Fusionsproteine zeigen, dass die
ATP-Hydrolyse essential fiir das Einfddeln des Substrates in das HlyA T1SS ist.



Abstract

One of the most essential nanomachineries in Gram-negative bacteria are the Type I
secretion system (T1SS). They secrete a broad range of substrates from the cytoplasm
across the inner and outer membrane directly into the extracellular space. The transport
process occur unfolded in one step without any periplasmic intermediate. The variety of
secreted proteins range in size from 78 to 8682 amino acids and contain hemophores, li-
pases, S-layer proteins, nodulation and adhesion factors as well as toxins. All substrate in
common is the C-terminal secretion signal which is not cleaved during or after secretion.
One of the best characterized T1SS substrates is the cell lysing toxin hemolysin A (HlyA).
HlyA belongs to the repeats in toxin (RTX) protein family. Its secretion system con-
sists of the outer membrane protein (OMP) TolC that builds a pore through the outer
membrane, the inner membrane ABC transporter hemolysin B (HlyB) that energizes the
transport process and recognizes the substrate and the membrane fusion protein (MFP)
hemolysin D (HlyD) that connects TolC and HlyB and bridges the periplasmic space.
Together these proteins build up the fully assembled HlyA T1SS.

During this doctoral research, the role of the secretion signal and the directionality
of the HlyA transport was characterized. An enhanced Green Fluorescence Protein
(eGFP) fusion to the N-terminus of HlyA respectively HlyAc (C-terminal 218 amino
acids of HlyA) results in stalling of the HlyA T1SS. Different labeling of the termini and
fluorescence microscopy confirm that the C-terminus appears first at the cell surface.
Further, secretion signal deletions of this fusions indicated that the secretin signal is
essential for threading the substrate inside the translocator.

Moreover, stalled and labeled transporters allow the quantification of active HlyA
T1SS per bacterial cell. As a consequence, the rate of secreted substrate amino acids
per second and secretion system can be quantified. The secretion rate is unaffected
by the length of the protein, the amount of glycine rich repeats and the extracellular
calcium concentration.

Additionally, fluorescence microscopy with HlyB mutant and the fusion proteins de-
termines that ATP hydrolyzes is essential for substrate threading into the HlyA T1SS

as well.
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1. Introduction

1.1. Protein-mediated transport

Eukaryotic, prokaryotic and archaeal cells are surrounded by a membrane that separates
the cell interior form the extracellular environment. Bacterial cell membranes are typi-
cally 6 to 10 nm thick and are impermeable for ions and less permeable for hydrophilic
molecules [Singer and Nicolson, 1972]. Transport of essential nutrients, ions or small hy-
drophilic molecules like sugars or peptides across the membrane is highly regulated and
controlled. Embedded in the cellular membrane are membrane proteins that enable the
transport of ionic and hydrophilic substances across the membrane in both directions.
They allow passive diffusion across the membrane by building a hydrophilic channel that
allow specific substrate passage along their concentration gradient (membrane channels)
[Gouaux and Mackinnon, 2005]. Membrane transporters catalyze transport against a
concentration gradient. This active transport process can energized by consumption of
energy (primary transport) or by coupling to transport movement of a second substrate
along a concentration gradient (secondary transport). Energy can provided by light or
ATP hydrolysis [Boyer, 1997, Lanyi, 2004]. Further, the passage of substrates across
the cell membrane is highly controlled. In Gram-negative bacteria, transport of secre-
tory proteins without influencing the protein structure or function is mediated by the
general secretory (Sec) pathway, by the twin arginine translocation (Tat) pathway or by
a broad range of secretion systems (see Chapter 1.2) [Wickner et al., 1991, Berks et al.,
2005, Osborne et al., 2005].

1.2. Secretion systems in Gram-negative bacteria

Gram-negative bacteria have a broad range of nanomachineries for substrate secretion
into the extracellular space respectively the into a target cell [Costa et al., 2015]. Sub-
strates of the systems are small molecules, proteins and deoxyribonucleic acid (DNA).
They can have tasks in adhesion, pathogenicity, adaption or in survival. Depending on

the secretion system, the substrates remain associated with the outer membrane (OM),
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are released in the extracellular space or injected into a target cell [Costa et al., 2015].
These complex systems span both membranes or only the OM. Nanomachineries
spanning both membranes are the Type 1-4 and 6 secretion system whereas Type V
secretion system (T5SS) span the OM (see Figure 1.1) [Costa et al., 2015]. The secretion
process itself occurs in one- or two-steps. In case of an one-step mechanism, substrates
are secreted from the cytoplasm directly into the extracellular space respectively into
the target cell [Costa et al., 2015]. Type I secretion system (T1SS), T3SS, T4SS and
T6SS use this kind of mechanism. A two-step mechanism, like for the double membrane
spanning T2SS and for the OM spanning T5SS, transports the substrates from the
periplasmic space in the extracellular space respectively into the target cell [Costa et al.,
2015]. In a first step, these substrates are translocated by the Sec or the Tat pathway
into the periplasm [Costa et al., 2015]. Substrate secretion occurs unfolded or partially
folded in most of the systems. T2SS and T6SS can secret completely or partially folded
substrates [Costa et al., 2015]. Activity of the secretion systems is highly regulated. It
is proposed that the secretion activation of the secretion system is initialized by target

cell receptors via adhesion [Gerlach and Hensel, 2007].

VgrG/PAAR
needle tip

SctF (needle)

Figure 1.1.: Structural organization of the secretion systems of Gram-negative
bacteria
Figure is taken and modified from Chapter 3.2.

1.2.1. Type | secretion system (T1SS)

T1SS transport a broad range of substrates that varies in size and function. Substrates

size can vary greatly in size between 78 (uncharacterized protein from Sinorhizobium
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meliloti) and 8682 amino acids [Delepelaire, 2004]. Substrates are, for example, the 188
amino acid hemophore HasA from Serratia marcescens, the 8682 amino acids adhesion
factor LapA from Pseudomonas fluorescens or the 1024 amino acid pore forming toxin
hemolysin A (HlyA) from Escherichia coli [Arnoux et al., 1999, Hinsa et al., 2003, Dele-
pelaire, 2004]. resistance-nodulation-division (RND) efflux pumps like the Acr system
from Escherichia coli [Du et al., 2014] are close related to the T1SS. They transport
small molecules, like antibacterial compounds for antibiotic resistance mechanism [Pid-
dock, 2006]. RND pumps consists of an inner membrane (IM) component, a periplasmic
adapter protein that is similar to membrane fusion protein (MFP) of T1SS and the outer
membrane protein (OMP) TolC [Du et al., 2014, Costa et al., 2015]. They form together
a continuous tunnel across both membranes with a length of approximately 320 A [Du
et al., 2014]. In comparison to the transport energized by ATP hydrolysis, the energy
for the transport process of RND efflux pumps is generated by proton transport [Costa
et al., 2015]. Substrate binding to the IM components induces the complex assembly
whereby the substrate is transported from the periplasm or the IM leaflet to the MFP
cavity. Together with recruited TolC, the translocator allow the substrate release from
the cavity into the extracellular space [Costa et al., 2015]. Compared to RND efflux
pumps, the IM component of T1SS consists of an ATP binding cassette (ABC) trans-
porter. ABC transporter of T1SS can harbor an additional N-terminal domain. This
domain could be a C39 protease domain or a C39-like domain (CLD). The domains are
involved in substrate recognition (see Chapter 1.3.1) [Kanonenberg et al., 2013, Costa
et al., 2015]. Together with a MFP and the OMP, they form a continuous channel for
substrate translocation. ATP hydrolyzes is energizing the secretion [Thanabalu et al.,
1998].

1.2.2. Type Il secretion system (T2SS)

T2SS transport a diverse number of hydrolyzing enzyme and toxins [Nivaskumar and
Francetic, 2014]. The system consists of 12-15 different proteins and this proteins are
called General secretion pathway proteins in Escherichia coli (see Figure 1.1) [Korotkov
et al., 2012]. The proteins build a complex consisting of four different parts. Inside
the cell, the cytosolic ATPase is localized, followed by the IM platform, the periplasmic
‘pseudopilus’ and the OM complex (reviewed in [Costa et al., 2015]) [Campos et al.,
2010]. The cytosolic ATPase interacts with the proteins of the IM platform whereas
these proteins are additionally interacting with the OM complex [Py et al., 2001, Gray
et al., 2011, Korotkov et al., 2011, McLaughlin et al., 2012, Lu et al., 2013]. Together
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they assemble to a continuous channel with a cylindrical shaped structure and an 155 A
outer diameter and a length of 200 A [Reichow et al., 2010]. The ‘pseudopilus’ of the
T2SS is localized in the periplasm and involved in substrate extrusion through the OM
channel [Nivaskumar et al., 2014]. The substrates for T2SS are first transported unfolded
by the Sec pathway or folded by the Tat pathway into the periplasmic space [Nivaskumar
et al., 2014]. In the periplasm, the substrates are pushed through the pore [Costa et al.,
2015]. Assembly of the ‘pseudopilus’ and protein translocation are energized by ATP
hydrolyzes (reviewed in [Costa et al., 2015]).

1.2.3. Type Il secretion system (T3SS)

Substrates of T3SS are mainly bacterial effector proteins that are transported to the
cytoplasm or the plasma membrane of eukaryotic target cells [Costa et al., 2015]. The
proteins promote bacterial invasion by modulation of the target cell function [Cornelis,
2006, Biittner, 2012]. An example is the Salmonella typhimurium T3SS [Kubori et al.,
1998]. The secretion system consists of a 3.5 MDa multiprotein complex of 25 differ-
ent proteins [Kubori et al., 1998]. The complex has a syringe-like shape and is orga-
nized in two subdomains, a double-membrane spanning base and a needle-like filament
[Marlovits et al., 2004, Marlovits et al., 2006, Schraidt and Marlovits, 2011]. Further-
more, additional cytosolic proteins are involved in substrate recruitment, in keeping
the substrate unfolded or are transport associated [Eichelberg et al., 1994, Akeda and
Galan, 2005, Kawamoto et al., 2013]. The double-membrane spanning base consists of
two concentric inner rings, which are inserted in the IM [Kubori et al., 1998, Yip et al.,
2005, Schraidt and Marlovits, 2011]. The outer ring is localized above the inner rings
and inserted in the OM. A periplasmic neck of the outer ring connecting it with the
inner rings [Schraidt and Marlovits, 2011, Costa et al., 2015]. The needle-like filament
has a length of 30-70 nm and a width of 10-13 nm [Marlovits et al., 2006]. The filament
has an extracellular tube-like structure and consist of multiple copies of a single protein.
These proteins are oriented in a right-handed helical torsion [Poyraz et al., 2010, Loquet
et al., 2012]. In vitro experiments show that the inner diameter of the needle-like tube
is roughly 25 A which only allows transport of unfolded substrates [Loquet et al., 2012].
Cryo-electron microscopy (cryo-EM) analyses confirm the unfolded secretion of the sub-
strate and that the base and the needle-like tube work together as a continuous channel
[Radics et al., 2014]. Host-cell contact initiates substrate secretion with the N-terminus
ahead [Radics et al., 2014, Costa et al., 2015]. Secretion of translocator and effector pro-

teins proceed in a strict hierarchical and coordinated manner that is encoded in the first
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100 residues of the substrate [Biittner, 2012, Galan et al., 2014]. This region is stabilized
by chaperons and guided to the T3SS recognition site [Parsot et al., 2003, Costa et al.,
2015]. Substrate engagement with a sorting mechanism (sorting platform) at the needle

complex base results in ATP-dependent translocation [Lara-Tejero et al., 2011, Costa
et al., 2015, Hu et al., 2015].

1.2.4. Type IV secretion system (T4SS)

In comparison to other secretion systems, T4SS are able to transport DNA and proteins
(reviewed in [Costa et al., 2015]). T4SS are the most ubiquitous secretion systems that
are found in Gram-positive, Gram-negative bacteria and in archaea [Alvarez-Martinez
and Christie, 2009]. In these organisms, they are mainly involved to mediate plas-
mid DNA conjugation (reviewed in [Costa et al., 2015]). Furthermore, T4SS transport
pathogens, transforming proteins, toxins and effector proteins [Alvarez-Martinez and
Christie, 2009]. The translocation complex consist of 12 different proteins whereby six
of this proteins form the scaffold and translocation apparatus [Christie et al., 2014], two
form the pilus with extracellular space extension [Trokter et al., 2014], three are ATPases
and energize the system by ATP hydrolysis and the last protein is a trans-glycosylases
that locally degrades the peptidoglycan of the cell to allow pilus biogenesis [Trokter
et al., 2014]. The T4SS can be separated into three different compartments, a core-OM
complex that is connected by a central stalk with the bipartite IM complex [Low et al.,
2014, Costa et al., 2015]. The core-OM complex has a two-layer structure [Fronzes et al.,
2009], which (inner and outer layer; see Figure 1.1, red and orange structures) are con-
nected by a middle platform whereby the outer layer form the OM pore [Chandran et al.,
2009, Rivera-Calzada et al., 2013]. The structure of the stalk is elongated whereas the
cytoplasmic site of the IM complex consists of two barrels [Low et al., 2014, Costa et al.,
2015]. Only the VirB10 protein of the T4SS spans the entire cell envelope and inter-
acts with several different compartments in the IM and OM (reviewed in [Costa et al.,
2015]). Additionally, this protein acts as a signal transmitter that release ATP-driven
conformational changes in the cytoplasmic ATPases to the gating of the OM channel
[Cascales and Christie, 2004, Costa et al., 2015]. Extracellular tubular polymers build
the T4SS pilus that establish the cell-cell contact and function as channels to transport
single-stranded DNA during conjugation [Bradley, 1980, Diirrenberger et al., 1991, Costa
et al., 2015].
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1.2.5. Type V secretion system (T5SS)

T5SS are highly diverse secretion systems with different subgroups. In comparison to
the other secretion systems, the T5SS Va subgroup belong to the ‘classic’ autotrans-
porter systems and will be described in more detail [Jose et al., 1995, Desvaux et al.,
2009]. Other subgroups are Vb, Ve, Vd and Ve that differs in special characteristics,
such as polypeptide-transport-associated domains, oligomerization states and domain ar-
rangements (reviewed in [Gawarzewski et al., 2013]) [Cotter et al., 2005, Clantin et al.,
2007, Leo et al., 2012].

Unique feature of the Va T5SS is the fusion of the substrate with its secretion pore
(called autotransporter) [Gawarzewski et al., 2013]. Typical substrates for autotrans-
porter are virulence and adhesion factors and factors for biofilm formation [Leo et al.,
2012]. The autotransporter polypeptide is first translocated unfolded by the Sec path-
way from the cytoplasm into the periplasmic space. The polypeptide itself consists of a
secretion domain (called ‘passenger’ domain, which represent the T5SS substrate) and a
transmembrane domain (called ‘translocator’ or ‘S-domain’) [Leyton et al., 2012]. The
secretion domain is unfolded or partly folded in the periplasm whereas the transmem-
brane domain inserts into the OM to build a S-barrel pore to allow secretion of the
passenger domain. Energized is the secretion process by folding of the passenger domain
at the pore exit. Compared to the other systems, the secretion of T5SS is ATP and pro-
ton gradient independent [Junker et al., 2009, Costa et al., 2015]. The autotransporter
polypeptide is stabilized and kept unfolded by periplasmic chaperones whereas the Bam
complex assists in the insertion of the transmembrane domain in the OM [Voulhoux
et al., 2003, Wu et al., 2005, Hagan et al., 2010, Ieva et al., 2011, Roman-Hernandez
et al., 2014, Costa et al., 2015]. The passenger domain is secreted through the OM with
its C-terminus ahead [leva and Bernstein, 2009, Junker et al., 2009]. Depending on the
function, the passenger domain remain anchored at the extracellular surface or is cleaved
autocatalytically or by an additional peptidase domain and released in the environment
[Costa et al., 2015]. The final step of passenger domain secretion is realized by confor-
mational changes of the linker region between the secretion and transmembrane domain
to an a-helical structure (reviewed in [Costa et al., 2015]). The exact mechanism of
passenger domain secretion is not completely understood but crystal structure of some
autotransporter support a hairpin-loop-mediated transport [Oomen et al., 2004, Meng
et al., 2006, van den Berg, 2010, Gawarzewski et al., 2014]. Other studies implicate a
direct link between [-barrel assembly of the transmembrane domain and the initiation

of secretion with an active involvement of the Bam complex or an translocation and
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assembly model for efficient secretion [Selkrig et al., 2012, Gruss et al., 2013, Pavlova
et al., 2013, Costa et al., 2015].

1.2.6. Type VI secretion system (T6SS)

T6SS secrets toxic effector proteins into eukaryotic and prokaryotic cells. They are
essential for pathogenesis and bacterial competition (reviewed in [Costa et al., 2015]).
The secretion apparatus consist of 13 core and several assisting components [Zheng and
Leung, 2007, Boyer et al., 2009, Costa et al., 2015]. The system is build up by two
complexes, a membrane complex and a tail complex [Zoued et al., 2014]. The membrane
complex contain T4SS homologous IM proteins that anchored the tail complex inside the
cell envelope. The tail complex contain evolutionary related contractile bacteriophage
tail components. Structures are tail sheath, an inner tube and a baseplate (reviewed
in [Costa et al., 2015]). The protein VgrG form a spike in the center of the baseplate
and functions as a nucleation platform for T6SS tail tube formation [Leiman et al.,
2009, Basler et al., 2012, Brunet et al., 2014, Costa et al., 2015]. Time-lape fluorescence
imaging of the tail sheath confirm a highly dynamic substructure that can contract
rapidly, dissemble and reassemble. Length of the tail sheath can be close to the width
of the cell [Basler et al., 2012]. Tts outer diameter is 290 A and the central channel is
110 A in diameter [Kube et al., 2014]. Function of the T6SS mechanism is similar to the
contraction mechanism of phage tails [Basler et al., 2012, Costa et al., 2015, Kudryashev
et al., 2015]. An unknown extracellular signal induces conformational changes in the
baseplate complex that results in contraction of the sheath. The inner tube, the VerG
and additional other proteins are translocated out of the cell and across the target cell
membrane [Ho et al., 2014, Zoued et al., 2014]. Final contraction leads to translocation

of multiple effectors into the target cell (reviewed in [Costa et al., 2015]).

1.2.7. Type VII secretion system (T7SS)

T7SS are a special secretion apparatus for virulence of mycobacteria like Mycobacterium
tuberculosis. In comparison to Gram-negative bacteria, mycobacteria have a mycomem-
brane (consisting of a waxy lipid coat of mycolic acids) instead of a OM [Houben et al.,
2014]. Conserved T7SS gene clusters are although found in Gram-positiv bacteria
[Houben et al., 2014]. The secretion system is a 1.5MDa protein complex whereby
the core channel in the IM consists of four different proteins. One of the proteins form
the central channel and an other has an ATPase cytosolic domain [Costa et al., 2015].

The translocation complex is associated with the protease MycP that is important for
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substrate processing [Solomonson et al., 2013]. Further, the substrate is cytosolic associ-
ated with two other proteins, an ATPase and a protein that chaperone and guiding-like
function [Houben et al., 2014, Korotkova et al., 2014]. The overall mechanism of T7SS
is poorly understood and a component for OM translocation is yet unknown (reviewed
in [Costa et al., 2015]).

1.2.8. Chaperone-usher pathway

Furthermore, other secretion pathways in Gram-negative bacteria are also know. The
chaperone-usher pathway is used to assemble and secrete fimbriae. Fimbriae or pili
are important for host cell recognition and attachment to contribute pathogenicity and
biofilm formation [Wright et al., 2007, Costa et al., 2015]. Subunits of the pilus are trans-
ported unfolded by the Sec pathway into the periplasm and stabilized by periplasmic
chaperones [Hultgren et al., 1991, Vetsch et al., 2004]. The chaperone-stabilized sub-
units are transported to the ‘usher’ OM protein that is essential for pilus assembly by

catalyzing subunit polymerization and pilus secretion (reviewed in [Costa et al., 2015]).

1.2.9. Curli biogenesis system

The curli biogenesis system is responsible for curli biogenesis. Curli are extracellular
protein fibres that are part of the functional amyloid class. They protect bacteria from
hostile environment. This kind of protection is mediated by contributing to biofilm
formation or by facibitating interactions with the host immune system [Olsén et al.,
1989, Hammar et al., 1995, Costa et al., 2015]. Curli consists of two subunits, the major
and the minor curli subunit. The major subunit is secreted unfolded by the Sec pathway
into the periplasm and also unfolded across the OM. In a next step, the major curli
subunit assembles into curli fibres at the extracellular surface with the help of the minor
subunit that nucleates the polymerization [Hammer et al., 2012, Costa et al., 2015].
The OM secretion apparatus consists of three different proteins and build a cage with
a 9 A-diameter channel [Goyal et al., 2014]. It is assumed, that an entropy gradient is
created across the membrane by the channel and leads to extrusion of the curli subunits.
A similar entropy-driven transport could be observed for the chaperonins GroEL and
GroES [Brinker et al., 2001, Takagi et al., 2003]. The secretion apparatus functions as
an undated, non-selective, secretion channel that uses a diffusion-based, entropy-driven
transport mechanism similar to that of chaperoning [Brinker et al., 2001, Takagi et al.,
2003, Costa et al., 2015].
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1.3. The hemolysin A (HIlyA) T1SS

T1SS are one of the most prominent nanomachineries in Gram-negative bacteria. They
transport a broad range of substrates ranging from small molecules to large proteins
across both cell membranes. Secreted proteins could be metalloproteases, toxins, S-layer
proteins, hemophores, lipases or adhesion factors [Delepelaire, 2004]. T1SSs are able
to secrete these substances in one step across both membranes without any periplasmic
intermediate [Schatz and Beckwith, 1990].

The T1SS itself consists of three different compartments that interact with each other
to build a continuous translocator [Létoffé et al., 1996, Thanabalu et al., 1998]. The
ABC transporter and the MFP are localized in the inner membrane. Together, they
interact with the OMP and build a pore that spans the periplasmic space and allow
transport from the cytoplasm directly into the extracellular space.

One of the most prominent substrate for Type I secretion is the RTX pore building
toxin HlyA from FE. coli. The HlyA T1SS consists of three different proteins. The
IM localized dimeric ABC transporter HlyB and the MFP HIlyD interacts with the
OMP TolC. Together, they assemble into a multi protein complex. This translocation
complex allows the recognition and secretion of HlyA (see Figure 1.1) unfolded using ATP

hydrolyzes in one step across both membranes without any periplasmic intermediate.

1.3.1. The ABC transporter hemolysin B (HlyB)

One of the most essential compartments of the HlyA T1SS is the ABC transporter HlyB.
HlyB consists of a N-terminal CLD, followed by a transmembrane domain (TMD) and a
C-terminal localized nucleotide binding domain (NBD). The protein has a length of 707
amino acids. A functional homodimer builds the active ABC transporter (see Figure 1.2

A).

The nucleotide binding domain (NBD)

The NBD of HlyB is localized at the C-terminus between amino acids 468 and 707.
Its crucial role during transport is the transformation of chemical stored energy into
mechanical movement translocation [Lenders et al., 2013]. The chemical energy is pro-
vided by ATP which is hydrolyzed to ADP in presence of Mg?* coordination during the
transport process. ATP hydrolysis is essential for completing the HlyA transport and
secretion cycle [Thanabalu et al., 1998]. The exact role of ATP hydrolysis during one

secretion cycle is unknown but it is assumed that is energizing the transport process.
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Figure 1.2.: Spatial arrangement of an ABC exporter and structural features
of the ABC exporter NBD

(A) Structure of Sav1866 from Staphylococcus aureus with bound ADP (pdb file 2HYD)
and for clarity with one monomer colored dark gray. The other monomer’s TMD is
colored in blue, cyan, yellow and green, while the corresponding NBD is colored red.
Coupling helix 1 (purple helix) is thought to make contact with both NBDs during
formation of the nucleotide sandwich. Coupling helix 2 (orange helix) is always domain-
swapped to interact with the opposing NBD. (B) Close-up view of the gray NBD and the
sandwiched ADP molecule. Directly involved conserved motifs are colored as follows:
Walker A, red; Q-loop, green; H-loop, purple; Walker B, cyan; A-loop, blue; C-loop,
yellow; D-loop, black. Figure is taken and modified from [Lenders et al., 2013] and
highlighted in Chapter 3.1.

The primary sequence of NBDs from ABC transporters chair some highly conserved
sequence motifs that are found in ABC transporters in archeae, prokaryotes and eu-
karyotes [Seeger and van Veen, 2009]. They contain two subdomains. The a-helical
subdomain contains the ABC signature motif, called C-loop, that is the unique feature
of ABC transporters [Ames et al., 1992] and coordinates the v-phosphate of ATP [Zait-
seva et al., 2005]. It is represented by the sequence motif LSGGQ [Ames et al., 1992].
The catalytic subdomain harbors six additional motifs that are the Walker A, Walker
B, Q-loop, A-loop, H-loop and D-loop [Oswald et al., 2006]. The Walker A motif has
the sequence motif GXXGXGK(S/T) where X represents any amino acid [Walker et al.,
1982], whereas the Walker B motif has the sequence motif ¢pppD where ¢ represents
any hydrophobic residue. Together, both motifs form a nucleotide binding groove that
coordinates Mg?™ and the triphosphate group of ATP [Oswald et al., 2006]. Neighboring
NBD interaction is mediated by the D-loop with the sequence motif SALD. Here, the
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aspartate interacts with the Walker A of the neighboring NBD [Seeger and van Veen,
2009]. A conserved tyrosine represents the A-loop and stack again the adenine ring of
ATP to provide the binding affinity of the NBD [Kim et al., 2006, Carrier et al., 2007].
The Q-loop and the H-loop consists of a conserved glutamine respectively a conserved
histidine. Both loops are interacting with the y-phosphate of ATP. Directly in the case
of the H-loop or indirectly via a structured water molecule in the case of the Q-loop (see
Figurel.2 B) [Zaitseva et al., 2005]. These interaction is essential for the conformational
coupling between the NBDs and TMDs [Oswald et al., 2006].

Furthermore, ABC exporters harbors an additional X-loop with the sequence motif
TEVGERG that promotes communication between the NBDs and the TMDs [Dawson
and Locher, 2006].

HlyB NBDs acts as a functional dimer [Schmitt et al., 2003, Zaitseva et al., 2006]
as described for other ABC transporters like MJ0796 or MalK, the ATPase subunit
of the maltose transporter [Smith et al., 2002, Chen et al., 2003]. Both nucleotide
binding interfaces are involved in the functional dimer. Together, they build a ‘nucleotide
sandwich’ with a ‘head-to-tail’ arrangement [Smith et al., 2002, Zaitseva et al., 2005].
Here, the Walker A of the first NBD interacts with the C-loop of the second NBD and the
other way round to build two functional nucleotide binding interfaces that enables NBD
dimerization and ATP hydrolysis [Jones and George, 1999, Chen et al., 2003, Hollenstein
et al., 2007].

Further, the secretion signal of HlyA is interacting with the NBDs of HlyB. Surface
plasmon resonance (SPR) studies demonstrate a specific interaction between the HlyB
NBDs and the C-terminal 50 amino acids of its substrate HlyA [Benabdelhak et al.,
2003].

The transmembrane domain (TMD)

The predicted localization of the HlyB TMD is between the amino acids 154 and 436.
ABC exporters like HlyB are predicted to contain typically six transmembrane helices
[Zolnerciks et al., 2011], whereas the amount of transmembrane helices for ABC im-
porters various from five [Hollenstein et al., 2007, Oldham et al., 2007] like in the case
of MetI [Kadaba et al., 2008] up to ten like in the case of BtuC [Locher et al., 2002, Pin-
kett et al., 2007]. The transmembrane helices are located antiparallel to each other, span
through the IM and, in case of RND pumps, extend as intracellular loops in the cyto-
plasm. For the multidrug exporter AcrB, extended periplasmic loops could also observed
that show direct interaction with TolC [Tamura et al., 2005]. HlyB does not harbor this
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extended periplasmic loops and show no direct interaction to TolC [Thanabalu et al.,
1998].

A special feature for ABC transporters are ‘coupling helices’ that are involved in trans-
mitting conformational changes between the TMDs and NBDs of the transporter. In
the case of ABC exporters, coupling helix 1 is flanked by transmembrane helices 2 and
3 (see Figure 1.2 A, purple helix), whereas coupling helix 2 is localized between trans-
membrane helices 4 and 5 (see Figure 1.2 A, orange helix). Coupling helix 1 interacts
with both NBDs of the dimer via the Q-loops and neighboring residues and coupling
helix 2 interacts only with the opposing NBD [Dawson and Locher, 2006].

Complementation experiments with a secretion-defective mutant of HlyA show that
there is a directly interaction between HlyA and the HlyB TMDs. Secretion deficient
HlyA lacking the last C-terminal 29 amino acids could complemented with HlyB variants
to restore the secretion and the hemolytic activity of HlyA. The mutations of the HlyB
variants are all located close to the predicted inner face of the cytoplasmic membrane
[Zhang et al., 1993]. In general, it could be show that the substrate recognition and
interaction by ABC transporter of T1SS is essential for the secretion process and for the
recruitment of the active translocator [Binet and Wandersman, 1995].

ABC transporters are normally oriented in an inward-facing conformation in absence
of the substrate and only substrate and ATP binding leads to an outward-facing con-
formation [Jardetzky, 1966]. In the inward-facing conformation, the ABC transporter is

closed and passive diffusion of molecules or salt ions is avoided [Jones et al., 2009].

The C39-like domain (CLD)

The N-terminal localized CLD of HlyB is a 125 amino acids small domain that reaches to
position 125 in the protein. The CLD shows 42 % homology to cysteine proteases that
belongs to the papain superfamily [Ishii et al., 2010]. These peptidases are normally
present in ABC transporters that are involved in the secretion of bacteriocin. The C39
protease domain cleaves the bacteriocin N-terminal precursor peptides C-terminal after
a conserved motif of 15 amino acids, the GG motif, to produces the mature protein
[Dirix et al., 2004, Havarstein et al., 1995, Kotake et al., 2008, Wu and Tai, 2004].

In comparison, the C39 domain of HlyB is degenerated (for that reason called CLD)
and show no peptidase activity. The cysteine of the catalytic triad is substituted by a
tyrosine and even a re-introduction of a cysteine does not restore the protease activity
of the CLD [Lecher et al., 2012, Kanonenberg et al., 2013]. The nuclear magnetic
resonance (NMR) structure confirm that this is due to the fact that the histidine of the
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catalytic triad is flipped out of the active site through n-7 stacking with a tryptophan
residue [Lecher et al., 2011]. According to this, the function of the CLD is still under

speculation.

Figure 1.3.: Surface representation of the nuclear magnetic resonance (NMR)
structure of the CLD

Structure of the CLD (pdb file 3ZUA). Amino acids of the CLD that displayed a GG
repeat interaction are shown as yellow surface whereas the rest of the protein surface
is highlighted in blue. Downscaled structure in the upper left corner represents the
backside of the CLD. Figure is taken from [Lecher et al., 2012].

It is known that the CLD is essential for Hly A secretion. Without the CLD, secretion is
completely abolished [Lecher et al., 2012]. Pull-down experiments confirm that the CLD
only interacts with the unfolded substrate and that interaction is disturbed after Ca2*
induced folding of HlyA. Further, the unfolded substrate interaction is independent of
the presence of the secretion signal [Lecher et al., 2012]. NMR chemical shift perturbation
experiments highlights an alternative binding groove at the CLD for HlyA (see Figure
1.3) that is localized on the opposite side of the domain compared to fully active C39
proteases [Lecher et al., 2012]. The authors mentioned that the CLD acts as a receptor for
HlyA that keeps it intracellular unfolded. No other known chaperone could be observed
to be involved in protecting unfolded HlyA inside the cell [Holland et al., 2005]. Further,
SecB involvement as described in the case for HasA could be excluded for the HlyA T1SS
[Delepelaire and Wandersman, 1998, Bakkes et al., 2010].

The N-terminal extensions of the T1SS ABC transporter allow the categorization into
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HIyA - Q1R2T5 RTX .. 1024 aa
LktA - P16462 RTX .:- 1050 aa

g RtxA - A1TYKW7 RTX “ 956 aa
CyaA - J7QLCO - RTX - 1706 aa
PaxA - Q9RCGS RTX .. 1049 aa
CvaC - Q5DQJO I— 103 aa
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ComC - P60243 I— 41 aa
HasA - Q54450 —- 188 aa
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EprA — 087806 MP —.. 477 aa

Figure 1.4.: Domain organization of different T1SS substrates

Boxes on the left highlight the ABC transporter families involved in the T1SS. “CLD”
describes a T1SS with an ABC transporter with an N-terminal CLD extension, con-
tributing defective peptidase, “C39” describes a T1SS with an ABC transporter having
an active N-terminal C39 peptidase domain and “no” describes an ABC transporter
without additional domains. Proteins are abbreviated as follows and listed with their
corresponding UniProtKB entries: HlyA, hemolysin A; LktA, leukotoxin; RtxA, RtxA;
CyaA, bifunctional hemolysin/adenylate cyclase; PaxA, exotoxin PaxA; CvaC, colicin V
protein; ComC, competence-stimulating peptide type 1; HasA, hemophore HasA; EprA,
metalloprotease EprA. Domains of the substrates are labeled as follows: AC, adeny-
late cyclase domain; RTX, RTX domain; GG, GG repeats; SEC, secretion signal; L,
N-terminal leader peptide; MP, metalloprotease domain. Figure is taken and modified
from [Lenders et al., 2015] and highlighted in Chapter 3.5.

three distinct groups (see Figure 1.4) [Lecher et al., 2012, Kanonenberg et al., 2013].
The first group contain transporters that harbors an authentic C39 protease domain.
This group contains the bacteriocin secretion systems as well as microcins T1SS and
T1SS that secretes rather small substrates (<10kDa) with a cleavable N-terminal leader
peptide for secretion. The second group contains the ABC transporters with CLD that
transport larger substrates (<55kDa). The substrates of CLD dependent T1SS are all
members of the RTX toxin family [Lecher et al., 2012, Kanonenberg et al., 2013]. ABC

transporters of the last group harbors no additional N-terminal domain and secretes
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substrates like the hemophore HasA [Lecher et al., 2012, Kanonenberg et al., 2013].

1.3.2. The membrane fusion protein (MFP) hemolysin D (HlyD)

The MFP of the HlyA T1SS is HlyD. HIlyD consists of 478 amino acids and can be
separated into three different parts. The first 59 amino acids build a small cytosolic
domain, followed by a single transmembrane helix (amino acids 60 to 80) and a huge
periplasmic domain ranging from amino acid 81 to 478.

Cross-linking experiments with the functional T1SS in vivo shows that the presence
of HlyD is essential for the secretion process. HlyD co-localized with HlyB in the IM
even in absence of the substrate HlyA. HIlyA is recognized by HlyB and HlyD and its
presence leads to recruitment of TolC by binding to HlyD [Thanabalu et al., 1998].

The N-terminal cytosolic domain of HlyD is essential for secretion and consists of 59
amino acids with a potential amphiphatic helix (residues 2-26) followed by a cluster of
charged residues (residues 34-38) with the consensus sequence R(E/K)KDE. Deletion
of the proposed amphiphatic helix results in strongly reduced HlyA secretion levels
whereas deletion of the charged residues abolished secretion completely [Balakrishnan
et al., 2001]. Furthermore, cross-linking experiments revealed the important role of the
charged amino acids in TolC recruitment. Without residues 34-38 TolC could not be
recruited anymore, although the HlyA /HlyD-interaction and the oligomerization of HlyD
were not influenced [Balakrishnan et al., 2001]. The cytosolic domain is only present in
MEFP that are involved in T1SS and could not be observed in MFPs of other transport
systems like RND pumps. Substrate interaction of the cytosolic domain is special for
HlyD. Co-precipitation studies of other T1SS involved MFP like HasE or PrtE show no
direct MFP-substrate interaction [Létoffé et al., 1996].

In contrast, the periplasmic part of MFP is present in all members of the family
[Zgurskaya et al., 2009] and well characterized by various structures. Crystal structures
of the MFP AcrA, MacA, CusB, EmrA or MexA are available, but no structure of MFP
involved in T1SS is currently revealed [Higgins et al., 2004, Yum et al., 2009, Su et al.,
2009, Akama et al., 2004b, Hinchliffe et al., 2014].

It can be assumed that the structure of the periplasmic part of HlyD is similar to the
known crystal structures of other MFPs. The central portion of all MFP are the two
lipoyl half-motifs that are highly conserved in MFP [Zgurskaya et al., 2009, Johnson
and Church, 1999]. The lipoyl half-motifs are interrupted by an a-helical domain with
an a-hairpin that differs in length by integer multiples of seven residues depending on

the periplasmic bridging distance of the MFP (see Figure 1.5). Both lipoyl half-motifs
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consist of four [-strands that are homologous to each other and interact together to
form a B-sandwich [Zgurskaya et al., 2009, Johnson and Church, 1999].

For HlyD, it could be shown that point mutation in this part of the protein results
in reduced secretion levels and the incorrect folding of the released substrate in the
extracellular space [Pimenta et al., 2005]. Further, the a-hairpin is essential for TolC
interaction [Kim et al., 2010, Xu et al., 2010]. Mutants in this area results in abolished
HlyD-TolC interaction [Lee et al., 2012].

A T - e han
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a-helical
hairpin
lipoyl
domain
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B-barrel
domain

Figure 1.5.: Structure and domain organization of AcrA and HlyD

(A) Domain organization of AcrA and HlyD. Grey boxes represent the primary structure
of the proteins. Blue boxes highlights the N and C-terminal lipoyl half-motifs whereas
the orange boxes represents the the N and C-terminal a-helices of the a-helical domain.
(B) Cartoon representation of monomeric AcrA (pdb file 2F1M; left side) and zoom
in the lipoyl half-motifs (right side). Blue colored residues represent identical and red
colored similar amino acids in the lipoyl half-motifs of MFP in over 50 % of sequences.
Figure is taken and modified from Chapter 3.2.

Further, the C-terminus (the last 100 amino acids) represents the most conserved
part of all MFP including HlyD. Structures of AcrA or MacA show no resolved C-
terminus [Higgins et al., 2004, Yum et al., 2009] due to high flexibility of the region.
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The last amino acids are essential for the secretion process. Lacking of the C-terminus
or modification by adding a tag results in non functional secretion systems [Ge et al.,
2009]. HlyD with a C-terminal fusion to a 10-amino acid c¢-Myc epitope results in
abolished secretion without inhibiting substrate engagement to HlyD or assembly of the
translocation complex [Thanabalu et al., 1998].

The oligomeric state of MFP is not consistent and varies strongly between members
of this protein family. Cross-linked HlyD, AcrA and MexA show in in wvivo experi-
ments dimer and trimer formation [Thanabalu et al., 1998, Zgurskaya and Nikaido,
2000, Nehme and Poole, 2007]. Recent publication show higher oligomer formation for
AcrA during electron microscopic studies [Xu et al., 2011] and for MacA, which forms
stable hexamers in solution and in the crystals [Yum et al., 2009]. A hexameric oligomeric
state for HlyD is conceivable because HlyD could act in some case as an adapter to bridge
dimeric HlyB and trimeric TolC.

Stable higher oligomers of MacA, EmrA and AcrA could also detect by SPR spec-
troscopy. It could be observed that oligomer stability correlates with the stability of the
MFP-TolC complex [Tikhonova et al., 2009]. Until now, no comparable studies have
been performed for HlyD.

1.3.3. The outer membrane protein (OMP) TolC

TolC is the OMP of the HlyA T1SS. It consists of 493 amino acids whereas the first
N-terminal 22 amino acids represent the signal peptide responsible for TolC transport
that is cleaved off from the mature protein. The mature protein has a length of 471
amino acids [Koronakis et al., 2000]. Trimeric TolC build a continuous channel in the
OM which is 140 A in size whereof nearly 100 A represent a periplasmic extension (see
Figure 1.6 A). Structurally, TolC can be separated in two different parts. The first
part is the p-barrel that builds the channel through the OM and the second part is the
periplasmic extension building an a-barrel [Koronakis et al., 2000].

The S-barrel has a height of 40 A including its extracellular loops. It consists of 12
[-strains, 4 [-strains per monomer. In the crystal structure, the barrel has a hollow
cylindrical shape [Koronakis et al., 2000]. Molecular dynamic (MD) simulations of TolC
suggest that a more hollow triangular prism like shape of the S-barrel is the energetically
favorable conformation [Vaccaro et al., 2008]. Such a shape for the §-barrel of an OMP
could already be observed in the crystal structure of OprM [Akama et al., 2004a]. Ac-
cording to this the cylindrical shape of TolC could maybe induced by the crystallization

environment. Further, it could be shown that the g-barrel of TolC has an influence on
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folding of substrates into their native conformation. Amino acid substitutions L42P and
S257P in the S-barrel of TolC results in reduced hemolytic activity of secreted HlyA

without or even less affecting the transport efficiency [Vakharia et al., 2001].

S
>
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Figure 1.6.: Structural overview of TolC

(A) Cartoon representation of the side view of the TolC homotrimer in its closed state.
The different monomers of TolC are highlighted in green, cyan and magenta. (B) A
cross-section side view of a space-filling model of the TolC trimer shows a near-continuous
channel from the S-barrel in the OM to the periplasmic entrance of the g-barrel. The
grey surface highlights the cross-sectional area in combination with a cartoon represen-
tation of the side view of the TolC homotrimer. The bright orange surface shows the
inner and outer surface of the part of TolC (the black arrows indicate the dimensions
of TolC). (C) View through the closed pore towards the periplasmic entrance of the (-
barrel. Monomers are highlighted in green, cyan and magenta. To illustrate the closed
conformation, the shape of the surface of TolC is shown in transparent grey panels (A,
B and C are based on pdb file 1IEK9). (D) View through a sequential open state of the
pore towards the periplasmic entrance of the S-barrel. The monomers are highlighted in
green, cyan and magenta. To illustrate the sequential open conformation, the shape of
the surface of TolC is shown in transparent grey panels (D is based on pdb file 2XMN).
Figure is taken from [Lenders et al., 2013] and highlighted in Chapter 3.1.

The 100 A a-barrel follows the S-barrel by expanding into the periplasmic space. Its
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maximal outer diameter is 35 A (see Figure 1.6 A). It consists of four a-helices per
monomer [Koronakis et al., 2000]. Intermeshing of side chains, so called ‘knobs-into-
holes’ packing, between two neighboring helices, stabilizes the 12 laterally packed helices
[Koronakis et al., 2004]. The a-barrel builds a water-filled pore with a inner diameter
of 20 A (see Figure 1.6 B). The pore is limited on one side by the open S-barrel and
on the other side at the periplasmic end by densely packed coiled-coils. The coiled-coil
structure has a diameter of 3.5 A and an iris-like shape (see Figure 1.6 C) [Koronakis
et al., 2004].

The diameter of 3.5A at the end is even to small for passage of ions (see Figure
1.6 C) [Delepelaire, 2004]. This ‘periplasmic gate’ is stabilized and kept close by salt
bridges and hydrogen bonds of the nearby localized amino acids. Especially, amino
acids T152, D153, Y362 and R367, which are localized in the coiled coil region, play an
important role by keeping the periplasmic end closed. Conductivity experiments with
TolC variants leaking these critical amino acids confirm that the periplasmic end is partly
open [Andersen et al., 2002]. Crystal structures of the Y362 and R367 alanine double
mutant illustrates this partly open conformation (see Figure 1.6 D). Both structures
visualize an ‘iris-like motion’ of the coiled coils at the periplasmic end of the a-barrel
[Andersen et al., 2002, Pei et al., 2011].

First evidences for an ‘iris-like motion’ of the periplasmic coiled coils were observed by
in vitro and in vivo studies of the TolC variants with the partly open end [Eswaran et al.,
2003]. Cysteine cross-linking of the a-helical coiled coils combined with conductivity
experiments show a recovery of the gating activity of TolC. In wvivo, the recovery of the
gating activity indicates that an untwisting of the a-helical coiled coils is necessary for
successful substrate secretion. In case of the HlyA T1SS cysteine cross-linking of the
TolC variants abolished secretion but more importantly TolC is still recruited and the
T1SS assembles completely [Eswaran et al., 2003]. Upon opening, the inner a-helical
coiled coils surround the outer a-helical coiled coils at the periplasmic ends of the a-
barrel [Bavro et al., 2008, Pei et al., 2011]. Further, the structures of TolC with the
closed and open periplasmic site highlight an increasing distance between the inner a-
helical coiled coils that ranged from 12.2 A in wild type TolC to 18.9 A and 21.3 A in the
TolC mutants (see Figure 1.6 C and D; reviewed in [Lenders et al., 2013]) [Pei et al.,
2011]. The increasing distance resulting in substrate passage like ions trough TolC in
vitro [Pei et al., 2011].

TolC and other OMP are involved in translocator formation that allows their corre-
sponding secretion systems the successful secretion of their substrates. In T1SS, TolC

is only interacting with the MFP but not with the cognate ABC transporters [Létoffé
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et al., 1996, Thanabalu et al., 1998]. Direct interaction between TolC and an RND trans-
porter was observed in the case of the Acr multidrug eflux pump system. There, TolC
is directly interacting with the transporter AcrB [Tamura et al., 2005]. Cross-linking ex-
periments indicate in this case a tip-to-tip interaction between AcrB and TolC, whereas
a additional binding groove for the MFP AcrA could observed. The binding groove
enabled TolC a direct interaction with the N-terminal a-helix of the MFP [Bavro et al.,
2008, Pei et al., 2011, Tamura et al., 2005].

The function is proposed to be a water-filled channel that allows the passage of sub-
strates across the OM. An energizing aspect or direct active involvement in substrate
transport was not observed. MD simulations indicate that TolC undergoes a complex
pattern of conformational movements during the ‘iris-like motion’ that provides a peri-

staltic motion in the periplasmic domain [Vaccaro et al., 2008].

1.3.4. The substrate HlyA

The substrate of the HlyA T1SS is HlyA, a 1024 amino acids and 110 kDa large toxin.
HlyA belongs to the RTX protein family, which is defined by nonapeptide GG repeats
with the sequence motive GGXGXGUX. U represents a large or hydrophobic amino
acids. Chapter 1.4.1 describes the function of the GG repeats more detailed. The
repeats are localized in a cluster close to the C-terminus (see Figure 1.7). The extreme
C-terminus followed this cluster. It harbors the HlyA secretion signal that is non-cleaved
during secretion and is recognized by the HlyA T1SS (see Chapter 1.4.1 for more detailed
information).

HlyA is synthesized as a non-toxic pre-protein (pro-HlyA) and matures via post trans-
lational fatty acid acylation into its active form. Acylation is carried out by the acylase
hemolysin C (HlyC), which uses the acylated acyl carrier protein (acyl-ACP) for fatty
acid transfer [Issartel et al., 1991, Stanley et al., 1994, Ludwig et al., 1996, Stanley
et al., 1998]. For that purpose, HlyC transfer the acyl residue of acyl-ACP to itself.
The covalent intermediate acyl-HlyC transfers the acyl residue to the e-amino groups of
the HlyA lysines K564 and K690 in a following step (see Figure 1.7) [Worsham et al.,
2001, Worsham et al., 2005]. Normally, fatty acids with a length of 14, 15 or 17 carbon
atoms are transferred [Ludwig et al., 1996, Lim et al., 2000]. Deletion of the HlyC bind-
ing domain or substitution of the lysines K564 and K690 abolished acylation and results
in fully secreted but non active HlyA [Hardie et al., 1991, Stanley et al., 1994]. The
Ca®" binding affinity of HlyA is not influenced by acylation [Nicaud et al., 1985, Boehm
et al., 1990, Hughes et al., 1992, Moayeri and Welch, 1997]. It could be shown that
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the residues 520, H23, V127, G128 and K129 are involved in the catalysis of HlyC acyl
transfer [Guzmén-Verri et al., 1997, Trent et al., 1999b, Trent et al., 1999a, Trent et al.,
1999¢c, Worsham et al., 2001]. The structure of E. coli HlyC is not solved but the HlyC
homolog ApxC from Actinobacillus pleuropneumoniae indicated that HlyC is a dimer in
solution via inter monomer interaction by a N-terminal a-helix [Greene et al., 2015]. As
reaction mechanism, a complex formation of pro-HlyA, HlyC and acyl-ACP as well as a

ping-pong mechanism are proposed [Stanley et al., 1991, Worsham et al., 2001].
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Figure 1.7.: Domain organization of HlyA and HlyAc

Upper boxes represent the domain organization of HlyA and the lower one the domain
organization of HlyAc. Yellow boxes represent the primary structure. The blue boxes
highlights the secretion signal whereas the green boxes represents the GG repeats and
the red box the functional N-terminal domain of HlyA. Acylation sites of HlyA are
highlighted with the amino acid positions Lys564 and Lys690.

The toxin is secreted by some uropathogenic Escherichia coli strains [Ludwig et al.,
1991, Welch et al., 1992] and is able to lyse for example erythrocytes or mammalian
epithelial cell. Erythrocytes lysis by HlyA could be followed by hemoglobin release
[Minshew et al., 1978, Brooks et al., 1980, DeBoy et al., 1980]. The exact interaction
mechanism of HlyA with the target membrane that results in erythrocytes lysis is not
definitely determined. Different possibilities have been proposed. Cell lysis could be
mediated by HlyA pore formation that leads to target cell turgor increase by Ca*
influx and finally to cell death by lyses [Rennie et al., 1974, Bhakdi et al., 1986]. This
mechanism can work without and with a receptor. In case of a receptor mediated pore
formation, HlyA can interact with a receptor and activate distinct signaling pathway that
leads that leads to a destruction of the host immune system by Ca?*t influx [Lally et al.,

1997]. Furthermore, interaction with outer membrane vesicles with the host membrane
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can result in HlyA to host interaction. Gram-negative bacteria harbor outer membrane
vesicles [Beveridge, 1999] and HlyA was already observed in this particles [Balsalobre
et al., 2006]. In case of the ClyA activity, it could be show that such an interaction is
necessary [Wai et al., 2003].

The oliogomeric state of HlyA in solution is known to be a monomer or a dimer
[Thomas et al., 2014b]. Monomeric HlyA could at lower concentration prefer receptor
recognition whereas at higher concentration oligomerization and pore formation could
be induced [Menestrina et al., 1995, Stanley et al., 1998].

The C-terminal 218 amino acids of HlyA (HlyAc) are secreted autonomous in high
amounts. It contain the secretion signal and three GG repeats (see Figure 1.7). The
fragment is well characterized and sufficient for secretion [Nicaud et al., 1986]. Fusions
of other proteins to the HlyAc fragment results in some cases in secretion by the HlyA
T1SS [Mackman et al., 1987, Kenny et al., 1991, Blight and Holland, 1994, Gentschev
et al., 2002, Bakkes et al., 2010, Schwarz et al., 2012a].

1.4. Secretion process

1.4.1. Signals for secretion

The essential signal for secretion of T1SS substrates is encoded in the C-terminal secre-
tion signal. The signal is localized within the last 50 to 60 amino acids of the substrate
and is not cleaved during or after the secretion process [Nicaud et al., 1986, Mackman
et al., 1987, Jarchau et al., 1994]. It could be shown that the secretion signal is neces-
sary and sufficient for secretion. Amino acid substitutions in the secretion signal leads
to strongly reduced or complete abolished secretion [Gray et al., 1986, Stanley et al.,
1991, Kenny et al., 1994]. Furthermore, fusions of non secreted proteins with the se-
cretion signal highlights the role. Some fusion proteins harboring the secretion signal
are recognized and secreted by the HlyA T1SS. They become new substrates for the
secretion system [Blight and Holland, 1994]. According to this, it is surprising that
the sequence motif for substrates of T1SS is not conserved. Only for RTX proteins, a
sequence segment at the last 20-30 C-terminal amino acids could identified that contain
maybe important information for secretion [Luo et al., 2015]. Nevertheless, it is more
likely that the secondary structure of the secretion signal acts as the recognition motif
[Wolff et al., 1994, Zhang et al., 1995].

Another important signature motif for the T1SS secretion process are the GG repeats

that are found in most of the substrates [Delepelaire, 2004]. The RTX proteins represents
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the main family of T1SS substrates and are characterized by these GG repeats. In most
of the substrates, the GG repeats are localized close to the secretion signal (see Figure
1.4) [Strathdee and Lo, 1989]. The consensus sequence of the GG repeats is highly con-
served and defined by the motif GGxGxDxUx where U represents a large or hydrophobia
amino acid [Baumann et al., 1993, Bauche et al., 2006, Linhartovéd et al., 2010]. The
GG repeats containing proteins vary greatly in size and range from 78 to 8682 amino
acids as described for LapA from Pseudomonas fluorescens [Hinsa et al., 2003, Dele-
pelaire, 2004]. The amount of GG repeats correlates with the protein length and occurs
mainly with one repeat for every 6-12kDa [Delepelaire, 2004, Linhartové et al., 2010].
All GG repeats containing substrates have an acidic isoelectric point [Delepelaire, 2004].
The repeats are involved in protein folding. Binding of calcium ions to the GG repeats
induces protein folding [Rose et al., 1995, Rhodes et al., 2001]. The induced structure
consists of an embedded Ca*" surrounded by S-roll and S-sandwich [Linhartova et al.,
2010]. Folding induced by the GG repeats appears only in the extracellular space due
to the higher calcium ion concentration that exceed the Kp for calcium ion binding
[Thomas et al., 2014a]. The intracellular calcium ion level is to low for folding initiation
[Gangola and Rosen, 1987, Ludwig et al., 1988, Jones et al., 1999].

Furthermore, some T1SS substrates, like HasA [Arnoux et al., 1999], harbors addi-
tional regions [Finnie et al., 1998]. The 188 amino acid large hemophore HasA has
compared to RTX proteins no GG repeats but additional motifs that are linear dis-
tributed over the whole peptide [Masi and Wandersman, 2010] and are not essential for

secretion but maximize the secretion level of HasA [Masi and Wandersman, 2010].

1.4.2. Secretion of unfolded substrate

In case of the HlyA T1SS, the inner diameter of TolC is known (see Chapter 1.3.3). It can
be assumed that 20 A of TolC represent a bottleneck in size for substrate translocation
[Koronakis et al., 2004]. This diameter is comparable with the size of one a-helix.
Compared with the 110kDa HlyA or the 900 kDa LapA it is very unlikely that T1SS
can secrete completely folded substrates [Hinsa et al., 2003, Delepelaire, 2004]. As a
consequence, the substrates have to be secreted at least partly or completely unfolded.

For the HlyA and HasA secretion systems, it could be shown that the substrate secre-
tion occurs only in an unfolded state [Debarbieux and Wandersman, 2001, Bakkes et al.,
2010]. Furthermore, intracellular folded HasA leads to an inhibition of its own T1SS
for secretion [Debarbieux and Wandersman, 2001]. To prevent this, SecB keeps HasA

intracellular unfolded or at least in a transport-competent, respectively loosely folded
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state [Delepelaire and Wandersman, 1998, Sapriel et al., 2003]. Fusion proteins with
maltose binding protein (MBP) and HlyAc (see Figure 1.1) that contains the secretion
signal and three GG repeats [Nicaud et al., 1986] results in complete abolished secretion.
The secretion ability can be restored by introducing point mutations in the MBP part
of the fusion protein that reduces the folding rate [Bakkes et al., 2010]. Thereby it was
shown that the folding rate of the fusion protein dictates its secretion level. Slow fold-
ing mutants secretes more efficient whereas faster folding mutants secretes less efficient.
Binding studies to an amylose resin confirmed that the MBP mutants only influence the
folding speed but not the binding capacity of MBP [Bakkes et al., 2010].

Similar experiments were done with an intestinal fatty acid binding protein (IFABP)
that was also fused to the HlyAc fragment. IFABP is well characterized and slow folding
mutants of the protein have been reported [Kim and Frieden, 1998]. Fusion protein
with wild type IFABP could not been secreted whereas the slow folding IFABP mutants
G80V and G121V could be secreted in high amounts [Schwarz et al., 2012a]. IFABP
function is not influenced by the folding rate. Binding experiments with the fluorescence
fatty acid analog 11-(Dansylamino)undecanoic acid (DAUDA) shows the same binding
affinity for the IFABP variants as for the wild type [Kim and Frieden, 1998, Schwarz
et al., 2012a).

1.4.3. Substrate orientation

Chapter 1.4.1 highlights the important role of the secretion signal for the secretion
process. It is essential and sufficient for secretion [Jarchau et al., 1994, Zhang et al.,
1995]. Further, it is directly influencing the catalytic cycle of its ABC transporter NBDs
[Benabdelhak et al., 2003]. Due to the fact that T1SS substrates are secreted unfolded
[Debarbieux and Wandersman, 2001, Bakkes et al., 2010, Schwarz et al., 2012b] the
proteins have to enter the translocator with one terminus first. The substrates can enter
the T1SS with the secretion signal ahead or at last. Both opportunities leads to two
fundamental different working models and roles of the secretion signal for type I secretion
[Lenders et al., 2013].

In case of an ‘activating’ T1SS pathway, the secretion signal initiates the transport
process (see Figure 1.8). In the first step, HlyB NBD dimerization is initiated by binding
of ATP and the secretion signal [Benabdelhak et al., 2003, Zaitseva et al., 2006]. The
substrate interaction with the ABC transporter stimulates the TolC recruitment by the
MFP [Létoffé et al., 1996, Thanabalu et al., 1998]. Afterwards, the NBD dimerization

leads to conformational changes of the TMDs of HlyB and allows binding of the secretion
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Figure 1.8.: Possible steps of an activating T1SS pathway

In the first step the OMP TolC (shown in side view as orange spheres and based on
pdb file 1EK9), in the presence of the transport substrate, is recruited by the MFP
and the ABC protein (highlighted in green and yellow, respectively) located in the IM.
The oligomeric state of the MFP is unknown so far but to ensure a better overview
only two MFPs are shown. TolC recruitment is mediated by binding of the substrate
secretion signal to the two IM proteins, ABC transporter and MFP. Simultaneously,
the binding of the secretion signal initiates ATP binding by the ABC transporter. The
resulting conformational changes in the TMDs of the ABC transporter displace the
C-terminus of the unfolded substrate into the translocator. Third, the substrate is
‘pulled’ through the translocator by progressive folding in the calcium-rich extracellular
space (calcium ions highlighted as gray dots). When the substrate passes completely
through the translocator, it is presumed that this triggers ATP hydrolysis of both ATP
molecules and will reset the transporter to its initial state. Finally, the transport complex
dissociates and releases ADP and free phosphate into the cytoplasm. The fully folded
substrate then diffuses into the extracellular space. Figure is taken and modified from
Chapter 3.1.

signal and its entering into the translocation pore. In the next step, the substrate
is transported to the extracellular space where folding is induced by the extracellular

amount of Ca?t and dissociate from the T1SS takes place. If this process takes place
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under continuous ATP hydrolysis, is not analyzed yet. Finally, the substrate release
is realized by the translocator and leads to ATP hydrolyzes, conformational changes of
the ABC transporter (from an outward to an inward facing conformation) and to the
disassembly of the T1SS. The secretion system is restored in the initial state and ready
again for a new substrate translocation.

In favor for an activating T1SS pathway, many fusion proteins are secreted by the Hly A
T1SS. They harbor the HlyAc fragment that contains the secretion signal [Mackman
et al., 1987, Kenny et al., 1991, Blight and Holland, 1994, Gentschev et al., 2002, Bakkes
et al., 2010, Schwarz et al., 2012a]. The proteins have nothing to do with type I secretion
but they are still recognized and transported with the HlyAc fragment. For that purpose,
the secretion can only initiate after translocation of the secretion signal. Nevertheless,
the secretion signal alone is still secretable [Jarchau et al., 1994]. For the Prt T1SS could
be shown in vitro that the ATPase activity of the ABC transporter PrtD is inhibited by
the secretion signal of its substrate [Delepelaire, 1994].

In case of a terminating T1SS pathway, the secretion signal terminates the secretion
process and leads to a reset of the transporter. For this kind of mechanism, the transport
has to be initiate by an unknown factor that leads to ATP and substrate binding.
The substrate possess additional N-terminal regions that allows its binding to the ABC
transporter [Masi and Wandersman, 2010]. Binding leads to the assembly of the T1SS
and to conformational changes of the transporters TMDs (from an inward to an outward
facing conformation). Afterwards, secretion to the extracellular space will occur with
the N-terminus first.

In a final step, the secretion signal will be secreted at last and induces the ATP hy-
drolyzes with the release of the substrate. This results in a conformational change of the
ABC transporter from its outward to inward facing conformation and to a disassembly
of the T1SS.

Arguments for the terminating model are that those proposed additional N-terminal
regions (anchor regions) could be found in the primary sequence of HasA [Masi and Wan-
dersman, 2010]. Additionally, it could be shown that the secretion signal is important
for dissociation of the translocator by affecting the catalytic cycle of the NBDs [Cescau
et al., 2007]. In case of the Has secretion system, the secretion signal of HasA is re-
sponsible for the ATP hydrolyzes of its ABC transporter HasD [Masi and Wandersman,
2010]. Such a mechanism is expectable for the HlyA T1SS, too. Here, the GG repeats
could act as such anchor regions because its interaction with the CLD of HlyB could
be confirmed [Lecher et al., 2012]. Although, stabilization of the ABC transporter by

binding of the secretion signal could possible, too. This could lead to the assembly of
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the HlyA T1SS and finally to the secretion of HlyA with its N-terminus ahead.

1.5. Transport mechanism

1.5.1. Hierarchy of assembly

The states of assembly for the HlyA T1SS could been highlighted by cross-linking stud-
ies and further experiments [Thanabalu et al., 1998]. HlyA is recognized by its ABC
transporter HlyB and its MFP HlyD [Thanabalu et al., 1998]. The secretion signal of the
substrate binds to the NBDs of HlyB [Benabdelhak et al., 2003] whereas the GG repeats
interacts with the CLD [Lecher et al., 2012]. Further, HlyA is interacting with the cy-
toplasmic part of HlyD [Balakrishnan et al., 2001]. The exact part of HlyA for HlyD
interaction has not been determined yet.

The interaction of HlyA with HlyB and HlyD results in recruitment of TolC by the
MFP. Substrate and HlyB respectively HlyD presents alone results not in recruitment
of TolC [Thanabalu et al., 1998]. The substrate MFP interaction is special for the Hly A
T1SS and could not observed for other T1SS like Prt or Has [Létoffé et al., 1996]. Co-
precipitation experiments with these secretion systems show a serial assembly of the
single compartments. The substrate interacts only with the ABC transporter whereas
the ABC transporter interacts with the substrate and the MFP. The MFP itself interact
only with the ABC transporter and the OMP but not with the substrate whereas the
OMP only interfere with the MFP [Létoffé et al., 1996].

Further, ATP binding leads to the complex assembly whereas ATP hydrolyzes seems
only important for completing the secretion process [Thanabalu et al., 1998]. Currently,

it is not clear whether ATP binding is essential for the translocator formation or not.

1.5.2. Energizing of translocation

The inherent driving force for energizing the substrate translocation in type I secretion
is not know yet. A combination of different factors like ATP hydrolyzes, the proton
motive force or diffusion, could be responsible.

ATP hydrolyzes is involved in energizing translocation. Without hydrolyzes the secre-
tion cycle can not completed [Thanabalu et al., 1998]. Nevertheless, the number of ATP
that are consumed for one transport cycle is not known. It is know that only two ATP
are consumed per transported substrate for the OpuA from Lactococcus lactis [Patzlaff
et al., 2003], for the glycine-betaine or the maltose importer from Escherichia coli [Mim-

mack et al., 1989]. Energizing by an iterative mechanism where one ATP is hydrolyzed
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for a distinct number of transported amino acids could be possible, too. Such a mech-
anism is described for the Sec pathway with one consumed ATP for 20-30 delocalized
amino acids [Schiebel et al., 1991, Uchida et al., 1995].

The proton motive force (PMF) is partly involved in the early stages of Hly A secretion
[Koronakis et al., 1991]. For secretion experiments, carbonylcyanide m-chlorophenylhy-
drazone (CCCP) was used for collapsing the PMF and for inhibiting the membrane
potential and results in a complete abolished secretion [Koronakis et al., 1991]. This
behavior could only observed in early stages of secretion, in later stages secretion is
not influenced by CCCP anymore. CCCP is not inhibiting HlyB and HlyD during this
experiments. This confirm that the effect basis on a collapsed PMF respectively the
membrane potential [Koronakis et al., 1991].

Further, diffusion could act as the driving force for secretion. Due to this assumption,
the translocator act partly as a gating channel without any active transport activity and
the proteins are diffusing along their concentration gradient respectively their electro-
static gradient. All T1SS substrates have an acidic isoelectric point that results in a
negatively charge of the proteins inside the cells [Delepelaire, 2004]. The proteins can
travel along their charge gradient across the membrane. Further, the T1SS substrate
concentrations is much higher inside the cell compared with the extracellular space. The
proteins can travel along a concentration gradient through the translocator.

The binding affinity of the conformational stages of the ABC transporter could also be
involved in energizing the transport process. The transporter can appear in an inward
and an outward facing conformation. The conformation have different binding affinities
for the substrate [Martin et al., 2001]. The inward facing conformation will have a
higher binding affinity compared to the outward facing state. A lower affine outward
facing conformation releases the substrate and prevents revers transport. Such binding
affinities by the transporter stages could only observed for small protein molecules but
not for T1SS substrates [Martin et al., 2001].

Furthermore, the Ca?" binding affinity of the GG repeats could act as the inherent
driving force for energizing the substrate translocation. GG repeats are prominent in
most of the T1SS substrates [Delepelaire, 2004] and their amount correlates with protein
length with one repeat per 6-12kDa [Delepelaire, 2004, Linhartova et al., 2010]. As
mentioned above, the repeats bind Ca?* and induced protein folding [Rose et al., 1995,
Rhodes et al., 2001]. Protein folding takes place only in the extracellular space due to the
high extracellular Ca?* concentration [Jones et al., 1999]. The GG repeats reach the cell
surface and start folding. The folding represents the inherent driving force that ‘pulls’

the rest of the protein out of the translocator [Linhartovéd et al., 2010]. In this case,
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backsliding of the protein is prevented due to the globular size of the folded substrate

that can not enter the translocator anymore.

1.5.3. Function of CLD, MFP and OMP

Chapter 1.3.1 highlights that a chaperone function of the HlyB CLD is likely. In contrast
to fully active C39 proteases like ComA from Streptococcus pneumoniae [Ishii et al.,
2010] the catalytic triad of the HlyB CLD is degenerated [Lecher et al., 2011]. The
CLD interacts with the unfolded substrate (the GG repeats) over a binding site that
is localized on the opposite site of the protein in comparison to C39 proteases [Lecher
et al., 2012]. Other T1SS without CLD prevent degradation by SecB interaction like in
the case of HasA [Delepelaire and Wandersman, 1998, Sapriel et al., 2003, Wolff et al.,
2003]. How systems without CLD or SecB like the Prt T1SS manage the prevention
of substrate degradation is not known [Delepelaire and Wandersman, 1998]. Further,
the CLD of HlyB is involved in negative regulation of the ATPase activity of the ABC
transporter in vitro (Sven Reimann personal communication).

An involvement of MFPs and OMPs in protein folding could be observed for the HlyA
and the Cva T1SS. Point mutations in HlyD and TolC leads to incorrect folded and lower
levels of substrate with reduced hemolytic activity [Hwang and Tai, 1999, Vakharia et al.,
2001, Pimenta et al., 2005]. Hemolytic activity of HlyA could be restored in this cases by
de- and renaturating in vitro. Furthermore, specific HlyD mutations results in a reduced
hemolytic activity by increasing the extracellular Ca?* concentration [Pimenta et al.,
2005]. For interpreting this results, it is possible that the formation and stable packing
of HlyD is disturbed which results in an aberrant movement of the substrate through the
translocation complex [Pimenta et al., 2005]. It is mentionable that MFPs and OMPs
work as an isolator for HIyA to prevent Ca?* interaction inside the translocator. MD
simulation of TolC indicated a gating activity for its extracellular end that could prevent
Ca?" insertion into the T1SS [Vaccaro et al., 2008].
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2. Aims

One of the most prominent example for T1SS in Gram-negative bacteria is the HlyA
T1SS from Escherichia coli. The RTX protein HlyA is one of the major virulence factors
of uropathogenic Escherichia coli (UPEC) strains that causes gravely diseases in humans
[Menestrina et al., 1994].

The HlyA TI1SS consists of three different components, the OMP TolC, the ABC
transporter HlyB and the MFP HlyD. Together they assemble to the tripartite translo-
cator that catalyze HlyA secretion. Secretion of HlyA occurs unfolded in one step from
the cytoplasm directly into the extracellular space [Thanabalu et al., 1998, Bakkes et al.,
2010]. The secretion signal of HlyA initiates secretion and is responsible for the assem-
bly of the T1SS complex. It contains all information for successful secretion and can
be secreted alone [Jarchau et al., 1994]. Nevertheless, many aspects of the transport
process are not fully understood.

One of these aspects is the orientation of the substrate during secretion. An aim of
this doctoral thesis was to find out whether directionality of secretion exists and if so,
whether the N- or C-terminus of HlyA is translocated first through the T1SS.

Moreover, the role of the secretion signal during initiation of the translocation process
is not completely understood and should be studied during this work in more detail.

The rate of HlyA secretion is not characterized yet. The speed of the T1SS is still
an open field of discussion. For comparison, the injection speed of the SipA T3SS is
within the scope of 4795-41100 amino acids per sec and T3SS, whereas the speed for Sec
dependent transport is 152-228 amino acids per sec and transporter [Schlumberger et al.,
2005, Robson et al., 2009]. According to this, the influence of protein length, number of
GG repeats and the role of external calcium ion concentration on HlyA secretion have
to be investigated in this work in more detail.

Furthermore the role of the different states of the cycle for ATP hydrolysis for the
HlyA secretion process in unknown. This question was addressed during this doctoral

thesis, too.
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from small proteins up to large surface layer proteins of
about 900 kDa. Most of the substrates have a non-cleava-
ble C-terminal secretion signal and so-called GG repeats
that are able to bind calcium ions. The translocator com-
plex is composed of a trimeric outer membrane protein
that provides a pore in the outer membrane. A multimeric
membrane fusion protein spans the periplasm and forms
a continuous channel connecting the outer membrane
protein with a dimeric ATP-binding cassette transporter
in the inner membrane. The ATP-binding cassette-trans-
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Introduction

A broad range of morphologically diverse bacteria are
known to secrete proteins to the exterior (Pugsley and
Schwartz, 1985). The type 1 secretion system (T1SS) has
evolved in Gram-negative bacteria to secrete substances
in one step from the cytoplasm across both the inner and
outer membrane, without any periplasmic intermediate.

This mechanism of secretion is independent of the Sec-
mediated pathway (Schatz and Beckwith, 1990).

The transport complex itself contains three specific
components, which interact with each other and build up
the secretion apparatus (Letoffe et al., 1996; Thanabalu
et al., 1998). Two proteins are located in the inner mem-
brane, an ATP-binding cassette (ABC) transporter and a
membrane fusion protein (MFP). The third component is a
protein residing in the outer membrane, which has there-
fore been called an outer membrane protein (OMP). This
forms a channel from the periplasm to the extracellular
medium. Components of T1SSs reside in the membranes
of the bacterial envelope. Most substrates of T1SSs contain
a non-cleavable C-terminal secretion signal, which upon
interaction with their ABC transporter initiates assem-
bly of the whole transport complex (Letoffe et al., 1996;
Thanabalu et al., 1998).

The importance of the TISS is demonstrated by its
numerous transport substrates, which vary from small
proteins like the hemophore HasA (19 kDa) to huge surface
layer proteins up to 900 kDa in size (Letoffe et al., 1994;
Hinsa et al., 2003; Satchell, 2011). Other transported sub-
strates include adenylate cyclases, lipases and proteases.
One of the best-characterized T1SSs and the first to be
identified is the hemolysin A (HlyA) secretion machinery
of Escherichia coli. HlyA is found in most uropathogenic
strains and was discovered in the early 1980s (Springer
and Goebel, 1980; Welch et al., 1981, 1983; Mackman and
Holland, 1984). Therefore it represents one of the para-
digms of T1SSs.

Despite extensive research on the system, many
aspects are still controversial. In this review we gather
together existing results regarding the following questions:
— Does substrate folding take place prior or after the

transport process?

—  Which parts of the substrate and the components of
the transport complex interact with each other?

- What is the specific function of the components of the
translocon during assembly and transport?

Furthermore, we will speculate about the transport mech-
anism in the light of the questions raised above.
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Components of the type 1 secretion
system

The outer membrane protein

An OMP is an essential part of the T1SS and knock-out
mutants lead to secretion deficient bacterial strains (Wan-
dersman and Delepelaire, 1990). Members of this family
include TolC, PrtF, CyaE and LipD (Delepelaire, 2004).
TolC is the best-characterized protein of this family, since
in addition to biochemical and functional studies, the
structure of TolC in the closed and ‘sequential open state’
is known (Koronakis et al., 2000; Pei et al., 2011). Here, the
‘sequential open state’ describes the structure of the par-
tially open periplasmic gate of TolC. Furthermore, secre-
tion-deficient mutants were used to identify crucial amino
acids, cross-linking studies investigated the closed state
of the pore in great detail and conductance experiments
of the transition states with a ‘sequentially open’ state of
TolC resulted in a detailed picture of the protein’s func-
tion (Vakharia et al., 2001; Andersen et al., 2002; Eswaran
et al., 2003). TolC is not only involved in protein transport
through the T1SS of Cva and Hly but is also an essential
part of multiple drug efflux systems in E. coli such as Acr,
Mac and Emr (Koronakis et al., 2004).

The homotrimeric TolC is 140 A in length, as shown
in Figure 1A, from its periplasmic tip region to the extra-
cellular loops of its B-barrel, and builds a continuous
channel that spans the outer membrane and extends to
a large extent into the periplasmatic space. The B-barrel
measures 40 A in the outer diameter and consists of four
B-strains per monomer, which form a hollow cylindrical
shape. A 100 A tunnel formed by 12 o-helices follows the
B-barrel and expands into the periplasm. These helices
are packed laterally with two neighboring helices build-
ing an o-barrel, see Figure 1A (Koronakis et al., 2000). The
interaction between two neighboring helices is stabilized
by so called ‘knobs-into-holes’ packing (Koronakis et al.,
2004). Here, the intermeshing of side chains stabilizes the
assembly of the 12 laterally packed helices of the o-barrel
(Koronakis et al., 2004). The accessible interior diameter
of the water-filled pore is 20 A (35 A for the outer diam-
eter), see Figure 1A and B. The periplasmic end formed
by densely packed coiled coils is closed and only 3.5 A in
diameter. This is too small to allow passage of even ions,
see Figure 1C (Delepelaire, 2004). Salt bridges and hydro-
gen bonds stabilize this closed conformation. The most
important amino acids of the closed conformation are
T152, D153, Y362 and R367, which are located in the coiled
coil region at the periplasmic end of the pore. Conductivity
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experiments showed that the mutation of these amino
acids to alanine resulted in a partly opened conformation
of TolC (Andersen et al., 2002). The structure of the Y362F
and R367S double mutant showed an enlarged periplas-
mic entrance of the protein (Figure 1D) due to a weakening
of the ionic interactions between the monomers (Pei et al.,
2011).

It is proposed that upon opening, TolC undergoes
an ‘iris-like motion’ of the inner o-helical coiled coils
around the outer coiled coils at the periplasmic ends of
the a-barrel (Eswaran et al., 2003). Cross-linking studies
have suggested that an untwisting of the ‘entrance helices’
is necessary for TolC-dependent substrate secretion (as in
the case of the hemolysin T1SS), but not for TolC recruit-
ment (Eswaran et al., 2003). Data from TolC mutants that
form only open state structures emphasized this iris-like
motion of the inner a-helical coiled coils (helices H7/H8).
Helix H7 moves around helix H8 and together they move
around the outer coiled coils (helices H3/H4) at the peri-
plasmatic ends (Bavro et al., 2008; Pei et al., 2011). These
structures highlight an increasing distance between the
inner o-helical coiled coils from 12.2 A in wild type TolC
to 18.9 A and 21.3 A in the TolC mutants (Figure 1C and D).
This increasing distance results in an increased conduc-
tivity ranging from 80 pS in wild type TolC to 370 pS and
1000 pS in the TolC mutants (Pei et al., 2011).

In all T1SSs, TolC or other OMPs in the active pore
interact with a membrane fusion protein (Letoffe et al.,
1996; Thanabalu et al., 1998). So far, direct interactions
between OMPs and the cognate ABC transporter yet to be
observed in T1SS and probably do not exist. In contrast,
in the Acr multidrug efflux pump system TolC directly
interacts with the secondary transporter AcrB (Tamura
et al., 2005). Cross-linking experiments of cysteine resi-
dues introduced by site-directed mutagenesis showed
that the transporter forms a complex by transient tip-
to-tip interaction with TolC. In addition, structural data
derived from the open state of TolC identified a binding
groove for interaction with the membrane fusion protein
AcrA (Bavro et al., 2008; Pei et al., 2011). This is also
in line with cross-linking studies of site-specific TolC
and AcrA cysteine variants (Lobedanz et al., 2007). The
binding groove is located between the lower a-helical
barrel of TolC and the N-terminal o-helix of the AcrA
coiled coil. As mentioned above, the o-helical domain
of MFPs, especially the o-hairpin, seems to be essential
for interaction with TolC (Stegmeier et al., 2006; Kim
et al., 2010). The open state structure of TolC allows us
to speculate that a larger interaction interface with the
N-terminal o-helix of the MFP could be possible (Pei
et al., 2011).
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Figure1 Structural overview of TolC.
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(A) Cartoon representation of the side view of the TolC homotrimer in its closed state. The different monomers of TolC are highlighted in
green, cyan and magenta. (B) A cross-section side view of a space-filling model of the TolC trimer shows a near-continuous channel from
the B-barrel in the outer membrane (OM) to the periplasmic entrance of the o-barrel. The gray surface highlights the cross-sectional area
in combination with a cartoon representation of the side view of the TolC homotrimer. The bright orange surface shows the inner and outer
surface of the part of TolC (the black arrows indicate the dimensions of TolC). (C) View through the closed pore towards the periplasmic
entrance of the a-barrel. Monomers are highlighted in green, cyan and magenta. To illustrate the closed conformation, the shape of the
surface of TolC is shown in transparent gray panels (A, B and C are based on Protein Data Bank entry 1EK9). (D) View through a sequential
open state of the pore towards the periplasmic entrance of the a-barrel. The monomers are highlighted in green, cyan and magenta. To
illustrate the sequential open conformation, the shape of the surface of TolC is shown in transparent gray panels (D is based on Protein

Data Bank entry 2XMN).

Molecular dynamic simulation of TolC indicated the
possibility of a more complex pattern of conformational
movements. In particular, a peristaltic motion in the peri-
plasmatic domain that may facilitate transport of the sub-
strates through the tunnel was proposed. Furthermore,
movement was observed in coarse-grained simulations
and two putative gate regions, located at either end of
the protein, were identified. However, additional simula-
tion of TolC also suggested that the cylindrical shape of
the B-barrel represents a crystallographic artifact. After 2
nanoseconds of simulation, the barrel changed its shape
to that of a more triangular prism. This conformation was
also observed in the crystal structure of the functional
TolC homolog OprM (Akama et al., 2004a; Vaccaro et al.,
2008).

The membrane fusion protein

Bacterial MFPs are a highly diverse group in terms of
structures and mechanisms (Zgurskaya et al., 2009).
MFPs are involved in many multicomponent transport
systems such as T1SSs or multidrug efflux systems. The
transporter components of these systems are members

of the resistance-nodulation-cell division, ABC or major
facilitator superfamilies. So far, no structures of any MFPs
involved in T1SS are available, but structures of analo-
gous proteins involved in multidrug resistance, such as
AcrA (Higgins et al., 2004) or MacA, have been reported.
Several structures for other MFPs are also available, like
CusB or MexA, which will not be discussed in detail here
(Akama et al., 2004b; Su et al., 2009). AcrA and MacA are
part of tri-partite multidrug efflux pumps. AcrA interacts
with a transporter of the resistance-nodulation-cell divi-
sion family and MacA interacts with an ABC-transporter.
All MFPs share a highly conserved C-terminal part, whose
structure is not resolved in the crystals. It has however
been shown that this part of the molecule is essential for
the secretion process of the transport complex (Schulein
etal., 1994).

In contrast to the lipid anchor of AcrA and a single
transmembrane spanning helix of MacA, MFPs of T1SSs
contain a single transmembrane-spanning helix and a
cytoplasmic tail (Figure 3 shows this part as a circle). In
the case of the hemolysin T1SS, it has been demonstrated
that the MFP hemolysin D (HlyD) directly interacts with
the transport substrate and that its presence is essential
for the assembly of the secretion complex and for the
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secretion process itself (Balakrishnan et al., 2001). In con-
trast, co-precipitation experiments of other T1SSs such as
HasE or PrtE indicated no direct interaction of the MFP
with the substrate (Letoffe et al., 1996).

Most MFPs, including those of T1SSs, contain an
o-helical domain (Johnson and Church, 1999). In the case
of AcrA and MacA, this a-helical domain, especially the
o-hairpin, is essential for interaction with TolC (Kim et al.,
2010; Xu et al., 2010, 2011b). Mutants of the o-hairpin of
the a-helical domain in HlyD disturbed this interaction
(Lee et al., 2012). The MFPs of T1SSs are also involved in
folding substrates into their native conformation. In the
case of hemolysin and colicin V, amino acid substitution
of MFPs resulted in reduced transport efficiencies associ-
ated with incorrectly folded substrates in the extracellular
space (Hwang and Tai, 1999; Pimenta et al., 2005).

Invivo experiments showed that AcrA, MexA and HlyD
can be cross-linked, resulting in the detection of dimers
or trimers (Zgurskaya and Nikaido, 2000; Balakrishnan
et al., 2001; Nehme and Poole, 2007; Zgurskaya et al.,
2009). These results were obtained in the absence of the
transporter and TolC (Zgurskaya et al., 2009). Recent
models, however, propose higher-order oligomeric states.
Thus, AcrA may form hexamers, as derived from electron
microscopic studies (Xu et al., 2011a). MacA forms stable
hexamers in solution that were also obtained inside the
crystals (Yum et al., 2009). Studies using surface plasmon
resonance spectroscopy also showed that MFPs are prone
to oligomerization. In the case of MacA, stable oligomers
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were formed and survived for more than 3 minutes. The
oligomers of EmrA were formed with low-micromolar
affinity, whereas AcrA oligomerization requires non-phys-
iological protein concentrations (Tikhonova et al., 2009).
The data demonstrate decreasing stability of MFP oligo-
mers in the order MacA, EmrA, AcrA. Furthermore, the
stability of the MFP-TolC complex was correlated with the
same order of stability as MFP oligomers. These authors
assumed that the dynamic nature and variations in MFP
oligomerization correlates with structural particularities
of the respective IM transporters.

The ABC transporter

ABC transporters are ATP-dependent primary transport-
ers. They are found in archeae, prokaryotes and eukary-
otes and are able to transport a broad range of substrates
across biological membranes (Higgins, 1992). The general
ABC transporter blueprint includes two hydrophobic
transmembrane domains (TMDs) and two highly con-
served hydrophilic nucleotide-binding domains (NBDs,
Figure 2). The NBDs supply the energy needed for trans-
port by nucleotide binding, Mg* coordination and/or
hydrolysis (Oswald et al., 2006). All components of the
ABC transporter can be found as a four-domain poly-
peptide or assembled from up to four subunits encoded
by different genes into a stable complex (Kerr, 2002;
Davidson et al., 2008; Zolnerciks et al., 2011).

Figure 2 Spatial arrangement of an ATP-binding cassette exporter and structural features of the ATP-binding cassette exporter nucleotide-

binding domains (NBDs).

(A) Structure of Sav1866 from Saccharomyces aureus with bound ADP (Protein Data Bank entry 2HYD) and for clarity with one monomer
colored dark gray. The other monomer’s transmembrane domains are colored in blue, cyan, yellow and green, while the corresponding
NBD is colored red. Coupling helix 1 (purple helix) is thought to make contact with both NBDs during formation of the nucleotide sandwich.
Coupling helix 2 (orange helix) is always domain-swapped to interact with the opposing NBD. (B) Close-up view of the gray NBD and the
sandwiched ADP molecule. Directly involved conserved motifs are colored as follows: Walker A, red; Q-loop, green; H-loop, purple; Walker

B, cyan; A-loop, blue; C-loop, yellow; D-loop, black.



46

3. Publications

DE GRUYTER

In consideration of the NBD’s crucial role in trans-
forming chemical energy to mechanical movement
translocation, it is not surprising that the primary
sequence of NBDs is highly conserved (Seeger and van
Veen, 2009). Each NBD consists of two subdomains
with several highly conserved motifs (Figure 2). Thus,
for example, the a-helical subdomain carries the ABC
signature motif (also called the C-loop) represented
by the sequence motif LSGGQ (Ames et al., 1992). This
motif is the hallmark of the ABC transporter superfam-
ily. The catalytic subdomain contains six conserved
motifs (Walker A, Walker B, Q-loop, A-loop, H-loop,
and D-loop). For detailed reviews on the function of
each motif see, Oswald et al. (2006) or Seeger and van
Veen (2009). In contrast to these motifs conserved in all
ABC transporters (exporters and importers), the X-loop
(consensus sequence TEVGERG) is only found in ABC-
exporters and appears to be involved in interdomain
communication and cross-talk between the NBD and the
TMD (Dawson and Locher, 2006).

Several structural studies have shown that NBDs act
as functional dimers, such as MJ0796, an uncharacter-
ized ABC transporter (Smith et al., 2002), MalK the ATPase
subunit of the maltose transporter (Chen et al., 2003)
and the NBD of HlyB (Schmitt et al., 2003; Zaitseva et al.,
2006). Furthermore, an oligomeric active conformation
was confirmed through the dependence of ATPase activ-
ity on HlyB-NBD concentration (Zaitseva et al., 2006).
Further analysis suggested an ATP-induced dimerization,
emphasizing the role of the dimer as the active form of
the enzyme (Zaitseva et al., 2005). Thus, two NBDs form
a functional unit, enclosing two nucleotide-binding sites
at their interfaces. These cavities form a ‘nucleotide sand-
wich’ (Smith et al., 2002) with a ‘head-to-tail’ arrange-
ment of the NBDs. This arrangement was first predicted
by Jones and George (1999), subsequently verified in the
MalK structure (Chen et al., 2003) and finally confirmed
via the structure of the multidrug ABC transporter Sav1866
by Hollenstein et al. (2007).

In contrast to the NBD, the ABC-TMDs vary greatly in
sequence, architecture and the number of transmembrane
helices. Most ABC exporters exhibit six o-helices per TMD,
which extend as intracellular loops into the cytoplasm.
Consequently, the NBD is about 25 A away from the mem-
brane. The ‘coupling helices’ are postulated to be involved
in the transmission of crucial conformational changes
from the NBDs to the TMDs. In the case of ABC export-
ers, coupling helix 1 is flanked by transmembrane helices
2/3, and is thought to make contact with both NBDs
(Figure 2A, purple helix). Coupling helix 2 is flanked by
transmembrane helices 4/5, is always domain-swapped,
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and interacts with the opposing NBD (Figure 2A, orange
helix) (Dawson and Locher, 2006). In contrast, ABC
importers contain between five (MetI) (Hollenstein et al.,
2007; Oldham et al., 2007; Kadaba et al., 2008) and ten
(BtuC) (Locher et al., 2002; Pinkett et al., 2007) o-helices
per TMD, occasionally containing an additional N-termi-
nal transmembrane helix that is domain swapped to the
other TMD. Furthermore, ABC importers possess only one
coupling helix, coupling helix 1, while coupling helix 2 is
absent.

In the case of T1SS, secretion-defective HlyA mutants
with an altered C-terminal secretion signal could be com-
plemented by mutations within the corresponding ABC
transporter HlyB (Zhang et al., 1993). These experiments
demonstrated that ABC transporters recognize and bind
to the cognate transport substrate. Surface plasmon
resonance studies of the HlyB-NBD and HlyA provided
further evidence for a specific interaction of the C-termi-
nal 50 residues of the substrate with its ABC transporter
(Benabdelhak et al., 2003). This highlights the fact that
the NBD plays a crucial role in substrate recognition.
In this T1SS, functional analysis of hybrid transporters
formed by PrtD, PrtE and PrtF with HasD, HasE and TolC,
respectively, demonstrated in vivo that the ABC trans-
porter is responsible for recognition of the substrate (Binet
and Wandersman, 1995). Moreover, the transporter might
even be involved in ‘protecting’ the substrate as shown in
the case of HlyB. Here, the canonical composition of four
modules (two TMDs and two NBDs) is supplemented by
an additional N-terminal extension of 123 amino acids,
called the ‘C39-like domain’ (CLD). The CLD is indispensi-
ble for secretion and binds exclusively the unfolded state
of the Repeats in Toxins (RTX) domain of HlyA (Lecher
et al., 2012). As no known chaperone is likely involved in
protecting unfolded HlyA inside the cell (Holland et al.,
2005), the CLD of HlyB is thought to fulfill this role (Lecher
et al., 2012). In parallel to binding the transport substrate,
an ABC transporter seems to play a crucial role in recruit-
ment of the other components of the transport complex, a
process that is only initiated in the presence of the signal
sequence of the substrate. In the case of HasA lacking the
C-terminal secretion signal, the protein — as expected - is
not secreted. However, assembly of the transport complex
still takes place (Cescau et al., 2007). Further investiga-
tions using substrate affinity-chromatography revealed
an ordered recruitment of the transport complex. Thus,
the substrate initiates this process while interacting with
the ABC transporter, which in turn interacts with the mem-
brane fusion protein. Finally, the outer membrane factor
is engaged (Letoffe et al., 1996) to complete the transport
pathway.
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The role of ABC transporters in the assembly of a
functional complex also depends on ATP, as shown in
the case of HlyB (Thanabalu et al., 1998) and MacB, an
ABC transporter and founding member of the macrolide
exporter family. MacB interaction with the corresponding
membrane fusion protein was also observed in the pres-
ence of ATP (Lu and Zgurskaya, 2012), which suggested
that binding of ATP initiates transport complex recruit-
ment (Thanabalu et al., 1998). Further ATP hydrolysis
energizes substrate transport (Koronakis et al., 1993, 1995;
Letoffe et al., 2001). ATP also appears to compete with the
secretion signal of HlyA for binding to the HlyB-NBDs
complex release, as shown by surface plasmon resonance
spectroscopy for the hemolysin system (Benabdelhak
et al., 2003). Further studies validate the importance of
ATP as they have shown that complex release only occurs
in the presence of an intact Walker B motif (Masi and
Wandersman, 2010).

Signals affecting secretion

Transport substrates of T1SS share several common
denominators. The secretion signal is usually located at
the C-terminal end (last 50-60 C-terminal amino acids)
and is not cleaved during transport (Nicaud et al., 1986;
Mackman et al., 1987; Jarchau et al., 1994). Its presence is
necessary and sufficient for secretion (Gray et al., 1986;
Stanley et al., 1991; Kenny et al., 1994). Therefore, the
secretion signal has been fused to non-secretable pro-
teins, which consequently become substrates of T1SS.
Nevertheless, the sequence reveals no clear consensus,
suggesting that the secondary structure is the recognition
motif (Wolff et al., 1994; Zhang et al., 1995). The secretion
signal seems to consist of two o-helices bridged by a linker
peptide and followed by an unstructured and flexible
region (Hui et al., 2000; Hui and Ling, 2002).

Some transport substrates like HasA are secretion-
competent while containing only this secretion signal,
whereas other substrates contain additional motifs
(Finnie et al., 1998; Delepelaire and Wandersman, 2003).
Most secreted proteins of T1SSs belong to the RTX family.
These are characterized by glycine-rich repeats located
close to the secretion signal and giving rise to the name
RTX (Strathdee and Lo, 1989). Nearly all members of this
family are secreted by T1SS and have distinctive repeats
with the consensus sequence GGxGxDxxx (GG repeat),
where x can be any amino acid (Ludwig and Goebel, 1999;
Linhartova et al., 2010). A sequence analysis of bacterial
genomes revealed that GG repeats containing proteins
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vary greatly in size (from 78 to 8682 residues), nearly all
of them have an acidic isoelectric point (pI) and contain
very few or no cysteines (Delepelaire, 2004). The parallel
B-roll or B-sandwich structure appears to promote folding
into the active conformation by binding of calcium ions
to these nonapeptide repeats (Rose et al., 1995; Rhodes
et al., 2001). Folding is induced outside of the cell,
because of the low intracellular calcium concentration
(<100 nM) (Gangola and Rosen, 1987; Ludwig et al., 1988;
Jones et al., 1999).

Type 1 secretion occurs in an
unfolded state

If we consider that the interior diameter of TolC is 20 A
in size (Koronakis et al., 2004), which is comparable to
the width of two o-helices oriented parallel or antipar-
allel to each other, the question arises of how proteins
of up to 900 kDa in size can be secreted through such a
small pore. One possibility could be that secretion occurs
in an unfolded conformation across both membranes
of Gram-negative bacteria. Evidence for translation of
unfolded substrates has been obtained, for example, for
HlyA (Bakkes et al., 2010) and HasA (Debarbieux and
Wandersman, 2001).

At least one T1SS relies on SecB interaction. Research
investigating HasA secretion has revealed a direct depend-
ency of HasA secretion on the presence of SecB (Dele-
pelaire and Wandersman, 1998; Sapriel et al., 2003). It has
been shown that SecB keeps HasA in transport-competent,
unfolded or at least loosely-folded state. However, in the
case of the hemolysin T1SS, SecB is not involved in secre-
tion (Bakkes et al., 2010). Furthermore the C-terminal 60
amino acids of T1SS substrates are indispensable for secre-
tion (Mackman et al., 1987; Stanley et al., 1991; Gentschev
et al., 1995; Chervaux and Holland, 1996). Second, Bakkes
et al. (2010) showed that folding rates dictated secretion
level; slow folding proteins, forming unfolded intermedi-
ates, resulted in higher secretion levels in contrast to fast
folding proteins. Taking this into account, we have been
able to impose secretion of non-native T1SS substrates, for
example, the maltose binding protein. Slow folding muta-
tions affected the speed of folding but not the refolding
velocity or functionality of the mature maltose binding
protein (Bakkes et al., 2010). Another example empha-
sizing the importance of folding rate in the promotion of
secretion was a fusion of a C-terminal fragment of HlyA
containing the secretion signal with the cytosolic eukary-
otic intestinal fatty acid binding protein. Again, only a
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slow-folding mutant could be secreted, in contrast to the
wild-type protein (Schwarz et al., 2012). Following secre-
tion and folding, the slow folding mutant was biologically
active, showing the same binding affinity for DAUDA, a
fluorescence fatty acid analog, as the wild type (Schwarz
etal., 2012).

Transport mechanism of type 1
secretion system

The exact mechanism and assembly of T1SS is not under-
stood and many questions remain unanswered. For
example how do T1SSs transport their substrate in an
energetically favorable way? How much ATP is used for
one secretion cycle? Are there any other energy sources
that favor the secretion process? Is the N-terminal end or
the C-terminal part secreted first?

This leads to another question, namely what is the
role of the secretion signal? Is the secretion signal respon-
sible for dissociation of the type 1 translocon, its assem-
bly or both? What prevents large substrates like RTX
toxins that are secreted in an unfolded form from being
degraded in the cell? Finally, do the MFP and OMP also
have a direct function during secretion or are they only
involved in forming the tunnel-channel that spans both
membranes?

We cannot answer these questions in this review but
at least we want to summarize possible mechanisms and
try to answer the questions based on today’s knowledge.

Energizing type 1 secretion system transport

The stoichiometry of ATP consumption during the trans-
port process of an ABC transporter has been charac-
terized. In the case of the ABC importer OpuA from
Lactococcus lactis (Patzlaff et al., 2003) and the maltose
and glycine-betaine import system of E. coli (Mimmack
et al., 1989), two ATP molecules are hydrolyzed during
one transport cycle. In contrast, TAP1/2 or CFTR hydro-
lyses only one ATP during transport cycle (Chen et al.,
2004; Zhou et al., 2006).

In the case of T1SS, the number of ATP molecules
consumed per transport cycle is unknown. For proteins of
up to 900 kDa such as LapA in Pseudomonas fluorescens
(Hinsa et al., 2003) it seems, at first glance, impossible
that only two ATP molecules are required to energize this
process. In comparison, the Sec pathway consumes one
ATP per 20-30 amino acids translocated (Schiebel et al.,
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1991; Uchida et al., 1995). Such an iterative ATP hydro-
lyzing process for energizing the transport of T1SS has not
been confirmed so far.

The question is how T1SSs manage to energize the
transport process. It was reported that the proton motive
force (PMF) is partly involved in the early stages of HlyA
translocation. HlyA secretion was inhibited if the mem-
brane potential and the proton gradient of the PMF col-
lapsed. Furthermore, selective depletion of the proton
gradient also blocked successful secretion (Koronakis
etal., 1991).

Most of the T1SS substrates have an isoelectric point
below 5 (Delepelaire, 2004). This indicates that substrates
have an overall negative charge within the cell, resulting
in a charge gradient across the membrane. Furthermore,
the concentration of the substrate inside the cell is much
higher than in the extracellular space. A concentration
gradient and the PMF facing outward might allow diffu-
sion across the cell wall and both membranes.

During transport, as deduced from crystal structures
of putative intermediates, an ABC transporter occurs in
at least two different conformations. The inward-facing
conformation represents a state of the ABC transporter
open to the cytoplasm, while the outward-facing con-
formation is open to the periplasm. Some evidence
indicates that the alternative conformations have differ-
ent binding affinities (Martin et al., 2001). The inward
facing conformation may have a higher binding affin-
ity in comparison to the outward facing conformation.
Therefore, the inward facing conformation binds the
substrate, whereas the outward facing conformation pro-
motes the release of the substrate into the extracellular
space. Importantly, this mechanism could also prevent
the reverse transport of the substrate. This mechanism
is effective for small proteins, but the question arises as
to how this can be directly transferred to mechanisms of
higher polypeptides.

Another driving force for the type 1 secretion process
could be linked to the glycine-rich repeats found in most
T1SS substrates (Delepelaire, 2004). The amount of the
repeats correlates with the size of the protein and occurs
mainly with one repeat for every 6-12 kDa (Delepelaire,
2004; Linhartova et al., 2010). As mentioned above, these
repeats bind Ca* ions and induce folding of the protein.
Inside bacterial cells, the Ca* concentration is around
100 nM (Jones et al., 1999), which will prevent folding.
After secretion, the proteins start folding in the extracel-
lular space where the Ca* concentration is much higher.
The Ca*-induced folding of the proteins could involve an
inherent driving force, which ‘pulls’ the protein through
the transporter. Such a pulling mechanism is mentioned
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by Linhartova et al. (2010) and is supported by various
experimental data from the hemolysin T1SS. The folding
of the proteins would also prevent transport in the oppo-
site direction, because folded proteins are too large to re-
enter the TolC pore.

The role of the secretion signal

As mentioned above, many results concerning different
T1SSs demonstrate that the C-terminal secretion signal of
the substrates is required for secretion and directly effect
the catalytic cycle of the NBDs of the ABC transporter.
However, the impact appears to vary depending on the
effect of the signal sequence on catalytic activity between
different T1SSs. In the case of HasA, the secretion signal
seems to be responsible for HasD-driven ATP hydrolysis
and dissociation of the translocation complex (Masi and
Wandersman, 2010). Data for the T1SS metalloproteases
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PrtB and PrtG of Erwinia chrysanthemi suggest that in vitro
the secretion signal inhibits the ATPase activity of the
ABC transporter PrtD (Delepelaire, 1994). These results
lead to two fundamentally different mechanisms of how
the secretion signal controls secretion. Does the secretion
signal induce ATP binding/dimerization of the NBDs and
thus induce secretion by switching the transporter from
an inward- to an outward-facing conformation (activat-
ing model) concomitant with ATP hydrolysis? Or does the
secretion signal trigger ATP-hydrolysis of the ABC trans-
porter only at the last stage, leading to substrate release
on the surface and dissociation of the secretion complex
(terminating model)?

Figure 3 highlights how an ‘activating model’ could
work. First, binding of ATP and the secretion signal of the
substrate induce dimerization of the NBDs and simultane-
ously trigger recruiting of TolC to the secretion complex.
In a second step, the ABC transporter changes the con-
formation of the TMDs to open up the transport pathway,

N

Figure 3 Possible steps of an activating type 1 secretion system pathway.
In the first step the outer membrane (OM) TolC (shown in side view as orange spheres and based on Protein Data Bank entry 1EK9), in the
presence of the transport substrate, is recruited by the MFP and the ATP-binding cassette (ABC) protein (highlighted in green and yellow,

respectively) located in the inner membrane. The oligomeric state of the membrane fusion protein (MFP) is unknown so far but to ensure a
better overview only two MFPs are shown. TolC recruitment is mediated by binding of the substrate secretion signal to the two IM proteins,
ATP-binding cassette transporter and MFP. Simultaneously, the binding of the secretion signal initiates ATP binding by the ABC transporter.
The resulting conformational changes in the transmembrane domains of the ATP-binding cassette transporter displace the C-terminus of the
unfolded substrate into the translocator. Third, the substrate is ‘pulled’ through the translocator by progressive folding in the calcium-rich
extracellular space (calcium ions highlighted as gray dots). When the substrate passes completely through the translocator, it is presumed
that this triggers ATP hydrolysis of both ATP molecules and will reset the transporter to its initial state. Finally, the transport complex
dissociates and releases ADP and free phosphate into the cytoplasm. The fully folded substrate then diffuses into the extracellular space.



50

3. Publications

DE GRUYTER

with the secretion signal leading the way into and through
the transenvelope channel. In a third step, the substrate
translocates progressively to the extracellular space,
where folding and finally dissociation from the complex
takes place. In a fourth step, the release of the substrate is
in some way detected by the transporter and ATP-hydro-
lysis is triggered, which resets the transporter (switching
from an outward- to an inward-facing conformation). This
results in the disassembly of the whole secretion complex.
Despite this, a detailed mechanism initiating ATP-hydrol-
ysis is so far still unclear.

A ‘terminating model’ of protein secretion for type 1
secretion of HasA has also been proposed. Transport has
to be initiated by a so-far unknown factor and leads to
binding of ATP and the substrate. The substrate is bound
by N-terminal ‘anchors’ to the ABC transporter and leads
to the recruitment of the other subunits of the transport
complex (Masi and Wandersman, 2010). Through ATP-
binding, dimerization of the NBDs is induced, which leads
to a switch of the transporter from an inward- to an out-
ward-facing conformation. In the following step, the sub-
strate is secreted with its N-terminus first and traverses
the transport channel to the extracellular space. Finally,
interaction of the C-terminal secretion signal induces ATP
hydrolysis, which resets the transporter to an inward-fac-
ing conformation, releases the secreted protein and dis-
sembles the translocation complex.

The main difference between the models is the ori-
entation of the substrate during secretion, the C-termi-
nal signal sequence either leading the way through the
translocator or being the last to enter the channel. In
favor of the activating model is the fact that many fusion
proteins are secreted by the hemolysin T1SS (Mackman
et al., 1987; Kenny et al., 1991; Blight and Holland, 1994;
Gentschev et al., 2002; Bakkes et al., 2010; Schwarz et al.,
2012). These proteins are fused at their C-terminus to a
fragment of HIyA that contains the secretion signal. The
secretion process can therefore only start after translation
of the secretion signal. Furthermore, the isolated secre-
tion signal of HIyA can be secreted autonomously by the
T1SS (Jarchau et al., 1994) and contains all information for
secretion.

In the case of HasA, multiple upstream regions of
the primary sequence (anchoring sequences) appear
to interact with the ABC transporter HasD (Masi and
Wandersman, 2010). Other authors propose that the
secretion signal is important for the dissociation of the
secretion complex by affecting the catalytic cycle of the
NBDs (Cescau et al., 2007). For these reasons, the ‘ter-
minating model’ would be more appropriate in the case
of HasA.
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What protects unfolded intracellular
type 1 secretion system substrates from
degradation?

Several different experiments indicate that T1SS sub-
strates are secreted in an unfolded state (Debarbieux
and Wandersman, 2001; Bakkes et al., 2010). As men-
tioned above, the resulting question is what prevents the
unfolded substrates from degradation?

In the case of the hemolysin T1SS, the ABC transporter
contains a N-terminal appendix (CLD), with extensive
identity to C39 proteases. The structure of the isolated
domain was solved by nuclear magnetic resonance spec-
troscopy (Lecher et al., 2011). In contrast to regular C39
proteases like ComA from Streptococcus pneumonia (Ishii
et al., 2010), the catalytic triad is degenerated and there
is no enzyme activity. The CLD interacts with HlyA and is
specifically required for secretion. Pull-down assays have
indicated a specific interaction of the CLD with unfolded
HIyA but not with its folded conformation (Lecher et al.,
2012). Thus, the CLD interacts inside the cell with unfolded
HlyA, perhaps acting as a chaperone to protect HlyA from
degradation.

The N-terminal CLD is not present in all ABC trans-
porters of T1SSs. How do other systems without a CLD
manage to protect the unfolded substrate against deg-
radation? For HasA, a small protein with no GG repeats,
SecB was clearly shown to be required for HasA secretion
(Delepelaire and Wandersman, 1998; Sapriel et al., 2003;
Wolff et al., 2003). However, the question remains as to
how other T1SSs that are SecB-independent like Prt (Dele-
pelaire and Wandersman, 1998) and do not contain a CLD
manage to stabilize their intracellular substrates.

Function of membrane fusion protein and
outer membrane protein components of the
translocator

MFPs and OMPs assemble to form a continuous channel
together with the ABC transporter, which crosses both
membranes and allows secretion of this cognate protein.
Nevertheless, studies of random point mutations in MFPs,
in particular HlyD (Pimenta et al., 2005) and CvaA (Hwang
and Tai, 1999) and in OMPs, notably TolC (Vakharia et al.,
2001), resulted in incorrect folding of the substrates,
although these were secreted in normal amounts. In the
case of TolC, six mutants were identified that had normal
secretion levels but reduced hemolytic activity (Vakharia
etal., 2001). The activity of secreted HlyA could be restored
by de- and renaturating in vitro. Time-course experiments
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in this study showed that HlyA is secreted more slowly in
the mutants. This may point to a role of TolC in interact-
ing with HlyA, thereby altering its correct folding (Dele-
pelaire, 2004).

Specific mutants in MFPs resulted in similar pheno-
types. In the case of HlyD, specific mutations in the
periplasmic part of the protein resulted in reduced
hemolytic activity of secreted HlyA (Pimenta et al.,
2005). The amount of HlyD and HIyA in the mutants
was similar to that of the wild type and the hemolytic
activity of HlyA could be restored as in the case of TolC
mutants by de- and renaturating in vitro (Pimenta et al.,
2005). Another interesting aspect is that the hemolytic
activity of these HlyD mutants is reduced by increasing
the extracellular Ca** concentration. The exact role of
Ca?* is not completely understood and is highly spec-
ulative to the extent that it affects the formation and
stable packing of the HlyD molecules and results in an
aberrant movement of HlyA through the translocator
(Pimenta et al., 2005).

Conclusion

The T1SS is one of the most important systems for the one-
step secretion of substrates in Gram-negative bacteria,
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Introduction

The broad family of ABC transporters found in all kingdoms of life was first detected
in E. coli as a curiously heterogenous group of membrane proteins [1] most acting as
importers of a variety of small molecules but also one exporter (HlyB). HlyB became
the prototype of the type I secretion system (TISS or ABC-dependent) export system
for translocation of bacterial proteins. TISS can minimally be defined as having a C-
terminal secretion signal and requiring an ABC transporter, with its characteristically
highly conserved ATPase domain, as the energizing component of the transenvelope
transport process. As we shall discuss in detail in this review, the type I secretion
system (TISS), in addition to an ABC transporter, requires an MFP protein also in the
inner membrane but reaching across the periplasm to contact a specific outer membrane
protein to complete the translocon. A more strict definition of the TISS, but still covering
the vast majority of known types, includes the requirement that the transport substrate,
or allocrite as we shall interchangeably term it, contains multiple calcium binding sites.
The most studied and the first group of these secreted proteins to be identified was the
RTX (repeats in toxins) family [2, 3, 4]. These indeed contain a varying number of very
similar nona-peptide calcium binding repeats. These are implicated in the secretion
process and located 100 to 200 residues upstream of the secretion signal. The RTX
motifs form a unique beta roll structure with aspartate and glycine residues involved in
calcium binding [5]. As described by Linhartova et al. [6], over 1000 RTX proteins were
easily detected by a bioinformatic screen of databases.

For other useful recent general reviews discussing different aspects of T1SS systems
and allocrites, see Welch Re/a, Holland et al. [7], Thomas et al. [8], Lenders et al.
[9] and the review by Delepelaire [10] covering a survey of a wide range of organisms
having the T1SS. In addition, for two related topics not considered in this review on the
regulation of expression of the hly-determinant and concerning the mode of action of the
hemolysin HIyA see [8].

RTX proteins are major pathogenicity factors carried by many important pathogens
in mammals, insects and plants. Some of the most studied proteins, secreted by different
Gram negative pathogens, include haemolysins (hemolysins) produced by uropathogenic
(HlyA) and the main theme of thus review, adenylate cyclase (CyaA9 [11] secreted
by Bordetella pertussis (whooping cough), and toxins secreted by enterohemorrhagic
E. coli strains (EHEC, [12]). In addition, the newly described TISS members with
giant allocrites, the MARTX family (multifunctional - autoprocessing repeats in toxins,

[13]), are found in chromosomal islands of major human pathogens. This family of
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extremely large polypeptides (in the range 5000-9000 kDa) at least in one case described
later having a slightly different variant of the RTX motif. These include the multitoxin
MARTX Ve encoded by rtxAVe from Vibrio cholera [13, 14], and a giant adhesion,
LapA, an RTX protein from Pseudomonas fluorescens, recently described by Boyd et al.
[15]. More intriguing, however, is another giant adhesion, SiiE, containing a completely
unrelated set of Ca?* repeats [16] but is nevertheless secreted from Salmonella enterica
via a TISS. Very recently, the fascinating possibility has also emerged indicating that
the TISS exists in the obligate parasitic/symbiotic family of the Rickettsia. This TISS
apparently secretes several members of the ankyrin protein family that appear to have
no Ca’*t binding motifs at all.

The type I allocrites are also almost invariably characterized by having few if any
cysteines, being very acidic with Pi values frequently below pH 5. In contrast, these
proteins are distributed over an enormous range of sizes, extending from less than 100
to 9000 amino acids. These latter include some adhesins and others packaging a lethal
string of distinct toxins that penetrates host cells before the individual toxins are released
by an auto-proteolytic process [13, 17]. However, all these proteins are secreted by an
ABC/MFP/OMP translocon, the secretion signal is at the C-terminus, and all have
RTX repeats. Some MARTX proteins at least are also characterized by a very large
number of other types of repeats (not Ca?* binding), especially towards the N-terminus.
These are relatively glycine rich, with an apparently conserved core consensus sequence,
G7XG2XN. Recently, Kim et al. [18], showed that while not required for secretion from
the bacteria, the N-terminal repeats are required for subsequent translocation by the
pathogen Vibrio vulnificus into the cytosol of the host cell. The MARTX proteins and

other novel groups secreting via the TISS will be discussed in a little more detail later.

A brief early history

Around 1980 no bacterial protein secretion system had been characterized and how such
proteins reached the exterior was a mystery. Gram-positive bacteria were known to
secrete a variety of toxins, but with only a single membrane barrier to the exterior, the
general SecYEG system could be assumed to provide the pathway. Toxins such as a
hemolysin released by Gram-negative bacteria were also known but the mechanism of
secretion had not been investigated. In addition, specific mechanisms for translocation
of some protein components of flagella and pili on to the cell surface were assumed,
but nothing was known. Similarly, extracellular enzymes produced by pathogens or

required for growth on particular carbon sources were secreted to the medium but by
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what mechanism was a mystery.

At the same time, studies of the biogenesis of bacterial membranes were largely
restricted to the model laboratory strain E. coli K12 that in fact appeared to secrete no
proteins to the medium. Thus, interest in protein translocation was largely confined to
unlocking the puzzle of the distinctive partitioning of proteins to the compartments of
the cell envelope - the inner and outer membranes and the periplasm - i.e. the process
dependent on the Sec-translocon, and targeted by an N-terminal “export” or “signal

sequence”.

™ *
L :
N

\— VgrG/PAAR

(contracted)

Figure 1: Schematic summary of Type 1 to Type 6 Secretion Systems in Gram-negative
bacteria.

The first clear example, of a type I system (T1SS) studied in any detail, was the
secretion of the hemolysin HyA discovered in the early 1980s. This is still the most
studied and considered the prototype system. Remarkably, however, by the late 2000s
an amazing variety of protein secretion systems, in particular in Gram-negative bacteria,
had been identified - close to 20 distinct mechanisms by some counts (see Figure 1),
including types III, IV and VI, form so called injectosomes, the system for translocation
of components of the flagellum, two types of pili and at least 4 variations on type IV
[7, 19]. Four of these, TISS, III, IV and VI, apparently involve a transenvelope ‘tunnel’,
secreting proteins directly from the cytoplasm to the exterior. The great majority,
however, involve an initial step to cross the inner membrane dependent on the Sec system,
with the subsequent step to negotiate the outer membrane surprisingly involving many

alternative strategies (see Figure 1 and see recent review, [20]).
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The first authentic reports of a bacterial hemolysin (haemolysin)

These appeared in the early 1950s, notably by Robinson [21] working in the Seamen’s
Hospital, Greenwich, who identified such a toxin from FE. coli that was cell associated
(non filterable), heat labile, and calcium dependent for activity. However, an apparently
truly secreted hemolysin, released from late exponential phase cells, was only identified
in the 1960s [22, 23]. Pioneering the modern phase of hemolysin studies, the group of
Werner Goebel in Wurzburg, in 1979 cloned a cluster of 3 genes found on a plasmid
from a pathogenic FE. coli strain, and transferred this into an E. coli K12 laboratory
strain. Thus, Noegel et al. [24] identified two genes shown to be required for production
of the active hemolysin molecules and at least one gene encoding a transport function.
Springer and Goebel [25] studied the process of release of active hemolysin (later to be
named HlyA) from E. coli K12. These authors used inhibitors of energy metabolism and
protease processing, together with cell fractionation, to distinguish extra- and intracellu-
lar hemolysin. They concluded that HlyA was secreted in an energy dependent process
via the periplasm and apparently involving processing of the protoxin to a 55 kDa form

able to cross the outer membrane (see also [26]).

A novel transenvelope secretion process - HlyA is secreted

directly to the medium

However, subsequent studies, benefitting from pulse chase radiolabelling experiments
and more detailed cellular fractionation analysis, quickly demonstrated that HlyA (with
a relative mobility equivalent to 107kDa) was not processed and was secreted directly
to the medium [2, 27, 28, 29]. Moreover, the first sequencing [3] of an hly-operon (see
Figure 2) from a TISS genetic determinant located in the chromosome (as are the great
majority) of an O4 serotype strain of Escherichia coli, revealed a putative toxin gene
and surprisingly revealed the absence of any classical N-terminal signal sequence able
to target HlyA (calculated size 110kDa) to the Sec translocon. Then several studies,
including the analysis of an other human chromosomal Hly determinant, LE 2001 [28, 30,
31], and with the plasmid determinant, pHly152, studied first by W. Goebel and then by
the Cambridge group, demonstrated that HlyA secretion did not involve a periplasmic
intermediate [27, 32, 33, 34] and did not require SecA [35, 36, 37]. These results indicated
a novel protein translocation pathway and raised the intriguing question, how does this

protein negotiate two membranes on its way to the medium?
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lipB

slaA lipC

Figure 2: Organization of the hly, the hasA and the slaA/lipA/prtA operons. The
promotor and the binding site of the transcriptional regulators RfhA [38] or Fur are
indicated. In the case of the has operon, the surface receptor HasR (grey) and for the
textithly operon, the acyltransferase HlyC (green) are also encoded within the operon.
The textitslaA gene encodes a surface protein, textitlipA a lipase and textitprtA a met-
alloprotease protease. The allocrite or transport substrate genes are indicated in dark
blue, the ABC transporters in brown, the MFPs in red and the OMP, if present in the
operon, in light blue. Please note that the outer membrane protein (TolC in the case of
HlyA) is mostly not encoded in the corresponding T1SS operon.

Identifying the genes and functions of the Hly A operon, and another E.
coli protein essential for type I secretion

The first sequence of the hly operon also clearly showed that in addition to the toxin
this encoded two probable membrane proteins (HlyB and HlyD) and a gene hlyC, sub-
sequently shown to be required for activation of the HlyA toxin [39]. A number of
laboratories using transposon mutagenesis and radiolabelling in mini and maxi cells,
confirmed independently the identity of the hemolyically active product of the hlyA
gene, as a non-processed polypeptide of 110 kDa. In addition, the products of the genes
hlyB and hlyD were shown to be essential for translocation to the medium, and both
proteins were located to the inner membrane [2, 3, 30, 31, 40, 41]. Then in 1990, a major
advance by Wandersman and Delepelaire demonstrated that an E. coli outer membrane
protein, TolC, was also essential for the secretion of HlyA [42]. TolC was known to be
involved in excretion of a wide range of molecules as well as the import of some bacteri-
ocins, and apparently important in some way for the overall maintenance of the integrity

of the outer membrane. The tolC' gene is not linked to the hlyA operon but the Wander-
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sman group [43] showed that an operon in the phytopathogenic Erwinia chrysanthems,
encoding secretion genes for Type 1 allocrites, the metalloproteases B and PrtC, also
encoded PrtF, a TolC homologue (see Figure 2). This addition of TolC to the putative
Type I secretion machinery was a crucial finding, providing a potential partner for the
inner membrane proteins HlyBD, and therefore the means to complete the transport
pathway through the outer membrane to the medium.

Importantly, these early studies also showed that HlyC, required to activate HlyA,
and later shown by Koronakis and Hughes and colleagues [44, 45] to be a specific acyl
transferase, was not required for secretion [39]. This is particularly relevant since HlyC
with its co-factor, the cellular enzyme ACP (acyl carrier protein-dependent fatty acy-
lation; [46]), is an unusual enzyme, unexpectedly synthesized in equimolar amounts to
HIlyA, with which it forms a stoichiometric complex. This led to an appealing but ul-
timately incorrect hypothesis (Koronakis et al.) that HlyC also plays an additional
chaperone-like role to maintain HlyA competent for secretion, until the secretion signal

becomes available.

The acyltransferase HlyC - structure and function

The hlyC gene in the hly-operon encodes the acyltransferase HlyC. This enzyme is not
required for secretion of HlyA, as indicated above but is required for modification of
the unfolded HlyA [47] in the cytoplasm prior to transport, while the folded form of
HIyA is not accepted as substrate. In concert with the endogenous F. coli acyl-ACP,
HlyC transfers acyl groups on to two internal lysine residues (Lys564 and Lys690).
The predominant length of the acyl chains is 14, 15 or 17 carbon atoms. Interestingly,
the sequence homology with other acyltransferases such as the most studied Genb-like
N-acstyl transferase (GNAT) family, found in all kingdoms of life and is required for
acetylation or acylation of amino acids such as lysine, is very low, although a structural
similarity is apparent [48]. Unlike the (GNAT) enzymes that employ coenzyme A instead
of ACP, biochemical studies suggested that the transfer of fatty acids from ACP to HlyA
occurs by an ordered Bi-Bi mechanism, in which a transient, ternary complex of acyl-
ACP/HlyC/pro-HlyA is formed.

Recently, the Koronakis group reported the crystal structure of an HlyC homologue
from Actinobacillus pleuropneumoniae, ApxC (see Figure 3) [48]. This protein shares
70 % amino acid identity with HlyC from E. coli and can replace E. coli HlyC in vivo
to activate pro-HlyA. The structure of ApxC revealed a dimer, which was supported by

analysis of the oligomeric state of ApxC in solution. The monomer is composed of a



3.2. Chapter II 65

Residue involved in
interaction with ACP (Arg)
\

L
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Catalytic triad
(Ser-His_Asn)

Figure 3: Summary of structural information for the hemolysin A T1SS. Left: homology
model of dimeric HlyC based on the crystal structure of ApxC [48]. The TAAT specific
insertion, which is unique and not present in the GNAT family, is highlighted in red. The
catalytic triad composed of a Ser, His and Asn residue as well as the Arg residue that
interacts with ACP is shown in ball-and-stick representation. The NMR structure of the
CLD [49] and the crystal structure of the ATP-bound dimer of the NBDs [50] are shown
in green and orange/green, respectively. The TMD of HlyB and for HlyD are shown
schematically as blue and red cylinders, respectively. The trimeric crystal structure of
TolC (green/cyan/yellow) [51] is shown in cartoon representation. No structural infor-
mation for the substrate, HlyA, is available. Please note that structure and oligomeric
state of HlyD (the N-terminus is labeled) are arbitrary and whether (as suggested in the
cartoon) or not a direct contact between HlyB and TolC exists is also entirely specula-
tive. It has to be stressed that no such contact exists in the recently determined single
particle EM Structure of the tripartite AcrAB-TolC efflux pump [52]. Koronakis et al.
[53] suggested a trimeric arrangement for HlyD as illustrated here, although more and
more experimental evidence suggests a hexameric state (see for example Su et al. [54]).

five stranded (-sheet flanked by six helices. More intriguing is a deep cleft between the

third and fourth strand. This cleft is also present in structures of acyl-transferases of
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the GNAT family and thus appears to present a conserved structural feature of these
enzymes. Combined with mutagenesis studies, active site residues important for catalysis
were mapped to the deep cleft in the central S-sheet and residues important for ACP
interaction were also identified. This structure therefore represents an important advance
in our understanding of the mechanism of activation of HlyA-like molecules transported

by T1SS and will open up new ways to suppress the activity of these toxins.

Structural organization of the HlyA molecule including the
RTX motifs

Studies of hemolysin secretion have primarily involved two genetic determinants, both
isolated from a human host, the plasmid derivative pHly152, [55], and the chromosomal
derivative LE2001 [28, 29]. The two determinants show small deviations in primary
amino acid sequence, confusingly this includes the absence of a single codon, early in the
hlyA gene in chromosomal isolates like LE2001, encoding 1023 residues not 1024 as found
with the plasmid based determinants. The large N-terminal domain of HlyA contains
the hydrophobic regions involved in pore formation, together with lysine residues 564
and 690 (numbering according to the plasmid borne determinant; 563 and 689, in the
chromosomal determinant), the sites of acylation by HlyC. Importantly, the sequence
of the hly-operon (reviewed by Welch [4]), also revealed the presence of many glycine
and aspartate rich nona-repeats in HlyA, designated as repeats in toxins (RTX) and
located towards the C-terminus of the protein. The number of these repeats in the E.
coli hemolysin has variously been reported, to be as few as 6 [56] or 11-17 [57] depending
on the strictness of the consensus applied. The original consensus indicated by the Rod
Welch group was in fact, LxGGxGND and 13 repeats were identified rather loosely linked
to the consensus. In contrast, Lecher et al. [56], based on the strict consensus sequence,
GGxGxDxUx (where U is a large or hydrophobic amino acid), containing the critical G
and D residues directly involved in binding Ca?*, identified 6 repeats in rather closely
linked two clusters, terminating 173 residues from the C-terminus of HlyA. In contrast,
for example, the proteases PrtG, PrtB, and PrtC, all from FE. chrsysanthemi, have a
single tight cluster of 3 and 4 RTX repeats, respectively, ending approximately 90 amino
acids from the C-terminus [58, 59].

Structural studies have shown that two nona-peptides bind one Ca?* ion (see Figure
4). The main coordination occurs via the two aspartate side chains, but backbone and

side chain interaction of other amino acids within the repeat also contribute to Ca?*
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coordination. It is important to stress that not two consecutive repeats bind the same
ion. This arrangement creates a so-called parallel 5-roll or parallel -helix. Within such
a motif, a strand is present between the two repeats in the Ca?* bound state so that

the strand back against each other as first described in the alkaline phosphatase [5].

LipA

Figure 4: Known structures of substrates of T1SS. Ca?*t ions are highlighted by grey
spheres, the proteins are displayed in cartoon representation. From top to bottom: a
fragment of the giant adhesion SiiE that has non-RTX Ca?" binding sites [60], alkaline
phosphatase [5], the TISS RTX lipase LipA [61] and HasA [62], which does not contain
an RTX domain. The B-rolls are highlighted. The N- and C-termini are indicated.
Please note that SiiE forms a dimer. Here, the respective monomer is indicated by the
superscripts A and B, respectively.

RTX proteins are not only toxins

Although the family is now known to be very large, extremely varied, and extending
far beyond the realm of toxins, importantly, the RTX terminology, however defined,
still rather tightly defines a family of prokaryotic proteins, secreted by a largely similar
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mechanism (discussed below), Clearly therefore the RTX motif must normally play a
crucial role in the secretion process. On the other hand, as discussed below, at least one
type I allocrite produced by a common pathogen is now known to completely lack RTX

repeats, but, fascinatingly, contains quite different Ca* repeats.

A unique targeting process - a C-terminal signal for bacte-

rial secretion: determining the minimal size

In some early studies it is of note that Type 1 secretion (apparently first so designated by
Salmond and Reeves, [63] was described, misleadingly as a “signal independent” secre-
tion system, in reality meaning, lacking an N-terminal signal for targeting the SecAYEG
translocon. Many subsequent studies of the now extremely large number of RTX pro-
teins, where these have been tested, have confirmed the presence of a specific C-terminal
secretion signal. Although detailed evidence is still surprisingly limited we presume that
the essential role for the secretion signal is to be recognized by and to dock with the
cognate ABC/MFP components of the translocon.

A potential signal required for type I secretion, was first identified when deletion
of the C-terminal 27 residues of HlyA was found to completely block secretion [34].
Confirming the importance of this novel, C-terminal signal, fragments constituting the
terminal 218 (23kDa) or 113 residues (12kDa) were shown to be autonomous for secre-
tion, dependent on HlyBD [37, 64]. Subsequently, an HlyA autonomous fragment of only
62 residues was demonstrated [65]. Finally, using a strategy effectively of upstream in-
ternal deletions, Koronakis et al. [27] localized the HlyA secretion signal to the terminal
50 or so amino acids.

Another autonomous Type I secretion targeting region of 50 residues was identified
for the alkaline protease from Pseudomonas aeruginosa by Duong et al. [66]. For the
secretion of the protease PrtG from E. chrysanthemi (expressed in E. coli), Ghigo and
Wandersman [58] showed that the C-terminal peptide of 56 residues could be secreted
autonomously. Then by constructing internal deletions close to the C-terminus, these
authors found that retention of only the terminal 29 amino acids was sufficient to promote
secretion (albeit at 50 % of WT level).

On the other hand the secretion signal for metalloprotease B, also from F. chrysan-
themi [67], was located within the terminal 40 residues, and more recently for a lipase,
TilA secreted from Pseudomonas fluorescens, a secretion signal was located within the

C-terminal 105 residues that includes three tightly packed RTX in this case apparently
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separated from the likely secretion signal by only 20 or so residues [68]. Similarly,
Angkawidjaja et al. [69] describe the efficient secretion of alkaline phosphatase appar-
ently fused to the C-terminal 98 residues of the lipase PML (I1.3) from Pseudomonas that
includes 5 closely packed RTX motifs upstream of the secretion signal. For the adenylate
cyclase toxin the secretion signal is likely located in approximately the C-terminal 75
residues [70]. Finally, the secretion signal for HasA, the small hemophore from Serratia

marcescens was reported to be within the 56 C-terminal amino acids [71].

The C-terminal region of HlyA can be used to promote se-

cretion of a wide variety of unrelated proteins

Clear confirmation that a specific C-terminal region signal was necessary and sufficient to
promote secretion was obtained by fusing the C-terminal 218 of HlyA (now called HlyA1,
and containing 3 RTX, see Figure 5) or the 102 C-terminal amino acids of HlyA (HlyA3,
no RTX present) to the C-terminus of E. coli porin OmpF, lacking its normal N-terminal
signal [37]. In addition, Gentschev et al., [35] and Hess et al. [72] reported that alkaline
phosphatase, normally an FE. coli periplasmic protein, was secreted to the medium when
its C-terminus was fused to an even smaller C-terminal fragment containing only 60
terminal residues of HlyA. However, a recurring caveat here is that in this and many
other reports the efficiency of secretion, compared in this case to a fusion with a larger
fragment containing RTX motifs, was not presented, rendering the significance difficult
to evaluate.

Subsequently, a very large number of fusion proteins (mostly with the larger C-
terminal region of HlyA, have been successfully demonstrated (see recent review by
Eom et al. [73]). Moreover, a wide variety of heterologous passengers formed from
cytoplasmic or Sec-dependent, exported proteins, were shown to have some level of
functional activity, indicating normal folding (examples include [74] streptokinase, [32],
B-lactamase, [75], maltose binding protein, [76], mammalian intestinal fatty acid binding
protein, [77], GFP and alkaline phosphatase [69, 78]).

Post-translational secretion with no obvious mechanism to

maintain the nascent polypeptides competent for secretion

The early studies of type I secretion, demonstrating the role for a C-terminal targeting

signal, evidently showed that this must be a post-translational process. This was exciting
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Figure 5: Schematic representation of the HlyA constructs mentioned in the text. The
length of the constructs is scaled to their number of amino acids (1024 in the case of the
HlyA shown here). The functional, pore-forming domain of HlyA is shown in red, the
RTX domain in yellow and the secretion sequence in blue. The nona-repeats in the RTX
domain are highlighted in green. N and C termini are indicated. For the fragments of
HlyA, HlyAl contains 208 amino acids, A2 has 160, and A3 has 102.

but raised further questions. For example, how was a very large polypeptide like HlyA
(presumably requiring 1 to 2min to complete its synthesis), maintained in a secretion
competent form - neither aggregating nor being degraded - until the C-terminal docking
signal was available. Possible explanations might include extended retention by the
ribosome, early tethering to the translocator, segregated to a particular (protected)
cellular compartment coupled to transcription-translation, capture by chaperone(s) or,
simply the inherent stability of the unfolded or partially folded state of HlyA and other
type I proteins. All these are plausible but all are predicated on the supposition that
a particular N-terminal signal region would be required for early recognition of nascent
forms of type I proteins. However, there is no evidence for such signals. This is especially
puzzling regarding the many type 1 proteins that are composed of thousands of residues,
while for the non-RTX HasA the Sec-system chaperone, SecB, is essential for secretion

[79]. Moreover, as discussed below an apparently enormous variety of heterologous
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passengers can be secreted when fused upstream of the C-terminal of type I proteins.

One study has indicated a requirement for the general chaperone GroES (J White-
head, PhD thesis, 1994) for HlyA secretion but this has not been confirmed. Moreover,
no chaperones have been implicated in the secretion of any other type 1 proteins. There-
fore, it remains unclear how nascent type I polypeptides remain secretion competent long
enough to make a successful docking with the translocon.

A plausible alternative scenario envisaged in a number of previous studies that avoids
the need for chaperones, is that type I proteins in fact initially fold up rapidly, with the
ABC protein involved in coordinating the subsequent unfolding and insertion of the
protein into the transport pathway. The recent studies by Bakkes et al. [75] to be
discussed below appear, however, to have ruled out such pre-folded state, at least for
HIyA.

The RTX motifs appear to be essential for secretion of many

type I allocrites but there are some important exceptions

Many studies have shown that RTX motifs, in addition to the secretion signal, also
play an important role in some way in the secretion of the great majority of type I
proteins. One of the best examples of this was provided by studies of the secretion of a
Pseudomonas lipase. Thus, that secretion levels were clearly shown to be proportional
to the number of RTX motifs that were retained in different engineered constructs, with
barely detectable levels of secreted lipase when 11 or all the repeats in the WT were
removed [80].

In some contrast, it is equally clear that the RTX motifs are dispensable for secretion
in some contexts. Thus, type I substrates like the small HasA protein and the ColV
peptide completely lack the RT'X motif. However, HasA also has the special feature that
secretion requires the dedicated chaperone SecB, while surprisingly the secretion signal
of the 39 residues of the bacteriocin colicin V, is located at the N-terminal. Moreover,
unlike HlyA and other large type I polypeptides the ColV signal sequence is cleaved and
the signal removed by a cysteine protease domain found at the N- terminus of the cognate
ABC transporter [81, 82]. As discussed later, such an active protease domain, found in
many bacteriocins, especially secreted by Gram-positive bacteria, is not generally found
in type I polypeptides, although it is fascinating that an inactive relic of the protease is
found and plays an important role in the secretion of HlyA, for example.

In another specific exception to the rule, the minimal autonomous fragment of HlyA,
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the C-terminal 60 residues completely lacks RTX, but is still apparently secreted quite
efficiently. In addition, when certain heterologous ‘passenger’ polypeptides, for exam-
ple, E. coli porin OmpF [37], alkaline phosphatase [35] were fused to the C-terminal
fragment HlyA3 (that lacks RTX repeats), secretion is still obtained. However, these
particular passengers have the inherent properties of being normally exported across
the inner membrane, and like wild type HasA, require the SecB chaperone for normal
secretion. They also share another common characteristic, relatively small size. In such
cases, the role performed by the RTX - to facilitate calcium dependent folding of sub-
strates emerging from the translocon on to the cell surface - may simply be redundant.
Indeed, many of these results can reasonably be explained, as suggested by Letoffe and
Wandersman [59], that beyond a maximum size, around 30kDa, the RTX repeats are
essential for secretion (and folding).

Fusion of heterologous passengers to other TISS secretion signals, have also demon-
strated successful secretion, with or without RTX motifs [59, 69, 82]. In some cases at
least, the passenger enzyme in the fusion was shown to be active, even in the absence of
the RTX. However, in the case of a GFP fusion to the signal region of lipase TliA from
P. fluorescens, the RTX motifs were apparently required for correct folding [68]. Finally,
two notable examples of type I secretion without the requirement for RTX repeats were
described recently - the naturally occurring allocrites secreted by the Rickettsia and
by Bacteroides fragilis and the giant adhesion SiiE secreted from Salmonella enterica.
As described below, in both cases evolution has thrown up fascinating and informative
alternatives to fill the role of the RTX.

What therefore is the precise role of RTXs in the normal mechanism of
secretion of type I proteins?

In vitro experiments with different T1SS substrates and fragments thereof ranging from
those with the complete number of RTX repeats down to truncations to only three
repeats, demonstrated that Ca?" is essential for folding of these proteins [83, 84, 85].
Folding only occurs in the presence of Ca?T or other divalent ions such as Sr?* or Ba?*
but not with Mg?*. Interestingly, folding studies on secreted pro-HlyA indicated that
Ca?T induced folding is not only restricted to the RTX domain but more importantly
extends to the entire protein [85, 86].

This latter observation is supported by folding studies in vitro of fusions of MBP
and MBP slow folding mutants to a C-terminal fragment of HlyA (HlyAl, [75]). The
isolated MBP mutant proteins displayed a decreased folding rate, while the velocity
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of unfolding was not affected. This was also observed with the MBP-HlyA1l fusions.
Importantly, in the absence of Ca?* (simulating the situation in the E. coli cytosol) the
slow folding mutants displayed an even slower folding rate when fused to the C-terminal
fragment of HlyA. This suggested that long-range interactions were propagated between
the MBP and the HlyA moiety under these conditions. Moreover, the slower the folding
of a particular mutant, the greater the influence of Ca?* induced folding of the entire
fusion protein. This result also raised the surprising possibility that the RTX, in the
absence of Ca®*t, rather than accelerating folding can actually slow down the process,
for example, in the E. coli cytoplasm, thereby facilitating maintenance of the unfolded
state until translocation and surface emergence of passenger domains, their folding and
release into the medium, is complete.

Importantly, a similar phenomenon was found in the analysis of long-range effects
on folding involving the RTX repeats of the adenylate cyclase toxin [87, 88]. These
studies of CyaA and HlyA have revealed a fascinating aspect of protein folding that was
suggested to depend on an entropic stabilization effect [87] and hopefully this will be
followed up.

Optimizing secretion by the Hly-TISS: The rate of folding

determines substrate secretion by the Hly system

It is important to note that although many different heterologous proteins have been
secreted using the C-terminal region of RTX proteins, the great majority of such studies
have taken a simple empirical, trial and error approach - are particular fusions secreted
or not? In addition, as noted above, in most such experiments protein levels were not
measured quantitatively and no attempt was made to determine secretion efficiency, i.e.
the number of molecules secreted compared the number synthesised. Moreover, when
measured, yields of secreted fusions were found to be very low, restricted to the high
ngL~! range.

Recognising these limitations, Bakkes and colleagues recently examined how at least
one key factor, premature folding of a passenger domain, might compromise efficient
secretion of a given fusion [75]. Debarbieux et al. [89] had previously shown that if
HasA (albeit an atypical type I protein) was allowed to fold in the cytoplasm before
inducing the synthesis of the translocator proteins, it could not be secreted. This result
in fact contradicted early ideas that type I allocrites might require unwinding (by the

ABC protein) prior to secretion. Bakkes et al., [75], taking up this idea, conducted a
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detailed study of the classical Hly-TISS by using folding variants of the maltose binding
protein (MalE), fused upstream of the C-terminal secretion signal of HlyA via the HlyA1l
fusion vector. The MalE mutants varied only in their folding properties, with no effect
on the unfolding rate. The results showed clearly that the slower the folding rate, the
higher the secretion level of the fusion protein. In other words, the folding rate dictates
secretion efficiency by the Hly T1SS. Importantly, with the slow-folding mutations that
best promoted secretion, the activity of MalE in the fusion was not compromised.

These results also clearly ruled out the possibility that unfolding of a secretion sub-
strate occurs prior to the actual secretion process and demonstrated for the first time
experimentally, that substrates of a T1SS fold only after secretion. Second and even
more important, the study by Bakkes et al. [75] provided a rational platform for gen-
erating T1SS fusion proteins. If a chimeric fusion protein proves to be secreted poorly,
decreasing the folding rate by introducing point mutations is recommended. This strat-
egy was supported by secretion studies on a fusion with IFAB (intestinal fatty acid
binding protein). Here mutations that slowed the folding rate of IFAB increased se-
cretion substantially, again without apparently compromising activity [76]. However,
mutations that decrease folding of a certain protein cannot be predicted per se but have
to be determined experimentally. Thus, error prone PCR or DNA shuffling could be the
best approach, combined with screening for increased secretion levels.

In addition to the importance of the folding rate of the passenger, the expression
levels of the inner membrane components of the HlyA T1SS (HlyB and HlyD) are also
of prime importance for high yields of secreted protein. Only under conditions in which
both membrane proteins were highly expressed, was efficient secretion observed [75, 76].
In particular, however, efficient secretion of heterologous fusion proteins is likely to be
a multifactorial process dependent on several factors, in addition to folding rate and
expression levels. However, these studies provided an important starting point and in
our hands, the Hly T1SS is a very powerful system for efficient high yield secretion (our
unpublished results).

The type I C-terminal signal (plus some RTX repeats) has
now been used to secrete a wide range of heterologous pro-
teins with biotechnological implications

A large number of pro- and eukaryote proteins or fragments of proteins, have now been

successfully secreted as fusions to C-terminal regions of HlyA and in several cases shown
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to fold correctly [75, 90, 91, 92, 93]. We recently developed a two-vector system cod-
ing for the inner membrane components (HlyB/HlyD) on one plasmid and the fusion
protein (gene of interest fused to the N-terminus of HlyAl, see Figure 5) on the other
plasmid. Here, successful secretion of slow folding mutants of MBP and an internal fatty
acid binding protein was demonstrated [75, 76]. Yields were approximately 15mgL~?
bacteria cell culture for the slowest folding mutant of MBP and approximately 1 mgL~!
bacteria cell culture for IFABP.

Similar results were obtained more recently using C-terminal signals from other Type
1 proteins. In particular, a minimal C-terminal fragment of 70 residues from the Tli lipase
from P. fluorescens was used for secretion of EGF (epidermal growth factor) or GFP
(Park et al., [68], while the terminal 60 residues from another Pseudomonad, the lipase
PML was also able to secrete a fusion with alkaline phosphatase as passenger [69]. A
new vector for use in P. aeruginosa was described by Ryu et al. [77] that harbors genes
for the ABC transporter, the MFP, where genes of interest are fused to the C-terminus
of the LARD domain (lipase transporter recognition domain) and successful secretion
was shown for GFP and alkaline phosphatase (AP). These examples demonstrate that
new approaches are also under way in other laboratories to employ T1SS as a platform

for protein production and purification.

Generation of novel hly-fusion vectors

A vector encoding the 23kDa C-terminal of HlyA (HlyAl) (see Figure 5) was con-
structed in plasmid pSU. This was designed for easy insertion of coding sequences for
different passenger proteins, N-terminal to the secretion signal, plus engineered cleavage
sites for subsequent enzymatic release of the passenger domain. pSU was combined with
plasmid pLG575 encoding both HlyB and D, to promote secretion of different heterolo-
gous passengers [76]. This HlyA1l, 208-residue fragment, contains only the distal three
RTX repeats of wild-type HlyA plus the approximately 60-residue secretion signal. In
addition, this C-terminal fragment of HlyA also contains, upstream of the signal se-
quence, the binding site for the CLD region of HlyB. This is the specialized cytoplasmic
N-terminal domain that is required for secretion of HlyA, but is also required for se-
cretion of heterologous proteins fused to HlyAl and smaller fragments from the HlyA

C-terminus.
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Detailed analysis of the structure-function of the signal: the

enigmatic code

1) Type I C-terminal secretion signals appear conserved only in closely
related transport substrates, there may be no universal signal

The presence of specific secretion signals within the terminal 50-60 residues for F.
coli HlyA; 75 residues for cyclotoxin (Bordetella pertussis) and Leukotoxin (Pasteurella
hemolytica); perhaps only the last 29 residues for protease PrtG from E. chrysanthems;
around 70 for lipases from Pseudomonas [68]; or 50 residues for an alkaline protease
from Pseudomonas aeruginosa [66], are now well established. However, identifying the
precise N-terminal of a such a non-processed signal is difficult.

Notably, the C-terminal 60-70 residues of type I proteins reveals no obvious amino
acid conservation except amongst extremely closely related transport systems. How-
ever, initial studies suggested at least two subtypes, HlyA, hemolysin-like and PrtG
protease-like groups. These have respectively, at the extreme C-terminus, a short motif
of hydroxylated residues, or an acidic residue followed by three hydrophobic amino acids,
DVLA [58, 94, 95]. In fact, similar C-terminal ‘motif’ of hydrophobic amino acids pre-
ceded by an acidic residue appears to be equally conserved in type I lipases, for example
LipASM [95]. Nevertheless, the hydroxylated tail is not present in all toxins described as
hemolysins, for example, LktA from Pasteurella haemolytica. In contrast, other type I
substrates, such as colicin V, adenyl cyclase toxin, HasA, or the newly studied ankyrins
have C-termini lacking either of these two motifs (see Figure 6).

Although based on apparently limited studies so far, type 1 transport substrates and
components of their translocon, also appear to be interchangeable only between systems
with very similar allocrites (see for example, [43, 66, 67, 81, 97, 98]. This specificity
in most cases appears to parallel the relative conservation of the transporter compo-
nents, for example, more than 80 % within the distinct HlyA and protease-lipase type
I systems, but around 25% between families (see for example Akatsuka et al., [99]).
More puzzlingly, the C-terminal 70 amino acids of the leukotoxin, LktA (from Pas-
teurella hemolytica), although deemed to have no obvious similarity to the HlyA signal
sequence, was functionally able to replace the C-terminal 58 amino acids of HlyA ([100]
and see Figure 6).0On the other hand, , the HlyA translocon appeared relatively promis-
cuous, able to secrete to some degree, some very unexpected proteins. These included
the CyaA toxin [70, 98], protease B from E. chrysanthemi [67] and especially the non-
RTX protein, bacteriocin ColV (see discussion [101]) that is normally dependent on a
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Figure 6: (A) Proposed secondary structure of the secretion sequence of HlyA. (B)
Secondary structure of the secretion sequence of HlyA derived from NMR, spectroscopy
in solution [96]. (C) Secondary structure predictions of the secretion sequence of HlyA
and other substrates of T1SS.

completely unrelated N-terminal signal. In contrast, apparently none of these heterol-

ogous systems were able to secrete HlyA. However, as stressed earlier these apparent

examples of relaxed specificity may reflect the failure actually to measure what might in

reality be low levels of very inefficient secretion.



78 3. Publications

2) Mutagenesis and deletion analysis of the structure-function of the
HlyA C-terminal signal: linear code of individual residues or a struc-
tural code?

The great majority of attempts to elucidate the nature of code carried by the type I
secretion signal have concerned the prototype HlyA. The following discussion will be
focussed entirely on this system. First, as indicated above, most studies have in fact
involved two hly determinants, one encoded on a plasmid, designated pHly152 [55],
a second located in the chromosome from a pathogenic strain LE2001 [28, 29]. The
two hlyA genes encode 1024 and 1023 residues respectively, creating some confusion
when comparing the same mutated residues from different determinants used indifferent
laboratories. In order to avoid this, in discussing the structure function of the signal
region, residues will be identified with respect to their position from the C-terminus.

Early random mutagenesis studies from different groups, immediately suggested that
the secretion signal was redundant, with many single residue substitutions having very
little or only a moderate effects on HlyA protein secretion levels (summarized in [102]).
However, as summarized in Figure 6, substantial, 60-70 % reductions in secretion were
obtained with substitutions at positions -46 (glu), - 43 (lys), -39 (ala), -35 (phe), at
-45 (ile), and reductions around 50 % at -15 (asp), -10 (arg), -5 (leu). Remarkably, one
substitution at -35 (Phe to Pro) reduced HlyA secretion by more than 90 % [94], while
construction of a triple mutant involving the substitutions at residues E(-45)F(-35)D(-
15) gave additive effects, reducing secretion in total to less than 98 % by measuring
haemolytic activity at the peak of secretion in liquid cultures.

In addition, end deletion constructs showed that removing the C-terminal 7 or 8
amino acids reduced secretion by 50-70 %, also using measurement of hemolyic activity
in liquid cultures [27, 103]. However, removal of the 6 terminal residues appeared to
have minimal effects on secreted protein levels but had a major effect on folding of Hly A
to the fully active form [94, 104], clearly indicating an important functional role near
the terminus of the signal. Overall these approaches placed the N-terminal boundary of
the signal to between position -46 and -53, extending very probably to the C-terminal

residue (see Figure 6).

3) Potential coding motifs in the Hly A secretion signal: alternative early

coding models

As illustrated in Figure 6 simple inspection of the sequence of the HlyA signal region

indicates the characteristics first considered as potential coding information. These are
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charged cluster covering residues -32 to -29; a 16 residue ‘aspartate’ box (-30 to -15)
flanked by acidic residues appeared to be conserved also in some other TISS transport
substrates [105], two predicted a-helices approximately located at position -23 to -33, and
at -43 to -48, in line with most subsequently published reports these will be referred to as
helix 1 and helix 2, respectively. Notably however, another study predicted the presence
of a much larger amphipathic helix covering amino acids from -35 to -53, including
the charged cluster and overlapping Helix 1 mentioned above [27]. Nevertheless, in the
absence of any strong evidence that such secondary structural features actually existed,
Kenny et al. [102, 105] proposed the idea that a linear code depending on a few dispersed
key residues act co-operatively in docking with the HlyB, by analogy with MHC ETC
[106]. This model for the functional role of the C-terminal signal will be developed in
more detail in later sections.

The model proposed by Koronakis and Hughes and colleagues on the other hand
assumed a vital role for the predicted large amphipathic helix. These authors also noted
other features that might have functional roles for the HlyA signal sequence, a block of
13 uncharged residues, distal to the charged cluster and overlapping the aspartate box,
and an important role in the secretion process for the cluster of relatively hydrophobic,
mostly hydroxylated residues at the extreme terminus [27, 103]. Stanley et al. provided
mutagenesis data supporting a functional role for a large amphipathic helix (residues
-29 to -53). It was also suggested that the predicted secondary structure for HlyA was
conserved in other toxins and other type I proteins, such as the proteases and lipases.
However, this was based on a very limited database and has not subsequently been
substantiated. (see Figure 6). In fact, further mutagenesis experiments showed that
the charged cluster could be deleted without loss of function [100], and when residues
-60 to -39, including the proximal region of this amphiphilic helix were replaced by a
proline containing peptide there was no effect on secretion [72]. Other published studies,
designed to test a possible function for the proposed amphipathic helix, revealed in
total 12 substitutions giving results consistent with a functional role while 10 were not
consistent. However, most mutagenesis results were still consistent with a functional role
for a much smaller amphiphilic helix in this region (overlapping the initially identified
helix land centered on the ‘hot spot’ motif EISK (residues -45 to -43) in HlyA [94, 102].

Testing other possible motifs linked specifically to function, Kenny et al. [105] showed
that substitution of the N-terminal Glu residue of the ‘aspartate box’ for lysine had in
fact no effect on secretion. Finally, a targeted mutagenesis analysis [94], identified several
mutations expected to disrupt the down stream helix II, but these also had little or no

effect on secretion.
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In summary, from the extensive random and directed mutagenesis experiments de-
scribed above, most obvious possible coding motifs could seemingly be eliminated, and
secondary structural motifs were not proven. Nevertheless, two competing hypotheses
remained on the table. The Leicester group maintained [102, 105] that signaling in-
formation was determined through essentially a linear code of individual but dispersed
residues for docking with the HlyB. In contrast, the Cambridge group [103] proposed a
more complicated, but very specific model with particular importance ascribed to the
presumed large amphipathic helix (helix 1), with the initial step in secretion being in-
sertion of this proximal region of the signal C-terminal as a loop into the membrane,
independently of the transporter proteins, HlyB and D. In contrast the distal region of
the signal, covering 8 or so residues (including the hydroxylated ‘tail’) at the C-terminus
of HlyA were proposed for specific docking to HlyB. This scenario also appeared to
suggest, although not explicitly stated, that the C-terminal was translocated last. As
discussed below this is clearly at odds with the now generally accepted hypothesis that
the C-terminus should be the first to reach the surface, and thus facilitate Ca®* de-
pendent folding of HlyA. Indeed this hypothesis has now very recently been confirmed
experimentally. Lenders et al. [107] used GFP fusions of HlyAl and HIlyA to stall the
HlyA T1SS and specific antibodies to demonstrate directly that the C-terminus reaches
the cell surface first. Finally, as described earlier we have shown that the extreme C-
terminus is involved in post translocational folding of HlyA, rather than in initiation of

secretion.

4) A combinatorial approach to evaluate functional secondary structure
in the HlyA signal

Victor Ling and colleagues in a further attempt to evaluate possible structural motifs in
the secretion signal, introduced random amino acid sequences, targeted to the regions
called helix 1 and 2 and the intervening linker, using hemolytic colony halo size as
a measure of secretion efficiency. The results [108], indicated little or no functional
role for a helix 2 (see Figure 6). However, in contrast the results were consistent with
an important role for the short amphiphilic helix 1, that overlaps with the putative
amphiphilic helices mentioned above [27, 105].

In 2002, in a further combinatorial mutagenesis analysis, Hui and Ling [96] targeted
the extreme C-terminal region of HlyA, in particular that designated as terminal region
I, residues -9 to -16 and terminal region II, residues 1 to -8 (see Figure 6). The results

indicated that the great majority of random sequences integrated into region I had little
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or no effect on secretion (i.e. from halo size), suggesting that any a role for this region
might simply be as a spacer or a “connector”. In contrast, 50 % of sequences inserted
into region II caused a reduced halo size. Therefore, these results support the previous
findings [104] that the C- terminal 6 residues are not required for secretion per se but
have an important function in promoting folding (and therefore activity) of the secreted

HlyA. How this terminal region might contribute to folding will be discussed later.

5) Physical techniques in attempts to define possible structural codes
in the secretion signal for translocon targeting

Is there indeed a linear amino acid code, particular secondary structures, a mixture of
both, or something entirely different that determines recognition by the type I translo-
cator? Since the maximum diameter of the TolC channel portion of the translocator is
likely restricted to 20 A [101], this should limit transit of any possible secondary struc-
ture to an a-helix and a similar constraint is likely to operate on any structural feature
of the secretion signal in the cytoplasm presented to the translocon.

While the available evidence strongly indicates that TISS secretion signals dock in
vivo with the translocator, probably HlyB in an unfolded form this does not exclude
the presence of some secondary structure. Some NMR experiments have attempted
to address this by a structural analysis of isolated type I signal peptides. However,
these have not provided definitive evidence for any specific structure. The earliest stud-
ies for HasA and PrtG, [109, 110] found no secondary structures in aqueous solution
while in membrane mimetic environments, including the helical promoting agent TFE
(trifluoroethanol), some upstream helix was detected with the C-terminus unstructured.
Essentially similar results with the analysis of the intact HasA in detergent micelles were
obtained [111]. A CD spectrum analysis of the C-terminals of HlyA (61 residues) and
LktA (70 residues) also indicated unstructured peptides in aqueous solution with some
helical secondary structure in detergent [112]. In addition, Yin et al. [113] carried out
an NMR analysis of the HlyA C-terminal secretion signal (61 amino acids) in SDS. This
experiment was predicated on the idea that in vivo the signal - ABC protein interaction
will take place in a membrane environment, although this has not been substantiated
experimentally. The results were interpreted although with a number of caveats, to in-
dicate the presence two short helices (approximate positions of the helices, I and II as
shown in Figure 6 above). In fact, in vitro studies on the role of the RTX motifs and
the downstream secretion signal, on folding of the type I substrates, adenylate cyclase

toxin [86, 114] and the AprA protease from P. aeruginosa [88] indicate in the absence of
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calcium a disordered structure for this C-terminal region that includes the RTX domain
and the secretion signal at least up to 26 residues from the terminus [114].

On the other hand, the very few crystal structures of type I transport substrates so
far available - for some proteases and lipases - show the C-terminals folded up to the
extremity, as predicted (see Figure 4), as antiparallel S-strand sheets [5, 62, 61]. However,
these are not informative on the possible conformation of the secretion signal in wvivo.
Thus, in addition to the contradictory genetic evidence regarding possible secondary
structure, the published physical evidence, including especially the evidence indicated
above for a disordered C-terminal in vitro, for CyaA, clearly indicates that the secretion

signal in vivo probably lacks secondary structure.

6) HasA is an atypical type 1 protein but provides a novel insight into
the nature of a C-terminal secretion signal

Previous studies indicated that the minimal HasA C-terminal fragment capable of au-
tonomous secretion is found within the last 56 residues [71]. Subsequently, Cescau et al.
[115] constructed a non-secreted variant of HasA with the C-terminal 14 amino acids
deleted. Nevertheless, this truncate was able to fold in the cytoplasm (and therefore
bind heme) but surprisingly was still able to engage the ABC and MFP proteins and
to assemble a complete (but “frozen”) translocator. This contained TolC, as shown
by affinity purification of the complex. Indeed, with the high level of production of the
ABC and MFP proteins employed in these experiments the majority of cellular TolC was
titrated, rendering the cells sensitive to SDS, presumably by depletion of the AcrAB-
drug and detergent transport pump. In addition, preliminary evidence indicated that
this terminal fragment bound the ABC protein HasE in vitro. These remarkable results,
unfortunately not apparently followed up, suggested that the terminal 14 residues of the
secretion signal are not required for docking but play a subsequent role in translocation
per se. This role might include reversal of signal binding to allow committed entry into
the transport pathway, or at a later stage that tightly couples translocation to refolding
of the protein as the C-terminal emerges on to the cell surface, as may be the case for
HIyA.

7) Screening tests for some functional states of the type 1 translocator

The paper by Cescau et al., [115] exploiting SDS sensitivity of cells to detect a frozen
complex, also highlights the use of simple plate tests for easy monitoring of certain states

of the translocon. Previous studies had also shown increased sensitivity of laboratory
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strains of E. coli K12, associated with the presence of the hlyA-determinant, to the
antibiotic vancomycin (normally active only against Gram positive bacteria), even in
the absence of the HlyA while mutations in hlyB or hlyD reduced this sensitivity [116].
In addition, Blight et al., [117], found increased vancomycin sensitivity (but not for
another antibiotic, fusidic acid) in E. coli K12, expressing hlyBD and WT hlyA, but
resistance was restored when a highly defective secretion signal mutant of HlyA was
used, indicating that active translocation of the allocrite increases envelope permeability
in some way. Consistent with this, the peak of secretion activity in the growth phase
with the pathogenic strain LE2001 coincides with increased vancomycin sensitivity [40].
Changes in vancomycin sensitivity can therefore be used to screen mutants or the effects
of suppressors to test for changes in the function of the translocon.

On the other hand competition experiments, co-expressing WT and mutant forms
of T1SS allocrites in the same cells and in the presence of the transport functions, are
useful in order to distinguish mutations (recessive) blocked in binding to the translocon
and mutants (dominant) that engage the translocator but fail to proceed to the next
stage, thus titrating available translocons and inhibiting secretion of the W'T transport
substrate. Combining this with testing for sensitivity to SDS or vancomycin should also

provide a quick screen for classifying mutants.

8) Nature of the signal region in other TISS

Other more limited studies have been carried out to identify possible conserved motifs
and essential functions in the secretion signals for lipases from different Gram-negative
species. As illustrated in Figure 6 (with representative examples only), the C-terminal
sequences and putative secretion signals for proteases and lipases, reveal some apparently
distinctive features, although these appear quite different from those of both HlyA and
HasA.

Ghigo and Wandersman [58] first suggested that the extreme C-terminal sequence
DLVL was a secretion ‘motif’ found in both protease and lipases. Indeed for the pro-
tease PrtG, deletion of this sequence prevented secretion of the protein. However, in
subsequent studies of the secretion of lipase LipA from S. marcescens, [95] found that
a similar motif was not required for secretion. In a similar study of the 1.3 (PML) li-
pase by Kuwarhara et al. [118], the hydrophobic residues in extreme C-terminal motif
were shown by mutagenesis not to be required for secretion of this lipase. In addition,
these authors showed that the extreme C-terminal motif in the 1.3 lipase (PLM) from

Pseudomonas was required for heat stability of the protein rather than for secretion
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per se. However, perhaps these apparent differences can be rationalized with the over-
all conclusion that the extreme terminal residues in the lipase, protease, the HlyA sub
group and conceivably HasA (see [115] above) are somehow involved in the folding of
the polypeptides as they emerge on the surface, with, in the case of the truncated PrtG
and HasA, transport itself being blocked at an early stage.

The TISS from S. marcescens mentioned above is particularly interesting, since as
described by Omori et al. [95] unusually, three unrelated polypeptides are translocated
by the same translocator, a metalloprotease PrtA, the lipase LipASM and a surface
layer protein Sla. In fact, all these are encoded, together with the transport proteins in
the same operon (see Figure 2). Moreover, this translocator is able to secrete similar
proteases and a lipase from other bacteria, although again the efficiency was not reported.

S. marcescens also secretes the heme binding protein HasA and intriguingly the
dedicated HasA TISS is able to secrete PrtA and LipA from this same host. However,
reciprocal secretion of HasASM was not observed. Nevertheless, Omori et al. [95] noted
that the TISSSM was able to secrete HasAPF from P. fluorescens. The authors did the
smart thing, comparing the two HasA sequences and were able to identify a short motif
around residue -17 from the C-terminus. This was present only in the Pseudomonas
HasA. Site directed mutagenesis confirmed that residues - 15- to -19, VTLIG (forming a
B-sheet structure in the fully folded proteins carrying this motif, [5]), were indeed critical
for secretion. The authors suggested, based on the testing of hybrid translocators from
the LipA and HasA translocons that this motif was specifically involved in targeting
the ABC transporter. However, it is difficult to see how this short, mainly hydrophobic
patch has the specificity by itself to determine specific translocon docking. Moreover,
everything was not so simple since the HasASM system can still transport both of
these HasA wvariants. Nevertheless, it is surprising that these findings, indicating a
motif contributing to allocrite specificity have not apparently been followed up, although
Kuwarhara et al., [118], confirmed the importance for secretion of the conserved VTLIG
in another lipase, (PLM) from Pseudomonas. In particular, it would be important to

demonstrate directly the binding of such a motif to the cognate ABC protein.
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A dual function TISS secretion signal: perhaps not so enig-

matic after all

1) A linear code looks the most likely for the HlyA sub-family

Based on their combinatorial experiments described above, Hui and Ling [96] proposed
a revised structure-function model for the C-terminal 55 or so amino acids as illustrated
in Figure 6. As summarized in Figure 6, the model suggests that domain I (residues -38
to -49), predicted to form a short amphiphilic helix, is essential for secretion, followed
by a long downstream “connector” (residues -9 to -28), presumably carrying no specific
coding information, and finally a relatively hydrophobic region of 9 residues extending to
the terminus, termed functional domain II. Consistent with the model, previous reports
indicated that amino acid substitutions in the so-called connector region had little effect
on secretion [102, 105, 103]. However, as argued above there is still no evidence that the
helix exists in vivo and that in vitro on the contrary the evidence for CyaA indicates a
C-terminal with a disordered structure. On the other hand, random mutagenesis studies
from other laboratories support the importance for efficient secretion of the residues
centred on the position of the predicted helix I that notably, contains the hotspot motif,
EISK in HlyA [105]. Hui and Ling model also indicates a functional role for domain II
in secretion. More recent experiments show that this region is important but at least in
part this is required for post-translocational folding, rather than secretion per se [104].

Another limitation of the Ling and colleagues model and that of Stanley et al.,
[103], is, highlighted by the current availability of the sequences of large numbers of
type I proteins, and from structures of proteases and lipases, and it is clear that many
are likely to contain [S-sheets rather than a-helices. Moreover, the Cambridge model
in particular ascribes a very specific role for an amphiphilic helix, apparently rather
independent of precise amino acid sequence, able to partition into the membrane, en
route to the translocator, leaving the docking specificity for HlyB to a few residues at
the extreme C-terminal. Initial insertion of some TISS secretion signals, involving a
[-sheet motif seems difficult to envisage.

On the other hand, if we discard the idea of the helical nature of domain I, the
Ling model would still be compatible with the proposal [94, 102, 105] that the 8 or
so individual but dispersed residues identified (so far) (see Figure 6) that reduce HlyA
secretion substantially, constitute part of a linear code for docking with the translocon.
Indeed Hui and Ling [96] specifically keep this possibility open. Therefore, as we shall

argue in the final section of the review, looking at all the evidence available, we clearly
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favor the importance of linear code in type I secretion for translocon docking, irrespective
of the so far unknown secondary structure in vivo.

As proposed earlier this would be reminiscent of the mode of docking of antigenic
peptides with the ABC TAP transporter [119]. Here, the N- and C-terminal residues
in the allocrite in particular are required for efficient and high affinity binding. A sim-
ilar linear coded interaction is well established for MHC class I molecules [106] and

compatible with co-evolution of a ligand and its receptor in adaptive immunity.

2) Proposed role of the C-terminal regions of type 1 allocrites

Type I secretion signal regions appear to have at least two functions, a proximal recog-
nition region (perhaps extending from -15 to -46, and a distinctive function for a few

residues at the extreme terminus.

Recently discovered T1SS translocation in Salmonella, Rick-
ettsia and other bacteria: yet more variety in secretion sig-

nals and secretion without RTX

The group of Karla Satchell has recently pioneered the study of toxins secreted by the
type I system, based on the ABC, MFP, OMP translocon in many of the most important
pathogenic bacteria. These “giant” MARTX (multifunctional-autoprocessing repeats
in toxins) polypeptides up to 9000 residues long, frequently contain strings of several
distinct toxins and many studies have concentrated on the structural organization, mode
of penetration into host cells and mechanism of action [13]. In fact, these proteins have a
slightly variant form of the classical RTX repeat (consensus, GGXGXDXUX) as expected
close to and upstream of the C-terminal secretion signal. However, calcium binding and
the 3D structure of these MARTX repeats (consensus GGX(N/D)DXHX) has not been
described and as yet few details of the actual secretion mechanism have appeared. The
ABC transporters, in these systems, however, like HlyB, appear to have an N-terminal
CLD, and intriguingly, Boardman and Satchell [120] showed that secretion of RtxAVC,
and other closely related toxins, requires a 4 rather than a 3-component translocon, with
a second gene encoding an additional ABC transporter. The ATPase activity of both
ABC proteins is required for secretion and the authors propose that this may take the
form of a heterodimer (see also review by [18, 121]).

Several studies have now identified a novel TISS in a Salmonella enterica with a

number of unexpected features. This involves another giant type I transport substrate,
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(with over 5000 residues) constituting a non-processed, non-fimbrial adhesion SiiE that
was likely missed in the screen described by Linhartova et al., [6] for RTX proteins. Thus,
this allocrite [122] contains 53 closely packed, but non-RTX Ca?* binding blocks, consti-
tuting around 90 % of the adhesin. Each block corresponds to about 90 amino acids, with
highly conserved sets of dispersed Asp residues binding Ca?* ions (see also review by
[16]). Secretion in this case still depends on an approximately 60-residue secretion signal
at the C-terminus, plus an ABC, MFP and OMP, all encoded in the same operon [123].
Calcium is also apparently required in some way for secretion (personal communication,
R Gerlach). Surprisingly, the siiE’ operon also contains two additional, proximal genes
encoding membrane proteins, one with similarity to the ExbB/Tol(Q membrane proteins
(implicated in harnessing the pmf in bacteria for import through the outer membrane)
and the other similar to MotB (part of the proton driven motor controlling flagellum
rotation), which the authors suggest have a novel, exciting accessory function associated
with this TISS, in forming a proton conducting channel, linked in some way to secre-
tion and or surface fixation of the transported polypeptide, an important distinguishing
characteristic of this type 1 allocrite [124].

Rickettsia form a large genus of aerobic, Gram-negative bacteria, living as obligate
intracellular parasites in both invertebrate and vertebrate hosts and causing many dis-
eases in humans, including typhus. These organisms, for example, R. typhi have reduced
genomes of less than 900 genes, relying on the host, for example, for biosynthesis of amino
acids and nucleosides. The organism is frequently transmitted to humans by fleas, lice
and mites through bites, allowing the bacteria to access the vascular system and to
establish residence in endothelial cells of the skin and major organs. So-called scrub
typhus is endemic in the Asia Pacific region with huge numbers of people dying annually
from this disease.

Rickettsia and other intracellular bacteria produce several copies of ankyrin proteins
as pathogenicity factors. These proteins characteristically contain a varying number of
tandem repeats (mostly of 33 amino acids) of degenerate sequence but with a conserved
secondary structure, allowing stacking of the repeats upon each other [125].This presents
a platform maximizing opportunities for protein-protein interactions. Such broad speci-
ficity for protein interactions allows the modulation of the action of a wide variety of
host proteins and therefore facilitates intracellular survival. In another recent review,
Gillespie et al. [126], used a bioinformatics and literature search to identify likely se-
creted proteins and components of presumed translocation systems in Rickettsia. The
results revealed at least 19 secreted proteins, including some ankyrins, together with

a near classical Sec-system and genes encoding at least three secretion pathways, TSS
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types I, IV and V. In parallel, a number of groups, in particular, [127], have provided
intriguing evidence that many of the 47 ankyrins in the scrub typhus pathogen, Orientia
tsutsugamushi (member of the Ricettsiales) are indeed type I substrates.

Even more recently, indications of 7 putative type I protein translocation systems,
have been found in the Gram-negative, obligate anaerobe, Bacteroids fragilis, as defined
by the presence of linked genes encoding, an ABC, MFP and a TolC-like homologue. B.
fragilis is a member of the phylum Bacterioidetes, the largest group of bacteria in the
human microbiota, having interesting differences in the lipid composition of membranes
and the peptidoglycan, compared to the Proteobacteria. On the other hand no potential
transport substrates have so far been identified. Moreover, no sequences encoding RTX
motifs were detected in the B. fragilis genome, pointing to another interesting variation
on how to fold up type I proteins following translocation that we can expect to be

revealed in the future.

Structure function analysis of components of the TISS trans-

locon

TolC: structure and function

While the MFP and ABC proteins are specifically and uniquely dedicated to transport of
Type I substrates, TolC is an extraordinarily multifunctional and under some conditions
apparently an essential protein [128, 129]. Thus, TolC of E. coli forms a tripartite
pump with AcrA and AcrB (and their homologues in other bacteria), involved in the
efflux of a wide range of toxic molecules. These include many cationic dyes, a wide
range of antibiotics such as penicillins and macrolides, detergents such as Triton X-100,
sodium dodecylsulfate, bile acids, and even simple organic solvents [130]. Remarkably,
in addition, TolC, as a component of the TISS, is also essential for secretion of a variety
of proteases, lipases and hemolysins. In the absence of tolC, E. coli therefore becomes
more sensitive to many different molecules. Finally, other more recent studies have also
indicated that the Acr-TolC pump is implicated in the export of fatty acids [131] and
cyclic AMP [132].

In contrast to the very large amounts of porins present in the outer membrane of
E. coli, the numbers of TolC molecules are relatively low at about 1500 [133]. However,
interestingly, Krishnamoorthy et al. [134] recently demonstrated that only a small mi-
nority of these (less than 10 %), are sufficient to maintain cells free of growth inhibitory

levels of an antibiotic like vancomycin. This indicates that TolC is normally present in
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significant excess and well capable of participating, together with AcrA and AcrB, in
the efflux of a wide range of other molecules.

For secretion via the TISS and HlyA in particular, TolC interacts with the ABC
transporter, HlyB and the MFP, HlyD, both in the inner membrane. In contrast, when
TolC is associated with AcrAB in extrusion of small molecules the ABC transporter
is replaced by an RND (resistance-nodulation-division) membrane protein [135]. This
is a secondary transporter that utilizes the proton gradient across the inner membrane
to energize transport. In contrast to HlyD, the MFP component of the drug pump is
anchored to the external face of the inner membrane by a specific fatty acid modification
at its N-terminus and lacks the extension across the inner membrane into the cytosol.
The prototype of these multidrug transporters is the AcrA (MFP), AcrB (RND), TolC
complex, for which the single particle cryo-EM structure was recently determined [52].
A structure for TolC was initially obtained by two-dimensional crystallization in 1997
[136] at a resolution of 13A. In 2000, a seminal paper by the Koronakis laboratory
described the crystal structure of TolC at a resolution of 2.1 A [51]. This structure,
combined with biochemical data, indicated that the inner membrane components, HlyB
and HlyD are only transiently in contact with TolC. In other words, the IM components
engage TolC only upon interaction with the unfolded substrate and remain associated
during the actual secretion process. However, as in the case of assembly of TolC with
AcrAB, as we shall argue later it remains a possibility that TISS transport substrates
simply stabilize normally transient interactions between TolC and its different partners.

The structure of TolC also demonstrated that the functional unit is a trimer embed-
ded in the outer membrane of E. coli, forming a (-barrel, typical for bacterial porins.
In TolC, this is a 12-stranded antiparallel S-sheet, in which each TolC monomer con-
tributes four g-strands to the final 12 stranded barrel. In contrast to many porins, this
barrel appears to be always open to the extracellular space since the structure lacks any
potential plug, such as the loop present in the ferrichrome-iron transporter FhuA, in F.
coli. Furthermore and in contrast to classical porins, TolC extends very far (120 A) into
the periplasmic space. This part of TolC adopts an entirely a-helical fold, again com-
posed of 12 a-helices, four from each monomer. At the periplasmic end of this a-helical
extension, the helical bundle has a maximal diameter of only 3.9 A [137]. This indicates
that the structure is the closed state, since this is obviously too small to allow transit of
even a-helices or small solutes (see Figure 7).

Noting a series of salt bridges and hydrogen bonds present at the periplasmic entrance
of TolC, Koronakis and colleagues tested the functional implications of this by designing

an elegant set of experiments to disrupt these interactions by side directed mutagenesis
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B-barrel

100 A

open closed

Figure 7: Crystal structures of TolC in (A) the closed (pdb entry 1EKP, [51])and (B)
the open state (pdb entry 2XMN, [138]). Each monomer of the TolC trimer is colored
differently. The length of the periplasmic helices is highlighted. The maximal opening
of the closed and open states of TolC is also indicated below the figure.

[139, 140]. Indeed, this generated a TolC variant with a maximum diameter of 16 A,
based on conductance measurements of TolC reconstituted in black lipid membranes.
This variant, as also shown in Figure 7, apparently represents the open state compatible
with translocation of a-helices or small molecules via the tripartite drug efflux systems.
Thus, as proposed by Koronakis et al. [27]) the data fit beautifully into a model whereby
the molecule to be translocated induces an “iris-like” opening of the periplasmic ‘tunnel’
of TolC, involving outward sliding of the helices. However, one has to add that this
now generally accepted mechanism was challenged by the crystal structure of the TolC

homologue VceC, required for transport from V. cholerea of the range of xenobiotics and
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small molecules as seen with TolC [141]. This structure revealed that the key residues
apparently responsible for closure of the TolC entrance are not conserved in VceC, raising
the interesting possibility that the “iris-like” mechanism proposed for E. coli TolC was

not necessarily used in all other T1SS or small molecule eflux pumps.

The MFP HlyD: structure and function
1) Clues to the structural organization of HlyD from its MFP analogues

Little is known about the structure and functional roles of other Type I ABC and MFPs
and the following sections will therefore consider only HlyD and HlyB. HlyD from E. coli
is assigned to the so-called family of bacterial “membrane fusion proteins or MFPs”. This
is a misnomer since these proteins do not promote membrane fusion in the classical sense.
Rather they provide the physical and functional coupling of proteins in transenvelope
complexes that straddle the inner and outer membranes - a preferred term also used
is “adapter proteins”. Regrettably, just to muddy these waters more, Symmons et al.
[142] in an otherwise excellent review now introduce a new synonym, PAPs (periplasmic
adaptor proteins).

As will be discussed later the importance of HlyD in type I transport was to some
extent initially underestimated, assumed simply to fulfill the role of connecting the inner
membrane ABC protein with the outer membrane, TolC exit to the medium. While no
HlyD structural data are available, mutational studies and in particular crystal structures
of functional analogues, can bring important insights into the much more more complex
role of HlyD. These homologues include the extensively studied MFPs, AcrA and MexA
that form three protein component translocons with AcrB, TolC and MexB, MexX,
respectively, as multidrug eflux pumps in Gram-negative bacteria.

Notably however, HlyD differs from many other MFP proteins, including AcrA,
MexA (multidrug efflux), by having a single TMD anchor (close to the N-terminal) that
inserts into the inner membrane. This is preceded by an approximately 60-residue exten-
sion into the cytoplasm (see Figure 8). In contrast, AcrA is anchored in the membrane
from the periplasmic side by a lipid modification of the N-terminal presumably facili-
tating capture of drug molecules from the bilayer, while the TMD and the N-terminal
extension in HlyD permits direct contact with HlyA in the cytoplasm. This arrangement
of course should also permit the formation of a continuous tunnel from periplasm to the
cytoplasm as discussed later.

Although HlyD, AcrA, MexA and other family members share less than 25 % identity,

Johnson and Church [144] identified a number of well-conserved structural motifs in the
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v S ENE e A

N C HlyD

MKTWLMGFSEFLLRYKLVWSETWKIRKQLDTPVREKDENEFLPAHLELIETPVSRRPRL  HlyD E. coli
MKIWLSGIYEFFLRYKNTWAEVWKIRKELDHPNRKKDESEFLPAHLDLIETPVSKKPRL  LktD_M. haemolytica
MTGMDITTQDELNEAAMRDRASRDEERALR  PrtE E. chrysanthemi
MSTHIGEPQDSYIEEIPQDERRFTR  LipC S. marcescens

domain

Figure 8: Top: Schematic representation of AcrA and HlyD. At the top the boxes rep-
resent the structures of AcrA and HlyD, indicating the location of the cytosolic domain,
the transmembrane helix, the coiled-coil, lipoyl and [-barrel domains. Scaling is based
on the number of amino acids, which build up the individual parts. The transmem-
brane helix of HlyD is shown in green. The two helices of the coiled-coil domain are
highlighted by red boxes and labeled 1 and 2. The two parts of the lipoyl domain are
indicated by blue boxes labeled N and C indicating the N- and C-terminal parts of this
domain, while the S-barrel domain is indicated by brown boxes. The zoom in shows
the sequences of the cytoplasmic domains of HlyD, PrtE, LipC and LktD. The puta-
tive amphipatic helix (colored in red) and charged cluster (colored in blue) in HlyD
[53] is highlighted. The positions of the domains of AcrA are derived from the crystal
structure shown below, while the corresponding positions in HlyD are estimated from
a AcrA/MacA /ZneB/CusB/MexA-based homology domain of the periplasmic domain
of HlyD. Bottom: Cartoon representation of the crystal structure of monomeric AcrA
[143] and a zoom into the lipoyl domain. Black colored residues represent the predicted
position of the heptad repeat of the a-helical hairpin. Blue colored residues are identical
amino acids in more than 50 % of the sequences analyzed by Johnson and Church [144]
of the lipoyl domain, while red colored residues are similar amino acids in more than
50 % of the sequences analyzed.

large periplasmic domains of all these proteins (see review by Symmons et al. [142]). As

shown in Figure 8, there is an extensive helical hairpin, strongly predicted to form coiled



3.2. Chapter II 93

coils, towards the N-terminus in, for example, AcrA, although much longer and more
centrally positioned than in HlyD. Importantly, the hairpin domain in all these proteins
is flanked at each end by a short half “lipoyl” domain. This lipoyl module has been
studied in detail as it activates particular enzymes, involving a switch in architecture
from two well-separated halves to a fused globule of two domains. Johnson and Church
[144] also noted the possibility in MFP adaptor proteins that the lipoyl domains provide
the means to switch the hairpin from a compact structure (lipoyl domains fused) to one
with extended helices stretching across the periplasm (see Figure 8). Other predicted
structures conserved in these proteins are an extended [S-barrel N-terminal to the helical

hairpin and a disordered C-terminal domain [142, 144].

2) Structural models of complete efflux pumps: hints for HlyD assembly into

the translocon

Several recent structural studies combined with model building suggest how the known
crystal structures of, for example, for AcrA, AcrB and TolC are organized in the com-
plete pump. These studies have involved much debate concerning the contribution of
each subunit to the putative transenvelope transport pathway - whether the inner mem-
brane protein (AcrB/MexB) contacts the OMP, how many subunits of the MFP in the
complex, and especially contentious, does the long (approximately 140 A) funnel shaped
MFP, “wrap” around the outer membrane protein forming the periplasm to exterior
“tunnel” or does it form a “tip to tip” contact. Previous analysis of mutants and cross-
linking experiments have indicated that for example, AcrA interacts with both AcrB (a
secondary transporter supplying the energy) and TolC [145, 146]. Now the most recent
attempts to ‘recreate’ the complex, involved engineered fusions of AcrA with AcrB and
AcrA and AcrZ (a new small protein binding to AcrB). These allowed co-purification of
the complex AcrA-Z, AcrB and TolC, for cryo-EM analysis and this structure probed by
overlayering with the crystal structures [52]. The results provide further confirmation
for the emerging consensus (for example, see Stegmeier et al. [147]) for a stoichiometry
3,6,3, rather than, 3,3,3 for AcrB-A-TolC. The results show that both AcrB and AcrA
form the walls of the channel also apparently confirms that AcrB and TolC do not inter-
act. In addition, the Du et al., model indicates that the termini of the long TolC helices
protrude into the upper reaches of the AcrA funnel giving quite a small wrap-around of
TolC by AcrA. A similar study by Kim et al. [18] described essentially the same overall
organization with the difference that the respective tips of AcrA and TolC intermesh

with no real overlapping.
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It is tempting to extrapolate these results to gain important insights into the or-
ganization of HlyD within the Hly translocon. Some support for this approach was
provided by Lee et al., [148] who searched HlyD for the motif, R3xL6xS (RLS), that
they proposed was conserved in ‘adaptor proteins’ including AcrA and MacA. A similar
RLT motif was identified and indeed individual substitutions of each of these residues,
effectively blocked secretion of HlyA. More interestingly, these mutations, particularly
alanine substitutions of the R and L residues, prevented cross-linking of HlyD to TolC
in vivo. Moreover, in an in vitro assay, the mutants were, unlike the WT', unable to bind
TolC. Lee et al., [148] in the same study on the other hand noted the obvious differences
between, for example, HlyD and AcrA, in overall primary and secondary sequence. As
illustrated in Figure 8, HlyD is significantly larger, in particular in the putative hairpin
region (between the lipoyl motifs). In HlyD these apparently contain less (predicted)
a-helical structure. As Lee et al., [148], also point out, however, in another E. coli MFP
or adaptor protein, CusB, the equivalent hairpin region forms an even more distinctive
three-helix bundle for docking with TolC. Although these analogous structures are useful
in gaining insights into the structure function, and particularly the nature of the assem-
bly of HlyD into the translocon, its distinctive primary sequence and the contrasting
size of the transport substrate, HlyA, necessitate that the structure of HlyD itself will

be essential in order to obtain a detailed molecular understanding of its role.

3) Spring-like structural flexibility of MFP proteins: importance for function

As first proposed by Johnson and Church [144], the two conserved lipoyl domains of the
MFP family, building on knowledge of the regulatory switch function of such domains in
a number of enzymes, could provide important structural flexibility required for the role
in secretion. Lipoyl domains are capable of switching between a compact state where
they interact to form a globular structure or whether they remain separated. In the
MFP family it is suggested that in the compact state, for example, in HlyD or AcrA,
the intervening coiled coil region will remain paired and HlyD will be unable to contact
TolC (see Figure 8). Consequently, when in the case of HlyD the Lip domains separate
- spontaneously, when bound to HlyB or when triggered by contact with HlyA, the now
extended helical domains would spring apart and allow contact of the C-terminal with
TolC.
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Genetic analysis of HlyD suggests possible functional domains
1) Topological organization of HlyD

Wang et al. [41] using fusions of -lactamase to different sites in HlyD, identified regions
rendering cells sensitive or resistant to the antibiotic, indicating exposure to the cyto-
plasm or periplasm respectively. This and cellular fractionation analysis demonstrated
that HlyD has a single transmembrane domain (approximately residues 60-80 for inser-
tion into the inner membrane with its N-terminal extension of 55 to 60 residues in the
cytoplasm, predicted to form mostly a-helices ( see Figure 8). More detailed analysis
using alkaline phosphatase fusions confirmed this topology [149]. Surprisingly in both
studies, viable fusions could not be obtained in the central region of HlyD approximately

residues, 150 to 325, largely covering the coiled coil domain.

2) Mutations revealing possible HlyD functional domains

A genetic approach to the function of HlyD has been surprisingly limited nevertheless
deletion and mutagenesis analysis has revealed four possible functional roles for HlyD,
docking with HlyA, final folding of HlyA, oligomerization of HlyD, and possibly inter-
actions with TolC. As described below the largely helical N-terminal extension of HlyD
plays a key role in the recruitment of HlyA and then TolC into a fully competent translo-
con, and deletion of the first 40 amino acids blocks secretion completely. The truncated
HlyD, however, remains stably localized to the membrane. In contrast, this same region
is required for oligomerization of HlyD in vivo but this does not require the ATPase
activity of HlyB. Surprisingly, in competition experiments the deleted HlyD mutant
co-produced with WT HlyD, does not affect secretion of HlyA but greatly reduces its
hemolytic activity. This suggests perturbed packing in a mixed oligomer of WT and
mutant molecules, resulting in misfolded hemolysin as found with other mutants de-
scribed below (unpublished results, J Young, A Pimenta and IB Holland). In a further
analysis Schulein et al., [150] noted some conservation of the C-terminal amino acids
of HlyD (especially the last 35 residues) when compared to the short list of a range of
TISS allocrites available at that time. When they deleted the 10 C-terminal residues of
HlyD secretion of HlyA was completely blocked. Similarly, site directed mutagenesis of
any one of the terminal, Leu, Glu or Arg residues of HlyD demonstrated that these were
essential for secretion. Importantly, in competition experiments expressing both WT
HlyD and (HlyB) and mutant HlyD, secretion of HlyA was greatly reduced indicating
that the different forms of HlyD were unable to oligomerize or the mixed oligomer was

defective in translocating the toxin. Curiously, these authors also identified a region



96 3. Publications

of 44 amino acids in HlyD (residues 127-170) showing a surprising 47 % identity with
residues, 233-274 in the S-barrel region of TolC. Deletion of this region unsurprisingly
completely blocked HlyA secretion but regrettably analysis of the role of these residues
in HlyD function was not followed up.

In a different approach Pimenta et al. [151] used random mutagenesis of hlyD in
LE2001, to obtain several mutants located in the periplasmic domain, whose expression,
stability and membrane association were unaffected. The mutants had novel properties
suggesting an interesting range of important functional differences. For example, three
mutants, T851, K402E and D411N secreted very little if any HlyA but HlyA was not
detectable in cell envelopes, suggesting a block early in initiation of secretion. More-
over, D411N appears defective in oligomerization and in competition experiments, co-
produced with WT HlyB and D, although secretion levels of HlyA are normal oligomer-
ization of HlyD is reduced and markedly, hemolyic activity is also significantly reduced,
suggesting that a mixed HlyD oligomer is formed but its structure is perturbed. A sim-
ilar phenotype for the mutant K404E, co-produced with WT HlyD, was also obtained
(unpublished results, J Young, A Pimenta and IB Holland).

Two other mutants V3341 and L165Q (in the TolC-like region indicated above),
although still secreting low levels of HlyA, showed an apparently distinct phenotype ap-
pearing to be blocked in translocation, since cytoplasmic levels of HlyA did not increase,
while HlyA accumulated in the cell envelope in a state insensitive (apparently inacces-
sible) to extracellular trypsin digestion. Moreover, the proteins recovered from culture
supernatants of L165Q, together with another mutant V3491, secreting around 25 % the
level of WT HlyD, also displayed greatly reduced levels of haemolytic activity. However,
in denaturation-renaturation experiments the specific activity of these molecules could
be restored close to that of the WT HlyA, a clear indication that the initially secreted
proteins were misfolded. In the case of V3491 the secreted protein was also hypersensitive
to trypsin.

As noted above a particular motif ‘RLS’ involved in binding AcrA to TolC is ap-
parently also found in HlyD and in at least some homologues in the form RLT. This
motif was shown by Lee et al. [148] to be required for secretion of HlyA by substitution
of these residues, including alanine replacement of R and L, while these HlyD mutants
were unable to bind to TolC in vivo and in vitro. This motif, in reality RxxxLxxxxxxT,
is located about 125 residues downstream of the TMD and within the predicted hairpin
region of HlyD and Lee et al., suggested that HlyD, like AcrA contacts TolC “tip to tip”,
involving the 12 residues of the RLT ‘motif’.
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Genetic analysis of HlyB
1) Topological organization of HlyB

The topology of HlyB was deduced experimentally in 1991 [41] from the construction
of p-lactamase fusions throughout the length of the protein. The results, where an
externally exposed S-lactamase should confer penicillin resistance on strains carrying a
fusion, indicated six TMDs (transmembrane domains). The fusion data also appeared to
indicate two additional domains near the N-terminus but these were poorly predicted.
In fact, sequence data indicated strong homology with a cysteine protease although
the sequence suggested that the catalytic site was likely non-functional. Interestingly,
Gentschev and Goebel [152] reported a topology analysis using -galactosidase and al-
kaline phosphatase fusions, although showing differences in the precise position of the
TMDS they also identified eight possible TMDs, including two in the N-terminal re-
gion. However, as described above the N-terminal domain up to at least residue 130,
now designated CLD (C39-like domain), was recently shown by Lecher et al. [56] to
constitute an ancient but inactive C39 cysteine protease, required for secretion of HlyA.
The topology of HlyB now shown in Figure 9, is a composite taking account of all the
fusion data from Wang et al. [41] and Gentschev and Goebel [152] but now showing
the N-terminal as the cytoplasmic domain CLD. The model in particular indicates a
single large periplasmic loop P1, exposed to the periplasm, and two very small loops
P2 and P3, with two relatively large cytoplasmic loops, C1 and C2, and two regions
of approximately 25 and 36 amino acids, with presumably important functional roles,
flanking respectively, the TMDs from the CLD and NBD domains.

2) Mutagenesis analysis of HlyB

Very few mutagenesis studies for HlyB have been reported, in particular concerning
the membrane domain. This unfortunately is a very important approach that has been
seriously neglected. Of course several mutants (including in HlyB) have enlightened
the analysis of the catalytic action of the NBDs of the ABC family by confirming the
important role of many of the classical conserved residues. These have been studied in
detail in many different ABC proteins and will not be considered further here.

As summarized in Figure 9 some mutations linked to the membrane domain give
intriguing phenotypes but so far have been much less instructive in linking structure
to function than comparable HlyD studies. Several mutants were isolated by random
mutagenesis by Blight et al. [117] two of these (G10R and P624L) showed novel tem-

perature sensitive secretion defects. Residue G10 was located close to the N-terminus
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Figure 9: Topology model of HlyB based on p-lactamase, S-galactosidase and alkaline
phosphatase insertions. The conserved motifs Walker A, C-loop, Walker B and H-loop
are highlighted in blue, red, green and brown, respectively. Letters indicate mutations
identified in different genetic screens. Letters in squares indicate supressor mutations.
Here, green letters highlight those mutations that affected the level of secretion including
ts mutations, marked *, while letters in blue are mutations in HlyB suppressing muta-
tions in the HlyA secretion signal, reducing the hemolytic activity of HlyA (but not
necessarily affecting secretion per se, see text). Residues marked by an asterix affected
the oligomerization of HlyD. Note the ‘hotspot’ for mutations in the predicted periplas-
mic domain P3 that is discussed in the text. In case of ambiguities, the residue below
or to the right was affected by the mutation. Black circle indicate every 50" residue.

indicating that this region that we now call the CLD might have a specific role in the
secretion process. Similarly insertion of an epitope (C494) into the N-terminus of HlyB
also blocked secretion. On the other hand, proline 624 is highly conserved in both pro-
and eukaryote ABC transporters, forming part of the Pro-loop linking the two domains
of the NBD [153], and just downstream of the “signature” motif of these proteins, LSGG.
Moreover, in HisP, mutation of the corresponding Leu residue results in uncoupling of
ATPase activity, from transport of histidine.

Another ts secretion mutant G408D, was located in the deduced periplasmic loop,
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P3, while the corresponding region extending to 12 to 15 amino acids we found was quite
well conserved in a wide range of bacterial ABC transporters, as well as in eukaryotic
Pgp, Pfmdr and CFTR. Saturation mutagenesis of the region, residues 399 to 412 (see
Figure 9), yielded mutations, 1401T and D404G giving no hemolyic colonies and around
20 % of WT levels measured in liquid cultures. In addition, a double mutant S402P,
D404K completely lacking secretion of HlyA was obtained by site directed mutagenesis.
Therefore in this region of 8 residues, predicted to locate close to the membrane between
TMDs 5 and 6, 4 possibly 5 amino acids are essential for HlyB function.

Figure 9 also illustrates the position of the suppressor mutations and isolated by
Zhang et al. [154] that restored to varying extents the secretion of HlyA deleted for
the proximal or the distal halves of the secretion signal. These mutations are widely
dispersed in virtually all regions of HlyB and consequently for this and for the reasons
already discussed above, it seems much more likely that they represent a variety of
structural changes bypassing the need for the full signal rather than a specific docking
area for the normal signal sequence.

As shown in Figure 9 two mutants E256K and S279L were found to be defective in
oligomer formation of HlyD in wvivo in cross linking experiments (unpublished results,
A. Pimenta, J. Young and B. Holland). This suggests possible regions involved in the
HlyB, HlyD complex. Finally, Figure 9 also indicates that an epitope C494, recognized
by a specific monoclonal antibody, was successfully inserted at the C-terminus of HlyB

without preventing secretion of HlyA. This is a useful marker for HlyB.

Structure function of the T1SS ABC protein: the prototype HlyB
The structure of ABC NBDs

The first crystal structure of a purified ABC NBD domain was reported in 1998 by Hung
et al. [155]. This structure of HisP, the ATPase component of the histidine importer
complex from S. typhymurium, revealed a monomer with bound ATP sandwiched be-
tween the conserved Walker A and B motifs. In addition to the conserved RecA or
F1 ATPase fold, two ABC protein specific subdomains were identified (see Figure 10).
These are respectively, a S-strand that harbors an aromatic residue interacting with the
adenine moiety of bound nucleotides, and an entirely helical subdomain that contains
the conserved C-loop motif, the hallmark of ABC transporters. No other interactions
between the adenine ring and the NBD were detected in the HisP structure and all
subsequently determined structures. This explains why ABC transporters do not pos-

sess a true nucleotide specificity and ATPase activity can also be energized by different
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nucleotides such as GTP, CTP or UTP.
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Figure 10: (A) Crystal structure of monomeric HisP [155] with bound ATP shown in ball-
and-stick representation. The RecA core oft he NBD is shown in green, the a-helical
subdomain in yellow and the f-subdomain in grey. The conserved motifs Walker A,
Walker B and C-loop are highlighted in blue, magenta and red, respectively. (B) Zoom-
in into the ATP binding site. Conserved residues interacting with the nucleotide are
highlighted in ball-and-stick representation and labelled. (C) Model of the ATP/Mg?*
bound wild type structure of the head-to-tail dimer of the HlyB-NBD [156]. Color
coding is identical to (A), with the second monomer colored in pale colors. The bound
cofactor Mg?* is shown as green sphere. (D) Zoom-in into one of the two ATP-binding
sites. Conserved residues interacting with the nucleotide are highlighted in ball-and-stick
representation and labelled. Please note that S606 resides in the opposite monomer.

Several biochemical analyses of HisP, other isolated NBDs, or full-length transporter
systems have revealed co-operativity in ATP hydrolysis. This by definition indicates the
presence of more than one ATP binding site during a single catalytic cycle. Therefore,
since the initial HisP monomeric structure was unable to explain the ATPase activity

and to solve the puzzle, subsequently various dimeric arrangements of the NBDs were
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suggested. In fact, the correct architecture of the NBD dimer was proposed by Jones and
George [157], based on simulations. The elegantly simplistic solution they arrived at was
then subsequently verified by the crystal structure of MJ0796, an isolated NBD from M.
janaschii [158]. As shown in Figure 10, in the dimer one ATP molecule is sandwiched
between the Walker A of one monomer and the C-loop of the opposing monomer - the
so-called ‘head-to-tail’ arrangement of NBDs. Thus, ATP acts as molecular glue and
the dimer is only stable in the presence of ATP, but not ADP, since the C-loop of the
opposing NBD interacts only with the y-phosphate moiety of ATP. This fundamental
arrangement has now been observed in all structures of isolated NBDs in the presence
of ATP, with more than 40 structures deposited in the protein data bank. These include
the NBD of HlyB, published in [156, 50] but more recently also the structures of several
full-length ABC transporters determined at resolutions ranging from 2.5 to 4.5 A (see
review [159]).

Structure of the extinct peptidase domain CLD in HlyB: a newly iden-
tified interaction of HlyB with the HlyA C-terminal

In addition to TolC, atomic level structural information for TISS components is available
for the isolated NBD and the N-terminal domain of HlyB. Early studies noted that HlyB,
compared to other bacterial ABC transporters has an extended N-terminal domain but
its role has been a mystery. Curiously, this N-terminal domain, covering approximately
130 amino acid residues, was identified from the sequence as a member of the cysteine
dependent C39 peptidase family. These particular peptidases are only found so far in
active form in bacterial ABC transporters involved in the secretion of small peptides.
These include a number of bacteriocins - primarily in Gram-positive bacteria. In these
molecules the corresponding protease cleavage sites are found in the N-terminal secretion
signal, C-terminal to a double glycine motif. Obviously, HlyA does not contain an N-
terminal targeting signal and does not undergo any proteolytic processing. Moreover,
the catalytically essential cysteine of the C39 peptidase domain in HlyB is replaced by
a tyrosine. Thus, the N-terminal domain of HlyB was termed a ‘C39-like peptidase
domain’ (CLD).

In a major advance in 2012, Lecher et al. [56] revealed an important function for the
CLD, since its deletion completely abolished secretion of HlyA. In further detailed studies
to explore the precise function, the purified CLD was shown to interact with the unfolded
but not with folded HlyA or the truncate HlyAl. However, the 160-residue HlyA2, C-

terminal fragment that lacks the C-terminal 58 residues, encompassing the secretion
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signal (see Figure 5), still binds to the CLD. This clearly showed that the binding site
was located upstream of the secretion signal close to 3 RTX repeats (characterized,
coincidently or otherwise by double GG motifs), somewhere between residues 805 and
965.

To explore the structural details of the CLD and possible residues that are involved
in binding to HlyA, the solution structure was determined by NMR. First, this revealed
no significant structural differences between the CLD and an authentic C39 peptidase
domain (ComA-PEP, [160]). However, subtle differences in the respective active sites
were detected. While the aspartate residue of the catalytic triad of C39 peptidase
domains were found in an identical conformation in the CLD, the histidine residue in
the CLD was flipped by nearly 180° out of its canonical conformation. This novel
position was stabilized by m-7 interactions with a tryptophan residue. Interestingly,
pairwise sequence comparison of many CLD and C39 peptidase domains revealed that
in CLDs associated with TISS, the combination of the absence of cysteine and the flipped
histidine positioning was always present, while in the authentic peptidase domains the
expected histidine and cysteine residues were also found and located to the same position.
This analysis might allow in the future a robust and easy identification of new RTX
transporting systems based on the sequence of the CLD.

Finally, some exciting results were obtained when an NMR analysis was used to
determine the localization of residues in the CLD specifically engaged in binding to the
HlyA C-terminal. First, it is important to note that the published binding site for the
normal C39 substrate - the GG cleavage motif - does not coincide with the site of binding
of HlyA to the CLD. Nevertheless and intriguingly, the residues binding to HlyA were
found to be on the on opposite side of the molecule to that shown to bind the classical
GG motif. Here, one has to keep in mind that the C39 recognition sequence is located
in the N-terminal secretion signal of bacteriocins. However, it is likely that not only
residues of the secretion signal, but also residues of the core sequence of the bacteriocin,
C-terminal to the GG motif, participate in binding. If this assumption is correct, the
observation that the HlyA binding site within the CLD does not coincide with that found
for the active protease suggests that a functional interaction occurs only with residues
C-terminal to the GG residues. However, the functional significance of this important
finding may have to await determination of the molecular details of the CLD binding
site within the RTX. The functional significance of this important finding may have to
await determination of the molecular details of the CLD binding site within the RTX
domain of HlyA. Notwithstanding this, the current data strongly suggest that the CLD

participates in a very early step of the secretion process. Thus, Lecher et al. [56] propose
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that the role of the CLD may be to act as a receptor to position the unfolded HlyA in
the close vicinity of the T1SS.

Currently favoured model for the mechanism of translocation of small molecules

by ABC transporters

The first crystal structure of a full-length ABC transporter in 2002 [161] was for the
vitamin B12 importer from E. coli (BtuCD) and there are now more than 15 structures
of ABC import and export systems deposited in the protein data bank at various stages
of their transport and catalytic cycles. However, the most complete system, in terms of
structural information for the entire transport cycle concern, is that for maltose import
in E. coli [162, 163, 164]. Moreover, this is also supplemented by a wealth of functional
data. From all these studies (recently reviewed by Jones and George [159]) an atomic
resolution picture is emerging of how, at least for small molecules, the chemical energy
stored in ATP is coupled to the movement across a biological membrane. Without
going into great detail, the “two-side-access” model proposed in 1966 by Oleg Jardetszky
[165] to explain the mode of action of membrane pumps appears to be valid for many
ABC transporters. In the resting state of the transporter, the allocrite binding site is
accessible from the exterior (importers) or from the cytosol (exporters). Binding of ATP
induces dimerization of the NBDs, and the effect of resulting conformational changes, is
transmitted to the TMDs, via the so-called coupling helices. These are present at the
terminus of particular long helices extending directly from the TMDs into the cytoplasm.
In the case of ABC import systems only one coupling helix per TMD is present, while
ABC export systems possess two per TMD. Thus, each TMD in exporters is in constant
contact with both NBDs. The coupling helices were first defined based on the crystal
structure of the putative bacterial drug transporter, Sav1866 [166]. This has now been
confirmed by structures of other ABC transporters [167, 168, 169, 170, 171, 172, 173].
The coupling helices are roughly oriented parallel to the membrane plane and form crucial
contact points between TMDs and NBDs, communicating the status of the membrane
domain and the energy source to drive transport.

In current models, largely constructed to explain the translocation of molecules such
as anti-cancer drugs or nutrients, the consequence of NBD dimerization switches the
accessibility of the transport substrate (allocrite), binding site, from the exterior to the
cytosol (importers) or from the cytosol to the exterior (exporters), resulting in allocrite
release. Subsequent ATP hydrolysis resets the system and the resting state is restored.

One has to keep in mind that in addition to the two important alternating conforma-
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tional states (inward-facing and outward-facing), an intervening occluded state must be
adopted during the transport cycle, in which both sides of the transporter must be sealed.
Otherwise, the transporter would adopt a conformation during its transport cycle, where
both sides are accessible, a scenario producing an immediate, lethal dissipation of any

existing gradient across the membrane.

Structure and catalytic mechanism of the HlyB NBD

The isolated NBD of HlyB has been investigated in great detail in terms of biochemistry
and structure [153, 156, 50, 174, 175, 176]. Crystal structures of all states of the cat-
alytic cycle have been determined for the wild type or mutant NBDs. Combined with
biochemical data determination of these structures was essential in order to investigate
the mechanism of ATP hydrolysis (see below). In addition, structural analysis was es-
sential to identify residues of the NBD responsible for co-operativity in ATP hydrolysis
and, for example, to define a role for the D-loop, a highly conserved motif of ABC
transporters but without apparent function hitherto [50].

As in many other ABC-ATPases the isolated NBDs of HlyB display co-operativity
with a Hill coefficient of approximately 1.4 [176]. In other words, the two ATP binding
sites are not equal, that is, one of the many events leading to hydrolysis of bound ATP
(binding, dimerization of the NBDs, ADP and or phosphate release and dimer dissoci-
ation) is differently timed in one of the two sites. Otherwise classic Michaelis-Menten
kinetics would be observed. However, co-operativity requires asymmetry between the
two ATP binding sites and the structures of the ATP-bound states of ABC dimers did not
reveal any asymmetry, rather any structural differences between the two NBD monomers
forming the ATP sandwich dimer were marginal. However, after analysis of this crystal
structure and a subsequent sequence analysis of more than 10000 NBD structures, two
residues apparently of particular significance were identified for site directed mutagen-
esis [50]. These residues (R611 and D551 in the HlyB-NBD) are located one residue
downstream of the C-loop and Q-loop, respectively. In the ATP/Mg?*-bound form cap-
tured in the crystal structure of the HlyB dimer, these two residues are able to form a
salt bridge but only within one monomer. This is because, in the other monomer, the
distance between the two residues is too great. Importantly, in the absence of the bridge
a tunnel opens reaching from the position of the y-phosphate to the exterior, while the
tunnel is closed by the salt bridge in the other monomer. These findings represent a first
glimpse of asymmetry in an ABC-NBD dimer.

Zaitseva et al., excitingly also showed that the exchange of only one of these bridge
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residues to alanine (R/D to R/A or A/D), drastically reduced ATPase activity, but more
importantly abolished cooperativity. Changing the R-D interaction to K-E resulted in
reduced ATPase activity, but restored co-operativity [50]. These results indicate that the
R-D interaction is at the heart of co-operativity as it could regulate phosphate release
from one of the two ATP binding sites. In the case of the alanine mutations, the tunnel
would be open at both sites and the two phosphates released simultaneously, rather than
sequentially.

The importance of the above-described interaction was subsequently confirmed for
the antigen (peptide) transporter (TAP) [177].

The role of the D-loop, a highly conserved motif very useful for the identification
of ABC proteins, has been elusive. In the crystal structure of the NBD of HlyB, the
aspartate of the D-loop interacts with a serine residue of the Walker A motif of the
opposing NBD. This is another example of an inter-domain interaction between the two
NBDs involving highly conserved motifs, in this case indicating an important role for the
D-loop in sensing the presence of ATP in the opposing ATP-binding site. Recent elegant
studies by the Tampé laboratory have also emphasized the importance of the D-loop in
the transport of immuno-peptides by the TAP transporter [178]. Similar conclusions
were and from the analysis of other ABC transporters like the vitamin B12 importer
[179].

Analysis of the catalytic mechanism of HlyB and its regulation

Results of experiments designed to uncover the mechanism of ATP hydrolysis, including
those for HlyB, interestingly point to subtle differences in the mode of action of indi-
vidual ABC transporters. Mutational studies have identified two amino residues crucial
for ATP hydrolysis, one is the glutamate adjacent to the classic Walker B motif present
in all P-loop NTPases [180], the other is the histidine of the H-loop, another universally
conserved sequence motif of ABC transporters [181]. Replacement of this glutamate
by glutamine abolished ATPase activity in wvitro, in for example, MalK, the NBD of
the maltose importer [164], BmrA, a bacterial drug transporter [182], or MJ0796 , the
NBD of an ABC transporter with an unknown allocrite [183]. This mutation was ac-
tually employed to crystallize the ATP-bound, dimer state of the MJ0796 NBD [158].
However, in the isolated NBD of HlyB, the same substitution E to Q, resulted in a resid-
ual ATPase activity of approximately 10 % [176], while the isolated, similarly mutated
NBD of the yeast mitochondrial ABC transporter Mdll, displayed a very low ATPase
activity [184]. On the other hand, an approximately 20 % residual activity was also
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identified for the mutant form of GlcV, an NBD from a thermophilic ABC transporter
[185]. In contrast, mutation of the conserved histidine of HlyB resulted in a complete
loss of ATPase activity. Similar results were obtained for the maltose and histidine im-
porters [186, 187], while in the case of the yeast ABC transporter Pdr5 ATPase activity
was completely unaffected when the histidine was substituted. Intriguingly, however,
this mutated transporter displayed a changed spectrum of transported substrates [188]
emphasizing the importance of the histidine residue in determining allocrite specificity.
Together these results might suggest different mechanisms of ATP hydrolysis in certain
ABC transporters and extrapolations from one system to the other should be done with
caution.

As discussed above, two amino acids have been identified in different NBDs, the
glutamate of the Walker B motif, involved in binding magnesium, and the histidine
of the conserved H-loop that play crucial roles in hydrolytic activity of the NBD. In
MJ0796, mutation of the glutamate to glutamine abolished ATPase activity completely
and the term “catalytic base” was coined [183]. The role of the histidine was investigated
in the isolated NBD of HlyB, and as indicated above its substitution by alanine in
HlyB abolished ATPase activity completely, while residual activity was observed in the
case of the E/Q mutant [156, 176]. Moreover, in a detailed biochemical analysis of
ATP hydrolysis in vitro, several lines of evidence were obtained more consistent with a
mechanism of substrate assisted catalysis, emphasizing the role of the histidine, rather
than general base catalysis as suggested previously [156, 183], giving the key role to
glutamate. Therefore, the term ‘linchpin’ was also coined and a critical role for a catalytic
dyad composed of the histidine and the glutamate was postulated, in which the side
chain of the glutamate interacts with the imidazole side chain of the histidine that in
turn stabilizes the attacking water.

Subsequently, in 2011, Oldham et al. described structures of the maltose importer
in the ground and transition states [163]. For the latter, transition state analogous,
i.e. vanadate and metallofluorides, were used. In these structures, the attacking water
molecule, which has to be in line with bond to break, was unambiguously identified as
the glutamate, while the histidine was not in direct contact with the attacking water.
However, the conclusion of Senior [189] that ABC transporters therefore operate by using
‘general base catalysis’ is in our opinion flawed. The term “general base catalysis” refers
to the kinetics of a reaction and operates if and only if proton abstraction is the rate-
limiting step of the reaction. This can by no means be deduced from a static crystal
structure. Rather, for example, isotope experiments should be used to demonstrate

general base catalysis, where the reaction is performed in D2O instead of HoO or in
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a mixture of both. Since the mass of D20 is larger than that of HoO more energy is
required to abstract a deuterium compared to a proton. If proton abstraction is the rate-
limiting step, the overall reaction velocity will be slower in DoO. Such experiments have
been performed so far only for the isolated NBD of HlyB [156] and the isolated NBD of
Mdl1 [190]. In both cases no evidence for ‘general base catalysis’ was observed. Thus,
the precise catalytic mechanism for ATP hydrolysis is still not finally resolved and will
require further investigation. Consequently, the possibility that different ABC-ATPases
employ different mechanisms to fuel allocrite translocation through the hydrolysis of
ATP, is not excluded.

Translocation of large polypeptides is incompatible with a classical alternat-

ing access model

Choudhury et al. reported the crystal structure of a microcin-specific ABC transporter,
McjD from E. coli in the presence of its peptide allocrite (MccJ25), in an outward-
occluded state [168]. Here the microcin, a 21 amino acid antimicrobial peptide, is ac-
commodated is a large cavity, approximately 5900 A3 (40-21-10 A), sufficient to bind
MceJ25. The outward-occluded conformation strongly suggests that McjD will also use
the alternating access mechanism to couple ATP hydrolysis to microcin transport across
the inner membrane of E. coli. Furthermore, very recently, highly important and excit-
ing new structural information was obtained from the crystals of an ABC transporter
(PCAT) from Clostridium thermocellum also apparently secreting a peptide. The struc-
ture was obtained both for the nucleotide-free and the ATP-bound conformation at 3.6 A
and 5.5 A resolution, respectively [191]. The PCAT transporter contains a C39 domain
at its N-terminus that cleaves N-terminal secretion signals of some bacteriocins prior
to translocation across the cell membrane. Although the natural transport substrate
has not been characterized, one gene of the operon encodes a 90 amino acid protein
that likely represents the bacteriocin. Interestingly, the C39 peptidase domain was only
visible in the electron density of the nucleotide-free state, while it was invisible in the
ATP-bound state. This indicated a large degree of flexibility for the C39 domain in
the latter conformation. Based on the two conformations, open to the cytosol in the
nucleotide-free state and closed on both sides of the membrane in the ATP-bound state,
a translocation pathway could be envisaged. Thus, a cavity was identified in the ATP-
bound state large enough to accommodate a small folded protein such as a bacteriocin
[191].

However, in contrast to bacteriocins the great majority of substrates of T1SS range
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from 20 kDa to SI900kDa and experimental evidence suggests that all of them are trans-
ported in the unfolded state [75]. Thus, as also concluded by the authors of the PCAT
structure, one has to question whether the ‘simple’ alternative access mechanism also
applies to most T1SS ABC transporter, since the size of the unfolded substrate is evi-
dently too large to be transported in one step. On the other hand, if type I secretion
requires multiple cycles of ATP hydrolysis, accompanying ratchet-like translocation as
seen with the classical Sec-system, it is difficult, if not impossible to envision an occluded
state and therefore an alternative access process for such large allocrites. Alternatively,
if HlyB in reality is not integral to the transport tunnel but rather is required to control
the opening of the HlyD, TolC channel for continuous extrusion of HlyA, then confor-
mational changes mimicking the alternating access transition might still play a role.

Clearly, structural data are required to solve this puzzling question.

Genetic analysis of HlyB - and functional domains

The accumulating evidence discussed above, including the recent structural analysis of
McjD and PCAT1, the bacterial ABC transporters required for translocation of two
different peptides indicates that the ABC component of these TISS-like translocons,
although lacking both the OMP and OMP components, specifically interacts with the
HlyA signal sequence (via the NBD domain), with the RTX region of HlyA (via the
CLD), and with HlyD, while the CLD and NBD may form intramolecular interactions

as in the case of the PCAT1 molecule. Mutagenesis studies as summarized in Figure 9.

Interaction of the secretion signal with the ABC component of the
translocator

1) Genetic analysis

Attempts to show that recognition of the translocator by the secretion signal involves di-
rect interaction with the ABC protein have included different genetic approaches. For the
Hly system, an analysis of the ability of hybrid translocators (mixing components from
different translocons) to secrete HlyA, indicated that HlyB was an important specificity
determinant [192]. In addition, several mutations in the C-terminal signal and defective
in secretion were shown to be recessive [102, 105], indicating inhibition of initiation of
secretion, likely therefore to involve interaction with HlyB and/or HlyD.

Interesting attempts to demonstrate specific interactions between the secretion signal
and HlyB, were described by the Ling group and are summarised in Zhang et al. [154].

The approach involved the isolation of HlyB mutations suppressing the effect of either
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of two secretion signal mutants - one mutation (residual secretion reduced to less than
1%) deleted essentially the distal half of the signal in HlyA (including helix II) and
the other (residual secretion about 5%) taking out the proximal half (includes helix
I). It is important to note that the putative suppressors induced after mutagenesis of
hlyB were screened and apparently quantified by measuring hemolytic colony halo sizes.
Unfortunately, this complicates the interpretation of the results, since this method is not
considered to be quantitative. Moreover, loss of haemolytic activity in the case of the
mutant signal lacking the C-terminal region, could be misleadingly construed as affecting
the secretion process, while in reality being due to misfolding of HlyA (see [104]).
Despite the above reservations (combined with some assays of hemolyic activity in
liquid cultures of the mutants) (reported by Zhang et al. [154]) several suppressors were
obtained by random mutagenesis of hlyB that restored levels of secretion significantly
(increased halo size), even with both deleted signals deletion. In total, 21 suppressors
were obtained, 9 mapped by sequencing, to the same three codons, one (identical) sup-
pressor was selected independently by both deletions. Eleven of the suppressors mapped
to or close to the cytosolic part of the transmembrane domain of HlyB, as predicted by
previous topology analysis (see Figure 9) [193]. However, the interpretation of the un-
derlying mechanism revealed by the suppressors is further complicated, notably, because
deletions cannot be suppressed allele specifically (as argued by the Authors). Therefore,
these mutations in HlyB cannot directly define individual residues forming cytoplasmic
docking sites for the secretion signal. The data in our view may reflect much more

indirect mechanisms of suppression.

2) Biochemical studies

Using a biochemical approach, surface plasmon resonance studies of the isolated NBD
of HlyB in the presence of a C-terminal fragment of HlyA demonstrated directly an
interaction with an affinity of 4 pm [174]. This interaction was strictly dependent on the
presence of the secretion sequence, as its deletion completely abolished the interaction.
Interestingly, the dissociation rate of the interaction was accelerated in the presence of
nucleotides, ATP or ADP, suggesting that the interaction is fine-tuned in the biological
context. Moreover, if we assume that ATP binding and dimerization of HlyB initiates
secretion and, as described above, since the C-terminal of HlyA is translocated first,
binding of the signal region to HlyB must be readily reversible.

With a different TISS, Delepelaire [194] also demonstrated that the ABC-ATPase

activity of a partially purified PrtD from Erwinia chrysanthemi, was regulated in vitro
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by the cognate protease. In this case the presence of the natural C-terminal secretion se-
quence was required to inhibit ATPase activity almost completely, although with perhaps
a surprisingly low K; of 0.2. These results for both HlyB and PrtD point to a common
interaction between the secretion sequence of the substrate and the ABC transporter
and in combination with the data on the CLD, contribute to a molecular picture of the

sequence of events leading to initiation of HlyA secretion is emerging.

Evidence for other interactions between components of the HlyA TISS

A number of studies of chaemeric translocons have indicated that interactions between
MFP and ABC and MFP and OMPs are required for secretion of a particular polypep-
tide. However, there was no evidence of interactions between the OMP and the ABC
protein, as proposed by most laboratories for the inner and outer membrane components

of bacterial multidrug transporters.

HlyB and HlyD appear to form a stable constitutive complex; stability of
HlyD also affected by TolC

A number of genetic studies have indicated that the ABC and MFP proteins of the Hly,
Prt (protease) and Cva (colicin V) translocons, interact, and more directly, interactions
have been demonstrated using co-purification with an affinity tag or in cross-linking
experiments [195, 196, 197]. Other support for an interaction between the ABC and
MFP proteins comes from measuring their stabilities in cells. For the Hly T1SS, both
HlyD [40] and HlyB (J Young, A Pimenta and B Holland, unpublished) are synthesized
constitutively throughout the growth phase with both the laboratory strain and the
pathogenic strain LE 2001. Notably, this expression, is not coupled to the synthesis
of HlyA, whose synthesis is usually restricted to a relatively brief window during late
exponential phase [29, 40, 85]. Moreover, in the presence of TolC but in the absence of
HlyB, HlyD becomes less stable with a half-life at 37°C of around 100 min, compared
to 5h when both HlyB and TolC are present. However, in the absence of TolC, the
presence of HlyB renders HlyD highly unstable with a half-life of 36 min [40].
Somewhat similarly, the ABC and the MFP proteins of the Colicin V translocator
were found to depend on each other for stability, but are both very unstable in the
absence of TolC [195]. Notably in these studies the transport substrate was absent, thus
suggesting that the three T1SS translocator proteins can form a complex independently
of the allocrite. In addition, interaction with HlyB appears to induce structural changes

in HlyD enhancing its sensitivity to intracellular proteases when TolC is absent. However,
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some of these conclusions appear to be contradicted by other important studies indicating
in particular that the allocrites, HlyA, PrtG and HasA are required for the recruitment
of the OMP into the T1SS machinery.

Ordered assembly of T1SS translocons

Letoffe et al., [196] first showed that a type 1 transporter complex - required for secretion
of a protease by E. chrysanthemi - could be isolated as a single complex containing an
allocrite and the ABC, MFP and OMP proteins from detergent solubilised membrane
proteins. This was obtained by co-purification through specific affinity binding to the
tagged allocrite, however, no cross-linking to stabilize protein interactions was used. The
system chosen for analysis however, was also unduly complex, since the - Prt transport
proteins were expressed in the heterologous host, E. coli and the transport substrate
was the non cognate HasA (with affinity for heme). This is not secreted but apparently
‘engages’ the translocon to form a “frozen” complex, although the actual nature and
physiological relevance of the abortive complex was not established. This is unfortunate
since in another study by this group the analysis of a frozen complex with HasA was
very revealing [115].

When only a single transport protein (ABC, MPF or OMP) was expressed in cells
together with the allocrite, Letoffe et al. [196] also showed that the PrtD ABC protein,
but not the other transport proteins (including the MFP) could be detected in association
with HasA, while the co-expressed ABC and MFP proteins, but not ABC with OMP,
co-purified with HasA. In other experiments, the authors also studied the Prt TISS (still
expressed in E. coli), with the cognate allocrite, protease C, but as a C-terminal fusion
to glutathione in order to provide an affinity tag (for glutathione agarose) that also
formed an abortive complex. Again the three transport proteins were co-purified with
the allocrite, and the authors concluded that secretion in this T1SS involves an initial
ABC-allocrite association, followed by interaction of the ABC and MFP proteins that
then finally triggers incorporation of the OMF, to complete the assembly.

Other experiments, using an HlyB mutant defective in ATPase activity showed while
assembly of the whole complex was unaffected, including oligomerization of HlyD (de-
tected as trimers using the cross-linker DSG), although of course secretion was blocked.
Similarly, blocking secretion by masking the C-terminal of HlyD by addition of a 10
residue ¢-Myc epitope had no detectable effect on HlyA dependent assembly of the
complex, or on HlyD oligomerization. The Authors thus concluded that a continuous

transport pathway to the exterior In a subsequent and more easily interpretable analysis,
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Thananbalu et al. [197], analyzed the interactions of HlyB or HlyD affinity tagged by
an N-terminal fusion of 6-residues of histidine and the complexes “frozen” in this case
by cross-linking in vivo with the reversible linker DSP. A complex of HlyB and HlyD
was detected even in the absence of HlyA, but TolC did not co-purify with the complex,
nor was TolC required for its formation. However, all three transporter proteins could
be co-purified in a complex with HlyA clearly showing that the allocrite was required
to recruit the outer membrane component, TolC, presumably to complete the assem-
bly of the transenvelope translocon. Importantly, tagged HlyD and in particular HlyB,
when either was produced alone, could still be co-purified together with HlyA. Moreover,
since the level of co-purified TolC appeared substantially greater when His tagged HlyD,
rather than His tagged was assembled, “on demand”, by the transport substrate, with
both inner membrane proteins involved in early docking to HlyA (region unspecified),
while the periplasmic region of HlyD formed the bridge across the periplasm to link up
with TolC. Notably, in contrast to the analysis of protease C secretion discussed above,
the Cambridge group identified an important early role for the MFP. This was surprising
given the many, apparently highly conserved, global features of the T1SS. Consequently,
it is important to consider whether the allocrite interaction with PrtE (MFP) was missed
due to insufficient stability, in the absence of cross-linking, to be detected by the methods
employed by Letoffe et al. [196].

On the other hand, the Thananbalu et al. experiments [197] gave no indication
whether the observed apparent HlyD interaction with HlyA had a significant role in the
secretion process. As described in the following section, further analysis by Balakrishnan
et al., [53] indeed revealed most elegantly that the HlyD protein plays the key role in the
secretion mechanism by coupling binding of the allocrite to assembly of the continuous

translocator from cytoplasm to exterior.

The cytoplasmic domain of HlyD is specifically required for the Hly A depen-

dent recruitment of TolC

MFPs that participate in ABC dependent (T1SS) protein translocation invariably so
far, have a single TMD anchor and a short N-terminal extension into the cytoplasm,
although there are differences in length in the different sub groups. In the case of HlyD,
the TMD is preceded by an approximate 59 residue extension [41, 149], and importantly,
Pimenta et al., [40] showed that when the first 40 amino acids of HlyD were deleted, the
protein was still stably integrated into the inner membrane but secretion was completely
blocked.
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Balakrishnan et al. [53] then provided the precise role of this critical region. Using
a similar N-terminal deletion of HlyD to block secretion, they demonstrated that the
mutant HlyD was unable to recruit TolC into the transenvelope complex, although other
properties of HlyD, such as oligomerization and its interaction with HlyB, as determined
by cross-linking, were retained. The first 40 residues of HlyD incorporate an N-terminal
25 residue, completely conserved (at least in close relatives) amphipathic helix, and a
conserved five amino acid cluster of charged residues in the distal half. Again using
cross-linking with intact cells and other HlyD N-terminal deletions, Balakrishnan et al.
importantly also showed that the 45 terminal residues of HlyD were required, with the
essential participation of HlyB, for binding to HlyA [53]. Moreover, while the helical
region was not required for recruiting TolC, the charged cluster was especially important
for this function. The results emphasized the importance of cooperative action of the
three proteins of the translocator. Excitingly, the results also suggest that the cyto-
plasmic N-terminal of HlyD senses the presence of HlyA and mediates transduction of
a conformational signal, presumably to its periplasmic domain, to allow recruitment of
TolC. However, in our view the results do not the exclude the possibility that pre-existing
transient contacts between D and TolC could rather be simply stabilized. Similarly the
results do not exclude the possibility that the HlyD binding to HlyA also lead to required
structural changes in HlyB. Finally, the probability that the HlyA secretion signal was
involved in the observed interactions with HlyD in this study was regrettably not ex-

amined, and it is even more unfortunate that this key question has not been followed

up.

Mechanism of secretion of type I proteins: conclusions and

a model for HlyA translocation

General conclusions focussing primarily on the Hly system

The TISS constitutes an important pathogenicity factor in both mammals and plants
and uniquely an ABC transporter provides the chemical energy to fuel the process.
This system clearly also possesses other distinctive features not shared by any other
known protein translocation systems. Moreover, at the heart of the translocon the ABC
transporter itself has novel characteristics distinguishing it from other members of this
super family.

Structural studies combined with biochemical analyses of the HlyB-NBD, have in

fact provided some of the most detailed information concerning the catalytic mechanism
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of ATP hydrolysis of any ABC transporter. In addition, the structural analysis of the N-
terminal region of HlyB, the CLD, shared as far as we know only with TISS translocating
large polypeptides (at least when greater than 50 kDa). Intriguingly, the CLD was clearly
shown to interact with HlyA upstream of the C-terminal signal sequence in the vicinity
of the RTX repeats. The CLD retains the overall 3D structure of the ancestral C39
protease family including that of its closer modern relatives in TISS that secrete peptide
bacteriocins that also specifically cleave at G-G sequences. Given this evolutionary
history we propose that the CLD although having no enzymatic activity still binds
to one or more GG motifs of the RTX region and that this is essential for secretion.
Nevertheless, how this interaction facilitates secretion and why smaller proteins like
the proteases and lipases do not require this accessory domain is a mystery. However,
identification of the precise stage that is blocked in HlyA secretion when the CLD is
absent should be a fruitful approach. In addition, an interesting test of whether the
need for the CLD is only a question of size is to ask if large passenger polypeptides fused
to the C-terminal of a type I protease can be secreted by the cognate translocon.

Regarding the nature of the signal code required for type I secretion and discussed in
detail above, the simplest hypothesis based on the available evidence, clearly indicates
that this is composed of a pattern of specific individual residues. This pattern may
involve residues rather dispersed throughout much of the C-terminal of HlyA, based on
the clearly additive effect of combining mutations E (-46) (R -15) and (D -10). This
signal codec would provide a ‘lock and key’ mechanism for docking with either or both
HlyD and HlyB. As proposed earlier an important hotspot in this signal centers around
the HlyA motif, EISK and recent studies provide strong support for this (unpublished).
Whether these residues also need to be presented to the translocon as part of a helical
structure seems now unlikely but is not definitively excluded. The composition of a linear
HIyA code seems likely to be conserved among closely related toxins and degenerate
versions of a common theme may exist in a broader range of type I proteins but this
requires further examination.

Thus far, there is no high-resolution structural information for HlyA itself or for
HlyD. However, with respect to the latter, residue conservation and in particular the
predicted secondary structure suggest that the atomic level structures obtained for the
equivalent adaptor or MFPs involved in multidrug transport are very good models.

At least in laboratory strains HlyB and HlyD (trimers or hexamers) form indepen-
dently of HlyA a constitutively produced stable complex, possibly in transient but non
productive association with TolC (trimers). In the HlyBD complex it is unclear in par-
ticular whether HlyB is able to bind ATP and whether the NBDs are tightly closed or
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not. When HIyA is synthesized potentially there is the possibility for the secretion signal
and some GG residues to bind not only to HlyD, but to both the CLD and NBDs of

HlyB. One known consequence at least is that TolC is now locked into a functionally

active tranlocon. We also know that since HlyA is translocated C-terminal first all these

critical interactions must be rapidly reversed.
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A biotechnological production of proteins through protein secretion systems might be superior to the
conventional cytoplasmic production, because of the absence of large amounts of proteases present in
the extracellular space and the ease of purification or downstream processing. However, secretion of
proteins is still a trial-and-error approach and many proteins fail to be secreted. Recently, a study of
a Type 1 secretion system revealed that the folding rate of the passenger protein dictates secretion
efficiency. Here, the well-known MalE failed to be secreted when fused to a C-terminal fragment of the
natural substrate haemolysin A. In contrast, slow-folding mutants of MalE were secreted in high yields.
However, MalE is a bacterial protein that is targeted to the periplasmic space of E. coli and possesses the
intrinsic capability to cross a membrane. Therefore, we applied the same approach for another eukaryotic
protein that resides in the cytoplasm. As an example, we chose the intestinal fatty acid binding protein
(IFABP) and highlight the universal potential of this Type 1 secretion system to secrete proteins with
slow-folding kinetics (here the G121V mutant). Finally, a one-step purification protocol was established
yielding 1 mg of pure IFABP G121V per liter culture supernatant. Moreover, secreted [FABP G121V was
shown to reach a folded state, which is biologically active.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Substrates of Type 1 secretion systems (T1SS) are translocated in
one step from the cytoplasm to the exterior via dedicated transport
systems in Gram-negative bacteria. The substrate spectrum of these
T1SS contains structurally and functionally unrelated proteins and,
more importantly, proteins of different molecular weights ranging
from, for example, the hemophore HasA (19kDa) (Letoffe et al.,
1994) or the lipase LipA (65 kDa) of Serratia marcescens (Meier et al.,
2007) to the 800 kDa protein LapA that is involved in the biofilm
formation by Pseudomonas fluorescence (Hinsa et al., 2003).

In general, T1SS mediate the passage across the inner and outer
membrane of Gram-negative bacteria in one step, through the con-
certed interaction of two inner membrane proteins, a membrane
fusion protein (MFP) and an ATP binding cassette (ABC) trans-
porter, and an outer membrane factor (OMF). These proteins form
a complex that catalyzes the secretion without the appearance of

Abbreviations: DAUDA, 11-(dansylamino)undecanoic acid; ddFKBP, destabiliz-
ing domain FKBP12; FKBP12, human FK506- or rapamycin-binding protein; GG
repeats, glycine-rich, nonapeptide repeats; HlyA, haemolysin A; HlyAc, C-terminal
fragment of HlyA; IFABP, rat intestinal fatty acid binding protein; IMAC, immobi-
lized metal-ion affinity chromatography; MalE, maltose binding protein; T1SS, Type
1 secretion system.

* Corresponding author. Tel.: +49 211 81 10773; fax: +49 211 81 15310.

E-mail address: Lutz.Schmitt@hhu.de (L. Schmitt).

0168-1656/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jbiotec.2012.02.005

a periplasmic intermediate (Holland et al., 2005; Thanabalu et al.,
1998).

The paradigm of suchaT1SSis the haemolysin A (HlyA) secretion
system of Escherichia coli (E. coli), which is composed of the ABC
transporter haemolysin B (HlyB), the MFP haemolysin D (HlyD), and
the multi-functional TolC (Jarchau et al., 1994). Upon interaction of
the substrate, HlyA, with HlyB and/or HlyD, TolC is recruited and
a continuous export channel is formed from the cytosol directly to
the exterior (Benabdelhak et al., 2003; Thanabalu et al., 1998). HlyA
isa 110 kDa toxin, which lyses, for example, erythrocytes (Linggood
and Ingram, 1982). The non-cleavable secretion signal of HIyA is
located at the C-terminal 50-60 amino acids and is essential and,
by itself, sufficient for secretion (Gray et al., 1986; Hess et al., 1990;
Jarchau et al., 1994; Kenny et al., 1994; Stanley et al., 1991).

The common denominator of HlyA and the vast majority of
T1SS substrates are glycine-rich nonapeptide repeats (GG repeats)
that contain the consensus sequence GGxGxDxUx (x: any amino
acid and U: large or hydrophobic amino acid), which are located
upstream of the secretion signal. These GG repeats increase the
secretion levels as demonstrated by the higher yields of secreted
proteins, when compared to the secretion signal alone (Kenny
etal, 1991; Sanchez-Magraner et al., 2007). Therefore, a 23 kDa C-
terminal fragment of HIyA consisting of 218 amino acids and three
GG repeats was used for the secretion of a couple of fusion pro-
teins, such as [3-lactamase or scFv. Here, the gene of interest was
fused 5’ to the gene encoding the 23 kDa C-terminal fragment of
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HIyA (Blight and Holland, 1994; Chervaux et al., 1995; Fernandez
etal., 2000; Mackman et al., 1987). Despite promising initial results,
many of the chimeras employed could not be secreted, which
limited the biotechnological exploitation of this T1SS (Blight and
Holland, 1994). Recently, Bakkes et al. (2010) showed that a fusion
protein composed of the maltose binding protein (MalE) and the
above-mentioned 23 kDa fragment of HlyA (HlyAc), which was
initially not secreted, could be secreted by the introduction of
slow-folding mutations in MalE (Bakkes et al., 2010). However,
MalE endows intrinsic properties to pass membranes as it is nor-
mally translocated via the Sec pathway into the periplasm of E. coli
(Cover et al.,, 1987). Although the slow-folding strategy was suc-
cessfully applied for MalE, several questions remained such as if
the described T1SS is capable of secreting: (1) proteins of heterolo-
gous origin, for example, from eukaryotic origin, (2) proteins, which
are normally not transported across membranes, (3) proteins that
are normally expressed as inclusion bodies or (4) biologically active
proteins?

To answer these questions, the eukaryotic, cytoplasmic intesti-
nal fatty acid binding protein (IFABP) from rats was fused to HlyAc.
The protein consists of 132 amino acids (15.1kDa), binds a single
molecule of a long-chain fatty acid and is important in the fatty acid
metabolism of humans as well as other mammals (Rowland et al.,
2009; Sweetser et al., 1987). In vitro, it is also used for binding anal-
ysis of lipophilic drugs and the prediction of drug pharmacokinetic
parameters (Chuang et al., 2008; Rowland et al., 2009).

The slow-folding mutant G121V of IFABP binds fatty acids with
high affinity (Kp=120nM +25nM) but forms, in contrast to the
wild-type, inclusion bodies during its expression in E. coli (Kim
and Frieden, 1998). Therefore, we chose IFABP G121V to investi-
gate the general applicability of the HIyA T1SS for the secretion of
heterologous, slow-folding substrates, the impact of inclusion body
formation onto the secretion system and to compare the biologi-
cal activity of secreted IFABP with the biological activity of IFABP
G121V purified from inclusion bodies.

If slow-folding mutations of a desired protein are not avail-
able, directed evolution experiments might be used (Crameri et al.,
1996, 1998). However, these methods are based on trial-and-
error approaches and high-throughput screening methods are
necessary to identify high-secreting clones (Farinas et al., 2001).
Therefore, this approach is time-consuming and cost-intensive. A
solution might be the incorporation of a “destabilizing domain”
in front of the passanger protein. Such domains confer instabil-
ity to the fused proteins and induce a subsequent degradation of
the fusion proteins. The destabilizing domain FKBP (ddFKBP), an
engineered version of the human FK506- or the rapamycin-binding
protein (FKBP12), is the best-characterized destabilization domain
in eukaryotes (Armstrong and Goldberg, 2007; Banaszynski et al.,
2006; Herm-Gotzetal.,2007; Park et al., 1992). However, no studies
in bacteria are available. Thus, the fusion of the protein of interest
to a destablizing domain might provide a general tool to decrease
its folding kinetics. This, in principle, should facilitate the secretion
of these chimeras through the T1SS.

A) Hisg-IFABP-HlyAc:

* G121V
N+ hisg IFABP c
A
TEV Factor Xa
B) Hisg-IFABP:
* G121V
N hisg IFABP  |c
A
TEV
C)IFABP: * G121y

N IFABP o]
A

Fig. 1. Schematic view of the constructs used in this study. (A) Rat IFABP(wt) or
IFABP(G121V) (blue) with an N-terminal hisg-tag (green) were cloned in front of the
secretion module HlyAc (red); 42.1kDa. (B) After the factor Xa digest, hiss-IFABP
was separated from HlyAc; 18.3kDa. (C) The hiss-tag was removed with the TEV
protease; 15.3 kDa. (D) HlyAc, used as secretion module, is shown; 27.2 kDa.

D) HiyAc:

Accordingly, we compared the potential of the destabilizing
domain with the introduction of slow-folding mutants on the sec-
retability of IFABP. Our results demonstrated that the ddFKBP is not
applicable to increase the secretion levels, but that the introduc-
tion of a slow-folding mutation into IFABP converts a non-secreted
protein into a well-accepted substrate of the HlyA T1SS. Further-
more, we show that secreted IFABP is correctly folded and biologicl
active, suggesting that this secretion system is an attractive candi-
date for a biotechnological protein production system in appropiate
yields.

2. Materials and methods
2.1. Construction of the vectors

The genes of rat IFABP WT and rat IFABP G121V were encoded on
plasmids pQE IFABP WT and pQE IFABP G121V, respectively (kind
gift of Dr. Carl Frieden, Department of Biochemistry and Molec-
ular Biophysics, Washington University School of Medicine, St.
Louis, USA) (Kim and Frieden, 1998). The plasmids pSOI-IFABP(wt),
pSOI-ddFKBP IFABP(wt), pSOI-IFABP(G121V) and pSOI-ddFKBP
IFABP(G121V) were prepared using the In-Fusion® Advantage PCR
Cloning Kit (Clontech). Employing this strategy, IFABP-HIlyAc and
ddFKBP-IFABP-HIlyAc fusion proteins were generated according
to Bakkes et al. (2010) including a factor Xa cleavage site located
between IFABP and HlyAc and an N-terminal hisg-tag followed by
a TEV protease cleavage site (see Fig. 1). The sequences of all used
constructs (see Table 1) were verified by DNA sequencing.

Table 1

Plasmids used in this study.
Plasmids
Name Description Reference
pK184-HlyBD Plasmid encoding for the genes hlyB and hlyD Bakkes et al. (2010)
pSOI-HlyAc Plasmid encoding for the 23 kDa C-terminal fragment of HlyA (HlyAc) Bakkes et al. (2010)

pSOI-IFABP(wt)
PSOI-IFABP(G121V)
pSOI-ddFKBP IFABP(wt)
pSOI-ddFKBP IFABP(G121V)

IFABP(wt) inserted in pSOI-HlyAc (hisg-IFABP(wt)-HlyAc)

This study
IFABP(G121V) inserted in pSOI-HlyAc (hisg-IFABP(G121V)-HlyAc) This study
ddFKBP inserted in pSOI-IFABP(wt) N-terminally of IFABP(wt) (ddFKBP-IFABP(wt)-HlyAc) This study
ddFKBP inserted in pSOI-IFABP(G121V) N-terminally of IFABP(G121V) (ddFKBP-IFABP(G121V)-HIlyAc) This study
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2.2. Protein expression, secretion and purification

2.2.1. Secretion experiments

All secretion experiments were performed with small variations
as described (Bakkes et al., 2010). In brief, E. coli WM2429 carry-
ing both, pK184-HIlyBD and a pSOI construct, was grown in 2xYT
medium supplemented with kanamycin (30 ugmL-') and ampi-
cillin (100 wgmL-1) at 37°C with agitation. At an ODggg of 0.5,
expression of hlyB and hlyD and the fusion genes, encoded by the
pSOI plasmids, were induced with 1.5mM IPTG and 10 mM ara-
binose. The pSOI plasmids carry an arabinose promoter, while a
lac promotor controls the expression of HlyB/D. After 4 h growth,
cell cultures were centrifuged for 20 min at 14,000 x g, 4°C and
cells (ODeq =0.1) and supernatant samples (16 L) were analyzed
by SDS-PAGE using Coomassie Brilliant Blue (CBB) staining and/or
Western blotting using a HlyA specific, polyclonal antibody or an
anti-his-tag antibody (Qiagen, Hilden). An HRP-conjugated, sec-
ondary antibody in combination with the ECL advance kit (GE
Healthcare) was used for the visualization of the fusion bands. If
indicated, 160 wL culture supernatant was precipitated for 30 min
on ice with 20% trichloroacedic acid (TCA). After centrifugation for
20 min at 4°C, the pellet was resolved and used for SDS-PAGE anal-
ysis.

2.2.2. Purification of the secreted proteins HlyAc or
hisg-IFABP(G121V)-HlyAc

Cells secreting either HlyAc or hisg-IFABP(G121V)-HlyAc were
grown for 4 hat 37 °C with agitation. After centrifugation for 20 min
and 14,000 x g, 4°C, the supernatant was supplemented with
10 mM imidazole and 20 mM MgCls,. For the subsequent immobi-
lized metal-ion affinity chromatography (IMAC), the supernatant
was loaded on a HiTrap IMAC HP column (5mL, GE Health-
care) preloaded with Ni2* and pre-equilibrated in buffer (10 mM
Tris-HCl, 150 mM NaCl, 10 mM imidazole, pH 8.0) using a FPLC
system (AktaSystem, GE Healthcare). After washing the column
with this buffer, HlyAc or hisg—IFABP(G121V)-HIlyAc was eluted
with the buffer supplemented with 250 mM imidazole and a lin-
ear gradient of 10 column volumes ranging from 10 to 250 mM
imidazole. Protein fractions were pooled and concentrated by
ultrafiltration (Amicon Filter devices, 10 kDa MWCO). The protein
concentration was determined with a NanoDrop device (PeqLab)
using the calculated extinction coefficients and molecular masses
(HlyAc: 23,380M~!cm~!, 27.2kDa; hisg-IFABP(G121V)-HlyAc:
40,340 M~' cm~1,42.1 kDa; hisg-IFABP(G121V): 18,450 M~ cm~!,
18.3 kDa) (http://expasy.org/tools/protparam.html).

2.2.3. Factor Xa digestion and anion-exchange chromatography

50 g hisg-IFABP(G121V)-HlyAc was cleaved with 1 pg factor
Xa (NEB) overnight at 25°C. An anion-exchange chromatogra-
phy was performed to separate cleaved hisg-IFABP(G121V) and
uncleaved hisg-IFABP(G121V)-HlyAc, HlyAc and factor Xa. The
digestion mixture was diluted tenfold in 10 mM NaH,POg4, 20 mM
NaCl, pH 7.3 and loaded on a Q HP column (GE Healthcare) with a
FPLC system (GE Healthcare). The hisg-IFABP(G121V) eluted in the
flow through.

2.2.4. Removal of the hisg-tag with the TEV protease

4 g hisg-IFABP(G121V) was digested with 1U of TEV protease
(ProSpec) overnight at 25°C in buffer supplemented with 10 mM
dithiothreitol (DTT). After cleavage, the hisg-tag and the TEV pro-
tease (containing a his-tag) were removed by incubation of the
mixture with magnetic Ni2* beads (Qiagen) and the supernatant
was stored until further analysis.

2.2.5. Expression and purification of rat IFABP G121V from E. coli

Chemically competent E. coli BL21 (DE3) was transformed
with pQE IFABP G121V and grown on LB agar plates supple-
mented with 100 pwg mL~! ampicillin. Overnight cultures of single
colonies were used to inoculate 2L 2xYT medium containing
100 pgmL~! ampicillin with a start ODggo of 0.1 at 37°C and
gene expression was induced with 1mM IPTG at ODggo of 0.5.
Cells were grown for 4h at 160 rpm and agitation, harvested by
centrifugation and directly used or stored at —20°C. Rat IFABP
G121V was purified from inclusion bodies with minor changes
as described (Kim and Frieden, 1998). Briefly, cells were broken
with a cell disruptor (Constant Systems) and the lysate was cen-
trifuged (20 min, 13,500 x g). The pellet was washed twice with
20mM Tris-HCl, 0.25mM EDTA, 0.5% Triton X-100, pH 8.0 and
twice with 20 mM Tris-HCl, 0.25 mM EDTA, pH 8.0. Crude inclu-
sion bodies were dissolved in 20mM Tris-HCl, 0.25mM EDTA,
6M guanidinium-hydrochloride, pH 8.0 and the protein concen-
tration was determined with a NanoDrop device (Peqlab) as
above. For refolding, IFABP G121V was diluted to 0.2 mgmL-! in
20 mM Tris-HCl, 0.25 mM EDTA, pH 8.0 and residual guanidinium-
hydrochloride was removed by extensive dialysis overnight at
4°C. Dialyzed, refolded IFABP G121V was centrifuged (20 min,
50,000 x g, 4°C) and the supernatant was purified by anion-
exchange chromatography (5mL HP Q column, GE Healthcare).
IFABP G121V eluted in the flow through. IFABP G121V was con-
centrated via ultrafiltration (Amicon filter device, MWCO: 10 kDa)
and applied to a size-exclusion chromatography (Superdex 75
16/60, GE Healthcare) pre-equilibrated in 20 mM K;HPQy4, 0.25 mM
EDTA, pH 7.3. Protein containing fractions were concentrated by
ultrafiltration (Amicon filter device, MWCO: 10kDa) and stored at
—80°C.

2.3. Folding state of secreted IFABP (G121V)

Intrinsic tryptophane fluorescence measurements were per-
formed using 0.5 .M protein at 20°C and a Fluorolog®-3 (Horiba)
in buffer (20 mM K;HPO4, 0.25 mM EDTA, pH 7.3) with or with-
out 6M urea. 290 nm was used as excitation wavelength and the
emission spectrum was recorded between 300 nm and 440 nm (slit
width 5 nm for both, excitation and emission).

2.4. Binding affinity determination of DAUDA to IFABP G121V

11-(Dansylamino)undecanoic acid (DAUDA, Cayman Chemical)
was prepared as a 1mM stock solution in 50% isopropanol and
50% buffer (20 mM KH,PO4, 0.25 mM EDTA, pH 7.3) and further
diluted to the appropriate concentrations with buffer. 100 nM
IFABP was used in buffer and a 1 mL silica glass cuvette. The flu-
orescence signal was recorded at a wavelength of 500 nm after
excitation of DAUDA at 350nm using a Fluorolog®-3 (Horiba)
(Kim and Frieden, 1998). The slit width was adjusted to 3.5nm
for both, the excitation and emission, and the signal was inte-
grated for 0.5s. Fluorescence signals of DAUDA in buffer in the
absence of protein was subtracted as background. The corrected
and normalized fluorescence signals were plotted against the
DAUDA concentration. Assuming one binding site per monomer
in IFABP, the Kp for substrate binding was determined by non-
linear, least-squares fitting of the data to the following equation:
F=Fo+(AF[2Po)[(Kp +Po+Lo) — (Kp +Po +Lo)? — 4LoPo)!/?], which
corrected the data for the concentration of the receptor. F is the
measured fluorescence; Fy the fluorescence of IFABP in the absence
of DAUDA; AF is the change of fluorescence; Py and Ly are the total
concentrations of protein and substrate. Data were fitted using the
program Prism 5.
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Fig. 2. Secretion experiments and analysis of whole cell extracts and supernatant samples. The arrow indicates the position of hiss—~ddFKBP-IFABP(wt)-HlyAc and
hisg-ddFKBP-IFABP(G121V)-HlyAc (54.0kDa). (A) CBB staining, (B) and (C) western blott using a polyclonal antibody raised against HlyA or an antibody against a his-
tag (Qiagen, Hilden). (D) SDS-PAGE gel of BSA with indicated amounts. Molecular weight markers with corresponding sizes are shown in (A). For pictures A-C, lanes are
numbered from 1 to 10. Odd numbers: whole cell extracts (ODeq =0.1), even numbers: 16 L cell-free supernatant.

3. Results
3.1. Slow-folding IFABP is secreted via the HlyA system

In a previous study, a fusion protein of wild-type MBP and
HlyAc was not secreted, while slow-folding mutants of MalE were
secretable with different efficiencies, indicating an inverse cor-
relation between the folding rate and the secretion efficiency
(Bakkes et al., 2010). However, MalE originates from E. coli and
is a protein that is endowed with intrinsic properties for the
translocation across membranes (Cover et al., 1987). Therefore,
we challenged the HlyA secretion system with the eukaryotic rat
intestinal fatty acid binding protein (IFABP), which is naturally
localized in the cytoplasm (Hardy and Randall, 1991; Sweetser
et al., 1987; Weiss et al., 1988). The pSOI-IFABP plasmids, encod-
ing fusions of IFABP(wt) or IFABP(G121V) with HlyAc, were
designed as described in Bakkes et al. (2010). Hisg-IFABP(wt)-
HlyAc and hisg-IFABP(G121V)-HlyAc (42.1kDa) were produced
intracellularly as shown by SDS-PAGE analysis and CBB stain-
ing. This was confirmed by western blotting using a polyclonal
antibody against HIyA or the N-terminal his-tag of the proteins
(see Fig. 2B and C, lanes 3 and 7). However, the wild-type IFABP
fusion protein was not detected in the culture supernatant by
CBB staining or western blots with the anti-his antibody, and
the anti-HlyA antibody (Fig. 2A-C, lane 4 and Fig. 3). In striking
contrast, the fusion protein of slow-folding IFABP(G121V) with
HlyAc was secreted with good yields (Fig. 2A, lane 8 and Fig. 3).
Remarkably, the secreted fusion protein could already be visual-
ized by CBB staining without previous concentration of the sample.
Nevertheless, TCA precipitated supernatants were analyzed by
SDS-PAGE and CBB staining to highlight the purity of secreted
IFABP(G121V) (see Fig. 3). Based on a comparison with known
amounts of BSA (Fig. 2A, lane 8 with D), the amount of secreted
hisg-IFABP(G121V)-HlyAc was quantified to be ~6mgL-! of cul-
ture corresponding to 2mg/ODggo. Importantly, IFABP(G121V)
was secreted as a soluble protein and no aggregation could
be observed, which is in contrast to the cytoplasmic expres-
sion, which leads to insoluble inclusion bodies (Kim and Frieden,
1998).
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Fig. 3. TCA precipitation of supernatant samples. Cells carrying pK184-HlyBD and
either pSOI-IFABP(wt) or pSOI-IFABP(G121V) were grown as described in Section
2 160 pL cell-free supernatant was TCA precipitated, the pellets were resolved,
loaded on a SDS-PAGE gel and visualized with CBB. Molecular weight standards
with corresponding masses are shown in the right panel.
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Fig. 4. SDS-PAGE analysis of the purification and the proteolytic digestion of
secreted hisg—IFABP(G121V)-HlyAc fusion protein. Hisg-IFABP(G121V)-HlyAc was
eluted from an IMAC column (left lane), digested with Factor Xa to remove HlyAc
and produce hisg-IFABP(G121V) (middle lane), and subsequently with the TEV pro-
tease (ProSpec) to remove the hisg-tag from secreted IFABP(G121V) (right lane).
The arrow indicates the TEV protease (27 kDa), which was not entirely removed.
Molecular weight markers with corresponding sizes are shown on the left.

3.2. ddFKBP does not promote secretion

The above results indicated that the folding rate of a pro-
tein dictates the secretion efficiency. Therefore, we were intrigued
whether a “folding-destabilizer”, such as ddFKBP, would result in
secretion of wild-type IFABP-HIlyAc in E. coli. Thus, ddFKBP was
inserted behind the TEV protease cleavage site, at the N-terminus
of IFABP(wt)-HlyAc and IFABP(G121V)-HlyAc, respectively. Full-
length proteins (54.0 kDa) were expressed inside the cells since the
N-terminal hisg-tag and HlyAc were both detectable by Western
blot analysis of whole cell extracts (see Fig. 2B and C, lanes 5 and
9). However, the overall protein levels were reduced in the ddFKBP
contexts when compared to the levels of proteins without ddFKBP.
This suggests either areduced expression rate or a ddFKBP-induced
proteolysis. Also, IFABP WT was still not secreted (see Fig. 2, lane 6)
and the secretion levels of IFABP(G121V)-HlyAc with the ddFKBP
decreased (compare Fig. 2, lanes 8-10).

3.3. Purification and concentration of hisg—IFABP(G121V)-HlyAc
in one step

For the separation of the his-tagged IFABP from the few impu-
rities present in the culture medium (Mergulhao et al., 2005;
Sandkvist and Bagdasarian, 1996), a one-step purification protocol
was established. SDS-PAGE analysis (see Fig. 4) indicated the high
purity of the eluted protein. In addition, the 260/280 ratio between
0.57 and 0.60 (data not shown) is in good agreement with the theo-
retical ratio of 0.57 for pure proteins (Glasel, 1995) and suggests the
absence of RNA or DNA impurities in the protein sample. In sum-
mary, 1mg of pure and homogenous hisg-IFABP(G121V)-HlyAc
could be obtained from a 1L bacterial cell culture.
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Fig. 5. Intrinsic tryptophan fluorescence measurements of [FABP G121V. The pro-
teins (0.5 pM) were excitated with a wavelength of 290 nm and the fluorescence was
recorded between 300 and 380 nm. The fluorescence maximum of IFABP G121V
in 6 M urea is at 346 nm, whereas the maximum shifts towards 326 nm in buffer
without urea. The emission spectrum of secreted hisg~IFABP(G121V) superimposes
with IFABP G121V in buffer without urea, indicating a folded state. Dashed line:
IFABP G121V purified from inclusion bodies in buffer without urea; black line:
IFABP G121V purified from inclusion bodies in buffer with 6 M urea; grey line:
hisg-IFABP(G121V) in buffer without urea.

3.4. Removal of HlyAc and the hisg-tag to generate IFABP(G121V)

In addition to the proteins of interest (wild-type IFABP or
IFABP (G121V)), the constructed plasmids encode the C-terminal
fragment HlyAc (23 kDa), an N-terminal hisg-tag and two spe-
cific protease cleavage sites for the TEV protease and factor
Xa (see Fig. 1). Therefore, passenger proteins can be sepa-
rated from HlyAc by a proteolytic digestion with factor Xa.
Hisg-IFABP(G121V)-HlyAc was incubated with factor Xa (NEB) and
the flow-through of an anion-exchange chromatography contained
pure, cleaved hisg—-IFABP(G121V) (see Fig. 4). The hisg-tag was
removed with the TEV protease. However, the TEV protease could
not be removed quantitatively (see Fig. 4).

3.5. Folding and substrate binding activity of
hisg-IFABP(G121V)-HlyAc, hiss—IFABP(G121V) and IFABP(G121V)

In this study, we investigated the folding state of secreted
IFABP(G121V) by intrinsic tryptophan fluorescence spectroscopy
and compared it with the IFABP G121V purified from inclusion bod-
ies. The emission spectrum of IFABP G121V in 6 M urea showed a
maximum at 346 nm. In buffer without urea, the emission intensity
significantly increased and the maximum shifted to 326 nm, which
is in line with previous studies (see Fig. 5) (Li and Frieden, 2007).
Secreted hisg—IFABP(G121V) exhibited the same emission spec-
trum as IFABP G121V from inclusion bodies without urea. Similar
results were obtained for hisg—IFABP(G121V)-HIlyAc. However, the
emission spectrum was slightly influenced by the presence of HlyAc
(data not shown). These data indicate that secreted IFABP(G121V)
is folded comparable to the protein purified from inclusion bodies.

Next, we investigated the binding activity of secreted
IFABP(G121V) in titration experiments with the fatty acid ana-
log 11-(dansylamino)undecanoic acid (DAUDA). The fluorescence
increase at 500nm upon binding was monitored as described
before (see Fig. 6) (Kim and Frieden, 1998; Wilkinson and Wilton,
1986). Fluorescence was corrected for the IFABP concentrations
(100 nM) with the “receptor correction equation” (see Section 2).
For a validation of the experimental setup, IFABP G121V was puri-
fied directly from inclusion bodies and the binding of DAUDA
was measured. The determined dissociation constant (Kp) of
126 nM + 7 nM is, within experimental errors, identical to the pub-
lished data for IFABP G121V (120 nM + 25 nM; see Table 2) (Kim and
Frieden, 1998). The Kp value of secreted hisg—IFABP(G121V)-HIlyAc
(see Fig. 6 and Table 2) was determined to be 195nM 413 nM,
which is in the same range. As a control, HlyAc without fused
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Fig. 6. Fluorescence titration plots using DAUDA, a fluorescence fatty acid ana-
log. All of the IFABP variants share a similar binding curve and similar Kp values
for the DAUDA binding, whereas HlyAc does not bind (see also Table 2). Cor-
rected and normalized signals were plotted against the DAUDA concentration,
and the solid line represents the fit employing a 1:1 binding-site model corect-
ing for the protein concentration (see Section 2) with the program Prism 5. All
plots represent two independent measurements with the error representing the
standard deviation. Blue: IFABP G121V purified, refolded from inclusion bodies,
red: hiss-IFABP(G121V)-HlyAc, green: hisg—IFABP(G121V), black: IFABP(G121V),
open-triangles: HlyAc.

Table 2
Summary of the dissociation constants of the DAUDA/IFAB complexes used in this
study. Data were analyzed as described in Section 2.

Protein Dissociation constant (Kp)
IFABP G121V (Kim and Frieden, 1998) 120+25nM

IFABP G121V (out of IB) 126+7nM
Hisg-IFABP(G121V)-HlyAc 195+13nM
Hiss-IFABP(G121V) 174+9nM

IFABP(G121V) 138+11nM

HlyAc No binding

IFABP was used under identical experimental conditions, and no
binding of DAUDA was detected (see Fig. 6, open triangles). Nev-
ertheless, a possible influence of HlyAc and the hisg-tag onto the
binding behavior of IFABP was investigated. After proteolysis and
subsequent purification of hisg-IFABP(G121V) and IFABP(G121V),
respectively (see Fig. 4), the titration experiments were repeated.
The Kp values of hisg-IFABP(G121V) without HlyAc and the Kp
value of IFABP(G121V) were measured to be 174nM +9nM and
138 nM + 11 nM, respectively. Therefore, secreted IFABP(G121V)
exhibits the same binding affinity for DAUDA as the mutant protein
purified directly from inclusion bodies.

4. Discussion

Secretion of proteins to the culture medium exhibits many
advantages compared to a conventional, cytoplasmic protein
location. For example, proteolytic degradation by intracellular pro-
teases is prevented, the formation of disulfide bonds is enhanced
in the oxidative environment of the medium and the subsequent
purification protocols are simplified due to less proteinogenic
impurities in the medium. These features allow faster downstream
processing in combination with lower production costs. Many
improvements in the protein production via secretion have been
made in the recent decades and numerous systems are already
commercially exploited. However, the secretion efficiency of these
systems depends on the combination of the host strain, the sig-
nal peptide and the target protein and needs to be optimized by
trial-and-error approaches for each specific task (Yoon et al., 2010).

With the HIlyA T1SS of Gram-negative bacteria, high yields of
secreted proteins can be produced in principle, and only three
proteins are required to catalyze the secretion. The efficiency in
combination with the simplicity of the secretion apparatus make
this system an attractive candidate for the biotechnological pro-
duction or proteins (Blight and Holland, 1994). However, the most
important application so far has been the presentation of heterol-
ogous antigens in live-attenuated bacterial vaccines (Gentschev
et al., 2002). The biotechnological usage is still hampered by the
fact that many fusion proteins are not or only poorly secreted
(Blight and Holland, 1994; Holland et al., 1990). Bakkes et al. (2010)
demonstrated that the rate of folding of the passenger MalE dic-
tates the efficiency of the secretion with the HlyA T1SS. While
wild-type MalE was virtually not secreted, slow-folding mutants of
MalE were secreted in yields that directly correlated with the fold-
ing rate of the corresponding mutant. Although, such mutations
are an interesting approach to convert a protein into a secretion-
competent substrate, the identification of mutations, which affect
the folding rate without interfering with the function, is likely to be
a very time-consuming process. As an alternative to this approach,
the destabilizing domain ddFKBP was investigated (Armstrong and
Goldberg, 2007; Banaszynski et al., 2006; Herm-Gotz et al., 2007).
Despite the intriguing rational behind this approach, the secretion
of wild-type IFABP failed completely, and the secretion levels of
slow-folding IFABP(G121V) decreased, ruling out the applicability
of the destabilizing domain.

MalE is an intrinsic E. coli protein designed for crossing a mem-
brane. In this study, we wanted to expand the applicability of the
system to a broader range of proteins. Indeed, we demonstrated
that cytoplasmic, eukaryotic IFABP was not secreted when fused to
HlyAc, whereas the fusion protein of the slow-folding IFABP G121V
was secreted in yields of up to 6mgL~" cell culture. Nevertheless,
the maximal secretion capacity of fusion proteins is not reached
yet, as HlyAc alone without a passenger protein is secreted in much
higher yields (see Fig. 2, lane 2).

Importantly, hiss—IFABP(G121V)-HlyAc was secreted as a sol-
uble protein and no aggregation was observed, which is in clear
contrast to IFABP G121V that forms inclusion bodies in E. coli (Kim
and Frieden, 1998).

Moreover, we demonstrate that secreted IFABP(G121V) is capa-
ble of binding DAUDA with a binding affinity identical, within
experimental error, to the protein produced from inclusion bod-
ies (Kim and Frieden, 1998). This emphasizes the advantage of the
T1SS, since a functional re-folding of proteins from inclusion bod-
ies is often problematic and accounts for the major costs in the
production of recombinant proteins in E. coli (Blight and Holland,
1994; Singh and Panda, 2005). Beneficially, the covalently linked
HlyAc of the fusion protein has only a minor effect on the activ-
ity of IFABP(G121V), as indicated by a Kp value in the same range
(see Table 2). In this study, wild-type IFABP could not be secreted
as a fusion protein with HlyAc, indicating that the folding is too
fast. In contrast, a single point mutation (G121V), which displays
an approximately 100-fold reduced refolding rate (Chattopadhyay
et al., 2002; Kim and Frieden, 1998), was secreted efficiently.

5. Conclusions

The results of this study further support our initial conclu-
sion that the folding rate of a fusion protein dictates its secretion
efficiency in T1SS. Not only bacterial proteins, targeted to the
periplasmic space, can be designed to become a substrate of a T1SS,
but also cytosolic, eukaryotic proteins. Furthermore, our data show
that the described method results in the production of correctly
folded, active protein in sufficient yields for biochemical studies.
IFABP G121V is produced in inclusion bodies when expressed in
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E. coli. The re-folding of denatured inclusion bodies, which accounts
for the major costs in the production of recombinant proteins
(Singh and Panda, 2005), can therefore be circumvented with this
T1SS. In summary, our T1SS is a very attractive candidate for the
biotechnological production of proteins via secretion into the extra-
cellular space.
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Protein production through dedicated
secretion systems might offer an
potential alternative to the conventional
cytoplasmical expression. The appli-
cation of Type 1 secretion systems of
Gram-negative bacteria, however, where
often not successful in the past for a wide
range of proteins. Recently, two studies
using the E. coli maltose binding pro-
tein (MalE) and the rat intestinal fatty
acid binding protein (IFABP) revealed
a rational to circumvent these limita-
tions. Here, wild-type passenger proteins
were not secreted, while folding mutants
with decreased folding kinetics were
efficiently exported to the extracellular
space. Subsequently, an one-step puri-
fication protocol yielded homogeneous
and active protein. Taken together, the-
ses two studies suggest that the intro-
duction of slow-folding mutations into a
protein sequence might be the key to use
Type 1 secretion systems for the biotech-
nological production of proteins.

Introduction

Type 1 secretion systems (T1SS) of Gram-
negative bacteria transport substrates
directly form the cytoplasm to the exterior
without the formation of any periplasmic
intermediate. The substrate spectrum
contains functional unrelated and dif-
ferent-sized proteins, i.e., the hemophore
HasA (19 kDa) and the lipase LipA
(65 kDa) of Serratia marcescens* or the
900 kDa protein LapA that is involved
in biofilm formation of Pseudomonas
fluorescence® A transport machinery com-
posed of two inner membrane proteins, a
membrane fusion protein (MFP) and an
ATP-binding-cassette (ABC) transporter,

as well as an outer membrane factor

Bioengineered

(OMEF) catalyzes the secretion process.*”
The paradigm of T1SS is the hemolysin
A (HIyA) secretion system of Escherichia
coli (E. coli), which consists of the ABC
transporter hemolysin B (HlyB), the MFP
hemolysin D (HlyD) and the multi-func-
tional TolC (OMF).® TolC is recruited,
upon interaction of the substrate (HlyA)
with HlyB and HlyD, and a continuous
export channel is formed bridging the
cytoplasm directly to the exterior.*”

HIyA and other TISS substrates are
suggested to be transported in an unfolded
state® and folding is triggered by bind-
ing of Ca® ions to so-called GG repeats
in the extracellular space, directly after
transport. Previously, several proteins
were successfully secreted as fusion pro-
teins with a 23 kDa C-terminal fragment
of HIyA (HlyAc), for example B-lactamase
or antibody fragments.”'> However, many
proteins could not be secreted limiting
the exploitation of the T1SS pathway for
biotechnological purposes.” Recently, two
publications investigated these limita-
tions.*"® Here, the maltose binding pro-
tein (MalE) and the intestinal fatty acid
binding protein (IFABP) could initially
not be secreted when fused to HlyAc.
However, the use of slow-folding proteins
with decreased folding kinetics allowed
the secretion into the culture medium.*"
Interestingly, the mutant IFABP(G121V),
accumulates in E. coli as inclusion bod-
ies, whereas secreted IFABP(G121V) was
soluble and active. Taken together, both
studies suggest a rational to secrete pro-
teins of interest in good yields and in a
soluble, functional state with an E. coli
T1SS. However, the successful application
requires proteins with slow-folding kinet-
ics and the identification of such mutants
might hamper the general applicability
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of the approach. In other words, the gen-
eral application of this approach requires
screening of protein libraries that con-
tain random mutations generated by, for
example, error-prone PCR. This should
be performed with suitable activity assays
that allow a simple read-out to identifty
secreted and moreover, active proteins.

Secretion of a Functional
Cytoplasmic Protein

The HIyA T1SS was investigated for its
applicability to secrete an eukaryotic cyto-
plasmic protein, the rat intestinal fatty acid
binding protein (IFABP)." IFABP is a 131
residue (15 kDa) cytoplasmical protein,
which belongs to the family of fatty acid
binding proteins in mammals and binds a
single molecule of fatty acids.'® The bind-
ing to lipophilic drugs, for example, is
used for the prediction of drug pharmaco-
kinetic parameters in vitro.”'"® The slow-
folding mutant IFBAP G121V still binds
fatty acids with high affinity (K = 120 nM
+ 25 nM) and is currently produced in E.
coli out of inclusion bodies.”

Both, wild-type IFABP and the slow-
folding variant IFABP(GI121V), were
cloned inside a secretion vector in front
of HlyAc. In the background of the T1SS,
wild-type IFABP(wt)-HlyAc was not
secreted into the medium of the E. coli
culture, whereas IFABP(G121V)-HlyAc
was secreted in good yields of up to 6 mg
per liter cell culture (corresponding to
2 mg/OD). The secreted fusion protein
could even be visualized by Coommassie
brilliant blue (CBB) staining in the super-
natant without concentrating the sample.
Interestingly, the secreted fusion pro-
tein was soluble and stable in the culture
medium and during the subsequent puri-
fication steps, which displays an advantage
compared with its currently expressed
form being insoluble inclusion bodies."”

Bakkes et al. demonstrated the secre-
tion of a slow-folding mutant of MalE.
The passenger MalE with two introduced
slow-folding mutations was secreted and
shown to be active in binding to amy-
lose, although the major fraction did not
bind to the ligand." The reason for this
behavior, however, was not investigated.
Therefore, Schwarz et al. investigated the
folding state and the activity of secreted

290

IFABP in more detail and compared it
with published results. The folding state
of secreted IFABP(G121V) was stud-
ied by intrinsic tryptophane fluores-
cence spectroscopy and compared with
IFABP(G121V), which was purified out of
cytosolic inclusion bodies and refolded.?
These studies indicated that secreted
IFABP(G121V) was folded comparable
to the reference protein. Since the folding
state of a protein does not directly imply
that the protein is active, the activity of
secreted IFABP(GI21V) was analyzed.
The fatty acid analog 11-(dansylamino)
undecanoic acid (DAUDA) was used for
titration experiments to determine the
binding activity of IFABP(G121V). For
the validation of the experimental setup,
the binding affinity of the reference
protein  IFABP(GI121V) (non-secreted
control) was examined by fluorescence
spectroscopy. The determined dissocia-
tion constant (K)) of 126 nM + 7 nM is
in line with the published data (120 nM
+ 25 nM).” The K, value of secreted
IFABP(G121V)-HIyAc was determined
to be 195 nM + 13 nM. This is in the
same range as the K for the non-secreted
control  demonstrating that secreted
IFABP GI121V exhibits similar binding

parameters.

Unfolding Domains —Useful Tools
for Secretion?

The major bottleneck of this secretion
technology is its dependency on slow-
folding proteins. As an alternative route to
directed evolution appoaches (see below),
a destabilizing domain was analyzed to
transfer instability to the fusion proteins.
The destabilizing domain ddFKBP, an
engineered version of the human FKBP12,
was used, which was already applied suc-
cessfully in eukaryotes to destabilize fused
proteins,”** however, no studies were per-
formed in bacteria so far. Schwarz et al.
investigated, whether the ddFKBP desta-
bilizes fusion proteins in E. co/ and if this
domain allows the secretion of proteins
via the T1SS without the introduction of
slow-folding mutations. The ddFKBP was
fused N-terminally to HlyAc, IFABP(wt)-
HlyAc  and  IFABP(GI21V)-HlyAc,
respectively. All protein constructs were
expressed as indicated by CBB staining
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and western blot analysis of whole cell
extracts. Obviously, ddFKBP did not
increase secretion levels of the fusion con-
structs. These results indicate that the
intrinsic folding state of HlyAc, IFABP (wt)
and IFABP(G121V) is not changed drasti-
cally and that the ddFKBP does not facili-
tate the secretion of a protein of interest
with the T1SS. This raises the question
whether the ddFKBP transmits instability
to fused proteins or induces their degrada-
tion in bacteria?

Engineering of Proteins with Slow
Folding Characteristics

The successful secretion of proteins via the
HIyA T1SS depends on the availability of
slow-folding mutants. Besides wild-type
proteins with slow-folding kinetics, many
proteins fold too quickly inside cells,
which hampers the general applicability
of T1SS. Up to now, the a priori predic-
tion and alteration of folding properties
is impossible with biochemical, compu-
tational or bioinformatical approaches.
Nevertheless, directed evolution methods
are available to generate proteins with
desired characteristics, i.e., altered fold-

ing characteristics.”>*¢

Basically, this can
be performed within three relatively easy
experimental steps (see Fig. 1).

Step 1 represents the random muta-
genesis of the wild-type protein of interest
(POI_wt). Various methods are available
to mutate the gene, which are summa-
rized in, for example Wong et al.” The
mutagenesis products are inserted inside
the secretion plasmid in front of the
secretion signal (HlyAc) DNA sequence.
This results in a library of mutated POI
(POI_mut) fusion proteins. E. coli cells
are transformed with the plasmid library
together with the plasmid encoding the
T1SS complex (Step 2) and obtained
colonies are analyzed in secretion experi-
ments (Step 3). Since the secretion signal
is localized at the C-terminal end of the
fusion protein, only full-length fusion
proteins will be secreted; fusion proteins
with artificial stop codons introduced
via the error prone PCR reaction are not
secreted and thereby automatically elimi-
nated from the screen. Mutations that
do not alter the folding kinetics will not
be secreted either.
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However, proteins with slow-folding
kinetics can be detected, by SDS-PAGE
analysis of the culture supernatants.
Staining of the gels or immunochemical
detection visualizes the secreted proteins
and allows the densometrical quantifica-
tion of secreted proteins. A great advan-
tage is that the amount of secreted protein
is inversely correlated with the folding
rate of the protein. In other words, the
protein secreted most efficiently will have
the slowest folding kinetics. Furthermore,
supernatant samples can be used immedi-
ately for enzyme-linked activity or immu-
nosorbent assays (ELISA). If such an
activity of the POI can be visualized, the
secretion system enables high-throughput
screening of a vast pool of mutants. For
example, the lipolytic activity of secreted
lipases can be visualized on agar plates,
which contain the appropiate substrate of
the lipase.”® In summary, the technology
described in Schwarz et al. represents a
valuable and novel tool, usuable for vari-
ous experimental setups, for example, the
generation of folding mutants allowing
secretion and subsequently the screening
of secreted proteins with improved char-
acteristics which are interesting within the
biotechnological area.
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Type 1 secretion systems (T1SS) of Gram-negative bacteria are responsible for the secretion of
various proteases, lipases, S-layer proteins or toxins into the extracellular space. The paradigm of

© these systems is the hemolysin A (HlyA) T1SS of Escherichia coli. This multiple membrane protein

: complex is able to secrete the toxin HlyA in one step across both E. coli membranes. Common to
all secreted T1SS substrates is a C-terminal secretion sequence being necessary as well as sufficient

for secretion. However, it is not known whether transport occurs directionally, i.e. the N- or the

. C-terminus of T1SS substrates is secreted first. We have addressed this question by constructing
HlyA fusions with the rapidly folding eGFP resulting in a stalled T1SS. Differential labeling and

. subsequent fluorescence microscopic detection of C- and N-terminal parts of the fusions allowed us

. to demonstrate vectorial transport of HlyA through the T1SS with the C-terminus appearing first
outside the bacterial cells.

Gram-negative bacteria transport a broad range of compounds ranging from small molecules to intact
proteins into the extracellular space. Transport occurs via dedicated cellular nanomachineries either
directly from the cytoplasm to the extracellular space or via periplasmic intermediates. Among these
nanomachineries, type 1 secretion systems (T1SS) adopt the most simple architecture consisting of an
ATP-binding cassette (ABC) transporter and a membrane fusion protein (MFP) located in the inner
membrane and an outer membrane protein (OMP). In the presence of the substrate, they form a contin-
uous tripartite channel reaching directly from the cytoplasm into the extracellular space!?. The secretion
of substrates occurs in one step across both, the inner and outer membrane of Gram-negative bacteria,
without a periplasmic intermediate.
: T1SS substrates include adenylate cyclases, lipases, proteases, surface layer proteins and toxins. They
. vary in size from relatively small proteins such as the hemophore HasA (19kDa, 188 amino acids) from
. S. marescens to large proteins of approximately 900kDa (8682 amino acids) such as the adhesion factor
LapA from P, fluorescence®. These secreted proteins have in common that the information for secretion
is encoded within the 50-60 C-terminal amino acids that were shown to be essential and sufficient for
the secretion process®!°. This is in contrast to other protein translocation systems localized in the inner
membrane such as the Sec system where the secretion signal is localized at the N-terminus'' and cleaved
during translocation by a dedicated peptidase.
The most prominent substrates of T1SS are the repeats in toxin (RTX) proteins (Supplementary Fig. 1).
They are characterized by glycine-rich repeats (GG repeats) located in the C-terminal part of the
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Schmitt@hhu.de)

SCIENTIFIC REPORTS | 5:12470 | DOI: 10.1038/srep12470 1



3.5. Chapter V 153

www.nature.com/scientificreports/

respective protein upstream of the secretion signal. The consensus sequence of the GG repeats forming
the RTX domain'? of these proteins is GGxGxDxUx, where x can be any amino acid and U is a large or
hydrophobic amino acid'®. The number of these repeats depends on the size of the secreted protein and
they are in general separated by number of amino acids, totaling on average 6-12kDa within the RTX
domain'*!. The GG repeats bind calcium thereby promoting folding of the secreted substrate'®. Since the
level of calcium is low (approximately 300nM) in the cytosol of E. coli, but high (up to 10mM) in the
extracellular space'®, it is generally assumed that T1SS substrates adopt their final, folded conformation
only after secretion into the extracellular space®.

One of the best-characterized T1SS substrates is the pore forming RTX toxin hemolysin A (HIyA).
HIyA is an alpha toxin, consisting of 1024 amino acids with a molecular weight of 110kDa. Six consen-
sus GG repeats are present within the RTX domain of HlyA'. The HlyA specific T1SS consists of the
ABC transporter hemolysin B (HlyB), the MFP hemolysin D (HlyD) and the endogenously expressed
OMBP, TolC. HlyA is transported in one step from the cytoplasm to the extracellular space®. It has been
demonstrated that the secretion signal of HIyA initiates secretion and is responsible for the assembly of
the T1SS complex. HIyA is secreted in an unfolded state'” and its secretion signal contains all informa-
tion necessary for secretion since it can be secreted alone’. High levels of secretion were also obtained
with a fragment consisting of the 218 C-terminal amino acids of HlyA (HlyAc) containing three GG
repeats and the secretion signal'”.

Importantly, the orientation of the substrate during secretion is currently not known. The question
arises whether directionality of secretion exists and if so, whether the N- or C-terminus of HlyA is
translocated first through the T1SS. In general, at least two possibilities exist for the passage of the sub-
strate through a T1SS. Since HlyB interacts with the secretion signal of HlyA with its nucleotide-binding
domain'®, one could envision that such binding to the nucleotide-binding domains of HlyB or to the
cytoplasmic part of HlyD' would stabilize the C-terminal part of the HlyA in the vicinity of the trans-
locon. Furthermore, the so-called C39 peptidase -like domain (CLD) at the N-terminus of HlyB interacts
with the substrate via binding of the RTX region of HlyA to facilitate secretion in some way?. This
interaction might stabilize the interaction of the inner membrane components of the T1SS with the RTX
domain and the secretion sequence providing further support for the idea that the N-terminal part enters
the translocation channel first, with the final release of the C-terminal of HIyA into the translocon to
complete translocation.

On the other hand C-terminal directed secretion might also be envisaged since many heterologous
passenger proteins fused at their C-terminus to a C-terminal fragment of HlyA (containing the secretion
signal) are secreted'”?'-2%. Intuitively, one would expect that the secretion process can only start after
translation of the secretion signal. Since all fusion proteins have only the C-terminal secretion signal in
common, one could envisage that the C-terminal part of these fusion proteins is secreted first. However,
these two alternatives have not been addressed experimentally so far.

Here, we describe that a fusion of the enhanced Green Fluorescence Protein (eGFP) to the N-terminus
of HlyAc stalled in the HlyA T1SS, presumably due to the fast folding properties of eGFP with a refold-
ing half-time of 90.6s%. Apparently, the eGFP-HlyAc fusion protein is fixed and stably oriented within
the translocator in vivo. We only observed the N-terminal fragment within the cytoplasm whereas the
C-terminal fragment was exclusively detected at the cell surface. Our results clearly demonstrate the
presence of directionality during secretion with the C-terminal secretion sequence transported first. Our
data further suggest that the secretion sequence is responsible for inserting the substrate into the T1SS.

Results

Stalling the T1SS with fast folding proteins. The secretion signal of HlyA is essential and suf-
ficient for secretion of HlyA by its cognate T1S§?*?%%. HlyAc, a truncated version of HlyA containing
the 218 C-terminal amino acids including the secretion signal, is secreted in high amounts comparable
to full-length HlyA when expressed simultaneously with the inner membrane components HlyB and
HlyD!7232428 Interestingly, if HlyAc is fused to the C-terminus of, for example, the maltose binding
protein (MBP), secretion is completely abolished. However, secretion can be restored with MBP fusion
proteins that contain mutations reducing the folding rates'”. Similar behavior has been observed for
the Has secretion system where only unfolded HasA could be exported by its cognate ABC transporter,
whereas the presence of folded cytosolic HasA resulted in an inhibition of secretion of its unfolded iso-
form?®. This led to the conclusion that T1SS substrates, including HlyA, are transported in an unfolded
state. This assumption is in line with the fact that calcium ions are required for folding of HlyA, which
is prevented in the cytoplasm due to the low concentration of calcium ions'®***!. These data suggest that
HlyAc fusion to a fast folding passenger could block the translocator resulting in a stalled T1SS. If so this
should allow us to address the question whether, with such a stalled intermediate, the secretion signal
localized inside the cytosol, inside the translocation machinery or on the extracellular side.

In order to confirm that such a stalled intermediate does indeed form, we performed a competition
experiment, in which HlyAc as well as an eGFP-HlyAc fusion were expressed in combination with the
inner membrane components of the T1SS. Genes encoding both proteins, HlyAc and eGFP-HlyAc, were
present on the same plasmid, but their expression could be induced independently of each other (further
details are provided in material and methods).
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Figure 1. The eGFP-HlyAc fusion protein stalls the translocator and prevents HlyAc secretion. (a) SDS-
PAGE analysis of the HlyAc secretion level (with Coomassie blue staining) in the culture supernatant over
time without and with induction of eGFP-HlyAc expression. (b) Relative intensity of the SDS-PAGE bands
illustrates HlyAc secretion levels without and with induction of eGFP-HlyAc. (c) Western blot analysis of the
cells (comparison with the supernatants in (a)) show that eGFP-HlyAc is only present in the induced cells
and that the levels of HlyB and HlyD remain constant over time.

Upon expression of the T1SS and both proteins, HlyAc and eGFP-HlyAc, a drastic reduction of the
secretion levels of HlyAc was observed already after one hour of expression (Fig. la), clearly indicating
competitive inhibition of HlyAc by the fusion protein. Quantification of the Coomassie stained protein
bands normalized to the signal with the highest intensity, suggested that the amount of HlyAc in the
supernatant was reduced to 30% when eGFP-HlyAc was co-expressed (Fig. 1b). The amount of secreted
HlyAc in the presence of eGFP-HlyAc remained constant over time (Fig. 1b). This strongly suggests
competition between the expressed HlyAc and eGFP-HlyAc consistent with stalling of the translocon
by the latter already within the first hour, leading to substantially reduced amounts of secreted HlyAc.

The presence of intracellular eGFP-HlyAc was confirmed by Western blot analysis with a polyclonal
HIyA antibody (Fig. 1c). The data show that the amount of cytosolic eGFP-HlyAc increased throughout
incubation following induction of expression and furthermore, HlyAc was also detected within the cells.
Thus, a direct comparison of the amounts of HlyAc and eGFP-HlyAc is possible. In cells expressing
only the T1SS and HlyAc, the amount of cytosolic HlyAc remained constant over time whereas HlyAc
accumulated in cells co-expressing eGFP-HlyAc and HlyAc (Fig. 1c). This observation indicates that
eGFP-HlyAc has stalled the T1SS and secretion of HlyAc is blocked.

Western blot analysis confirmed as found in all subsequent experiments that the expression levels of
HlyB and HlyD remained similar throughout incubation (Fig. 1c) and were not affected by expression
of proteins to be secreted.

TaSS is stalled only in the presence of the secretion signal. Previous studies showed that the
C-terminal located secretion signal of HlyA is crucial and necessary for secretion?**2. To analyze its role for
stalling the secretion machinery, we engineered an eGFP-HlyAc fusion protein lacking the secretion sig-
nal (i.e. with the C-terminal 60 residues deleted) designated eGFP-HlyAc-Ass (Supplementary Fig. 4). A
competition experiment (Fig. 2a) with independently induced expression of HlyAc and eGFP-HlyAc-Ass
revealed that in the presence of HlyB and HlyD, now an inhibition of secretion of HlyA, did not occur. In
contrast to the results shown in Fig. 1, the co-expression of HlyAc and eGFP-HlyAc-Ass in the presence
of HlyB and HlyD did not result in a detectable reduction of the secretion levels of HlyAc with equal
amounts of secreted HlyAc after three hours in the two experimental set-ups (Fig. 2b). Western blot anal-
ysis confirmed that the T1SS target protein eGFP-HlyAc-Ass as well as the corresponding transporter
proteins HlyB and HlyD were expressed at a similar level under both experimental conditions (Fig. 2c).
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Figure 2. The eGFP-HlyAc-Ass fusion protein is unable to block the translocator. (a) SDS-PAGE analysis
of the HlyAc secretion level in the culture supernatant over time without and with induction of eGFP-
HlyAc-Ass expression. (b) Relative intensity of the SDS-PAGE bands illustrates the HlyAc secretion levels
without and with induction of eGFP-HlyAc-Ass. (c) Western blot analysis of the cells (correlating to the
supernatants in (a)) show that eGFP-HlyAc-Ass is only present in the induced cells and that the level of
HlyB and HlyD remain constant over time.

The HlyAc fragment of the fusion protein is exposed on the cell surface accessible to HlyA
antibody. The secretion signals of HlyA as well as of other T1SS substrates are localized at the extreme
C-terminus. The competition experiments described above demonstrated that the HlyA secretion sig-
nal is also required for stalling the secretion machinery. To address the question, whether the C- or
the N-terminal of the fusion appears first on the surface, we took advantage of the eGFP fluorescence
(Supplementary Fig. 5). This fluorescence allowed the detection of the eGFP part of the fusion protein,
while the HlyAc part can be visualized via an HlyA specific antibody in combination with a secondary
antibody that harbors the fluorophore Cy3 resulting in a red fluorescence.

If the N-terminus is transported first, intrinsic eGFP fluorescence but no red fluorescence should be
detectable extracellularly because the Cy3-labeled second antibody can only bind to the HlyA specific
first antibody if part of HlyAc has exited the TolC component of the translocon to the exterior. In con-
trast, if the C-terminal part of the fusion protein is transported first, one would detect red fluorescence
in combination with the green fluorescence derived from intracellular eGFP.

E. coli cells containing a stalled T1SS were analyzed with confocal laser scanning microscopy (CLSM).
Cells expressing only HlyB and HlyD, but lacking the eGFP-HlyAc encoding plasmid were used to deter-
mine the cellular autofluorescence (Fig. 3, top row). The expression of HlyB and HlyD was confirmed by
Western blots analysis (Supplementary Fig. 6).

Next, we analyzed cells producing HlyB, HlyD and eGFP-HlyAc. CLSM images confirmed that both
eGFP as well as Cy3 fluorescence was detected (Fig. 3, second row). The eGFP fluorescence signal was
found homogenously distributed within the cells, although sometimes accumulating at the cell poles and
the Cy3 fluorescence signal also appeared evenly distributed over the cells. Due to the limited optical
resolution of CLSM, the localization of both proteins could not be analyzed more precisely.

The eGFP fluorescence in cells expressing the different constructs was quantified by normalization
of eGFP intensity values to the fluorescence intensities measured with cells expressing HlyB, HlyD and
eGFP-HlyAc (Fig. 4a, left bar).

The Cy3 fluorescence of cells expressing HlyB, HlyD and eGFP-HIlyAc reflected the presence of HlyA
antibodies bound to the cell surface and Cy3 fluorescence intensity values were normalized to this value
(Fig. 4b, left bar).

As a control, cells expressing eGFP-HlyAc, but not HlyB and HlyD, were also analyzed. The CLSM
images confirmed that eGFP fluorescence could be detected in the cytosol of cells (Fig. 3, third row).
Quantification of the eGFP and Cy3 fluorescence demonstrated that eGFP fluorescence was approximately
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Figure 3. Detection of the surface exposed HlyAc fragment of eGFP-HlyAc by confocal laser scanning
microscopy. E. coli cells expressed HlyB and HlyD, as well as additional eGFP-HlyAc and eGFP-HlyAc-Ass.
Shown is the eGFP fluorescence (left panel) of the fusion proteins, the HlyA mediated Cy3 fluorescence

at the cell surface (second left panel), merged images of eGFP and Cy3 fluorescence (second right panel)
and differential interference contrast (DIC) images of the cells (right panel). The different combinations of
proteins employed are indicated to the left.

88+ 5.5% as compared to cells expressing the eGFP-HlyAc fusion protein (Fig. 4a, middle bar) whereas
almost no Cy3 fluorescence could be detected (8 + 2.8%, Fig. 4b, middle bar).

The competitive secretion assay with eGFP-HlyAc-Ass revealed that the secretion signal was needed
for stalling of the translocator. Accordingly, cells expressing eGFP-HlyAc-Ass, HlyB and HlyD were ana-
lyzed by CLSM confirming that eGFP fluorescence was detected in the cytosol (Fig. 3, fourth row). eGFP
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Figure 4. (a) Relative cell fluorescence of eGFP. All values were normalized to the eGFP fluorescence of
the eGFP-HIyAc fusion protein (error bars represent the standard error of the mean) after subtraction
of autofluorescence. (b) Relative fluorescence of Cy3. All values are normalized to Cy3 fluorescence of
the eGFP-HlyAc fusion protein (error bars represent the standard error of the mean) after subtraction of
autofluorescence. The different combinations of proteins employed are indicated below the bars.

fluorescence is approximately 100+ 6.3% compared to cells expressing the eGFP-HlyAc fusion protein
(Fig. 4a, right bar) and only 17 4 3.4% of Cy3 fluorescence in comparison to cells expressing HlyB, HlyD
and eGFP-HlyAc was detected (Fig. 4b, right bar).

In summary, these results demonstrate that the eGFP-HlyAc fusion protein is specifically orientated
during secretion. The constructs used here allow the assignment of the N-terminal eGFP fluorescence to
the cytosol, whereas the C-terminal part of the fusion protein harboring the HlyAc fragment is exposed
at the cell surface and accessible to antibody.

Analysis of the secretion of full-length eGFP-HIyA. Next, cells expressing HlyB, HlyD and a
fusion protein of eGFP and full-length HlyA (eGFP-HlyA) were analyzed. Due to the fast folding of
eGFP, the eGFP-HIyA fusion should not be secreted and should also stall the T1SS.

CLSM images confirmed that eGFP and Cy3 fluorescence were observed (Fig. 5, first row).
Quantification of the eGFP and Cy3 fluorescence intensities of the cells demonstrated that the eGFP
fluorescence was approximately 1034 6.8% (Fig. 6a, second bar on the left) compared to cells that
expressed the eGFP-HlyAc fusion protein (Fig. 6a, first bar from the left). Localization of eGFP fluores-
cence appeared identical to cells expressing the eGFP-HlyAc fusion together with HlyB and HlyD (Fig. 3,
second row) confirming that the eGFP part of the fusion protein is localized in the cytoplasm. Cy3 flu-
orescence reflecting the binding of anti-HIyA antibody at the cell surface was ten times higher (Fig. 6b,
second bar from the left) than Cy3 fluorescence of cells expressing eGFP-HlyAc (Fig. 6b, first bar from
the left). Obviously, the full-length Hly A provides many more epitopes for binding of the polyclonal
HIyA antibody than the HlyAc. Furthermore, staining revealed a heterogeneous distribution of HlyA
protein showing accumulations on the cell surface. This result confirmed that the C-terminal portion of
eGFP-HIyA is exposed on the cell surface.

These results clearly indicate that a fusion protein consisting of eGFP and full-length HlyA was rec-
ognized and transported by the T1SS. However, secretion was stalled with a high probability with eGFP
detected in the cytoplasm as shown by the corresponding eGFP fluorescence signal. In control experi-
ments either with cells not expressing the translocator components of the inner membrane (Fig. 5, sec-
ond row) or eGFP-HIyA-Ass, HlyB and HlyD (Fig. 5, third row) greatly reduces levels of the C-terminal
HIyA fragment were detected on the cell surface as indicated by specific Cy3 fluorescence resulting from
binding of the HlyA antibody.

To gain more detailed insights into the cellular localization of the HlyA constructs we applied
Structured illumination microscopy (SIM) to eGFP-HlyAc and eGFP-HlyA samples. To improve the
optical resolution in SIM a grid pattern is repeatedly projected into the image plane in different orienta-
tions to produce interference patterns with sample structures. In a post-processing step a high-resolution
image of the underlying structures can be generated using a computer algorithm. Under optimal con-
ditions the lateral resolution in the resulting image is two times better than in a conventional confocal

SCIENTIFIC REPORTS | 5:12470 | DOI: 10.1038/srep12470 6



158

3. Publications

www.nature.com/scientificreports/

eGFP-HIyA

+

..t .

eGFP-HIyA-Ass
HlyB + HlyD

eGFP Cy3 eGFP + Cy3 DIC

Shm

5um

Figure 5. Detection of the surface exposed HlyA fragment of eGFP-HIyA by confocal laser scanning
microscopy. E. coli cells expressed HlyB and HlyD, as well as additional eGFP-HlyAc and eGFP-HlyAc-Ass,
respectively. Shown is the eGFP fluorescence (left panel) of the fusion proteins, the HlyA mediated Cy3
fluorescence at the cell surface (second left panel), merged images of eGFP and Cy3 fluorescence (second
right panel) and differential interference contrast (DIC) images of the cells (right panel). The different
combinations of proteins tested are indicated to the left.

image®. As expected, Cy3 fluorescence was detected at the cell surface of cells expressing HlyB, HlyD
and eGFP-HlyAc (Fig. 7, first row) and of cells expressing HlyB, HlyD and eGFP-HIyA (Fig. 7, second
row) oriented in a distinct helical pattern. Also, wide field microscopy of eGFP fluorescence confirmed
its cytosolic localization. Merged eGFP and Cy3 fluorescence signals further emphasized the extracellular
localization of the Cy3 fluorescence, while the eGFP fluorescence was clearly localized in the cytoplasm
(Fig. 7).
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Figure 6. (a) Relative cell fluorescence of eGFP. All values were normalized to the eGFP fluorescence of
the eGFP-HlyAc fusion protein (error bars represent the standard error of the mean) after subtraction
of autofluorescence. (b) Relative fluorescence of Cy3. All values are normalized to Cy3 fluorescence of
the eGFP-HlyAc fusion protein (error bars represent the standard error of the mean) after subtraction of
autofluorescence. The different combinations of proteins employed are indicated below the bars.

Discussion

Recent experiments demonstrated that substrates of T1SS are secreted in an unfolded manner'”. This
observation is in line with geometrical restraints, since the interior diameter of TolC is maximally 20 A3,
Thus, assuming an average helical diameter of 12 A, TolC could accommodate only a single c-helix.
Consequently, substrates must enter the translocation machinery with their N- or C-terminus first, but
a hairpin insertion is highly unlikely. Our experiments indeed demonstrated that fusion proteins of
eGFP with HlyAc or HIyA stalled the T1SS, and furthermore, indicated that their C-terminal parts were
exposed on the cell surface, while the N-terminal eGFP was always located in the cytosol in a folded
state as deduced from its intrinsic fluorescence.

As show in the competition secretion assay the amount of HlyAc in the supernatant was reduced to
30% when eGFP-HlyAc was co-expressed (Fig. 2b). This suggests a competition between the expressed
HlyAc and eGFP-HlyAc for free T1SS. In the first hour HlyAc is able to pass the cell membranes by the
free T1SS and remain stable in the supernatant. After an hour the eGFP-HlyAc fusion protein blocks all
T1SS and HlyAc is not able to secrete anymore. The level of HlyAc in the supernatant remains constant
over the complete secretion time and contains only the stable HlyAc that was secreted in the beginning.

These results obviously raise the question whether the observed directionality of secretion represents
a universal feature of T1SS. The inner membrane components of the ABC transporter can be divided in
three different protein families defined by the presence or absence of additional domains. These families
are ABC transporters with (I) C39 peptidase domains, (II) CLD domains, corresponding to an inac-
tive peptidase which lack protease activity?® and (III) transporters without any additional domains®**.
Transporters with an authentic C39 peptidase domain transport rather small substrates (<10kDa) that
belong mainly to the bacteriocin family containing a cleavable N-terminal leader peptide for secretion
(Supplementary Fig. 1). Due to the cleavable, N-terminal leader sequence and the fact that these systems
are also present in Gram-positive bacteria, we shall exclude family (I) from our discussion.

Transporters with a CLD transport larger substrates (>55kDa) that are all members of the RTX toxin
family?®%. The RTX toxins have their secretion signals located at the C terminus (50-60 C-terminal
amino acids) together with GG repeats located close to the secretion signal (Supplementary Fig. 1) that
promote active folding of the secreted protein by binding of calcium ions in the extracellular medium'®.

An example for transporters without any additional domains is the hemophore transporter HasD
of Serratia marcescens**. Here, the C-terminal secretion signal is not cleaved during transport, but
HasA, like other substrates of this family, does not contain conserved GG repeats (Supplementary Fig.
1). Instead, HasA appears to contain so-called primary recognition sites scattered throughout the pro-
tein and the secretion of HasA is dependent on SecB**¥’; a feature that was not observed for substrates
belonging to the RTX protein family!”.

From an energetic point of view, the initial appearance of GG repeats at the cell surface following
translocation would allow binding of calcium ions thereby inducing folding of the secreted part of the
protein. This process we propose would pull the protein through the T1SS" and, in parallel, prevent back
sliding into the secretion machinery because a tertiary structure would be formed which is larger in size
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Figure 7. Detection of the surface exposed HIyA fragment of eGFP-HlyAc and eGFP-HIyA by structured
illumination microscopy. Shown are maximum intensity projections of z-stacks of representative E. coli
cells expressing eGFP-HlyAc or eGFP-HIyA together with HlyB and HlyD. The eGFP fluorescence (left

panel in green) is displayed in wide field mode, the HlyA signal (medium panel in red) is displayed in high
resolution mode after SIM processing. The right panel shows merged images derived from eGFP and Cy3
fluorescence recordings.
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Figure 8. Model for secretion by the T1SS. The T1SS is indicated by an oval box and the substrate, here
HIyA, is depicted as a red line, while eGFP is shown in green (pdb file 2Y0G). HlyAc is secreted (indicated
by the grey arrow) and folds in the extracellular space due to the higher calcium concentration. eGFP-
HlyAc can only enter the T1SS but is not able to complete the secretion process (indicated by the dotted
grey arrow) due to the fast folding of eGFP and stalling inside the translocator. The model also assumes
that cell surface exposed HlyAc fragment of the fusion protein folds due to the higher extracellular calcium
concentration. Calcium ions are indicted by small black boxes. For further details see text.

than the maximal diameter of TolC (20 A). This leads to the assumption that the C-terminus of RTX
proteins may lead the way through the translocator and GG repeats appear at the cell surface thus pro-
viding the driving force for secretion (depicted schematically in Fig. 8). In line with these arguments is
the observation that the amount of GG repeats correlates with the size of the secreted substrate!>!4. Our
results also suggest that the directionality of secretion determined for the HlyAc/HIyA fusion proteins is
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a universal feature of the RTX protein family, which may also apply for other T1SS substrates containing
a C-terminal secretion sequence.

Methods

Bacterial strains and plasmids. The E. coli strain DH5a was used for all cloning procedures. The
pK184 plasmid (Supplementary Fig. 2) was used for HlyB and HlyD production under the control of a
Py, promoter, inducible with IPTG (isopropyl 3-D-1-thiogalactopyranoside)'”. All plasmids and oligo-
nucleotides used in this study are summarized in Supplementary Table 1 and 2.

Plasmid pSOI-eGFP-HlyAc was used for eGFP-HlyAc expression under the control of a Py,p, promoter.
Plasmid pSOI-eGFP-HlyAc was cloned through the restriction free cloning (RF-cloning) method®. The
eGFP gene was amplified by PCR using the vector pcDNA3-eGFP and primers RF_pSOI_eGFP_for and
RF_pSOI_eGFP_rev to generate the mega-primer. Amplified eGFP gene and pSOI-HlyAc!” were used
with a vector-to-insert-ratio of 1 to 2.5. After successful cloning, the eGFP-HlyAc-Ass variant was created
by using PCR where the base pairs encoding for amino acid position 425 to 485 were deleted. Primer
pair Deletion-HlyAc-for and Deletion-HlyAc-rev was used.

The HlyAc gene was exchanged for full-length hlyA to generate plasmid pSOI-eGFP-HIyA by
RF-cloning. The hlyA gene was amplified by PCR using plasmid pSU-hlyA* and primers RF_pSOI_
HlyA_for and RF_pSOI_HIlyA_rev. The amplified genes were used with a vector-to-insert-ratio of 1
to 10. To generate plasmid pSOI-eGFP-HlyA-Ass, which expresses the eGFP-HIyA-Ass variant lacking
the secretion signal, a stop-codon was introduced by site directed mutagenesis applying the primers
HlyAAss_for and HlyAASS_rev.

For the simultaneous expression of eGFP-HlyAc and HlyAc, we constructed a plasmid
(pSOI-eGFP-HlyAcPAP/HlyAc™) designed for a co-expression of both target genes under the control of
two different promoters (Supplementary Fig. 3). In the case of eGFP-HlyAc we chose a Pg,p, promoter,
while a Py, promoter was selected for the expression of HlyAc. Cloning was achieved with the In-Fusion®
Advantage PCR Cloning Kit (ClonTech). Therefore, plasmid pSOI-eGFP-HlyAc was linearized by PCR
using primers pSOI_ColE1_for and pSOI-AMP_rev. The insert, the hlyAc gene with a P;,. promoter and
terminator, was amplified by PCR applying pSU-hlyA as template with the primers Inf pSOI_HIlyA_F
and Inf_pSOI_HlyA_R. The In-Fusion reaction with the linearized plasmid and the insert was performed
according to the manufactures protocol. After successful cloning of pSOI-eGFP-HIyAcPAP/HlyAc®, the
eGFP-HlyAc-Ass variant was created by deleting amino acids 425 to 485 as described above. The result-
ing plasmid pSOI-eGFP-HlyAc-Ass®AP/HIyAck confers expression of HlyAc and the eGFP-HlyAc-Ass
fusion protein that lacks the secretion signal (Supplementary Fig. 4).

Competition secretion assay. Chemically competent E. coli BL21 (DE3) cells were transformed with
pK184-HlyBD and pSOI-eGFP-HlyAcPAP/HlyAc™ or pSOI-eGFP-HlyAc-AssP*P/HlyAc™ and grown on
LB agar plates supplemented with 100 pg mL ! ampicillin and 30 pg mL~! kanamycin. Overnight cultures
of single colonies were used to inoculate 25mL 2 YT medium supplemented with 100 ug mL~! ampicillin
and 30 pg mL~! kanamycin at an ODgg, of 0.1. Cultures were grown at 37 °C and 180 rpm. The expression
of HlyAc, HlyB and HlyD was induced with 1 mM IPTG at an ODg, of 0.6-0.8. The secretion levels were
significantly enhanced by addition of 5mM CaCl, (final concentration) to the culture media. Cells were
grown for 3h at 180rpm and 37°C to obtain sufficient amounts of the translocator components of the
inner membrane and a constant expression and secretion level of HlyAc. Subsequently, cells were spun
down for 15min at 8000g and re-suspended in fresh 2YT media supplemented with 100pug mL~! ampi-
cillin, 30 pg mL~! kanamycin, 1 mM IPTG and 5mM CaCl,. This procedure ensured removal of secreted
HlyAc from the supernatant. To monitor newly secreted HlyAc in cells expressing the translocation
machinery, HlyAc in combination with eGFP-HlyAc or eGFP-HlyAc-Ass, respectively, the culture was
split into two halves. 10mM arabinose was added to one culture for inducing expression of the fusion
protein eGFP-HlyAc or eGFP-HlyAc-Ass. The culture without added arabinose was used as a control.
Cells were grown for 3h at 180rpm and 37°C. A 1 mL aliquot was taken and centrifuged for 5min at
14000 g, 4°C each hour during growth. Cells were adjusted with water to an ODqyjyaien Of 0.1 and super-
natant samples were analyzed by SDS-PAGE and/or Western blot analysis.

The expression levels of HlyB and HlyD as well as the expression of eGFP-HlyAc or eGFP-HlyAc-Ass
and the intracellular amount of HlyAc were determined via Western blots using polyclonal antibodies
against HlyA, HlyB or HlyD in combination with an horseradish peroxidase (HRP)-conjugated, second-
ary antibody using the ECL advance kit (GE Healthcare).

Cell cultivation and protein expression for confocal laser scanning microscopy. E. coli BL21
(DE3) were prepared and induced identically to cells used in the competition assay. Cells were grown for
2h at 180rpm and 37°C and harvested by centrifugation and directly used for cell fixation and immu-
nofluorescence labeling.

Cell fixation by formaldehyde treatment. 50uL of cells grown until an ODgy, of 2.0 were mixed
with 3% (v/v) formaldehyde in 2 YT medium for fixation and incubated at 37°C and 180rpm for one
hour.

SCIENTIFIC REPORTS | 5:12470 | DOI: 10.1038/srep12470 10
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Immunofluorescence labeling of formaldehyde treated cells. Formaldehyde treated cells
expressing eGFP-HlyAc, eGFP-HlyAc-Ass, eGFP-HlyA or pSOI-eGFP-HlyA-Ass in the presence or
absence of HlyB and HlyD as well as cells that only expressed HlyB and HlyD were centrifuged at 11000 g
for 5min and re-suspended in the 50l PBS buffer containing 3% (w/v) BSA. Cells were transferred in
a 1:50 diluted rabbit anti-HlyA antibody solution and incubated for one hour. Subsequently, cells were
washed three times with PBS buffer containing 3% (w/v) BSA and suspended in a solution containing
a secondary antibody conjugated with the fluorophore Cy3. Cells were incubated for one hour at 37°C
and washed two times in 501 PBS buffer.

Confocal laser scanning microscopy and image processing. 10pL of labeled cells were mixed
with 2L of ProLong®Gold antifade reagent on a poly-lysine coated slide, covered with a cover slip and
sealed with clear varnish.

Imaging was performed with an Olympus FV1000 confocal laser scanning microscope (Olympus
GmbH, Hamburg, Germany) equipped with a 60x oil immersion objective, numerical aperture 1.35. The
eGFP fluorescence was excited at 488 nm using an argon laser at an output power of 5% and the Cy3
fluorescence was excited at 559 nm using a DPSS laser at 5%. The emission of eGFP was detected between
500nm and 540 nm and the emission of Cy3 was detected between 565nm and 600 nm using a spectral
detector. Images of 1024 x 1024 pixels were taken with a pixel size of 0.05pm.

The program Image] was used for processing and determination of cell fluorescence. The integrated
intensity from all focused cells of all images of each type were determined and subtracted from the prod-
uct of the mean background fluorescence multiplied by the area of the determined integrated intensity.

The program Prism 5.0 (GrapPad Inc) was used for a statistical analysis of the data. Mean cell fluo-
rescence of each type of cell was determined together with the corresponding errors of the mean. Auto
fluorescence represented by cells expressing only HlyB and HlyD were subtracted. Normalization was
performed for eGFP and Cy3 fluorescence on the mean value of cells expressing eGFP-HlyAc, HlyB and
HlyD (Figs 4 and 6).

Structured illumination microscopy and image processing. Structured illumination micros-
copy (SIM) was performed on a Zeiss ELYRA PS.1 system (Carl Zeiss Microscopy GmbH, Goettingen,
Germany) equipped with an Andor EM-CCD iXON DU-885 with 1004 x 1002 pixels. Z-stacks were
taken using a 63x oil immersion objective with a numerical aperture of 1.46. To generate structured illu-
mination a grid pattern was projected onto the image plane in five different positions and at five different
modulation angles to obtain high frequency information within the low frequency information captured
by the optical system. For the Cy3-channel back-computation of the lower frequencies using Fourier
transformation was performed using the Zeiss ZEN Structured Illumination Processing tool to increase
the resolution in the final image. Due to the almost homogeneous distribution of the eGFP signal there
was no gain in resolution by image processing in the eGFP channel.
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Figures legends

Supplementary Fig. 1

Domain organization of different T1SS substrates. Boxes on the left highlight the ABC
transporter families involved in the T1SS. “CLD” describes a T1SS with an ABC
transporter with an N-terminal CLD extension, contributing defective peptidase, “C39”
describes a T1SS with an ABC transporter having an active N-terminal C39 peptidase
domain and “no” describes an ABC transporter without additional domains. Proteins are
abbreviated as follows and listed with their corresponding UniProtKB entries: HlyA,
hemolysin A; LktA, leukotoxin; RtxA, RtxA; CyaA, bifunctional hemolysin/adenylate
cyclase; PaxA, exotoxin PaxA; CvaC, colicin V protein; ComC, competence-stimulating
peptide type 1; HasA, hemophore HasA; EprA, metalloprotease EprA. Domains of the
substrates are labeled as follows: AC, adenylate cyclase domain; RTX, RTX domain; GG,
GG repeats; SEC, secretion signal; L, N-terminal leader peptide; MP, metalloprotease

domain.

Supplementary Fig. 2

Plasmid map pK184-HlyBD. The map was created using the PlasMapper web server 1.

Supplementary Fig. 3
Plasmid map pSOI-eGFP-HlyAcBAP / HlyAc'2c. The map was created using the PlasMapper

web server 1.

Supplementary Fig. 4
Plasmid map pSOI-eGFP-HlyAc-AssBAP / HlyAclac. The map was created using the

PlasMapper web server 1.
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Supplementary Fig. 5

Plasmid map pSOI-eGFP-HlyAc. The map was created using the PlasMapper web server

1-

Supplementary Fig. 6
Western blot analysis of supernatants and total cells content of CLSM analyzed cells.
eGFP-HlyAc respectively eGFP-HlyAc-Ass, HlyB and HlyD are only present if the

corresponding promotors were induced.

Supplementary Fig. 7
Western blot analysis of supernatants and total cells content of CLSM analyzed cells.
eGFP-HIyA respectively eGFP-HlyA-Ass, HlyB and HlyD are only present if the

corresponding promotors were induced.
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Figures
LktA - P16462 . RTX —-—- 1050 aa
?, RtxA - ATYKW?7 : RTX —.. 956 aa
CyaA - J7QLCO - RTX - 1706 aa
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CvaC-Q5DQJo I— 103 aa
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Tables

Supplementary Table 1

Primers used in this study

Name Sequence

HlyAcA-ss-for 5’ -GGACATGATGCATGAACTTATGGGAG-3"

HlyAcA-ss-rev 5’ -CTCCCATAAGTTCATGCATCATGTCC-3"
pSOI-ColE1-for 5'-CATTTTTAATTTAAAAGGATCTAGGTGAAG-3’
pSOI-AMP-rev 5’ -AGTTTTAAATCAATCTAAAGTATATATGAGTAAAC-3’
Inf-pSOI-HlyA-F 5’ -GATTGATTTAAAACTGCCAATACGCAAACCGCCTCTC-3"
Inf-pSOI-HlyA-R 5’ -TTTAAATTAAAAATGTAGGGGTTCCGCGCACATTTCC-3"'

RF_pSOI_eGFP_for 5’ -CCATCATGGTGAGAATTTATATTTTCAAGGTGTGAGCAAGGGCGAGG-3"

RF_pSOI_eGFP_rev  5'-TGGAAGGGTGGGATTTACCGGACTTGTACAGCTCGTCCATGC-3'

RF_pSOI_HlyA_for 5" -CCCTTCCAGCATCGAAGGCCGCATGACAACAATAACCACTGCAC-3"

RF_pSOI_HIyA _rev 5" -TCCGCCAAAACAGCCAAGCTTATGCTGATGTGGTCAGGGT-3 "

HlyAAss_for 5’ -GGGAATGATGCATAAGCCTATGGAAG-3"

HlyAAss_rev 5’ -CTTCCATAGGCTTATGCATCATTCCC-3"

Deletion-HlyAc-for 5’ -TAAGCTTGGCTGTTTTGGCGGATG-3’

Deletion-HlyAc-rev 5'-TCATGCATCATGTCCATACACATAACTTACCTT-3'

11
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Supplementary Table 2
Plasmids used in this study
Name Description Reference
pK184-HlyB Plasmid encoding hlyB and hlyD 2
pSU-hlyA Plasmid hlyA 3
pSOI-eGFP-HlyAc eGFP inserted in pSOI-HlyAc 2 via restriction This study
free cloning
pSOI-eGFP-HlyAc-Ass Plasmid pSOI-eGFP-HlyAc with a stop codon in This study
front of the HlyAc secretion signal via site-
directed mutagenesis
pSOI-eGFP-HlyAcBAD / HlyAc with lac promoter inserted in pSOI-eGFP- This study
HlyAclac HlyAc via In-Fusion® Advantage PCR Cloning
Kit (Clontech)
pSOI-eGFP-HlyAc-Ass BAD /  Plasmid pSOI-eGFP-HIyAcBAP / HlyAclac This study
HlyAclac without the base pairs coding for the last 60 C-
terminal amino acids (HlyAc secretion signal)
pSOI-eGFP-HIyA HlyAc is exchanged for HlyA from pSU-hlyA in This study
plasmid pSOI-eGFP-HlyAc
pSOI-eGFP-HlyA-Ass Plasmid pSOI-eGFP-HlyA with a stop codon in
front of the HlyA secretion signal via site- This study

directed mutagenesis

12
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3.6. Chapter VI - Secretion rates of substrate translocation of
a Type | secretion system

Title Secretion rates of substrate translocation of a Type I secretion system
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Abstract

Type 1 secretion systems (T1SS) allow Gram-negative bacteria to secrete a broad
range of substrates into the extracellular space. Substrates varies in size from small
molecules up to large proteins. Proteases, lipases, adhesion factors and toxins func-
tion as substrates. An important member of this family is the hemolysin A (HlyA)
T1SS of Escherichia coli. The membrane protein complex consists of HlyB, HlyD
and TolC and allows the translocation of unfolded HlyA in one step across the in-
ner and outer membrane. We have addressed the question of the secretion rate of
the HlyA T1SS by secretion studies using immunofluorescence to quantify the T1SS
amount as well as the amount of secreted HlyA. We observed that the secretion rate
is constant even for different protein length or the amount of glycine-rich repeats
(GG repeats). Furthermore, the secretion rate is independent of the extracellular

Ca2t concentration.
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Introduction

Type 1 secretion systems (T1SS) are essential cellular nanomachineries found in the
membranes of many Gram-negative bacteria. They consist of an ATP-binding cassette
(ABC) transporter and a membrane fusion protein (MFP) both located in the inner
membrane and an outer membrane protein (OMP). T1SS are able to transport a broad
range of substrates ranging from small molecules up to large proteins [Delepelaire, 2004].
Substrate binding leads to the formation of the T1SS complex. It has been shown that
the translocation of the substrate occurs in an unfolded state and without any periplas-
mic intermediate from the cytosol across both membranes directly into the extracellular
space [Létoffé et al., 1996, Thanabalu et al., 1998, Bakkes et al., 2010, Schwarz et al.,
2012].

Substrates of T1SS can perform many different functions. For example, they are
hemophores such as HasA (188 amino acids) from S. marcescens, lipases such as LipA
(613 amino acids) from S. marcescens or large adhesion factors such as LapA (8682 amino
acids) from P. fluorescens [Létoffé et al., 1994, Hinsa et al., 2003, Delepelaire, 2004]. All
substrates of type 1 secretion contain a secretion signal that is encoded within the last
C-terminal 50-60 amino acids. In contrast to other secretion systems the secretion signal
is not cleaved during or after secretion and has been shown to be essential and sufficient
for the secretion process [Koronakis et al., 1989, Sebo and Ladant, 1993, Ghigo and
Wandersman, 1994, Jarchau et al., 1994, Omori et al., 2001].

One of the most prominent families of T1SS substrates are the repeats in toxin
(RTX) proteins. Characteristic for these proteins are glycine-rich repeats (GG repeats)
located mainly in the C-terminal part of the protein upstream of the secretion signal.
GG repeats have the consensus sequence GGxGxDxUx (x can be any amino acid and
U is a large or hydrophobic amino acid) [Linhartové et al., 2010]. The number of these
repeats depends on the size of the protein with roughly one repeat for every 6 - 12kDa
[Delepelaire, 2004, Linhartova et al., 2010]. After secretion, Ca?* binding to the repeats
with a Kp of 100 pM induces the folding of the secreted protein [Thomas et al., 2014]. The
folding is induced only extracellular because only here the Ca?* concentration exceeds
the Kp [Jones et al., 1999, Thomas et al., 2014].

Hemolysin A (HlyA) is a prominent example of a RTX protein. The pore build-
ing toxin consists of 1024 amino acids (110kDa) and harbors six conserved GG repeats
[Delepelaire, 2004]. The HlyA T1SS secretion system is composed of the ABC trans-
porter hemolysin B (HlyB), the MFP hemolysin D (HlyD) and TolC, the endogenously
expressed OMP. Unfolded HlyA is secreted [Bakkes et al., 2010] in one step across both
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membranes without any periplasmic intermediate. The secretion signal of HIyA is es-
sential [Gray et al., 1986, Stanley et al., 1991, Kenny et al., 1994, Lenders et al., 2015]
and sufficient for secretion since it can be secreted alone [Jarchau et al., 1994]. Further-
more, a C-terminal fragment of HlyA (HlyAc) consisting of the last 218 amino acids and
containing the secretion signal and three conserved GG repeats could also been shown
to secrete in high yields [Bakkes et al., 2010].

The secretion rate of the hemolysin T1SS is unknown. For other secretion systems
the rate has been determined. The injection speed of the SipA type 3 secretion system
(T3SS) is within the scope of 4795-41100 amino acids per sec [Schlumberger et al., 2005]
whereas the speed for Sec dependent transport by SecYEG is 152 - 228 amino acids per
sec and transporter [Robson et al., 2009].

Furthermore, the exact role of ATP hydrolysis within the translocation cycle is un-
known. It could be shown by an ATP hydrolyzing defiant mutant that hydrolyzes is
necessary for completing the secretion process [Thanabalu et al., 1998]. Nevertheless,
it is unclear whether ATP hydrolysis is necessary for threading the substrate into the
translocator.

To address these questions, we used a fusion protein consisting of the enhance Green
Fluorescence Protein (eGFP), N-terminally fused to HlyAc that is able to stall the
hemolysin T1SS by the fast folding properties of eGFP [Evdokimov et al., 2006]. This
has been used to stall the HlyA T1SS in action [Lenders et al., 2015]. This allowed us to
quantify the number of active T1SS per cell in vivo and as a consequence the secretion
rate of HlyA, respectively HlyAc. Our data suggest that the initial binding of the secre-
tion signal is not limiting secretion and that the length of the protein is not important
for the speed of secretion. Furthermore, our results demonstrate that ATP hydrolysis
is necessary for threading the substrate into the translocator and that the postulated
‘pulling’ mechanism by Ca?* induced extracellular protein folding could not be sup-
ported in our experiments. Furthermore, different extracellular Ca®* concentration did

not influence the secretion rate of HlyA or HlyAc.

Results

Determining the amount of T1SS

HlyAc C-terminally fused to rapidly folding eGFP can stall the HlyA T1SS [Lenders
et al., 2015]. The fusion protein is treading into the T1SS with the C-terminus ahead

and the N-terminal eGFP remains inside the cytosol whereas the C-terminal HlyAc
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is exposed at the cell surface [Lenders et al., 2015]. The extracellular exposed HlyA
fragment could visualized via an HlyA specific antibody in combination with a secondary

antibody that harbored the fluorophore Cy3 resulting in red fluorescence (see Figure 1).

eGFP Cy3 eGFP + Cy3 DIC

Figure 1: Detection of the surface exposed HlyAc fragment of eGFP-HlyAc
by confocal laser scanning microscopy. E. coli cells expressed HlyB, HlyD and
eGFP-HlyAc. Shown is the eGFP fluorescence (left panel) of the fusion proteins, the
HlyA mediated Cy3 fluorescence at the cell surface (second left panel), merged images
of eGFP and Cy3 fluorescence (second right panel) and differential interference contrast
(DIC) images of the cells (right panel).

We used the Cy3 fluorescence of the stalled T1SS to determine the number of active
T1SS within the F. coli membrane. Only if the T1SS was active and fully functional the
fusion protein will be threaded into the translocon. Here, we assume that on average
only one HIlyA specific antibody and one monoclonal Cy3 linked secondary antibody
binds to a single surface exposed fragment of HlyAc. Cy3 fluorescence was fluoromet-
ric determined (see Figure 2, left bar). Thereby, an amount of 290 fmol monoclonal
Cy3 coupled antibody (1.75 x 10'! particles) represented, for example, a fluorescence
intensity of 283000 CPSpA~!. The determined fluorescence intensity’s were plotted
against the corresponding amount of antibodies. The resulting regression curve (slope:
1.53 x 10~ ¥ mol pA CPS™!; see Supplementary Figure 1) was used to determine the
amount of active T1SS. Unspecific binding of Cy3 linked secondary antibody to cell
surface was monitored by detecting the fluorescence intensity of cells lacking the T1SS.
These cells did not expose an HlyA fragment at the cell surface and displayed the Cy3
background fluorescence (see Figure 2, right bar).

For that purpose, cells expressing the stalled HlyA T1SS showed a fluorescence in-
tensity of 319000 CPS pA~! whereas cells without T1SS showed showed a fluorescence
intensity of 65000 CPSpA~!. In total, 254000 CPS nA~! represent the specific fluores-
cence intensity of the stalled translocator. The intensity was multiplied with the slope

of the regression curve to get the exact amount of translocator. We ended up with
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Figure 2: Total cell fluorescence of Cy3. Immunofluorescence labeled E. coli cells
expressed eGFP-HlyAc in the presence (left bar) and absence (right bar) of HlyB and
HlyD. Shown is the fluorescence of Cy3 in CPSpA~!. Error bars represent the standard
deviation of the Cy3 fluorescence.

389 fmol (2.39 x 10! particles). Divided by the number of cells (4 x 107 cells in 50 pL
solution with an ODggg of 1), resulted in 5840 active HlyA T1SS cell L.

We used Western blot as a second method to gain information about the amount
of HlyB expression per cell. For that purpose, immunofluorescence of purified HlyB
and for a distinct number of cells expressing the HlyA T1SS was determined on the
same Western blot. The band intensity of different concentrations of HlyB was used
to calculate the fluorescence intensity dependency on the HlyB concentration (slope:
1.26 x 10716 mol; see Supplementary Figure 2). For example, an integrated density of
10702 represent 1.35pmol (8.13 x 10! particles) HlyB. Divided by the number of cells
(8 x 107 cells per band), resulted in 10150 HlyB molecules per cell. Biochemical studies
of the crystalized HlyB NBDs indicated that the active form of HlyB is a dimer [Zaitseva
et al., 2005]. According to this, we end up with 5075 T1SS cell L.

In summary, the stalled T1SS allowed us to determine the number of active T1SS
for each cell whereas the Western blot as a second method allowed us to gain infor-
mation about the total amount of HlyB expression per cell. Both methods gave sim-
ilar results and averaging all values (see Supplementary Table 1), resulted in 5024 +

1301 T1SS cell=t. This determined value was used further in the analysis.
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Quantifying the secretion rate of HlyA and HlyAc

The HlyA T1SS can secrete HlyA and HlyAc [Nicaud et al., 1986, Delepelaire, 2004].
The exact rate for secretion is unknown. The determined amount of T1SScell™! gave
us the opportunity to quantify the secretion rate for HlyA. For that purpose, HlyA was
secreted into the culture supernatant by cells expressing the HlyA T1SS. Western blots
confirm that the amount of transporters are identical to cells that were used for T1SS
quantification (see Figure 3).

Cells secreted HlyA over a four-hour period and the secretion rate was determined
by taking supernatant samples every hour. Furthermore, cell growth was determined
after each hour of secretion and the total number of cells was calculated. Supernatant
samples and different concentrated purified HlyA were analyzed by SDS-PAGE. The
band intensity of different HlyA concentration was used to calculate the integrated den-
sity dependency on the HlyA concentration. The resulting regression curve allowed
the quantification of secreted HlyA. For example, an integrated density of 10940 rep-
resent 9.6 pmol (5.781 x 102 particles) HlyA. The different amounts of HlyA for each
time point allowed the definition of the HlyA secretion level. In this case, the HlyA
secretion was 0.13 pmolmin~! (7.83 x 10! HlyA min~!). Divided by the cell growth
(2.01 x 107 cells min~!), this resulted in 3895 HlyA cell~! min~!. Together with the HlyA
length (1024 aa) and the amount of 5024 T1SS cell !, we determined a secretion rate of
132aT1SS~'s~! in this example.

Only number of cells and amount of secreted HlyA was used for secretion rate cal-
culation that fit in the exponential phase of E. coli cell growth. This phase is normally
within the first two hours of induction. The resulting concentration of HlyA represents
the amount of translocated substrate [mol cell ! min~!]. Supplementary Table 2 and 3
highlight all values for secreted HlyA /HlyAc for 2 and 4 h secretion, the corresponding
HlyA secretion level [mol min—!], the cell growth [cellsmin~!] and the final secretion rate
of HlyA /HlyAc [aa T1SS™1s71].

Our experiments allowed the determination of the total amount of active T1SS cell 1.
Accordingly, the amount of HlyA T1SS™!s~! could be determined. Finally, the secretion
rate of could be calculated in aa T1SS™!'s~!. Full length HlyA showed a secretion rate
of approximated 15.2 + 1.7aa T1SS~ ! s~!. Furthermore, the secretion rate of HlyAc was
determined similarly. HlyAc showed a secretion rate of 14.1 + 1.0aa T1SS~ s~

As a control, Western blots of HlyB and HlyD confirm that the expression levels of
cell expressing the T1SS in the presence of HlyA, HlyAc or eGFP-HlyAc were identical

and not effected by the co-expression of the substrates (see Figure 3). The control
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indicated that our determined amount of T1SS is similar in all cases.

Cells
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Figure 3: HlyB and HlyD expression in HlyA, HlyAc and eGFP-HlyAc ex-
pressing E. coli. FExpression levels of HlyB and HlyD are identical. Western blot
analysis of E. coli cells show that the level of HlyB and HlyD are equal for eGFP-HlyAc
expressing and HlyA respectively HlyAc secreting cells.

The results showed that the HlyA secretion rate was similar to that of HlyAc. The
netto amount of secreted HlyA is 4 to 5 fold lower compared to HlyAc. Due to the fact
that HlyA has a length of 1024 aa, HlyAc is with a length of 218aa 4 to 5 fold smaller.
According to this, the HlyA T1SS secreted in the same time a similar total amount of
amino acids in case of HlyA and HlyAc. Due to the different sizes of the substrates, the
total amount of HlyAc is higher compared to HIyA.

Moreover, the amount of GG repeats differs between the different substrates. HlyA
has six highly conserved GG repeats whereas HlyAc harbors only three repeats. The
protein length/GG repeat ratio is for HlyA 170 aarepeat™ whereas the ratio for HlyAc
is 73aarepeat—!. It is know that the GG repeats are involved in protein stability and
folding by binding extracellular Ca?* [Rose et al., 1995, Jones et al., 1999, Rhodes et al.,
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2001, Thomas et al., 2014]. So far, it is unknown if the are influencing the secretion rate
of the substrates. In this case, HlyAc secretion should be faster compared to HlyA
secretion. In case of HlyAc, more GG repeats are present on a smaller protein compared
to HlyA. Our experimental data indicated that the secretion rates of HlyA and HlyAc
were identical and not affected by the length of the protein or by the total amount of
GG repeats.

Ca?" concentration is not affecting the secretion rate

T1SS secrete a broad number of substrates. For example, HlyA has a size of 1024 aa.
The amount of consumed ATP per translocation cycle is however still unknown. For
substrates like HlyA or the 900 kDa LapA from Pseudomonas fluorescens [Hinsa et al.,
2003], it seems to be unlikely that only two ATP are required for one transport cycle.
A common theory is that the GG repeats provide the inherent driving force for the
transportation process [Linhartova et al., 2010]. According to this, it could be shown
that the GG repeats bind Ca?t with a high affinity. Ca?* binding induces protein
folding whereas folding only take place at the extracellular surface due to the high Ca?*
concentration [Rose et al., 1995, Jones et al., 1999, Rhodes et al., 2001]. It is assumed
that protein folding is induced once the GG repeats reaches the extracellular surface and
that this creates an inherent driving force that “pulls” the rest of the protein out of the
translocator [Linhartova et al., 2010, Lenders et al., 2013].

We addressed this question of a “pulling” mechanism by providing secretion exper-
iments in presence of different Ca?* concentration in the extracellular media. If the
assumption of a ‘pulling’ mechanism is correct, the secretion rate will be dependent on
the extracellular Ca?* level. Nevertheless, if such a ‘pulling’ mechanism provides the
inherent driving force for substrate transport, the secretion rate will decrease by deceed-
ing the Kp for Ca?t binding of the GG repeats because without extracellular Ca?t an
inherent driving force can not provided. Whereas the secretion rate will increase or will
stay constant, after the Ca?" level exceeds the Kp.

Similar to the secretion rate determination for HlyA and HlyAc above, only number
of cells and amount of secreted HlyA /HlyAc was used that fit in the exponential phase
of cell growth. This could normally observed within the first two hours. The amount of
both substrates remained on the same level even if the extracellular Ca?t concentration
exceeded or deceeded the GG repeat specific Kp of 100 pM (see Figure 4 dark grey bars).
Only after four hours, differences in the amount of secreted HlyA /HlyAc in presence of

different Ca?* concentration could be observed. In absence of Ca®t, secretion level of
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Figure 4: Relativ amount of secreted protein in presence of different extra-
cellular Ca?* concentration. Shown are the relativ protein amount of (a) HlyA and
(b) HlyAc in presence of different extracellular Ca?t concentration after 2h (dark grey
bars) and 4h (light grey bars). Values are normalized on the highest mean value of

secreted (a) HlyA respectively (b) HlyAc after 4h secretion time. Error bars represent
the standard deviation.
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HlyA and HlyAc was reduced by half and was only reaching normal secretion levels by
exceeding the Kp of the GG repeats in presents of higher Ca?* concentration (see Figure
4 light grey bars). Due to the fact that HlyA and HlyAc are instable in the absence
of Ca’t, aggregation of secreted substrates could be observed for secretion experiments
with extracellular Ca®t concentration that deceeded the GG repeat specific Kp. This
aggregation appeared if HlyA and HlyAc reached a critical concentration, typically after
three hours and resulted in aggregation that settles down at the rim of the incubation
flasks.

The secretion rates for HlyA and HlyAc are shown in Table 2 and 3. The results
highlight that the secretion rate of HlyA stays constantly between 12.9 + 0.2 to 15.7 +
1.7aa T1SS~ ! s~! respectively between 11.5 & 0.7 to 17.6 & 1.0aa T1SS~!s~! for HlyAc.
The secretion rate was not influenced by the calcium ion concentration (see Figure 5)
even if the GG repeats Kp for Ca?* binding exceeded respectively deceeded its specific
value of 100 pM [Thomas et al., 2014].
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Figure 5: Secretion rate of HlyA and HlyAc is not influenced by Ca’' con-
centration. Determined secretion rate of E. coli cells secreting HlyA (blue cubes) and
HlyAc (black dots) in the presence of different Ca* concentration (abscissa). Shown are
the mean secretion rate of triplicate secretions in aaT1SS™!s~!. Error bars represent

the standard deviation.

In summary, a “pulling” mechanism that provide an inherent driving force for Hly A
secretion could not observed. The Ca?* concentration was not influencing the secretion

behavior of HlyA and HlyAc. Nevertheless, Ca?* were absolutely essential for the sta-
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bility of the protein and its correct folding. The question remains open what provides

the driving force for the translocation process.

ATP hydrolysis is necessary for threading the substrate into the T1SS

ATP hydrolysis is an essential factor for the type I secretion process. Previous studies
could show that secretion is abolished without ATP hydrolysis but did not effect the
complex assembly [Thanabalu et al., 1998]. Nevertheless, the question arises if the
substrate is still threaded into the translocator even in absence of ATP hydrolysis. This
question leads to two fundamental different ways of how ATP hydrolysis is influencing the
secretion process. According to this, ATP hydrolysis can initiate or terminate transport.
In case of an initializing process, ATP hydrolysis energizes the transport process and/or
leads to translocator opening. In case of a terminating process, ATP hydrolysis will
appear at the end of secretion after the substrate pass nearly completely the translocator.
Than, hydrolysis will result in a reset of the ABC transporter by dissolving the HlyB
NBD dimerization.

To address this question, the ATP hydrolysis deficient mutant H662A of HlyB was
used. This mutant is able to bind ATP, leads to dimerization of the NBDs but not to
ATP hydrolysis [Zaitseva et al., 2005]. As mentioned above, we could show that the
HlyA T1SS can be stalled by an HlyAc respectively HlyA fusion with the rapidly folding
eGFP. These fusion proteins stuck inside the translocator and led to a stalled T1SS
with a C-terminal exposed HlyA fragment at the cell surface. Furthermore, the surface
exposed HlyA fragment could be visualized via an HlyA specific antibody in combination
with a Cy3 fluorophore linked secondary antibody resulting in red fluorescence. eGFP
fluorescence is detectable inside the cells. If ATP hydrolysis is essential for initiating the
transport process, no specific Cy3 fluorescence will be detectable at the cellular surface.
In case of a terminating function on the transport process by ATP hydrolysis, the HlyA
fragment will be exposed at the extracellular surface and detectable via an HlyA specific
antibody in combination with a Cy3 fluorophore linked secondary antibody.

E. coli cells with T1SS having the HlyB-H662A variant (Figure 6, first row) were an-
alyzed with confocal laser scanning microscopy (CLSM). The eGFP fluorescence signal
was found homogeneously distributed within the cells and although sometimes accu-
mulated at the cell poles. Specific Cy3 fluorescence could not been detected. When
comparing the cells with cells expressing the native HlyA T1SS (see Figure 6, second
row) we observed in similar eGFP fluorescence but with a twenty times higher Cy3

fluorescence signal.
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eGFP-HIyA
HlyB
HlyB-H662A
HlyD

eGFP + Cy3

Figure 6: Detection of the surface exposed HlyA fragment of eGFP-HlyA by
confocal laser scanning microscopy. FE. coli cells expressed eGFP-HlyA and HlyD,
as well as additional HlyB or HlyB-H662A. Shown is the eGFP fluorescence (left panel)
of the fusion proteins, the HlyA mediated Cy3 fluorescence at the cell surface (second left
panel), merged images of eGFP and Cy3 fluorescence (second right panel) and differential
interference contrast (DIC) images of the cells (right panel). The different combinations
of proteins employed are indicated to the left.

As a control, E. coli cells expressing eGFP-HlyA but not HlyB and HlyD were also
analyzed (see Figure 6, third row). They show similar eGFP fluorescence comparable to
HlyB-H662A expressing cells basically no Cy3 fluorescence.

Western blot analysis confirmed that HlyB, HlyB-H662A and HlyD as well as eGFP-
HlyA are in the corresponding cells expressed and that the expression levels were equal
and not influenced by the different T1SS composition.

Quantification of eGFP and Cy3 fluorescence demonstrates that the eGFP fluores-
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Figure 7: (a) Relative cell fluorescence of eGFP. All values were normalized to the
eGFP fluorescence of the eGFP-HlyA fusion protein (error bars represent the standard
error of the mean). (b) Relative fluorescence of Cy3. All values are normalized to Cy3
fluorescence of the eGFP-HIyA fusion protein (error bars represent the standard error
of the mean). The different combinations of proteins employed are indicated below the
bars.

cence of cells expressing eGFP-HlyA, HlyB-H662A and HlyD was approximately 68.8
+ 2.6 % (see Figure 7a, left bar) normalized to cells expressing eGFP-HlyA and native
HlyB and HlyD (see Figure 7a, middle bar). eGFP fluorescence of cells only expressing
eGFP-HIyA was with 75.5 + 3.6 % in the same range (see Figure 7a, right bar). Cy3
fluorescence remains for cells expressing eGFP-HlyA, HlyB and HlyD with 5.7 + 0.3 %
(see Figure 7b, left bar) and for cells expressing eGFP-HlyA alone with 5.6 + 0.2%
(see Figure 7b, right bar) on background level. Cy3 fluorescence was normalized to cells
expressing eGFP-HIlyA and native HlyB and HlyD (see Figure 7b, middle bar).

In summary, these results demonstrate that the eGFP-HlyA fusion protein only
reached the cell surface if the ATP hydrolysis works properly and confirms that it is
essential for initializing the translocation and threading the substrate into the translo-

cator.
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Discussion

Stalling the HlyA T1SS by an HlyAc fusion with the rapidly folding eGFP allowed
analyzes of the translocator in wvivo. It also allowed to analyze the orientation of the
substrate during secretion [Radics et al., 2014, Lenders et al., 2015] and to quantify the
number of active T1SS per cell (this study).

Recent experiments showed that substrates of T1SS are secreted in an unfolded state
[Bakkes et al., 2010] and that substrates fused to a rapidly folding domain blocking all
translocation pores of a cell [Lenders et al., 2015]. It can be assumed that for eGFP-
HlyAc the eGFP could not enter the translocon and that HlyAc threads into the T1SS
in an unfolded way. We assume that on average only one HlyA specific antibody and one
monoclonal Cy3 linked secondary antibody binds to a single surface exposed fragment of
HlyAc. Furthermore, even if more than one antibody bind per exposed HlyA fragment,
the overall score of T1SS is a constant value in our secretion rate calculations. An
increased value for T1SS will only decrease the secretion rate whereas lower T1SS value
will increase it. Furthermore, a second method to determine the total amount of HlyB
by Western blot was employed. Together with the assumption that HlyB is a dimer
[Zaitseva et al., 2005], the method reproduced our fluoremetric determined value of
around 5000 T'1SS (see Supplementary Table 1).

In common, most substrates of T1SS have GG repeats. They correspond to the length
of the protein and may have an influence on the secretion process itself [Delepelaire,
2004]. To analyze the GG repeat influence on the secretion process we used the native
substrate HlyA (1024 aa amino acids and 6 GG repeats) and HlyAc (218aa and 3 GG
repeats). HlyA is 4 to 5 fold larger than HlyAc but has only the double amount of GG
repeats. As described above the secretion rates for HlyA are 15.2 + 1.7aaT1SS ! s~!
and 14.1 + 1.0aa T1SS~!'s~! for HlyAc respectively are nearly identical. These clearly
demonstrated that the protein length and GG repeat ratio has no influence on the
secretion process itself and that the initial binding of the secretion signal to the T1SS
is not rate limiting for the secretion process. There must be an alternative evolutionary
reason for the protein length/GG repeat ratio. It could be possible that the GG repeats
are important for the folding velocity of the protein and for its stability [Thomas et al.,
2014].

GG repeats bind Ca?* with an affinity of 100 pM and induces folding of the protein
at the extracellular surface due to the high Ca?* concentration [Rose et al., 1995, Jones
et al., 1999, Rhodes et al., 2001]. Extracellular protein folding could involve an inher-

ent driving force, which ‘pulls’ the protein out of the transporter. Our results did not
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confirm this proposed mechanism [Linhartova et al., 2010]. After two hours of secre-
tion, the secretion rate is not decreasing by deceeding the Kp and it is not increasing
after exceeding it. After four hours of secretion, differences in the secreted amount of
HlyA and HlyAc in the supernatant are detectable. This appeared due to the fact that
the substrates reached a critical concentration inside the supernatant, resulting in ag-
gregation of the protein. Here, HlyA is more stable as HlyAc in presence of low Ca?*
concentration that deceeds the Kp of the GG repeats. According to this, it could be
shown that HlyA is more stable due to the folding stability of the N-terminal part of the
protein [Thomas et al., 2014]. The N-terminal part is missing in HlyAc, which results in
less stabile protein in the presence of lower Ca?* concentration. These results indicate
that the proposed “pulling” mechanism is not working and that the Ca?* binding of the
GG repeats mediates only protein stability. Another argument against this proposed
mechanism is the fact that the GG repeats in most substrates are located in a cluster in
the last third of the protein in front of the secretion signal. To get a continuous pulling
effect a more homogeneous distribution of the GG repeats would be more likely.
Previous studies highlight the importance of ATP hydrolysis for protein translo-
cation in the HlyA T1SS. HlyA secretion is completely abolished by using an HlyB
ATP hydrolysis deficient mutants. Nevertheless, cross-linking experiments in the same
study confirm that the translocator still assembles even in absence of ATP consumption
[Thanabalu et al., 1998]. Our results show that ATP hydrolysis is essential for threading
the substrate into the translocator. HlyA is not reaching the cell surface without ATP
hydrolysis. This leads to two fundamental different working mechanisms of how HlyA
T1SS is operating. First, continuous ATP consumption could be necessary for energizing
the transport process. In that case, a defined number of ATP is consumed per trans-
ported amino acid. Such an iterative mechanism was observed for the protein SecA of
the Sec pathway. Here, 152 - 228 amino acids per sec and transporter are transporter
[Robson et al., 2009]. This process is faster than our observed secretion rate with at
least 15.2 4+ 1.7aaT1SS~!'s~!. However, the Sec pathway is one of the most essential
nanomachineries in Gram-negative bacteria and responsible for the integration of most
transmembrane proteins and the transport for many secretory proteins. Another possi-
bility could be that ATP hydrolysis acts as a effector in some kind of ATP hydrolysis
gated channel. Therefore, ATP hydrolysis initiates channel opening and allow transport
of the substrate through the HlyA T1SS pore. In this proposed system, energizes of the
secretion by ATP consumption is highly unlikely. T1SS substrates can have a size of
more than 8000 aa and hydrolysis of only one or two ATP molecules can hardly ener-

gize the transport process. Other possibilities that can energize the transport process
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are the proton motive force (which could be excluded in late stages of HlyA secretion
[Koronakis et al., 1991]) or diffusion along a concentration or an electrostatic gradient.
The proposed “pulling” mechanism as the inherent driving force is unlikely due to the
result of our experiments.

In summary, our results allow for the first time the determination of the secretion rate
of a T1SS. Furthermore, the proposed “pulling” mechanism for GG repeat containing
substrates could not confirmed. Nevertheless, the driving force for type I secretion is
still unknown. ATP hydrolysis could found to be essential for threading the protein
into the translocator. If ATP hydrolysis is responsible for energizing the translocation

is unproved and need further investigation.

Methods

Bacterial strains and plasmids

The E. coli strain DH5« was used for all cloning procedures. The pK184 plasmid (see
Supplementary Figure 4) was used for HlyB and HlyD production under the control of
a Pjq. promotor, inducible with IPTG (isopropyl-5-D-1-thiogalactopyranoside) [Bakkes
et al., 2010]. All plasmids and oligonucleotides used in this study are summarized in
Supplementary Table 4 and 5.

Plasmids pSOI-eGFP-HlyAc and pSOI-eGFP-HIyA were used for eGFP-HlyAc re-
spectively eGFP-HlyA expression under the control of a PgAD promoter [Lenders et al.,
2015].

Plasmids pSU-hlyA and pSU-hlyA 1 were used for Hly A respectively HlyAc expression
under the control of a Py, promotor, inducible with IPTG (isopropyl-/3-D-1-thiogalacto-
pyranoside) [Lecher et al., 2012, Thomas et al., 2014].

The HlyB-H662A mutant was expressed by using a variant of the pK184 plasmid
(called pK184-HlyB-H662A-HlyD). To generate this variant a base pair substitution
was induced by site-directed mutagenesis applying the primers H662A-5for-B-NBD and
H662A-5rev-B-NBD.

Cell cultivation and protein expression for confocal laser scanning mi-

Croscopy

Chemically competent E. coli BL21 (DE3) cells were transformed with or without pK184-
HlyBD or pK184-HlyB-H662A-HlyD and pSOI-eGFP-HlyAc or pSOI-eGFP-HlyA and
grown on LB agar plates supplemented with 100 ug mL~! ampicillin and/or 30 pgmL ™!
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kanamycin. F. coli BL21 (DE3) cells were prepared and induced identical as previously
described [Lenders et al., 2015].

Cell fixation by formaldehyde treatment and immunofluorescence label-

ing of formaldehyde treated cells

Cell fixation and immunofluorescence labeling were carried out as previously described
[Lenders et al., 2015].

Confocal laser scanning microscopy and image processing

Microscopy and image processing were carried out as previously described [Lenders et al.,
2015].

Fluorescence spectrophotometer of immunofluorescence labeled formalde-
hyde treated cells

Immunofluorescence labeled formaldehyde treated E. coli BL21 (DE3) cells expressing
eGFP-HlyAc with and without HlyB and HlyD and adjusted to an ODg00 of 1.0 were
analyzed via a Jobin-Ivon Horiba Fluorolog-3 fluorescence spectrophotometer to quantify
the amount of T1SS. All measurements were performed at 25°C in a 50 pL cuvette.
Excitation was performed at 547 nm, and fluorescence emission was monitored at 563 nm
with slit widths set to 5 and 5nm. Fluorescence were recorded for 0.5s. An identical
experiment was carried out with PBS buffer and different concentration of free Cy3
fluorophore linked secondary antibody starting from 1.5 pM and going down by halving
to 0.5 pM.

Secretion experiments with HlyA and HlyAc in presence of different

CaCl, concentration

Chemically competent E. coli BL21 (DE3) cells were transformed with pK184-HlyBD
and pSU-hlyA and pSU-hlyA 1 and grown on LB agar plates supplemented with 100 pg mL~*
ampicillin and 30 pgmL~! kanamycin.

Calcium concentration of 2YT medium was determined using atomic absorption spec-
troscopy.

Overnight cultures of single colonies were used to inoculate 25 mL 2YT medium

supplemented with 100 pg mL~! ampicillin and 30 pgmL~" at an ODggg of 0.1.
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Cultures were grown at 37°C and 180rpm. The expression of HlyA, HlyAc, HlyB
and HlyD was induced with 1mM IPTG at an ODggg of 0.6 - 0.8. EGTA respectively
CaCl, were added at this point to adjust the final calcium concentration in the culture
media. Cells were grown for 4h at 180rpm and 37°C. A 1mL aliquot was taken and
centrifuged for 5min at 14000g, 4°C each hour during growth. Cells were adjusted
with water to ODcquivatents of 0.1 and supernatant were analyzed eightfold diluted on
SDS-PAGE.

A concentration line of purified HlyA reaching from 40 pgmL~! and going down by
halving to 625 ng mL~! or HlyAc reaching from 50 pgmL~! and going down by halving
to 758 ngmL~! were loaded on each SDS-PAGE.

Gels were stained using Coomassie Brilliant Blue (CBB) staining. The expression
levels of HlyB and HlyD as well as the expression of intracellular amount of HlyA and
HlyAc were determined via Western blots using polyclonal antibodies against Hly A, HlyB
or HlyD in combination with an horseradish peroxidase (HRP)-conjugated, secondary
antibody using the ECL advance kit (GE Healthcare).

Secretion experiments data processing

The program ImageJ was used for processing and determining the SDS-PAGE band
intensity. HlyA and HlyAc bands were marked and plotted. The intensity of the band
of purified HlyA and HlyAc bands for the concentration line was used to determine the
concentration of the secreted HlyA respectively HlyAc. The slop of the plotted HlyA
and HlyAc amount represents the amount of secreted HlyA or HlyAc per time. This
amount can be divided by the growth factor of the cells in their exponential growing
phase. The quotient represents the amount of secreted HlyA or HlyAc per time and cell
and can transformed by the amount of T1SS per cell and the length of HlyA or HlyAc

to amino acids per sec and T1SS.

Determining the amount of T1SS by HlyB western blot

Cells from the secretion experiments with HlyA or HlyAc were used. Cell from the
1 mL aliquot adjusted with water to OD¢quivaients of 0.1 and 2h after induction of HlyB
and HlyD were analyzed via Western blots as described above. A concentration line of
purified HlyB reaching from 9 pgmL~! and going down by halving to 144 ng mL~! was
loaded on the western blot.

Western blots were analyzed using the program ImageJ. The HlyB bands were
marked and plotted. The intensity of purified HlyB bands for the concentration line
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were used to determine the concentration of expressed HlyB by the cells. The amount
was divided by the cell count. We end up with the amount of HlyB per cell. Dividing
by half gives the total number of T1SS per cell.

Purification of HlyA, HlyAc and HlyB for regression curves

Purification of HlyA and HlyAc were carried out as previously described [Lecher et al.,
2012, Thomas et al., 2014].

HlyB purification will be identically described and published in Reimann et al. 2015
(under revision). E. coli BL21 (DE3) was transformed with pBADHIyB and exposed
on selective agar plates containing 100 pgmL~! ampicillin. An overnight culture was
inoculated with a single E. coli colony and incubated for 16 h at 37°C and vigorously
shaking at 200rpm. A main culture with selective 2YT medium was inoculated from
the overnight culture and grown to an ODggp of 4.0 before expression was started by
adding 10 mM arabinose. After 2h of protein expression, cells were harvested by cen-
trifugation and resuspended in buffer A (25 mM NaHsPOy4, 100 mMm KCl, 20 % glycerol,
pH 8). Bacteria were disrupted by a cell disrupter (Constant Systems) at 2.5kbar. Ho-
mogenisate was centrifuged at 12000g and the supernatant was centrifuged again at
120000g. The pellet containing cell membranes was resuspended in buffer A, solubi-
lized with 1% Fos Cholin 14 at 4 °C for 1 h and centrifuged again at 120 000 g for 30 min.
The supernatant was loaded on a metal ion affinity chromatography (IMAC) column
(5mL HiTrap Chelating HP column, GE Healthcare, loaded with ZnSO4) and washed
with buffer A, including 0.02 % lauryl maltose neopentyl glycol (LMNG). Unspecifically
bound protein was removed by washing with buffer A including 40 mM histidine and
HlyB was eluted with buffer A including 150 mM histidine. HlyB containing fractions
were pooled and concentrated by ultrafiltration using an Amicon Ultra Centrifugal Fil-
terunit (100,000 MWCO, Merck Millipore). To increase protein purity and to change
the buffer, a size exclusion chromatography was performed using a Superdex 200 10/300
GL (GE Healthcare) using buffer B (10mM CAPS, 20% glycerol, pH 10.4) including
0.02 % LMNG. HlyB containing fractions were flash-frozen in liquid nitrogen and stored
at —80 °C until further use.

Acknowledgment

We would like to thank Iris Fey, Protein Production Facility, Heinrich-Heine-Universitaet,

for technical support. We thank Sven Reimann, Sandra Peherstorfer and Kerstin Kanonen-



3.6. Chapter VI 197

berg for providing us with the purified proteins HlyB, HlyA and HlyAc. We thank all
members of the Institute of Biochemistry, Heinrich-Heine-Universitaet Diisseldorf, for
helpful and very fruitful discussions. We gratefully acknowledge support (and training)
from the International NRW Research School BioStruct, granted by the Ministry of
Innovation, Science and Research of the State North Rhine-Westphalia, the Heinrich-
Heine-Universitaet Duesseldorf, and the Entrepreneur Foundation at the Heinrich-Heine-

Universitaet of Duesseldorf.

References

[Bakkes et al., 2010] Bakkes, P. J., Jenewein, S., Smits, S. H. J., Holland, I. B. and
Schmitt, L. (2010). The rate of folding dictates substrate secretion by the Escherichia
coli hemolysin type 1 secretion system. J Biol Chem 285, 40573-80.

[Delepelaire, 2004] Delepelaire, P. (2004). Type I secretion in gram-negative bacteria.
Biochim Biophys Acta 1694, 149-61.

[Dong et al., 2004] Dong, X., Stothard, P., Forsythe, I. J. and Wishart, D. S. (2004).
PlasMapper: a web server for drawing and auto-annotating plasmid maps. Nucleic
Acids Res 32, W660-4.

[Evdokimov et al., 2006] Evdokimov, A. G., Pokross, M. E., Egorov, N. S., Zaraisky,
A. G., Yampolsky, I. V., Merzlyak, E. M., Shkoporov, A. N., Sander, 1., Lukyanov,
K. A. and Chudakov, D. M. (2006). Structural basis for the fast maturation of Arthro-
poda green fluorescent protein. EMBO Rep 7, 1006—-12.

[Famulla, 2007] Famulla, S. (2007). Analyse der periplasmatischen Doméne des Mem-

branfusionsproteins HlyD. Heinrich Heine Universitat Diisseldorf Diploma thesis.

[Ghigo and Wandersman, 1994] Ghigo, J. M. and Wandersman, C. (1994). A carboxyl-
terminal four-amino acid motif is required for secretion of the metalloprotease PrtG

through the Erwinia chrysanthemi protease secretion pathway. J Biol Chem 269,
8979-85.

[Gray et al., 1986] Gray, L., Mackman, N., Nicaud, J. M. and Holland, I. B. (1986). The
carboxy-terminal region of haemolysin 2001 is required for secretion of the toxin from
Escherichia coli. Mol Gen Genet 205, 127-33.



198 3. Publications

[Hinsa et al., 2003] Hinsa, S. M., Espinosa-Urgel, M., Ramos, J. L. and O’Toole, G. A.
(2003). Transition from reversible to irreversible attachment during biofilm forma-
tion by Pseudomonas fluorescens WCS365 requires an ABC transporter and a large
secreted protein. Mol Microbiol 49, 905-18.

[Hussmann, 2013] Hussmann, L. (2013). Charakterisierung des Memrbanfusionproteins

Hémolysin D. Heinrich Heine Universitit Diisseldorf Bachelor thesis.

[Jarchau et al., 1994] Jarchau, T., Chakraborty, T., Garcia, F. and Goebel, W. (1994).
Selection for transport competence of C-terminal polypeptides derived from Es-
cherichia coli hemolysin: the shortest peptide capable of autonomous HlyB/HlyD-
dependent secretion comprises the C-terminal 62 amino acids of HlyA. Mol Gen
Genet 245, 53-60.

[Jones et al., 1999] Jones, H. E., Holland, I. B., Baker, H. L. and Campbell, A. K.
(1999). Slow changes in cytosolic free Ca2+ in Escherichia coli highlight two putative
influx mechanisms in response to changes in extracellular calcium. Cell Calcium 25,
265-74.

[Kenny et al., 1994] Kenny, B., Chervaux, C. and Holland, I. B. (1994). Evidence that
residues -15 to -46 of the haemolysin secretion signal are involved in early steps in

secretion, leading to recognition of the translocator. Mol Microbiol 11, 99-109.

[Koronakis et al., 1991] Koronakis, V., Hughes, C. and Koronakis, E. (1991). Energet-
ically distinct early and late stages of HlyB/HlyD-dependent secretion across both
Escherichia coli membranes. EMBO J 10, 3263-72.

[Koronakis et al., 1989] Koronakis, V., Koronakis, E. and Hughes, C. (1989). Isolation
and analysis of the C-terminal signal directing export of Escherichia coli hemolysin
protein across both bacterial membranes. EMBO J 8, 595-605.

[Lecher et al., 2012] Lecher, J., Schwarz, C. K. W., Stoldt, M., Smits, S. H. J., Willbold,
D. and Schmitt, L. (2012). An RTX transporter tethers its unfolded substrate during

secretion via a unique N-terminal domain. Structure 20, 1778-87.

[Lenders et al., 2013] Lenders, M. H. H., Reimann, S., Smits, S. H. J. and Schmitt, L.
(2013). Molecular insights into type I secretion systems. Biol Chem 394, 1371-84.

[Lenders et al., 2015] Lenders, M. H. H., Weidtkamp-Peters, S., Kleinschrodt, D.,
Jaeger, K.-E., Smits, S. H. J. and Schmitt, L. (2015). Directionality of substrate
translocation of the hemolysin A Type I secretion system. Sci Rep 5, 12470.



3.6. Chapter VI 199

[Létoffé et al., 1996] Létofté, S., Delepelaire, P. and Wandersman, C. (1996). Protein se-
cretion in gram-negative bacteria: assembly of the three components of ABC protein-
mediated exporters is ordered and promoted by substrate binding. EMBO J 15,
5804-11.

[Létoffé et al., 1994] Létoffé, S., Ghigo, J. M. and Wandersman, C. (1994). Secretion
of the Serratia marcescens HasA protein by an ABC transporter. J Bacteriol 176,
5372-7.

[Linhartové et al., 2010] Linhartovd, I., Bumba, L., Masin, J., Basler, M., Osicka, R.,
Kamanova, J., Prochazkova, K., Adkins, 1., Hejnova-Holubova, J., Sadilkova, L.,
Morova, J. and Sebo, P. (2010). RTX proteins: a highly diverse family secreted by a
common mechanism. FEMS Microbiol Rev 34, 1076-112.

[Nicaud et al., 1986] Nicaud, J. M., Mackman, N., Gray, L. and Holland, I. B. (1986).
The C-terminal, 23 kDa peptide of E. coli haemolysin 2001 contains all the information
necessary for its secretion by the haemolysin (Hly) export machinery. FEBS Lett 20/,
331-5.

[Omori et al., 2001] Omori, K., Idei, A. and Akatsuka, H. (2001). Serratia ATP-binding
cassette protein exporter, Lip, recognizes a protein region upstream of the C terminus
for specific secretion. J Biol Chem 276, 27111-9.

[Radics et al., 2014] Radics, J., Konigsmaier, L. and Marlovits, T. C. (2014). Structure
of a pathogenic type 3 secretion system in action. Nat Struct Mol Biol 21, 82-7.

[Renn, 2013] Renn, A. (2013). Analyse des Membranfusionsproteins HlyD. Heinrich

Heine Universitat Diisseldorf Bachelor thesis.

[Rhodes et al., 2001] Rhodes, C. R., Gray, M. C., Watson, J. M., Muratore, T. L., Kim,
S. B., Hewlett, E. L. and Grisham, C. M. (2001). Structural consequences of divalent
metal binding by the adenylyl cyclase toxin of Bordetella pertussis. Arch Biochem
Biophys 395, 169-76.

[Richter, 2012] Richter, D. (2012). Analyse der Interaktionspartner von HlyD. Heinrich

Heine Universitat Disseldorf Bachelor thesis.

[Robson et al., 2009] Robson, A., Gold, V. A. M., Hodson, S., Clarke, A. R. and
Collinson, I. (2009). Energy transduction in protein transport and the ATP hydrolytic
cycle of SecA. Proc Natl Acad Sci U S A 106, 5111-6.



200 3. Publications

[Rose et al., 1995] Rose, T., Sebo, P., Bellalou, J. and Ladant, D. (1995). Interaction of
calcium with Bordetella pertussis adenylate cyclase toxin. Characterization of multiple
calcium-binding sites and calcium-induced conformational changes. J Biol Chem 270,
26370-6.

[Schlumberger et al., 2005] Schlumberger, M. C., Miiller, A. J., Ehrbar, K., Winnen, B.,
Duss, I., Stecher, B. and Hardt, W.-D. (2005). Real-time imaging of type III secretion:
Salmonella SipA injection into host cells. Proc Natl Acad Sci U S A 102, 12548-53.

[Schwarz et al., 2012] Schwarz, C. K. W., Landsberg, C. D., Lenders, M. H. H., Smits,
S. H. J. and Schmitt, L. (2012). Using an E. coli Type 1 secretion system to secrete
the mammalian, intracellular protein IFABP in its active form. J Biotechnol 159,
155-61.

[Sebo and Ladant, 1993] Sebo, P. and Ladant, D. (1993). Repeat sequences in the Bor-
detella pertussis adenylate cyclase toxin can be recognized as alternative carboxy-
proximal secretion signals by the Escherichia coli alpha-haemolysin translocator. Mol
Microbiol 9, 999-10009.

[Stanley et al., 1991] Stanley, P., Koronakis, V. and Hughes, C. (1991). Mutational
analysis supports a role for multiple structural features in the C-terminal secretion
signal of Escherichia coli haemolysin. Mol Microbiol 5, 2391-403.

[Thanabalu et al., 1998] Thanabalu, T., Koronakis, E., Hughes, C. and Koronakis, V.
(1998). Substrate-induced assembly of a contiguous channel for protein export from

E.coli: reversible bridging of an inner-membrane translocase to an outer membrane

exit pore. EMBO J 17, 6487-96.

[Thomas et al., 2014] Thomas, S., Bakkes, P. J., Smits, S. H. J. and Schmitt, L. (2014).
Equilibrium folding of pro-HlyA from Escherichia coli reveals a stable calcium ion
dependent folding intermediate. Biochim Biophys Acta 1844, 1500-10.

[Zaitseva et al., 2005] Zaitseva, J., Jenewein, S., Jumpertz, T., Holland, I. B. and
Schmitt, L. (2005). H662 is the linchpin of ATP hydrolysis in the nucleotide-binding
domain of the ABC transporter HlyB. EMBO J 24, 1901-10.



3.6. Chapter VI 201
Supplementary
Table 1: Number of T1SS
Transporter
by fluorometry 3170
5840
by western blot 6010
5075
Mean 5024 + 1301
Table 2: Values for HlyAc transport rate calculation
with different calcium concentration
Condition # Secreted HlyAc after Secreted HlyAc Cell growth Rate
2h [mol] 4h [mol] [mol min—!] [cellsmin™!] [T1SS~!s7!]
0.00 mM 1 54x107" 7.0x1071! 4.8 x 10713 1.23 x 107 17.0 aa
CaCl, 2 47x107" 44 x1071 4.4 x 10713 1.15 x 107 18.8 aa
3 3.7x1071 45x1071 2.8 x 10713 1.17 x 107 10.7 aa
0.05 mM 1 50x107" 6.5x 10711 5.5 x 10713 1.45 x 107 16.6 aa
CaCly 2 40x107" 56x1071  46x10713 1.53 x 107 13.0aa
3 36x107" 46x107H 5.2 x 10713 1.53 x 107 14.9 aa
0.10 mMm 1 44x107" 6.9x1071! 5.7 x 10713 1.47 x 107 17.0 aa
CaCl, 2 43x107"M 6.2x 1071 5.0 x 10713 1.45 x 107 15.2aa
3 49x1071 71x107H 5.2 x 10713 1.39 x 107 16.2 aa
0.15 mM 1 39x107" 55x1071 5.3x 10713 1.43 x 107 16.1aa
CaCly 2 43x107" 1.0x1071%  50x10°13 1.48 x 107 14.9 aa
3 34x107" 88x107H 4.6 x 10713 1.48 x 107 13.5aa
0.25 mM 1 47x107" 1.1x10719  55x10713 1.49 x 107 16.0 aa
CaCly 2 6.0x107" 1.2x10710 5.8 x 10713 1.49 x 107 16.9 aa
3 60x107" 1.1x1071  49x107" 1.49 x 107 14.4 aa
0.45 mM 1 41x107" 95x 1071 3.8 x 10713 1.52 x 107 10.9aa
CaCly 2 3.6x1071 84x1071 42x10713 1.51 x 107 12.2aa
3 27x107" 80x107H 4.0 x 10713 1.51 x 107 11.5aa
0.65 mM 1 54x107" 13x10719  6.7x10713 1.61 x 107 18.3aa
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CaCly 2 38x107"M 1.0x1071%  56x10°13 1.44 x 107 16.9 aa
5.00 mM 1 44x107" 1.1x10710 5.3x 10713 1.45 x 107 16.0 aa
CaCly 2 37x107"M 96x1071  49x10713 1.41 x 107 15.4 aa

3 44x107" 98x107H 4.9 x 10713 1.41 x 107 15.1aa

Table 3: Values for HlyA transport rate calculation
with different calcium concentration
Condition # Secreted HlyA after Secreted HlyA  Cell growth Rate
2h [mol] 4 [mol] [molmin=!]  [cellsmin™!] [T1SS~!'s71]

0.00 mMm 1 52x1072 99x10712 81x10!4 9.80 x 108 16.9 aa
CaCly 2 44x107"2 80x1071?2 68x10"M 1.03 x 107 13.6 aa
0.05 mM 1 68x10712 1.7x107"  91x10"!4 1.11 x 107 16.8 aa
CaCl, 2 64x107"2 1.7x107'  91x10"™ 1.24 x 107 15.1aa

3 6.1x1072 1.6x107"  86x1071 1.31 x 107 13.4 aa
0.10 mM 1 55x10712 1.8x107"  96x10714 1.38 x 107 14.2 aa
CaCly 2 55x10712 21x1071  91x10°™ 1.38 x 107 13.5aa
0.15mM 1 96x10712 28x107" 15x10713 1.95 x 107 15.4aa
CaCly 2 75x10712 20x1071  1.1x10°13 1.84 x 107 11.8aa
0.25 mM 1 63x10712 20x107"  1.1x10713 1.56 x 107 14.4 aa
CaCly 2 51x1072 21x107  85x107™ 1.45 x 107 11.9aa

3 65x1072 1.9x107"  98x10714 1.58 x 107 12.7 aa
0.45 mM 1 79x10712 21x107"  1.1x10°13 1.49 x 107 14.9 aa
CaCly 2 72x10712 22x1071  1.1x10°%3 1.71 x 107 13.7aa

3 74x1072 1.7x107"  89x107 1.50 x 107 12.2aa
0.65 mM 1 58x10712 18x107"" 96x10714 1.36 x 107 14.4 aa
CaCl, 2 61x1072 21x1071  1.1x10713 1.59 x 107 14.6 aa

3 82x10712 23x10°1  12x10713 1.37 x 107 17.6 aa
5.00 mM 1 96x1072 25x107  1.3x10713 2.01 x 107 13.0aa
CaCly 2 97x107"2 24x107" 127 x1071  2.04 x 107 12.7 aa

3 93x107"2 25x107"  1.3x10713 2.04 x 107 12.9aa
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Table 4: Primers used in this study

Name Sequence

H662A-5for-B-NBD  5-CGGTTATAATCATTGCTGCGCGTCTGTCTACAGTAA-3’
H662A-3rev-B-NBD  5-TTACTGTAGACAGACGCGCAGCAATGATTATAACCG-3’

Table 5: Plasmids used in this study

Name Description Referenz

pK184-HlyB Plasmid encoding hlyB and hlyD [Bakkes et al., 2010]
pK184-HlyB-H662A-HlyD Plasmid pK184-HlyB with a base pair This study
substitution to generate hlyB-H662A
via site-directed mutagenesis; encodes

for hlyB-H662A and hlyD

pSU-hiyA Plasmid encoding hlyA [Thomas et al., 2014]

pSU-hiyA1 Plasmid encoding hlyAc [Lecher et al., 2012]

pSOI-eGFP-HlyAc Plasmid encoding eGFP-hlyAc [Lenders et al., 2015]
[

pSOI-eGFP-Hly A Plasmid encoding eGFP-hlyA Lenders et al., 2015]
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Figure 1: Cy3 fluorescence regression curve for free secondary antibody. Shown

is the determined Cy3 fluorescence in CPSpA~! depending on the amount of applied
antibody in mol.
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Figure 2: Integrated area respectively integral density of the HlyB western
blot signals for purified HlyB. Shown is the integral density of the HlyB western
blot signals depending on the amount of purified HlyB in mol.
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Secretion HIyA Secretion HIyAl
Secretion: X Secretion: 3
(cells) CaCl, concentration [mM] (cells) CaCl, concentration [mM]
M (kDa) 0.0 0.05 0.1 0.25 0.45 0.65 M (kDa) 0.0 0.05 0.1 0.25 0.45 0.65
43— 3
170 -
130- 4=
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Figure 3: Western blot analysis of total cells content after 2h of secretion rate
analyst cells for different Ca’' concentration. HlyA respectively HlyAc, HlyB
and HlyD are only present if the corresponding promotors were induced and their total
amount is equal during expression and secretion with different Ca’t concentration.
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Figure 4: Plasmid map pK184-HlyBD. The map was created using the PlasMapper
web server [Dong et al., 2004].
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Figure 5: Secretion level of HlyA in presence of different extracellular Ca?*

concentration.

SDS-PAGE analysis of the HlyA secretion level in the culture su-

pernatant over a four-hour time period. Upper SDS-PAGE represent the concentration
series of purified HlyA. The used amounts are mentioned above the gel. Middle and lower
SDS-PAGEs show the HIyA secretion level after every hour. Different extracellular Ca?*
concentration are highlighted above the gels. Bar diagrams below the SGS-PAGEs show
the relative intensity of the SDS-PAGE bands. Bands are normalized on the highest
mean value of secreted HlyA after 4 h secretion time. Error bars represent the standard

deviation.
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Figure 6: Secretion level of HlyAc in presence of different extracellular Ca?*
concentration. SDS-PAGE analysis of the HlyAc secretion level in the culture su-
pernatant over a four-hour time period. Upper SDS-PAGE represent the concentration
series of purified HlyAc. The used amounts are mentioned above the gel. Middle and
lower SDS-PAGEs show the HlyAc secretion level after every hour. Different extra-
cellular Ca?* concentration are highlighted above the gels. Bar diagrams below the
SGS-PAGEs show the relative intensity of the SDS-PAGE bands. Bands are normal-

ized on the highest mean value of secreted HlyAc after 4h secretion time. Error bars
represent the standard deviation.
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Characterization of the membrane fusion protein HlyD
Michael H.H. Lenders, Sander H.J. Smits and Lutz Schmitt*

Institute of Biochemistry, Heinrich-Heine-Universitét,
40225 Diisseldorf, Germany

Abstract

Type I secretion system (T1SS) consists of an ABC transporter and a membrane
fusion protein (MFP). The ABC transporter HlyB secretes the 110kDa toxin HlyA
in one step from the cytoplasm directly into the extracellular space. To achieve this
a complex with the MFP HlyD and the outer membrane protein TolC is formed.
HlyD is a single-spanning membrane protein. The N-terminal 62 residues are located
in the cytosol which adopt an unknown function and a single a-helix predicted to
contain twenty amino acids spans the inner membrane. The remaining 396 residues
reside in the periplasmic space forming a domain, which closes the gap between
TolC and HlyB. So far, no structural information of HlyD is known. The oligomeric
state of HlyD is currently unknown but thought to be hexameric, which bridges a
dimeric HlyB with the trimeric TolC. To answer these questions, different tagged and
untagged protein variants were designed and purification strategies were established.
We are able to purify high homogeneous amounts of full-length HlyD and of the
periplasmic HlyD fragment, which show monomeric and oligomeric states in solution.
Blue native PAGE and multi angle light scattering indicate a trimer as well as a

hexamer. Further, initial crystalisation trails were tested.

*To whom correspondence should be addressed: Lutz.Schmitt@hhu.de,
Tel. +49 211 81-10773, Fax +49 211 81-15310, Universitatsstrafle 1, 40225 Diisseldorf, Germany
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Introduction

Bacterial type I secretion system (T1SS) allow the transport of a broad range of substrate
from the cytoplasm into the extracellular space [Delepelaire, 2004]. The transport of the
substrate occurs unfolded without any periplasmic intermediate [Thanassi and Hultgren,
2000, Debarbieux and Wandersman, 2001, Bakkes et al., 2010, Schwarz et al., 2012].

A prominent example for an Escherichia coli T1SS is the hemolysin A (HlyA) se-
cretion system. It consist of three different kinds of membrane proteins that build up a
continuous channel across both membranes to allow translocation of the 110 kDa toxin
HlyA. The inner membrane localized ABC transporter hemolysin B (HlyB) recognizes
the substrate and enables secretion whereas the outer membrane protein (OMP) TolC
builds a pore through the outer membrane [Thanabalu et al., 1998, Koronakis et al.,
2000, Benabdelhak et al., 2003]. The periplasmic gap between both proteins is bridged
by the membrane fusion protein (MFP) hemolysin D (HlyD) that is essential for recruit-
ing the whole HlyA T1SS [Thanabalu et al., 1998]. Further, HlyD is involved in substrate
recognition, coupled with TolC recruitment [Thanabalu et al., 1998, Balakrishnan et al.,
2001].

The structure of HlyD is unknown. Hydrophilicity plots indicate a single transmem-
brane helix between amino acids 60 to 79 [Johnson and Church, 1999, Zgurskaya et al.,
2009]. The small cytosolic domain (first 59 amino acids) is involved in substrate recog-
nition and essential for TolC recruitment [Balakrishnan et al., 2001] whereas the large
periplasmic domain (amino acids 80 to 478) is important for direct TolC interaction and
the proper secretion of HlyA [Pimenta et al., 2005, Lee et al., 2012]. Crystal structures
of other MFPs that are involved in resistance-nodulation-division (RND) efflux pumps
[Higgins et al., 2004, Yum et al., 2009, Su et al., 2009, Akama et al., 2004] indicate
that the periplasmic part of the proteins harbors two highly conserved lipoyl half-motifs
that are connected by an a-helical domain with an a-hairpin [Johnson and Church,
1999, Zgurskaya et al., 2009]. This a-helical domain can vary in size from 20 A in case of
CusB to 127 A for EmrA [Su et al., 2009, Hinchliffe et al., 2014]. Biochemical studies of
this proteins show that they drive only OMP recruitment but are not mediating direct
substrate interaction like HlyD [Balakrishnan et al., 2001, Kim et al., 2010, Xu et al.,
2010].

The oligomeric state of MFPs differs dramatically in different secretion systems
[Tikhonova et al., 2009]. In case of AcrA, a hexameric state could be determined as
the active protein conformation [Xu et al., 2011] whereas a trimer is assumed to be the

active state for EmrA [Borges-Walmsley et al., 2003]. For HlyD, dimers and trimers
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could be detected [Thanabalu et al., 1998]. Nevertheless, the crystal structure for the
HlyB NBDs show a dimer whereas TolC is characterized as a trimer [Koronakis et al.,
2000, Zaitseva et al., 2006]. A hexameric state of HlyD could bridge both proteins.

For that purpose, the structure of HlyD could answer the questions how HlyD-HlyA
interaction mediates TolC recruitment, how the periplasmic part of the MFP interacts
with the OMP and HlyA during secretion and how HlyD manage to bridge HlyB and

TolC. We tired to crystallized HlyD and perform cross-linking to answer this questions.

Results

Purification of HlyD-His

Many structures of MFPs could be solved during the last years [Akama et al., 2004,
Higgins et al., 2004, Su et al., 2009, Yum et al., 2009]. Nevertheless, the structures of
MFPs that are involved in T1SS and that are important for substrate recognition and
OMP recruitment are unknown [Thanabalu et al., 1998, Balakrishnan et al., 2001]. For
that purpose, initial trials for purifying HlyD with an affinity tag were done and will be
described in more detail.

The HlyB and HlyD producing pK184 plasmid was transformed to E. coli BL21
(DE3) cells. The Py, promoter controlled production of HlyB and HlyD was induced
by IPTG. HlyD harbors a C-terminal deca-histidine-tag, which is linked to the protein
by a Xa-cleavage site (called HlyD-His). The tag allows the purification of the solu-
bilized HlyD-His out of the cell crowd extract via an immobilized metal ion affinity
chromatography (IMAC; see Figure 1a). Gradual increase of imidazole to a concentra-
tion of 500 mM resulted in elution of HlyD-His in highly pure form. Protein purity was
confirmed by SDS-PAGE analysis with Coomassie blue staining (see Figure 1b). Eluate
was concentrated with an Amicon Ultracentrifugation unit and underwent a gel filtration
to remove imidazole and to determine the homogeneity of the protein. Size exclusion
chromatography of HlyD-His highlighted that the protein is very inhomogeneous and
aggregating (see Figure lc P1) during concentration respectively during gel filtration
(see Figure 1c). SDS-PAGE analysis confirm that all protein peaks and shoulders of
the gel filtration represent HlyD-His (see Figure 1d). Detergent switch during IMAC or
alternative detergent usage during solubilization did not result in a homogeneous HlyD-
His gel filtration distribution [Richter, 2012]. Further, the usage of a HlyD construct
with N-terminal localized histidine-tag did not increase the homogeneity and stability
of the protein [Richter, 2012].
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Figure 1: Purification of HlyD-His

(a) IMAC of HlyD-His with a 1 mL HiTrap”™ Chelating HP column loaded with Zn?".
Left ordinate represents the UV absorbance (black graph) whereas the right ordinate
show the changes in elution buffer concentration (green graph). Different peaks are
abbreviated as follows: FT, flow through; W, wash fraction; E1, elution peak 1; E2,
elution peak 2. (b) SDS- PAGE analysis (with Coomassie blue staining) of the HlyD-
His IMAC from (a). Different lanes represent the different peaks of (a) using the same
abbreviations. Load is abbreviated with L. HlyD-His is indicated by an arrow on the
right site. (c) Gel filtration of concentrated IMAC eluate E2 with a Superdex”™ 200
HR 10/30 column. Different peaks are abbreviated as follows: P1, peak 1; P2, peak
2; P3, peak 3. (d) SDS- PAGE analysis (with Coomassie blue staining) of the HlyD-
His gel filtration from (c). Different lanes represent the different peaks of (c¢) with the
same abbreviations. Load of the concentrated IMAC eluate E2 is abbreviated with L.
HlyD-His is indicated with an arrow on the right site.

In summary, full length HlyD with its single transmembrane helix was to unstable

for crystallization usage.
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Purification of HisTEV-HlyD-80-478

Most of the crystallized MFEPs consisting only of a periplasmic domain that is anchored
to the inner membrane by an uncleavable signal peptide or by a lipid moiety [Lewis,
2000, Putman et al., 2000, Yum et al., 2009]. None of them is crystallized with a
transmembrane helix.

According to this, we create a HlyD construct laking the first 79 amino acids. This
sequence includes the cytoplasmic domain of HlyD as well as its proposed transmembrane
helix. The new construct harbors a N-terminal hexa-histidine-tag followed by a TEV
protease cleavage site and the HlyD amino acids 80 to 478 (called HisTEV-HlyD-80-
478). The protein was soluble expressed in E. coli BL21 (DE3) cells and could be
isolated using its affinity tag by IMAC out of the cell extract (see Figure 2a). Further,
the protein was eluted via an imidazole gradient up to 500 mM. SDS-PAGE analysis with
Coomassie blue staining confirmed that HisTEV-HlyD-80-478 was pure and showed no
contamination (see Figure 2b). Concentrating of the IMAC eluate was only possible
to a concentration of 4mgmL~'. Higher concentration results in protein aggregation.
Gel filtration chromatography highlighted that most of the loaded protein eluted in the
void volume at 8 mL and in two distinct peaks (labeled with P1 and P2; see Figure 2c).
The molecular mass of the proteins of the elution peaks could not be determined but
SDS-Page analysis confirm that both peaks contained pure HisTEV-HlyD-80-478 (see
Figure 2d). The eluate of the gel filtration was unstable and could not be concentrated

to sufficient amounts for crystallization.

Purification of HlyD-80-478

The previous chapter showed that the periplasmic part of HlyD with a N-terminal tag
was not stable enough for concentrating and for crystallization. According to this, we
created a tag-free version of the periplasmic part of HlyD (called HlyD-80-478) and
purified it out of inclusion bodies to get a more native protein version [Famulla, 2007].
HlyD-80-478 could be purified out of inclusion bodies in high yields. The isolated
protein is pure and natively foldable. HlyD-80-478 could be isolated from contamination
by ion exchange (see Figure 3a) and eluted from the affinity column via a salt gradient
up to 500 mM NaCl. SDS-PAGE analysis with Coomassie blue staining confirmed the
protein purity (see Figure 3b). Eluate could be concentrated up to 30 mgmL ™!,
Size-exclusion chromatography coupled with MALS analysis indicate a single homo-
geneous protein species with a molecular mass of 44 + 0.9kDa that fits to the theo-
retical mass of 45 kDa of HlyD-80-478 (see Figure 3c). SDS-Page analysis confirm that
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Figure 2: Purification of HisTEV-HlyD-80-478

(a) IMAC of HisTEV-HlyD-80-478 with a 1 mL HiTrap”® Chelating HP column loaded
with Zn?". Left ordinate represents the UV absorbance (black graph) whereas the
right ordinate show the changes in elution buffer concentration (green graph). Different
peaks are abbreviated as follows: FT, flow through; E, elution peak. (b) SDS- PAGE
analysis (with Coomassie blue staining) of the HisTEV-HlyD-80-478 IMAC from (a).
Different lanes represent the different peaks of (a) with the same abbreviations. Load
is abbreviated with L. HisTEV-HlyD-80-478 is indicated with an arrow on the right
site. (c) Gel filtration of concentrated IMAC eluate with a Superdex’™ 200 HR 10/30
column. Different peaks are abbreviated as follows: P1, peak 1; P2, peak 2. (d) SDS-
PAGE analysis (with Coomassie blue staining) of the HisTEV-HlyD-80-478 gel filtration
from (c). Different lanes represent the different peaks of (c¢) with the same abbreviations.
Load of the concentrated IMAC eluate is abbreviated with L. HisTEV-HlyD-80-478 is
indicated with an arrow on the right site.

the size-exclusion chromatography peak contained pure HlyD-80-478 (see Figure 3d).
To confirm that refolded HlyD-80-478 had the same secondary structure like soluble
expressed HisTEV-HlyD-80-478, circular dichroism (CD) spectroscopy of both variants
were performed. Figure 4 highlights that the secondary structures of both molecules

are nearly identical and that refolded HlyD-80-478 can use for crystallization of a native
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Figure 3: Purification of HlyD-80-478

(a) Ion exchange of HlyD-80-478 with a 5mL HiTrap’™ Q HP column. Left ordinate
represents the UV absorbance (black graph) whereas the right ordinate show the changes
in elution buffer concentration (green graph). Different peaks are abbreviated as follows:
FT, flow through; E, elution peak. (b) SDS- PAGE analysis (with Coomassie blue stain-
ing) of the HlyD-80-478 ion exchange from (a). Different lanes represent the different
peaks of (a) with the same abbreviations. Load is abbreviated with L. HlyD-80-478 is
indicated with an arrow on the right site. (c) Gel filtration of non concentrated ion
exchange eluate in combination with MALS analysis with a Superdex”™ 200 HR 10/30
column. Left ordinate represents the relative signal intensity (black graph) whereas the
right ordinate show the calculated molecular mass (red dotted line). Peak is abbreviated
with P. (d) SDS- PAGE analysis (with Coomassie blue staining) of the HlyD-80-478 gel
filtration from (c). Different lanes represent the load and peak of (c¢) with the same
abbreviations. Load of non concentrated ion exchange eluate is abbreviated with L.
HlyD-80-478 is indicated with an arrow on the right site.

periplasmic protein fragment.

Size-exclusion chromatography and MALS analysis showed that HlyD-80-478 is a
homogeneous monomer. Additionally, a blue native PAGE of HlyD-80-478 was per-
formed. The PAGE indicate that HlyD-80-478 occupied also different oligomeric states



3.7. Chapter VII

217

1.0,

o
l

220 260

rel. intensity
=]
L\O

wayelength [nm]

o
o

-1.04

Figure 4: CD spectra of HlyD-80-478
Shown are the CD spectra of HisTEV-
HlyD-80-478 purified out of the cytoplasm
(black broken graph) and of refolded HlyD-
80-478 purified from inclusion bodies (blue
unbroken graph). Congruent graphs reveal
an identical secondary structure of both
constructs.
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Figure 5: Blue native PAGE of differ-
ent concentrated HlyD-80-478

Shown is a blue native PAGE of different
concentrated HlyD-80-478 purified from in-
clusion bodies. Proposed concentration in-
duced oligomeric states of HlyD-80-478 are
labeled on the right site.

in solution (see Figure 5). Two higher states are preferred and this states seems to be
concentration dependent. Concentration dependency of this states could be shown by
lowering the protein concentration, which resulted in disappearing of the corresponding
blue native PAGE bands by deceed a specific concentration.

Purified HlyD-80-478 was used for crystallization trials (see Table 1). Unfortunately,

the trials did not provide any usable crystallization condition.

Table 1: Crystallization trials for HlyD-80-478

Screen Protein Protein conc. Drop Temp. Time Hits
buffer [mg mL~!] L]  [°C] [d]
Mol. Dimensions 150 mM NaCl, 5, 10 1.0 4 300 0
MIDAS 20 mM Tris/HCI, 12
pH 7.5 25
Mol. Dimensions 150 mm NaCl, 5, 10 1.0 4 300 0
MemGold 20 mm Tris/HCI, 12
pH 7.5 25
Mol. Dimensions 150 mm NaCl, 5, 10 1.0 4 300 0
MemGold2 20 mm Tris/HCI, 12
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pH 7.5 25
NeXtal 150 mM NaCl, 5, 10 1.0 4 300 0
Classics Suite 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal 150mmM NaCl, 5, 10 1.0 4 300 0
Classics IT Suite  20mw™ Tris/HCI, 12

pH 7.5 25
NeXtal 150mmM NaCl, 5, 10 1.0 4 300 0
ComPAS Suite 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal 150mmM NaCl, 5, 10 1.0 4 300 0
Cryos Suite 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal JCSG 150 mm NaCl, 5, 10 1.0 4 300 0
Core Suite I 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal JCSG 150 mM NaCl, 5, 10, 20 0.2 4 300 0
Core Suite I 20 mm Tris/HCI, 12

20 % Glycerol,

pH 7.5
NeXtal JCSG 150mmM NaCl, 5, 10 1.0 4 300 0
Core Suite II 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal JCSG 150mmM NaCl, 5, 10 1.0 4 300 0
Core Suite III 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal JCSG 150 mm NaCl, 5, 10 1.0 4 300 0
Core Suite IV 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal 150 mm NaCl, 5, 10 1.0 4 300 0
MPD Suite 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal 150 mM NaCl, 5, 10 1.0 4 300 0
PACT Suite 20 mM Tris/HCI, 12

pH 7.5 25
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NeXtal 150mM NaCl, 5, 10 1.0 4 300 0
PEGs Suite 20 mM Tris/HCI, 12

pH 7.5 25
NeXtal 150 mM NaCl, 5, 10 1.0 4 300 0
PEGs II Suite 20 mM Tris/HCI, 12

pH 7.5 25
Protein 150 mM NaCl, 5, 10 1.0 4 300 0
Complex Suite 20 mM Tris/HCI, 12

pH 7.5 25

Identifying HlyD-80-453 and HlyD-80-458

Due to the fact that crystallization trials of purified HlyD-80-478 did not result in
diffracting protein crystals, alternative constructs were designed. According to this,
a limited proteolytic trypsin digest of HlyD-80-478 was performed to identify the most
stable protein fragments. Trypsin cleaves peptide bounds after the basic amino acids
arginine and lysine which are randomly distributed in the HlyD sequence. For that
purpose, trypsin will first cleave easier accessible peptide bounds whereas the more diffi-
cult accessible fragments will be cleaved at last. The trypsin digest of HlyD-80-478 was
stopped after different time intervals and analysed via SDS-PAGE (see Figure 6). The
PAGE highlights two prominent bands that resisted trypsin digest for at least 10 min.
The first band is located close to the HlyD-80-478 band at 45 kDa and could be identified
by mass spectrometry as the HlyD-80-453 fragment whereas the other band at 30 kDa
was not analyzed (see Figure 6). We decided to crystallize the HlyD-80-453 fragment.
Furthermore, a homology model of HlyD was designed using the Phyre2 web portal
[Kelley et al., 2015]. The model base on the E. coli MacA crystal structure [Yum et al.,
2009]. 260 residues of the 478 HlyD amino acids ( 54 % of your sequence) could been
modeled and fitted with 100 % confidence to the MacA template. The model includes
amino acids 80 to 458 (see Figure 7a). According to this, a construct was designed
reaching from amino acid 80 to 458 (called HlyD-80-458). The model includes the MFP
specific B-barrel domain and the lipoyl-half motifs that are separated by the a-helical
hairpin (see Figure 7a). MacA could be crystallized as a hexamer [Yum et al., 2009].
As mentioned above, a hexameric state for HlyD is also highly likely for bridging the

dimeric and trimeric oligomerization state of HlyB and TolC. According to this, the



220 3. Publications

time [min]
M(kpa) 0 05 1 2 4 6 8 10 15

95—

72-

3= . = HlyD-80-478
— -‘—

43 !!g_-_- HIyD-80-453

34— - = =

26—

Figure 6: Limited proteolytic trypsin digest of HlyD-80-478

SDS-PAGE analysis of a limited proteolytic trypsin digest of HlyD-80-478. Different
lanes indicate the different time point after trypsin digest was stopped. Most prominent
band is labeled with HlyD-80-453. The identity was verified by MS analysis.

a

a-helical
hairpin

B-barrel

Figure 7: Homology model of the periplasmic part of HlyD

(a) Homology model was prepared by using the Phyre2 web portal [Kelley et al., 2015].
Model based on crystal structure of E. coli MacA (pdb file 3FPP) and reaches from
amino acid 80 to 458 of HlyD. Marked are the specific domains (a-helical hairpin, lipoyl
domain and -barrel domain) of MFPs (b) Alignment of the HlyD homology model on
the hexametric crystal package of MacA. Shown is the side and top view of the channel
like assembly. a-helices are indicated in cyan and (-strands in pink.

HlyD homology model was aligned to the hexameric MacA crystal structure (see Figure
7b and 7c). The a-helical domain of the periplasmic part of HlyD build a cylindrical

structure with an internal diameter of 40 A. This is broad enough to allow passage of
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unfolded or partially folded substrates.

Purification of HlyD-80-458

HlyD-80-458 could be expressed in inclusion bodies in high yields like HlyD-80-478.

Refolding was carried out as described in Methods. The isolate was pure and natively
folded.
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Figure 8: Purification of HlyD-80-458

(a) Ion exchange of HlyD-80-458 with a 5mL HiTrap’™ Q HP column. Left ordinate
represents the UV absorbance (black graph) whereas the right ordinate show the changes
in elution buffer concentration (green graph). Different peaks are abbreviated as follows:
FT, flow through; E, elution peak. (b) SDS- PAGE analysis (with Coomassie blue stain-
ing) of the HlyD-80-458 ion exchange from (a). Different lanes represent the different
peaks of (a) with the same abbreviations. Load is abbreviated with L. HlyD-80-458 is
indicated with an arrow on the right site. (c) Gel filtration of non concentrated ion
exchange eluate in combination with MALS analysis with a Superdex”™ 200 HR 10/30
column. Left ordinate represents the relative signal intensity (black graph) whereas the
right ordinate show the calculated molecular mass (red dotted line). Peak is abbreviated
with P. (d) SDS- PAGE analysis (with Coomassie blue staining) of the HlyD-80-458 gel
filtration from (c). Different lanes represent the load and peak of (c¢) with the same
abbreviations. Load of non concentrated ion exchange eluate is abbreviated with L.
HlyD-80-458 is indicated with an arrow on the right site.



222 3. Publications

Contaminations were separated from the target protein by ion exchange (see Figure
8a) and eluted from the affinity column via a salt gradient up to 500 mm NaCl. SDS-
PAGE analysis with Coomassie blue staining confirmed the protein purity (see Figure
8b). Eluate could be concentrated up to 50 mgmL~!. Size-exclusion chromatography
coupled with MALS analysis indicate a single homogeneous protein species with a molec-
ular mass of around 42 kDa that fits to the theoretical mass of 43 kDa of HlyD-80-458
(see Figure 8c). SDS-Page analysis confirm that the size-exclusion chromatography peak
contained pure HlyD-80-458 (see Figure 8d).

Size-exclusion chromatography and MALS analysis showed that HlyD-80-458 is a
homogeneous monomer. Additionally, cross-linking studies of HlyD-80-458 were per-
formed. For that purpose, HlyD-80-458 was treated with different DTBP cross-linker
concentration and visualized by SDS-PAGE (see Figure 9). The PAGE showed that even
in presents of low cross-linker different oligomeric species of HlyD-80-458 are fixed. The
trimeric oligomer seems to be favorable. A trimer could also observed in additional stud-
ies [Thanabalu et al., 1998]. Further, dimers, pentamers and hexamers are detectable

(see Figure 9).
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Figure 9: Cross-linking of HlyD-80-458
SDS-PAGE analysis of cross-linked HlyD-80-458. Different lanes indicate different con-

centration of cross-linker. Most prominent bands represent HlyD-80-458 oligomers and
are labeled on the right site.

Purified HlyD-80-458 was used for crystallization trials (see Table 2). Unfortunately,

the trials did not provide any usable crystallization condition.



3.7. Chapter VII 223
Table 2: Crystallization trials for HlyD-80-458

Screen Protein Protein conc. Drop Temp. Time Hits

buffer [mgmL~!] mL]  [°C] [d]
Mol. Dimensions 150 mM NaCl, 10, 20, 50 0.2 4 300 0
MemGold 20 mM Tris/HCI, 12

pH 9.5 25
Mol. Dimensions 150 mM NaCl, 10, 20, 50 0.2 4 300 0
MemGold2 20 mM Tris/HCI, 12

pH 9.5 25
NeXtal 150 mm NaCl, 10, 20, 50 0.2 4 300 0
Classics Suite 20mMm Tris/HCI, 12

pH 9.5 25
NeXtal JCSG 150 mm NaCl, 10, 20, 50 0.2 4 300 0
Core Suite I 20 mm Tris/HCI, 12

pH 9.5 25
NeXtal JCSG 150 mm NaCl, 10, 20 0.2 4 300 0
Core Suite I 20 mM Tris/HCI, 12

0.001 % DDM, 25

pH 9.5
NeXtal JCSG 150 mM NaCl, 10, 20 0.2 4 300 0
Core Suite I 20 mM Tris/HCI, 12

0.01 % DDM, 25

pH 9.5
NeXtal JCSG 150 mm NaCl, 10, 20 0.2 4 300 0
Core Suite I 20 mM Tris/HCI, 12

0.1% DDM, 25

pH 9.5
NeXtal 150 mm NaCl, 10, 20, 50 0.2 4 300 0
PEGs Suite 20 mM Tris/HCI, 12

pH 9.5 25
NeXtal 150 mm NaCl, 10, 20, 50 0.2 4 300 0
PEGs II Suite 20 mM Tris/HCI, 12

pH 9.5 25
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Purification of HlyD-80-453

As shown by limited proteolytic digest (see Figure 6), HlyD-80-453 could be identified
as a stable HlyD fragment.
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Figure 10: Purification of HlyD-80-453

(a) Ion exchange of HlyD-80-453 with a 5mL HiTrap’™ Q HP column. Left ordinate
represents the UV absorbance (black graph) whereas the right ordinate show the changes
in elution buffer concentration (green graph). Different peaks are abbreviated as follows:
FT, flow through; E, elution peak. (b) SDS- PAGE analysis (with Coomassie blue stain-
ing) of the HlyD-80-453 ion exchange from (a). Different lanes represent the different
peaks of (a) with the same abbreviations. Load is abbreviated with L. HlyD-80-453 is
indicated with an arrow on the right site. (¢) HPLC of concentrated ion exchange eluate
in combination with MALS analysis with a Bio SEC-5 column. Left ordinate represents
the relative signal intensity (black graph) whereas the right ordinate show the calculated
molecular mass (red dotted line) of both species. Different peaks are abbreviated as fol-
lows: P1, peak 1; P2, peak 2. (d) SDS- PAGE analysis (with Coomassie blue staining)
of the HlyD-80-453 HPLC from (c). Different lanes represent the different peaks of (c)
with the same abbreviations. Load of concentrated ion exchange eluate is abbreviated
with L. HlyD-80-453 is indicated with an arrow on the right site.
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Similar to the purification of HlyD-80-478 and HlyD-80-458, the fragment could be
expressed in inclusion bodies in high yields. The protein is separated from contam-
inations by ion exchange (see Figure 10a) and eluted from the affinity column via a
salt gradient up to 500 mM NaCl. SDS-PAGE analysis with Coomassie blue staining
confirmed the protein purity (see Figure 10b). Eluate could be concentrated up to
20mgmL~!. Size-exclusion chromatography coupled with MALS analysis indicate two
homogeneous protein species. The first one has a molecular mass of around 220 kDa
whereas the second one has a molecular mass of around 48 kDa (see Figure 10c). The
theoretical mass of HlyD-80-453 is 42kDa. Both peaks were not completely base line
separated from each other during the MALS analysis. According to this, the determined
mass of the first peak is slightly reduced by the mass of the second peak whereas the
mass of the second peak is increased by the first peak. SDS-Page analysis confirm that
both peaks contained pure HlyD-80-453 (see Figure 10d).

Purified HlyD-80-453 was used for crystallization trials (see Table 3). Unfortunately,

the trials did not provide any usable crystallization condition.

Table 3: Crystallization trials for HlyD-80-453

Screen Protein Protein conc. Drop Temp. Time Hits
buffer [mgmL~] nL]  [°C] [d]
Mol. Dimensions 150 mMm NaCl, 10, 20 0.2 12 300 0
MemGold 20 mM Tris/HCI,
pH 7.5
Mol. Dimensions 150 mMm NaCl, 10, 20 0.2 12 300 0
MemGold2 20 mM Tris/HCI,
pH 7.5
NeXtal 150 mm NaCl, 10, 20 0.2 12 300 0
Classics Suite 20 mM Tris/HCI,
pH 7.5
NeXtal 150 mm NaCl, 10, 20 0.2 12 300 0
Classics II Suite  20mM™ Tris/HCI,
pH 7.5
NeXtal 150 mm NaCl, 10, 20 0.2 12 300 0
ComPAS Suite 20 mm Tris/HCI,
pH 7.5
NeXtal 150 mm NaCl, 10, 20 0.2 12 300 0
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Cryos Suite

20 mM Tris/HCI,

pH 7.5
NeXtal JCSG 150 mm NaCl, 10, 20 0.2 12 300 0
Core Suite I 20 mM Tris/HCI,

pH 7.5
NeXtal JCSG 150 mm NaCl, 10, 20 0.2 12 300 0
Core Suite II 20 mM Tris/HCI,

pH 7.5
NeXtal JCSG 150 mm NaCl, 10, 20 0.2 12 300 0
Core Suite III 20 mm Tris/HCI,

pH 7.5
NeXtal JCSG 150 mm NaCl, 10, 20 0.2 12 300 0
Core Suite IV 20 mm Tris/HCI,

pH 7.5
NeXtal 150 mMm NaCl, 10, 20 0.2 12 300 0
MPD Suite 20 mm Tris/HCI,

pH 7.5
NeXtal 150 mMm NaCl, 10, 20 0.2 12 300 0
PACT Suite 20 mM Tris/HCI,

pH 7.5
NeXtal 150 mm NaCl, 10, 20 0.2 12 300 0
PEGs Suite 20 mM Tris/HCI,

pH 7.5
NeXtal 150 mm NaCl, 10, 20 0.2 12 300 0

PEGs II Suite

20 mM Tris/HCI,
pH 7.5

Discussion

Biochemical studies of HlyD showed that it has an important function for translocator
assembly and substrate secretion [Thanabalu et al., 1998, Pimenta et al., 2005]. For that
purpose, we tried to crystallize the protein.

Full length HlyD (HlyD-His) as well as the tagged periplasmic part of HlyD (HisTEV-
HlyD-80-478) could purified to high purity but not homogeneously. In case of HlyD-His,
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the single transmembrane helix seems to destabilize the protein. Further, the detergent
micelle around the HlyD membrane helix impeded a proper crystallization. In case of
HisTEV-HlyD-80-478, the His-tag followed by a TEV protease cleavage site seems to
decrease protein stability drastically. Cleaving efficiency of the tag was very low and
resulted only in very low amounts of cleaved protein. Nevertheless, purification on the
untagged HlyD-80-478 increased protein stability drastically and resulted in a homo-
geneous monomeric protein species. This implied that the tag was responsible for the
protein instability. If we compare this with crystallization trials of other crystallized
MFPs, like MacA the corresponding tag was also removed to facilitate crystallization
[Yum et al., 2009]. CD spectroscopy measurements show that the secondary struc-
ture of HisTEV-HIlyD-80-478 and HlyD-80-478 was identical. Unfortunately, even the
crystallization trials of HlyD-80-478 did not result in diffracting crystals. All MFP struc-
ture show no electron density of the C-terminus [Akama et al., 2004, Mikolosko et al.,
2006, Yum et al., 2009]. The C-terminus of MFPs is essential for the protein function
and highly conserved in the protein family [Zgurskaya et al., 2009]. For that purpose, we
designed additional HlyD constructs lacking this domain. The length of this construct
were defined by limited proteolytic trypsin digest (resulting in HlyD-80-453) and by a
homology model (resulting in HlyD-80-458). Both constructs could be purified in high
yields and without any contaminations. Both showed high homogeneity and stability
and were used for crystallization trials. Unfortunately, the did not result in refracting
crystals so far. More crystal conditions has to be tested and are under research.

The second topic of this work was an analyzing of the bridging function of HlyD.
Cross-linking studies as well as blue native PAGE and MALS analysis were performed to
answer this question. Blue native PAGE experiments could demonstrate that a concen-
tration dependent oligomerization of the periplasmic HlyD domain appears. According
to the migration behavior of HlyD-80-478 and the marker bands it can be assumed
that monomers and di-/trimers are the preferred HlyD-80-478 species. Higher oligomers
appeared only at higher protein concentration. It is discussable if these bands really
represent higher oligomers or only dimers of di-/trimers. Nevertheless, this oligomers
were only detectable by blue native page and did not appear during MALS analysis.
Further, cross-linking experiments of isolated HlyD-80-458 indicate a trimer as the pre-
ferred oligomeric state. Even at low cross-linker concentration the trimer appeared as
the favorite oligomeric species. Only at higher cross-linker, other oligomeric species of
HlyD-80-458 like dimers or higher oligomers are detectable. Unfortunately, MALS anal-
ysis detect only the monomer. Only in case of HlyD-80-453, MALS analysis could detect

a higher oligomeric species thats ranged between the molecular mass of a pentamer or
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hexamer. It could be possible, that the deletion of the last 25 amino acids resulted in
an increased interaction contact surface of the periplasmic part.

In summary, we were able to purify different variants of the periplasmic part of HlyD
in high yields and purity but crystallization of this part needs further investigation.
Furthermore, we could show that the trimeric oligomer of HlyD is the favorite species.
We are in line with this results with cross-linking experiments of full length HlyD in
vivo [Thanabalu et al., 1998]. Nevertheless, higher oligomeric states of HlyD like in the
case of AcrA or MacA could not completely excluded [Yum et al., 2009, Xu et al., 2011].
According to this, the question how HlyD manage to bridge HlyB and TolC could not
completely answered and the crystal structure would help to characterize the protein

function in more detail.

Methods

Bacterial strains and plasmids

E. coli strain DH5a was used for all cloning procedures. The pK184 plasmid was used
for HlyD-His production under the control of a P, promoter, inducible with IPTG
(isopropyl p-D-1-thiogalactopyranoside) [Bakkes et al., 2010]. For that purpose, the
sequence of a C-terminal deca-histidine-tag, which is linked to the protein by a Xa-
cleavage site, was cloned into the vector [Jenewein, 2008].

pET28-HisTEV-HlyD-80-478 vector was used for HisTEV-HlyD-80-478 expression
under the control of a IPTG inducible Py, promoter. The In-Fusion® Advantage PCR
Cloning Kit (ClonTech) was used for cloning. For that purpose, the primer pair (5'-
TAACAAGCTTGCGGCCGCACTC-3’) and (5-GCCCTGAAAATAAAGATTCTCGC
TATGGTGATG-3’) was used for linearizing the pET28b vector. The insert was ampli-
fied by PCR using the pK184 plasmid as template. The forward (5-CTTTATTTTCAG
GGCGTGGAAATTGTTGCCACTGCAAATGGG-3’) and reverse primer (5'-GCCGCA
AGCTTGTTAACGCTCATGTAAACTTTCTGTTACAGAC-3’) were used. The In-
Fusion reaction was carried out after the manufacture protocol and results in successful
insertion of the hlyD-80-478 sequence into the pET28b vector.

Cloning of the HlyD-80-478 construct were done by deleting the base pairs encod-
ing for the histidine-tag and the TEV protease cleavage site. The forward primer (5-
GTGGAAATTGTTGCCACTGCAAATGGGAAATTAACACTAAGTGG-3’) and the
reverse primer (5-CATGGTATATCTCCTTCTTAAAGTTAAAC-3’) were used.

pET28-HlyD-80-458 and pET28-HlyD-80-453 were cloned by introducing stop-codons
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via site directed mutagenesis at amino acid positions 459 and 454. Primer pairs (5-A
TGCGAAGCTGAATCAGCTATC-3’) and (5-GATAGCTGATTCAGCTTCGCAT-3’)
respectively (5-GAAATAAAGTGAGGAATGCGAAGC-3’) and (5-GCTTCGCATTC
CTCACTTTATTTC-3’) were applied.

Cell cultivation and protein expression

Chemically competent E. coli BL21 (DE3) cells were transformed with pK184-HlyD-
His, pET28-HisTEV-HlyD-80-478, pET28-HlyD-80-478, pET28-HlyD-80-458 or pET28-
HlyD-80-453 and grown on LB agar plates supplemented with 30 pg mL~" kanamycin.
Overnight cultures of single colonies were used to inoculate 10L 2 YT medium supple-
mented with 30 pg mL~! kanamycin at an ODggo of 0.1.

In case of HlyD-His expression, cells were grown at 37°C to an ODggg of 1.0 in a
15 L table-top glass fermentor (Applikon Biotechnology). Aeration was kept at 30 % and
cells were stirred with 500 rpm. The expression of HlyD-His was induced with 1 mwm
IPTG at an ODggg of 1.0 and cells were grown for additional 1.5h. Afterwards, cells
were harvested by centrifugation and stored at —20°C.

Cells harboring the pET28-HisTEV-HlyD-80-478 vector were grown at 37°C and
160 rpm in 5L flasks with baffles to an ODggg of 0.6-0.8. After reaching the ODggo of
0.6-0.8, cells were cooled down on ice (4°C) for 15min. Afterwards, HisTEV-HlyD-80-
478 expression was induced with 0.1 mM IPTG and cells were grown additional 4.5h at
25°C and 160 rpm. Cells were harvested by centrifugation and stored at —20°C.

Cells expressing HlyD-80-478, HlyD-80-458 or HlyD-80-453 were grown at 37 °C and
160rpm in 5L flasks with baffles. Protein expression was induced with 1 mm IPTG at
an ODggp of 0.6-0.8. After induction, cells were grown additional 4 h under the same

condition, harvested by centrifugation and stored at —20°C.

Membrane preparation of HlyD-His

HlyD-His expressing E. coli BL21 (DE3) cells were resuspended in buffer A1 (150 mMm
NaCl, 100 mMm HEPES, pH 8.0) and broken by three passages through a cell disrupter
(Constant Systems) at 2.5 kbar. Lysate was centrifuged for 30 min at 18 000 xg. After-
wards, supernatant was again centrifuged for 90 min at 200 000 xg. Pelleted membranes
were resolved and homogenized in buffer A2 (150 mm NaCl, 100 mm HEPES, 10 % (w/v)
glycerol, pH 8.0). Membranes were adjusted with buffer A2 to 10 mg mL~!, shock frosted
in liquid nitrogen and stored at —80°C.
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Purification of HlyD-His

HlyD-His were solubilized out of the homogenized E. coli membrane by incubating for
1h with 1% (w/v) n-Dodecyl-5-D-maltopyranoside (DDM). Afterwards, homogenizate
was centrifuged for 1h at 200000 xg and supernatant was diluted one to one with buffer
A3 (250 mm NaCl, 100mMm HEPES, 10 mM imidzole, pH 8.0). The diluted supernatant
was applied to an IMAC column (1 mL HiTrap”™ Chelating HP column, GE Healthcare)
that is loaded with ZnCl, and equilibrated in buffer A3. After loading of the supernatant,
column is washed with 5 column volume (CV) buffer A3 that contained 0.05% (w/v)
DDM. Contaminations were washed of the column by increasing the concentration of
buffer A4 (250 mM NaCl, 100 mMm HEPES, 250 mM imidzole, 0.05 % (w/v) DDM, pH 8.0)
to 15 %. HlyD-His was eluted by a linear gradient from 47.5 to 250 mM imidazole. Before
loading onto a Size exclusion chromatography (SEC), eluted HlyD-His were concentrated
by Amicon Ultracentrifugation unit (30 kDa cut off) to 0.5mL. The concentrated is
loaded on a Superdex’™ 200 HR 10/30 column (GE Healthcare) that is equilibrated
with buffer A5 (100mM NaCl, 20mMm HEPES, 0.02% (w/v) DDM, pH 8.0). HlyD-His
elution fractions were pooled and tried to concentrate via Amicon Ultracentrifugation
unit (30 kDa cut off) to 10mgmL~!. IMAC and SEC elution fractions were analyzed by
SDS-PAGE and western blot against a specific polyclonal HlyD antibody.

Purification of HisTEV-HlyD-80-478

HisTEV-HlyD-80-478 containing E. coli BL21 (DE3) cells were resuspended in buffer B1
(250 mm NaCl, 100 mMm Tris/HCIL, 10 mMm imidzole, pH 8.0) and broken by three passages
through a cell disrupter (Constant Systems) at 2.5kbar. Lysate was centrifuged for
45min at 200 000 xg. The supernatant was applied to an IMAC column (5 mL HiTrap™
Chelating HP column,GE Healthcare) that is loaded with ZnCl, and equilibrated in
buffer B1. HisTEV-HlyD-80-478 was eluted by a linear gradient over 30 CV with buffer
B2 (250mMm NaCl, 100mm Tris/HCIl, 250 mM imidzole, pH 8.0) from 10 to 250 mMm
imidazole. Eluate was concentrated via Ultracentrifugation units (30kDa cut off) to
0.2mL. Afterwards, concentrate was loaded on a Superdex’™ 200 HR 10/30 column
(GE Healthcare) that is equilibrated with buffer B3 (150 mm NaCl, 20 mm Tris/HCI,
pH 8.0). HisTEV-HlyD-80-478 elution fractions were pooled and tried to concentrate
via Ultracentrifugation unit (30kDa cut off) to 10mgmL~'. IMAC and SEC elution
fractions were analyzed by SDS-PAGE and western blot against a specific polyclonal
HlyD antibody.
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Inclusion bodies preparation of HlyD-80-478, HlyD-80-458 and HlyD-
80-453

HlyD-80-478, HlyD-80-458 or HlyD-80-453 containing E. coli BL21 (DE3) cells were
resuspended in buffer C1 (50 mm NaCl, 50 mMm Tris/HCl, 50mm EDTA, pH 8.0) and
broken by three passages through a cell disrupter (Constant Systems) at 2.5 kbar. Lysate
was centrifuged for 30 min at 26 000xg. Pellet was resuspended in buffer C2 (50 mMm
NaCl, 50 mm Tris/HC1, 50mM EDTA, 1% (w/v) Triton X-100, pH 8.0) and centrifuged
again for 30min at 26000xg. Afterwards, pellet was resuspended in buffer C3 (1M
NaCl, 50mm Tris/HCI, pH 8.0) and one more time centrifuged for 30 min at 26 000 xg.
The resulting pellet was incubated under stirring for 3 to 4h at 4°C in buffer C4 (6 m
guanidine hydrochloride, 50 mM NaCl, 50 mm Tris/HCl, pH 8.0). After incubation,

solvate was centrifuged for 15 min at 6000 xg. Supernatant was stored at —20 °C.

Purification of HlyD-80-478, HlyD-80-458 and HlyD-80-453

50mL of unfolded HlyD-80-478, HlyD-80-458 or HlyD-80-453 (ajusted to 3 mgmL~!) in
buffer C4 was dialyzed for 8 to 12h at 4°C against 5 L buffer C5 (100 mm NaCl, 50 mm
Tris/HCI, 1mM EDTA, pH 8.0). Dialysate was centrifuged for 30 min at 20 000 xg and
supernatant was diluted four times in buffer C6 (20 mm Tris/HCI, pH 7.5). Supernatant
was applied to an ion exchange column (5 mL HiTrap”™ Q HP column, GE Healthcare).
Column is equilibrated with buffer C6 and a linear gradient over 60 CV with buffer C7
(500mM NaCl, 20mm Tris/HCI, pH 7.5) from 0 to 500 mM NaCl eluted HlyD-80-478,
HlyD-80-458 respectively HlyD-80-453. Eluted proteins were pooled and concentrated by
Amicon Ultracentrifugation unit (30 kDa cut off) to 0.5 mL. The concentrated is loaded
on a Superdex’™ 200 HR 10/30 column (GE Healthcare) that is equilibrated with buffer
C8 (150 mM NaCl, 20mm Tris/HCI, pH 7.5). Purity of elution fractions were analyzed
by SDS-PAGE and western blot against a specific polyclonal HlyD antibody.

Proteins were concentrated using Amicon Ultracentrifugation units to their final
concentration and used for crystallization trials, CD and MALS analysis, Blue native

PAGE, cross-linking or limited proteolytic trypsin digest.

Crystallization of HlyD-80-478, HlyD-80-458 and HlyD-80-453

Crystallization trials for HlyD-80-478, HlyD-80-458 and HlyD-80-453 were performed
using the sitting-drop vapor diffusion method at different temperatures (4, 12 and 25 °C).
0.5 pL or 0.1 pL of homogeneous protein solution (concentration 10 to 50 mg mL~!) was

mixed with 0.5 pL or 0.1 pnL reservoir solution of the listed crystallization screens (see
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Table 1, 2 and 3). Reservoir size was 400 pL respectively 50 uL. Crystal growth was
observed for 300d. After 1, 2, 3, 7, 14, 30, 60, 120 and 300d, crystallization progress of

the different conditions were checked.

SEC and HPLC coupled multi angle light scattering (MALS) of HlyD-
80-478, HlyD-80-458 and HlyD-80-453

Size-exclusion chromatography (SEC) respectively high performance liquid chromatog-
raphy (HPLC) coupled to multi angle light scattering detection (SEC-/HPLC-MALS)
was used to determine the molecular mass and the oligomeric state of HlyD-80-478,
HlyD-80-458 and HlyD-80-453. SEC was performed with a Superdex™200 HR 10/30
column (GE Healthcare) and HPLC was performed with a Bio SEC-5 HPLC column
(Agilent Technologies Deutschland GmbH, Béblingen, Germany) with a pore size of
300 A. Columns were equilibrated in 150 mm NaCl, 20 mm Tris/HCI, pH 7.5 containing
buffer. Runs were performed int he same buffer. SEC (GE Healthcare) and HPLC sys-
tem (Agilent Technologies) was connected with a triple-angle light-scattering detector
(miniDAWN TREOS, Wyatt Technology Europe GmbH, Dernbach, Germany) followed
by a differential refractive index detector (OPTILab T-rEX, Wyatt Technology). 100 pL
of purified HlyD-80-478, HlyD-80-458 or HlyD-80-453 (concentration 4mgmL~!) was
loaded onto the columns, and the obtained data were analyzed with the ASTRA soft-
ware package (Wyatt Technology).

Circular dichroism (CD) spectroscopy of HlyD-80-478 and HisTEV-
HlyD-80-478

A J-T15 spectropolarimeter from Jasco was used to obtain the CD spectra of HlyD-80-
478. A 0.1cem quartz cuvette was used at room temperature. Scanning speed was
20nmmin~! with a step size of 0.5nm. For HisTEV-HlyD-80-478 respectively re-
folded HlyD-80-478 from inclusion bodies, 10 spectra were accumulated between 190
and 260nm. Protein concentration were 310 pgmL~! and used buffer contain 150 mm
NaCl and 20 mMm Tris/HCl, pH 7.5. 200 pL protein solution was used per sample and

the buffer spectra were subtracted from the respective protein spectra.

Limited proteolytic trypsin digest of HlyD-80-478

HlyD-80-478 (concentration 0.7mgmL~!) was incubated together with trypsin (final
concentration 0.175 mgmL~!) at 25°C. Reaction buffer was 150 mM NaCl and 20 mMm
Tris/HCl, pH 7.5. After 0.5 min, 1 min, 2min, 4 min, 6 min, 8 min, 10 min and 15 min,
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reaction was stopped by adding Laemmli sample buffer and directly shock frosting in
liquid nitrogen. Samples were analyzed via SDS-PAGE and protein bands of interest

were analyzed by mass spectrometry.

Cross-linking of HlyD-80-478

Dimethyl-dithiobispropionimidate (DTBP) was used as cross-linking reagent. Reaction
was done in 150 mM NaCl and 100 mM triethanolamin, pH 8.0. One volume cross-linker
(concentration 6.2, 3.1, 1.6, 0.8, 0.4 and 0.2mM) was added to three volumes of protein
solution (concentration 30 mgmL~!) and incubated for 1h at room temperature. Reac-
tion was stopped by adding 20 to 50 mMm Tris/HCI, pH 8.0. Finally, reaction composites
were diluted four times with water and analyzed via SDS-PAGE.

Homology modeling of HlyD

The homology model was prepared by using the Phyre2 web portal [Kelley et al., 2015].
Resulting model shows the HlyD target sequence (UniProtKB - 008269) basing on
the crystal structure of E. coli MacA (pdb file 3FPP) as template [Yum et al., 2009].
260 residues (54 % of your sequence) have been modelled with 100 % confidence by the

template.
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Gram-negativ bacteria possess a broad range of membrane localized nanoma-
chineries. Type I secretion system (T1SS) are one of the essential secretion systems.
They transport a broad range of unfolded substrates across both cell membranes.
The hemolysin A (HlyA) T1SS from E. coli is a well characterized example and
secrets the 110kDa toxin HlyA in one step from the cytoplasm directly into the
extracellular space without any periplasmic intermediate. The inner membrane em-
bedded ABC transporter hemolysin B (HlyB) and the membrane fusion protein
(MFP) hemolysin D (HlyD) as well as the outer membrane factor (OMF) TolC cat-
alyze this reaction and build a continuous channel across the membranes. However,
the stoichiometry of the assembling proteins is unknown as well as any structural
information about the associated T1SS. To address this question, we use an eGFP-
HlyA fusion protein to stall the HlyA T1SS. E. coli membranes with the intact
stalled complex could be isolated and initial solubilization trials suggest that an

isolating of the stalled system out off the crowd membranes is possible.
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Introduction

Gram-negative bacteria harbor a broad range of nanomachineries that enables substrate
transport across both cell membranes into the extracellular space or into a host cell
[Costa et al., 2015]. This nanomachineries are called secretion systems and can be di-
vided in subgroups ranging from type I secretion systems (T1SS) up to type VII. They
transport various substrates, ranging from small molecules, proteins and deoxyribonu-
cleic acid [Costa et al., 2015]. In case of the T1SS, the substrate is secreted out of the
cytoplasm directly into the extracellular space. This kind of one-step secretion occurs for
type III, IV and VI secretions systems, too. Only type II and V secretion systems have
a preliminary substrate translocation into the periplasm whereas the secretion occurs
over the outer membrane [Costa et al., 2015].

T1SS are prominent examples for transport systems that are able to transport a
great variety of substrates like toxins, hemophores, adenylate cyclases, lipases, proteases,
nodulation or adhesion factors [Delepelaire, 2004]. The size of the substrates various
between 19kDa in the case of the hemophore HasA from Serratia marcescens and over
900 kDa for the surface layer proteins LapA from Pseudomonas fluorescens [Arnoux
et al., 1999, Hinsa et al., 2003]. All substrates in common is the unfolded respectively
partially folded secretion [Debarbieux and Wandersman, 2001, Bakkes et al., 2010].

One of the best characterized T1SS, is the hemolysin A (HlyA) secretion system.
It consists out of the ABC transporter hemolysin B (HlyB) and the membrane fusion
protein (MFP) hemolysin D (HlyD) [Thanabalu et al., 1998]. Both proteins are located
in the inner membrane. Together with the outer membrane factor (OMP) TolC, they
build up the fully assembled HlyA T1SS that creates a continuous channel across both
membranes and allows substrate secretion in one step from the cytoplasm directly into
the extracellular space [Thanabalu et al., 1998]. Secretion of the 110 kDa repeats in toxin
(RTX) protein HlyA occurs without any periplasmic intermediate [Delepelaire, 2004].
Further, the C-terminal localized HlyA secretion signal that contains all necessary and
sufficient information for secretion is not cleaved during or after secretion [Koronakis
et al., 1989, Jarchau et al., 1994].

Many biochemical information about the HlyA T1SS are available. For example, the
role of the secretion signal, the substrate orientation during secretion and interaction
studies between the translocator building proteins as well as their interaction with the
substrate [Thanabalu et al., 1998, Balakrishnan et al., 2001, Lee et al., 2012, Lenders
et al., 2015]. Nevertheless, structurally the system is barely understood. Only structural
information about TolC and the HlyB NBD and CLD are available [Koronakis et al.,
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2000, Zaitseva et al., 2005, Lecher et al., 2011]. The translocator stoichiometry is un-
known so far. Further, nearly nothing is known about structural changes of the different
T1SS components during secretion [Thanabalu et al., 1998].

For that purpose, we use an eGFP-HlyA fusion protein to stall the HlyA T1SS
[Lenders et al., 2015]. E. coli membranes with the intact stalled complex could be
isolated and initial solubilization trials suggest that an isolating of the stalled system

out off the crowd membranes is possible.

Results

Membrane preparation of the stalled HlyA T1SS

Previous studies could show that the HlyA T1SS can be stalled by an eGFP-HIyA fu-
sion protein [Lenders et al., 2015]. Co-expression of HlyAc and eGFP-HlyAc leaded
to completely abolished secretion of HlyAc within the first two hours. The fast folded
eGFP could not pass the translocator and remained inside the translocator whereas the
unfolded HlyA part entered the T1SS and reached the extracellular surface [Evdokimov
et al., 2006, Lenders et al., 2015]. A similar behavior could also observed for the injecti-
some of Salmonella enterica serovar Typhimurium [Radics et al., 2014]. Here, tandemly
repeated effector domains of the natural substrate SptP were fused to GFP to stall the
injectisome. The stalled injectisome could be purified and structurally analysted by
cryo-EM [Radics et al., 2014].

According to this, we started initial trials to purify the eGFP-HlyA stalled HlyA
T1SS. Cells were disrupted by sonification and membranes were prepared. If the eGFP-
HlyA T1SS interaction is strong enough, immunofluorescence signals of TolC, HlyB,
HlyD and eGFP-HIlyA should be detectable in the prepared membranes. If the com-
plex did not stick together, only the signals of the membrane proteins TolC, HlyB and
HlyD would be detectable but not the signal of the soluble protein eGFP-HIyA. Free
expressed eGFP-HIyA is not interacting with the membrane and would not appear in
the immunofluorescence of the membrane preparation.

Immunofluorescence analysis of the prepared membranes highlighted the presence of
TolC, HlyB, HlyD and eGFP-HlyA inside the membranes (see Figure 1). These results
indicated that the stalled translocator is still assembled and could be used for further

purification and analyzation steps.
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Figure 1: Western blot analysis of purified Escherichia coli membranes with
eGFP-HIyA stalled translocator

Western blots show that all parts of the HlyA T1SS including the fusion protein eGFP-
HIyA are present in the purified membranes. Immunofluorescence labeling was mediated
by antibodies that are mentioned above the corresponding blots. Specific bands of eGFP-
HlyA, HlyB, HlyD and TolC are labeled by arrows.
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Solubilization screen of the stalled HlyA T1SS

In a next step, the stalled complex had to be isolated throughout the membrane. For
that purpose, different detergents and their solubilization efficiency for the translocator
were analyzed. The dot blot technique was used to identify promising candidate for
solubilization of the trapped T1SS. Only detergents with a positiv immunofluorescence
signal for TolC, HlyB, HlyD and eGFP-HIlyA were used for further purification. Positiv
signals for all of these proteins indicated a proper solubilization throughout the mem-
brane. If only one of the proteins is detectable by immunofluorescence, it could be that
the complex collapsed during solubilization.

The solubilization screen indicated that especially the zwitterionic Fos-Cholines®)-14,
15 and 16 and Cyclofos™-5 showed a very efficient solubilization behavior (see Figure
2). Further, the non-ionic pyranoside n-Dodecyl-5-D-maltopyranoside and n-Dodecyl-
B-D-thiomaltopyranoside as well as digitonin seemed to be prominent candidates for

solubilization (see Figure 2).

Discussion

Our results could clearly demonstrate that a T1SS can be stalled in vivo [Lenders et al.,
2015]. It is the first time that membranes of a stalled T1SS can be isolated and enables
further steps for purification of the complex. Only separated parts of the HlyA T1SS
are structurally characterized like the HlyB NBDs or CLDs [Zaitseva et al., 2005, Lecher
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Figure 2: Solubilization screen of the eGFP-HlyA trapped HlyA T1SS
Solubilization screen of FEscherichia coli membranes containing eGFP-HlyA trapped
HlyA T1SS. Solubilization efficacy of the complex was analyzed with 92 different dif-
ferent detergents. The solubilized complex was spotted onto a nitrocellulose membrane
and examined via dot blotting with (a) HlyA, (a) HlyB, (c) HlyD and (d) TolC specific
antibodies. Non-ionic detergents are marked by green boxes, zwitterionic detergents are
marked by blue boxes and anionic detergents are marked by red boxes. SDS and buffer
controls are in line H7 and H8 and labeled below. Table 1 lists all used detergents.

et al., 2011]. The whole T1SS in action is not understood and characterized so far.
The stalled T1SS gave us now the opportunity to characterize the complete system in
action. For that purpose, the membrane preparation of the intact complex was a first
step in this direction. Western blot analysis demonstrated that all involved proteins like
eGFP-HlyA, HlyB, HlyD and TolC were present in the purified membranes.

According to this, the solubilization screen gave us a first hint how the stalled
HlyA T1SS could be isolated out off the membrane. The zwitterionic Fos-Cholines®)-
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14, 15 and 16 and Cyclofos™-5 as well as the non-ionic pyranosides n-Dodecyl-3-D-
maltopyranoside and n-Dodecyl-S-D-thiomaltopyranoside and digitonin seemed to be
goo candidates to reach this ambition. Nevertheless, a positiv fluorescence signal of
eGFP-HlyA, HlyB, HlyD and TolC during this solubilization screen gave only a first
hint if the solubilization is working but not if the protein complex is still intact. To
verify this, density gradient centrifugation would be the method of choice. Only if
eGFP-HIyA, HlyB, HlyD and TolC are co-localized within the same layer, the complex
is still assembled. This strategies are still ongoing and need further investigations. Fur-
ther, the solubilization screen have to be repeated with proper working controls for SDS
for 100 % solubilization efficiency and for buffer for 0% solubilization. Only with this
controls, a quantification of the solubilization efficiency of the other detergents can be
defined.

In summary, we were able to isolate membranes with eGFP-HIyA stalled HlyA T1SS

and to define first detergent candidates for complex isolation out off the membrane.

Methods

Bacterial strains and plasmids

E. coli BL21 (DE3) cells were used for protein expression. The eGFP-HIyA expressing
plasmid pSOI-eGFP-HlyA were generated as previous described [Lenders et al., 2015].
Protein expression is under the control of a Pgap promoter. HlyB and HlyD expression
were done by using the pK184 plasmid that is under the control of a Pj,. promoter,
inducible with IPTG (isopropyl -D-1-thiogalactopyranoside) [Bakkes et al., 2010].

Cell cultivation and protein expression

Chemically competent cells were transformed with pK184-HlyBD and pSOI-eGFP-HIyA
and grown on LB agar plates supplemented with 100 pg mL~! ampicillin and 30 pg mL~!
kanamycin.

Overnight cultures of single colonies were used to inoculate 10L 2 YT medium sup-
plemented with 100 pgmL~! ampicillin and 30 pg mL~! kanamycin at an ODggg of 0.1.
Cells were grown at 37°C and 160 rpm in 5 L flasks with baffles to an ODggg of 0.6-0.8.
Protein expression was induced with 10 mM arabinose and 1mM IPTG. Additionally,
5mM CaCl, was added to the cell culture. After induction, cells were grown additional

2h under the same condition, harvested by centrifugation and stored at —20°C.
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Membrane preparation of the stalled HlyA T1SS

Complex expressing E. coli BL21 (DE3) cells were resuspended in buffer A1 (150 mMm
NaCl, 100 mM HEPES, 5mm CaCl,, pH 8.0). Cell were disrupted by sonication (Ban-
delin Sonopuls HD 2200). They were broken by five 1 min cycles at 4 °C, 20 kHz and an
amplitude at 50 %, interrupted by 1min breaks. Lysate was centrifuged for 30 min at
18 000 xg. Resulting supernatant was again centrifuged for 90 min at 200 000 xg. Pelleted
membranes were resolved and homogenized in buffer A2 (250 mMm NaCl, 100 mm HEPES,
5mM CaCl,, 10% (w/v) glycerol, pH 8.0). Membranes were adjusted with buffer A2 to
10mg mL~", shock frosted in liquid nitrogen and stored at —80°C.

Solubilization screen via the dot blot technique

Membranes were solubilized in buffer A2 and adjusted to 10 mgmL~!. Detergents were
used at a concentration of 1 or 2% according to their critical micellar concentration
(see Table 1 for used concentration). Samples were solubilized for 1h at 4°C and shook
at 750rpm. Afterwards, solubilized samples were centrifuged for 30 min at 120 000 xg.
Supernatant was supplemented with SDS sample buffer and 3 uL. samples were spotted
onto a dry nitrocellulose membrane. Membranes were dried over night and than blocked
for an additional night in TBS-T with 5 % (w/v) milk powder. Blocked dot blots were in-
cubated for 3h in the corresponding primary rabbit antibody solutions (Dilution 1:8000
for anti-HlyA, anti-HlyB and anti-TolC antibody and dilution 1:4000 for anti-HlyD an-
tibody). Afterwards, blots were washed three times in TBS-T buffer and incubated 1h
in a HRP-conjugated, secondary antibody solution. Incubated blots were again washed
two times in TBS-T and one time in TBS buffer. The ECL advance kit (GE Healthcare)
was used for the visualization of the protein signals. Signal intensity of dot blots were

quantified by using the program ImagelJ.

Table 1: Detergents of the solubilization screen

Number Detergent Used [%]  Nature
Al Anameg®-7 1% N
A2 Anapoe®-20 1% N
A3 Anapoe®-35 1% N
A4 Anapoe®-58 1% N
A5 Anapoe®)-80 1% N
A6 Anapoe®-C10E6 1% N
AT Anapoe®-C10E9 1% N
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A8
A9
A10
All
A12
B1
B2
B3
B4
B5
B6
BT
B8
B9
B10
B11
B12
C1
C2
C3
C4
Ch
C6
c7
C8
C9
C10
C11
C12
D1
D2
D3
D4
Db
D6
D7

Anapoe®-C12E8
Anapoe®-C12E9
Anapoe®-C12E10
Anapoe®-C13E8
Anapoe®-X-100
Anapoe®-X-114
Anapoe®-X-305
Anapoe®-X-405

Big CHAP

Big CHAP deoxy

CYGLU®-3

CYMAL®-1

CYMAL®-2

CYMAL®-3
2,6-Dimethyl-4-heptyl-5-D-maltopyranoside
n-Decyl-a-D-maltopyranoside
n-Decyl-3-D-maltopyranoside
n-Decyl-3-D-thiomaltopyranosid
n-Decyl-N,N-Dimethylglycin
n-Dodecyl-a-D-maltopyranoside
n-Dodecyl-5-D-maltopyranoside
n-Heptyl-3-D-thioglucopyranoside
n-Heptyl-5-D-Glucopyranoside
n-Nonyl-3-D-thiomaltopyranoside
n-Dodecyl-5-D-thiomaltopyranoside
CYMAL 4

CYMAL®-5

CYMAL 6

CYMAL 7

Anzergent 3-8

Anzergent®3-10
Anzergent®3-12
Anzergent®3-14

CHAPS

CHAPSO

Cyclofos™-4

1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
2%
2%
2%
1%
2%
2%
2%
2%
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1%
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D8 Cyclofos™.-5 1% Z
D9 Cyclofos™-6 1% 7
D10 Cyclofos™-7 1% Z
D11 Fos-Choline®-9 2% Z
D12 Fos-Choline-10 2% Z
E1 Cyclofos™-3 2% 7
E2 Fos-Choline®-11 1% Z
E3 Fos-Choline®-12 1% Z
E4 Fos-Choline®-13 1% Z
E5 Fos-Choline®)-14 1% Z
E6 Fos-Choline®-15 1% Z
E7 Fos-Choline®-16 1% Z
E8 Fos-Choline®-Iso-9 2% Z
E9 Fos-Choline®-Iso-11 2% Z
E10 Fos-Choline®-Unisat-11-10 1% Z
El11 Fos-Choline®)-8 2% Z
E12 n-Dodecyl-N,N-dimethylglycine 1% Z
F1 n-Dodecyl-N,N-dimethylamine-N-oxide 1% Z

(DDAO)
F2 Cholic acid, sodium salt 1% A
F3 Deoxycholic acid, sodium salt 1% A
F4 Fosmea-8 1% A
F5 Fosmea®)-10 1% A
F6 Hexaethylene Glycol Monooctyl Ether (C8E6) 1% N
F7 n-Hexyl-3-D-Glucopyranoside 2% N
F8 n-Hexyl-3-D-Maltopyranoside 2% N
F9 n-Nonyl-3-D- Glucopyranoside 1% N
F10 n-Nonyl-3-D-Maltopyranoside 1% N
F11 n-Nonyl-3-D-Thiomaltopyranoside 1% N
F12 Octaethylene Glycol Monodecyl Ether (C12ES8) 1% N
Gl n-Octyl-3-D-Glucopyranoside 1% N
G2 n-Octyl-8-D-Thiomaltopyranoside 1% N
G3 n-Octyl-3-D-Maltopyranoside 2% N
G4 Pentaethylene Glycol Monodecyl Ether (C10E5) 1% N
G5 PMAL-CS8 1% N
G6 Hexaethylene Glycol Monooctyl Ether (C8E6) 1% Z
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G7 2-Propyl-1-Pentyl Maltopyranoside 2% N
G8 Sodium Dodecanoyl Sarcosine 1% A
G9 Sucrose Monododecanoate 1% N
G10 n-Tetradecyl-3-D-Maltopyranoside 1% N
G11 n-Tetradecyl-N,N-Dimethylamine-N-Oxide 1% Z
(TDAO)

G12 Tetraethylene Glycol Monooctyl Ether (C8E4) 1% N
H1 n-Tridecyl-3-D-Maltopyranoside 1% N
H2 n-Undecyl-5-D-Maltopyranoside 1% N
H3 n-Undecyl-3-D-Maltopyranoside 1% N
H4 n-Undecyl-5-D-Thiomaltopyranoside 1% N
H5 Digitonin 1% N
H6 propyl(bi)cyclohexyl-a-maltoside (PCC-a-M) 1% N
H7 sodium dodecyl sulfate (SDS) 1% A
s buffer

H9 MEGA-8 2% N
H10 Cyclofos™-2 1% 7

Column number highlights the position of the used detergent in the solubilization
screen (see Figure 2), whereas nature described the overall charge of the detergent

(N, non-ionic; Z, zwitterionic and A, anionic).
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4. Discussion

This dissertation discusses four major questions about the function and mechanism of
the HlyA TI1SS (see Chapter 2). First, the directionality of secretion was analyzed
to find out whether the N- or C-terminus of HlyA is translocated first. Second, the
role of the secretion signal for initiating secretion was investigated in more detail. The
third question deals with the secretion rate of HlyA and how it is influenced by the
protein length, by the number of GG repeats of the protein and by external calcium ion
concentration. Fourth, the role of different states of the ATP consumption cycle for the

HlyA secretion process was analyzed.

4.1. The secretion signal threads the substrate into the

translocator

Many publications in the last thirty years highlight the importance of the Hly A secretion
signal for successful substrate secretion [Gray et al., 1986, Stanley et al., 1991, Kenny
et al., 1994]. Substrates without secretion signal are not secreted but the exact roll of
the secretion signal was not clearly characterized. It is known that the secretion signal
interacts with the HlyB NBDs and that the substrate presence is essential for TolC
recruitment [Thanabalu et al., 1998, Benabdelhak et al., 2003].

Fusion proteins of MBP or IFABP the HlyAc fragment are not secreting, but slow
folding variants of MBP- or IFABP-HlyAc fused to fusions are secreting by the HlyA
T1SS [Bakkes et al., 2010, Schwarz et al., 2012a]. Thereby, the question arises, if the
not secreted fusion proteins are still interacting with the transporter and if HlyAc is
still threaded into the translocator. The competition experiments with HlyAc and an
eGFP-HlyAc fusion protein show that the HlyAc secretion is reduced to 30 % by eGFP-
HlyAc co-expression (see Chapter 3.5, Figure 2b). In this case, HlyAc is competing with
the fusion protein for the free T1SS. HlyAc can pass the membrane whereas the fusion
protein eGFP-HlyAc can not pass the translocator due to the folded globular shape of
eGFP that can not fit in the secretion pore. After one hour nearly all T1SS are blocked
by eGFP-HlyAc and HlyAc can not secreted anymore. From this point the HlyAc level
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in the medium remains constant over time and the supernatant contains only HlyAc
that was secreted within the first hour. The same effect could be observed for an MBP-
HlyAc fusion protein that was co-expressed with HlyAc. Here, all transporters are also
blocked after an hour of co-expression and HlyAc secretion is also reduced. This data
confirm that any kind of globular plug at the HlyAc N-terminus results in blocking of
the translocator. Further, translocator blocking by folding of the substrate could also
observed in other T1SS. Folded HasA leads to an inhibition of its own secretion by its
T1SS in Serratia marcescens [Debarbieux and Wandersman, 2001].

Deletion of the last 60 C-terminal amino acids from eGFP-HlyAc (respectively MBP-
HlyAc) abolished blocking of the HlyA T1SS in competition experiments. HlyAc is
secreted in the same amount with and without co-expression of eGFP-HlyAc. This
results indicates that the secretion signal is essential for threading the substrate into the
translocator. Even without the secretion signal, the substrate is still recognized by the
GG repeats by the HlyB CLDs [Lecher et al., 2012] but translocation of the substrate
into the T1SS is not initiated. These results are in line with previous published data.
SPR experiments show that the secretion signal of HlyA is interacting with the HlyB
NBDs [Benabdelhak et al., 2003]. It is assumable that the substrate is stabilized by
the CLD and the GG repeats (and maybe by the cytoplasmic part of HlyD that is also
interacting with HlyA [Balakrishnan et al., 2001]) and that this interaction leads to
complex assembly whereas the binding of the secretion signal initiates the translocation
process. After NBD interaction, the secretion signal can pass on the TMD of HlyB
(interaction areas could be identified between the secretion signal and the HlyB TMDs
[Zhang et al., 1993]) and leads from there the way into the translocator. Such a kind of
mechanism indicates secretion of the substrate with the C-terminus ahead as could be
shown by confocal laser scanning microscopy (CLSM) (see Chapter 3.5). The N-terminal
eGFP of the fusion proteins remain located inside the cytoplasm. The fluorescence
images confirm that the eGFP has to be in a folded conformation, otherwise no specific
eGFP fluorescence would appear inside the cytoplasm. Due to the fact that folded
globular eGFP can not pass the translocator, this results confirm that the T1SS is
stalled via blocking the pore by the fusion protein.

4.2. The substrate is secreted with its C-terminus first

Secretion experiments with HlyAc fused to slow folding mutants of MBP or IFABP
demonstrates that the substrate for the HlyA T1SS is secreted unfolded [Bakkes et al.,
2010, Schwarz et al., 2012a]. This matches with the inner diameter of TolC which is
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only 20 A [Koronakis et al., 2004] too tight to allow the passage of folded proteins.
The average diameter of an a-helix is 12 A. Consequently, the substrate can only enter
the translocator unfolded or partly folded with one terminus first. A hairpin insertion
is highly unlikely. Confocal laser scanning microscopy images of the stalled complex
by eGFP-HlyAc respectively eGFP-HlyA demonstrate that the C-terminal parts of the
fusion proteins are exposed at the cell surface. A secretion with the C-terminus ahead

can therefore be assumed.

According to a secretion with the C-terminus ahead, an activating model is highly
presumable for the HlyA T1SS. In case of an activating model, the C-terminus respec-
tively the secretion signal initiates the transport process via binding to the HlyB NBDs
[Benabdelhak et al., 2003]. This can be simultaneous with the GG repeat interaction to
the HlyB CLDs [Lecher et al., 2012]. Secretion signal binding induces NBD dimerization
and TolC recruitment to assemble the full translocator. In a next step, conformational
changes of the ABC transporter could initiate the transfer of the secretion signal from
the NBDs to the TMDs whereas conformational changes of the TMDs leads to pathway
opening. Thereby, the substrate is threaded with the C-terminus ahead into and through
the transenvelope channel [Lenders et al., 2015]. Full substrate translocation could than
leads to the disassemble of the T1SS and to a reset of HlyB (probably HlyD, too) into

its initial state to allow new substrate translocation.

One has to discuss, if the C-terminal initiated secretion by the HlyA T1SS is a general
feature of type I secretion. The ABC transporter of T1SS can be classified into three
subgroups. The ABC transporter of the first group harbors a N-terminal fully active
C39 peptidase, the second group contains a N-terminal CLD, whereas the third group
harbors no additional domain. Transporter with a C39 peptidase transport small sub-
strates (<10kDa). The substrates belong mainly to the bacteriocin family and contain
a cleavable N-terminal leader peptide for secretion (see Figure 1.4). Due to the fact
that this class is also found in Gram-positive bacteria and that they have a N-terminal
cleavable leader sequence, this group can be excluded from general C-terminal initiated
secretion. Transporters that contain a N-terminal CLD mainly transport larger sub-
strates (>55kDa) that are all member of the RTX protein family (see Figure 1.4). The
substrates harbor a C-terminal secretion signal (last 50-60 amino acids) which is not
cleaved during or after secretion. Further, they contain GG repeats that are located
in front of the secretion signal. HIlyA belongs to this substrates. It is proposed that
the CLD stabilizes the substrate [Lecher et al., 2012] and leads to an orientation of the
C-terminus near to the ABC transporter entrance. This could promote a C-terminal

secretion. Additionally, C-terminal initiated secretion leads to an early translocation of
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the GG repeats that promote the active folding of the secreted protein by binding of
calcium ions in the extracellular medium. This results in an early stabilization of the
substrate during secretion [Rhodes et al., 2001]. It is favorable that C-terminal initiated
secretion works in general for T1SS with ABC transporter harboring a CLD. Secretion
systems with transporter without any additional domain like the HasA T1SS from Ser-
ratia marcescens transport substrates with a C-terminal secretion signal [Létoffé et al.,
1996, Masi and Wandersman, 2010]. The signal is not cleaved during or after translo-
cation. HasA contain primary recognition sites throughout the protein and a secretion
dependency on SecB that could not found for RTX protein substrates [Delepelaire and
Wandersman, 1998, Bakkes et al., 2010, Masi and Wandersman, 2010].

Furthermore, the fluorescence images allow a localization of the HlyA T1SS on the cell
envelope. A majority of the images indicate a helical-like localization of the secretion
systems over the whole cell reaching from one pole to the other. A similar localization
could be observed for the rod shape-determining protein MreB and the cell wall syn-
thetic machinery from Escherichia coli and Bacillus subtilis [Garner et al., 2011, van
Teeffelen et al., 2011, Govindarajan et al., 2012]. This gives rise to a chiral insertion of
peptidoglycan into the cell wall and causes the cell to twist during elongation growth
[Govindarajan et al., 2012, Wang et al., 2012]. It is possible that the HlyA T1SS is cou-
pled to the cell wall synthetic machinery due to the fact that the secretion system has to
pass the peptidoglycan at some point. Nevertheless, this assumption is only speculative

and needs further investigation.

4.3. Secretion rate is independent of various factors

Competition experiments with HlyAc and the eGFP-HlyAc fusion protein confirm that
after 1h of co-expression all functional formed T1SS are blocked (see Chapter 3.5).
Fluorescence images of cells expressing eGFP-HlyAc confirm that the HlyAc fragment is
exposed at the cell surface and is accessible for antibody binding (see Chapter 3.5). Due
to the results that show that HlyA T1SS substrates are secreted unfolded, the HlyAc
part of the fusion protein has to be unfolded or only partly folded inside the translocator
[Bakkes et al., 2010]. The fragment has a size of 218 amino acids which is approximately
788.4 A. Although, the structure and the size of the HlyA T1SS is unknown, the cryo-EM
images of the RND efflux pump AcrAB-TolC indicate that the length of the complex is
approximately 320 A. Taken into account that the ABC transporter of the HlyA T1SS
is enlarged by 45 A into the cytoplasm due to the NBD, only 425.6 A of fully elongated

HlyAc (represents 118 amino acids) can face the cell surface. The last 60 C-terminal
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amino acids show a low antibody binding affinity. Further, the exposed fragment will
start folding at the extracellular surface. A folded fragment will only have a 40-50 A
globular surface that is accessible for antibody interaction. The binding groove of an
antibody (pdb file IMEL) is only 20-40 A in size. Thus, only one or maximal two
antibody can bind per active T1SS. Together with the assumption that quantum yields
of bound and free antibody are identical, an amount of approximately 5000 active T1SS
per cell could be determined. Western blot quantification of the cellular HlyB amount
confirm this value.

The defined number of T1SS allow the quantification of the secreted rate of HlyA per
T1SS. HlyA and HlyAc secretion are with 15.2 + 1.7 and 14.1 &+ 1.0 translocated amino
acids per sec and T1SS identical. The protein length of the substrate is not important for
the secretion velocity. Moreover, the GG repeat/protein length ratio has no influence on
the secretion rate. HlyA is 4.7 times longer than HlyAc but have only twice the amount
of GG repeats. HlyAc has a higher GG repeat/protein length ratio than HlyA but both
proteins secrete with the same rate.

It could be shown that the GG repeats bind Ca?* ions with a high affinity (Kp of
100 pM) [Thomas et al., 2014a]. Binding appears only at the extracellular surface due to
the higher calcium ion concentration [Jones et al., 1999]. As mentioned before, the C-
terminus is secreted first. According to this, the GG repeats that are located in front of
the secretion signal reaches the cell surface in an early stage of secretion. Ca?* binding
of the GG repeats induces protein folding [Rhodes et al., 2001, Linhartové et al., 2010].
The induced folding could promote an inherent driving force that ‘pulls’ the protein, e.g.
HlyA out of the translocator [Linhartové et al., 2010]. To determine if such a folding
induced driving force energizes the HlyA T1SS, secretion rates in presence of different
extracellular calcium ion concentration were prepared. The results indicate that such
a ‘pulling’” mechanism does not exist because HlyA and HlyAc secretion rate is similar
even by deceeding the Kp of the GG repeats for Ca?t binding. The results demonstrate
that the GG repeats of HlyA and HlyAc are only important for protein stability and

protein folding but not for creating a driving force for the translocation process.

4.4. ATP hydrolysis threads the substrate into the translocator

The role and amount of ATP hydrolyzes for the HlyA translocation cycle is currently
unknown. The exact number of ATP for completing one secretion cycle is highly specu-
lative. It was assumed that only two ATP are needed for completing one translocation

cycle like in the case of OpuA from Lactococcus lactis or in the case of the maltose or
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glycine-betaine import system of Escherichia coli [Mimmack et al., 1989, Patzlaff et al.,
2003]. Further, an iterative mechanism where a distinct number of ATP is consumed
per translocated amino acid is possible. Such a mechanism was observed for the Sec
pathway. Here, one ATP is consumed per 20-30 transported amino acids [Schiebel et al.,
1991, Uchida et al., 1995]. Due to the fact that HlyA has a size of 1024 amino acids
it seems unlikely that only one or two ATP are used for a full translocation process.
Energizing of the secretion via a ‘pulling’ mechanism or via the PMF in late stages of
secretion could be excluded [Koronakis et al., 1991].

Secretion experiments with the ATP hydrolyzing deficient HlyB-H662A variant show
that HlyA and HlyAc secretion is completely abolished. The mutant is still able to
bind ATP and leads to dimerization of the NBDs [Zaitseva et al., 2005]. Western blots
confirm that expression of HlyB wild type and HlyB-H662A are equal. Previous studies
indicate that ATP hydrolyzing deficient variants still results in a full assemble HlyA T1SS
[Thanabalu et al., 1998]. Fluorescence images show that in case of co-expression of eGFP-
HlyA, HlyB-H662A and HlyD the HlyA part of the substrate is not reaching the cell
surface (see Chapter 3.6). This indicates that ATP hydrolyzes is necessary for threading
the substrate into the translocation pore. This results indicate two possibilities how
ATP hydrolysis is involved in HlyA secretion. First, ATP can energize the translocation
process in an iterative way. Therefore, a distinct number of ATP is consumed per
translocated amino acid. Or second, ATP hydrolysis can be involved in some gating
activity. Therefore, the HlyA T1SS works as an ATP hydrolysis gated channel, where
a first ATP hydrolysis step is necessary for initiating transport and channel opening
whereas a second ATP hydrolysis step terminates the transport process and results in
channel closing.

ATPase data of the HlyB-NBDs mutants R611A and D551 A show in vitro a dramatical
decrease in the ATPase activity [Zaitseva et al., 2006]. The two amino acids form a salt
bridge that is proposed to act as a gate to close or open the phosphate exit tunnel
in the HlyB NBD structure [Zaitseva et al., 2006]. Secretion of HlyAc in presence
of HlyB-R611A results in wild type secretion levels whereas HlyB-D551A results in a
four fold reduced secretion rate (see Figure 4.1). Expression rates of all HlyB variants
are identical. The results indicate that the ATPase activity of the NBDs have a directly
influence on the secretion rate but that ATP hydrolysis seems to be not the time limiting
factor for secretion. In case of HlyB-R611A, the ATPase activity is 10 fold reduced but
results in the same secretion rate whereas the ATPase activity of HlyB-D551A is 15 fold
reduced and the secretion rate drops by a factor of four. Also, it is not known how

far the in wvitro ATPase data of the isolated NBDs can be transferred on the in vivo
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Figure 4.1.: Secretion rate of HlyAc with different HlyB variants and corre-
sponding NBD ATPase activity

Secretion rate of HlyAc (dark grey bars) in presence of different HlyB variants. Se-
cretion rate is measured in secreted amino acids per second and T1SS (left ordinate).
Measured ATPase activity of the isolated and purified HlyB-NBD variants is highlighted
as light grey bars. Activity is represented by the turnover number in hydrolyzed ATP
per minute and NBD (right ordinate). ATPase activity determination was performed in
vitro [Zaitseva et al., 2006].

situation. To answer this question, this topic requires further investigation.

4.5. Proposed translocation mechanism for the HlyA T1SS

The described observations indicate that an ‘activating’ model with C-terminal initiated
secretion is favorable for the HlyA T1SS. Even in absence of the substrate, the IM
compounds HlyB and HlyD are assembled [Thanabalu et al., 1998]. In a first step, HlyA
interaction with HlyB and HlyD results in TolC recruitment (see Figure 4.2, step 1). As
mentioned, it is assumed that the GG repeats interact with the CLD of HlyB whereas the
secretion signal interacts with the HlyB NBDs [Benabdelhak et al., 2003, Lecher et al.,
2012]. Further, the cytoplasmic part of HlyD is interacting with HlyA via its potential
amphiphatic helix and its charged amino acid cluster [Balakrishnan et al., 2001].The
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exact motif of HlyA for HlyD interaction is unknown yet but the substrate interaction
with both IM compounds is essential for TolC recruitment. TolC is recruited by the
periplasmic part of HlyD [Lee et al., 2012]. Direct interaction between TolC and the
ABC transporter could not be observed [Thanabalu et al., 1998]. HlyA interaction with
the substrate is assumed to stabilized the protein in an unfolded conformation [Lecher
et al., 2012]. If this process occurs co- or post-translational for HlyA, is unknown so far
and needs further investigation.

In a next step, the secretion signal initiates the translocation process and threads the
substrate into the translocator. This thesis could clearly demonstrate that the secretion
signal is essential for threading the substrate into the translocator and that the C-
terminus leads the way throughout the translocation pore [Lenders et al., 2015] (see
Figure 4.2, step 2). In this state, the dimerization of the HlyB NBDs have to take place.
It could be shown that substrate presence results in stimulation of the HlyB ATPase
activity in vitro. For that purpose, the NBDs have to dimerize to build a full and active
ATP binding site [Zaitseva et al., 2005, Zaitseva et al., 2006]. Dimerization will result in
drastically conformational changes of the ABC transporter due to the coupling helices
that link the NBDs and the TMDs [Dawson and Locher, 2006]. It is supposed that
the secretion signal is interaction with the TMDs of HlyB [Zhang et al., 1993]. The
conformational changes of the transporter can result in transfer of the secretion signal
to the TMDs of HlyB. If the GG repeats are still interacting with the CLD during that

time is unknown.

Afterwards, the substrate has to be secreted in some way. It could be shown that ATP
hydrolysis is necessary for completing substrate translocation [Thanabalu et al., 1998].
Our results demonstrate that ATP hydrolysis is necessary for the transport process
itself. Without hydrolysis, the substrate is not reaching the cell surface. This leads
to two possible explanations how ATP hydrolysis is involved in substrate translocation.
The first explanation could be that the HlyA T1SS works in an iterative way like the
Sec pathway (see Figure 4.2, step 3). Here, a distinct number of ATP are consumed per
translocated amino acid. The secretion rate experiments show that HlyA and HlyAc are
secreted with the same rate. This indicates that a distinct number of ATP are consumed
per translocated amino acid. Nevertheless, secretion rate experiments in presence of
slow ATP hydrolyzing HlyB mutants results not always in a reduced secretion rate
but this could also due to the fact that ATP hydrolysis is not the limiting factor or
that the in vitro measured ATPase data do not reflect the in vivo situation. An other
explanation can be that the HlyA T1SS work like an ATP hydrolysis gated channel. For

that purpose, hydrolysis of one or two ATP leads to channel opening by conformational
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Figure 4.2.: Possible steps of the HlyA T1SS

Cross section of the Escherichia coli IM and OM with a HlyA T1SS. Membranes are rep-
resented by grey bars. Dimeric HlyB (TMDs in yellow, NBDs in blue and CLDs in red)
and oligomeric HlyD (in green) are located in the IM whereas TolC (in orange; pdb file
1EK9) is located in the OM. Grey dots represent extracellular Ca?* and black twisted
line the substrate HlyA where GG stands for the GG repeats, N for the N-terminus and
grey boxed C for the C-terminus with the secretion signal. Numbers indicate the differ-
ent proposed steps of the mechanism. (1) Synthesized HlyA binds to the IM components
over the GG repeats, the secretion signal and further regions. Leads to TolC recruit-
ing and NBD dimerizing. (2) Secretion signal is transferred to the TMDs and leads to
conformational changes of HlyB. (3) Iterative ATP hydrolysis leads to full substrate
translocation. Extracellular folding of HlyA by Ca®* binding to GG repeats. (3a) ATP
hydrolysis gated channel opening leads to substrate translocation into the translocation
pore. (3b) An unknown inherent driving force complete substrate translocation. FEx-
tracellular folding of HlyA by Ca?' binding to GG repeats. (4) Completed substrate
translocation is recognized by the T1SS, leads to its disassembly and to HlyB reset into
the initial state. (5) IM compounds are ready for new substrate recognition and for
repeating the translocation cycle.
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changes of HlyB and to substrate translocation to the cell surface (see Figure 4.2, step
3a). At the cell surface, substrate binding is induced by extracellular Ca®* binding to
the GG repeats. If this assumption is true, the driving force for the remaining substrate
translocation is unknown. In case of an iterative translocation, ATP hydrolysis energizes
the transport process. In case of an ligand gated channel the energy has to be provided
by something different. Only two ATP molecules for translocation of 1024 amino acid for
HIyA are highly unlikely. A ‘pulling’ mechanism by Ca?*t induced protein folding could
be excluded by our experiments as well as an influence of the GG repeats on the secretion
speed. Furthermore, the PMF as the inherent driving force could be excluded in late
stages for HlyA secretion [Koronakis et al., 1991]. Only diffusion along a concentration
and electrostatic gradient of HlyA and the PMF in early stages of secretion can energize
and complete the secretion process (see Figure 4.2, step 3b). Nevertheless, substrate
translocation will be completed and HlyA folds into its active form in the extracellular
space by Ca?" binding.

Completion of the secretion process have to be recognized by the translocator in some
way. This recognition can be mediated by the absence of the substrate or by other
signals that could not be determined yet. Finally this leads to the disassembly of the
T1SS and to a reset of the ABC transporter into its initial state (see Figure 4.2, step
4). The transporter is now able to bind a new cytosolic unfolded HlyA molecule and
to start a new translocation cycle 4.2, step 5). How far the first translocation cycle has
to be completed before a new cycle can be initiated is also only speculative. It could
be that during translocation of the substrate the free CLD of HlyB can interact with
a new HlyA molecule and leads to a first reorientation and to a movement of the new
substrate into the initial position. According to this, a new translocation cycle could

start immediately.
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