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Summary

The work presented here was focussed on the expression, purification and crystallization

of proteins that are involved in transport processes across bacterial membranes: NptA

from Vibrio cholerae, PulG from Klebsiella oxytoca and SycD/YopB/YopD from Yersinia

enterocolitica. Whereas NptA is a small solute cotransporter for phosphate and sodium

ions across the cytoplasmic membrane, PulG and SycD/YopB/YopD are components

of large two membrane spanning multiprotein complexes, the so-called type II and III

secretion systems. These secretion systems are involved in the complex translocation

process of proteins either from the periplasm across the outer membrane or directly from

the cytosol across both bacterial membranes.

Sodium dependent phosphate cotransporters (NaPi II’s) have been known for a long

time from higher vertebrates where they play an important role in phosphate homoeostasis

and bone metabolism. Due to their substantial physiological and medical relevance they

are functionally well characterized. Despite the obvious need for a high resolution struc-

ture, NaPi II’s were so far not amenable to structural investigations since it was not possi-

ble to express and purify them in sufficient amounts. Chapter 2 describes the recombinant

expression of NptA, a recently discovered sequence and functional homologue from the

Gram− bacterium V. cholerae. Extensive screenings for suitable solubilization conditions

and optimization of the purification yielded ∼2 mg His-tagged NptA from 5 l Escherichia

coli culture, but only in the form of inhomogeneous, large oligomers/aggregates inap-

propriate for crystallization. Attempts to prepare these aggregates into a homogeneous

solution of mono- or small oligomers failed. During the course of this work, further NaPi

II homologues were identified in the genomes of numerous other bacteria. Ten genes were

selected from databases and the E. coli optimized sequences were inserted into a pET

vector for expression. P32-phosphate uptake measurements revealed an increased sodium

dependent uptake in E. coli C43 for eight of the constructs, indicating functional expres-

sion. Seven transporters showed a clear signal on western blots when tested for their

expression. These new expression systems are the basis for further attempts to reach the

ultimate goal of a high resolution crystal structure.
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Summary

The pseudopilin PulG is an essential component of the type II pullulanase secretion

machinery of the Gram− bacterium K. oxytoca. The sequence of the N-terminal 25 amino

acids of the PulG precursor is hydrophobic and very similar to the corresponding region

of type IV pilins where these residues form a long α-helical spine that protrudes from a

globular head domain. Chapter 3 presents the crystal structure of truncated PulG lacking

the N-terminal hydrophobic region — the first structure of a type II pseudopilin. The

obtained crystals belonged to space group P6522 and diffracted to a 1.6 Å resolution. The

model was refined to a final R-factor of 16.7 % (Rfree = 19.8 %). Truncated PulG was

found to include part of the long N-terminal α-helix and the four internal anti-parallel β-

strands that characterize the type IV pilins, even though sequence similarity is missing in

the crystallized head domain. The highly variable loop region with a disulfide bond which

is found in the type IV pilins is not present in the PulG structure. When overproduced,

PulG forms flexible pili whose structural features, as visualized by electron microscopy,

are similar to those of bacterial type IV pili. The PulG structure was used to build an

atomic model of the pseudopilus assembly by fitting PulG monomers into data obtained

by cryo electron microscopy and mass spectrometry analyses of pilus filaments.

The complex type III protein secretion machinery of Y. enterocolitica directly injects

bacterial effectors into immune cells of mammalian hosts. Two hydrophobic components,

YopD and YopB, have one, respectively two predicted transmembrane helices and form the

translocation pore in the host cell membrane. Targeting of these translocators depends

on the presence of their specific chaperone SycD in the bacterial cytoplasm where it

prevents the presecretional aggregation of YopB and YopD. With the goal to determine the

three-dimensional structures of the chaperone and its complexes with the translocators,

His-tagged SycD was recombinantly expressed in E. coli, either alone or together with

YopB and/or YopD as described in chapter 4. Extensive crystallization experiments

with the purified His-SycD dimer and a homogeneous His-SycD/YopD complex (most

probably composed of 2 + 2 monomers) did not produce crystals — potentially due to

the sensitivity of His-SycD to oxidation at one or more of the four cysteine sites. Thus,

different combinations of cysteine versus alanine mutations were introduced in His-SycD.

One double mutant His-SycD(C113A, C164A) exhibited the same behavior in respect to YopD

binding but was not sensitive to oxidation. This mutant is a further promising candidate

for crystallization experiments of the chaperone and the chaperone/YopD complex.

viii



Zusammenfassung

Im Mittelpunkt der hier vorgestellten Arbeit stehen die Expression, Reinigung und Kris-

tallisation von Proteinen, die an Transportprozessen über bakterielle Membranen beteiligt

sind: NptA von Vibrio cholerae, PulG von Klebsiella oxytoca und SycD/YopB/YopD

von Yersinia enterocolitica. Während es sich bei NptA um einen Cotransporter für die

löslichen Ionen Natrium und Phosphat durch die Cytoplasmamembran handelt, stellen

PulG wie auch SycD/YopB/YopD einzelne Komponenten großer, zwei Membranen durch-

spannender Multiproteinkomplexe dar, dem sogenannten Typ II und Typ III Sektretion-

ssystem. Diese Sektretionssysteme bewerkstelligen die komplexe Translokation von Pro-

teinen aus dem periplasmatischen Raum durch die äußere Zellmembran bzw. direkt aus

dem Zytoplasma durch beide Membranen Gram− Bakterien.

Natrium abhängige Phosphatcotransporter (NaPi II Proteine) sind seit längerer Zeit

aus Vertebraten bekannt. Hier spielen sie eine wichtige Rolle bei der Phosphathomöos-

tase und damit auch im Knochenmetabolismus. Aufgrund ihrer physiologischen und

medizinischen Bedeutung wurden sie funktionell gut charakterisiert. Der Bedarf für eine

hochauflösende Proteinstruktur ist offensichtlich. Bisher waren NaPi II Proteine jedoch

keiner strukturellen Untersuchungsmethode zugänglich, da sie nicht in den benötigten

Mengen exprimiert und gereinigt werden konnten. Kapitel 2 beschreibt die rekombinante

Expression und Reinigung von NptA, einem jüngst entdeckten sequenziellen und funk-

tionellen Homologen aus dem Gram− Bakterium V. cholerae. Die ausgiebige Suche nach

geeigneten Bedingungen für die Solubilisierung und die Optimierung der Reinigung re-

sultierten in einer Ausbeute von 2 mg reinem His-NptA aus 5 l Escherichia coli Kultur,

jedoch nur in Form von großen Oligomeren bzw. Aggregaten. Versuche, His-NptA in eine

homogene Lösung von Monomeren oder kleinen Oligomeren zu bringen, schlugen fehl. Im

Verlauf dieser Arbeit wurden weitere NaPi II Homologe in den Genomen einer Vielzahl

anderer Bakterien identifiziert. Zehn Gene wurden aus Datenbanken ausgewählt. Die E.

coli optimierten Sequenzen wurden mittels Gensythese hergestellt und in einen pET Vek-

tor für deren Expression überführt. P32-Phosphataufnahmemessungen ergaben für acht

dieser Konstrukte eine erhöhte natriumabhängige Aufnahme in E. coli C43 Zellen, ein
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Zusammenfassung

deutlicher Hinweis auf funktionelle Expression. Sieben Transporter zeigten bei Expres-

sionstests ein deutliches Signal in Western Blots. Die neuen Expressionsysteme bilden die

Grundlage für weitere Versuche, das finale Ziel, eine hochauflösende Kristallstruktur, zu

erreichen.

Das Pseudopilin PulG ist eine essentielle Komponente des Typ II Pullulanase Sekre-

tionssystems aus dem Gram− Bakterium K. oxytoca. Die Sequenz der N-terminalen 25

Aminosäuren des PulG Vorläuferproteins ist hydrophob und dem äquivalenten Abschnitt

von Typ IV Pilinen sehr ähnlich. Dort bilden diese Reste einen langen α-helikalen Fort-

satz aus, der deutlich aus der globulären Proteindomäne herrausragt. In Kapitel 3 wird

die Kristallstruktur einer verkürzten PulG Variante vorgestellt, welcher der N-terminale

hydrophobe Bereich fehlt — die erste Struktur eines Typ II Pseudopilins. Die erhaltenen

Kristalle der Raumgruppe P6522 beugten am Synchrotron bis zu einer Auflösung von

1.6 Å. Die Struktur wurde bis zu einem R-Faktor von 16.7 % (Rfree = 19.8 %) verfeinert.

Die verkürzte PulG Variante enthielt einen Teil der für Typ IV Piline charakteristis-

chen langen N-terminalen α-Helix sowie die vier internen antiparallelen β-Stränge. Der

hochvariable Loop”-Bereich der Typ IV Piline inklusive der Disulphidbrücke ist in der

PulG Struktur nicht enthalten. Bei starker Überexpression bildet PulG flexible Pili aus,

deren strukturelle Eigenschaften, elektronenmikroskopisch dargestellt, ähnlich zu Typ IV

Pili sind. Die PulG Struktur wurde dazu verwendet, ein atomares Model des Pseudopilus

zu generieren, wobei PulG Monomere in kryoelektronenmikroskopisch sowie massenspek-

trometrisch erhobene Daten eingepasst wurden.

Der komplex aufgebaute Typ III Sekretionsapparat von Y. enterocolitica dient der di-

rekten Injektion von bakteriellen Effektorproteinen in Immunzellen des Säugertierwirts.

Zwei hydrophobe Komponenten, YopD und YopB, besitzen eine bzw. zwei vorhergesagte

Transmembranhelizes und bilden die Translokationspore in der Wirtszellmembran. Das

erfolgreiche Targeting der Translokatoren ist von der Gegenwart des spezifischen Chap-

erones SycD im bakteriellen Zytoplasma abhängig. Hier verhindert es die Aggregation

von YopB und YopD bevor diese sekretiert werden. Mit dem Ziel die dreidimensionale

Struktur des Chaperones sowie dessen Proteinkomplexen mit den Translokatoren zu be-

stimmen, wurde, wie in Kapitel 4 beschrieben, SycD mit einem N-terminalen His-Tag in

E. coli exprimiert, sowohl alleine, als auch zusammen mit YopB und/oder YopD. Umfang-

reiche Kristallisationsexperimente mit dem gereinigten His-SycD Dimer und einem homo-

genen His-SycD/YopD Komplex, dessen Größe am besten 2 + 2 Monomeren entspricht,

erbrachten keine Kristalle. Die Ursache dafür könnte die beobachtete Oxidationsempfind-

lichkeit von His-SycD an einer oder mehrerer der vier Cysteinpositionen sein. Daher

x



wurden in His-SycD verschiedene Kombinationen von Cystein versus Alanin Mutationen

eingebracht. Eine Doppelmutante (His-SycDC113A, C164A) verhielt sich, in Bezug auf die

Eigenschaft YopD zu binden, identisch zum Wildtyp, zeigte jedoch keine Oxidation mehr.

Diese Mutante stellt einen aussichtsreichen Kandidaten für weitere Kristallisationsver-

suche dar.
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1 Introduction

1.1 Biological membranes

The cell is the basic unit of life. To maintain its high internal order in an open continuous

system an essential need of all living organisms is an effective barrier to the unordered

environment. This barrier enables the cell to accumulate nutrients gathered from its

environment and to retain the products it synthesizes for its own use, while excreting

metabolic waste products. Higher organized eucaryotic cells have further intracellular

compartments, used for specific metabolic functions that are separated from the cytosol.

In all three domains of life (eubacteria, archaea and eucarya) the core structure of these

barriers is formed by lipids, mainly phosphoglycerides. Due to their amphiphilic nature in

an aqueous environment lipids selfassemble into bilayers (membranes). The hydrophobic

hydrocarbon moieties are protected in the interior of the membrane and the hydrophilic

head groups are in contact with the surrounding water. Due to an appropriate lipid

composition the bilayers are in a liquid crystalline state over a wide temperature range.

The single lipid molecules are ordered perpendicularly to the membrane plane where they

are free to lateral diffusion. Flipping of lipids from one leaflet to the opposite one is a

rather rare event. This allows cells to form and retain asymmetric bilayers with different

lipid composition in both monolayers and adapt their membranes to specific requirements.

Membranes are ∼5 nm thick with the central hydrophobic core comprising ∼3 nm which

is sufficient to block the passage of hydrophilic solutes like ions, sugars or amino acids

through the cell envelope whereas hydrophobic compounds like CO2, N2, O2 or NH3 easily

can diffuse through the membrane.

Membranes are, however, more than just passive barriers. Most of the biological func-

tions taking place at biological membranes, e.g. the acquisition of nutrients, the conversion

of chemical energy in an electrochemical membrane potential and vice versa, or the dis-

posal of metabolic waste products require specialized transmembrane spanning transport

proteins. If not anchored to other structures of the cell, e.g. the cytoskeleton or com-

ponents of the cell wall, they diffuse within the membrane plane. Membrane embedded

1



1 Introduction

Figure 1.1: Liquid mosaic model of an eucaryotic cell membrane, taken from the following web resource:
http://en.wikibooks.org/wiki/A-level Biology/Biology Foundation/cell membranes and transport.

proteins that do not span the whole membrane further contribute to functions that are

associated to biological membranes. These experimental findings led to the fluid mo-

saic model of biological membranes (figure 1.1) as described first by Singer and Nicolson

(1972). The importance of membrane proteins for appropriate cell function is reflected by

the high protein content which is in the range between 20 and 70 % of the total membrane

mass and strongly depends on the membrane function.

In addition to the ubiquitous cytoplasmic membrane, Gram− bacteria possess an outer

membrane which encloses the periplasmic space. A highly crosslinked macromolecule

forms the so-called peptidoglycan layer in the periplasm and provides these bacteria with

their rigidity. Two major differences distinguish the outer from the inner membrane.

First, in the outer membrane some lipids of the outer leaflet are replaced by lipopolysac-

charides, molecules that are only synthesized by Gram− bacteria. The densely packed

polysaccharides on the bacterial outside provide an additional barrier against the per-

meation of hydrophobic compounds, and is one reason why Gram− bacteria are rather

resistant against many antibiotics since these cannot enter their target cells. Second, in-

tegral outer membrane proteins, so-called porins, form large water filled channels which

allow the free diffusion of water and smalls solutes (< 600 Dalton), e.g. sugars, aminoacids,

salts, between the periplasm and the environment. However, the outer membrane still

provides a barrier for larger polymers and proteins.

The group of membrane proteins is as diverse as the functions they need to perform.

Accordingly, whole genome analyses from all three domains of life (eubacteria, archaea,

2



1.1 Biological membranes

eucarya) gave estimates that ∼30 % of all open reading frames are encoding transmem-

brane proteins (Elofsson and von Heijne, 2007; Liu et al., 2002; Wallin and von Heijne,

1998) and one third of these catalyse the transport of molecules from one side of the

membrane to the other (Paulsen et al., 1998a,b). Due to this background, it is not

surprising that many membrane transport proteins are related to diseases as well as —

due to their exposed location at the cell surface — provide important virulence factors

during bacterial infections. Currently more than 50 % of all drugs for application in

humans are targeted against transmembrane proteins (mainly G-protein coupled recep-

tors or ion channels) (Russell and Eggleston, 2000; Klabunde and Hessler, 2002; Krogh

et al., 2001). Thus a profound knowledge of membrane protein structures and func-

tions would not only contribute to our understanding of relevant cell surface processes

but also open a new field for drug development and design. Despite the obvious needs

for high resolution structures and the large efforts that are put into this field, our cur-

rent knowledge on membrane protein structures lags far behind that of soluble proteins.

Less than 1 % of all protein structures deposited in the “Protein Data Bank” (PDB)

(Berman et al., 2000) are of membrane proteins and currently these are not more than

201 unique structures as listed on the web page of “Membrane Proteins of known Struc-

ture” (http://blanco.biomol.uci.edu/Membrane Proteins xtal.html). In cases where the

transport process is not performed by a single protein component but rather by a large

complex composed of several to many different polypeptide chains as in the case of some

protein translocating systems, the situation is even worse. However, the contribution of

these structures to our understanding of membrane transport processes is immense.

Until now the only reliable method to obtain high resolution structures of membrane

proteins or protein/protein complexes is to crystallize the purified protein/complex and

to calculate a structural model from the diffraction pattern obtained by X-ray crystal-

lography. The purification and crystallization of membrane proteins or protein/protein

complexes still belongs to the major challenges in molecular biology and is the main rea-

son for the deficit in structural knowledge of membrane transport systems (Carpenter

et al., 2008; Walian et al., 2004; Werten et al., 2002). The large quantities of protein

needed for crystallization usually require an efficient expression system for recombinant

protein. In the case of transmembrane proteins or heteromeric protein/protein com-

plexes already this first step is often successful only after extensive trial and error or does

not succeed at all (Junge et al., 2008; Midgett and Madden, 2007; Surade et al., 2006).

Further bottlenecks towards the structure determination can arise either during the sol-

ubilization of membrane proteins from their lipidic environment in intact conformation

3



1 Introduction

Figure 1.2: Schematic overview about the four classes of small solute transport proteins in biological mem-
branes. The gradients of the solutes across the membrane are indicated by triangles with the tip pointing
towards the lower electrochemical potential. Channels and uniporters permit the import or export of
solutes down their electrochemical gradient. Symporters and antiporters catalyze the movement of one
solute against its gradient (red symbols), driven by the movement of one or several atoms/molecules of
another solute down its electrochemical gradient (grey symbols). In most cases, the driving force is deliv-
ered by the inward flux of protons, sodium or other cations. Primary active transporters utilize a primary
source of energy, here exemplified by ATP hydrolysis to pump solutes against their electrochemical po-
tential either inward or outward cells or cellular compartments. Finally, group translocators chemically
modify their substrates at the cytosolic side of the cytoplasmic membrane during uptake, exemplified
here by the phosphotransferase system which transfers the phosphoryl group of phosphoenolpyruvate to
the transported sugars. Thus, the transport does not contribute to the concentration gradient of the
unmodified substrate across the membrane and the gradient is omitted in the illustration.

(Seddon et al., 2004; Lundstrom, 2006) or the purification of homogeneous and struc-

turally stable proteins/complexes and last but not least during the crystallization in the

presence of detergents (Caffrey, 2003; Lacapère et al., 2007; Ostermeier and Michel, 1997).

1.2 Biomembrane transport

The following pages give a short overview of the protein mediated transport processes

across biological membranes. After introducing the different classes of small solute-

translocating proteins, a major focus is set on the more complex protein secretion path-

ways, especially in Gram− bacteria.

1.2.1 Transport of small solutes

According to the “Transport Classification Database” (http://www.tcdb.org) transport

proteins that enable small solute transport across biological membranes are divided into
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1.2 Biomembrane transport

four classes (see figure 1.2).

Channels and pores mediate the facilitated diffusion of solutes along their electro-

chemical gradient through aqueous filled channels spanning the membrane without any

evidence of a carrier mediated mechanism. Pores are in contrast to channels usually large

in diameter and allow nonselective diffusion of almost any soluble substance with the only

limitation in the size. Pores inserted in the cytoplasmic membrane lead to the disrup-

tion of the electrochemical gradient which causes cell death. Thus pore forming proteins

naturally occur only in the outer membrane of Gram− bacteria or are toxins that are

secreted by a large diversity of organisms. As a rule, proteins in the outer membrane are

formed by β-barrel proteins whereas proteins in the cytoplasmic membrane usually are

α-helical. Exceptions are two recently solved structures of pore forming α-helical outer

membrane proteins from Escherichia coli and Corynebacterium glutamicum (Dong et al.,

2006; Ziegler et al., 2008) and the pore forming toxins α-hemolysin and LukF that are

secreted by Staphylococcus aureus and form β-barrels in the plasma membrane of target

cells (Song et al., 1996; Olson et al., 1999).

On the other hand, channels are highly selective to certain substrates or to a group

of similar substrates (e.g. allowing the passage of cations but not of anions) and a large

diversity is present in the cytoplasmic membrane of every cell as well as in all membranes

of intracellular compartments (Ashcroft, 2006). Some channels are permanently active

(open), as the inward-rectifying potassium selective channel, the major contributor to the

maintenance of the negative resting potential at the cell membrane. However, most chan-

nels open just part time. They are tightly regulated by a variety of gating mechanisms and

controlled e.g. by voltage, pH, ligand-binding or a mechanical stimulus. Since the trans-

port rates through channels are orders in magnitude higher than for other transporters,

gated ion channels can modify rapidly the electric potential across membranes and play a

major role in high-speed communication between nerve and muscle cells. Other channels

are involved in nutrient acquisition, or the regulation of osmolarity and thus cell volume

and tugor. High resolution crystal structures yielded insights in how channels achieve

substrate specificity (reviewed in Gouaux and MacKinnon, 2005) and how various gating

stimuli can result in channel opening or closing (see e.g. Chang et al., 1998; Dutzler et al.,

2003; Gonzales et al., 2009; Jiang et al., 2002; Kawate et al., 2009).

Electrochemical-potential driven transporters, called carriers or facilitators, spe-

cifically bind their substrate(s) and undergo a series of conformational changes before

the release on the opposite side of the membrane. Carrier proteins either mediate the

facilitated diffusion of a single substrate along its energy gradient (uniport), or couple the
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“uphill” transport of one solute to the “downhill” cotransport of another solute (symport

or antiport) in a process called secondary active transport. Carrier mediated transport is

only driven by the electrochemical potentials of the corresponding substrate(s), i.e. car-

riers cannot build up such gradients across membranes. In consequence, secondary active

transport depends on gradients established by primary active ion pumps. An increasing

number of high resolution structures of sym- and antiporters is now deposited in the PDB

(Berman et al., 2000) such as antiporters from the major facilitator family (reviewed in

Law et al., 2008), the sodium galactose symporter (Faham et al., 2008) or sodium cou-

pled neurotransmitter transporters (reviewed in Gouaux, 2009). However, until now, no

structure has been determined for a member of the sodium phosphate symporter family

that play essential roles in epithelial phosphate reabsorption and maintaining phosphate

homoeostasis in higher vertebrates, but that were recently also found in Vibrio cholerae

and several other bacteria (Lebens et al., 2002).

Primary active transporters (pumps) use a primary source of energy to drive trans-

port of solutes/ions against their concentration gradients. The energy for this task can

result from a variety of sources such as light, oxidation-reduction reactions, or, most

commonly the hydrolysis of ATP. Pumps are the only proteins, that can establish and

maintain an electrochemical potential gradient across membranes which is essential for

all living cells. This potential gradient is further used as an energy source for secondary

active transport. The structure of the photosynthetic reaction center from the purple

bacterium Rhodopseudomonas viridis, which pumps protons driven by light, was the first

high resolution structure of an integral membrane protein (Deisenhofer et al., 1985). It

set a mile stone in the field of membrane protein crystallization and structure determina-

tion by X-ray crystallography for which Johann Deisenhofer, Robert Huber and Hartmut

Michel were honored in 1988 by the Nobelprize in chemistry. Since that time a variety

of crystal structures from other bacterial photosynthetic reaction centers, plant photosys-

tems, ATP binding cassette (ABC) transporters, P-type ATPases and rotors of V- and

F-type ATPases increased our mechanistical understanding on a diversity of unrelated

solute pumping mechanism (Locher, 2009; Meier et al., 2005; Møller et al., 2005; Murata

et al., 2005; Procko et al., 2009; Toyoshima et al., 2000).

Finally, Group translocators are bacterial specific enzymes that couple the uptake

to a covalent modification of the substrates. Best investigated is the phosphotransferase

system, that phosphorylates sugar substrates upon their arrival in the bacterial cytosol.

In this way, the concentration of the unphosphorylated sugar in the cytosol is kept low

and the unwanted reversible transport reaction is suppressed. Structural knowledge on
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1.2 Biomembrane transport

the transmembrane domain of this class of translocators is not available yet.

1.2.2 Secretion of proteins

Besides the transport of small soluble compounds organisms from all kingdoms of live

transport large biological macromolecules such as proteins across their membranes. Se-

creted proteins play important roles in signaling and immune defence of higher eucaryotes,

but are also important virulence factors of bacteria (Lee and Schneewind, 2001). Some

secreted proteins allow the acquisition of either rare nutrients as in the case of heme acqui-

sition by hemophores (Cescau et al., 2007), or the extracellular degradation of otherwise

not obtainable macromolecules into smaller transportable pieces. Last but not least many

animals such as venomous snakes or spiders secrete powerful toxic protein cocktails for

the injection into their victims. Beneath other toxic components, the secretions contain

many proteolytic enzymes and facilitate the digestion of large preys in a single piece.

Comparable to that macroscopic injection, many pathogenic bacteria improve their viru-

lence by the secretion of effector proteins or DNA directly into target cells of their hosts

to modulate cell functions for the bacterial benefit.

Protein secretion systems in Gram− bacteria

Due to the particular architecture of the cell envelope, secreted proteins of Gram− bacteria

need to be translocated across two membranes, the cytoplasmic and the outer membrane.

This condition makes protein secretion in these organisms one of the most sophisticated

transport problems at biological membranes. Interestingly, not only one but numerous

congruent protein secretion pathways have evolved in Gram− bacteria to perform this

demanding task (reviewed in Baron and Coombes, 2007; Kostakioti et al., 2005; Lee and

Schneewind, 2001; Pohlschröder et al., 2005; Saier, 2006). They are commonly divided

in the type I, II, III, IV and V protein secretion pathways, as illustrated in figure 1.3

(Henderson et al., 2004). All pathways have in common, that at least the transport

across the cytoplasmic membrane is energy dependent and almost exclusively coupled

to ATP (or GTP) hydrolysis, except of the Tat translocase which is energized by the

proton motive force (Lee et al., 2006; Saier, 2006). In contrast, the transport across the

outer membrane can either be spontaneous, or somehow coupled to the energy delivered

by cytosolic NTP hydrolysis or the chemiosmotic gradient of the inner membrane (Saier,

2006). Depending on the pathway, protein secretion across the two bacterial membranes

either occurs as a single step or in two steps which is accompanied with the existence
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of periplasmic intermediates (see reviews cited above). It is often performed by complex

machineries that are composed of numerous different proteins. Here, a brief introduction

to the five protein secretion pathways in Gram− bacteria is given.

Type I secretion systems (T1SSs) have a relatively simple composition of only three

protein components: a pore forming outer membrane protein, a membrane fusion protein

and an inner membrane ABC protein. Together they span the entire cell envelope. T1SSs

secrete a large variety of protein factors into the extracellular space, such as bacterial

adhesions, hemolysins, lipases, metalloproteases and S-layer proteins in a Sec independent

manner and in an continuous one-step process across both bacterial membranes (reviewed

in Delepelaire, 2004; Holland et al., 2005). In general, the substrates are provided with

a specific C-terminal signal sequence, which is recognized only by the dedicated ABC

transporter. The prototypal example of a T1SS is the α-hemolysin (HlyA) secretion

system of E. coli. Its ABC transporter protein HlyB mediates the ATP driven transport

of the unfolded substrate and forms a homodimer in the transport complex (Schmitt

et al., 2003; Zaitseva et al., 2005a,b). The membrane fusion protein HlyD is known to

form a trimeric structure that protrudes from the inner membrane into the periplasm

(Thanabalu et al., 1998). Here, HlyD interacts with the multifunctional outer membrane

protein TolC to form a transenvelope channel for the export of the HlyA allocrite. The

crystal structure of TolC impressively demonstrated that TolC can provide a large fraction

of such a protein channel (Koronakis et al., 2000). Like HlyB it exists as a trimer. In

contrast to HlyB and HlyD which are specific for the secretion of HlyA, TolC is involved

in the secretion of many different T1S substrates, and additionally in the export of a wide

range of toxic compounds and detergents, when associated with the non-ABC AcrA/AcrB

pump in E. coli or the MexA/MexB pump in Pseudomonas aeruginosa (Koronakis et al.,

2004; Nikaido, 2000).

The type II secretion (T2S) pathway is a two-step protein secretion mechanism and

often referred to as the main terminal branch of the Sec-dependent general secretion path-

way (see Cianciotto, 2005; Johnson et al., 2006; Sandkvist, 2001a,b, for further readings).

It is widely spread among Gram− bacteria and responsible for the export of the vast

majority of their exoproteins. It shares striking similarity with the type IV pili biogenesis

system, thus, the latter is often regarded as a subtype of the T2S pathway. In a first step,

proteins with an extracellular destination are targeted with an N-terminal signal sequence

either to the ubiquitous Sec system or to the more specialized twin-arginine translocation

(Tat) pathway for the transport across the cytoplasmic membrane into the periplasm.

Whereas the Sec system transports unfolded proteins in an ATP-dependent manner, the
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1.2 Biomembrane transport

Figure 1.3: Schematic overview of alternative protein secretion pathways in Gram− bacteria. The type
I secretion pathway is exemplified by hemolysin A secretion in E. coli. The type II secretion pathway
is represented by pullulanase secretion in Klebsiella oxytoca, the type III secretion pathway by Yop
secretion in three pathogenic Yersinia species and the type IV secretion pathway by the VirB system in
Agrobacterium tumefaciens. Whereas T1S and T3S substrates are transported across the two bacterial
membranes in one step, during T2S and T5S the substrates are transported consecutively in two steps
across the inner and the outer membrane. In the multifunctional T4SS both transport routes are possible.
For the T5SSs the gene architecture is indicated in the lower part and the three protomers forming the
trimeric type Vc autotransporter are depicted in different colours. Figures were taken from Henderson
et al. (2004). EM, extracellular milieu; OM, outer membrane; Peri, periplasm; IM, inner membrane;
Cyto, cytoplasm.

9



1 Introduction

Tat system translocates already folded substrates, such as the majority of the cofactor

containing redox proteins (Palmer et al., 2005), and uses the proton motive force instead

of ATP as the energy source (reviewed in Driessen and Nouwen, 2008; Lee et al., 2006).

In the periplasm the signal peptides are cleaved off by their specific peptidases and un-

folded proteins secreted via the Sec pathway adopt their final conformation. Folding is

essential for the secretion via the T2SSs and can be assisted by periplasmic chaperones,

e.g. the disulfide bond isomerase DsbA (Henderson et al., 2004; Thanassi, 2002). How-

ever, the recognition signal marking a substrate for T2S is still unknown. The T2SS, also

called secreton, is a large multiprotein complex and consists of 12–16 proteins, defined by

the letters A to O and S which are usually encoded in a single operon. Protein D is a

member of the secretin family and forms a large multimeric ring structure in the outer

membrane together with the pilotin S (Bitter et al., 1998; Chami et al., 2005; Nouwen

et al., 2000; Opalka et al., 2003). Five proteins (G to K) are homologous to the type IV

pili and are thought to form a pseudopilus in the periplasm as an important connection

between the outer and inner membrane components of the secreton (Durand et al., 2003;

Sauvonnet et al., 2000b). Finally, protein E is an ATPase and located at the cytoplas-

mic side of the secreton (Camberg and Sandkvist, 2005; Planet et al., 2001). How the

energy is transferred from the inner membrane to mediate the secretion process across

the outer membrane and the role of the pseudopilus in that process is not clear so far.

At the beginning of this work, no structure of a pseudopilin was available. According to

a model proposed by Filloux et al. (1998) and Shevchik et al. (1997) the folded proteins

could be pushed through the secretin channel across the outer membrane via assembly

and disassembly of the pseudopilus in a piston-like manner.

The type III secretion (T3S) pathway is mainly involved in bacterial pathogenesis,

but also permits the formation of symbiotic relationships between Gram− bacteria and

eucaryotic hosts via the injection of effector molecules straight into the cytosol of target

cells. This injection requires that the bacterium is in close proximity to a host cell. Hence,

T3S is also termed “contact dependent” (for reviews see Galán and Collmer, 1999; Galán

and Wolf-Watz, 2006; Mota et al., 2005b; Plano et al., 2001; Troisfontaines and Cornelis,

2005). Like T1S, T3S is a Sec independent mechanism and both bacterial membranes are

passed in a single step without the occurrence of periplasmic intermediates. In contrast

to the relatively simple ABC transporters, T3SSs are really complex surface organelles

that are assembled from ∼25 gene products. The so-called injectisome spans both bacte-

rial membranes and protrudes in the extracellular environment in a needle-like structure

(Cornelis, 2002b, 2006). Upon contact with a target cell, the translocon, consisting of one

10



1.2 Biomembrane transport

assisting hydrophilic and two hydrophobic translocator proteins is assembled in the host

cell membrane at the tip of the needle. The effectors are thought to be secreted via a

2–3 nm wide conduit in the needle center (Hoiczyk and Blobel, 2001). Controversy exists

about the recognition and targeting of the secreted effectors and translocators to the T3SS.

Even though the secretion signal could be restricted to the N-terminal region, a classical

consensus motive could neither be identified on the mRNA level nor within the protein

sequence. However, the secretion of most effectors and the two hydrophobic translocators

(YopB and YopD in Yersinia) depends on the occurrence of specific chaperones in the

bacterial cytosol (Feldman and Cornelis, 2003; Parsot et al., 2003). A conserved effector

chaperone binding mode was observed in several crystal structures and led to the theory

that the substrates bound to their specific chaperones deliver a three-dimensional (3D)

signal for secretion (Birtalan et al., 2002; Johnson et al., 2005). However, a 3D structure

neither of a chaperone assisting in the secretion of a hydrophobic translocator protein nor

of any hydrophobic translocator was available when this work was started.

The type IV secretion (T4S) pathway currently is the least understood secretion

pathway in terms of structure and function. Highly diverse T4SSs adapt multiple func-

tions and can perform the secretion of proteins and/or single stranded transfer-DNA

(T-DNA) that is bound to proteins either into the extracellular space or into virtually

any eucaryotic or procaryotic target cell type (see Backert and Meyer, 2006; Baron et al.,

2002; Burns, 2003; Cascales and Christie, 2003; Christie et al., 2005; Juhas et al., 2008;

Llosa et al., 2009, for reviews). Ancestrally, T4SSs are related to the bacterial conjuga-

tion system which is thus classified as a T4SS like process (Baron et al., 2002; Grohmann

et al., 2003; Lawley et al., 2003). The ability to transfer not only proteins but also single

stranded DNA bound to proteins is unique and plays an important role during horizontal

gene transfer and genome plasticity (Juhas et al., 2007, 2008, 2009). The contribution of

horizontal gene transfer to the evolution of pathogens through the dissemination of an-

tibiotic resistance and virulence genes is well known (Hacker and Kaper, 2000). Moreover,

T4SSs contribute directly to pathogenicity by the delivery of bacterial effector proteins.

Like the T3SSs, T4SSs are multiprotein complexes that span the whole cell envelope, and

are often externally extended by a pilus or a filament. The paradigm of a T4SS is the

VirB/VirD4 T-DNA transfer system of the facultative plant pathogen A. tumefaciens.

The genes of the twelve T4SS components VirB1 to VirB11 and VirD4 are encoded in

two operons on the tumor inducing Ti plasmid (Zupan et al., 2000). VirB2 and VirB5

are pilus components, VirB3 and VirB7 are pilus associated proteins, VirB4, VirB11 and

VirD4 are NTPases that provide the energy for transfer, while VirB6 to VirB10 constitute
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components of the transenvelope core complex (Juhas et al., 2008). Recently, the struc-

ture of this core complex of A. tumefaciens plasmid pKM101 could be visualized for the

first time by cryo electron microscopy in a 15 Å resolution (Fronzes et al., 2009). Several

effector proteins, namely VirD2, VirD5 VirE2, VirE3 and VirF are secreted directly in one

step to the plant host cell cytosol. VirD2 is secreted as a nucleoprotein complex with a

covalently bound copy of single stranded T-DNA. Assisted by the effectors, the T-DNA is

delivered to the nucleus and results in crown gall tumor formation. However, beneath this

one-step secretion mechanisms, an evolutionary branch of the multitalented T4SSs can

also mediate the two-step secretion process of folded proteins from the periplasm to the

outside as in the case of pertussis toxin secretion (Backert and Meyer, 2006; Burns, 2003;

Covacci and Rappuoli, 1993; Weiss et al., 1993). Thus, T4SSs also can function analo-

gous to T2SSs and seem to provide an alternative branch to the general T2S pathway

(Henderson et al., 2004).

Finally, the type V secretion systems (T5SSs), called autotransporters, exhibit the

simplest architecture among all outer membrane crossing secretion pathways. As the

T2SSs and some of the T4SSs, the autotransporter pathway is a two-step secretion mech-

anism including the occurrence of periplasmic intermediates (for reviews see Dautin and

Bernstein, 2007; Desvaux et al., 2004; Henderson et al., 2004; Newman and Stathopoulos,

2004). A typical autotransporter is expressed as a single polypeptide chain that consists of

three consecutively arranged domains: (1) An N-terminal signal sequence that is required

for targeting to the Sec translocase followed by translocation across the cytoplasmic mem-

brane and the cleavage of the signal peptide by the leader peptidase to release the protein

into the periplasmic space; (2) an N-terminal passenger domain with an external desti-

nation, and (3) a C-terminal helper domain which forms the translocation unit needed

for the secretion of the passenger domain through the outer membrane. The passenger

domain may be released by self-proteolysis or stays attached to the outer membrane as

in the case of bacterial adhesins for surface exposure. Thus, the single polypeptide chain

of the autotransporter contains all determinants for the sophisticated protein secretion

across the two bacterial membranes and apart from the ubiquitous Sec system, no further

accessory proteins are required. So far, three subtypes of the T5SS have been described

(figure 1.3). Type Va represents the classical autotransporters as described above. In type

Vb, the passenger domain and the C-terminal helper domain are expressed as two sepa-

rate polypeptide chains, each with an N-terminal signal sequence. This led to the name

“two partner secretion pathway” (Henderson et al., 2004). In the type Vc the C-terminal

helper domain is drastically shortened in comparison to the other two types. However,
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the crystal structures of the helper domains of NalP from Neisseria meningitidis, EspP

from E. coli (both type Va) and Hia from Haemophilus influenzae (type Vc) revealed a

common twelve-stranded antiparallel β-barrel that superimposes nicely (Barnard et al.,

2007; Meng et al., 2006; Oomen et al., 2004). The major difference is, that in type Va the

functional unit is a monomer whereas type Vc autotransporters act as trimers with each

protomer contributing four β-strands to form the twelve-stranded barrel. The observation

that in both structures, the single, respectively three linker regions (one of each subunit),

are orientated inside the barrel where they form α-helices and the fact that the respec-

tive passenger domains have a similar architecture, too, suggests a common transport

mechanism. However, despite the simplicity of the T5SSs and the good structural knowl-

edge, the definite translocation mechanism is still a mystery and discussed controversially

(Dautin and Bernstein, 2007; Desvaux et al., 2004).

1.3 Aim of the work

Proteins were investigated from three different bacterial membrane transport systems to-

wards the final goal to determine their 3D structure. Chapter 2 deals with the cloning, ex-

pression and purification of bacterial sodium dependent phosphate cotransporters. Their

vertebral homologues, called NaPi II’s, have been known since a long time and are func-

tionally well characterized but were so far resistant to recombinant overexpression and

purification methods. I.e. no structure is available yet. NaPi II’s play essential roles

during renal phosphate reabsorption and phosphate homoeostasis — thus are of great

physiological and medical interest. The discovery of the sequential and functional ho-

mologue NptA in the Gram− bacterium V. cholerae, and in an increasing number of

other non related bacteria during the proceeding of this work gave rise to facilitate their

recombinant expression and large scale purification for structural investigations.

In contrast to this small solute transporter, chapters 3 and 4 deal with proteins, that are

involved in the sophisticated transport of whole proteins across the envelope of Gram−

bacteria that consists of two membranes. In chapter 3 the first crystal structure of a

pseudopilin from the pullulanase type II secretion system of K. oxytoca is described.

The crystal structure of PulG served as a basis to construct a model for the assembly

into the pseudopilus which is thought to be anchored in the cytoplasmic membrane and

to push folded proteins through a secretin pore in the outer membrane via assembly and

disassembly. In chapter 4 the specific chaperone SycD of the T3SS of Y. enterocolitica was

expressed either alone or together with its cognate translocater protein YopB or with YopB
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and YopD to investigate different chaperone/translocator complexes in respect to their

solubility and homogeneity in solution. YopB and YopD are insoluble transmembrane

proteins that form a translocation pore in the host cell membrane, but are thought to

be soluble if bound to SycD. Extensive crystallization experiments with His-tagged SycD

and a soluble His-SycD/YopD complex are described.
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2 Expression and purification of
bacterial sodium dependent
phosphate transporters

2.1 Abstract

Vertebral sodium dependent phosphate transporters (NaPi II’s) are membrane proteins of

high physiological and medical interest. They are responsible for phosphate homoeostasis,

play important roles in bone metabolism and are involved in severe human phosphate

deficiency diseases. Despite the great demand, a high resolution structure does not exist

so far, because all attempts of recombinant expression and purification failed. Recently it

was discovered, that procaryotes express homologues of NaPi II’s. NptA of Vibrio cholerae

was functional, when expressed in Escherichia coli. In this work it was found, that His-

tagged NptA could be expressed in sufficient amounts in E. coli C43. Extensive screenings

for solubilization conditions revealed, that only rather harsh zwitter-ionic detergents with

high critical micelle concentration (cmc) values were useful to quantitatively extract the

protein from the cell membrane. Optimization of the purification yielded ∼2 mg His-NptA

from 5 l cell culture, but only in the form of inhomogeneous, large oligomers/aggregates

useless for crystallization experiments. All attempts to prepare these aggregates into a

homogeneous solution of mono- or small oligomers failed.

With the rising number of genomes sequenced, it became clear, that several other

bacteria have NaPi II homologues. From these, ten were selected from databases. Codon

optimized genes were synthesized and inserted into a pET vector for expression in E.

coli. Phosphate uptake measurements with P32 revealed an increased sodium dependent

uptake in E. coli C43 for eight of the constructs, indicating functional expression. Seven

transporters showed a clear signal on a western blot when tested for their expression in

the same strain. These new expression systems are the basis for further studies towards

the ultimate goal of a high resolution crystal structure.
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2 Sodium dependent phosphate transport: NptA

2.2 Introduction

Phosphorus is an essential element of all living organisms and fulfills both structural

and metabolic roles. It is indispensible for energy supply, intracellular signaling, and for

DNA, RNA, and phospholipid synthesis. In vertebrates it is a major component of the

endoskeleton. Cells obtain phosphorus in form of negatively charged inorganic phosphate

(Pi) from their extracellular environment. Within the normal pH range Pi occurs as mono-

and/or divalent ion (H2PO−
4 , HPO2−

4 ) and thus cannot pass the cell membrane by simple

diffusion. So it is not surprising, that in all kingdoms of life a variety of Pi translocating

systems have evolved. Most of them have been described within the last two decades (for

reviews see Collins et al., 2003; Murer et al., 2000, 2004; van Veen, 1997; Virkki et al.,

2007; Werner and Kinne, 2001). All these systems mediate active Pi uptake against

the electrochemical gradient by energy coupling. Energy sources that are used by the

different families of Pi transporters are the chemical energy stored in the pyrophosphate

bond of ATP, the inwardly directed electrochemical gradient of sodium ions established

by the Na+-K+-ATPase or the proton motive force. Due to the wide range of relevant

physiological functions, the tight regulation of intra- and, in multicellular living things,

extracellular Pi is essential. All of them possess several Pi transporters to maintain a

constant Pi level even though the strategy and the nature of these membrane transport

systems differ among different organisms.

In bacteria, two specific Pi uptake systems are well characterized. (1) The phosphate

specific transport system (Pst) performs a high affinity, low capacity uptake under Pi

starvation and belongs to the large family of solute binding protein dependent ATP-

binding cassette (ABC) transporters (Higgins, 1992). The four genes are organized in the

pst operon which is part of the pho regulon. Pst is strongly activated when the external

Pi level falls below 20 mM (Rosenberg et al., 1977). (2) In contrast, the phosphate

inorganic transport system (Pit) is characterized by low affinity, high capacity uptake

driven by proton motive force and is constitutively expressed (Rosenberg et al., 1977).

The human homologues PiT-1 and PiT-2 that use a sodium gradient as energy source,

are ubiquitously expressed and may serve a housekeeping role for Pi homoeostasis within

the cells (Collins et al., 2004a; Virkki et al., 2007). They are also important players in

bone Pi metabolism (Caverzasio and Bonjour, 1996; Yoshiko et al., 2007; Zoidis et al.,

2004) and vascular calcification (Jono et al., 2000; Li et al., 2006).

In vertebrates, Pi homoeostasis is achieved by the members of the solute carrier family

SLC34 [also called sodium dependent Pi transporters or type II Na/Pi cotransporters
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(NaPi II’s)]. They couple Pi uptake to the transfer of sodium ions along their chemios-

motical gradient. In contrast to the Pit system, they are almost exclusively expressed

in apical membranes of epithelia and epithelial-like cells in mammals. At these entry

and exit points they regulate the Pi fluxes between the extracellular fluids and the en-

vironment, i.e. the Pi balance of the whole animal body. So far three type II sodium

dependent Pi transporters (type IIa, IIb and IIc) have been described, all of which also

occur in humans. Isoforms of the type IIa subfamily are responsible for the renal Pi re-

absorption from the glomerula filtrate which takes place at the brush border membrane

of the proximal tubulus. Type IIb performs the net Pi uptake at the luminal site of the

small intestine (brush border membrane of enterocytes), but is also expressed in a variety

of other tissues such as lung, colon, testis, mammary glands and liver (Hilfiker et al.,

1998; Miyoshi et al., 2001; Traebert et al., 1999; Xu et al., 2001). Type IIc is proposed

to resemble the functions of NaPi IIa in juvenile animals and is replaced by the latter in

adults (Segawa et al., 2002; Silverstein et al., 1997).

Vertebral NaPi II’s are the best studied Pi uptake systems in terms of function and reg-

ulation. One aspect that drives research forward is their tight association to severe human

Pi deficiency diseases e.g. hereditary hypophosphatemic rickets with hypercalciuria, auto-

somal dominant hypophosphatemic rickets, X-linked hypophosphatemia and oncogenetic

hypophosphatemic osteomalacia (Hernando et al., 2005; Tenenhouse and Sabbagh, 2002;

Levi et al., 2006; Amanzadeh and Reilly, 2006). However, structural knowledge, so far, is

very limited and restricted to topology predictions derived from structure-function stud-

ies (Forster et al., 2002; Lambert et al., 1999). Figure 2.1 shows two variants of current

topology models of NaPi IIa. Consistent in both models and experimentally well corrob-

orated are the intracellular orientation of both, N-, and C-termini and the extracellular

exposure of a large disulfide bridged hydrophilic loop containing two N-glycosylation sites

(Hayes et al., 1994). However, even basic structural features as the number of membrane

spanning α-helices are so far not cleared. Major uncertainties are the topology of two

repetitive regions in the N- and C-terminal halves of the protein. These repeats are highly

conserved in all NaPi II proteins which strongly suggests an essential functional role of

these regions (Köhler et al., 2002). Whether they form two reentrant loops on each side of

the membrane [figure 2.1(a)] or if they form two pairs of membrane spanning α-helices as

modeled in figure 2.1(b) is so far unclear. In vitro transcription/translation (Radanovic

et al., 2006) studies and fluorescent labeling experiments argues for the first (Virkki et al.,

2006), the surface exposure of alanine 184 from rat NaPi IIa [labeled green/pink in the

TM3–TM4 loop in figure 2.1(b)] for the latter. A better understanding of the structure-
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2 Sodium dependent phosphate transport: NptA

(a) eight-helix model

(b) twelve-helix model

Figure 2.1: Two proposed topology models for type IIa Na/Pi cotransporters derived from structure-
function analyses (Forster et al., 2002; Lambert et al., 1999). (a) Eight-helix model (taken from Forster
et al., 2002). The conserved repeats are modeled as intra- and extracellular reentrant loops (ICL-1 and
ECL-3) and marked in bold. They may be involved in the transport pathway. An essential disulfide
bridge in a large extracellular loop (ECL-2) is indicated by a dashed line, two glycosylation sites in the
same loop by hexagons. ECL-3 contains the REK sequence motif responsible for pH sensitivity (see
text). Functionally important residues obtained from cystein scanning mutagenesis are indicated as open
squares, charged amino acid side chains by + or −. Additionally, the positions of the twelve native
cysteines are marked. (b) Twelve-helix model (taken from Virkki et al., 2007). The two repeats are
modeled as membrane spanning α-helices (blue shaded regions), with identical residues indicated in pink.
The location of residues from cysteine scanning mutagenesis are colored green (surface exposed) and
blue (intracellularly exposed). Residues involved in electrogenicity (red) and in regulation and targeting
(orange) and naturally occurring mutants without effect in human NaPi IIa (yellow) and IIc (purple) are
also marked.
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2.2 Introduction

function relationship would open a new field for the finding of therapeutics for patients

with renal Pi wasting disorders. However, to experimentally determine the structure by

methods like two-dimensional (2D) cryo electron microscopy or X-ray crystallography was

not possible, since so far the eucaryotic sodium dependent Pi transporters neither could

be expressed in sufficient amounts nor be purified (Jürg Biber, personal communication).

Surprisingly, a NaPi II homologue (NptA) was discovered in the Gram− bacterium

V. cholerae (Werner and Kinne, 2001). NptA shares 33 % overall sequence identity to

human NaPi IIa but has only 382 residues compared to 639 residues in NaPi IIa. Major

deletions are found in the variable regions of the NaPi IIa and related IIb/c proteins:

at the N- and C-terminus and in the large extracellular loops. The transmembrane part

is well conserved, except, that the last C-terminal transmembrane segment is missing in

NptA making an extracellular localization of the C-terminus probable. Functional studies

done by Lebens et al. (2002) demonstrated, that V. cholerae NptA indeed functions as a

sodium dependent Pi transporter with similar characteristics as the eucaryotic NaPi II’s.

Also the behavior of higher transport rates at more alkaline pH is maintained, despite the

fact that a REK sequence motif (see figure 2.1) assigned to pH dependency in NaPi IIa

(de la Horra et al., 2000) is not present in NptA. The rapid, exponential growth of entries

in gene and derived protein databases within the last few years, revealed further NptA

homologues in a broad range of unrelated procaryotes. However, so far none of these gene

products have been functionally characterized.

The discovery of such rudimentary homologues of NaPi II in bacteria opened up the

possibility for structural analysis since experience has shown that bacterial membrane

proteins are easier to handle during heterologous expression and purification. Only a high

resolution three-dimensional (3D) structure can provide the information needed for the

understanding of the Na+/Pi cotransport and its regulation at the molecular level. The

aim of the current work was the recombinant overexpression of V. cholerae NptA in E. coli

and its large scale purification, an important step towards 3D structure determination by

X-ray crystallography. In addition, constructs for the overexpression of ten homologous

sequences from other bacterial species have been designed and their functional expression

in E. coli was tested in Pi uptake assays.
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2 Sodium dependent phosphate transport: NptA

2.3 Materials and methods

2.3.1 Expression of NptA from V. cholerae in E. coli

The expression system

The expression system was kindly provided by Serge Gisler from the renal and intestinal

transport group of J. Biber at the Institute of Physiology at the University of Zurich.

NptA of V. cholerae strain JS1569 was inserted in a pET28b vector (Novagen) that was

modified to encode an N-terminal octahistidine tag containing a TEV protease cleavage

site. The encoded N-terminal region comprises the sequence MGRGSHHHHHHHHGS-

GSGTTENLYFQ|GS with the TEV recognition site marked in bold and the cleavage

site indicated by a vertical line. The construct contains a NcoI site on the 5’ end of the

transcribed gene, a BamHI site between the tag and the inserted NptA sequence, and a

XhoI site at the 3’ end. The plasmid (pNP8a) was introduced in E. coli BL21 (DE3)

(Studier and Moffatt, 1986) and E. coli C43 (Miroux and Walker, 1996) cells by chemical

transformation according to “The QIAexpressionist” lab manual (QIAGEN, 2003). Cryo

stocks (over night culture at T = 37◦C) of transformed E. coli cells were flash frozen in

liquid nitrogen and stored at −80◦C in NZA medium (Miller, 1992) containing antibiotics

(50 µg/ml kanamycin) and 7 % dimethyl sulfoxide as cryo protectant.

Growth conditions and cell harvesting

Optimized growth conditions for E. coli C43 have been taken over from S. Gisler, who

designed and created the expression system. Cells were grown at 30◦C in Luria-Bertani

(LB) broth (Miller, 1992) supplemented with 50 mg/l kanamycin. The cultures were inoc-

ulated at a ratio of 1 : 100 with an over night stock. Induction was performed with 1 mM

IPTG at an optical density (OD600) of 0.7–0.8 for 4.5 hours. After induction the cells were

harvested by centrifugation (11 000 g, 5 min). The cell pellets were immediately frozen

at −18◦C in aliquots obtained from 5 l culture (final OD600 ≈ 2.5) which corresponds to

∼20 g wet cell mass.

2.3.2 Membrane preparation and solubilization

Membrane preparation

Pellets from 5 l induced culture were resuspended in 50 ml of ice cold lysis buffer (50 mM

sodium phosphate buffer pH 8.0, 500 mM NaCl, 5 mM MgCl2 supplemented with DNaseI

20



2.3 Materials and methods

and protease inhibitors [1 mM PMSF (100 mM stock in isopropanol stored at −18◦C) and

one complete EDTA-free cocktail tablet (Roche)]. Lysis was performed by two passages

through a pre-cooled french pressure cell (Amicon) at 1000 psi. After the removal of

unbroken cells by a low spin centrifugation step (15 min, 4500 g at 4◦C), the cell envelopes

were obtained by a second centrifugation step at 150 000 g (1 h, 4◦C).

Solubilization

Membranes were resuspended in ice cold solubilization buffer (50 mM sodium phosphate

buffer pH 8.0, 500 mM NaCl if not separately mentioned) by pressing the suspension

through a needle (1.1 mm diameter) connected to a syringe. If not separately mentioned,

the protein concentration was adjusted to 10 mg/ml, which was usually reached, if mem-

branes obtained from 5 l culture were resuspended in 50 ml of buffer. A wide range of

non-ionic and zwitter-ionic detergents (table 2.1) were added to the resuspended mem-

branes. Solubilization was performed on ice (0◦C in table 2.1) in an overhead rotator.

Promising detergent conditions were further optimized by varying the detergent concen-

tration, the solubilization time (1, 2, 3 or 16 h) or temperature (ice or room temperature,

corresponds to 0 and 22◦C in table 2.1). During long term (16 h) solubilization or tests

at room temperature, protease inhibitors (EDTA-free cocktail tablets, Roche) were used.

Since salt concentration, pH of the buffer, and additives also can influence solubilization,

several of these parameters were tested for the detergents ZW 3-10 and β-NM (see table

2.2).

After solubilization, insoluble material was removed by 1 h centrifugation at 100 000 g

(4◦C). To determine the solubilization efficiency, the insoluble material was resuspended in

2 % sodium dodecyl sulfate (SDS) using the same volume as in the supernatant. Samples

of both were than analysed and compared in western blot experiments (section 2.3.5).

2.3.3 Purification

For the purification of His-NptA from the solubilized membrane extract, several methods

of immobilized metal affinity chromatography (IMAC) have been tested and optimized

in the presence of the most promising detergents from the solubilization experiments:

(1) nickel IMAC with a FPLC system, (2) cobalt IMAC with a FPLC system, (3) nickel

batch IMAC (see table 2.3). The standard buffer during IMAC consisted of 50 mM sodium

phosphate buffer pH 8.0, 500 mM NaCl plus a detergent (concentration at least 2× cmc).

Additionally, other salts, salt concentrations, buffers, pH values and additives have been
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2 Sodium dependent phosphate transport: NptA

Table 2.3: IMAC columns and materials used for the purification of His-NptA. If necessary, the columns
were loaded with Co2+/(Ni2+) according to the manufacturers manuals.

purification method column/material manufacturer metal ion

FPLC His-Trap FF (1 ml) GE-Healthcare Ni2+

FPLC His-Trap FF (5 ml) GE-Healthcare Ni2+

FPLC His-Trap crude (1 ml) GE-Healthcare Ni2+

FPLC His-Trap crude (1 ml) GE-Healthcare Co2+

Batch nickel sepharose FF GE-Healthcare Ni2+

Batch nickel IDA agarose Pharmacia Ni2+

Batch nickel NTA superflow Qiagen Ni2+

IDA, iminodiacetic acid.
NTA, nitrilotriacetic acid.

tested to optimize the purification (table 2.2). All purifications were performed at 4◦C

and protein samples were stored on ice.

IMAC with a FPLC system was performed with 1 or 5 ml His-Trap columns (GE-

Healthcare) at a constant flow rate of 1 or 5 ml/min, respectively. The solubilized mem-

brane extract was loaded on the equilibrated column in the absence of imidazole. After

extensive washing with 10–30 column volumes (cv) of the standard buffer containing a

low imidazole concentration (0–100 mM) various linear gradients and step gradients have

been performed to optimize the purification efficiency. The parameters varied for linear

gradients were the length and the steepness of the gradient. All together, various step

gradients covered a range from 10 mM to 1 M imidazole (10, 25, 50, 100, 150, 250, 500,

1000 mM) with each step comprising 10 cv.

During batch purification, the equilibrated nickel beads were added immediately to the

solubilized membrane extract. Incubation was performed for at least 30 min while end

over end rotating the suspension on ice. Washing and elution steps were performed in

15 ml Falcon tubes. Between each step the nickel beads were sedimented for 1 min at

1000 g in a swing out rotor and the supernatant was recovered. For efficient washing and

elution each step was repeated five times (3 × 3 cv plus 2 × 10 cv). Approximately 1 ml

nickel beads were used for the purification from 50 ml solubilized membrane extract.
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2.3 Materials and methods

Table 2.4: Detergent combinations used for solubilization and IMAC of His-NptA.

solubilization IMAC

2 % β-NM 0.5 % β-NM
11 % ZW 3-8 0.5 % ZW 3-12
2 % ZW 3-10 1.5 % ZW 3-10
2 % ZW 3-10 0.5 % ZW 3-12
2 % ZW 3-10 0.1 % ZW 3-14
2 % ZW 3-10 0.05 % ZW 3-16
1 % CF-5 0.3 % CF-5
1 % CF-5 0.05 % HHE-α

HHE-α, all-trans 4,4 propylbicyclohexyl-α-D-maltoside.

2.3.4 Oligomerization status

The oligomerization/aggregation status of purified His-NptA in different buffers and deter-

gent environments was investigated by size exclusion chromatography (SEC) and dynamic

light scattering (DLS).

SEC

Before applying the protein sample to SEC, the protein was concentrated by ultrafiltration

(Vivaspin 6, Vivascience). A 100 kD cut-off filter was sufficient to recover all His-NptA

and big enough that detergent micelles could pass through the filter. Subsequently, the

concentrated protein was filtered (0.45 µm Centrifugal Filter Units, Millipore). Special

care was taken not to reach total protein concentrations higher than 10 mg/ml. Approx-

imately 200 µl were loaded to the equilibrated column. Used columns are listed in table

2.5. Linear flow rates were adjusted according to the manufacturers recommendations.

The role of SEC as additional purification step was minimal due to the difficulties to get

His-NptA into a homogeneous solution.

DLS

The protein concentration was adjusted to 0.5–1 mg/ml. Prior to the scattering experi-

ment dust particles were removed by centrifugation for 10 min at maximum speed in a

table top centrifuge (Eppendorf). All samples were measured at 20◦C with and without
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2 Sodium dependent phosphate transport: NptA

Table 2.5: SEC columns used for analysis of the aggregation state of His-NptA.

column material column diameter column volume separation range

Superdex 200 10 mm 22 ml 10–600 kD
Superose 6 10 mm 23 ml 5–5000 kD
Sephacryl S300 10 mm 24 ml 10–1500 kD
Sephacryl S1000SF 10 mm 17 ml 103–108 kD

All materials were ordered from GE-Healthcare.

additional filtering (filter pore size: 0.1 µm). DLS experiments were performed using a

DynaProE (Protein Solutions) instrument. DLS data were analyzed with Dynamics ver-

sion 6 software (Protein Solutions). The molecular mass was calculated from the average

hydrodynamic radius, assuming a globular shape of the scattering molecules. Control ex-

periments with buffers containing detergent concentrations above the cmc (1.5 % ZW 3-10,

0.5 % β-NM) showed monodisperse distributions of detergent micelles.

2.3.5 Protein analysis

SDS-PAGE and Western Blot

Purification steps were routinely analysed by SDS polyacrylamide gel electrophoresis

(PAGE) as described by Laemmli (1970). Samples were not heated before running the

polyacrylamide (PAA) gel (heating of the samples led to a smear over of His-NptA in the

upper parts of the gels). Depending on the amount of loaded protein, gels were stained

either with coomassie brilliant blue R250 (Serva) or with silver nitrate by the method of

Morrissey (1981) as modified by Jones (1990).

Western blots were used to monitor the expression as well as the membrane prepara-

tion and solubilization efficiency. Protein bands were transfered from a PAA gel to a

PVDF membrane in a wet chamber (2 h, 400 mA). To garanty the transfer of His-NptA

with a theoretically predicted pI of 9.4 (http://www.expasy.org/cgi-bin/protparam) to

the blot membrane, sodium carbonate buffer was used during transfer (10 mM NaHCO3,

3 mM Na2CO3, 0.2 % (w/v) SDS, 20 % methanol). Chromogenic substrate detection

(BCIP/NBT) of His-NptA was performed after incubating the blot with a primary anti-

body against the His-tag (mouse-anti-RGS(H)4, Qiagen; dilution 1 : 5000) and an alka-

line phosphatase conjugated secondary antibody (rabbit-anti-mouse IgG, Sigma; dilution
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2.3 Materials and methods

1 : 10 000).

Mass spectrometry

Matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS) was used to

identify purified His-NptA. Protein bands were cut out from coomassie brilliant blue G250

(Roth) stained gels. Trypsin digestion, MALDI-MS and mass analysis of the observed

fragments were performed by the Functional Genomics Center in Zurich.

Protein assay

Protein concentrations were determined by bichinonic acid (BCA) protein assay (Smith

et al., 1985). This assay was chosen due to its robustness in the presence of detergents.

Bovine serum albumin served as protein standard.

2.3.6 Design of new constructs for the expression of ten
putative bacterial Na/Pi cotransporters in E. coli

Database search and sequence alignments

Protein-protein blast (p-blast, basic logical alignment search tool; Altschul et al., 1997)

search was performed with the sequence of V. cholerae NptA against the non-redundant

protein sequence database UniRef100 (Consortium, 2009) at the webserver of the “Na-

tional Center for Biotechnology Information” (NCBI; http://blast.ncbi.nlm.nih.gov/Blast

.cgi) using the default search parameters. Distance trees were calculated at the same

server. Multiple sequence alignments were performed with CulstalW (Larkin et al., 2007;

Thompson et al., 2002).

The expression system

Ten selected sequences were generated by gene synthesis with codon optimization for

the expression in E. coli. The fragments were inserted between the BamHI and XhoI

site into the same vector as used for the expression of His-NptA from V. cholerae (see

section 2.3.1). Like in the V. cholerae construct, methionine one was not included in the

sequence. Codon optimization, gene synthesis and cloning was performed by Trenzyme

Biotechnologies (Konstanz, Germany). Synthesized gene sequences are listed in appendix

B. The plasmids were transformed into E. coli C43 chemical competent cells (QIAGEN,
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2 Sodium dependent phosphate transport: NptA

2003). Expression tests were performed in LB medium under the same conditions as

described in section 2.3.1.

2.3.7 Pi uptake in E. coli C43

Pi uptake measurements were performed in cooperation with J. Biber at the University

of Zurich. His-NptA expressing E. coli C43 cells were resuspended in 10 mM Tris pH 7.5,

1 mM MgCl2, 1 mM CaCl2 to a final OD595 of 10 after washing in the same buffer. 50 µl

resuspended cells were mixed 1 : 1 with two-fold uptake solution (10 mM Tris pH 7.5,

1 mM MgCl2, 0.8 mM P32 labeled K2HPO4) containing either 200 mM NaCl or choline-Cl.

The reaction was stopped by adding 5 mM cold Pi in a buffer composed of 10 mM Tris

pH 7.5, 100 mM mannitol, 150 mM NaCl, 5 mM K2HPO4. Cells were filtered, washed,

and uptake was measured with a liquid scintillation counter (Perkin Elmer TriCarb 2900).

2.4 Results

2.4.1 Expression of His-NptA from V. cholerae in E. coli

Figure 2.2: Expression of
His-NptA in E. coli C43.
Induction was performed
with 1 mM IPTG for 4.5 h
at 30◦C.

The expression of recombinant His-NptA was tested in two E. coli

strains: BL21 (DE3) and C43. The latter is a spontaneous mu-

tant of BL21 (DE3) that has mutations in the lacUV promoter

controlling the expression of T7 polymerase (Wagner et al., 2008).

Only in E. coli C43, a clearly visible induced band close to the

36 kD marker band appeared in a western blot of the whole cell

lysate (figure 2.2). The maximum was reached 4.5 h after induc-

tion with 1 mM IPTG (data not shown). The expression was not

detectable on a coomassie stained gel, indicating weak expression.

Pi uptake measurements with a P32 label have been performed

by S. Gisler at the University of Zurich to clarify if the recom-

binantly expressed His-NptA is functional in E. coli. His-NptA

expressing E. coli cells showed a sodium dependent Pi uptake

which was not detected in the non-transformed strain indicating

functional expression (J. Biber, S. Gisler, personal communica-

tion).

28
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2.4.2 The influence of detergents on the solubilization

After expression and cell lysis, the first step of purifying transport proteins from isolated

membranes is to extract them from their natural lipid environment. For native preparation

this is typically done by the use of mild detergents. A large variety of suitable detergents

with different chemical properties are available for this purpose (Privé, 2007; Rosenbusch,

1990; Seddon et al., 2004).

In this study E. coli cell membranes expressing His-NptA were isolated from the cell

lysate by sequential centrifugation. A total number of 22 mild detergents (see table 2.1),

have been tested for their efficiency to solubilize His-NptA from the lipids. More aggres-

sive ionic detergents have not been tried since they usually lead to partial or complete

denaturation. Since the detergent : protein ratio can be critical during the solubilization,

the protein concentration was adjusted and initially varied in the range between 5 and

20 mg/ml, in the detergents ZW 3-10 and β-NM. Tested detergent concentrations are

shown in table 2.1. Best results were obtained with 10 mg/ml His-NptA, which was usu-

ally reached, if membranes obtained from 5 l E. coli culture were resuspended in 50 ml of

buffer. The other detergents in table 2.1 were tested at this fixed protein concentration.

Solubilization efficiency was judged by the comparison of the amount of His-NptA in the

soluble and insoluble fraction. The results show some clear trends:

• Non-ionic sugar based detergents (glucosides or maltosides) are either not able to

extract His-NptA from E. coli membranes or solubilize only a rather small fraction

(usually ¿50 %) of the total protein amount from the membranes.

• Zwitter-ionic detergents (sulfobetaines, also called zwittergents or lipid-like phos-

phocholins) are more efficient for solubilization. Depending on the detergent, up to

100 % of the total protein amount remains in the soluble fraction after centrifuga-

tion.

• Both, non- and zwitter-ionic detergents solubilize His-NptA with a higher efficiency

if their hydrophobic tail is shorter correlating with higher cmc values. Independent

of the charge, detergents with hydrophobic chains composed of more than twelve

hydrocarbon groups hardly extracted any His-NptA from E. coli membranes.

Zwittergents with an aliphatic hydrocarbon chain shorter than twelve hydrocarbon groups

(ZW 3-8 and ZW 3-10) solubilized nearly all His-NptA from the membranes. Cyclofos, a

lipid-like detergent with a phosphocholine head group in combination with a cyclohexyl
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2 Sodium dependent phosphate transport: NptA

group at the end of the hydrophobic tail, worked with the same efficiency if the aliphatic

linker region was not longer than five hydrocarbon groups (CF-4 and CF-5). Among

the group of the sugar based non-ionic detergents, β-NM showed the best solubilization

efficiency and solubilized almost 50 % of the total protein.

2.4.3 Purification

The N-terminal His-tag allows the use of IMAC for the purification of His-NptA from

the solubilized E. coli membranes. Extensive IMAC purification attempts have been

performed and optimized in the most promising detergents found in the solubilization

experiments (ZW 3-10, CF-5 and β-NM). No matter in which detergent the solubilization

and purification was performed, several problems arose during the purification using His-

Trap columns (GE-Healthcare) on a standard FPLC system (see table 2.3). (1) A still

reasonable amount of His-NptA did not bind to the column and remained in the flow

through. (2) Bound His-NptA eluted very inhomogeneously over a wide range of imidazole

concentrations from 0.1 to 1 M, no matter if a step or a linear gradient was performed.

(3) The purity of the eluted His-NptA was inadequate, even after washing steps with

more than 100 mM imidazole [figure 2.3(a)]. None of these problems could be eliminated

neither by the variation of the imidazole gradients used for the elution nor by exchanging

the chelating metal ion from nickel to cobalt. Further attempts to improve the purity

of His-NptA by washing of the sedimented membranes before solubilization with high

salt concentrations (1 or 2 M NaCl) or sodium hydroxide (15 or 50 mM plus 2 or 5 mM

EDTA respectively) to detach associated proteins from the membrane also failed (data

not shown).

The greatest improvement was obtained by performing the IMAC in a batch procedure.

His-NptA bound to a variety of chelating nickel materials [figure 2.3(b)]. From all tested

materials, His-NptA eluted in a more defined and narrower range of imidazole concen-

trations as compared to the packed column on a FPLC system. Above concentrations of

250 mM imidazole virtually no protein remained bound to the column material. Nickel

sepharose (GE-Healthcare) had the highest binding capacity for His-NptA. The visible

impurities in the eluted fractions from the nickel sepharose rather accrue from overload-

ing the gel and disappear if less protein is loaded [compare figures 2.3(b) and 2.4]. An

influence of the detergent used during the purification could not be observed (figure 2.4).

Using this method 2–4 mg His-NptA could be obtained from 5 l bacterial culture. The

correct identity of the purified protein band was verified by MALDI-MS.
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(a) FPLC (b) batch

Figure 2.3: Comparison of purification of His-NptA by IMAC with a His-Trap column (nickel sepharose)
mounted to a FPLC system (a) and nickel batch purification using three different materials (b). Solubi-
lization was performed with 2 % ZW 3-10 under standard conditions. IMAC was performed in standard
buffer completed with 1.5 % ZW 3-10. a) Washing of the loaded column was performed with 50 mM
imidazole (30 cv) followed by two elution steps (100 mM and 1 M imidazole) à 10 cv. b) The step
gradient consisted of the following imidazole concentrations: 25, 50, 100, 250, 500 mM and 1 M. Each
step included three elution (3 cv) and two washing (10 cv) steps.

Figure 2.4: Nickel-sepharose batch purification of His-NptA in three different detergents. The standard
buffer was completed with 1.5 % ZW 3-10, 0.3 % CF-5 and 0.5 % β-NM. After washing with 25 and
50 mM imidazole His-NptA was eluted with 250 mM imidazole. For each detergent the three consecutive
elutions steps à 3 cv are shown.
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2 Sodium dependent phosphate transport: NptA

Figure 2.5: SEC of IMAC purified His-NptA with a sephacryl S1000SF column. The buffer contained
20 mM sodium phosphate pH 7.5, 100 mM NaCl and 1.5 % ZW 3-10.

2.4.4 Oligomerization status of purified His-NptA

A prerequisite for the 3D crystallization of a membrane protein is a homogeneous solution

of the structurally stable protein in a detergent micelle which protects the hydrophobic

transmembrane parts from the hydrophilic environment. Thus, the oligomerization status

of purified His-NptA was investigated by SEC and DLS in different detergents (see table

2.4). No matter in which detergent the solubilization and subsequent purification was

performed His-NptA showed a very inhomogeneous oligomerization behavior in solution.

Normal gelfiltration columns (material 1–3 in table 2.5) with separation ranges typically

useful for protein purification resulted in very broad elution profiles mostly starting with

a maximum at the void volume and a heterogeneous shoulder ending in the range of the

size for a low number oligomer of His-NptA (not shown). Runs on a sephacryl S1000SF

column (material 4 in table 2.5) with a large pore size of the matrix revealed a sharp and

symmetrical peak (Ve = 16.3 ml) close to the column volume (Vt = 17.0 ml) and at the

lower separation range of the column material (figure 2.5). This indicates a maximal size

of aggregates in the range of 1000–2000 kD. Similar sizes of aggregates (500–4000 kD) were

confirmed by DLS (data not shown). The large observed sum over squares (SOS) errors

(150–500, as given by the Dynapro V6 software) are consistent with the heterogeneous

elution profiles from the gelfiltration columns.

All attempts to dissolve these aggregates of His-NptA by using different buffers, pH val-

ues, salts and salt concentrations, additives and detergents to get a homogeneous solution

failed (see tables 2.2 and 2.4). The addition of various alcohols during solubilization and
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purification also did not help, although they are known to reduce the dielectric constant

of aqueous solutions and weaken the hydrophobic effect which could be a possible reason

for the formation of the aggregates (table 2.2).

Despite extensive efforts to optimize solubilization and purification, V. cholerae His-

NptA could not be purified in a homogeneous form. This indicates, that it might belong

to this group of membrane proteins, which cannot be purified by common methods.

2.4.5 Identification and expression of bacterial homologues of
V. cholerae NptA

Minor variations in the protein sequence can result in completely different behavior of

a membrane protein during recombinant expression, purification and crystallization. On

the other hand, the protein structure and function is normally highly conserved among

homologues, even if the sequence similarity is low. Thus, a common approach in structural

biology is to extend the investigation on a set of homologous proteins from different

sources, and to work with them in parallel.

In this study, ten further bacterial homologues of V. cholerae NptA were selected from

sequence databases for expression in E. coli. An initial p-blast search (Altschul et al., 1997)

with the protein sequence of V. cholerae NptA revealed 148 hits with blast scores higher

than 100 and E-values below 10−20. In a distance tree calculated from these sequences the

eucaryotic NaPi II proteins appeared in a monophyletic subgroup, that was further divided

into the three classes, type IIa, IIb and IIc. A total of 46 unique bacterial sequences were

found whereof 37 remained after rejecting outliers with significant variations in the length

of the N- or C-terminus. To get a highly diverse sample survey, a distance tree was

calculated and was subdivided into eleven monophyletic branches/subgroups (including

the branch of V. cholerae NptA) by visual inspection (figure 2.6). One sequence from

each subgroup was selected by considering the number of cysteine residues should be

small to reduce unwanted oxidation. Ten genes were finally codon optimized, synthesized

and cloned into the same expression vector that was used before [highlighted in figure

2.6; performed by Trenzyme Biotechnologies (Konstanz, Germany)]. The corresponding

protein sequence alignment is given in figure 2.7.

Five out of the ten putative Na/Pi cotransporters (His-NptA from Photobacterium pro-

fundum, Pseudomonas stutzeri, Aeromionas salmonicides, Crocosphaera watsonii, Rho-

dopirellula baltica) show expression in E. coli C43 when analysed by a western blot

with a comparable signal as the original V. cholerae His-NptA (figure 2.8). Further two
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2.4 Results

Figure 2.7: Multiple sequence alignment of NptA and its selected ten homologues done with ClustalW
(Larkin et al., 2007; Thompson et al., 2002).

constructs (His-NptA from Chlorobium phaebacteroides and Algoriphagus spec.) show

a weaker but still clearly visible band after IPTG induction. Only three of the se-

lected homologues virtually show no expression (His-NptA from Halorhodospira halophila,

Corynebacterium glutamicum and Vibrio fischeri).
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(a) (b)

(c) (d)

Figure 2.8: Expression of ten bacterial NptA homologues in E. coli C43. Samples of the cell cultures
were taken before induction (0 h) and 1, 3, 5 h after induction with 1 mM IPTG (T = 30◦C).

2.4.6 Pi uptake in E. coli C43

His-NptA from V. cholerae was shown to be functionally expressed in E. coli since S.

Gisler and J. Biber could measure a sodium dependent Pi uptake with a P32 label (personal

communication). To find out if the new homologues are also functionally expressed in E.

coli C43, P32 uptake measurements for all transformands were repeated at the University

of Zurich.

Highest Pi uptake was measured in E. coli cells expressing His-NptA from P. profun-

dum, P. stutzeri and R. baltica when sodium was present in the buffer (figure 2.9). In

comparison to the untransformed E. coli strain (control), the sodium dependent fraction
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(a)

(b)

Figure 2.9: Pi uptake in E. coli C43 cells expressing sodium dependent Pi transporters from different
sources. To quantify sodium dependency, Pi uptake was measured in the presence of 100 mM NaCl (red)
or 100 mM choline-Cl (blue), respectively. The untransformed E. coli strain served as a control. (a)
Total measured uptake. (b) Sodium dependent uptake (difference between NaCl and choline-Cl).
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2 Sodium dependent phosphate transport: NptA

[difference between Pi uptake in the presence and absence of sodium (replaced by choline)]

was 17–20 times increased after 2 min incubation and still 8–10-fold higher after another

1.5 min. In agreement, these proteins show a strong expression in E. coli C43 (figure

2.8). His-NptA from C. glutamicum and Algoriphagus spec. did not increase the sodium

dependent Pi uptake of E. coli cells which might be a consequence the weak or missing

expression in the recombinant host (compare figures 2.8 and 2.9). The other six trans-

porters including His-NptA from V. cholerae show an increase in the sodium dependent Pi

uptake somewhere in between (2–9-fold). Remarkable is the observed sodium dependent

Pi uptake of H. halophila and V. fischeri His-NptA, since the expression of both proteins

was not detectable on a western blot (figure 2.8).

2.5 Discussion

Inorganic phosphate is an essential nutrient for all living cells with a variety of relevant

structural and physiological functions. The members of the SLC34 family, the NaPi II

proteins, responsible for Pi homoeostasis in higher vertebrates, are one of the major targets

in physiological and medical research, due to their tight association to severe human Pi

deficiency diseases. However, detailed structural information to derive knowledge about

the transport process and its regulation from an atomic structure is missing so far.

The difficulties in obtaining 3D structural information of membrane proteins is reflected

in the “Protein Data Bank” (PDB): less than 1 % of all deposited protein structures are

membrane proteins. In August 2009 only 201 unique structures were listed on the webpage

“Membrane proteins of known structure” (http://blanco.biomol.uci.edu/Membrane Pro-

teins xtal.html). Most of them are from bacterial sources and were recombinantly ex-

pressed in E. coli. The number of membrane proteins from eucaryotes is particularly

underrepresented and comprised only 39 structures in 2008 (Carpenter et al., 2008). In

general, the major bottlenecks in obtaining a high resolution structural model of a mem-

brane transport protein are the expression of sufficient amounts of correctly folded and

functional protein in a recombinant host, the native extraction from the membrane and

the purification (Carpenter et al., 2008; Junge et al., 2008; Midgett and Madden, 2007).

In the case of the eucaryotic NaPi II proteins it was not possible so far to overcome these

barriers. The discovery of a NaPi II homologue in the genome sequence of the Gram−

bacterium V. cholerae (Heidelberg et al., 2000) and its functional characterization as a

Na/Pi cotransporter by Lebens et al. (2002) opened up a new prospect to obtain a high

resolution crystal structure since bacterial membrane proteins are often easier to express
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e.g. in E. coli and do not contain posttranslational modifications like glycosylations which

can disturb crystal formation at a later stage. The foundation for the work presented here

was done by S. Gisler who was able to design a system for recombinant expression of V.

cholerae His-NptA in E. coli. By the use of Pi uptake measurements he could show that

the protein is functionally inserted into the cell membrane (personal communication).

Expression tests done in this work confirmed, that the E. coli strain C43 is suitable for

expression of sufficient amounts of His-NptA for purification (figure 2.2).

After this first bottleneck had been passed, the focus of this work was the search for

suitable conditions for the extraction of His-NptA from the E. coli membranes and for its

native purification to deliver the basis for crystallization trials. The influence of the de-

tergent in membrane protein purification cannot be underestimated (Seddon et al., 2004).

In agreement, the detergent was found to be the most important component during the

solubilization of His-NptA. During extensive screenings with a total number of 22 different

non-ionic and zwitter-ionic detergents under various buffer conditions and temperatures

(see tables 2.1, 2.2 and 2.4) it turned out, that the buffer, pH, salt concentration and non-

detergent additives showed minor effects on the solubilization efficiency, whereas large

differences could be observed between different detergents. Commonly, inner membrane

proteins can be solubilized in mild non-ionic detergents, such as maltosides, glucosides, or

polyoxyethylenes whereas more aggressive zwitter-ionic detergents are needed to extract

proteins such as porins from the outer cell membrane of Gram− bacteria (Nikaido, 1994).

However, His-NptA was hardly extractable from the inner E. coli membrane and only

rather harsh zwitter-ionic detergents with high cmc values (CF-5, ZW 3-8 and ZW 3-10)

worked quantitatively. Among the non-ionic detergents β-NM was the most efficient but

solubilized only ∼50 % of the expressed protein.

Optimization of the solubilization and purification by IMAC in a batch procedure re-

vealed good quantities of ∼2 mg purified from 5 l bacterial culture. The purified protein

was further investigated by analytical SEC and DLS experiments. Unfortunately it turned

out that His-NptA forms rather inhomogeneous oligomers/aggregates in the range from a

few hundred up to several thousand kD no matter which detergent was used. Attempts to

prepare these aggregates into a homogeneous solution of mono- or small oligomers by the

variation of the buffer conditions and the detergent failed. Whether the observed large

oligomers are composed of functionally folded protein or are aggregates of partially/fully

unfolded protein cannot be differentiated because an in vitro activity assay is not estab-

lished so far. It was tried to reconstitute purified His-NptA in vesicles according to the

protocol used by Raunser et al. (2005) and to measure Pi uptake, but no activity was
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observed (data not shown).

The formation of large inhomogeneous oligomers offers an explanation why the purifi-

cation in a batch procedure was more efficient compared with a packed column mounted

on a FPLC system. In batch, the metal loaded beads are resuspended together with the

protein and all affinity binding sites on the surface of the oligomers are freely available

no matter how big the protein particles are. If the beads are packed in a column, the

number of affinity binding sites may be restricted due to sterical reasons. Additionally,

larger oligomers might be retarded on the column, since they cannot freely pass the pores

between the nickel beads. Both effects would result in the observed inhomogeneous elu-

tion of His-NptA when purified with a packed column. After the extensive effort invested

in the solubilization, purification and buffer optimization, the conclusion might be that

His-NptA of V. cholerae belongs to the large group of membrane proteins that cannot be

purified natively by common methods.

Within the last few years the enormous increase in sequenced genomes revealed that

homologues of NaPi II have a much broader distribution among procaryotes than pre-

viously assumed. None of these discovered genes has been functionally characterized so

far, but the significant sequence homology to V. cholerae NptA (see figures 2.6 and 2.7)

and vertebrates NaPi II’s strongly suggests a similar function in Na/Pi cotransport. The

second part of this work focussed on the selection of ten bacterial homologues of NptA

and the design of expression systems for recombinant expression in E. coli. The selection

process was performed in a way to enlarge the chance to get at least one of these sequences

expressed and natively purified in good quantities for doing crystallization experiments:

(1) a distance tree was calculated including all initial blast hits, (2) the tree was sub-

divided in eleven branches (including the branch with V. cholerae NptA, (3) from each

branch one sequence was chosen for codon optimized gene synthesis for the expression

in E. coli by further selection criteria. By this approach, a wide spectrum of the known

bacterial Na/Pi cotransporters was covered.

Initial Pi uptake measurements in E. coli and expression tests revealed an increased

sodium dependent Pi uptake for eight of the new constructs (figure 2.9), and that at least

seven genes are expressed in E. coli C43 as detected by western blots (figure 2.8). With

these new expression systems for a variety of bacterial NaPi II homologues, the chances

of obtaining protein good and sufficient enough for crystallization in order to get a high

resolution 3D structure one day raise. The plasmids and transformed E. coli cells are now

available and waiting for further investigations.
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3 Structure and assembly of the
pseudopilin PulG

This work was published in:

Köhler, R.*, Schäfer, K.*, Müller, S.*, Vignon, G., Diederichs, K., Philippsen,

A., Ringler, P., Pugsley, A., Engel, A. and Welte, W. (2004) Structure and

assembly of the pseudopilin PulG. Mol. Microbiol. 54(3): 647–664.
*These authors contributed equally to this work.

3.1 Abstract

The pseudopilin PulG is one of several essential components of the type II pullulanase

secretion machinery (the Pul secreton) of the Gram− bacterium Klebsiella oxytoca. The

sequence of the N-terminal 25 amino acids of the PulG precursor is hydrophobic and very

similar to the corresponding region of type IV pilins. The structure of a truncated PulG

(lacking the homologous region), as determined by X-ray crystallography, was found to

include part of the long N-terminal α-helix and the four internal anti-parallel β-strands

that characterize type IV pilins, but PulG lacks the highly variable loop region with a

disulphide bond that is found in the latter. When overproduced, PulG forms flexible pili

whose structural features, as visualized by electron microscopy, are similar to those of

bacterial type IV pili. The average helical repeat comprises 17 PulG subunits and four

helical turns. Electron microscopy and molecular modelling show that PulG probably

assembles into left-handed helical pili with the long N-terminal α-helix tightly packed in

the centre of the pilus. As in the type IV pilins, the hydrophobic N-terminal part of the

PulG α-helix is necessary for its assembly. Subtle sequence variations within this highly

conserved segment seem to determine whether or not a type IV pilin can be assembled

into pili by the Pul secreton.
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3.2 Introduction

The type II protein secretion (T2S) machinery, or secreton, of Gram− bacteria trans-

ports proteins from the periplasm across the outer membrane (Pugsley, 1993a; Sandkvist,

2001a). It is composed of up to 14 different proteins, many of which share significant

sequence similarities with components of the type IV pilus biogenesis pathway, also of

Gram− bacteria (Nunn, 1999; Pugsley, 1993a; Sandkvist, 2001a). The best character-

ized component of both pathways is the secretin, an integral outer membrane protein

that forms a multimeric channel complex (Bitter et al., 1998; Collins et al., 2001, 2003)

through which the pilus (Wolfgang et al., 2000) or folded secreted proteins (Bitter et al.,

1998; Brok et al., 1999; Nouwen et al., 1999, 2000) probably cross the outer membrane.

The 30 N-terminal amino acids of five secreton components, the pseudopilins, share sub-

stantial sequence similarity with the corresponding regions of type IV pilins (Nunn, 1999;

Pugsley, 1993a; Sandkvist, 2001a). This observation led to the idea that the pseudopilins

might form a pilus-like structure (the pseudopilus) that functions either as a periplasmic

scaffold on which other secreton components are assembled or as a piston-like motor to

drive secretion across the outer membrane (Hobbs and Mattick, 1993; Nunn, 1999; Pugs-

ley, 1993a; Sandkvist, 2001a). Early studies with the pullulanase secreton from Klebsiella

oxytoca failed to provide any evidence for such a pseudopilus, probably because only a

small proportion of the pseudopilins are assembled at any given moment (Pugsley and

Possot, 1993; Pugsley, 1996). The most abundant pseudopilin, PulG, was subsequently

shown to assemble into long, bundled pili when expression of its structural gene was in-

creased and the bacteria were grown on agar (Pugsley et al., 2001; Sauvonnet et al., 2000b;

Vignon et al., 2003). These long pili were considered to result from the uncontrolled elon-

gation of a normally shorter, periplasmic pseudopilus (Sauvonnet et al., 2000b; Vignon

et al., 2003). This idea is supported by studies in Xanthomonas campestris showing that

a PulG homologue, XpsG, forms intraperiplasmic complexes (Hu et al., 2002) and by the

fact that similar phenomena have been reported for other T2S secretons (Durand et al.,

2003; Vignon et al., 2003).

X-ray diffraction and NMR analyses of four full-length or N-terminally truncated type

IV pilins (PilE from Neisseria gonorrhoeae, PilA from two strains of Pseudomonas aerug-

inosa and TcpA from Vibrio cholerae) revealed a considerable degree of structural con-

servation, despite the fact that major sequence similarities are restricted to the extreme

N-terminal regions (Craig et al., 2003; Hazes et al., 2000; Keizer et al., 2001; Parge et al.,

1995). The conserved structural features include a long, N-terminal helix, the first, highly
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conserved part of which is hydrophobic, followed by loop structure and then several anti-

parallel β-strands and a disulphide bridge near the C-terminus. The hydrophobic N-

terminal helix is proposed to be required for pilin export across the plasma membrane,

for retention of the unassembled pilin in this membrane and for the interactions that

promote pilus assembly. Model building predicts that the pilins are arranged in a helical

manner, with the hydrophobic N-terminal helix packed in the central core of the pilus,

although the details of the models vary according to the particular pilin (Craig et al.,

2003, 2004; Keizer et al., 2001; Parge et al., 1995).

Here we analyse the structure of PulG filaments by electron microscopy, present the

structure of a truncated PulG determined by X-ray crystallography, and use this to build

an atomic model. To gain further insight into pilus assembly and protein secretion,

we analysed chimeric proteins formed by exchanging the N-terminal hydrophobic region

between pseudopilins and pilins.

3.3 Materials and methods

3.3.1 Strains and growth conditions

Escherichia coli strains are listed in table 3.1. Bacteria were grown at 30◦C in Luria-

Bertani (LB) broth (Miller, 1992) or on LB agar plates supplemented, where appropriate,

with maltose (0.4 %), chloramphenicol (25 mg ml−1) or ampicillin (50 or 100 mg ml−1).

3.3.2 DNA manipulations and plasmids

The sequence encoding for the N-terminal truncated PulG gene from position +25 rela-

tive to the prepeptide cleavage site was amplified by standard polymerase chain reaction

(PCR) reactions using pCHAP1362 as template (see table 3.2 for a complete list of plas-

mids). Primers used for amplification were 5’PulG(NcoI) 5’-CCC AAC CCC ATG GGC

AAC AAG GAA-3’ and 3’PulG(XbaI) 5’-CAT CTC TAG AAA CGT AAA GCC GCG-3.

The restriction sites used to fuse the fragment to the signal peptide of Erwinia chrysan-

themi pectate lyase PelB (PelBSP) in pCHAP4260 (Apr) are underlined and resulted in

pCHAP7010. The entire fragment encoding PelBSP-PulG25−134(His)6 was subcloned into

pSU18(Cmr) using EcoRI and HindIII, giving pCHAP7012 that was used to test com-

plementation and transdominant effects in a pullulanase secretion assay (Michaelis et al.,
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1985). For higher level production, the same fragment was subcloned into the overexpres-

sion vector pT7-5 (Tabor and Richardson, 1985), giving pCHAP7013.

Plasmid pCHAP7009 (∆pulG, ∆pulA) was constructed in order to purify full-length

PulG without co-purifying PulA. pCHAP1216, a ∆pulG variant of pCHAP231, was di-

gested using EcoRI and HindIII to release a ∼12 kb fragment carrying all pul genes

between pulB and pulF. The fragment was subcloned into pUC19, giving plasmid pCHAP-

7007. BamHI digestion was used to release two internal pulA fragments from pCHAP7007.

The remaining vector sequence encoding pulB-∆pulA-pulF was gel puried and religated

giving pCHAP7008. Finally, the entire fragment was released from pCHAP7008 by di-

gestion with EcoRI and HindIII and reintegrated into pCHAP1216 cut with EcoRI and

HindIII (pulF–pulO), resulting in pCHAP7009.

pCHAP1404 and pCHAP1418 (pilE and tcpA respectively) were constructed by ampli-

fying DNA from plasmids pPilEN400 (M. Koomey) and pRT198 (R. Taylor), respectively,

using primers that flanked the pilin gene and that introduced sites (EcoRI and HindIII

and XbaI and HindIII respectively) that permitted their oriented insertion into the corre-

sponding sites of pSU18 or pSU19 (Bartolomé et al., 1991). In both cases, the 5’ oligonu-

cleotide was designed to permit in frame fusion to the first few codons of the lacZ gene in

the vector to ensure efficient translation initiation in E. coli (appendix, table C.1). The

resulting proteins were readily detectable with antibodies against PilE and TcpA respec-

tively. pCHAP1379 (pilA) was obtained by direct subcloning of a 1 kb HindIII fragment

from pAW103 (J. Mattick) into pSU18 so that the gene was under lacZp control.

Polymerase chain reactions with overlapping primer pairs (table C.2) were used to

generate gene fusions encoding for hybrids of which the N-terminal α-helix up to and

including positions +17, +21 or +26 (relative to the prepeptide cleavage site) and the

hydrophilic region of PulG, PpdD, PilE and PilAPAK (downstream from position +18,

+22 and +27) were exchanged. Sequences encoding chimeras were first amplified in two

fragments using either oligonucleotides 1 and 2 or oligonucleotides 3 and 4 and the appro-

priate template DNA (table C.2). Fragments were then amplified using standard PCRs

with Herculase (Stratagene) and purified using QIAquick columns (Qiagen). Fragments

to be fused were heated for 2 min to 92◦C and then held at room temperature to allow

hybridization. These samples were used as templates in a nested PCR to amplify the

entire fusion fragment using only the outer 5’ (1) and 3’ (4) primers. Subsequently, the

PCR product was gel purified and digested with restriction enzymes cleaving cognate

sequences introduced by the oligonucleotides, and the fragments were cloned into pSU18.

The domain exchanges were confirmed by DNA sequencing.
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3.3 Materials and methods

3.3.3 Periplasmic extraction and purification of
PelBSP-PulG25−134(His)6

To produce PelBSP-PulG25−134(His)6, E. coli BL21(DE3) (F− ompT lon hsdSB, λDE3; car-

ries phage T7 DNA polymerase gene under lacZp control) transformed with pCHAP7013

was grown overnight in LB medium at 30◦C. All subsequent preparation and incubation

steps were carried out on ice and centrifugation was carried out at 4◦C. The cells were

resuspended in 10 mM Tris/HCl (pH 7.4) containing 20 % sucrose and 20 mM EDTA

and incubated for 10 min. Bacteria were centrifuged (20 000 g for 5 min), resuspended in

25 mM MgCl2 and held for another 10 min. The cells were then centrifuged (20 000 g for

5 min). PelBSP-PulG25−134(His)6 in the supernatant was affinity purified (Vignon et al.,

2003) and eluted fractions were pooled and dialysed overnight twice against 10 mM Hepes

(pH 7.4) using Spectra/Por membranes with a size cut-off of 3.5 kD. After dialysis, the

protein solution was concentrated to 4 mg ml−1 using Centriprep and Centricon devises

(YM-10) with a size cut-off of 10 kD. Selenomethionine-labelled PelBSP-PulG25−134(His)6

was prepared from the same strain grown in minimal medium containing M63 stock salts

(Miller, 1992) with glucose (0.2 %) and amino acids (4 mg ml−1) except methionine, which

was added in the form of selenomethionine to a final concentration of 4 mg ml−1.

3.3.4 Shearing and immunoblotting

Bacteria were harvested from the plates and resuspended in phosphate-buffered saline to

an optical density of 1.0 (SF) or 2.0 (cSF) at 600 nm. The suspension was centrifuged

twice at 13 000 g in a microcentrifuge for 5 min (each time) to separate bacteria (the

pellet fraction) from the pilus-enriched supernatant (sheared fraction). Fractions were

precipitated with 10 % trichloroacetic acid and loaded onto sodium dodecyl sulphate

(SDS)-12 % polyacrylamide gels for immunoblotting. Proteins were separated by SDS-

polyacrylamide gel electrophoresis (PAGE), electroblotted onto nitrocellulose membranes,

and incubated first with specific anti-serum [polyclonal anti-PulG at 1/6000, anti-PpdD

at 1/1000, anti-PilE at 1/4000 (M. Koomey), anti-PilAPAK at 1/1000 (S. Lory) and anti-

LamB at 1/5000] and then with horseradish peroxidase-coupled anti-rabbit or anti-mouse

immunoglobulin G (1/10 000; Amersham). The membranes were developed by enhanced

chemiluminescence (Amersham). Procedures for transmission electron microscopy were

essentially as used previously (Sauvonnet et al., 2000b), with specific antibodies diluted

to 1 : 100 and with 10 nm or 5 nm gold beads coupled to the secondary antibodies.

Specimens were analysed as described elsewhere (Vignon et al., 2003).
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3.3.5 Gelfiltration

The assembly state of full-length PulG and of soluble truncated PulG were determined

by FPLC size exclusion chromatography with a Superose12 (24 ml) column (Pharmacia)

equilibrated with 50 mM phosphate buffer (pH 7.0) containing 150 mM NaCl and 0.7 %

C8E4. Molecular sizes were estimated from standards purchased from Sigma (bovine

serum albumen, 66 kD, and carbonic anhydrase, 29 kD).

3.3.6 Freeze drying and metal shadowing

Five microlitre aliquots of the sample were adsorbed to glow-discharged carbon-coated

collodion films on 400 mesh/inch copper grids, washed on four drops of water and, after

removal of excess liquid, frozen by plunging into liquid nitrogen. Freeze drying was

performed in a BAF 300 freeze-fracture device (Balzers AG, Liechtenstein) for 1 h at a

sample temperature of −80◦C followed by 1 h at −35◦C, and a pressure of ≤5 × 10−7 Torr.

Finally, the grids were unidirectionally metal shadowed with tungsten/tantalum (W/Ta)

at an elevation angle of 45◦ to yield an average metal film thickness of ≈1 nm, and

reinforced with carbon to avoid rehydratation and oxidation of the metal film.

The grids were examined and photographed in a Hitachi H-7000 transmission electron

microscope operating at 100 kV. Electron micrographs were recorded at ×30 000 nominal

magnification on Kodak SO163 sheet film.

3.3.7 Scanning transmission electron micoscopy (STEM)

A Vacuum Generators (East Grinstead) HB-5 STEM, interfaced to a modular computer

system (Tietz Video and Image Processing Systems), was used. All samples were pre-

pared on 200-mesh-per-inch gold-plated copper grids as described previously (Müller et al.,

1992). Isolated tobacco mosaic virus particles (kindly supplied by R. Diaz-Avalos) ad-

sorbed to a separate grid and air-dried, served as mass standard for the measurements.

For structural analysis, digital 512 × 512 pixel dark-field images were recorded from

the isolated negatively stained pili at an acceleration voltage of 100 kV and a nominal

magnification of 500 000× using doses of (7.6 ± 1.2) × 103 electrons nm−2. The pixel

size is dependent on the focus conditions for the STEM (Müller et al., 1992) and was

0.330 ± 0.004 nm for the images analysed.

For mass determination 512 × 512 pixel dark-field images were recorded from unstained
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3.3 Materials and methods

samples of the isolated pili at an acceleration voltage of 80 kV and a nominal magnifica-

tion of 200 000× using doses of 414 ± 36 electrons nm−2. In addition, repeated low-dose

scans were recorded from some grid regions to assess beam-induced mass loss. The images

were evaluated with the program package IMPSYS as described previously (Müller et al.,

1992). Accordingly, pilus segments were defined by square boxes, tracked and their length

and mass profile calculated. The total scattering within an integration box matched to

their width was then determined, the background scattering of the carbon support film

subtracted and the average mass-per-length (MPL) calculated. Furthermore, the full-

width-half-maximum (FWHM) was determined from the mass profile. The beam-induced

mass loss was calculated as described previously (Müller et al., 1992). The experimental

MPL results were then multiplied by the correction factor calculated for the recording

dose used, scaled according to the MPL measured for TMV particles. Finally, the MPL

and FWHM values were binned into histograms and fitted with Gauss curves. The overall

experimental uncertainty of the MPL average was estimated from the corresponding stan-

dard error (SE = SD/
√

n) and the 5 % uncertainty in the calibration of the instrument

by calculating the square root of the sum of the squares.

3.3.8 Digital image processing

Using the SEMPER program package (Saxton et al., 1979), suitable negatively stained

pilus stretches were computationally unbent using a cubic spline interpolation scheme as

described previously (Hahn et al., 2000). To estimate the outer pilus diameter, selected

unbent pili were averaged along their axis and the resulting intensity profile was plotted.

The distance between the two outer minima of this profile was taken as the outer diameter.

Power spectra were calculated for the unbent pilus segments and the altitude of the most

prominent layer line was determined. Layer lines were extracted from the two-dimensional

(2D) Fourier transforms of the unbent rods to inspect the amplitudes and phases.

Further processing was performed using the Modular Micrograph Data Processing Pro-

gram (MDPP; Smith and Gottesman, 1996). First, the pitch of well-preserved pili was

also determined in real space using the linear Markham superposition procedure described

previously (Hahn et al., 2000). Averaging runs were made over two, three and four re-

peat lengths respectively. In each case, the repeat length was incremented in steps of

one pixel until the maximum possible length had been attained (limited by the pilus

length). The degree of enhancement on superposition and averaging was quantified by

comparing the resulting root mean square (rms) deviation with that of the segment used,
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whereby maximum values of the quotient correspond to minimal ‘blurring’ of the average

image, i.e. minimum power loss and, thus, to the optimal enhancement of the true repeat.

The rms quotient was then plotted for each repeat length and the local maxima assessed

graphically.

All helical selection rules falling within the range compatible with helical repeats less

than or equal to 10 times the pitch and including screw angles within the range of 72◦–90◦

were compared in batches. For this, the straightened pilus segments were trimmed to an

integer multiple of the helical repeat and interpolated onto the sampling grid calculated to

give four pixels per axial rise. The width of the filament array was trimmed to minimize

the background effect of the negative stain, and the six marginal pixels on either side of

the array parallel to the pilus axis were floated to the mean density value. The 2D Fourier

transform was calculated and D(Z, k) filtered as described Smith and Aebi (1974). At

this stage 16 Bessel coefficients and the number of layer lines indicated by the rule under

test were used. The rules within a batch were tested on exactly the same stretch of pilus,

allowing the results to be compared, e.g. the rule l = 1n+ 5m was in the same batch as

the rule 10n+ 43m and the total filament length tested was 260 pixels. Thus for the first

rule there were 20 helical repeats and for the second only two.

A stack of 200 sections of 52 × 52 pixels and spaced by 0.26 nm was calculated from

the D(Z, k)-filtered layer lines resulting from nine helical repeats containing 153 subunits

of one well-preserved pilus rod by back-transformation. This reconstruction comprised 50

axial repeats. It was isocontoured to include 100 % of the nominal mass taking a density

of 810 Dalton nm−3 into account.

3.3.9 Crystallization and data collection

Small hexagonal bipyramidal crystals of N-terminal truncated PulG25−134(His)6 (50 µm

× 50 µm × 70 µm) were obtained by the hanging drop vapour diffusion method. Two

microlitres of 20 mg ml−1 purified PulG25−134(His)6 in 10 mM Hepes pH 7.2, 0.02 % (w/v)

sodium azide were mixed with 2 µl of reservoir solution containing 1.7 M ammonium

sulphate and 5 % (v/v) isopropanol as precipitants. These crystals could be enlarged

by macro seeding to a final size of 200 µm × 200 µm × 300 µm by transferring them

into a new drop composed of 2 ml of protein solution (30 mg ml−1) and 2 ml of reservoir

[1.6 mM ammonium sulphate, 5 % (v/v) isopropanol]. The space group was found to be

P6522 with cell dimensions of 85.4 Å for the a/b-axis and 145.7 Å for the c-axis.

Crystals of selenomethionine-containing PulG25−134(His)6 were grown and analysed to

50



3.3 Materials and methods

resolve the crystallographic phase problem. Well-diffracting derivative crystals of the same

space group grew in hanging drops containing 2 µl of selenomethionine PulG25−134(His)6

15 mg ml−1 in 10 mM Hepes pH 7.2, 0.02 % (w/v) sodium azide and 2 µl of the reservoir

[1.9 M ammonium sulphate, 6.5 % (v/v) isopropanol].

Diffraction data were collected under cryogenic conditions. The crystals were flash

frozen in liquid nitrogen in buffer corresponding to the equilibrated crystallization drops

plus 25 % (v/v) glycerol as a cryoprotectant. Two data sets from one native PulG25−134-

(His)6 crystal were collected: one on a rotating anode X-ray source equipped with a

Mar345 detector and one high resolution data set at the Swiss-Light-Source (SLS, beam-

line X06SA) provided with a MarCCD detector. Both data sets were processed using

XDS2002 (Kabsch, 1993) and subsequently merged in XSCALE2002.

Data from one derivative crystal were collected at the SLS at two different wavelengths,

corresponding to the remote high value and the inflection point of the anomalous signal

from the covalently bound selenium atoms. These data sets were also reduced using

XDS2002. More details of the data collection statistics are shown in table 3.3.

3.3.10 Crystal structure determination and refinement

The crystallographic phase problem was solved by multiple anomalous dispersion (MAD).

Two strong and a further four less occupied heavy atom positions were found in the

derivative crystal using the program SHELXD (Schneider and Sheldrick, 2002). All of

them were taken as selenium atoms for experimental phase determination. The calculated

phases were combined with the intensities from the merged native data set and extended

to 1.8 Å in SHELXE. This resulted in an interpretable electron density map (final weighted

contrast 0.71, connectivity 0.95 as given by SHELXE).

Model building and refinement was done with programs of the CCP4-suite (Collab-

orative Computational Project, 1994) and the graphical model building program ‘O’

(Jones et al., 1991) for visible inspection and manual improvement of the model. A

starting model consisting of 199 peptides distributed over 6 separated chains was ob-

tained by automatic model building with the program ARPWARP (Perrakis et al., 1999)

using the extended experimental phases and all native data. It clearly corresponds to

a dimer in the asymmetric unit. Side-chain atoms as well as other missing parts of the

structure were added manually, followed by alternating refinement cycles including non-

crystallographic symmetry restraints and anisotropic B-factor refinement in REFMAC5

(Murshudov et al., 1997, 1999). Solvent atoms were added automatically by the program
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3.3 Materials and methods

Table 3.4: Crystallographic refinement statistics.

Resolution range (Å) 50.0–1.6 (1.64–1.60)
No. of reflections total 40533 (3046)
No. of reflections for Rfree calculation 2037 (152)
R, Rfree values (%) 16.7, 19.8 (20.3, 22.0)
Molecules/asymmetric unit 2
Solvent content (%) 59
No. of protein atoms 1686
No. of solvent atoms 257
No. of metal ions 1
Mean B-factor, protein atoms (Å2) 27.4
Mean B-factor, solvent atoms (Å2) 42.8
B-factor, zinc atom 20.9
Ramachandran plota

— most favoured regions (%) 92.4
— additional allowed regions (%) 7.6
— generously allowed or disallowed regions (%) 0.0

rms deviation bond lenght (Å) 0.012
rms deviation bond angle (◦) 1.42

a. Given by PROCHECK (Laskowski et al., 1993).
Values in parentheses correspond to the highest resolution shells.

ARPWARP (Lamzin and Wilson, 1993). Model statistics are summarized in table 3.4.

3.3.11 Modelling of the PulG pilus

The monomer derived from the crystal structure was prepared for helical modelling

as follows: (i) the C-terminal section (amino acids N128–G132) including β-strand S4

which forms the interdomain contact in the crystallographic dimer was relocated into

its monomer by removing the second monomer of the asymmetric unit, (ii) the flexi-

ble hinge region composed of I126 and G127 was modelled with the SWISS-MODEL

server (http://www.expasy.org/swissmod/SWISS-MODEL.html) and (iii) the N-terminal

α-helix was elongated. For this, the backbone of the 24 missing residues were taken from

the N-terminal helix of the PulG25−134(His)6 structure and manually moved to the corre-

sponding position in the graphical model building software ‘O’. Side-chain positions were

taken as the standard conformations proposed by the program ‘O’.
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3 Type II secretion: PulG

Modelling was performed using the visualization tool DINO (http://www.dino3d.org),

which allows the display of helical symmetry mates as well as their synchronous real-time

update upon rotation and translation of the reference monomer. Constraints applied

during the modelling procedure were: (i) helical symmetry according to the performed

analysis: rotation angle of ±84.71◦ per subunit and an axial rise of 1.04 nm, (ii) the long

α-helix was located within the core of the pilus helix, both axes quasi-parallel, (iii) the

C-terminus was exposed to the outside medium and (iv) compact packing was ensured

visually, avoiding steric clashes and cavities within the pilus core.

3.4 Results

3.4.1 Characterization of the PulG(His)6 helix

PulG(His)6 is identical to natural PulG except that the C-terminal sequence G132K133-

K134 (numbers refer to position in the mature PulG polypeptide chain) has been extended

to G132FHHHHHHK to incorporate a hexahistidine tag (Pugsley, 1993b). The protein

is fully functional in secretion (Pugsley, 1993b) and forms pili when it is overproduced

(Pugsley et al., 2001; Vignon et al., 2003). In contrast to pili formed by untagged PulG,

pili formed by PulG(His)6 do not form bundles, which facilitates their analysis (Vignon

et al., 2003).

PulG(His)6 pili were purified by shearing of agar-grown E. coli K-12 PAP9001 (pCHAP-

7009) (see tables 3.1 and 3.2 for details of strains and plasmids) and cobalt affinity chro-

matography essentially as described previously (Vignon et al., 2003). The strain used

here lacks the pulA gene coding for the secreted enzyme pullulanase that contaminated

earlier samples of PulG(His)6 pili (Vignon et al., 2003). Images of uranyl acetate stained

PulG(His)6 pili recorded in a STEM revealed mainly long filaments with pronounced

flexibility (figure 3.1A). Distinct repeating protrusions, suggestive of a helical structure,

became visible at higher magnification (figure 3.1B). Although the negative stain penetra-

ted deeply into the grooves between the protrusions, there was no indication of a central,

stain-filled cavity. The handedness of the pilus helix was determined by metal shadowing

experiments, which revealed a left-handed twist (figure 3.1C).

Twenty-seven negatively stained PulG(His)6 pili in the STEM images were analysed

for structural information. Selected segments were first computationally straightened

(figure 3.2A) and the average profile perpendicular to the filament axis was calculated

to determine their outer diameter (8.2 ± 0.3 nm). The FWHM diameter measured on
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Figure 3.1: Appearance of the PulG(His)6 pili. A and B. Negatively stained pili imaged by the STEM.
A. Single and intertwined twisting pili. B. The periodic helical structure is distinct at higher magnifica-
tion, even in the bent regions of PulG(His)6 pili. A stained filled central cavity could not be detected.
C. PulG(His)6 pili imaged by transmission electron microscope after shadowing with W/Ta. A left-
handed helical twist is clearly visible when viewing at a glancing angle in the direction indicated by
black arrows. The T4 phage tail also present displays the expected right-handed helical symmetry. The
direction of shadowing is indicated (white arrow). Scale bars: 50 nm (A and C), 20 nm (B).

freeze-dried, unstained filaments was 6.9 ± 1.0 nm (see below). Most diffraction patterns

from straightened rods exhibited the x-pattern typical of helical symmetry (figure 3.2B)

but many were not symmetrical with respect to the meridian, indicating uneven staining

and unsatisfactory structural preservation. The strongest layer lines of all 27 filaments

were (4.38 ± 0.12 nm)−1 from the equator, reflecting the pitch of the genetic helix (i.e. the

lowest pitch one-start helix describing the helical symmetry of the structure; see DeRosier

and Klug, 1968). Amplitude and phase plots of this layer line calculated from the pilus

segment shown in figure 3.2A exhibit a minor asymmetry in the amplitude (figure 3.2C)

and a phase difference of π between the left and right side (figure 3.2D). Because the

distance between the major maxima corresponded to (5.4 nm)−1, and the filament radius

was 3.5–4.1 nm, this layer line is best described by a first-order Bessel function (J1),

suggesting that the pilus is a one-start helix.
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3 Type II secretion: PulG

Figure 3.2: Analysis of straightened pilus stretches.
A. Distinct regular peripheral projections indi-
cate the helical architecture (scale bar: 10 nm).
B. The diffraction pattern reveals the characteris-
tic x-pattern for a helical structure, with the strong
layer line at (4.37 nm)−1. C and D. Amplitude (C)
and phase plots (D) of the strong layer line indicate
a first-order Bessel function (see text). E. Markham
superposition yields a regular repeat of 4.38 nm, cor-
responding to the pitch of the genetic helix. The
plot shown is the average (solid line) from seven
pili, with dotted lines marking the standard error.
The peak at 17.5 nm stands out and indicates that
the pili have four turns per helical repeat. F. The
mass-per-length histogram comprises measurements
of 331 pilus stretches of ≈80 nm length. Scale bars:
10 nm (A) and 5 nm (B).

In an attempt to identify the helical

repeat, PulG(His)6 pilus stretches of up

to 157 nm length were examined using a

‘linear Markham’ superposition algorithm

(Hahn et al., 2000). Repeat lengths, rang-

ing from 7 pixels up to the largest possible

were tested (i.e. 238 pixels, 78 nm, for the

longest pilus when two stretches were av-

eraged). The enhancement resulting from

superposition and averaging was quantified

by comparing the rms deviation of the aver-

age with that of the unprocessed segment.

Plots of the rms quotient against the re-

peat length exhibited series of maxima for

all 27 pili. The repeats were 4.37 ± 0.85 nm

apart for the six best-preserved pilus rods.

This separation corresponds to the pitch of

the genetic helix, in good agreement with

the position of the prominent layer line in

figure 3.2B. Averaging the Markham super-

position curves for seven well-preserved pili

yielded a distinct maximum of the rms quo-

tient at 17.5 nm, the peak height of which

is more than 10 % above all of the other

maxima, disregarding the first rather noisy

maximum of almost equal height (figure 3.2E). Thus, the helical repeat of the PulG(His)6

pilus appears to contain four turns.

To establish the number of subunits per helical repeat, a series of low-dose dark-field

images was recorded from freeze-dried, unstained PulG(His)6 samples by STEM, and the

MPL of the PulG(His)6 rods determined (Müller et al., 1992). The pooled MPL data

from 331 pilus segments yielded a histogram that is described by a single Gauss curve

peaking at 15.5 ± 1.3 kD nm−1 after correction for mass loss (SE = ±0.07 kD nm−1; figure

3.2F). The overall uncertainty of the measurement is ±0.8 kD nm−1 considering the SE

of the result and the 5 % calibration uncertainty of the microscope. The average FWHM

diameter of the unstained PulG(His)6 pili (see above) was 6.9 ± 1.0 nm (see Materials
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and methods). Because the PulG(His)6 pili are homopolymers of the 15.4 kD protein

PulG(His)6 (Pugsley, 1993b), the number of protein monomers per helical repeat can be

directly calculated from the MPL. Accordingly, 17.64 ± 0.92 subunits would assemble

into a full helical repeat comprising four helical turns.

Taking together the layer line analysis, which suggests the PulG(His)6 pilus to be single

started, the MPL and Markham superposition results, a compatible helical selection rule

is l = 4n + 17m, where l is the layer line number (l = 0,±1,±2...), m the meridian

branch number (m = 0,±1,±2...) and n the Bessel order sampled on layer line l (n =

0,±1,±2...). Several helical selection rules were explored because the PulG(His)6 pili

exhibited pronounced flexibility. The simplest rules delineating the range tested were

l = 1n + 4m(ψ = 90◦) and l = 1n + 5m(ψ = 72◦), where the screw angle ψ is the

angle by which adjacent subunits are rotated relative to each other. To sample this screw

angle interval (i.e. 72◦–90◦), all 33 helical selection rules from 1n to 10n with screw

angles between 72◦ and 90◦ were applied to the 14 best PulG(His)6 pili. Their 2D Fourier

transforms were calculated and the power transmitted (PT) by the D(Z, k) filter derived

from the respective helical selection rule was determined (Smith and Aebi, 1974). The

PT was smaller for the longest helical repeats (9n and 10n) than for the shorter helical

repeats (4n, 6n, 7n and 8n) over the entire screw angle range tested, indicating variations

of the helical structure along the rod axis. All helical selection rules explored having

screw angles between 80◦ and 90◦ yielded higher PT values than those between 72◦ and

80◦, with a global flat maximum around 85◦. This maximum is within the restriction

dictated by the MPL value (15.5 ± 0.8 kD nm−1), which limits the range of screw angles

to 83◦–86◦.

As a result of their inherent flexibility (see figure 3.1), the best helical selection rule

describing the PulG(His)6 pili varied depending on the pilus stretch tested, the variation

complying to the screw angle range 83◦–86◦. Accordingly, the pilus structure should be

described by the rule that corresponds to the average situation, i.e. to a screw angle

of ≈84.5◦. This requirement is met by the rule l = 4n + 17m(ψ = 84.7◦), which was

accordingly used to D(Z, k)-filter the Fourier transform of the pilus shown in figure 3.2A.

The three-dimensional (3D) helical reconstruction was then produced from the filtered

layer lines 0 to ±8, including 12 Bessel orders, which corresponds to a resolution of

(2.3 nm)−1. A 3D map thus reconstructed from the negatively stained PulG(His)6 pilus

was isocontoured to include 100 % of the mass (see Materials and methods). This envelope

served as a guide to build an atomic model of the PulG(His)6 pilus (see below).
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3 Type II secretion: PulG

Figure 3.3: Gel filtration of detergent solubilized, affinity-purified, full-length PulG(His)6 and
PulG25−134(His)6 (i.e. truncated PulG) on a Superose12 column (Pharmacia). PulG(His)6 eluted at
≈66 kD that includes a C8E4 micelle of about ≈17 kD, whereas PulG25−134(His)6 eluted at ≈20 kD. A,
absorbance.

3.4.2 Construction and purification of a soluble, truncated
PulG variant for structural analysis

Attempts to crystallize full-length PulG(His)6 obtained by dissociating purified pili in the

detergent C8E4 failed. The N-terminal hydrophobic region was therefore deleted by fusing

the C-terminal hydrophilic domain (from position +25 relative to the prepeptide cleavage

site) to the E. chrysanthemi pectate lyase PelB signal peptide (PelBSP). This strategy

was judged appropriate because studies with type IV pilins from P. aeruginosa indicate

that truncation at the N-terminus of the pilin monomer does not affect its structure (Craig

et al., 2003; Hazes et al., 2000; Keizer et al., 2001). In E. coli, the truncated PulG variant

was abundant and readily released by osmotic shock, suggesting that the signal peptide is

efficiently processed by leader peptidase. When produced in cells expressing a complete

set of pul genes (pCHAP231), PelBSP-PulG25−134(His)6 interfered with neither pullulanase

secretion nor PulG pilus assembly (data not shown). PelBSP-PulG25−134(His)6 did not

restore pullulanase secretion or piliation in strain lacking PulG, in line with previous

results obtained with a poorly expressed and poorly processed MalESP-PulG construct

(Pugsley, 1996).

PulG25−134(His)6 was extracted and purified from the periplasm (see Materials and

methods). N-terminal sequence analysis indicated precise cleavage by signal peptidase.

PulG25−134(His)6 eluted close to the size predicted for a monomer upon gel filtration in

the presence (figure 3.3) or absence (not shown) of 0.7 % C8E4, indicating that PulG can
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not multimerize efficiently without its N-terminal hydrophobic domain. In contrast, full-

length PulG(His)6 in the same detergent eluted as a multimeric complex (possibly a dimer)

when examined by gel filtration (figure 3.3) and formed aggregates when the detergent was

removed. The position of the peaks in these experiments was unaffected by the amount

of material loaded on the column (not shown). Dynamic light scattering experiments

gave mass estimates of 14 kD for PulG25−134(His)6 and 42 kD for full-length PulG(His)6

in C8E4 (assuming that the molecules are close to spherical), which are somewhat lower

than the estimates given by the gel filtration data in figure 3.3 (not shown).

3.4.3 Crystallization and structure determination of the
C-terminal PulG domain

Purified PulG25−134(His)6 and a selenomethionine derivative were crystallized as described

in Materials and methods. PulG25−134(His)6 crystals diffracted to better than 1.6 Å (see

table 3.3). Experimental phases obtained from the selenomethionine derivative yielded

an electron density map into which the model of PulG25−134(His)6 was built and refined

against the 1.6 Å native data to a final R-factor of 16.7 % (Rfree = 19.8 %). The atomic

model comprises two chains each consisting of 108 amino acid residues that represent a

dimer in the asymmetric unit. The N-terminal methionine and the last eight amino acids,

including the (His)6 tag, were not visible in the electron density. Model statistics are

listed in table 3.4.

In contrast to its behaviour in aqueous solution (see above), PulG25−134(His)6 forms an

apparently stable dimer under the crystallization conditions (figure 3.4). Each monomer

consists of an extended N-terminal α-helix (amino acids 27–54) that is followed by a 44

amino acid long loop region (amino acids 54–98) containing a 310-helix (amino acids 64–

67) and a C-terminal anti-parallel β-sheet (amino acids 99–128). Whereas the β-strands

S1–S3 (amino acids 99–101; 110–113; 121–123) are consecutively arranged around the α-

helix, β-strand S4 (amino acids 126–128) sticks out of the globular domain and interacts

with β-strand S3 of the other monomer in the asymmetric unit. This strand exchange

results in an intermolecular four-stranded, anti-parallel β-sheet. The nine-amino-acid-

long loop region between β-strands S1 and S2 is stabilized by a second 310-helix (amino

acids 105–107) of exactly one turn.

Even though metals were not added to the crystallization mixture, the crystal structure

contains a metal ion on the non-crystallographic twofold axis and completely buried by

the two PulG monomers. The tetrahedral coordination is maintained by one oxygen of
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Figure 3.4: Structure of a PulG25−134(His)6 dimer (pdb code ITa2). Each monomer consists of a long
N-terminal α-helix (H1) followed by an extended loop region containing a 310-helix (H2) and a C-terminal
four-stranded β-sheet (S1–S4). Another 310-helix (H3) is found in the loop connecting S3 and S4. The
tetrahedrally coordinated metal ion on the centre of the non-crystallographic symmetry axis was modelled
as a zinc atom. Dashed black lines represent the coordinating atoms. Salt bridges on both sides of the
two helices between K30 and D53 are shown as dashed red lines. The residues of the N-terminal helices
of both monomers that account for most of the contact area are shown in a ball and stick representation.

the carboxylic side-chain of E44, one water and their twofold partners in the middle of

the N-terminal α-helices. Residue N123 at the end of β-strand S3 and its twofold partner

additionally stabilize the metal binding site by hydrogen bonds from their δ-oxygens to

the non-coordinating oxygens of E44 and from their δ-nitrogens to the coordinating water

molecules (appendix, figure C.1). For reasons explained in Supplementary text information

(appendix C.3), this metal ion was tentatively identified as zinc, probably derived from

the buffers used in the crystallization.

3.4.4 The dimer interface

Both PulG monomers in the asymmetric unit form a compact, apparently stable structure.

Several factors are involved in the tight protein-protein interactions and play an important

role in dimerization: i. tight side-chain interactions between the N-terminal α-helices of

the two monomers, ii. the coordination of a metal ion (probably zinc) to the carboxyl
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Figure 3.5: Comparison of the crystal structure of a PulG25−134(His)6 monomer with known structures
from the type IVa pilins PilA from P. aeruginosa strain PAK (pdb code 1OQW), PilE from N. gonorrhoeae
strain MS11 (pdb code 2PIL), PilA from P. aeruginosa strain k122-4 (pdb code 1HPW) and the type
IVb pilin TcpA from V. cholerae (pdb code 1OQV). To facilitate comparison, all structures are shown
in the same orientation and the PulG β-strand S4 from the other monomer is also shown because this
is the putative conformation in the monomeric form. Secondary structure elements correspond to the
definition of DSSP (Kabsch and Sander, 1983) with one exception: β-strand S4 of PilAk122-4 did not
fullfil the strict criteria of DSSP but was clearly visible as a slightly distorted β-strand and is included
in the figure.

oxygen of each E44 residue, iii. two intermolecular salt bridges, one on each side of the

two long helices between residues K30 and D53 and iv. the strand exchange between the

S4 β-strands, which sequesters hydrophobic residues of the S3–S4 loop from water.

The net result is a large contact area of 1094 Å2 (calculated with GRASP; Nicholls

et al., 1991) that is buried between both monomers. Most residues in the contact area

are contributed by the N-terminal helices and by β-strands S3 and S4.

3.4.5 Comparison of the PulG structure with those of type IV
pilins

Type IV pilins are grouped into type IVa and type IVb according to the length of the

prepeptide that is removed by prepilin peptidase (Peabody et al., 2003). They all share a

common arrangement of the major secondary structure elements that form a core structure

consisting of an extended N-terminal α-helix and a four-stranded anti-parallel β-sheet

(figure 3.5). These features are also present in PulG (figure 3.5) (see Discussion).
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3.4.6 Model of the PulG pilus helix and assessment

Figure 3.6: Atomic model of the PulG pilus. A
left-handed model was based on the average helical
selection rule 4n+17m derived from the microscopic
analysis of PulG pili (see figure 3.2). The figure
shows the envelope of the helical reconstruction of
the pilus at 2.5 nm resolution, the arrangement of
the PulG monomers and the interaction of the N-
terminal helices (from top to bottom). Views up
along the pilus axis are displayed at the bottom.

The combination of the atomic PulG struc-

ture, the modelling of the PulG N-terminal

α-helix hydrophobic extension (Materials

and methods) and the extensive filament

analysis, including the information from

the metal shadowing experiments, enabled

a model of the helical arrangement to be

built (figure 3.6; see Materials and meth-

ods). Compact packing of the centrally

oriented hydrophobic α-helices of the left-

handed filament ensures stability. Promi-

nent bulges occur along its surface, reflect-

ing this distinct feature of the negatively

stained pili as well as the left-handed heli-

cal groove of metal-shadowed filaments (fig-

ure 3.1). In contrast, a right-handed fi-

lament model built to test the data (not

shown) had a smoother surface and the

monomers were packed more tightly along

the axis, making the helical groove less dis-

tinct. These features would probably make

the right-handed variant less flexible than

the left-handed one, which would be incom-

patible with the bent PulG(His)6 pili ob-

served by STEM analysis (figure 3.1).

3.4.7 Influence of the N-terminal helix and the head domain on
the assembly of type IV pilins by the Pul secreton

The structural analyses reported above revealed that the PulG pili probably have the

same overall structural organization as type IV pili. The Pul secreton can assemble several

different PulG homologues into pili (Vignon et al., 2003), suggesting that the assembly

machinery is rather promiscuous. The E. coli K-12 type IV pilin PpdD can also be

assembled into bundled pili by the Pul secreton in E. coli but can not substitute for PulG

62



3.4 Results

in pullulanase secretion (Sauvonnet et al., 2000b). However, none of three other type IV

pilins tested, PilA (P. aeruginosa PAK; pCHAP1379; referred to hereafter as PilAPAK,

PilE [N. gonorrhoeae N400 (MS11); pCHAP1404] and TcpA (V. cholerae, pCHAP1418),

was assembled into pili by the Pul secreton in E. coli carrying pCHAP1216 (pul secreton

genes in pBR322 derivative with a ∆pulG mutation), despite correct processing by prepilin

peptidase PulO (Dupuy et al., 1992, figure C.2) (data not shown).

N-terminal hydrophobic regions of type IV pilins/pseudopilins are likely to be a key

factor in both subunit recognition by the assembly machinery and subunit interactions

in the pilus. Differences in these regions could therefore explain the failure of the Pul

secreton to assemble PilA, PilE and TcpA. The sequences of these regions are highly

conserved but the fact that they are missing from most known pilin/pseudopilin structures,

including that of PulG, makes direct comparisons difficult. Homology analysis (http://

www.fundp.ac.be/sciences/biologie/bms/matchbox submit.html) revealed that the first

23 amino acids of PilAPAK and PilE are very similar to those of PulG, whereas the

corresponding sequence of PpdD is more distantly related, and that of the type IVb group

pilin TcpA shares the lowest degree of similarity with that of PulG (see Supplementary

material in appendix C). Therefore, a series of chimeras was constructed to test the role

of the N-terminal hydrophobic helix in the failure of the Pul secreton to assemble some

type IV pilins.

Because PpdD is assembled by the Pul secreton, 17-, 21- and 26-amino-acid N-terminal

segments of PulG and PpdD were exchanged. For simplicity, these chimeras are called

G17-D, G21-D, G26-D, D17-G(His)6, D21-G(His)6 and D26-G(His)6, where the letters G

and D refer to PulG and PpdD, respectively, and the numbers indicate the amino acids

present, counting from position +1. The G26-D and D26-G(His)6 chimeras could not

be detected by immunoblotting of whole-cell lysates, suggesting that they are rapidly

degraded, and were not examined further. The results obtained with these and other

chimeras are summarized in table 3.5.

G17-D (pCHAP7023) and G21-D (pCHAP7019) were not found in more than trace

amounts in the sheared (released pilus) fractions of E. coli cells in which the secreton

genes (except pulG) were in the chromosome or on pCHAP1216 (see table 3.2), even

though the proteins were at least as abundant as PpdD, which was efficiently assembled

in the control cells expressing unmodified ppdD (figure C.3). These results were confirmed

by immuno-electron microscopy (EM), which failed to reveal the presence of any pili on the

surface of bacteria expressing these chimeras (data not shown). Site-directed mutagenesis

failed to identify any particular residues in the PulG-derived part of G21-D that were
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Table 3.5: Assembly of PulG type IV pilin chimeras by the Pul secreton of K. oxytoca in E. coli and
their ability to promote pullulanase secretion.

Protein N-terminal C-terminal Junction Assembly Pullulanase
region region (amino acid) secretion

PulG(His)6 PulG PulG(His)6 na + +
PppD PpdD PpdD na + −
G17-D PulG PpdD 17–18 − −
G21-D PulG PpdD 21–22 − −
D17-G(His)6 PpdD PulG(His)6 17–18 + +
D21-G(His)6 PpdD PulG(His)6 21–22 − −
PilE PilE PilE na − −
G17-E PulG PilE 17–18 (+)a −
E17-G(His)6 PilE PulG(His)6 17–18 + +
PilAPAK PilAPAK PilAPAK na − −
G17-A PulG PilAPAK 17–18 − −
G21-A PulG PilAPAK 21–22 + −

a. Deformed pili observed by electron microscopy; see text.
na, not applicable.

responsible for its failure to assemble into pili (see Supplementary text information and

figures C.4 and C.5).

In contrast, the reciprocal chimera D17-G(His)6 (pCHAP7015) was assembled into pili,

as revealed by shearing and immuno-EM analyses (figure 3.7A, lanes 1 and 2, figure 3.7B

and table 3.5) and was functional in secretion (data not shown). The additional ex-

change of four amino acids, generating the chimera D21-G(His)6 (pCHAP7024), abolished

piliation and secretion (figure 3.7A, lanes 3 and 4, and data not shown).

Chimeras in which the first 17 amino acids of PulG(His)6 and PilE were exchanged

were then constructed. The resulting hybrids [G17-E (pCHAP7017) and E17-G(His)6

pCHAP7016)] were stable and were found in the sheared fraction (table 3.5; figure 3.8A,

lanes 4–8, figure 3.8B and C). The amount of G17-E in the sheared fraction was very low

and could be explained by the release of membrane material (note the contamination of

the sheared fraction by outer membrane protein LamB in figure 3.8A, lane 6). Therefore,

these bacteria were also examined by immuno-EM. While the E17-G(His)6 pili appeared

normal (figure 3.8B), the G17-E pili were abnormally thick, although they were clearly

able to react with the PilE antibodies (figure 3.8C). As expected, only E17-G(His)6 was
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Figure 3.7: A. Immunoblotting of pellet (P) and shearing fractions (SF) of PAP9001(pCHAP1216) carry-
ing pCHAP7015(D17-G(His)6) or pCHAP7024(D21-G(His)6). B. Immuno-EM of PAP9001(pCHAP1216)
+ pCHAP7015(D17-G(His)6) in which pili were labelled with anti-PulG antibodies, followed by secondary
anti-bodies coupled to 5 nm gold beads.

Figure 3.8: A. Analysis of pellet and shearing fractions by immunoblotting of PAP9001(pCHAP1216)
transformed with pCHAP1404(PilE), pCHAP7017(G17-E) and pCHAP7016(E17-G(His)6), respectively.
Blot membranes were probed with anti-PilE or anti-PulG antibodies. Antibodies against outer membrane
protein LamB were used to assess the release of membrane fragments. P, pellet fraction after shearing; SF,
sheared fraction; cSF, concentrated sheared fraction. B and C. Immuno-EM of PAP9001(pCHAP1216)
harbouring pCHAP7016(E17-G(His)6) (B) and pCHAP7017(G17-E) (C), respectively, labelled with anti-
PulG or anti-PilE antibodies, followed by secondary antibodies coupled to 5 nm gold beads.
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Figure 3.9: A. Western blot of PAP9001(pCHAP1216) carrying pCHAP1379(PilAPAK),
pCHAP7027(G21-APAK) or pCHAP7026(G17-APAK) probed with antisera against PilAPAK and
LamB. B. Immuno-EM of PAP9001(pCHAP1216) + pCHAP7027(G21-APAK), probed with anti-PilAPAK

antibodies followed by secondary antibodies coupled to 5 nm gold beads.

functional in secretion (not shown).

Because G17-E could be assembled by the Pul secreton, chimeras between PulG and

PilAPAK were constructed [G17-A
PAK (pCHAP7026) and G21-A

PAK (pCHAP7027)] (table

3.5). G21-A
PAK but not G17-A

PAK was found in the concentrated sheared fraction (figure

3.9A). Although the amount of G21-A
PAK detected in the sheared fraction was even lower

than with PilA itself (lane 2), the majority of the cells producing this chimera possessed

one or a limited number of often deformed or abnormal pili (figure 3.9B).

Taken together, these results indicate that the authentic type IV pilins PilE and

PilAPAK can be assembled into pili by the Pul secreton when fused to the first 17 or 21

amino acids, respectively, of the hydrophobic domain of wild-type PulG but the assem-

bly efficiency was never as good as with PulG or PpdD. Thus, despite their considerable

similarity, the N-terminal regions of pseudopilins and pilins can not be considered as fully

interchangeable (see Discussion).

3.4.8 A type IV pilin is not assembled into PulG-containing pili

We showed previously that PulG and PpdD can be assembled into the same pilus bundles

but it was not clear whether PpdD actually formed separate pili or was co-assembled

into pili containing PulG (Sauvonnet et al., 2000b). The discovery that a His-tag at the

C-terminal end of PulG prevented bundle formation without affecting pilus formation and

facilitated pilus purification (Vignon et al., 2003) allowed this issue to be addressed.

Pili formed when PpdD and PulG(His)6 were co-produced in cells carrying pCHAP7003

[tandem copies of ppdD and pulG(His)6] and lacking the lacI q1 repressor gene were purified
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Figure 3.10: A. Immunoblot of affinity-purified PulG(His)6 pili from strain PAP9001(pCHAP7003) con-
stitutively coexpressing pulG::His6 and ppdD and carrying (pCHAP1216(∆pulG)). Lanes 1, 5: (P) pellet;
2, 6: (SF) sheared fraction; 3, 7: (FT) flow-through from affinity column; 4, 8: (E) eluted fraction from
affinity column. Membranes were probed with antibodies directed against PulG (lanes 1–4) or PpdD
(lanes 5–8). B. Immuno-EM analysis of pili labelled with anti-PulG antibodies and secondary antibodies
coupled to 5 nm gold beads, and then with anti-PpdD and secondary antibodies tagged with 10 nm gold
beads.

by cobalt affinity chromatography (Vignon et al., 2003). Both PpdD and PulG(His)6 were

found in the sheared fraction (figure 3.10A, lanes 2 and 6). Most of the PulG(His)6 in

the sheared fraction bound to the resin and eluted with imidazole (figure 3.10A, lane 4)

but only trace amounts of PpdD were retained (lane 8), the majority being present in

the flow-though fraction (lane 7), indicating that very little PpdD was present in the

PulG(His)6 pili. This conclusion was confirmed by double labelling immuno-EM studies

that revealed PpdD exclusively in clusters or blebs that were sometimes attached to the

pili, which were uniformly labelled by anti-PulG (figure 3.10B). Therefore, non-specific

co-purification of the attached PpdD clusters probably explains the small amount of PpdD

that binds together with PulG(His)6 to the cobalt resin. Thus, assembly of PpdD into

pili seems to be prevented by the assembly of PulG.

3.5 Discussion

The crystal structure reported here confirms the long suspected structural similarity bet-

ween the pseudopilin PulG and type IV pilins. Despite the lack of substantial sequence

similarity (other than the first half of the long N-terminal α-helix), PulG and the type

IVa pilins display a similar overall structural organization, comprising the long α-helix

67



3 Type II secretion: PulG

followed by four anti-parallel β-strands. Nevertheless, PulG is more compact than type

IVa pilins, and much more compact than the larger type IVb pilin TcpA (figure 3.5).

The conformation of the loop regions is conserved neither between the pilins and the

pseudopilin nor within the IVa pilins. TcpA, the only type IVb pilin whose structure is

known, shows a different fold because the β-strands of the core structure have another

arrangement. Despite the marked differences between PulG and TcpA, structure-based

alignments show that these two proteins share 16 identical residues on superposition using

a 5 Å cut-off, compared with only eight for PilE and PulG and four for PilA and PulG

(see Supplementary text information, table C.3 and figure C.6 for further information).

PulG lacks the loop region between the two cysteine residues that are conserved in all

type IV pilins. The sequence of this region of type IV pilins is extremely variable, even in

closely related pilins from the same species of bacteria, and represents a major epitope that

is exposed on the surface of the pilus (Hagblom et al., 1985). The fact that the PulG-

like pseudopilins lack this structural feature and do not show the substantial sequence

variation typical of authentic type IV pili suggests that they are not normally exposed

to selective pressures (bacteriophages, antibodies) in the environment. This would be in

agreement with the proposal that pili formed by pseudopilins are artefacts resulting from

the uncontrolled elongation of a normally shorter, periplasmic pseudopilus formed in vivo

(Sauvonnet et al., 2000b; Vignon et al., 2003), which is induced by artificially induced,

high level expression of the pseudopilin. Thus, although their structure is of biological

interest, any properties associated with these pili (such as improved biofilm formation)

(Durand et al., 2003; Vignon et al., 2003) are probably not physiologically relevant.

Because the overall structure of the PulG monomer is similar to that of type IV pilins,

it is instructive to compare the different molecular architectures proposed for the pili

that they form. The data presented here clearly show that PulG packs into a flexible,

one-start, left-handed helical structure with a monomeric building block [the observed

dimer in the crystal packing of the truncated monomer (figure 3.4) is considered to be

a crystallization artefact] as proposed for several type IVa pilins. The pitch of these

filaments was (4.38 ± 0.12 nm)−1. Compatible with their inherent flexibility (compare

the rigid structure of type I pili) (Hahn et al., 2002), the helical symmetry of the PulG

pili varied depending on the filament stretch tested. The rule best describing the average

situation is l = 4n+17m (ψ = 84.7◦). Accordingly, we propose that the left-handed pilus

filament has a repeat of four helical turns composed of 17 monomeric PulG subunits.

P. aeruginosa pseudopilin XcpT, a close homologue of PulG, forms pili whose structure

has also been analysed by electron microscopy (Durand et al., 2003). Like PulG pili, XcpT
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pili have helically arranged side projections that were proposed to correspond to the

extreme C-terminal region of XcpT and to be implicated in knob and crevice interactions

(Durand et al., 2003) that cause the bundling characteristic of all PulG/XcpT-like pili

examined to date (Vignon et al., 2003). This assignment is in agreement with the proposed

atomic model of PulG pili and experimental data showing the extreme C-terminus of PulG

to be on the outside of the PulG pilus (Vignon et al., 2003). Furthermore, the fact that

the C-terminal His-tag of PulG(His)6 is not resolved in the crystal structure suggests that

it is unstructured, which might explain the failure of these pili to form bundles (Vignon

et al., 2003), although extension of the PulG C-terminus by other short peptides does not

abolish bundling (Vignon et al., 2003).

Models of type IV pili based on X-ray crystallography, NMR, fibre diffraction and

electron microscopic data also consistently show helical arrangements. Nevertheless, the

models differ. The now extensive data on the heterologous assembly of type IV pilins

should be taken into account when considering the respective merits of these different

models. For example, PilE from N. gonorrhoeae can be assembled by P. aeruginosa that

normally produces pili containing the endogenous type IV pilin PilAPAK (Hoyne et al.,

1992). This would be consistent with the proposal that both of these proteins pack into

right-handed helical pili (Craig et al., 2004; Parge et al., 1995), although left-handed

models for PilA pili have also been proposed (Craig et al., 2003; Hazes et al., 2000; Keizer

et al., 2001). P. aeruginosa can assemble several other type IV pilins (Beard et al., 1990;

Elleman et al., 1986; Elleman and Peterson, 1987), including PpdD from E. coli K-12

(Sauvonnet et al., 2000a). Interestingly, PpdD can also be assembled by the Pul secreton

(Sauvonnet et al., 2000b), and yet our data indicate that PulG, which is assembled by the

same secreton, forms a left-handed helical pilus (figure 3.6). Furthermore, PilAPAK and

PilE can both be assembled by the Pul secreton, although with low efficiency, when parts

of their N-terminal hydrophobic α-helices are replaced by the corresponding segment of

pseudopilin PulG. These substitutions are most unlikely to affect the pitch of the pili

formed by PilAPAK and PilE. Thus, we must conclude either that the same machinery is

able to assemble both left- and right-handed pili, depending on the pseudopilin/pilin it

produces or that one of the proposed models (left- or right-handed pitch) is incorrect.

The fact that the native forms of neither PilE nor PilAPAK were assembled by the

Pul secreton could result from incompatibility between the assembly machinery and the

globular head domain or the N-terminal helix of these pilins. The latter is positioned in

the centre of the pilus in all currently available molecular models for type IV pili. This

region of the pilin monomer is proposed to be involved in substantial subunit interactions
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that facilitate pilus formation. When not assembled, the same region of the protein

anchors the pilin subunits in the membrane and it is also reasonable to assume that it

is required for pilin export (possibly by the Sec pathway). Replacement of the first 17

or 21 amino acids of PilE or PilAPAK, respectively, by the corresponding region of PulG

permitted these pili to be assembled by the Pul secreton (table 3.5). Furthermore, a

chimera containing the first 17 amino acids of PilE followed by PulG [chimera E17-G(His)6

in table 3.5] both was assembled into pili when overproduced and promoted pullulanase

secretion, implying that the N-terminal region of PilE can replace the corresponding region

of PulG without affecting PulG function. These data, together with the surprising failure

of the Pul secreton to assemble chimeras formed by replacing the N-terminal hydrophobic

region of PpdD by the corresponding region of PulG, suggest that this region of the

pilin/pseudopilin must be structurally compatible with the rest of the polypeptide to

which it is fused for export or assembly to occur. Similar constraints have already been

found to apply to heterologous combinations of signal peptide and exported proteins in

bacteria (Pugsley, 1993a).

Even relatively minor mutation-induced sequence changes in the hydrophobic helix

PulG or PilA disrupt their ability to promote secretion (PulG) or to form pili (PilAPAK

and PulG) (Pugsley, 1993b; Strom et al., 1993; Vignon et al., 2003), but few attempts have

been made to identify the step at which the mutation-induced step is blocked (export, re-

tention in the membrane or assembly). The exception is the mutation affecting the totally

conserved glutamate at position +5 (E+5) in the hydrophobic α-helix, which is missing

from PulG25−134(His)6. E+5 is required for PilA assembly (Pasloske and Paranchych,

1988; Pasloske et al., 1989; Strom and Lory, 1991) and for PulG function in secretion

(Pugsley, 1993b), but not for cleavage by prepilin peptidase (Pugsley, 1993b; Strom and

Lory, 1991) or for PulG assembly into pili (Vignon et al., 2003). In the structure of

PilAPAK with the complete N-terminus (Craig et al., 2003), E+5 is positioned such that

its side-chain could form a salt bridge with the N-terminal phenylalanine. In addition,

E+5 in PilA is required for N-methylation of the N-terminal phenylalanine (Pasloske and

Paranchych, 1988; Strom and Lory, 1991) but this is not the case in PulG (Pugsley,

1993b). The experimentally determined MPL, 15.5 ± 0.8 kD nm−1, corresponds very

closely to one PulG(His)6 monomer per nm. How does this fit with the type IV pilus

model (Craig et al., 2003), which proposes the existence of a salt bridge between the

N-terminal amino group of one pilus monomer and the ε-oxygens of the E+5 residue of

the subsequent monomer? In an α-helix, the rise per five residues is only 0.75 nm but

this distance could be increased to 1 nm with a suitable side-chain conformation of the
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E+5. Therefore, a salt bridge could also stabilize the PulG pilus or facilitate the dynamic

assembly and disassembly of the pseudopilus during secretion (Vignon et al., 2003). More

extensive analyses of this and other sequence constraints on the N-terminal regions of

PulG and type IV pilins could be very instructive. Other aspects of the proposed atomic

model of the PulG pilus must also be verified, for example, by analysing both the sur-

face exposure of residues that are predicted to be on the outside of the pilus and the

importance of other amino acids predicted to be involved in subunit interactions, as was

performed for the TcpA pilus (Craig et al., 2003; Kirn et al., 2000; Sun et al., 1991, 1997).

Although pseudopilins/type IV pilins have similar overall structural organization, they

still differ considerably. The structure of PpdD is not known but it is unlikely to be any

more similar to PulG than is PilE or PilA. Therefore, it is not surprising that it cannot be

assembled into the same pilus as PulG. What is surprising, however, is that PpdD does

not assemble into regular pilus-like structures when coexpressed with PulG. Instead, the

protein seems to form ill-defined clusters that associate with bundled PulG pili (Sauvonnet

et al., 2000b) or with the single pili formed by PulG(His)6 (this study). More detailed

analysis of this phenomenon indicated that PulG is more efficiently assembled by the Pul

secreton than is PpdD (not shown), suggesting that the failure of PpdD to form pili in

cells producing PulG results from its inability to compete efficiently with PulG for access

to the export/assembly machinery.

The studies reported here represent a structural basis for exploring the role of PulG in

secretion. The pilus formed by pseudopilins is proposed to represent an aberrant variant of

a pseudopilus that is usually restricted to the periplasm and might function as a dynamic

motor or piston that pushes secreted proteins through the secretin channel in the outer

membrane. The validation of this hypothesis will require analysis of the way pilus growth

and retraction are promoted and regulated, of how the minor pseudopilin PulI promotes

pilus PulG assembly (Sauvonnet et al., 2000b), of how PulK performs its proposed role

in the control of (pseudo)pilus length (Vignon et al., 2003) and of the specific role of PulJ

in secretion. Structure analysis of these proteins and studies of their ability to interact

with the PulG pilus that are currently underway will provide valuable insight into this

fascinating secretion machine.
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4 Purification and crystallization
screenings of three components of
the type III secretion system of
Yersinia enterocolitica

4.1 Abstract

Type III secretion systems are major virulence factors of Gram− pathogenic bacteria and

mediate the injection of effector proteins straight into the cytosol of eucaryotic host cells.

The bacterial surface organelles responsible for this sophisticated task consist of a pre-

assembled injectisome that spans both bacterial membranes and a translocon complex

which is formed in the target cell membrane to fascilitate effector delivery. The translo-

cators YopD and YopB of the Yersinia secretion system have one and two predicted

transmembrane regions, respectively, and are assumed to form the translocation pore in

the host cells. YopB and YopD secretion by the type III secretion machinery depends on

the presence of the specific chaperone SycD which is localized in the bacterial cytoplasm.

In contrast to other components of T3SSs and to chaperones assisting in effector secretion,

structural knowledge of the translocons and the translocator chaperones was missing.

His-tagged SycD was recombinantly expressed in Escherichia coli, either alone, or to-

gether with one or both of its natural substrates (YopB or YopB and YopD). The presence

of at least one translocator was essential for soluble His-SycD expression and sufficient

amounts of His-SycD could be purified from His-SycD/YopB or His-SycD/YopB/YopD

expressing cells. Additionally, a stable His-SycD/YopD complex was copurified by immo-

bilized metal affinity chromatography and separated from free His-SycD by gelfiltration.

Further investigation of the purified protein samples by analytical size exclusion chro-

matography and dynamic light scattering revealed homogeneous and stable His-SycD

dimers and His-SycD/YopD (2 : 2) heterotetramers with apparent molecular weights of

∼60 kD and 120–130 kD, respectively. Extensive crystallization trials were performed to
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make His-SycD and His-SycD/YopD complexes amenable to structural investigation by

X-ray crystallography. However, so far no crystals were obtained.

The observation that His-SycD was sensitive to oxidation, led to the cloning and inves-

tigation of 15 cysteine to alanine mutants. One double mutant (His-SycD(C113A, C164A))

behaved the same in respect to dimerization and YopD binding as the wild type, but did

not oxidize. Hence, His-SycD(C113A, C164A) is a further promising candidate for crystalliza-

tion experiments of the chaperone and the chaperone/YopD complex.

4.2 Introduction

Type III secretion systems (T3SSs) are used by many pathogenic or symbiotic bacteria

that live in close association with their animal or plant host. By the complex T3S ma-

chinery these bacteria inject powerful effector proteins directly into the cytosol of their

host target cells after a close contact has formed (see figure 4.1). This allows bacteria

to communicate to their host and take control on the functions and response of the eu-

caryotic cell (see reviews Galán and Collmer, 1999; Galán and Wolf-Watz, 2006; Mota

et al., 2005b; Plano et al., 2001; Troisfontaines and Cornelis, 2005). In general, at least

some of the secreted proteins enable the bacteria to escape from the immune response,

a prerequisite either to establish an infection or a symbiotic relationship. The complex

secretion apparatus is made up of ∼25 different proteins and is highly conserved among

different bacteria. In contrast, the actual arsenal of bacterial proteins it delivers is unique

to each system. In this way, bacteria could adapt to various kinds of close relationships to

different hosts such as humans, other animals including insects and nematodes, and plants

by the use of the same secretion system. Until now, more than twenty T3SS have been

discovered and in a few bacterial species even more than one T3SS has been described

(Cornelis, 2006; Foultier et al., 2002; Haller et al., 2000; Mota et al., 2005b; Troisfontaines

and Cornelis, 2005). The function of the additional T3SS(s) is mostly not clear yet.

Typically the genes encoding the T3SS are located in a gene cluster either on a virulence

plasmid or on the bacterial chromosome. The organisation within such pathogenity islands

fascilitates horizontal gene transfer between bacteria and explains why the kinship of T3S

systems is unrelated to the phylogeny of their owners (Hacker and Kaper, 2000; Cornelis,

2002b; Troisfontaines and Cornelis, 2005). In contrast to the secretion machinery which

has a bacterial origin, many effector proteins have their closest relatives among eucaryotic

proteins. Most probable they were obtained during coevolution by the incorporation of

host genes into the bacterial genome (Saier, 2004; Troisfontaines and Cornelis, 2005).
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Figure 4.1: T3S in Yersinia. Upon contact with an immune cell Yersinia docks at the cell surface via
interactions between bacterial adhesins YadA or Inv and the eucaryotic integrins. The translocation
pore composed of YopB and YopD assembles at the needle tip of the injectisome and the effectors are
injected directly from a cytosolic pool into the target cell. Here they inhibit phagocytosis and reactions
that trigger the adaptive immune respose. During their intrabacterial stage, some but not all effectors
are capped with their specific Syc chaperone. The figure was taken from Cornelis (2002a). EM, outer
membrane; P, peptidoglycan; IM, inner membrane.

The archetypal Yersinia secretion (Ysc) system is found in the three pathogenic Yersinia

species that infect rodents and humans (Y. enterocolitica, Y. pseudotuberculosis, Y. pestis).

As the cause of bubonic plague that was tightly linked to disastrous pandemics in the

past, commonly known as the “Black Death”, Y. pestis is one of the most popular in-

fecting agents. Even though large epidemics have not occured for a long time, until now

there are yearly recorded plague infections and bubonic plague is on the “World Health

Organisation” list of reemerging diseases due to its bioterrorism potential. These are the

reasons why the Ysc system is one of the best studied T3SS (for reviews see Cornelis,

2002a,b). In Yersinia all genes involved in T3S are encoded by a 70 kb virulence plasmid.

The six effectors called Yersinia, outer proteins (YopE, YopH, YpkA/YopO, YopP/YopJ,

YopM and YopT) that are secreted by the Ysc system act highly synergetic in the in-

fected immune cells of the host (Grosdent et al., 2002). They disrupt phagocytosis by

perturbing the dynamics of the cytoskeleton and block the production of proinflammatory

cytokines thus favouring the escape from the immune response and the survival of invad-

ing Yersinia which now can multiply in the lymphnodes (Cornelis, 2002b; Matsumoto

and Young, 2009; Navarro et al., 2005; Trosky et al., 2008; Viboud and Bliska, 2005).
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The central part of the Ysc system, the so-called injectisome or needle complex as-

sembles at the bacterial surface upon incubation of Yersinia at the body temperature of

their host. The injectisome is a complex organelle which spans both bacterial membranes

and protrudes to the outside in a needle-like structure (figure 4.2). The whole complex

comprises ∼25 different proteins. The internal part contains ∼10 proteins which have

counterparts in the basal body of the flagellum, the putative ancestor of T3SS (Aizawa,

2001; Troisfontaines and Cornelis, 2005). The motor of the protein pump is energized

by YscN, an ATPase resembling the FoF1 proton translocase. The external part of the

injectisome which spans the outer membrane has a different evolutionary origin. It is a

homomultimeric ring-shaped structure composed of several copies of YscC with a central

pore of ∼50 Å (Koster et al., 1997). YscC shares homology with the secretins from type II

secretion systems (T2SSs), type IV pili and with a protein, that filamentous phages insert

into the bacterial outer membrane to allow their extrusion (Chami et al., 2005; Collins

et al., 2004b; Linderoth et al., 1997). The actual needle is formed by the polymerization

of YscF, a 6 kD protein which is itself secreted by the Ysc system. It is 60–80 nm long,

6–7 nm wide and has a central hollow conduit of 2–3 nm through which the outer proteins

are thought to be transported (Hoiczyk and Blobel, 2001). Due to the spatial restriction

of the needle, proteins need to be partially or completely unfolded during secretion. The

length of the needle is genetically controlled (Journet et al., 2003; Tamano et al., 2002)

and adjusted in relation to the length of the other macromolecules at the bacterial and

cellular surfaces (Mota et al., 2005a). Interestingly, Shigella can shorten its lipopolysac-

charide surface to optimize the function of the needle during an infection (West et al.,

2005).

Once a contact between the bacterium and the eucaryotic host cell has been established,

the translocators YopB and YopD insert into the eucaryotic cell membrane at the tip of

the needle to complete the protein transducting channel. YopD and YopB comprise one

or two predicted transmembrane segments, respectively. Both proteins are essential to

perform the translocation of the effectors to the cytosol of the host cell and probably form

a pore in the eucaryotic cell membrane. Such pores could be observed when macrophages

were infected with a Y. pseudotuberculosis mutant expressing the secreted translocators

but none of the six effectors (Neyt and Cornelis, 1999a). The size of the pores was

estimated from the leakage of small fluorescent dyes to 16–23 Å which is in the range of

the size of the needle. Similar mutants of Y. enterocolitica inserted YopB/YopD pores into

liposomes where these pores were investigated by electrophysiological experiments (Tardy

et al., 1999). Since no pores were observed after infection with wild type bacteria, it is
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(a) (b)

Figure 4.2: Structure of the injectisome. (a) Schematic representation of the Ysc system taken from
Cornelis (2006). OM, outer membrane; PG, peptidoglycan; IM, inner membrane. (b) Electronmicroscopic
image of negatively stained needle complexes from Salmonella typhimurium SPI-1 (bar: 30 nm) and
surface representation of the derived 3D reconstruction with a 20-fold symmetry, averaged after the
particles have been sorted according to symmetry. Note that the needle is truncated in the lower image
and the ATPase is not present. Figures were taken from Marlovits et al. (2004).

assumed that under normal secretion conditions the pores are plugged by the translocating

effectors. A third translocator protein LcrV is also needed for pore formation. LcrV is a

soluble protein which is located at the tip of the needle (Broz et al., 2007; Mueller et al.,

2005). To differentiate LcrV from the integral membrane translocators YopB and YopD,

it is usually called soluble or hydrophilic translocator. Whether and how LcrV interacts

with the hydrophobic translocators YopB and YopD is not completely clear (Mueller et al.,

2008). Even the existence of YopB/YopD pores and the role of the translocators under

normal secretion conditions is still a topic of ongoing discussions. YopB/YopD pores could

never be visualized by electron microscopy and so far it is not clear, if such pores form a

part of the translocation pathway or if the role of the translocators is only to prepare the

cell membrane so that the needle can go through.

Beneath the components of the needle, the translocators and the effectors, a fourth

group of proteins, namely the specific Yop chaperones (Sycs), is necessary for effective
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secretion of some, but not all outer proteins (for a review see Feldman and Cornelis, 2003;

Parsot et al., 2003; Wilharm et al., 2007). These chaperones are typically small (∼15 kD)

acidic proteins which are located in the bacterial cytosol where they specifically interact

with one or two effectors or translocators. Generally, the absence of a chaperone results in

the lack of secretion of its cognate protein without altering the secretion of the other outer

proteins. T3S chaperones have little or no sequence homology among each other, have

no ATP-binding domain and are not related to other small bacterial chaperones such as

Hsp70, but they share some common features with a group of chaperones, that participate

in flagellum assembly (Bennett and Hughes, 2000). Usually T3S chaperones act as dimers

and bind to an N-terminal region of the cognate protein. As the chaperones themselves,

the chaperone-binding domains of the different substrates do not present homology at

all. The affiliation of each chaperone to its outer protein is reflected on the genome level,

where the respective genes are located adjacently. According to the function of their

binding partners, T3S chaperones are divided into three classes (Parsot et al., 2003).

• Class I chaperones specifically bind to one effector protein. In the case of the Ysc

system four class I chaperones have been described: SycE, SycH, SycT and recently

SycO which are specific to YopE, YopH, YopT and YopO, respectively. So far,

no chaperone could be identified which assists the secretion of the remaining two

effectors YopM and YopP/YopJ.

• Class II chaperones support the secretion of two proteins, respectively. These are

the two hydrophobic translocators which belong to each T3SS. In Yersinia SycD

chaperones YopB and YopD (Neyt and Cornelis, 1999b). In agreement with the

function of the translocators, mutants which are not expressing SycD, are still able

to secrete effectors into the surrounding medium, but not into the cytosol of target

cells. Hence, these mutants are not infective anymore.

• Class III chaperones interact with components of the needle which are themselves

secreted by the T3SS.

Apart from the fact that T3S chaperones assist during the secretion of their substrates,

their precise task is still a mystery. Multiple and partially contradictory roles of T3S

chaperones have been proposed: (1) Chaperones may act as anti-aggregation and stabi-

lizing factors within the bacterium which seems certainly important for the hydrophobic

translocators (YopB and YopD) and the needle forming component YscF. (2) In analogy

to SecB which participates in protein secretion by the Sec system (Driessen et al., 2001),

78



4.2 Introduction

they might keep their substrates in an unfolded or partially unfolded state to facilitate

secretion (Stebbins and Galán, 2001; Wattiau and Cornelis, 1993). However, effector pro-

teins bound to the chaperones SycE (Yersinia), CesT [enteropathogenic E. coli (EPEC)]

and SigE (Salmonella) remained catalytically active in the respective complexes (Birta-

lan et al., 2002; Luo et al., 2001). And recently, the X-ray structure of the heterodimeric

chaperone SycN/YscB in complex with YopN revealed, that only the chaperone binding

domain of YopN is wrapped around SycN/YscB in an extended form whereas the rest of

YopN is folded (Schubot et al., 2005). (3) The secretion signal could, so far, only be re-

stricted to the N-terminal region of the outer proteins. However, mutational experiments

to clarify whether the signal is covered by the mRNA (Anderson and Schneewind, 1997,

1999) or the protein sequence level (Lloyd et al., 2001) revealed contradictory results. De-

spite the lack of sequence homology, chaperone/effector complexes exhibits a conserved

three-dimensional (3D) structure. Therefore the idea came up that this contains the 3D

signal for secretion (Birtalan et al., 2002). However, some Yops are secreted without

having a specific chaperone. (4) Furthermore it has been proposed that the chaperones

set a hierarchy on secretion (Birtalan et al., 2002). Phagocytosis by immune cells can

occur within less than a minute. To escape from phagocytosis Yersinia keeps a cytosolic

pool of Yops. Upon contact with a cell first the translocation pore made of YopB and

YopD needs to be assembled followed by the fast secretion of the effectors that disrupt the

dynamics of the cytoskeleton. The injection of other effectors involved e.g. in the regula-

tion of gene expression should occur as a final step. Interestingly, both the translocators

(YopB and YopD) and the four effectors that play a role in disturbing the functions of

the cytoskeleton (YopE, YopH, YopT and YopO) have chaperones, but neither has YopM

which migrates to the nucleus nor has YopP/YopJ which counteracts the proinflamma-

tory response of immune cells. (5) Finally, the combination of multiple signals guiding

T3S seems probable. Different signals could play a role at different stages of an infection,

e.g. an mRNA signal would suggest a cotranslational secretion which would not be fast

enough to prevent phagocytosis sufficiently, but possibly gets more relevance during later

stages. It is not surprising, that T3S chaperones have also regulatory functions. Beneath

the control of the effector translocation by the secretion of the translocators YopB and

YopD, LcrH (the Y. pseudotuberculosis SycD homologue) is involved in the negative feed-

back regulation of gene transcription of the proteins secreted by the Ysc system (Francis

et al., 2001).

The structural knowledge on components of the fascinating T3S machinery is growing

every year. Medium resolution structures of the Salmonella, Shigella and EPEC needle
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complex obtained by cryo electron microscopy reconstitutions share striking similarity

with the flagellar basal body (Blocker et al., 2001; Kubori et al., 1998; Marlovits et al.,

2004; Sekiya et al., 2001; Tamano et al., 2000). The needle itself forms a helical super-

structure within the complex (Cordes et al., 2003; Daniell et al., 2003). Since most of the

protein components of the injectisome either occur in multimeric states or are associated

or buried within the bacterial membranes, only a few structures with atomic resolution,

mainly of truncated versions, are available so far. Amongst others, the C-terminal domain

of P. syringae HrcQB which is supposed to form the C-ring at the basis of the injectisome

and shows a similar fold as the flagellar paralog FliN (Brown et al., 2005; Fadouloglou

et al., 2004); the catalytic domain of the ATPase EscN from EPEC (Zarivach et al., 2007);

EscJ which is supposed to sit on the periplasmic side of the inner membrane and form a

large suprahelical ringstructure (Yip et al., 2005b) and the pilotin MxiM which is respon-

sible for guiding the insertion and stabilization of the Shigella flexneri secretin to form

the ring in the outer membrane (Lario et al., 2005). Additionally, the structure of the

hydrophilic translocator LcrV from Yersinia and homologues from several other bacteria

were determined (Derewenda et al., 2004; Johnson et al., 2007). LcrV is located at the

needle tip and essential for the formation of the translocation pore (Mueller et al., 2005,

2008).

In contrast to the limited structural knowledge of the components of the translocation

machinery, numerous high resolution structures are available for the highly diverse group

of secreted effectors and for the soluble chaperones (reviewed in Johnson et al., 2005).

Of the latter, the vast majority belong to the class I chaperones. Despite a missing

homology on the sequence level, these proteins share a similar dimeric structure and a

common fold with each monomer comprising a five stranded antiparallel β-sheet and three

α-helices arranged in a compact α/β-sandwich. Several structures of class I chaperones in

complex with the chaperone binding domain of the cognate effector additionally revealed

a common mode of effector binding (Lilic et al., 2006). Typically the chaperone binding

domain exhibits an extended elongated structure and is wrapped around the surface of

the chaperone dimer. In contrast, only one structure of a class III chaperone is available.

CesA of EPEC shows a completely different fold compared to class I chaperones, but

has similarity to the flagellar paralog FliS which was crystallized in complex with FliC

(Evdokimov et al., 2003; Yip et al., 2005a). CesA comprises two extended α-helices that

form a four helix bundle together with two long α-helices of the filament forming substrate

EspA in the heterodimer.

Structural information was neither available for any class II chaperone nor for any of the
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associated translocators. The hydrophobic nature of the pore forming translocators (YopB

and YopD in Yersinia) suggests a different binding mode of the class II chaperones which

might be accompanied by a unique chaperone structure. A 3D structure would deliver

the basis for the design of surface mutations to study the chaperone translocator complex.

However, only a complex structure of a chaperone bound to a chaperone binding domain

or even an entire translocator could solve the final question concerning the binding mode

and how a class II chaperone protects the hydrophobic translocators from presecretional

aggregation within the bacterial cytosol or mistargeting into the bacterial membrane.

The aim of this work was the expression, purification, and crystallization of the class II

chaperone SycD and its complexes with the translocators YopB and YopD with the final

goal to determine their structures by X-ray crystallography.

4.3 Materials and methods

4.3.1 The expression systems

Three plasmids for the overexpression of His-SycD, YopB and YopD were kindly provided

by Petr Broz (University of Basel). In the pathogenic Y. enterocolitica strain W22703

the three genes are arranged consecutively in the same operon on the virulence plasmid

pYVe227 and under control of the same promotor. DNA fragments composed of the

following genes were inserted between the BamHI and NdeI site into the vector pET28a

(Novagen):

• pPB11: sycD

• pPB14: sycD + yopB + yopD

• pPB17: sycD + yopB

In this way, the respective proteins are coexpressed but the N-terminal hexahistidine

tag with the thrombin cleavage site originating from the pET28a vector is only fused to

SycD and not to the following translocators. The attached sequence in front of the start

codon of wild type SycD comprises the sequence MGSSHHHHHHSSGLVPR|GSH-wild-

type-SycD (with the thrombin recognition sequence marked in bold and the cleavage site

indicated by a vertical line). The plasmids were transformed into electrocompetent E.

coli BL21 (DE3) by electroporation (Morrison, 2001). Cryo stocks of transformed E. coli

cells were flash frozen in liquid nitrogen and stored at −80◦C in NZA medium containing

antibiotics (50 µg/ml kanamycin) and 7 % dimethyl sulfoxide as cryo protectant.
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Table 4.1: Primers used to create cysteine into alanine mutants of His-SycD.

mutation primer sequence Tm (◦C) GC content (%)

C63A 5’ caaggtctttcaagctctcGCTgtgctagaccactatgattc 3’ 78 43
C79A 5’ ctttttagggctaggcgctGCTcgtcaagccatggggc 3’ 82 58
C113A 5’ tccgtttcatgcggccgaaGCTttactgcaaaagggagagc 3’ 80 49
C164A 5’ aaaggagatgaaacatgagGCCgttgataacccatgatcgc 3’ 78 43

The position of the mutation is marked in bold capital letters.

4.3.2 Site directed mutagenesis of cysteines into alanines

The four cysteine residues in SycD (C63, C79, C113, C164) give 15 possible combinations

of single, double, triple and quad cysteine to alanine mutants. These were introduced

in pPB14 with and according to the manual of the “Quick Change Multi Site-directed

Mutagenesis Kit” (Stratagene). The primers used to mutate the respective residues are

listed in table 4.1. In total, three runs were necessary to obtain all mutations.

4.3.3 Expression of His-SycD, YopB and YopD in E. coli

E. coli cells containing plasmids pPB11, pPB14 or pPB17 were grown at 30◦C in Luria-

Bertani (LB) broth (Miller, 1992) supplemented with 50 mg/l kanamycin. The cultures

were inoculated at a ratio of 1 : 100 with an over night stock. Induction was performed

with 0.1 mM IPTG at an optical density (OD600) of 0.8. 3 h after induction the cells were

harvested at 11 000 g for 5 min and immediately frozen at −18◦C.

4.3.4 Preparation of the soluble cell extract

Cell pellets from 1 l culture were resuspended in 50 ml of ice cold buffer needed later

for the purification by immobilized metal affinity chromatography (IMAC). The buffer

contained 50 mM Tris pH 8.0, various concentrations of NaCl and was supplemented with

one EDTA-free cocktail tablet (Roche) and 1 mM PMSF (100 mM stock in isopropanol

stored at −18◦C) as protease inhibitors. After cell disruption by three passages through a

french pressure cell (Amicon) at 1000 psi the debris was removed by centrifugation (30 min,

75 000 g, 4◦C). The cell lysate was filtered with a 0.22 µm syringe filter (Rotilabo syringe
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filter, Roth), before applying it to the IMAC column.

4.3.5 Purification of His-SycD and its soluble complexes with
YopB and YopD

His-SycD was purified from the soluble cell extract via fast protein liquid chromatography

(FPLC) (Sheehan and O’Sullivan, 2003). IMAC was used as the first step to isolate His-

SycD itself and/or its complexes with YopB and/or YopD, depending on the expression

construct, from most of the soluble E. coli proteins. In a second step, size exclusion chro-

matography (SEC) was used to separate His-SycD and higher molecular weight complexes

composed of His-SycD and the translocator Yop’s. All purification steps were carried out

at 4◦C.

IMAC

In the beginning of the experiments a 20 ml nickel NTA (Qiagen) column (XK 16/20,

Pharmacia) was used for this first chromatographic purification step. Later on, the column

was changed to a 4 ml nickel-sepharose (Pharmacia) column (Tricorn 10/50, Pharmacia)

with a higher specific binding capacity and the Ni2+ ions more tightly coordinated to

the linker region of the sepharose beads, which allows the use of reducing agents during

IMAC. Both columns were run with a flow rate of 1.0 ml/min for loading the sample and

2.0 ml/min for the washing and elution steps. The standard buffer consisted of 50 mM

Tris pH 8.0 and 200 mM NaCl. The protein was loaded on the equilibrated column

without imidazole and subsequently washed with 20–30 column volumes (cv) of loading

buffer supplemented with 20 mM (purification of His-SycD and His-SycD/YopD from

plasmid pPB14, expressing His-SycD/YopB/YopD) or 50 mM imidazol (purification of

His-SycD from plasmid pPB17, expressing His-SycD/YopB). The elution was performed

in the same buffer with a linear gradient with a length of about 10 cv starting with

the imidazole concentration of the washing buffer. The upper limit of the gradient was

tested in the range of 150–500 mM imidazole. For the purification of His-SycD from

His-SycD/YopB expressing cells with the nickel NTA column a gradient from 50–250 mM

imidazole gave the best results. For the purification of His-SycD and His-SycD/YopD

complexes from His-SycD/YopB/YopD expressing cells with the nickel sepharose column

a steeper gradient (20–400 mM imidazole) was the best.

A nickel batch procedure was used to initially investigate cysteine to alanine mutants

of His-SycD introduced into plasmid pPB14 that expresses His-SycD, YopB and YopD.
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Table 4.2: SEC columns used during the purification of His-SycD and its complexes with translocator
Yop’s.

column material column type column volume flow rate

Sephacryl S200 K 9/60 37.5 ml 0.2 ml/min
Superdex 75 XK 16/70 102.5 ml 0.5 ml/min
Superdex 200 XK 26/70 287 ml 1.0 ml/min

Harvested cells from 50 ml culture were lysed with a french pressure cell (Amicon) in

10 ml purification buffer (50 mM Tris pH 8.0, 250 mM NaCl, 20 mM imidazole). After

centrifugation (30 min, 75 000 g, 4◦C) the soluble cell extract was incubated for 15 min

with 150 µl nickel sepharose beads (Pharmacia) in an overhead rotator. After two washing

steps with 25 ml purification buffer, the protein was eluted in 0.5 ml of the same buffer

containing 250 mM imidazole. The nickel beads were removed with 0.45 µm centrifugal

filter units (Millipore).

SEC

Before applying the nickel purified protein to a gelfiltration column, the eluted fractions

were concentrated by ultrafiltration (Vivaspin 6, Vivascience) to a final volume of ∼1 %

of the total column volume. Ultrafilters with a 10 or 30 kD cut-off were used for samples

of His-SycD or His-SycD/Yop complexes, respectively. Subsequently, the protein solution

was filtered (0.45 µm centrifugal filter units, Millipore). Table 4.2 gives an overview of

the used gelfiltration columns and the experimental parameters. The optimized SEC was

performed with the Superdex 200 column in different buffers according to the needs for

the crystallization.

4.3.6 Thrombin cleavage of the N-terminal His-tag

Thrombin cleavage of the N-terminal His-tag of wild type His-SycD and the double mu-

tant His-SycD(C113A, C164A) was performed with the “Thrombin Cleavage Capture Kit”

(Novagen) according to the manufacturers manual. The optimization of the cleavage

reaction was performed with the nickel sepharose purified protein obtained from His-

SycD/YopB/YopD expressing cells (plasmid pPB14), mainly consisting of His-SycD and

His-SycD/YopD complexes. Before the protein was added to the reaction batch, the imi-

dazole was removed from the buffer using a NAP-5 buffer exchange column (Pharmacia)
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and the protein concentration was adjusted to 1 mg/ml. The cleavage was tested at three

temperatures (4◦C, 22◦C, 37◦C) with 1 : 25, 1 : 50, 1 : 100, 1 : 200, 1 : 500 and 1 : 1000

dilutions of the 1 U/µl thrombin stock solution, respectively (corresponds to final throm-

bin : protein ratios of 4, 2, 1, 0.5, 0.2 and 0.1 U/mg). Reaction times between one and

24 hours were tested.

Large scale cleavage of the His-tag of the oxidation insensitive His-SycD(C113A, C164A)

double mutant, purified from pPB14-7D transformed E. coli cells, was performed with

the optimized cleavage conditions (0.5 U thrombin/mg protein for 16 h at 22◦C). After

cleavage, SycD(C113A, C164A) and SycD(C113A, C164A)/YopD were purified from the reaction

batch by gelfiltration (Superdex 200 column).

4.3.7 Protein analysis

Sodium dodecyl sulfate polyacrylamide gelelectrophoresis (SDS-PAGE)

Discontinous SDS-PAGE with a 15 or 18 % (w/v) polyacrylamide (PAA) resolving gel

and a 4.5 % stacking gel was used according to Laemmli (1970) as a control during all

purification steps. Disulfide bond formation in His-SycD was inspected with non-reducing

gels. These were run in the same way like the normal reducing gels except that no reducing

agent [β-mercaptoethanol or dithiothreitol (DTT)] was included in the sample buffer.

Isoelectric focussing (IEF)

Novex pre-cast IEF gels with a pH gradient from 3–10 and the corresponding buffer kit

and pI-marker from Invitrogen were used. The protocol was performed according to the

manufacturers instructions.

Protein assay

Protein concentrations were determined with the “Bio-Rad Protein Assay” according to

the method firstly described by Bradford (1976). Bovine serum albumin was used as a

protein standard.

Dynamic light scattering (DLS)

The homogeneity and the oligomeric state of SEC purified His-SycD and His-SycD/YopD

was investigated by DLS. The experiments were performed in a 12 µl quarz cuvette with
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Table 4.3: Crystallization screenings of an oxidation insensitive double mutant SycD(C113A, C164A) and its
complex with YopD purified from His-SycD(C113A, C164A), YopB and YopD expressing cells (pPB14-7D).
The His-tag of His-SycD(C113A, C164A) was cleaved after IMAC and removed by SEC before crystallization.

protein/buffer conc. T (◦C) Nextal Classics

SycD(C113A, C164A) 4.3 mg/ml 18 •
Tris pH 7.5 20 mM
NaCl 100 mM

SycD(C113A, C164A)/YopD 2.4 mg/ml 18 •
Tris pH 7.5 20 mM
NaCl 100 mM

SycD(C113A, C164A)/YopD 10.2 mg/ml 18 •
Tris pH 7.5 20 mM
NaCl 100 mM

a DynaProE instrument (Protein Solutions) in combination with the DynaPro version 6

software (Protein Solutions) for the data analysis. Measurements were done at protein

concentrations between 2.5 and 6 mg/ml which were similar to the concentrations used

in the crystallization screenings. Dust particles were removed by 10 min centrifugation at

maximum speed in a table top eppendorf centrifuge before the measurements. Additional

filtration of the samples was not necessary.

4.3.8 Crystallization screening

Crystallization experiments were performed with various commercially available kits of

the “Nextal Screening Suite” (Qiagen). Additionally, Crystal Screen I + II, Cryo Screen

I + II (Hampton Research) and Wizzard Screen I + II (Emerald) were used. The screening

was done in a nano liter scale using the sitting drop vapor diffusion method in 96-well

Greiner plates designed for three protein drops above each reservoir solution. 100 µl

reservoirs were manually filled using a multi-channel pipet, while the three drops for each

condition were dispensed by a Cartesian Inc. robot. A constant volume of 200 nl protein

solution was mixed in a 2 : 1, 1 : 1 and 1 : 2 ratio with the reservoir. Before crystallization

the protein concentration was adjusted by ultrafiltration (Vivaspin 6, Vivascience) and

subsequent dilution to the desired concentration. Ultrafilters with a 10 or 30 kD cut-

off were used for samples of His-SycD or His-SycD/Yop complexes, respectively. Tables

4.3–4.5 give an overview about the tested crystallization conditions.
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Table 4.4: Crystallization screenings with His-SycD purified from His-SycD, YopB expressing cells (plas-
mid pPB17, indicated with a star) or His-SycD, YopB and YopD expressing cells (plasmid pPB14).
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His-SycD* 15 mg/ml 18 • • •
Tris pH 8.0 50 mM
NaCl 200 mM
Imidazole ∼100 mM

His-SycD* 8.5 mg/ml 18 • •
Tris pH 8.0 20 mM
NaCl 200 mM
His-SycD 3.9 mg/ml 18 • • •
Tris pH 7.0 20 mM
NaCl 100 mM
His-SycD 3.9 mg/ml 8 • •
Tris pH 7.0 20 mM
NaCl 100 mM
His-SycD 5 mg/ml 18 •
Tris pH 7.0 20 mM
NaCl 100 mM
His-SycD 7.5 mg/ml 18 •
Tris pH 7.0 20 mM
NaCl 100 mM
His-SycD 10 mg/ml 18 •
Tris pH 7.0 20 mM
NaCl 100 mM
His-SycD 5 mg/ml 18 • • •
Tris pH 8.0 20 mM
NaCl 100 mM
His-SycD 2.5 mg/ml 18 • • • •
Tris pH 7.5 20 mM
NaCl 100 mM
DTT 1 mM

. . . continues on next page
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Table 4.4: (. . . continued)
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His-SycD 5 mg/ml 18 • • • •
Tris pH 7.5 20 mM
NaCl 100 mM
DTT 1 mM
His-SycD 10 mg/ml 18 • • • •
Tris pH 7.5 20 mM
NaCl 100 mM
DTT 1 mM
His-SycD 5 mg/ml 18 • • • • • • • •
Tris pH 7.5 20 mM
NaCl 100 mM
DTT 10 mM
His-SycD 5 mg/ml 8 • • • • • • • •
Tris pH 7.5 20 mM
NaCl 100 mM
DTT 10 mM
His-SycD 4.8 mg/ml 18 • • • •
Hepes pH 7.0 20 mM
NaCl 100 mM
Glutathion 20 mM
EDTA 1 mM
His-SycD 4.8 mg/ml 18 • • • •
Hepes pH 7.0 20 mM
NaCl 100 mM
L-Cystein 20 mM
EDTA 1 mM
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Table 4.5: Crystallization screenings with a His-SycD/YopD complex purified from His-SycD, YopB and
YopD expressing cells (plasmid pPB14).
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His-SycD/YopD 2.7 mg/ml 18 •
Tris pH 7.5 20 mM
NaCl 100 mM
His-SycD/YopD 5 mg/ml 18 • • • •
Tris pH 8.0 20 mM
NaCl 100 mM
His-SycD/YopD 5 mg/ml 18 • • •
Tris pH 7.5 20 mM
NaCl 100 mM
CaCl2 50 mM
His-SycD/YopD 5 mg/ml 18 • • •
Tris pH 7.5 20 mM
NaCl 100 mM
MgCl2 50 mM
His-SycD/YopD 5 mg/ml 18 • • • • • • • •
Tris pH 7.5 20 mM
NaCl 100 mM
DTT 10 mM
His-SycD/YopD 5 mg/ml 8 • • • • • • • •
Tris pH 7.5 20 mM
NaCl 100 mM
DTT 10 mM
His-SycD/YopD 5 mg/ml 18 • • • •
Hepes pH 7.0 20 mM
NaCl 100 mM
Glutathion 20 mM
His-SycD/YopD 5 mg/ml 18 • • • •
Tris pH 7.0 20 mM
NaCl 100 mM
L-Cysteine 20 mM
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4.4 Results

4.4.1 Expression and solubility of His-SycD in the presence or
absence of YopB and YopD

Three constructs were investigated with respect to the soluble expression of two translo-

cator proteins and their specific chaperone from the Y. enterocolitica T3SS. His-SycD was

either expressed alone (plasmid pPB11) or coexpressed in an operon with YopB (plasmid

pPB17) or with YopB and YopD (plasmid pPB14) from a pET28a vector in E. coli BL21

(DE3). In all three constructs the N-terminal His-tag was fused to SycD but not to YopB

or YopD.

His-SycD

Expression of His-SycD without coexpression of the translocators YopB and YopD (plas-

mid pPB11) in E. coli BL21 (DE3) revealed large quantities of the target protein three

hours after induction (T = 30◦C) with 0.1 mM IPTG [figure 4.3(a)]. Unfortunately, the

recombinant protein was only expressed within inclusion bodies that were visible as large

pale pellets after centrifugation of the whole cell lysate. Virtually no soluble His-SycD was

obtained [figure 4.3(b)], and no protein could be eluted after applying the supernatant to

a nickel column (data not shown). Lower expression temperatures (T = 23◦C) also did

not lead to soluble protein.

His-SycD/YopB

In the presence of YopB (plasmid pPB17), His-SycD is expressed in comparable amounts

as in absence of YopB [compare figures 4.3(a) and 4.3(c)]. With this setting half of the

total His-SycD was expressed in a soluble form [figure 4.3(d)] under optimized conditions

(T = 30◦C; 3 h induction with 0.1 mM IPTG). The ratio of soluble : insoluble His-

SycD appeared to be very sensitive to the temperature during overexpression. Lower

temperatures of 23◦C or 30◦C yielded much more soluble protein compared to 37◦C (data

not shown). In addition to the strong band of His-SycD, after induction a weak band

of expressed YopB appeared above the 36 kD marker band on a coomassie stained PAA

gel [figure 4.3(c)]. This band with an apparent molecular weight of ∼42 kD could be

identified as YopB with a polyclonal antibody against YopB in western blot analysis (not

shown). However, YopB expressed in the presence of His-SycD was not soluble. While

the YopB band in the pellet fraction of the whole cell lysate is clearly visible, it is missing
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(a) exp. pPB11 (b) sol. pPB11 (c) exp. pPB17 (d) sol. pPB17

(e) exp. pPB14 (f) sol. pPB14

Figure 4.3: Expression and solubility of His-SycD, YopB and YopD (co)expressed from three different
plasmids. Same amounts of E. coli cells were resuspended in sample buffer and loaded on the PAA gel
before (0 h), and 3 h after induction with 0.1 mM IPTG at 30◦C (a, c, e). Solubility was investigated by
comparing the whole cell lysate before and after centrifugation (30 min, 75 000 g). Before preparing the
sample for the gel, the supernatant and the pellet were brought to the same volume by resuspending the
latter in 8 M urea. (a, b), Expression and solubility of His-SycD expressed in the absence of YopB and
YopD from plasmid pPB11. (c, d), Expression and solubility of His-SycD and YopB coexpressed in the
absence of YopD from plasmid pPB17. (e, f), Expression and solubility of His-SycD, YopB and YopD
coexpressed from plasmid pPB14. MW, molecular weight standard; ly, cell lysate; sn, supernatant; p,
pellet.
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in the pellet fraction of cells expressing His-SycD without YopB and cells expressing

YopB together with His-SycD and YopD [compare figure 4.3(d) with 4.3(b) and 4.3(f)].

Remarkable is the positive influence of YopB on the solubility of His-SycD even though

YopB itself is expressed only very weak and in an insoluble form.

His-SycD/YopB/YopD

The same overexpression conditions as for the other two constructs were also suitable

for the expression of His-SycD/YopB/YopD. In the presence of YopB and YopD (plasmid

pPB14) the expression of His-SycD is comparable to the expression in the absence of YopD

(plasmid pPB17) and in the absence of YopB and YopD (plasmid pPB11) [compare figures

4.3(a), 4.3(c) and 4.3(e)]. The expression level of YopB is again low, whereas YopD is

expressed in quantities somewhere in between His-SycD and YopB. Its expression is clearly

visible on a coomassie stained PAA gel of whole E. coli cells [figure 4.3(e)]. In agreement

with the expression from the construct lacking YopD but coexpressing YopB, most of

the His-SycD is expressed in a soluble form and remains in the supernatant after 30 min

of centrifugation at 75 000 g. The ratio of soluble : insoluble His-SycD is even higher

[compare figures 4.3(d) and 4.3(f)].

Surprisingly both, YopB and YopD, were expressed in a soluble form and remained in

the supernatant, even though both of them have transmembrane parts. Thus, His-SycD

expressed in E. coli BL21 (DE3) is able to keep YopB and YopD in solution according

to the proposed function of SycD in Y. enterocolitica as a chaperone for the translocator

Yops. The solubility of the three proteins or of their complexes was confirmed by a second

centrifugation step with a higher sedimentation rate (30 min at 230 000 g) where all three

proteins remained in the supernatant. Longer induction periods, i.e. for more than three

hours, revealed a larger amount of insoluble protein without increasing the amount of

soluble protein (data not shown).

4.4.2 Purification of His-SycD from His-SycD/YopB expressing
cells

Large quantities (∼20 mg) of highly pure His-SycD could be purified from one liter E.

coli culture after the IMAC purification was optimized by testing various step and lin-

ear imidazole gradients during washing and elution. Best results were obtained with a

linear gradient elution (50–250 mM imidazole) from a nickel NTA column (see figure

4.4). Investigating purified His-SycD by SEC with a Sephacryl S200 column resulted in
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(a) (b)

Figure 4.4: Preparation of the soluble cell extract and IMAC with a nickel NTA column of His-SycD
expressed in the presence of YopB. (a), Preparation of the soluble cell extract and washing fractions of
the nickel NTA column. (b), Peak fractions of the nickel column obtained upon elution with a linear
imidazole gradient (50–250 mM). Only His-SycD and not its complex with YopB eluted from the column.
MW, molecular weight standard; ly, cell lysate; sn, supernatant; p, pellet; ft, flow through.

a sharp, symmetric peak apart from the void volume of the column indicating a homo-

geneous solution of soluble protein (data not shown). Purified His-SycD was examined

Figure 4.5: Native IEF gel
of purified His-SycD.

by IEF under native conditions. His-SycD runs as a sin-

gle clear band underneath the pH 6 marker band, which con-

firms the homogeneity of the protein sample, also in respect

to the surface charge distribution (figure 4.5). The experimen-

tally determined isoelectric point is in good agreement with

the theoretical prediction of 5.7 calculated from the protein

sequence with the “ProtParam” tool at the “ExPASy Pro-

teomics Server” (http://www.expasy.org/tools/protparam.html).

No His-SycD/YopB complex could be purified by IMAC, since

YopB was expressed in an insoluble form and got lost during the

centrifugation of the cell lysate. Attempts to perform cell lysis

at lower or higher salt concentrations (100–500 mM NaCl were

tested) to stabilize a soluble His-SycD/YopB complex did not

succeed.

In summary, expression and purification of His-SysD and YopB from plasmid pPB17

resulted in high levels of soluble His-SycD of excellent purity and homogeneity for crys-

tallization trials.

93



4 Type III secretion: SycD/YopB/YopD

4.4.3 Purification of His-SycD and His-SycD/YopD complex
from His-SycD/YopB/YopD expressing cells

Both, YopB and YopD, coeluted together with His-SycD after loading the soluble extract

from His-SycD/YopB/YopD expressing cells to a nickel sepharose column. According to

the expression levels of the three proteins (figure 4.3), large amounts of His-SycD and less

but still good quantities of YopD but only slight amounts of YopB were contained in the

eluted fractions. After optimization of the linear gradient used for the elution, as described

in section 4.3.5, two peaks could be distinguished in the recorded chromatogram [figure

4.6(a)]. However, it was not possible to separate the two peaks by further optimization.

The first peak mainly contains His-SycD and YopD in almost equal amounts, indicating a

stoichiometric His-SycD/YopD complex [figure 4.6(b)]. In the second peak, the portion of

YopD is strongly decreased and in parallel the amount of His-SycD significantly increased.

This indicates a weaker binding affinity to the nickel column for the His-SycD/YopD

complex than for His-SycD alone. In contrast, the small amounts of YopB are almost

evenly distributed through all fractions [figure 4.6(b)] and do not show a distinguished

elution band. This observation suggests that YopB does not to form a defined binary or

ternary complex with His-SycD or His-SycD/YopD.

His-SycD and the His-SycD/YopD complex were further purified by SEC (figure 4.7).

Best results were obtained with a Superdex 200 column. His-SycD and the His-SycD/YopD

complex eluted in two distinct peaks. The apparent molecular weights were determined

by the calibrated column. His-SycD eluted between 55–65 kD, probably as a dimer, the

His-SycD/YopD complex between 125–140 kD, which fits best to a 2 : 2 heterotetramer.

YopB was present only in the protein aggregates eluting within the void volume of the

Superdex 200 column. In coincidence with the results from IMAC, the ratio between

the His-SycD homodimer and the His-SycD/YopD heterotetramer varied depending on

which peak of the nickel purification was loaded on the gelfiltration column [compare

figures 4.7(a) and 4.7(b)], i.e. the first peak of the nickel-column contains mainly the His-

SycD/YopD complex, whereas the second contains mainly His-SycD. After all purification

steps the yield from 1.5 l E. coli culture was 5–10 mg His-SycD plus the same amount of

His-SycD/YopD complex.

In summary, sufficient quantities of highly pure His-SycD and His-SycD/YopD complex,

both suitable for crystallization experiments, were obtained from E. coli cells expressing

His-SycD, YopB and YopD from plasmid pPB14, but no stable complex containing YopB.
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(a)

(b)

Figure 4.6: Preparation of the soluble cell extract and IMAC with a nickel sepharose column of His-SycD
and its complexes with YopB and YopD coexpressed from plasmid pPB14. The elution profile shows
two prominent protein bands [peak 1 and 2 in (a)]. The fractions that were loaded on the PAA gel (b)
are indicated as black bars in the chromatogram. MW, molecular weight standard; ly, cell lysate; sn,
supernatant; p, pellet; ft, flow through; w1-2, 2 washing fractions.
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(a) (b)

(c) (d)

Figure 4.7: Gelfiltration with a Superdex 200 column of nickel purified His-SycD, YopB and YopD
coexpressed from plasmid pPB14. The two peaks from the nickel sepharose column [figure 4.6(a)] were
treated separately and showed different ratios of His-SycD and His-SycD/YopD complex [compare the
elution profiles (a) and (b) and PAA gels (c) and (d)]. The fractions loaded on the gels are indicated as
black bars in the elution chromatograms. MW, molecular weight standard.
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Table 4.6: DLS statistics of purified His-SycD and His-SycD/YopD complex according to the histograms
shown in figure 4.8.

Rh (nm) MW (kD) polydispersity (%) baseline SOS error n

His-SycD 3.4 58 ± 1 14.2 ± 6.2 1.000 1.8 ± 0.7 15
His-SycD/YopD 6.4 120 ± 2 23.2 ± 8.1 1.000 4.4 ± 1.5 15

4.4.4 DLS

Due to the importance of a homogeneous solution of soluble protein as a prerequisite for

crystallization, the monodispersity of the purified His-SycD and His-SycD/YopD complex

was confirmed by DLS. Both protein species were highly monodispers in solution, when

measured at similar concentrations as used during the crystallization experiments (see

figure 4.8 and table 4.6). The estimated molecular weights from the calculated hydrody-

namic radius obtained from the autocorrelation function (58 kD for His-SycD; 120 kD for

His-SycD/YopD) are in very good agreement with the ones determined by the calibrated

Superdex 200 column (∼60 kD and ∼130 kD, respectively; see also section 4.4.3). Since

the size determination in both methods is based on the apparent hydrodynamic radius of

the protein particles, the calculated molecular mass is not very accurate and can easily

be overestimated when the shape of the particles deviates significantly from an assumed

ideal sphere. The observed particles most probably represent a homodimer of His-SycD

(theoretical mass 44 kD) and a heterotetramer of a His-SycD dimer binding two YopD

molecules (theoretical mass 116 kD).

4.4.5 Sensitivity of His-SycD to oxidation

SycD from the Yersinia virulence plasmid pYVe227 and in this study expressed from

plasmids pPB11, pPB14 and pPB17 has four cysteines at positions 63, 79, 113 and

164 within its amino acid sequence. Cysteines are known to be prone to oxidation.

They can form intra- and intermolecular covalent disulfide bonds between two adjacent

side chains via their sulfo-hydryl groups by the following spontaneous chemical reaction:

2 R–SH + O2 −→ R–S–S–R + 2 H2O. Many periplasmic and extracellular proteins con-

tain intra- and/or intermolecular disulfide bonds at redoxpotentials higher than −145 mV

(Jones et al., 2004). Disulfide bonds can play important roles in protein function and

increase protein stability as e.g. in the very stable secreted cholera toxin. However,
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(a) His-SycD (b) His-SycD-YopD

Figure 4.8: DLS intensity histogram of (a) His-SycD (c = 4.5 mg/ml) and (b) His-SycD/YopD complex
(c = 3.5 mg/ml) purified from His-SycD, YopB and YopD expressing cells.

within the reducing environment of the bacterial cytosol, which is the natural environ-

ment of SycD, disulfide bonds usually do not form. We therefore investigated if His-SycD

is oxidized during purification. Disulfide bond formation in purified His-SycD and His-

SycD/YopD complex was proven by comparing the protein samples on PAA gels, that were

run under reducing or non-reducing conditions (figure 4.9). Beneath the single monomer

band of purified His-SycD on a reducing gel, a second band, which runs a bit faster, ap-

peared on a non-reducing gel. This indicates the formation of an intramolecular disulfide

bond in some but not all His-SycD molecules. Even after longer storage times the pro-

tein did not convert completely into its oxidized form and the inhomogeneity remained.

Within the complex with YopD, His-SycD behaves differently. The monomer band al-

most disappears on the non-reducing gel. Instead a band with the apparent molecular

weight of a His-SycD dimer appeared above the YopD band indicating that the observed

His-SycD dimer in the complex is stabilized by a intermolecular disulfide bond [compare

with the results obtained by SEC and DLS (sections 4.4.3 and 4.4.4). YopD itself does

not contain any cysteines in its amino acid sequence and thus is not involved in disulfide

bond formation.

Two attempts were made to prevent disulfide bond formation in His-SycD under the

artificial oxidative conditions during the purification, since inhomogeneity in disulfide

bonds can be an important obstacle for crystallization. The first approach was the use

of reducing agents during the purification. Initial tests with protein purified under non-

reducing conditions revealed, that 5 mM DTT, 20 mM β-mercaptoethanol and 20 mM

glutathion were sufficient to dissolve already formed disulfide bonds in His-SycD. Their

use during the purification neither had an influence on the protein purity nor the elution
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Figure 4.9: Comparison of reducing (r) and non-reducing (nr) SDS-PAGE of His-SycD and His-
SycD/YopD purified under non-reducing conditions from His-SycD, YopB and YopD expressing cells
(plasmid pPB14). The disulfide bond formation of His-SycD within a homodimer differs from that in the
complex with YopD.

behaviour from the gelfiltration column and led to homogeneous protein without disulfide

bonds. Only the nickel column had to be regenerated more frequently since reducing

agents led to partial stripping of the nickel ions from the column.

The second approach was to generate oxidation resistant mutants of His-SycD by re-

placing the cysteine residues with alanines via site directed mutagenesis at one or more of

the four positions. All 15 possible combinations of cysteine to alanine mutations (see table

4.7) were introduced into His-SycD on plasmid pPB14, where His-SycD is expressed to-

gether with YopB and YopD, and verified by DNA sequencing. So far ten of these mutants

(four single, three double, two triple and the quad mutant) have been further investigated

in respect to overexpression and solubilility of the three proteins and binding/elution be-

haviour to/from the nickel sepharose beads. Whereas the expression pattern of His-SycD,

YopB and YopD was more or less the same for all His-SycD mutants (not shown), substan-

tial qualitative and quantitative differences could be observed concerning the solubility of

the three proteins and the complex formation between His-SycD and YopD and/or YopB.

For comparison the cysteine mutants were purified from the soluble extract of transformed

E. coli cells with a nickel batch procedure. The elution fractions containing the His-SycD

mutants and the respective coeluted proteins were compared on a reducing and a non-

reducing PAA gel (figure 4.10). As expected, the purified cysteine to alanine mutants of

His-SycD showed considerable differences among each other on a non-reducing gel which

corresponds to differences in disulfide bond formation. Only two of the tested mutants

were resistant to oxidation by the formation of disulfide bonds: the double mutant 7D
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Table 4.7: His-SycD mutants created by site directed mutagenesis. Mutants that were already purified
and tested for their disulfide bond formation are highlighted in bold.

plasmid C63A C79A C113A C164A
pPB14-2C • - - -
pPB14-6C - • - -
pPB14-3A - - • -
pPB14-4C - - - •
pPB14-G3 • • - -
pPB14-E1 • - • -
pPB14-4A • - - •
pPB14-I2 - • • -
pPB14-6D - • - •
pPB14-7D - - • •
pPB14-K2 • • • -
pPB14-A1 • • - •
pPB14-L2 • - • •
pPB14-B2 - • • •
pPB14-B3 • • • •

(a) reducing SDS-PAGE (b) non-reducing SDS-PAGE

Figure 4.10: Comparison of ten nickel batch purified His-SycD mutants and their complexes with YopB
and YopD expressed from plasmid pPB14. The eluted protein samples were loaded on a reducing (a) and
a non-reducing (b) PAA gel to investigate the sensitivity of the His-SycD mutants to oxidation. 7D and
B3, highlighted in bold, are insensitive to oxidation [compare (a) and (b)].
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(His-SycD(C113A, C164A)) and the quad mutant B3 (His-SycD(C64A, C79A, C113A, C164A)). All

other cysteine to alanine mutants of His-SycD showed differences between the reducing

and the non-reducing gel and thus were no good candidates for crystallization exper-

iments. Mutant 7D was still able to bind YopD, but not YopB (figure 4.10). Both

His-SycD(C113A, C164A) and its complex with YopD could be purified in the same way as

established for the original His-SycD/YopB/YopD expressing construct. The yield of so-

luble His-SycD(C113A, C164A) and coeluted YopD was significantly lower, but still enough to

purify sufficient amounts of His-SycD(C113A, C164A) and His-SycD(C113A, C164A)/YopD com-

plex for crystallization experiments. In contrast, the quad mutant of His-SycD could only

be purified in small amounts and only without the copurification of YopD. Due to these

reasons the quad mutant B3 was not further investigated.

4.4.6 Cleavage of the N-terminal His-tag

In all plasmids used for the overexpression, twenty residues, containing amongst others

the His-tag, are fused to the N-terminus of SycD. A thrombin cleavage site within the

Figure 4.11: Optimization of the thrombin di-
gestion of His-SycD in complex with YopD
purified from His-SycD/YopB/YopD express-
ing cells at 22◦C. Before the cleavage with
0.5 U thrombin/mg protein, the imidazole was
removed as described in section 4.3.6.

linker region allows to remove the tag, that

might interfere during crystallization, after the

purification.

The optimization of the thrombin cleavage

conditions was performed with wild type His-

SycD and included different temperatures, pro-

tease : protein ratios and incubation times as

described in section 4.3.6. Complete cleavage of

the His-tag from nickel purified His-SycD and

His-SycD/YopD complex, expressed from plas-

mid pPB14, was observed after incubation for

six hours at 22◦C with 0.5 U thrombin/mg pro-

tein (see figure 4.11). These optimized condi-

tions were also suitable and applied to the double

mutant His-SycD(C113A, C164A) before crystalliza-

tion experiments (data not shown).
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4.4.7 Crystallization screenings

Sufficient quantities of highly pure and homogeneous protein for crystallization experi-

ments could be obtained for the following proteins:

• His-SycD expressed in presence of YopB (see table 4.4)

• His-SycD expressed in presence of YopB and YopD (see table 4.4)

• SycD(C113A, C164A) after thrombin cleavage, expressed in presence of YopB and YopD

(see table 4.3)

• His-SycD/YopD, expressed in the presence of YopB and YopD (see table 4.5)

• SycD(C113A, C164A)/YopD after thrombin cleavage, expressed in presence of YopB and

YopD (see table 4.3)

With these proteins extensive crystallization screenings were performed on a nanoliter

scale with a crystallization robot by the sitting drop vapor diffusion method. The results

are summarized in the following.

Crystallization screenings with variants of SycD

The greatest effort in the crystallization of SycD has been done with the wild type protein

containing the His-tag. Table 4.4 gives an overview about the tested conditions. Initial

screenings with varying protein concentrations revealed that a His-SycD concentration

of ∼5 mg/ml seems resonable for crystallization since at higher protein concentrations

almost every drop contained precipitate whereas at lower concentrations the protein in

most of the drops was not saturated and the drops stayed clear. Further tested parameters

included the incubation at two temperatures (8◦C or 18◦C) and the crystallization in the

presence or absence of different reducing agents. Since in non of the tested conditions,

microcrystals or crystals other than salt could be observed, the oxidation insensitive

mutant His-SycD(C113A, C164A) was tried for crystallization after the N-terminal His-tag

was removed (see table 4.3). This approach also did not result in crystals.

Crystallization screenings with variants of a SycD/YopD complex

Most crystallization conditions with the complex were performed with the wild type SycD

containing the His-tag. The tested conditions are listed in table 4.5. As in the case of
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His-SycD, a concentration of the His-SycD/YopD complex around 5 mg/ml seemed suit-

able for the crystallization due to the balanced ratio of precipitates and clear drops. The

tested parameters during crystallization of this protein complex included the incubation

of the plates at two temperatures (8◦C or 18◦C), the presence or absence of different

reducing agents as well as the addition of various divalent cations to the protein drops.

However, non of the tested conditions produced protein crystals. Additional crystalliza-

tion experiments with a protein complex composed of the oxidation insensitive mutant

SycD(C113A, C164A) (removed His-tag) and YopD (table 4.3) also did not result in crystals.

4.5 Discussion

T3SS are used by numerous pathogenic or symbiotic Gram− bacteria to inject powerful

effector proteins directly into target cells of their eucaryotic host. This mechanism ensures

the survival of these bacteria in their host either extra- or intracellularly within vacuoles

or phagosomes. Since their discovery in the early nineties extensive research on these

fascinating nanomachineries led to the current knowledge of their structure and function.

An increasing number of high resolution structures of single components is now completing

our understanding of the T3S mechanism. The archetypal Ysc system of pathogenic

Yersinia species including the infective agent of bubonic plague is one of the best studied

T3SSs. However, a mystery that remains up to now is the formation of the translocation

pore in the eucaryotic membrane by the so-called hydrophobic translocators YopB and

YopD. So far, such pores neither could be visualized by electron microscopy nor was it

possible to solve a 3D structure of one of its components. Structural investigations were

hindered by the tendency of the hydrophobic translocators to be unstable and to form

large insoluble aggregates when recombinantly expressed. During their cytosolic stage in

Yersinia, YopB and YopD are shielded by their specific chaperone SycD. However, the

exact role of SycD is still unclear and multiple functions from avoiding the aggregation,

keeping YopB and YopD in a stable, secretion competent conformation up to providing a

3D secretion signal and setting a hierarchy for translocator secretion seem conceivable.

In this study an N-terminally His-tagged version of full-length SycD was recombinantly

expressed in E. coli either alone or together with YopB or with YopB and YopD in order

to purify the chaperone or stable chaperone/translocator complexes for their structural in-

vestigation by X-ray crystallography. Whereas His-SycD was not soluble when expressed

without translocators, an increasing amount of His-SycD remained in the supernatant

after the coexpression together with YopB or YopB and YopD. Schmid et al. (2006) could
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avoid the formation of inclusion bodies during high level expression of a C-terminal His-

tagged SycD variant by using a low expression temperature (27◦C), but this approach

did not improve soluble expression of the N-terminally tagged His-SycD when expressed

without a binding partner. Possible explanations for the observed phenomenon of in-

creased His-SycD solubility in the presence of hydrophobic translocators are, (1) that the

latter induce chaperones of the general stress response in E. coli that assist the folding

of His-SycD, (2) a catalytical effect of YopB and YopD during the folding process of His-

SycD or (3) that the presence of translocators leads to a decrease of free His-SycD during

expression which might prevent aggregation.

From the two constructs expressing soluble chaperone, large quantities of highly pure

His-SycD could be purified. Investigations by IEF, SEC and DLS revealed that His-SycD

is homogeneous and monodisperse in solution with an apparent size of ∼60 kD. The

observed particles probably represent His-SycD dimers since, at least in the complex with

YopD, disulfide linked His-SycD dimers were confirmed by non-reducing SDS-PAGE. The

increased apparent molecular weight in respect to the theoretical one (two times 21 kD)

might derive from a deviation of the dimer shape from an idealized sphere. A His-SycD

dimer is in agreement with other studies (Darwin and Miller, 2001; Schmid et al., 2006;

Tengel et al., 2002) and analogous to class I chaperones which all form dimeric structures

(Feldman and Cornelis, 2003; Johnson et al., 2005; Parsot et al., 2003). However, despite

the apparent homogeneity, extensive crystallization screenings with His-SycD samples

never produced any crystals.

Due to the sensitivity of His-SycD to oxidation via disulfide bond formation, various

mutational cysteine versus alanine substitutions were performed. Testing the mutants for

soluble expression, stability against oxidation and their capacity to bind YopB and YopD

yielded the oxidation insensitive His-SycD(C113A, C164A) mutant, that behaved identical

to wild-type His-SycD in other respects. However, even after removing the His-tag by

thrombin cleavage no His-SycD(C113A, C164A) crystals could be obtained.

During the course of this study the structure of a truncated version of SycD could be

determined by another group (Büttner et al., 2008). The protein was expressed as a glu-

tathion S-transferase fusion protein with an N-terminal glutathion S-transferase tag which

was removed by specific protease cleavage during the purification procedure. After the

observation that the first twenty residues at the N-terminus of SycD degrade during longer

storage at 4◦C, which was confirmed by limited proteolysis, Büttner and collegues cre-

ated a shorter expression construct encompassing residues 21-163 (SycD21−163) that finally

crystallized. This suggests that the N-terminal region of SycD probably is not accurately
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4.5 Discussion

(a) class I (b) class II (c) class III

Figure 4.12: Three classes of T3S chaperones. (a) Heterodimer of the class I chaperone EspN/YscB
bound to YopN. Both chaperone monomers show the typical α/β sandwich fold which is typical for all
class I chaperones. The heterodimeric structure is special since most other class I chaperones act as
homodimers. (b) The class II chaperone SycD forms homodimers and shows an all α fold containing
three tetratricopeptipe repeat motives within each monomer. (c) The class III chaperone CesA bound to
the filament forming protein EspA. Note that EspA resembles a second EspA monomer in the four helix
bundle of the 1 : 1 complex. Chaperones are represented in red and orange, the secreted partners in blue.
The coordinate files (1XKP, 2VGX, 1XOU) were downloaded from the PDB (Berman et al., 2000) and
the figures created with PyMOL (DeLano, 2002).

folded and not ordered in the structure and thus hinders crystal formation. Such a degra-

dation of His-SycD could never be observed in this study. In addition to the N-terminus,

Büttner et al. (2008) also removed the last five residues at the C-terminus including C164

since ”it might cause disulfide mediated oligomerization”. The relevance of C164 for sen-

sitivity of SycD against oxidation is in agreement with the results presented here. The

double mutant His-SycD(C113A, C164A) did not show any oxidation even though the sin-

gle His-SycD(C164A) was not sufficient to completely abolish oxidation. Disulfide linked

aggregates have never been observed for His-SycD and the highest observed oligomers

were dimers which is in agreement with the published crystal structure. So the influ-

ence of C164 in avoiding crystallization seems to be rather a matter of conformational

inhomogeneity than of aggregation.

The crystal structure of SycD published by Büttner et al. (2008) revealed a new fold

for this first class II chaperone in comparison to class I or III chaperones (see figure

4.12). So indeed, it was important to solve the SycD structure to gain new insights in

the T3S process. The idea that T3S chaperones could set a hierarchy on secretion is

already discussed in further publications (Birtalan et al., 2002; Feldman and Cornelis,

2003). The finding that the different classes of chaperones have unique structures fits

into this model. One could imagine, that needle components bound to their specific class
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III chaperone have the highest affinity to the secretion apparatus and thus are secreted

first. Translocator loaded class II chaperones might be secreted if the amount of the

first decreases in the bacterial cytosol. Subsequently it would be the turn of the effectors

that have a specific class I chaperone, and in a last step, chaperone independent and

possibly cotranslational secretion might complete the “bacterial kiss”. Of course, further

experiments need to be done to support or rebut this model.

In contrast to the detailed information about effector/class I chaperone interactions

obtained from several 3D structures with atomic resolution, the knowledge about translo-

cator binding to class II chaperones is scarce. Limited proteolysis of a PcrH/PopD com-

plex, the P. aeruginosa equivalent to the SycD/YopD complex, revealed several protected

fragments of the N-terminal region of PopD that all include the predicted hydrophobic

transmembrane region Faudry et al. (2007). This suggests that translocator binding to

their chaperone occurs in analogy to effector-chaperone complexes with the N-terminal

region, and that the hydrophobic segments are protected by the chaperone to prevent

aggregation. In this study, well defined His-SycD/YopD complexes could be purified from

E. coli cells expressing His-SycD, YopB and YopD. Even though YopB was copurified

with these complexes by IMAC, homogeneous complexes containing YopB could not be

obtained, neither with His-SycD nor with His-SycD and YopD. In cells expressing only

YopB together with His-SycD, the situation was even worse, since YopB could only be

detected in the insoluble fraction of lysed cells. Aggregation of translocator proteins is an

abundant phenomenon and the fact that YopB has two predicted transmembrane regions

instead of one in YopD putatively makes it more susceptible to this problem.

Investigating the His-SycD/YopD complex according to its size by analytical gelfiltra-

tion and DLS revealed molecular masses in the range of 120–130 kD which strikingly agrees

with 121 kD determined for the homologous IpgC/IpaC complex from S. flexneri (Birket

et al., 2007). In combination with crosslinking studies, Birket et al. (2007) proposed a 2 : 2

complex which also seems reasonable for His-SycD/YopD with the monomers encompass-

ing molecular weights of 21 kD and 33 kD, respectively. Extensive crystallization exper-

iments with the purified His-SycD/YopD and oxidation stable SycD(C113A, C164A)/YopD

(removed His-tag) complex unfortunately did not result in crystals — maybe due to the

same reasons as already discussed for the crystallization of His-SycD alone or maybe due

to other features arising from disordered parts of YopD. Whether T3S chaperones play

a role in keeping their substrates completely or partially unfolded is discussed contro-

versially in the literature. If this were the case, crystallization of complexes including

full-length translocators would be a major challenge or not possible at all. Whatever the
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problem is, there is at least one example of an outer T3S protein which could be crystal-

lized together with its class I chaperone, and that was folded in the complex (see figure

4.12; Schubot et al., 2005). So far, there is no reason conceivable, why the hydrophilic

domains of the translocators YopB and YopD should not be folded, too, when bound to

their class II chaperone SycD and then, why such complexes should not theoretically crys-

tallize. Protein crystallization is known to be an unpredictable trial and error procedure.

Further work hopefully will answer these questions.
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A List of abbreviations

2D two-dimensional
3D three-dimensional
ABC ATP binding cassette
Ap ampicillin
BCA bichininic acid
BCIP 5-bromo-4-chloro-3-indolyl phosphate
β-OG n-octyl-β-D-glucoside
β-thio-OG n-octyl-β-D-thio-glucoside
β-DG n-decyl-β-D-glucoside
β-NM n-nonyl-β-D-maltoside
β-DM n-decyl-β-D-maltoside
β-UM n-undecyl-β-D-maltoside
β-DDM n-dodecyl-β-D-maltoside
blast basic logical alignment search tool
C8E4 tetraethylene glycol monooctyl ether
C8En n-octylpolyoxyethylene
CF-4 cyclofos-4
CF-5 cyclofos-5
CF-6 cyclofos-6
CF-7 cyclofos-7
Cm chloramphenicol
cmc critical micelle concentration
cv column volume
DLS dynamic light scattering
DTT dithiothreitol
EDTA ethylenediaminetetraacetic acid
EM electron microscop-e/y
EPEC enteropathogenic E. coli
FPLC fast protein liquid chromatography
FWHM full-width-half-maximum
Hepes 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
HHE-α all-trans 4,4 propylbicyclohexyl-α-D-maltoside
His-tag histidine tag
IDA iminodiacetic acid
IEF isoelectric focussing
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A List of abbreviations

IMAC immobilized metal affinity chromatography
IPTG isopropyl β-D-thiogalactopyranoside
LB Luria-Bertani
MAD multiple anomalous dispersion
MALDI-MS matrix assisted laser desorption/ionization mass spectrometry
MDPP Modular Micrograph Data Processing Program
MPL mass-per-length
NBT nitro blue tetrazolium
NCBI National Center for Biotechnology Information
NTA nitrilotriacetic acid
PAA polyacrylamide
PAGE polyacrylamide gel electrophoresis
p-blast protein-protein blast
PCR polymerase chain reaction
PDB Protein Data Bank
Pi inorganic phosphate
PMSF phenylmethylsulphonyl fluoride
PVDF polyvinylidene difluoride
rms root mean square
SD standard deviation
SDS sodium dodecyl sulfate
SE standard error
SEC size exclusion chromatography
SLS Swiss-Light-Source
SOS sum over squares
STEM scanning transmission electron microscop-e/y
T1S(S) type I secretion (system)
T2S(S) type II secretion (system)
T3S(S) type III secretion (system)
T4S(S) type IV secretion (system)
T5S(S) type V secretion (system)
T-DNA transfer-DNA
Tris trishydroxymethylaminomethane
ZW 3-8 zwittergent 3-8
ZW 3-10 zwittergent 3-10
ZW 3-12 zwittergent 3-12
ZW 3-14 zwittergent 3-14
ZW 3-16 zwittergent 3-16
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B E. coli optimized nptA sequences

The ten gene sequences that were synthesized for the expression of NptA proteins in E.

coli are listed here. The GenBank identifier of the original gene sequence (Benson et al.,

2008) and the UniProtKB/TrEMBL accession number (Consortium, 2009) are given in

parenthesis. The 5’ BamHI and 3’ XhoI site are underlined.

Aeromonas salmonicida subsp. salmonicida A449

(GenBank: 4996447, UniProtKB/TrEMBL: A4SQ53)

5’ ggatccCAGCAAACCCAAAGCCTCCCGCAGCAGCGCGCGTCTCACTTCCGTTCTCTGTTCAACTGGGTTAC

GGTAATCGCACTGGTCTACATCATTCTGGTAGCGGTAGGCGCGGTTTCTCACGGTTTCAAAGGTTTTTCTGGTGGT

GCTGAAGGTGCTGCACAGATCTTTGCATTCGCCAATAACCCGTTTGTTGCTCTGCTGCTCGGCATTCTCGCTACTG

CGCTGGTCCAGTCTTCTTCCACCGTTACCTCTGTTATTGTCGGCCTGGTTGCTGGTGGCCTCCCTATTGGCATGGC

AATTCCGATGATTATGGGCGCTAATCTCGGTACGACCATTACGAACACCATCGTCTCTCTGGGCCACATCCGTGAC

CGCGCTGAGTTTCGTCGTGCGTTTGCAGCCGCCACGGTCCACGACTTCTTCAACCTCCTCGCCGTCTTCATCTTCC

TGCCGCTCGAACTCATGTTCGGTCTCCTCCAAAAATCTGCGGAATGGCTGGCGACCCTCCTGGTGGGTAGCGCCGA

TCTGTCTATGAAGGGTGTTGACTTTATGAAGCCACTGACCGCCCCTGCCCTGAACCTGATCGATTCTGCGGTCGCG

TTTCTGCCGGGTAAGGGTGCCGCCATCGCGACTATTGTAATCGGTATCCTGCTGATCCTCGCGTGTGTAACCTACC

TCGGTAAAGTTCTGCAGCAGGTTCTCGTTGGCCGTGCCAAGGAGCTGCTCCACAAAGCGCTGGGTCGTGGCCCGCT

GACCGGTATCGCGTCTGGTACCCTGGTAACGATCATGGTTCAATCCTCTAGCACGACCACGTCTCTGATGATCCCG

CTGGCGGGTGGCGGTGTTTTCTCTACCCGTCAGCTGTACCCGTTCACCCTGGGCGCGAACATCGGTACCACGATTA

CGGCCCTGCTCGCAGCTACGGCTATCTCTGGTGCAGGTGCAAAACTCGCCCTGACCATCGCCCTCGTTCACGTACT

CTTTAACCTCTTTGCCGTTGTACTGATCTACGGTGTCCCGTTCCTCCGCGAGCTCCCAATCAAGGCGGCAGAGGGT

CTCGCCCGTGTTGGCTCTGAGAACAAACTCCTGGCACTCGGTTACGTTGCGGGTCTGTTTTTCGCACTCCCGGCTC

TCATGATGGTTGCATCTAAAtaatctcgag 3’
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Algoriphagus sp. PR1

(GenBank: 126646065, UniProtKB/TrEMBL: A3HUU5)

5’ ggatccGACCTGCTGGACCAAGAGAAGCCAGTTGCAAACAAGCCGAAAAGCTTCATTCTCATGCTGCTGGC

GATTGTGCTCTTCATCTTTAGCATCGACCTCCTCACGGTTGCCATGGGCCAGCTCAACAATTCTGTTGCGTCCAAC

ATTCTGATGGCGACCCGTAACCCGTTCGTCTCTCTGTTCATCGGTCTGCTGATGACGGCGCTGCTGCAGTCTTCTT

CTACCGTTACGTCTTCCATCGTTGCTATCGTCGCAGCCGGTAACATTAGCCTCGAACAGGCGGTTCCAATGGTTAT

GGGTGCGAACATCGGTACCACCCTCACCTCTACGCTGGTCAGCTTCAGCTACATTATGAAGAAAAAACACTTCAAG

CGCGCCATCTCTGCCGGTGTCCTCCACGACCTGTTCAACATCATCACCGTTGCGATCCTGTTCCCGCTGGAGCTGT

ACTTCAAATTCCTGTCTAAATCGCGCACCAGCTCGCCTCTCTCTTCCTGACCGGTGAATCCTACAGCGGTGGTTTC

GGTTACAACAAAGTTTTTACGCGTCCGCTGACCGAATGGATCTCTGAAGTTCTGCAAATCCCATTCCTCACCCTCG

TTATCGCCATTTTCCTCGTCTTTGGTGCGATCAAACTGCTGAGCTCTGCGGTATACAAAGCCTTCGTGCTGGATTC

CTTCCAAAGCATCAACAACATGGTGTTTAAGAAGCCGTACCTGGCGTTCATCTACGGTACGTTTTTCACTGCGGCC

GTTCAGTCTAGCACGGTGACCACTTCTCTCGTTGTTCCGCTCGTGGCGAACAAGAAAGTCTCCCTCAAGAAGGCGT

TTCCGTTTATCATTGGCGCGAATATTGGCACCACCATTACCGCGGCTATTGCCGCAATCTACAAAACCGAAGCGGC

CATCGCCCTGGCATTCGTCCACTTCCTCTTCAACTTCTTCGGTGCGCTGATCTTTCTGCCGTTCCCGGGTATCCGT

AACATCCCGGTTACGCTCGCGAAATACATGGGTCGTAAAAGCGTTCAGACCCGCTTTATCGGTTTCGCGTACATCC

TGCTGACCTTTTTCATCATCCCGTTTCTCCTGATCTATTTTTCTACCtaatctcgag 3’

Chlorobium phaeobacteroides BS1

(GenBank: 67938125, UniProtKB/TrEMBL: B3EKW2)

5’ ggatccAGCGTTCATTCTGGTACGCTCAGCCAGACGGGTTCCACTGGTTCTAAACCGGCCGTAAAGGAATG

GTTCTTCGTTGCCGTACTCGTGTATCTGCTGCTCGTGTCCGTCGCACTGATCGGTTCTGGTTTTAAGGCGGCAGCC

GGTGACAACGCAAAAGAACTGTTCGCGTTTGCGGTAAACCCAGTCTCTGGTCTCGTTATTGGCATTGTCGCTACGG

CGCTGCTGCAATCCTCCTCCACGGTAACTAGCATTATCGTTGGCCTGGTGGCAGGCGGTCTCCCTGTAGGCATTGC

GATTCCGATGGTTATGGGCGCCAATATCGGCACGACTATCACGAACACCATCGTATCTCTGGGCCATGTGCGTGAA

GGTGAAGAATTCAAGCGTGCTTTTGCAGCCGCGACCATCCATGACTTCTTCAACCTCCTCTGCGTAATTATCTTCC

TGCCGCTGGAAATGTTTACGGGTTATCTGGCGAAAGCCGGCCACATGCTCGGCGTCTTCTTTGCCGGTGGCGACAG

CATGTCCATTAAGGGCTTCAACTTCATCAAGCCGCTCGTTAAGCCTGCGGTTCACCTGTTCGAAGGCACGCTCCAG

GGTGTTCTGCCGCAGGTTACCGCCGGCATCGTCACGATCATCATCGGCATTATGATCATCGTCGCCGTCATCACCA

TGCTCTCTCGTCTGCTGAAGGCCCTGATGGTTGGCAAAGCCAAAGAGATCCTCCGTAAATCTGTTGGTCGTGGTCC

ACTCTCCGGTATGTTTTCTGGCACCTTCCTGACCGTCCTCGTGCAGTCCAGCTCTACCACTACGTCTCTCATCGTT

CCGCTCGCGGGCAACGGTGTGTTCTCTCTGAAACAGATCTATCCGTTCACCCTCGGCGCAAACATTGGTACTTGCA

TCACCGCTCTCTTCGCAGCGACCGCGATTACCGGTCCGAACGCGGTTTTCGCGCTCCAAATTGCGTTCGTCCACCT

GCTGTATAATGTTTCCGGTGTCCTGGTTATTTACTCTATGCCGCTCCTGCGCAACCTGCCGATCCGTGCGGCCGAA

GCGCTCGCCGAAGTGTCTACCGACAACAAACTGTTTGCCCTGGCGTACGTCCTGGGCGTGTTCTTTCTCATTCCGG

GCGTTCTGATCTTTTTTAGCACGAACGGCGGTGTTtaatctcgag 3’
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Corynebacterium glutamicum ATCC 13032

(GenBank: 19553937, UniProtKB/TrEMBL: Q8NM36)

5’ ggatccATGCTCCTCTCCGGTTGGGGCAAGTTTGTTCGTTGGCTCCTCGTCCTGCTGTCCATTCTCGTCAT

TATCATCGGCATCAATCTCATCCTGGACGGTGTCTATGGCTTCGGCACCTTCAGCACTACGCAAATGTACCAAGTG

GCCAAAGACCCACTCATTGGCGTTCTGATTGGCATTCTGGCAACGGCACTCGTCCAATCCAGCACGACCACTACGA

CGCTCACCGTCACTGCGGTGGGTACGGGCATCGTGTCCGTTCCGGTCGCGATCCCGATTATTCTCGGCGCTAATAT

CGGTACCACCATTACTGCCATGCTCGTGGCATTTAGCTACGTTGGCGAACGCCGTGAATTTAAGCGCGCCTTTACT

GTAGCAGCCATGCACGTGTGGTTCAACGTCCTCGTAATCCTCGTTCTGTTCGTCGTGGAACTGCTGTTCCACCCGT

TTCGTACTATCTCTGGCGCAATCGCAACCGAGATTACTCTCACTACCGGTGGTTCTCTCCCTACCTCCGGTGTTAT

GACGAAAATCTTTGACCCTCCAACGCAACTGCTCGGCATGAATGGTCTGATCGGCTCCATCGGTAATCCGAGCATT

TCCGCGATCGTTTGCCTGGTTGTAGGTACGATCCTCATTCTGATCTCCGTGCGTGCTATGTCCAGCCAAATTCGCA

CCATCACCGCGGCTACCGTTACGTCCATCATGGACAAGGTGATTAACCCGGAAAACAGCCCTAAGGCGACCATCCT

GTCTAACTTCTGGAGCTTTATCCTCGGCGTGCTCTTCACCCTGATGGTCACGGCTTCCTCTGTGACCGTAGCTTCT

ATGCAACCTGTCGCCGCGAGCGGCGTGGTAAAGCAGAAGCCGCTCCTGGGCGTTATCCTGGGTGCAAACGTGGGCA

CCACCGTGACTGCAATGTTCGCGACTTTCGCTATCGTCAGCGACCAAGGCGAGTTTGCCATCCAGGCAGCTCTGAT

TCACCTCATCGTCAACTTTACGGGTGCGCTGCTGGTGCTGTGCATTCCGCAGCTCGCTAATGTGATCATCCACCTG

GCGGAAAAAACCGCTAACCTGACTGCGCGTTCCTACTCTATCACTCTCGCTACCATCGTGACGGCGTATGTGCTGG

TCCCGAGCGCAGTACTCATGATTTACTTCTTCATCtaatctcgag 3’

Crocosphaera watsonii WH 8501

(GenBank: 67921248, UniProtKB/TrEMBL: Q4C7L6)

5’ ggatccATTCAGCCGATCAACGACAAGATTACGGGCAAGAACAACAACTTCCTCAAGTGGCTGGGCGTTAT

CATCCTCGTCTACTTTCTGATTGTGGCGGTTACGCTCATCTCTAGCGGTTTCAAGCTGTCTGTTGGCGAACGCGCG

GAAGAGCTGTTTACTTTTGCAACGAACCCTTTCGCGGGTCTGATCGTTGGCATTATGGCGACCGCTCTCATCCAGT

CCAGCTCTACCGTCACGTCCATTATCGTGGGCCTCGTTGCGGGTGGCCTGCCGGTTAGCATCGCGGTTCCGATGGT

CATGGGCTCTAACCTGGGCACCACCATCACCAATACTATCGTCTCTCTCGGCCACATCGGTAACAAAGAGGAGTTC

CGTAAAGCGTTTGCAGCGGCGACCATCCACGACTTCTTCAACCTCCTGGCCGTTCTCATTTTCCTGCCGCTGGAGA

TCACCACCCATTTCCTCGAAAAAACTGCACTGTTCCTGGCGCAGTTCCTGAAAGGTACCGAAACCCCGGACCTCAC

GGGCTTCAATTTCGTTGAGTTCATCACCGTACCGGTGCTCAAGCTCATGAAACAGGTTACCGTGAACCTCCCGCAG

CCGTTCGATGGTATCGCGCTGATTACGATCGGCATCGTTCTGATCTTCGTGAGCATCCTCTACATCGGCAAGATTC

TCAAGTCCCTCCTCATCAACCAAGCGAAGGGCATCCTGAACACGGCGATGGGTAAAAACGCGGTCTTCTCTATTCT

GCTCGGCACGATGGTGACCATGCTGGTTCAGTCCTCTTCTACCACCACCTCTCTCATGGTTCCGCTGGCAGGTGTT

GGTCTCCTGTCTCTGGAAAAGATCTACCCGTTCATCCTGGGTGCAAACATTGGTACCTGCATCACGGCGCTGCTGG

CTGCGACGGCAGTTAAAGAAAACGCCATTGCCGCCCTCGAGATCGCACTCGTTCACTTCCTGTACAACTGCTCTGG

CGTAATTCTCATCTACGGCATCCCGTTCCTGCGCAAAATCCCGATTGTCGGTGCGAAAACCCTCGCCCACGTTGCG

TCTGAGAAAACCTACCTGGCTCTGGTTTACCTGATCATTGTGTTCTTCGTCCTCCCGATCCTGATCCTCAACATCT

CCTTTAACAATCCGtaatctcgag 3’
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Halorhodospira halophila SL1

(GenBank: 121996892, UniProtKB/TrEMBL: A1WT65)

5’ ggatccGCGCAGGGTAAGACCGCGTCTGCAGCTGGTGCAGATAGCGCAGCTGTCCGTCAACGTGAGGTTCC

GGCTTGGCTCCGCGGTGTTTACGCCGGTCTCTGTCTCTATCTGTTTCTCGCAGCGCTCAACGTTATCGGTTCTGGT

CTCGGCACGTTTGGCGAAGCGTCTGATTTTCTGGTGCGTGCGTTCGAGTACGGTGAAAACCCTTTCATCGCGCTGC

TCGGCGCTGTACTGGTCACTGCGATCGTTCAGTCTAGCTCTTTCACCACTGCGCTCATCGTTACCCTCGTAGCGAC

TGGCGAGATGACCCTGGGTACCGCTGTGTTCGCTATCATGGGTGCGAACATCGGTACCTCTGTCACCGCGATTCTC

GTTGCCCTGGCCAATATGCGTATCCGTCGCACCTTTCGTCGCAGCTTTACTGCGGCGCTCCTGCATGACTTTTTCA

ACATCCTGACCGTTGCAGTTCTGTTCCCGCTCGAATGGATCACCTCTGCGATTGCGGAATCTGGTCGTGGCGTTAT

TACTCAGGCCGCTGCCTGGCTGGCGAACCTGGTTGGCCTGCCAGAAGTTGCGCGTCCTGACTCTCCAGTTGGTGTA

GTTACGGCGCCAATTGTTGGTCTGTTCGAATCCGGTGGTGGCACTCTCGCATCTACGGAAATCGCCGAAGGCCTCC

TCGTGGCTGCTGGCGGTCTGGTTCTGATGTTTGTTGCGCTCGTGCTCATGGTTAAAAACCTGCGCGGTGCACTCCT

GCGTCACATGGACGGCCTGTTTCGCTCCTACTTCTTCCGCACTGATCCGCGTTCTTACGGTATCGGTGCTGTCAGC

ACTGTTATGGTTCAGAGCAGCACCATCACCACGTCCCTGATGGTTCCACTCGCTGGCGCAGGCGTGGTCCCAATGC

GCCGTGTCCTGCCGTTTATGATGGGTTCTAACCTCGGTACTACGGCAACCAGCGTGCTCGCGGCGACTGCGAACCC

GGTTTCTGCCGCGCTCACCGTGGCATTTGTGCATGTGCTGTTCAACCTGCTGGGCACCGCAATTTGGTACCCGCTC

CGCTACGTTCCGATTCGCATGGCTTCTTGGTATGGTCGTCTCGCGGGTCGCTCTATGCCTTACGCGTTCCTGTTCC

TCTTTCTCGTCTTCCTGGTACTGCCGCTCCTCGGTCTCGCTGTTACTGAACTGCTCCTGATGCACCGTtaatctcg

ag 3’

Photobacterium profundum 3TCK

(GenBank: 90412458, UniProtKB/TrEMBL: Q1Z388)

5’ ggatccAACACTCAGGCAACGACCGCGGAAACTGCGTCTTCTTCTATGCGTTGGGTTCGTTGGGCGAACCT

GGCGTTTATGCTCTATGTACTGCTCGTTGCGGTGTCTATGGTCAGCTCTGGCTTCAAGTGGTCCGTTGGTGAGCAA

GCGAAAACGCTGTTTGAATTTGCCTCTCATCCGGTTGCGGGTCTGATGATTGGCCTGGTGGCAACTGCCCTCATCC

AGTCCAGCTCTACCGTTACGTCCATCATCGTCGGTCTGGTCGCAGGCGGCCTGCCAGTAGAAACCGCCATCCCAAT

GGTCATGGGTGCAAACATTGGCACTACCCTGACTAACACCATCGTAAGCCTGGGTCACGCCCGCTGCAAAGAAGAA

TTCCGTCGTGCGTTTGCGTCTGCCACGGTTCATGATATCTTTAACCTGCTCGCTGTAGCAATTTTCCTCCCGCTGG

AGATGGTCTTCGGTCTCCTGGACAAAATTAGCCAGTGGCTCGTTTCTCCTATGCTCGATGCGGGTGACATGAGCAT

GAAAGGCCTGAACTTTATGAAGCCGCTCACCCAGCCAGCTGTTGACATCGTTAAAGGTCCGCTCGCCACTTTTGGC

AACGTCGGTGGTGTTGTTCTGATTTTCATCGGCATTGCGCTGATCTTTATGGCAATCACCACGATGGGTAAACTGA

TGCGTTCTCTCATGGTGGGCCGTGCCCGCGATATCCTCAAGTCTGCGATCGGTCGTGGCCCGCTCCACGGCATCGC

CTCCGGTACGGTTGTCACTATCCTCGTGCAGTCTAGCAGCACGACCACCTCTCTGATGGTTCCGCTGGTTGGTACC

GGTGTTCTCAAAGTGCGTGACGTGTACCCGTTCACCCTGGGTGCGAATATCGGCACCTGCATCACGGCGCTCCTGG

CCGCTACGGCTATCTCTGGTGAATACGCGGTGTTTGCTCTGCAAATCGCGCTCGTACACCTGGTGTTCAACGTTCT

CGCGACCCTCGTAATCTTTGGTATCCCAGTACTCCGTGAGCTGCCACTGAAAGGTGCCTTCTTCCTGGGCGATCTG

GCGACCAAGTCCAAAGCTGCGGTAGCCGGTTACATCGCATTCATTTTTCTCGTACTGCCGGGCAGCATTCTGGCAT

TTACCGCCtaatctcgag 3’
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Pseudomonas stutzeri A1501

(GenBank: 146281974, UniProtKB/TrEMBL: A4VJY4)

5’ ggatccACCACCAACACTGGCGCTCTGGCGGACCATTCTACTCCAGCGACCCGTCAATGGCTCTCTTGGCT

GCTGGTTATTACCCTCATCTACCTCCTCCTGGCCGCTGTGGGTGCCATCGGTGACGGCTTCAAGGCGGCAGTTGGT

GATAACGCTAAAGAGCTGTTCGCTTTTGCCACGAACCCGTTCGTCGGTCTGATGATTGGTGTGGCGGCCACGGCGC

TCATCCAGTCCTCTAGCACCGTGACCAGCATTATCGTCGGCATGGTTGCGGGTGGCCTGCCGATCCCAATCGCTAT

TCCGCTCATTATGGGCGCAAACATTGGTACGAGCCTGACTTCTACCATCGTAAGCCTGGGCCACGTCCGTAACGGT

GTAGAGTTCCACCGCGCATTCGCGGCTGCGACTGTTCATGATGCGTTCAACATCACCGCCGTAGCTATCCTGCTGC

CGCTGGAACTGCTGTTTCACCCGCTCGCGCAGATGTCTGAAGTACTGGCCGGTCTGCTCGTTTCCGACAGCACGAG

CGTCGACATGAAGTCCGTCAACTTTATGAAAACCCTCCTGACCCCGGCTAGCGACCTGCTGAACGCGTCCGTTGCC

TGGCTGCCGTCTCAGGTATGGTCTGGCGTTGCCCTGATTGTTATTGGCATTGGCCTGATCCTCTTCGTTGTTCAGG

CGATCGGTAAGGTCCTCCGTCGTGTTATGGTTGGTCGTGCGAAAGAGATCATGCACACCTCTGTCGGTCGTGGTCC

GGTTTCTGGTATCGCCTCTGGCACGCTGATCACCATCCTGGTTCAATCTAGCTCTACCACCACCGCTCTGATCGTT

CCACTCGCTGGTACCGGCGTCTTCTCTCTGAAGCAGGTTTACCCGTTTACGCTGGGTACGAATATCGGCACTTGCG

TTACCGCACTCCTCGCAGCGACGGCGATTTCCGGTCCGACCGCGGAGCTCGCCATGCAGATCGCGCTGGTGCATCT

GCTCTTCAACCTGTTCGGTATCTTCCTGATCTACGTTCTGCCGTTCCTGCGTGGTGTGCCTCCTGCTATCGCCACG

CACCTCGCGGATCTGGCGCAACGTTCTAAACTGTACGTAGGTGCATACATTGGCGGTGTATTCTTCGGCCTCCCGC

TGCTGCTGATCGGTGGTTCTCAGCTGtaatctcgag 3’

Rhodopirellula baltica SH 1

(GenBank: 1794324, UniProtKB/TrEMBL: Q7UJU6)

5’ ggatccAACGTTGCGTCCGAAAGCGTTGTCGAGAATGCTCTGGACGACGCGCTGAGCGACGAAATGACCAC

CTCTCAATCCGGTAACCCAATCCTGCAGTGGATCTCTGTAGCGGCGCTCGTCTACCTCCTCATTTGCGCTGTTGGT

CTGATTGGTACGGGCTTTAAGACTGCAACGGGTGATGAGGCGAAAGAAATGTTTGCCTTCGCTACCAACCCTTTTG

CTGGCCTCGTAGTGGGCACGGTTGCGACTGCTCTGATCCAGTCTTCTAGCACCGTGACGTCCATTATCGTCGGTCT

GGTAGCTGGCGGCCTCCCTGTTTCCGTGGCTGTACCTATGGTGATGGGTGCGAACATCGGCACTTCTATCACCAAC

ACCATCGTTTCTCTGGGTCACGTTCGTGAAAAGAAGGAGTTCGCGCGTGCGTTCGCTGCGGCCACTGTACACGACT

TCTTCAACCTGCTGTCTGTTGTTATTTTCCTCCCGCTGGAGATGATGTTTGGCCTGCTGGAAAAACTGGGCTCTCT

CCTGGCGTCTCTGTTCGTGGTGGAGAACGCCTCCATGAAAGGTATGAACTTCGTTAAAGCGGCGACCGCCCCAGTT

GTCAACAACGCGAAACACATGGTAGAGAACCTGTCTGACGGCATTGGCGGTATGATTCTCATCCTGATCGGCATCG

TCATGATCTTCCTGACCATCCATTACGTGGGTAAGCTGCTGAAACAGCTCATGGTGGGTCGCGCAAAATCTATCAT

GCACGCTGCAATCGGTAAAGGCCCAATGTCCGGTATCGCCTCTGGTACTCTCGTGACCGTACTCGTGCAATCTAGC

TCTACGACGACGAGCCTGATGGTTCCTCTCGCAGGTTCCGGTGCGTTTGGTCTCAAGCAGATCTACCCGTTCACGC

TGGGCGCTAATATTGGCACCTGTATCACCGCTCTGCTCGCGGCAACCGCCGTGGACGGTAATCAATCTGCAGCGCT

CCAGATCGCCTTCATCCACCTCACGTACAACGTTCTGGGCGTCCTCGTTATCTACGGTGTTCCGTTCCTGCGCTTC

GTTCCAGTACGTGCTGCCGAATGGCTCGGCGCGACGGCTTCTGAAAACAAACTGATTGCCCTCGCGTACATTGTGG

GTGTTTTCTTCCTCATCCCGGGTCTCTGCCTGGGTATCTCTTCTGTTCTGtaatctcgag 3’
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Vibrio fischeri ES114

(GenBank: 3278218, UniProtKB/TrEMBL: Q5E7P0)

5’ ggatccAACACCCAGTCTATCTCTGCGGCGACGATGTCTAATACTTCTCGTATGCTGCGTTGGGCGAATCT

CGCGTTCATGCTGTACCTCCTGCTGCTGGCCGTATCTATGGTAGGCACCGGCTTCAAGTGGTCTGTTGGTCAGGAA

GCGAAGGTCCTCTTCGAATTTGCAGCACACCCAATCGCGGGTCTGATGATTGGCCTCGTGGCAACTGCTCTGATCC

AGTCTTCCTCCACCGTTACTAGCATCATTGTCGGTCTCGTTGCGGGTGGCCTGCCGGTTGAAACTGCGATCCCAAT

GGTTATGGGTGCGAATATTGGCACTACTGTGACCAATACCCTGGTATCCCTGGGCCATGCCCGTTGCAAAAACGAG

TTCCGTCGCGCGTTTGCGTGCGCCACCGTCCACGACTTCTTCAACCTGCTCGCCGTTACGATTTTCCTCCCGCTCG

AAATGATGTTCGGTATCTTCCAGAAGCTGTCTGCGTGGCTGGTTTCTCCGCTGCTCAACGCGGGTGATATGTCCAT

GAAGGGCTTCGACTTTATCAAGCCGATCACCAAACCTGTCATCAGCGCCATCCAGGAACCGCTGTCTTCTTTCGGT

TCTATGACGGGTGGTCTCCTCATGATTGCCCTGGGTATCACCATTCTGTTCATCGCCATCACCCTGATGGGCAAAC

TCATGAAGTCTCTGATGGTTGGCCGTGCCAAAGAGCTCCTGAAATCCGCTATCGGTCGTGGTCCGATCCACGGTAT

TGCCTCTGGTACCGCAGTAACTGTTCTGGTTCAGTCCTCCTCTACCACCACCTCTCTCATGGTTCCGCTCGTTGGT

ACTGGTGTCCTCAAAGTTCGTGACGTGTACCCGTTCACGCTCGGTGCCAACATCGGCACTTGCGTGACCGCCCTCC

TCGCAGCGACGGCTGTGTCCGGTGAATACGCGGTTTTCGCACTCCAGATCGCGCTGGTACACCTGTGCTTCAACGT

TATCGCAACGCTGGTTATCTTTGGTACGCCGTTCCTGCGTGAGCTCCCGATTAAAGGTGCTGAATGGATTGCCGAA

ATGGCGAACCGTAACCGTTCCGTGGTTGCCGGCTACCTGGGTTTTGTTTTCATCATTCTGCCGGGTTCTGTCCTGG

CTCTGACCGTTtaatctcgag 3’
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C.1 Supplementary figures

Figure C.1: The metal binding site in the dimeric crystal form of PulG25−134(His)6. The metal ion is
tetrahedrally coordinated between E44 residues in the middle of the N-terminal α-helices of each PulG
monomer and by two water molecules. N123 at the end of S3 stabilizes the complex via H-bonds to the
water molecules and the non-coordinating ε-oxygens of the E44 residues. Dashed black lines indicate
coordinating bonds and dashed red lines the H-bonds.
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Figure C.2: Processing of preTcpA in E. coli strain carrying the prepilin peptidase structural gene
pulO. Proteins were separated by SDS-PAGE and electroblotted onto a nitrocellulose membrane that
was probed with antibodies against TcpA (a gift from R. Taylor).

Figure C.3: Analysis of pellet (P) and sheared fractions (SF) of E. coli stains PAP7000BG, PAP7501
(pCHAP1216) and PAP9001 (pCHAP1216) carrying pCHAP3100 (ppdD), pCHAP7023 and pCHAP7019
(encoding G17-D and G21-D, respectively) by immunoblotting. The relative amounts of secreton compo-
nents present in the cells are indicated by numbers (chromosomal expression level = 1, expression from
plasmid pBR322 = 20). Whether genes under lacZp control are repressed or not is determined by the
presence or absence, respectively, of the lacq1 repressor gene (+ or −). Membranes were probed with
anti-PpdD and anti-LamB antibodies.
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Figure C.4: Multiple sequence alignment of the first 23 N-terminal amino acids of PulG, PilE, PilAPAK

and PpdD. Positions 11, 14, 17 and 20 of the PulG, PilE and PilAPAK sequences are occupied by
amino acids of equal characteristics (+), whereas the same positions in PpdD are occupied by amino
acids of opposite characteristics (−). Sequence alignment was done using the MultiAlign software
(http://prodes.toulouse.inra.fr/multalin/multalin.html).

Figure C.5: Western blot analysis of bacterial pellet (P), sheared fractions (SF) and concentrated sheared
fractions (cSF) from E. coli K-12 strain PAP7500BG(∆pulG) harbouring pCHAP3100 (encoding PpdD)
(lanes 1-3) and pCHAP7028 (encoding G21(modified)-D) (lanes 4–6), respectively. The blotted membrane
was probed with antisera against PpdD.
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Figure C.6: A structural alignment of the C-terminal globular domain of the pseudopilin PulG with
known type IV pilin structures (the type IVb pilin TcpA from V. cholerae and the type IVa pilins
PilA from P. aeruginosa strain PAK (PilA1), PilE from N. gonorrhoeae strain MS11 and PilA from
P. aeruginosa strain k122-4 (PilA2). The superposition was performed by the brute force fit option in
LSQMAN (Kleywegt and Jones, 1994) using a cut-off distance of 5 Å. The transfer matrix was calculated
for the first 100 amino acids of the PulG model since amino acids N128–G132 forming S4 are exchanged
between both monomers in the asymmetric unit. These residues were taken from the other monomer.
I126 and G127 (in italics) were excluded from the alignment since they form a putative flexible hinge
region. Matched residues within the cut-off distance are printed in capital letters. Secondary structure
elements calculated with DSSP (Kabsch and Sander, 1983) are highlighted with colours: blue, α-helix;
light blue, 310-helix; green, β-strand. Crosses indicate positions that are occupied by structurally related
amino acids in all 5 structures and stars that these residues are similar.
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Table C.1: Oligonucleotide primers used to amplify pilE and tcpA genes.

Oligo-
nucle- Gene/
otide position Sequence

2H7 pilE, 5’ 5’ AGAGATGAATTCCCTTCAAAAAGGCTTTA 3’
2H8 pilE, 3’ 5’ AGAGGCAAGCTTAAGGCCTAATTTGCCTCA 3’
3A3 tcpA, 5’ 5’ AGAGATAAGCTTGCAATTATTAAAACAGCTTTTTAAGA 3’
3A4 tcpA, 3’ 5’ AACGGCTCTAGAACTTATTTGAATTAGCTGTTACCA 3’

Restriction endonuclease sites are underlined.
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Table C.2: Oligonucleotide primers used to construct pilin/pseudopilin chimeras in which the N-terminal
domains were interchanged.

plasmid primer name oligonucleotide sequence
(chimera)
pCHAP7015 1: PpdD5’ 5’-CTA TTC GAA TTC AAA GTA GCG

CCA ACC AAA TC-3’
(D17-G(His)6) 2: PpdD(NT3’) 5’-GGG AAT ACC AAT GGC GCT GAG

CAC GCC GAG GAT-3’
3: PulG(CT5’) 5’-ATC ATT GCC ATT TTA GCC AGC

CTC GTG GTG CCC-3’
4: PulG3b 5’-CAA GAG AAG CTT TAA AGC CGC

GCT GTC GCA-3’
pCHAP7024 1: PpdD5’ 5’-CTA TTC GAA TTC AAA GTA GCG

CCA ACC AAA TC-3’
(D21-G(His)6) 2: PpdD(NT3’)GnewD 5’-GTT GCC CAT CAG GTT GGG AAT

ACC AAT GGC GCT-3’
3: PulG(CT5’)PnewD 5’-AGC GCC ATT GGT ATT CCC AAC

CTG ATG GGC AAC-3’
4: PulG3b 5’-CAA GAG AAG CTT TAA AGC CGC

GCT GTC GCA-3’
pCHAP7023 1: PulG5’ 5’-TTG ACG AAT TCA GCT CCA TAC

CTT GAT GAG-3’
(G17-D) 2: PulG(NT3’) 5’-GGG AAT ACC AAT GGC GCT GAG

CAC GCC GAG GAT-3’
3: PpdD5’(CT) 5’-ATC CTC GGC GTG CTC AGC GCC

ATT GGT ATT CCC-3’
4: PpdD4 5’-CTA TAG GGA TCC GCA GAC ACA

TTT CAG TGA GC-3’
pCHAP7019 1: PulG5’ 5’-TTG ACG AAT TCA GCT CCA TAC

CTT GAT GAG-3’
(G21-D) 2: PulG(NT3’)prl 5’-GTA GTT TTG ATA AGC GGG CAC

CAC GAG GCT GGC-3’
3: PpdD(CT5’)prl 5’-GCC AGC CTC GTG GTG CCC GCT

TAT CAA AAC TAC-3’
4: PpdD4 5’-CTA TAG GGA TCC GCA GAC ACA

TTT CAG TGA GC-3’
pCHAP7028 1: PulG5’ 5’-TTG ACG AAT TCA GCT CCA TAC

CTT GAT GAG-3’
(G21(modified)-D) 2: PulG(NT3’)N-modi 5’-CAG GTA GTT TTG ATA AGC GGG

CAC ACC GAG GCT GCT GAG CAC
GGC GAG GAT GCC AAT CAC-3’

. . . continues on next page
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Table C.2: (. . . continued)

plasmid primer name oligonucleotide sequence
(chimera)

3: PpdD(CT5’)N-modi 5’-AGC CTC GGT GTG CCC GCT TAT
CAA AAC TAC CTG-3’

4: PpdD4 5’-CTA TAG GGA TCC GCA GAC ACA
TTT CAG TGA GC-3’

pCHAP7016 1: PilE5’ 5’-AGA GAT GAA TTC CCT TCA AAA
AGG CTT TA-3’

(E17-G(His)6) 2: PilE(NT3’) 5’-GGG CAC CAC GAG GCT GGC CAA
AAT GCC GAC GAT-3’

3: PulG(CT5’)E 5’-ATC GTC GGC ATT TTG GCC AGC
CTC GTG GTG CCC-3’

4: PulG3b 5’-CAA GAG AAG CTT TAA AGC CGC
GCT GTC GCA-3’

pCHAP7017 1: PulG5’ 5’-TTG ACG AAT TCA GCT CCA TAC
CTT GAT GAG-3’

(G17-E) 2: PulG(NT3’)E 5’-GGG AAG GGC GAC TGC CGC GAG
CAC GCC GAG GAT-3’

3: PilE(CT5’) 5’-ATC CTC GGC GTG CTC GCG GCA
GTC GCC CTT CCC-3’

4: PilE3’ 5’-AGA GGC AAG CTT AAG GCC TAA
TTT GCC TCA-3’

pCHAP7026 1: PulG5’ 5’-TTG ACG AAT TCA GCT CCA TAC
CTT GAT GAG-3’

(G17-A
PAK) 2: PulG17(NT3’)A 5’-AAT GGC AAT TGC AGC GAG CAC

GCC GAG GAT AAC-3’
3: PilA(CT5’)G17 5’-ATC CTC GGC GTG CTC GCT GCA

ATT GCC ATT CCT-3’
4: PilA3’(BH1) 5’-CGA CTG AGC GGA TCC GGC GGC

GGC-3’
pCHAP7027 1: PulG5’ 5’-TTG ACG AAT TCA GCT CCA TAC

CTT GAT GAG-3’
(G21-A

PAK) 2: PulG21(NT3’)A 5’-ATT CTG ATA CTG AGG CAC CAC
GAG GCT GGC GAG-3’

3: PilA(CT5’)G21 5’-GGC AGC CTC GTG GTG CCT CAG
TAT CAG AAT TAT-3’

4: PilA3’(BH1) 5’-CGA CTG AGC GGA TCC GGC GGC
GGC-3’
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Table C.3: Similarity of atomic structures of type IV pilins and PulG25−134(His)6. The structures
were superimposed with the program LSQMAN as described in figure C.6. The structures are ordered
according to their similarity to PulG.

PulG25−134(His)6 TcpA PilAPAK PilE PilAk122-4

PulG25−134(His)6 107 77 (16) 77 (4) 73 (8) 69 (4)
TcpA 2.04 171 67 (7) 70 (8) 61 (5)
PilAPAK 2.12 2.47 120 93 (20) 86 (17)
PilE 2.33 2.51 2.09 158 81 (5)
PilAk122-4 2.63 3.88 2.81 2.55 129

Red numbers show the rms. deviation for Cα-atoms in a 5 Å cut-off.
Blue numbers correspond to the number of matched (and identical) residues for each protein pair.
Boldface numbers on the diagonal are the total numbers of amino acids being compared.
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C.3.1 The metal binding site

Even though metals were not added to the crystallization mixture, a strong positive peak
(56 sigma) in the fo−fc electron density map clearly shows the tetrahedral coordination
of a metal ion in the centre of the dimeric structure (figure C.1).

The only metal that was used during purification was the affinity chromatography
ligand cobalt. Refinement of the structure with a cobalt ion (full occupancy) yielded a
significantly lower temperature factor (B-factor) for the cobalt than for the coordinating
atoms, however. Consequently, the coordinated metal in the crystallized PulG dimer
must be of a higher order than cobalt. The best fit to the calculated fo−fc and 2fo−fc
maps was obtained with a zinc ion and revealed nearly the same B-factors for the zinc
(20.9 Å2) and the four coordinating oxygens (OE2 E44 chain A: 19.5 Å2, OE2 E44 chain
B: 20.4 Å2, water oxygens: 19.7 Å2 and 20.5 Å2) after refinement. This metal binding
site was also occupied in the selenomethionine derivative crystal. Refinement of this
structure with a zinc ion with full occupancy again revealed the best result (assessed by
B-factor comparison of the metal ion and the coordinating oxygens and visual inspection
of fo-fc and 2fo-fc maps). A higher order metal with partial occupancy does not seem
plausible, since a missing metal would result in electrostatic repulsion of the negatively
charged carboxyl groups of glutamates 44 of both PulG monomers, which would abolish
the dimerization.

Furthermore the peak values in an electron density map calculated from the anomalous
differences in the Se energy remote dataset combined with the calculated phases of the
final model should be proportional to the f”-values of the respective anomalous scatterer.
With the mean peak height at the selenium positions as a reference, the anomalous elec-
tron density map revealed an experimental value of 0.75 for the peak of the coordinated
metal ion. This fits best to a theoretical ratio of 0.65 calculated from the f”-values of
zinc and selenium at the corresponding wavelength. Other metals with a similar num-
ber of electrons that commonly occur in proteins (iron, cobalt, nickel, copper) have even
lower ratios for the fs (0.39–0.57). Consistent with these considerations and the B-value
comparison, the distances in the metal donor complex (1.93 Å and 1.99 Å to the car-
boxylate oxygens; 1.96 Å and 1.99 Å to the water oxygens) are typical distances for zinc
coordination compared with other high resolution X-ray structures (Harding, 2001).

C.3.2 Structure based sequence alignment of PulG and type IV
pilins

Structure-based alignments of all type IV pilins and PulG (figure C.6) revealed a high
structural conservation of the long α-helix and the four β-strands, despite the low sequence
similarity. Most of the conserved residues are involved in hydrophobic contacts in the core
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of the proteins. Interestingly, even though the fold of PulG is more similar to the type
IVa pilins, it clearly shows more matched residues in the superposition with TcpA and
twice as many identical residues (16) compared to the best fit between PulG and a type
IVa pilin (PilE with 8 identical amino acids) (table C.3). Moreover, the calculated root
mean square distances for the matched CA atoms in PulG and TcpA are lower compared
than for all other PulG-pilin super-positions. This similarity between the core structure
of PulG and TcpA is further emphasized by the fact that only three (instead of four for
the type IVa pilins) of the β-strands could be aligned due to the different topology of
the antiparallel β-sheet in the TcpA structure. A comparison of all combinations of pilin
structures confirms that the structures of type IVa pilins are more similar to each other
than to the pseudopilin PulG or to the type IVb pilin TcpA.

C.3.3 TcpA is processed by PulO prepilin peptidase

TcpA is a member of the type IVb group of pilins that have a longer N-terminal prepeptide
than PilE, PilA and the major pseudopilins and in which the first amino acid of the
processed protein is a methionine instead of the usual phenylalanine. To demonstrate
preTcpA processing by the type II secreton prepilin peptidase PulO, pCHAP1418(tcpA+)
was introduced into E. coli K-12 strain PAP105 (F’lacI q1 Tn10 ) carrying either pUC18
(an empty vector) or pCHAP576 (pUC18 carrying pulO gene under lacZp control). The
bacteria were grown in LB broth containing ampicillin (100 µg/ml), chloramphenicol
(25 µg/ml) and IPTG (1 mM) at 30◦C, harvested when the OD600nm reached 1.0 and
resuspended in SDS sample buffer for analysis by SDS-PAGE and immunoblotting with
TcpA-specific antiserum. The results (figure C.2) show that TcpA in the strain with PulO
migrates faster that TcpA in the strain without PulO, indicating prepilin processing.

C.3.4 Amino acid substitutions in the N-terminal region of
PpdD

Despite the fact that PpdD itself is assembled into pili by the secreton, none of the G-D

chimeras were assembled. The N-terminal hydrophobic region was therefore analysed in

order to identify amino acids that might be responsible for this phenomenon. PulG and

all assembled PulG derivatives have a specific pattern of amino acids with hydrophobic or

hydrophilic characteristics/side chains at position +11, +14, +17 and +20 (with respect

to the G-1/F+1 processing site in prePulG). These positions in PpdD are occupied by

amino acids of opposite characteristics, suggesting that this might hamper the assembly

of the G-D hybrids (figure C.4). Therefore, these 4 amino acids in the N-terminal hy-

drophobic domain of PulG were converted into those found in PpdD (V+11G, G+14A,

A+17S, V+20G) at the same positions and the modified PulG derived N-terminus was
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fused to position 21 of the C-terminus of PpdD. Even the G21(modified)-D hybrid was still

not assembled into pili (figure C.5). This suggests that, besides the overall hydrophobic

character of the N-terminal domains, specific amino acid contacts between the hydropho-

bic N-terminal region and rest of the pseudo- or type IV pilins are needed to achieve the

correct interfacial interactions for pilus assembly.

129



C Supplementary material PulG

130



References

Aizawa, S. I. (2001) Bacterial flagella and type III secretion systems. FEMS Microbiol

Lett 202: 157–164.
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Traebert, M., Hattenhauer, O., Murer, H., Kaissling, B., and Biber, J. (1999) Expression

of type II Na-P(i) cotransporter in alveolar type II cells. Am J Physiol 277: L868–L873.

Troisfontaines, P. and Cornelis, G. R. (2005) Type III secretion: more systems than you

think. Physiology (Bethesda) 20: 326–339.

Trosky, J. E., Liverman, A. D. B., and Orth, K. (2008) Yersinia outer proteins: Yops.

Cell Microbiol 10: 557–565.

van Veen, H. W. (1997) Phosphate transport in prokaryotes: molecules, mediators and

mechanisms. Antonie Van Leeuwenhoek 72: 299–315.

Viboud, G. I. and Bliska, J. B. (2005) Yersinia outer proteins : role in modulation of host

cell signaling responses and pathogenesis. Annu Rev Microbiol 59: 69–89.

Vignon, G., Köhler, R., Larquet, E., Giroux, S., Prvost, M.-C., Roux, P., and Pugsley,

A. P. (2003) Type IV-like pili formed by the type II secreton: specificity, composition,

bundling, polar localization, and surface presentation of peptides. J Bacteriol 185:

3416–3428.

153



References

Virkki, L. V., Biber, J., Murer, H., and Forster, I. C. (2007) Phosphate transporters: a

tale of two solute carrier families. Am J Physiol Renal Physiol 293: F643–F654.

Virkki, L. V., Murer, H., and Forster, I. C. (2006) Mapping conformational changes of a

type IIb Na+/Pi cotransporter by voltage clamp fluorometry. J Biol Chem 281: 28837–

28849.

Wagner, S., Klepsch, M. M., Schlegel, S., Appel, A., Draheim, R., Tarry, M., Högbom,
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Annemarie Weber und Claudia Hoffmann möchte ich für die sprachlichen Korrek-

turen am Manuskript danken.
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