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Abstract

Cryo-electron microscopy (cryo-EM) in combination with single particle image processing and volume recon-
struction is a powerful technology to obtain medium-resolution structures of large protein complexes, which
are extremely difficult to crystallize and not amenable to NMR studies due to size limitation. Depending
on the stability and stiffness as well as on the symmetry of the complex, three-dimensional reconstructions
at a resolution of 10-30 A can be achieved. In this range of resolution, we may not be able to answer
chemical questions at the level of atomic interactions, but we can gain detailed insight into the macromole-
cular architecture of large multi-subunit complexes and their mechanisms of action. In this thesis, several
prevalently large membrane protein complexes of great physiological importance were examined by various
electron microscopy techniques and single particle image analysis. The core part of my work consists in
the imaging of a mammalian V-ATPase, frozen-hydrated in amorphous ice and of the completion of the
first volume reconstruction of this type of enzyme, derived from cryo-EM images. This ubiquitous rotary
motor is essential in every eukaryotic cell and is of high medical importance due to its implication in various
diseases such as osteoporosis, skeletal cancer and kidney disorders. My contribution to the second and third
paper concerns the volume reconstruction of two bacterial outer membrane pore complexes from cryo-EM
images recorded by my colleague Mohamed Chami. PulD from Klebsiella oxytoca constitutes a massive
translocating pore capable of transporting a fully folded cell surface protein PulA through the membrane.
It is part of the Type Il secretion system, which is common for Gram-negative bacteria. The second vol-
ume regards ClyA, a pore-forming heamolytic toxin of virulent Escherichia coli and Salmonella enterica
strains that kill target cells by inserting pores into their membranes. To the last two papers, | contributed
with cryo-negative stain imaging of the cell division protein DivIVA from Bacillus subtilis and with image

processing of the micrographs displaying the siderophore receptor FrpB from Neisseria meningitidis.
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Chapter 1

Introduction

1.1 The post-genomic era: struc-
tural proteomics

The publication of the sequencing of the human
genome (Lander et al., 2001; Venter et al., 2001)
represents a milestone in the process of understand-
ing the architecture of life at the molecular level.
This relatively concise code of three billion base
pairs contains all the information nature requires
for the genesis of a human being. Research in the
field of genomics provided the blueprint for the un-
derstanding of synthesis and function of the en-
tirety of the human proteins, the proteome. How-
ever, this great wealth of fundamental information
did not have a major impact on facilitating drug
discovery and development. In this sense, the ge-
netic code remains yet uninterpretable. The reason
appears obvious: proteins are the targets of vir-
tually every conventional drug, and from genomic
data it is impossible to draw conclusions about the
mechanism of action of gene products, since post-
translational modifications as well as interactions of
the proteins with each other often influence their
activity. Based on this awareness, the emerging
field of structural proteomics attempts to comple-
ment the genomic information to allow interpreta-
tion of sequence-structure and structure-function
relationship for the entire proteome of humans and
of every organism of medical interest, e.g. patho-
genic micro-organisms. The main efforts encom-
pass extensive development of methods for high-
throughput protein profiling, identification of drug
targets, large-scale protein production and determi-
nation of the three-dimensional structure. Struc-
tural information at atomic resolution is the basis
for rational and efficient drug development, since
it allows for detailed understanding of the func-
tion of the target protein, including protein-protein
and protein-ligand interactions. To date, the sole

reliable approaches for structure determination are
experimental and consist of NMR spectroscopy, x-
ray crystallography and electron crystallography for
atomic coordinates mainly of small proteins, as well
as single particle analysis for medium-resolution vol-
umes of large complexes. Computational structure
modeling is an emerging discipline with consider-
able potential as computational power increases ex-
ponentially. However, specificly ab initio model-
ing and threading procedures produce results that
are currently far from being accurate and reliable
enough to be conclusive for industrial applications,
e.g. drug development. Comparative or homology
modeling is more advanced and the technology has
the potential to be highly complementary to the ex-
perimental methods. Yet, today comparative mod-
eling is still insufficiently accurate for many applica-
tions and most importantly, it requires templates of
high sequence homology (ideally > 30%), which in
turn can only be generated by experimental struc-
ture identification.

1.2 Experimental methods for
protein structure determina-
tion

1.2.1 Multi-dimensional nuclear
netic resonance (NMR)

mag-

Multi-dimensional NMR is a rapidly progressing
method that does not require protein crystalliza-
tion and can be applied for three-dimensional struc-
ture determination and for investigation of dynamic
features of small proteins in solution. The frac-
tion of atomic structures contributed by solution
NMR makes up for nearly 15% of the total en-
tries to the Research Collaboratory for Structural
Bioinfomatics (RCSB) protein data bank (PDB)
(http://www.pdb.org, February 2006). Until re-
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cently, the major limitation of correlation spec-
troscopy (COSY) has been the size of the protein.
Conventionally recorded NMR spectra of proteins
larger than 30-40 kDa showed a significantly re-
duced sensitivity and resolution due to the lower-
frequency Brownian motion of large molecules, re-
sulting in rapid loss of magnetization by transverse
nuclear spin relaxation. In recent years, the use of
stronger magnetic fields (21.1 Tesla, corresponding
to a resonance frequency of 900 MHz), as well as
the development of new technologies such as trans-
verse relaxation-optimized spectroscopy (TROSY)
(Pervushin et al.,, 1997) in conjunction with ex-
tensive deuterium labeling (Pervushin et al., 1997)
and cross-correlated relaxation-enhanced polariza-
tion transfer (CRINEPT) (Riek et al., 1999) have
allowed structural investigations of much larger
proteins exceeding 100-150 kDa (Fernandez and
Wiithrich, 2003; Riek et al., 2000). TROSY largely
suppresses transverse relaxation and its introduc-
tion led to a gain in sensitivity and resolution of
NMR spectra by a factor of 20-50 (Riek et al.,
2000). This considerable shift in size limitation was
particularly important for membrane proteins, since
they have to be kept in solution in detergent mi-
celles, which add a mass of 30-60 kDa to the pro-
tein. Examples of membrane proteins solved by so-
lution NMR spectroscopy are the outer membrane
proteins OmpA (Arora et al., 2001) and OmpX
(Fernandez et al., 2004), and the outer membrane
palimitoyl transferease PagP (Ahn et al., 2004)
of Escherichia coli. The vast majority of solution
NMR structures, however, concerns small soluble
proteins.

1.2.2 X-ray crystallography

X-ray crystallography provided the first three-
dimensional structure of a protein, the sperm
whale myoglobin (Kendrew et al., 1958). Un-
til today, it has been by far the most successful
method for protein structure determination. 29800
or about 84.5% of the entirety of known struc-
tures registered in the RCSB protein data bank
(http://www.pdb.org, February 2006) were solved
by this technique. The field achieved formidable
progresses in the recent years, which decisively con-
tributed to this veritable explosion of PDB entries.
Some of the primary advances were the use of high
intensity light sources with a broad spectrum of x-
ray wavelengths and cryo-cooling (Hope, 1988) of

the crystals at liquid nitrogen temperature, which
significantly increases crystal stability. Tunable
wavelengths and the possibility of longer exposure
times led to the introduction of multi-wavelength
anomalous diffraction (MAD) (Hendrickson, 1985;
Karle, 1980), which is today commonly used for the
phasing of biological crystals. The major constraint
for large-scale structure determination is, however,
still the growth of well-diffracting crystals. To over-
come this difficulty, industry and academic institu-
tions undertake major efforts for the development of
robotic high-throughput crystallization, the minia-
turization of the experimental setups and the au-
tomation of crystal screening. Automated crystal-
lization procedures will lead to an exponentially in-
creasing amount of data, and future initiatives aim
at the use of data mining and machine learning al-
gorithms in order to develop predictive models for
crystallization. This is a non-trivial challenge since
the thermodynamic and kinetic processes involved
in crystal nucleation and growth are extremely com-
plex and poorly understood. Unfortunately, mem-
brane proteins still make up for a very small frac-
tion of the known atomic structures. Their func-
tional and large-scale production and crystalliza-
tion is considerably more difficult compared to sol-
uble proteins. Since membrane proteins are kept in
detergent solution, the protein-micelle complexes
have to be accommodated in the crystal lattice.
A problem thereby is, that most integral mem-
brane proteins contain only small hydrophilic por-
tions, which are crucial for crystal contact forma-
tion. The polar residues of the detergent micelles
also contribute to contact formation but do not pro-
vide rigid contact surfaces leading to well-ordered
crystals. Successful new methods to overcome the
difficulties of membrane protein crystallization con-
sist in the extension of hydrophilic areas by anti-
body fragment co-crystallization (Ostermeier et al.,
1995) and in the use of lipidic cubic phase crys-
tallization (Landau and Rosenbusch, 1996). Some
of the most prominent examples of membrane pro-
tein structures solved by x-ray crystallography in-
clude the bacterial photosynthetic reaction center
(Deisenhofer et al., 1984), the ATP synthase from
yeast mitochondria (Stock et al., 1999), the rotor
of the bacterial V-ATPase (Murata et al., 2005),
the calcium AT Pase from sarcoplasmatic reticulum
(Toyoshima et al., 2000), the bovine G-protein cou-
pled receptor rhodopsin (Palczewski et al., 2000),
several potassium channels (Doyle et al., 1998;
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Jiang et al., 2003), chloride channels (Dutzler et
al., 2002) and ABC transporters (Chang and Roth,
2001; Locher et al., 2002).

1.2.3 Electron crystallography

Electron crystallography is an alternative method
for three-dimensional protein structure determina-
tion, which is mainly applicable to trans-membrane
proteins. In contrast to x-ray crystallography, the
crystals required for this technique consist of two-
dimensional arrays of membrane proteins embedded
in a lipid bilayer. The principal difficulties, similarly
to x-ray crystallography, include the production of
sufficient protein quantities and the requirement for
highly ordered crystalline arrays. A major advan-
tage of electron crystallography, however, consists
in the replacement of the detergent, used to keep
the membrane protein in solution, by phospholipid
molecules. In this manner, the physiological envi-
ronment is optimally mimicked, and full activity of
the membrane protein is granted. Suitable meth-
ods for the imaging of two-dimensional crystals are
quick-freezing in a vitrifying water layer (Dubochet
et al., 1988) and freeze-drying in sugar solution (Hi-
rai et al., 1999). Due to the considerable sensitivity
of the biological material, high quality images and
diffraction data have to be recorded at low electron
doses. High-resolution images are taken at doses
of below 5 eIectrons/A2 at liquid nitrogen temper-
ature (104K) (Conway et al., 1993) or at doses of
below 20 electrons/A? at liquid helium tempera-
ture (4.3 K) (Fujiyoshi, 1998) and require the use
of microscopes equipped with a field emission gun
producing a highly coherent electron beam. Elec-
tron micrographs have an inherently low signal-to-
noise ratio and the information has to be extracted
and enhanced by image averaging procedures. Elec-
tron crystallography allows for the combination of
results from image processing, containing valuable
phase information, with high-resolution diffraction
data, in order to optimally exploit the structural in-
formation provided by the elastically scattered elec-
trons. The method has been successfully applied for
the elicitation of the atomic structures of bacteri-
orhodopsin (Grigorieff et al., 1996; Henderson et
al., 1990; Kimura et al., 1997), the plant light har-
vesting complex (Kiihlbrandt et al., 1994), several
aquaporins (Gonen et al., 2005; Gonen et al., 2004;
Hiroaki et al., 2006; Murata et al., 2000) and the
nicotinic acetyl choline receptor (Miyazawa et al.,

2003; Unwin, 2005).

1.2.4 Single particle analysis

Cryo-electron microscopy in combination with sin-
gle particle image analysis is a rapidly progressing
technique, which is complementary to the high-
resolution structural methods mentioned above.
Large multi-subunit complexes are not suitable for
NMR studies and very often oppose to any attempt
of crystallization. Single particle methods allow
to image protein complexes in their native confor-
mation, quick-frozen in amorphous ice (Dubochet
et al., 1988), and without any crystallization con-
straints. Moreover, molecules in different confor-
mational states can be isolated on the image level
and dynamical interactions can be monitored. Sin-
gle particle analysis assumes the presence of multi-
ple copies of identical molecules that have different
spatial orientations. Due to the low signal-to-noise
ratio of cryo-electron micrographs, the evaluation
of the relative orientations of the particles repre-
sents a major difficulty, especially for a completely
unknown structure. Valid approaches for the de-
termination of the spatial relationship of the pro-
jections are the methods of random conical data
collection (Radermacher et al., 1986) and com-
mon line search (Crowther, 1971). With the an-
gles determined, the volume of a molecule can be
reconstructed using mathematical principles formu-
lated by Radon (Radon, 1917). Refinement of the
first three-dimensional model is obtained by itera-
tive cycles of projection matching alternating with
volume reconstruction. In the last decade, me-
thodical improvement and rapid growth of com-
putational capacities led to the determination of
numerous structures of large complexes at sub-
nanometer resolution. Most high-resolution single
particle volumes concern icosahedral virus particles
(Bottcher et al., 1997; Conway et al., 1997; Zhou
et al., 2000), since the effective signal-to-noise ra-
tio is considerably higher than for asymmetric par-
ticles, due to their sixty-fold symmetry. Promi-
nent examples of lower-symmetry reconstructions
include the chaperone protein GroEL at 6 A reso-
lution (Ludtke et al., 2004), currently the highest
resolution published for a single particle map, the
transferrin-transferrin receptor complex, which rep-
resents the smallest sub-nanometer single particle
structure with only 290 kDa (Cheng et al., 2004),
as well as the completely asymmetric bacterial 70S
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ribosome at 11.5 A resolution (Gabashvili et al.,
2000). A further milestone was the recent publica-
tion of the first sub-nanometer resolution volume of
a membrane protein, the skeletal muscle Ca?* re-
lease channel (Ludtke et al., 2005). The resolution
of the published structures has improved from 30-
40 A fifteen years ago to sub-nanometer resolution
in recent years, and future directions clearly aim
at resolutions of below 4 A, which permit tracing
of the polypeptide backbone without the need for
crystallization. Major efforts in the field regard the
development of automated image acquisition, par-
ticle pickup and image processing methods, as well
as the improvement of the fitting of x-ray structures
into medium-resolution density maps.

1.3 Application to membrane pro-
teins

Based on genome-wide sequence analyses, it has
been estimated that 30-40% (depending on the
sources) of all expressed gene products are mem-
brane proteins, with the larger genomes contain-
ing higher percentages than the smaller ones. Bio-
logical membranes act as communicative interface
between cells and their environment as well as be-
tween intracellular compartments. Thereby, mem-
brane proteins are involved in a number of vital
processes such as cell-cell signaling and interaction,
triggering of intracellular signal cascades, anchoring
of the cytoskeleton, and transport of ions and small
molecules from one membrane compartment to an-
other. Considering this pivotal role exhibited in
many fundamental cellular functions, the high med-
ical importance of membrane proteins is not surpris-
ing. It has been estimated that up to 70% of all the
currently available drugs act on membrane proteins.
G-protein coupled receptors (GPCRs), which are at
the origin of diverse signaling cascades, represent
the largest class of potential drug targets, but also
ion channels and targets for antibacterial drugs are
becoming increasingly important, especially in the
face of emerging resistance to conventional antibi-
otics.

Membrane proteins are generally classified into two
broad categories; integral and peripheral membrane
proteins. Integral membrane proteins have one or
several segments embedded in the hydrophobic in-
terior of the lipid bilayer, whereas peripheral mem-
brane proteins are bound to the bilayer via interac-

tions with either integral membrane proteins or po-
lar lipid groups. Insertion of the polar compounds
of integral membrane proteins into the hydrophobic
hydrocarbon core of the lipid bilayer is coupled to
a high thermodynamic expense. To minimize this
cost, a number of conditions have to be fulfilled;
the residues spanning the hydrophobic core of the
membrane have to have non-polar side chains and
the hydrophilic CONH groups of the polypeptide
backbone have to participate in hydrogen bonding.
Therefore, opposite to the water-exposed regions of
a protein, which can adopt various folds, the struc-
tural diversity of the membrane-spanning segments
is restricted by the physical and chemical properties
of the lipid bilayer. Indeed, the trans-membrane
segments of all integral membrane proteins with
known structure either consist of a-helices or of
multiple (-sheets arranged to a (-barrel. Most of
the membrane proteins with known structure, how-
ever, were found to have a-helical trans-membrane
segments. In many cases, different classes of helical
proteins exhibit particular, characteristic arrange-
ments of the helices. An important family of a-
helical proteins is defined by the presence of seven
trans-membrane segments. Bacteriorhodopsin was
the first representative of this family to be described
(Henderson et al., 1990), but also many eukaryotic
cell surface receptors, including GPCRs, are pre-
dicted to have such a seven trans-membrane helices
motif. Another family of helical membrane proteins
with high physiological importance is represented
by the aquaporins. These tetrameric water chan-
nels inherently show a characteristic pattern of six
trans-membrane helices in addition to two shorter
helices for each subunit (Murata et al., 2000). The
second fundamental structural motif, the 3-barrel,
is mainly found in bacterial outer membrane pro-
teins. For example, porins consist of three identical
copies of barrels, each composed of 16 [-sheets
(Cowan et al., 1992).

Not only small membrane proteins, but also large
molecular machines adhere to the structural re-
strictions introduced by the lipidic environment. A
prominent example of an a-helical complex, is the
V-ATPase of bovine brain, which was investigated
in this thesis. The volume reconstruction indicates
the presence of six rotor subunits and therefore 24
a-helices spanning the membrane, which is in the
same range as found for the related ATP synthase
(20-30 helices, depending on the species (Pogo-
ryelov et al., 2005; Seelert et al., 2000; Stahlberg
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et al., 2001; Stock et al., 1999)). Another large
complex presented in this thesis, PulD, the outer
membrane pore of the type Il secretion system of
Klebsiella oxytoca, is postulated to be a represen-
tative of the (-barrel proteins. Although in re-
cent years formidable progresses were made in the
field of membrane proteomics and many mysteries
of membrane proteins were unveiled, the detailed
mechanism of assembly and action of the majority
of known membrane proteins is yet unclear. Co-
ordinated efforts within a comprehensive structural
proteomics network, including all the cell-biological,
biochemical and structural techniques discussed in
this introduction, will be necessary to gain a more
profound insight into the function and dynamics of
membrane proteins. The contribution of this thesis
within the above mentioned network is focused on
visualization, three-dimensional reconstruction and
characterization of multi-subunit membrane protein
assemblies.
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Chapter 2

Three-dimensional reconstruction of
bovine brain V-ATPase by cryo-electron
microscopy and single particle analysis

Marco Gregorinil3, Jin Wang?, Xiao-Song Xie?, Ronald A. Milligan3, Andreas Engel

2.1 Abstract

Bovine V-ATPase from brain clathrin-coated vesicles was investigated by cryo-electron microscopy and
single particle analysis. Our studies revealed great flexibility of the central linker region connecting V1 and
Vo. As a consequence, the two sub-complexes were processed separately and the resulting volumes were
merged computationally. We present the first three-dimensional (3D) map of a V-ATPase obtained from
cryo-electron micrographs. The overall resolution was estimated 34 A by Fourier shell correlation (0.5
cutoff). Our 3D reconstruction shows a large peripheral stalk and a smaller, isolated peripheral density,
suggesting a second, less well-resolved peripheral connection. The 3D map reveals new features of the
large peripheral stator and of the collar-like density attached to the membrane domain. Our analyses of
the membrane domain indicate the presence of six proteolipid subunits. In addition, we could localize the
Vo subunit a flanking the large peripheral stalk.

Keywords: Bovine brain V-ATPase, cryo-electron microscopy, single particle analysis, 3D reconstruction

2.2 Introduction acidify extracellular spaces for bone remodeling

V-ATPases are ubiquitous large protein complexes
in the endo-membrane system of all eukaryotic cells
and in the plasma membrane of specialized cells
and of many bacteria. Eukaryotic V-ATPases are
900 kDa ATP-hydrolysis driven proton pumps in-
volved in a number of acidification processes out-
side and inside the cell. In osteoclasts, V-ATPases

M.E.Miiller Institute, Biozentrum, University of Basel,
Klingelbergstrasse 50/70, CH-4056 Basel, Switzerland

2University of Texas Southwestern Medical Center at
Dallas, Department of Internal Medicine, 6000 Harry Hines
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3The Scripps Research Institute, Department of Cell Bi-
ology, 10550 North Torrey Pines Road, La Jolla, CA 92037
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(Blair et al., 1989; Brown and Breton, 1996;
Vaananen et al., 1990) while in kidney epithe-
lial cells, they are responsible for urinary acidifica-
tion (Brown and Breton, 1996; Steinmetz, 1986).
V-AT Pases are also believed to be crucial for normal
sperm development in the male reproductive tract
(Brown and Breton, 1996; Brown et al., 1992). In-
side the cell, V-ATPases are involved in processes
such as receptor-mediated endocytosis, intracellular
trafficking, protein processing and degradation, up-
take and storage of neurotransmitters (Crider and
Xie, 2003; Inoue et al., 2003). Various intracellular
compartments such as vacuoles, endosomes, lyso-
somes, chromaffin granules, clathrin-coated vesi-
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cles and synaptic vesicles have large amounts of
V-ATPases in their membranes. V-ATPases can
also function as plasma membrane energizers by es-
tablishing and maintaining proton gradients across
the membranes of insect cells (Wieczorek et al.,
1999).

The eukaryotic Vi domain is composed of the eight
subunits A-H and has a proposed stoichiometry of
A3B3CDExFGxHx (X number of subunits contro-
versial) (Arai et al., 1988; Miiller and Griiber, 2003;
Wilkens et al., 1999; Xu et al., 1999) comprising
a mass of 640 kDa. The yeast Vo domain con-
tains the five subunits a, ¢, ¢’, ¢" and d that are
arranged at a stoichiometry of a(cc')ss5c”d (Arai
et al., 1988; Hirata et al., 1997; Wilkens et al.,
1999) and has a mass of approximately 260 kDa.
The exact number of c subunits is unclear. In
mammalian V-ATPase, the ¢’ isoform could not be
demonstrated, but an additional Vg subunit Ac4b
was characterized. ATP-hydrolysis takes place at
and alternates between the three subunits A, which
contain the catalytic sites (Feng and Forgac, 1992).
This circular motion drives rotation of the presum-
ably asymmetric central stalk that is firmly linked to
the c-ring of Vo (Crider and Xie, 2003; Junge and
Nelson, 2005). Protons are believed to be trans-
ported through the membrane at the interface of
the c-ring and the stator subunit a (Junge and Nel-
son, 2005; Leng et al., 1996), which is connected
to the A3B3 complex through a large peripheral
stalk and possibly an additional peripheral connec-
tion. The number of stator connections of mam-
malian V-ATPase is controversial. In the case of
the fungus Neurospora crassa (Venzke et al., 2005),
two peripheral connectors were found, similarly to
what was observed for the HT ATPase/synthase of
the bacterium Thermus thermophilus (Bernal and
Stock, 2004).

The structure of the bovine V-ATPase has been an-
alyzed by biochemical techniques (Crider and Xie,
2003; Xie, 1996) and by electron microscopy of neg-
atively stained samples (Wilkens and Forgac, 2001;
Wilkens et al., 2004; Wilkens et al., 1999). A coarse
picture of the molecular architecture of this rotary
motor is now emerging but important features, es-
pecially the composition of the peripheral connec-
tion(s), are still subject of ongoing investigations.
Cryo-electron microscopy allows biological mole-
cules to be imaged when immobilized by vitrifi-
cation in their native conformation (Dubochet et
al., 1988). In this study we report the first 3D re-

construction of a V-ATPase from images of frozen-
hydrated complexes. In particular, we could resolve
the large peripheral stator connection of the bovine
V-ATPase, as well as a possible additional linker.
Furthermore, hitherto unknown details of the con-
tact area of the main peripheral connection with
the collar-like structure, and of the architecture of
the membrane domain are elucidated by our 3D re-
construction.

2.3 Results

2.3.1 Purification and functional char-
acterization of bovine brain
V-ATPase

Multi milligram quantities of V-ATPase were pu-
rified to near homogeneity (Figure 2.1A) as de-
scribed previously (Xie and Stone, 1986). The
larger subunits (V1 subunits A - E and H, and Vo
subunits a and d) are easily identified while the
smaller subunits (V1 subunits F, G1 and G2, and
Vo subunit ¢) require higher concentration of SDS-
PAGE (15%) for their resolution and identification
(Xie, 1996). Vo subunits Ac45 and c" are poorly
stained but their presence can be easily identified
by Western blot (data not shown). The purified
V-ATPase showed a specific Mg-AT Pase activity of
14-16 pmoles P;/(mg-min) and actively pumps pro-
tons when reconstituted into proteoliposomes (Fig-
ure 2.1B). The high functionality of the preparation
indicates structural integrity.

2.3.2 Cryo-electron microscopy and 2D
image processing

Cryo-electron microscopy was used to analyze the
V-ATPase immobilized in vitrous ice. Intact mole-
cules appear as asymmetric dumbbell-shaped par-
ticles (Figure 2.2A). In most cases the globular V;
part is distinguishable from the flatter, cylindrical
trans-membrane part. Between the two principal
densities a narrow space is left free. In this space,
attached to the membrane domain, a short elon-
gated density is present. It is oriented perpendicu-
larly to the long axis of the molecule. In addition,
some particles show a thin density bridging the gap
between the V; and Vo domain.

6496 V-AT Pase particles were selected interactively
for processing. Reference-free alignment proce-
dures were unreliable due to the elongated shape
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Figure 2.1: Preparation and functional analysis of V-ATPase. (A) The purified bovine brain V-ATPase (3 ug) was
resolved by SDS-PAGE using a 12.5% gel and stained by Coomassie blue. (B) The proton translocation activity of the bovine
brain V-ATPase was measured using acridine orange quenching method as described in the Experimental procedures. SFD
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of the particle and the low contrast and signal-to-
noise ratio of the cryo-data. Therefore, class aver-
ages from reference-free aligned negative stain data
(Figure 2.3A), were used as references for multi-
reference alignment of the cryo-data set. Figures
2.2B1 (208 particles) and 2.2B2 (114 particles)
show two characteristic class averages representing
different orientations of the molecule on the car-
bon film. To select the fraction of particles exhibit-
ing a straight central axis, a strict cross-correlation
threshold was applied. The upper parts of Figures
2.2B1 and 2.2B2 display V;. The expected hexam-
eric ring of A3zB3 subunits, here seen in side view,
is poorly resolved. Possible reasons are the small
number of particles and the sub-ideal alignment of
the flexible holoenzymes. A prominent central cav-
ity spans the V1 domain from top to bottom (Fig-
ures 2.2B1 and 2.2B2). V; and Vg are connected
through a thin density forming a central stalk par-
allel to the long axis of the molecule. Perpendicular
to the central stalk an irregular, elongated density
is attached to the membrane domain. A second,
peripheral stalk, parallel to the central stalk, con-
nects this density to the catalytic domain (Figure
2.2B2). The Vo complex exhibits an irregular el-
liptic shape with a density depression at the center.

On the extra-cytosolic side of the membrane do-
main, a globular density (arrowhead Figure 2.2B2)
is visible.

The flexibility of the connection between Vi and Vg
emerged as the principal cause for the limited reso-
lution. Masked projections of a refined volume from
negative stain data (see next section), calculated at
various angles rotating around the long axis, were
used for a refined multi-reference alignment of the
cryo-images. Several averages of V; (Figure 2.2C)
and Vo (Figure 2.2D), representing different orien-
tations of the molecule, were calculated. The V;
complex is resolved in more detail compared to Fig-
ure 2.2B. It consists of an asymmetric array of three
(C3, C4, C5) or four (C1, C2) distinct lobes, con-
sistent with the side view of a hexameric ring. At
the center of the A3B3 complex, a longitudinal de-
pression is visible, similarly to the observation made
for the class averages of the holoenzyme. The thin
density of the central stalk protrudes into the lower
part of the abovementioned depression. In Figure
2.2C the large peripheral stalk is visible on the left
(C1) and right (C5) side of the images, depending
on the orientations of the molecule. Figure 2.2D
shows a series of averages of the newly aligned Vg
domain. The lower end of the peripheral stalk flank-
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Figure 2.2: Cryo-electron microscopy and 2D processing. (A) Overview image of the V-ATPase preparation recorded in
ice using a thin carbon support film. A median filter was applied for contrast enhancement. (B) Class averages of selected
intact V-ATPase particles. The averages show two orientations represented by a relatively small number of straight particles
(B1 208, B2 114). (C) Class average gallery from V; images aligned on projections of a negative stain Vi volume rotated by
0, 30, 90, 120,150 degrees (standard deviation & 10 degrees). Number of particles: C1 661, C2 277, C3 227, C4 476, C5 354.
(D) Class average gallery from Vo images including the central domain, aligned on projections of a negative stain Vo volume
rotated by 0, 30, 90, 120,150 degrees (standard deviation £ 10 degrees). Number of particles: D1 568, D2 361, D3 195, D4

709, D5 899. Scale bar (A) 500 A, (B) 100 A.

ing the central axle is present on the left (D1, D2)
and right (D5) side, again depending on the ab-
sorption angle. The previously described elongated
density perpendicular to the central stalk is rather
blurred, compared to the averages in Figure 2.2B.
At the bottom of the membrane domain a globular
density is visible, while the central depression is still
present.

2.3.3 Separate 3D reconstructions of V;
and Vg

The considerable flexibility of the V-ATPase
holoenzyme implied a separate processing of Vi and

Vo. In order to eventually allow a precise merging
of the two 3D maps, selected areas of the collar-
like structure between the two main densities were
included into both partial maps redundantly. 6496
masked Vi and Vg particles were used as raw data
for the 3D processing. The V; reconstruction (Fig-
ure 2.4A) was calculated by matching the images to
projections of a previously calculated negative stain
model. In the iterative refinement particles with low
cross-correlation values were removed. 2879 out of
the initial 6496 particles were used for the refined
structure presented in this study. The resolution
was estimated 34 A by Fourier shell correlation (0.5
cutoff, Supplementary Figure 2.7A). Surface repre-
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Figure 2.3: Flexibility of the V-ATPase. (A) Class averages from negatively stained particles exhibiting a straight central
axis. The number of particles per class varies between 41 and 206. (B) Averages from negatively stained particles, aligned on
a masked reference containing Vo and the central domain. Classification reveals different bending levels due to the flexibility

of the central linker region of the molecule. Scale bar 100 A.
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Figure 2.4: 3D reconstructions of V; and Vo. (A) Surface representation of the 3D reconstruction of V1, low-pass filtered
at a resolution of 34 A. (B) Surface representation of Vo including the collar-like structure surrounding the central stalk. The
resolution was restricted to 31 A. The arrowheads indicate the position of the lateral bulge. (C) Surface rendered top view of
V; and bottom view of Vo, filtered at the respective resolution mentioned above. Scale bar 100 A.

sentations of the maps of V; and Vo (presumably
including the V1 subunits C, D, F and H) were cal-
culated to enclose a total mass of 640 kDa and
400 kDa respectively. The surfacing of the joint
density was adjusted to match the surfacing of the
individual reconstructions.

The A3B3 complex including a mass of roughly

375 kDa appears as flattened, asymmetric pseudo-
hexagonal array with a height of 107 A and a width
of 106-141 A (Figure 2.4A). The individual sub-
units of the hexagon are clearly distinguishable. At
the bottom of the catalytic domain the elongated
central stalk pokes out of the cavity at the interior
of the A3B3 complex. The rod-shaped central stalk
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spans a distance of 48 A prior to widening in the
region where it merges into the membrane domain.
A prominent arm-like peripheral stalk, parallel to
the central stalk, is attached to the A3B3; complex.
The contact point of the peripheral connection is
located laterally at one side of the A3B3 complex,
at a distance of 15-20 A. The length of the periph-
eral stalk is approximately 120 A, and its volume
comprises about 112’000 A3. At the bottom of the
stalk, where the contact with the collar-like struc-
ture has to occur, the density adopts a wider and
flat shape.

The 3D map of Vo was obtained with the same
strategy used for the V1 reconstruction. The result-
ing volume presented in Figure 2.4B was calculated
from 4547 individual particles. The resolution was
estimated 31 A by Fourier shell correlation (0.5 cut-
off, Supplementary Figure 2.7B). Figure 2.4B dis-
plays the c-ring as a compact convex density with
a diameter of about 120 A. On one side of the
ring a prominent peripheral bulge is present, giving
the complex an elliptic appearance (arrowheads Fig-
ure 2.4B). The upper densities of the c-ring merge
smoothly into a collar-like structure at the cytosolic
side of the membrane. The diameter of this more
subtle ring is 116 A. Inside the collar, the truncated
end of the central stalk is visible. On the extra-
cytosolic side of the membrane domain, a globular
density is tightly embedded in the pocket formed
by the c-ring.

2.3.4 Merged V-ATPase reconstruction

The partial V1 and Vo maps, low-pass filtered to
a resolution of 34 A and 31 A respectively, were
added to generate a 3D map of the intact V-ATPase
(Figure 2.5A). The A3B3 complex, the upper part
of the peripheral stalk, and the membrane domain
are identical with the individual maps. However,
there are slight differences in the central domains
of the molecule where the two densities were joined
together. Due to partial overlap of the added den-
sities, the central stem appears more compact. At
the contact point of the peripheral stalk with the
membrane domain a terrace-like density completes
the stator system (Figure 2.5A). In the side view
the peripheral connection appears straighter com-
pared to the partial map (Figure 2.4A), where it
has a convex shape. In the partial map, at the bot-
tom of the peripheral stalk, the density gets wider
and points towards the central stalk. This is consis-

tent with the terrace-like density observed in Figure
2.5A. A possible explanation for the straighter pe-
ripheral stalk in the joined reconstruction is that the
peripheral tip of the terrace-like density was trun-
cated by masking the Vi particles, and that the
stator was later complemented by adding the Vg
map. Besides the large peripheral stalk, an addi-
tional peripheral density is present (Figure 2.5A).
This isolated density is elongated and located at a
similar distance from the central stalk. Compared
to the individual V1 map (Figure 2.4A), the density
is larger, possibly due to the masking. In the top
view (Figure 2.5D), the large peripheral stalk and
the isolated peripheral density form an isosceles tri-
angle with the central axis of the complex. The
volumes of the central stalk and the isolated den-
sity are approximately 112'000 A3 and 14'300 A3
respectively.

Figures 2.5B-D show the interior of the 3D recon-
struction. The six compact, elongated subunits of
the A3B3 complex are arranged around the central
cavity in an asymmetric fashion (Figures 2.5B2).
The central stalk is massive between Vi and Vg
but does not fill the central cavity (Figure 2.5D).
The A3zBs complex, the central stem and the c-
ring are the domains with the highest density. The
c-ring is a compact barrel and depending on the
arrangement of the individual subunits, the thick-
ness of the ring varies considerably. Six distinct ar-
eas with increased thickness are distinguishable (red
arrowheads Figure 2.5B). The distribution suggests
six proteolipid subunits for the bovine V-ATPase.
Figure 2.5C1 shows a longitudinal projection of the
isolated membrane ring. Difference-mapping of this
projection with the same but six-fold symmetrized
image reveals a strong density in the upper part of
the ring (arrowheads Figure 2.5C2). This additional
density is adjacent to the large peripheral stalk but
not to the smaller isolated density.

2.4 Discussion

2.4.1 Cryo-electron microscopy

Cryo-electron microscopy allows imaging of proteins
in native conformation, without artifacts caused by
heavy metal salt stains (Dubochet et al., 1988). We
present the first 3D reconstruction of a V-ATPase
from cryo-electron microscopy images. The con-
centration of the pure V-ATPase preparation was
estimated 0.3 mg/ml and was insufficient to ob-
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Figure 2.5: Surface and contour representations of the merged 3D reconstruction. (A) Surface representation of the
merged 3D reconstruction displayed at different orientations emphasizing the peripheral stator domain. (B) Visualization of the
internal structure. Contoured cross-sections perpendicular to the long axis at the levels indicated by the bars in panel (A). The
black arrowheads display the position of the subunits of the A3B3 complex. The red arrowheads show the hexagonal density
distribution in the membrane domain. (C1) Projection of the isolated density of the membrane domain. (C2) Difference map
of the projection shown in C1 and its six-fold symmetrized equivalent. (D) Vertical sections through the volume at the levels

indicated by the bars. Scale bar 100 A.

tain images of the complex over holes of perforated
carbon film, mainly due to the presence of deter-
gent. Therefore, the particles were adsorbed to thin
carbon film and vitrified. Adsorption to a carbon

support can lead to flattening of the particles, al-
beit to a lesser extent compared to negative stain
methods. The thickness of the ice layer on the grid
was particularly important. Particles were concen-
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Figure 2.6: Model of the subunit composition. The cat-
alytic part is highlighted in blue, the peripheral stator com-
plex in red and the rotor domain in yellow. The horizontal
lines indicate the position of the membrane. The model is
based on interpretation of our 3D reconstruction and on pre-
viously published results from cross-linking and two hybrid
binding experiments.

trated in restricted areas with a distinct ice thick-
ness, whereas large regions of the grid squares were
empty. The elongated shape of the complex en-
forced adsorption with the long axis parallel to the
carbon film. Furthermore, the physical constraint
impeding adsorption with the large peripheral stalk
facing the carbon film, led to a missing wedge of
nearly 60 degrees in the density map (Supplemen-
tary Figure 2.8A). However, except for this missing
wedge, the angular distribution of the projections
is sufficiently balanced. The difference in the his-
tograms for Vi1 and Vg (Supplementary Figure 2.8A
and 2.8B) can be explained by the presence of three
distinct conformations with an angular shift of the
rotor by 120/240 degrees relatively to the stator. In
the histogram, covering 180 degrees, this can lead
to a partial shift of the large peak at ©~10 degrees
(Supplementary Figure 2.8A) to ©~70/130 degrees
(Supplementary Figure 2.8B), due to averaging of
the three conformations.
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Figure 2.7: Supplementary Figure. Resolution as-
sessment. (A) Fourier shell correlation curve of the Vi re-
construction. The dotted line indicates five times the noise
correlation curve (5¢). The resolution was estimated to 34 A
(0.5 cutoff) or 30 A (50 criterion). (B) Fourier shell correla-
tion of the Vo reconstruction resulted in a resolution of 31 A
(0.5 cutoff) or 23 A (50 criterion).

2.4.2 Individual processing of V; and Vg

due to flexibility of the holoenzyme

The particular architecture of the V-ATPase im-
plies that the relatively thin linker region between
the cytosolic and the membrane domain is likely to
be flexible. Confirmation was obtained by com-
parison of images of the holoenzyme that were
aligned both, on masked V1 and Vg references and
on unmasked references (Figure 2.2B-D and Figure
2.3B). The averages of the masked partial com-
plexes, especially of Vi, showed significantly more
detail. Three (Figure 2.2C3, C4, C5) or four (Figure
2.2C1, C2) asymmetrically arranged distinct lobes
are visible in V1, consitent with projections of a
pseudo-hexagonal array. In (Figure 2.2B) the V;
subunits are less well resolved. Alignment of the
holoenzyme images on masked references also led
to the displacement off the vertical axis of densities
lying outside the mask (Figure 2.3B). By classifica-
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Figure 2.8: Supplementary Figure. Angular distribution of the projections. (A) Euler angle distribution of the side
view projections contributing to the Vi reconstruction and (B) to the Vo reconstruction.

299
P00

&

®

Figure 2.9: Supplementary Figure. Symmetry of the A;B; complex. Top view series of 3D reconstructions obtained
after one to seven iterations (1it - 7it) of projection matching and back-projection, starting from a reference with a three-fold
symmetrized A3Bs complex. The last panel shows a top view of the original 3D map (ori) (Figure 2.4B). The arrowheads
show the three-fold symmetry present after the first iteration. The symmetry gradually disappears in the refinement process
and the A3B3 complex assumes an elongated shape. Scale bar 100 A.

tion the varying bending levels of the particles could
be resolved. The hypothesis, that the V-ATPase
naturally adopts a strongly curved shape and that
different bending levels correspond to different ori-
entations, can be excluded. The class averages
in Figure 2.2B and Figure 2.3A, obtained from
straight particles, display distinct features such as
the large peripheral arm or the asymmetric array
of V1 in various orientations. If the particles were
curved, these features would always be in the same
place or mirrored on the long axis. In addition,
3D orientation search prior to merging the Vi and

Vo maps resulted in a joined reconstruction with a
rather straight central axis.

Given the high flexibility of the central linker region
connecting Vi and Vg, in order to avoid resolu-
tion loss due to a heterogeneous particle popula-
tion, we calculated individual 3D maps for the two
sub-complexes and eventually merged the two re-
constructions in the correct relative orientation.

2.4.3 Catalytic domain and central stalk

Six subunits of the catalytic domain form an ir-
regular, elongated hexagon with a prominent cav-
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ity inside. A distinct six-fold array is visible in the
cytosol-facing part of the A3B3 (black arrowheads
Figure 2.5B2). The membrane-facing part of the
same hexagonal array is less well resolved. Surpris-
ingly, the V1 domain in our reconstruction is differ-
ent from the rather regular three-fold arrangement
of the F1-ATPase (Abrahams et al., 1994). Despite
the presence of three densities at the cytosol-facing
tip (Figure 2.5B1), the three-fold symmetry in our
map is less obvious, compared to the F-ATPase and
compared to a previously published negative stain
map of Vi (Radermacher et al., 2001). To test
the correctness of the angular refinement in our
3D map, the A3Bs complex was three-fold sym-
metrized, prior to attaching the large peripheral
stalk and the isolated peripheral density to the sym-
metrized complex. This model was used as initial
reference for projection matching without symme-
try constraints. The initially enforced three-fold
symmetry was not stable for many iterations but
gradually changed back towards the original elon-
gated shape (Supplementary Figure 2.9). A possi-
ble conclusion is that the V-AT Pase subunits A and
B are arranged in a rather irregular fashion com-
pared to the ai333 complex of the F-ATPase. How-
ever, the elliptic appearance of the V1 domain in our
reconstruction is unexpected. A possible explana-
tion is that the missing densities around ©=a30-90
degrees (Supplementary Figure 2.8A) are the cause
of artificial stretching and blurring of the 3D map.
Alternating hydrolysis of ATP at the three catalytic
sites causes cyclic conformational changes in the
A3B3 complex, which drive step-wise rotation of
the central axle. For maximum efficiency, analo-
gously to the F-ATPase subunit v (Abrahams et
al., 1994), an asymmetric central stalk is necessary.
The truncated stalks of the Vi (Figure 2.4A) and
Vo (Figure 2.4B) reconstructions are indeed asym-
metric. However, addition of the two individual
maps (Figure 2.5A) caused a partial accumulation
of density in the central stalk, which is artificial.
A correction was not applied because it would im-
ply arbitrary weighting of the voxel values in both
maps, and hence create new artifacts. In contrast
to the F-ATPase, where the ~ subunit spans the
interior of the a3f3 complex from top to bottom,
in our V-ATPase reconstruction, the central stalk
is only partially inserted into the membrane-facing
side of the A3B3 complex. The large cavity in Vi
is in agreement with previously published negative
stain reconstructions (Domgall et al., 2002; Venzke

et al., 2005; Wilkens et al., 2004).

Based on cross-linking experiments (Arata et al.,
2002; Wilkens et al., 2005) proposed that the cen-
tral stalk may be composed of the subunits D and
F (Figure 2.6), and that subunit D would be the
counterpart of subunit v in the F-ATPase. Another
model however, suggests that the central stalk is
made of the subunits E and G (Chaban et al., 2002;
Griber et al., 2000; Xie, 1996). Evidence for this
opposite view came from proteolysis experiments,
which indicated a central position for the subunits
E and G (Griiber et al., 2000). Additional support
was provided by activity experiments showing that
the subunits E and G, but not the subunits D and
F, are essential to ensure ATP hydrolysis activity
(Xie, 1996).

2.4.4 Peripheral stalk

The least understood domain of the V-ATPase is
the peripheral stator. It is essential for prevent-
ing rotation of the catalytic domain against the re-
mainder of the complex, thus enabling proton trans-
port through the membrane. The number and de-
sign of the peripheral connection(s) is controver-
sial, and there is evidence that the architecture of
the V-ATPase may differ from species to species.
The 3D reconstruction we present displays a large
peripheral stalk and an additional isolated density,
possibly part of a second, less well resolved con-
nection (Figure 2.5A). The 120 A long peripheral
stalk is attached laterally to the long side of the
stretched hexagonal A3B3 array and to a terrace-
like density that protrudes from the collar-like struc-
ture surrounding the central stalk (Figure 2.5A).
This terrace-like density is adjacent to the area of
the membrane domain that was found to be oc-
cupied by the 96 kDa subunit a (Figure 2.5B).
Since the mass of the soluble domain of subunit
a (Wilkens and Forgac, 2001) matches the volume
of the terrace-like density, in all probability, in this
area the subunit a makes contact to the Vi sub-
units of the peripheral stalk.

Besides the large peripheral stalk, at a similar dis-
tance from the central stalk, a second isolated den-
sity is present in our 3D map (Figure 2.5A). The ori-
entation of this density and the fact that, in the top
view, it forms an isosceles triangle with the central
and the peripheral stalk, indicate a possible involve-
ment in a second, less well resolved peripheral con-
nection. The relative orientation of the peripheral
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stalk and the isolated density is similar to the one of
the two peripheral connections that were described
for the V-ATPase of Neurospora crassa (Venzke
et al., 2005) and for the H™ ATPase/Synthase of
Thermus thermophilus (Bernal and Stock, 2004).
However, these reconstructions show two periph-
eral stalks of about the same thickness. The sta-
tor system in our reconstruction with one predom-
inant peripheral connection resembles the one of
the plant V-ATPase from Kalancho€ daigremon-
tiana (Domgall et al., 2002), although there two
isolated densities were described. The dominance
of one stalk is consistent with the class averages.
The large peripheral stalk is very distinct (Figure
2.2B2, Figure 2.3A3 and 2.3A6), whereas none
of the averages shows a second connection. Fi-
nally, comparison of our 3D map with a negative
stain reconstruction of the bovine V-ATPase re-
veals significant differences in the central domain,
which we cannot explain. In the reconstruction by
(Wilkens et al., 2004) the collar-like structure is
subdivided into five isolated peripheral units, which
are arranged around the central axis. Two of these
isolated densities form thin, short connections to
the membrane-facing part of the A3B3 complex,
just spanning the gap between the cytosolic and the
membrane domain. This stands in contrast to the
3D map we present, and to reconstructions from
other species (Bernal and Stock, 2004; Domgall et
al., 2002; Venzke et al., 2005).

Limited information about the position and the in-
teractions of involved subunits was gained from
cross-linking and two hybrid binding experiments
(Adachi et al., 1990; Puopolo et al., 1992; Wilkens
et al., 2005; Xu et al., 1999). These data sug-
gest that the long stretch of the stalk is composed
of the subunits E and G (Figure 2.6). The inter-
action of the subunits E and a, demonstrated by
cross-linking experiments (Xu et al., 1999), pro-
vides evidence for a peripheral location of the sub-
unit E. In our reconstruction, the elongated den-
sity of the peripheral stalk, excluding the contact
regions with the catalytic and the membrane do-
main, has a volume that corresponds to a protein
mass of about 41 kDa. Both, the E-G and the D-
F complexes have a mass of 40-41 kDa and could
be accommodated in this volume. However, oppo-
site to the subunit F, two copies of the subunit G
have been predicted for the bovine V-ATPase (Arai
et al.,, 1988; Xu et al., 1999). In addition, a re-
cent publication on the yeast V-ATPase (Ohira et

al., 2006) suggests the presence of more than one
copy of the subunit E. The isolated peripheral den-
sity in our reconstruction has a volume that would
roughly accommodate the 14 kDa subunit G, but
not a second copy of subunit E (Figure 2.6). It is
possible, that the densities corresponding to a hy-
pothetic second subunit E were averaged out, since
there is no connection from the isolated density to
the remainder of the complex. Another possibil-
ity is that the elongated subunit C protrudes from
the collar-like structure and contributes to the pe-
ripheral stator, as proposed for the yeast V-ATPase
(Drory et al., 2004).

2.4.5 Membrane-associated domain

A massive, irregular ring accounts for the largest
portion of Vo domain. On the surface representa-
tions (Figure 2.4B) structured features resembling
the edges of an irregular screw nut are visible. Com-
paring two side views at a relative angle of 90 de-
grees, the complex reveals an elliptical rather than
a circular shape. The ellipse is not centered with
respect to the long axis of the molecule, but arises
through a prominent lateral bulge (arrowheads Fig-
ure 2.4B). This bulge is likely to be caused by
the 96 kDa subunit a, which is believed to form
the membrane-resident part of the peripheral stalk
(Figure 2.6). The position of subunit a could be
determined by difference-mapping of a projection
of the isolated membrane domain and its six-fold
symmetrized equivalent (Figure 2.5C). The differ-
ence map displays a large supplemental density that
spatially coincides with the lateral bulge mentioned
above.

The number of proteolipid subunits, predicted to
have four trans-membrane helices each, was never
determined with certainty and may even vary, de-
pending on the species, similarly to what was ob-
served in the case of the F-ATPase (Pogoryelov et
al., 2005; Seelert et al., 2000; Stahlberg et al.,
2001; Stock et al., 1999). The density distribu-
tion of the membrane domain in our reconstruction
clearly shows a hexagonal design (red arrowheads
Figure 2.5B), and thus indicates the presence of six
proteolipid subunits for the bovine brain V-ATPase.
This would account for 24 trans-membrane helices,
which is in the range of 20-28 helices, as docu-
mented for two F-ATPase species (Meier et al.,
2005; Stock et al., 1999).

Inside the compact walls of the proteolipid bar-
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rel, a large cavity is visible (Figure 2.5B-D). The
side views of the interior of the 3D map display a
nearly spherical frame of densities surrounding the
cavity (Figure 2.5D). At the extra-cytosolic end of
the proteolipid barrel, a compact globular density
is present. The logical candidate for this density is
the Ac45 subunit that is characteristic for bovine
V-ATPases. In our reconstruction, it appears more
tightly embedded into the proteolipid pocket, com-
pared to the negative stain reconstruction of the
same enzyme published by (Wilkens and Forgac,
2001). On the opposite side of the proteolipid bar-
rel, the central stalk assumes a wider shape in the
area that makes contact with the membrane do-
main. This density seems to form a lid that plugs
the proteolipid ring, and at the same time smoothly
merges into the collar-like density (Figure 2.5D). In
our reconstruction, the collar-like density appears
as a ring with varying thickness. Compared to
previously published 3D maps, it is most similar
to the same region of the Thermus thermophilus
H* ATPase/synthase, where the authors describe a
rather irregular disc, surrounding the central stalk
(Bernal and Stock, 2004). The reconstruction of
the V-ATPase from the fungus Neurospora crassa
(Venzke et al., 2005) is also similar in design, but
there the central stalk is not entirely surrounded
by a disc-shaped density. Instead, a semi-circular
density is attached to one side of the central stalk.
In the previously mentioned reconstruction of the
bovine V-ATPase (Wilkens et al., 2004), rather
than a compact collar-like structure, five individual
peripheral densities were described. With respect
to our 3D map, obtained from low contrast cryo-
electron micrographs, it could be argued that in
the refinement the individual densities could not be
resolved and were instead merged to a continuous
ring. However, in the face of the well resolved edges
of the screw-nut-shaped membrane domain and the
evident asymmetry of the truncated central stalk,
this hypothesis is very unlikely.

2.5 Experimental procedures

2.5.1 Preparations

The bovine brain V-ATPase was purified to a spe-
cific activity of 14-16 umoles P;/(mg-min), as de-
scribed (Xie and Stone, 1986).

2.5.2 Reconstitution of the V-ATPase
into proteoliposomes

The bovine brain V-ATPase was reconstituted
into liposomes, which contain phosphatidyl-
choline (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS) and cholesterol at a weight
ratio of 40:26.5:7.5:26, by the cholate dilution,
freeze-thaw method, as described (Xie et al., 1986)
with some modifications. Liposomes (200 pg) were
added to 1 ug of V-ATPase and were well mixed.
Glycerol, Na-cholate, KCI, and MgCl, were added
to the protein-lipid mixture at final concentrations
of 10% (vol/vol), 1%, 0.15 M and 2.5 mM, respec-
tively. The reconstitution mixture was incubated
at room temperature (RT) for 1 h, frozen in liquid
N> for one min and then thawed at RT. In order
to form tightly sealed proteoliposomes, the recon-
stituted samples had to be diluted at least 20-fold
to decrease the concentration of both detergents,
cholate and C12E9, to a level well below their re-
spective critical micellar concentration. This was
not performed in a separate step but was instead
accomplished during the proton translocation assay
by adding samples into the assay buffer in a cuvette
with a magnetic bar at the bottom, resulting in over
90-fold dilution.

2.5.3 Measurement of proton transloca-
tion

Proton translocation activity of the reconstituted
proteoliposomes was measured using the acridine
orange quenching method (Xie and Stone, 1986)
conducted in a SLM-Aminco DW2C dual wave-
length spectrophotometer and the activity was reg-
istered as AAsgn.540. 16 ul proteoliposomes con-
taining 1 pug of intact V-ATPase were added to
1.5 ml of proton pumping assay buffer that con-
sisted of 20 mM Tricine, pH 7.0, 6.7 uM acridine
orange, 3 mM MgCl,, 150 mM KCI, and 1 M vali-
nomycin. The reaction was initiated by addition of
1.3 mM ATP (pH 7.0) and was stopped by adding
1 uM of 1799, a proton ionophore.

2.5.4 Electron microscopy of negatively
stained samples

3 pl of the protein solution (diluted to 0.03 mg/ml)
was applied to a thin carbon film rendered hy-
drophilic by glow-discharge at low pressure in air,
which was mounted on a 400 mesh copper grid.
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The grid was washed with 6 drops of water and
stained with 2% uranyl acetate. A Philips CM120
microscope operating at 100 kV was used to record
images on Kodak SO-163 film. The micrographs,
recorded at a magnification of 50kx, were developed
8 minutes in Kodak D19 full strength developer.

2.5.5 Cryo-electron microscopy

3 ul of the protein solution (0.3 mg/ml) was ad-
sorbed to a thin carbon film as for negative stain-
ing. The grid was washed with 6 drops of water,
blotted and quick-frozen in liquid ethane. 80% of
the images were taken on Kodak SO-163 film us-
ing a Philips CM200 FEG microscope operating at
200 kV. The negatives were developed 12 minutes
in Kodak D19 full strength developer. 20% of
the images were recorded with the Leginon auto-
mated imaging software (Carragher et al., 2000) on
a TVIPS 4k x 4k CCD camera connected to a Tec-
nai F20 microscope, operating at 120 kV. All the
micrographs were taken under low-dose conditions,
at a magnification of 50kx.

2.5.6 Reference generation from nega-
tive stain images

The negatives were digitized with a Zeiss SCAI
Scanner at a resolution of 1.4 A/px at the spec-
imen level. The resolution was binned to 4.2 A/px.
EMAN boxer (Ludtke et al., 1999) was used to
select 2785 particles from the negatives. For fur-
ther processing, SPIDER (Frank et al., 1996) was
employed. The boxed particles were subjected
to reference-free alignment (Penczek et al., 1992)
and classification by multivariate statistical analy-
sis (Frank and van Heel, 1982; van Heel and Frank,
1981). The first volume was generated from 12
class averages, and was subsequently refined by pro-
jection matching with the 2785 selected particles.
Spherical masks were applied to the refined start-
ing model to generate two truncated 3D maps of
V1 and Vg, both containing overlapping densities
of the central domains of the intact complex.

2.5.7 Image  processing of

micrographs

cryo-

The negatives were digitized with a Heidelberg
Primescan D 7100 drum scanner at a resolution of
2.7 A/px at the specimen level. This corresponds

to the resolution of the TVIPS CCD camera at a
magnification of 50kx. 6496 particles were selected
using EMAN boxer (Ludtke et al., 1999). All the
further processing was done with SPIDER (Frank
et al., 1996). Projections of the refined negative
stain volume, calculated at different angles, served
as references for alignment of the cryo-data set.
The aligned cryo-particles were masked with the
same parameters, shifted to the center of the im-
age, and classified according to their angular orien-
tation in the final 3D map, allowing a maximal de-
viation of + 10 degrees. As a starting model for the
3D reconstruction, the previously obtained negative
stain volumes of V1 and Vo were used. Initially,
6496 masked V1 and Vg particles were used for re-
finement by projection matching. Particles with a
low cross-correlation value relative to the reference
projections were omitted from the reconstruction.
After 120 iterations with increasing angular accu-
racy, two individual volumes of Vi (2879 particles)
and Vo (4547 particles) were obtained. The con-
trast transfer function (CTF) was corrected using a
Wiener filter (Schiske, 1973). The redundant den-
sities of V1 and Vg volumes were aligned by 3D
cross-correlation. The two densities were added in
the correct orientation. For resolution assessment,
Fourier shell correlations (0.5 cutoff) (Saxton and
Baumeister, 1982) of the individual sub-complexes
were calculated. Surface representations were made
with DINO (www.dino3d.org).
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3.1 Abstract

Limited proteolysis, secondary structure and biochemical analyses, mass spectrometry and mass mea-
surements by scanning transmission electron microscopy were combined with cryo-electron microscopy to
generate a 3D model of the homomultimeric complex formed by the outer membrane secretin PulD, an
essential channel-forming component of the type |l secretion system from Klebsiella oxytoca. The com-
plex is a dodecameric structure composed of two rings that sandwich a closed disc. The two rings form
chambers on either side of a central plug that is part of the middle disc. The PulD polypeptide comprises
two major, structurally quite distinct domains, an N domain that forms the walls of one of the chambers
and a trypsin-resistant C domain that contributes to the outer chamber, the central disc and the plug.
The C domain contains a lower proportion of potentially transmembrane ( structure than classical outer
membrane proteins, suggesting that only a small part of it is embedded within the outer membrane. Indeed,
the C domain probably extends well beyond the confines of the outer membrane bilayer, forming a centrally
plugged channel that penetrates both the peptidoglycan on the periplasmic side and the lipopolysaccharide
and capsule layers on the cell surface. The inner chamber is proposed to constitute a docking site for the
secreted exoprotein pullulanase, while the outer chamber could allow displacement of the plug to open the
channel and permit the exoprotein to escape.

3.2 Introduction the Sec (Pugsley et al., 1991) or Tat (Voulhoux

et al., 2001) translocons into the periplasm. They
The widespread Type Il secretion systems (T2SS) are then specifically transported through the
of Gram-negative bacteria allow the secretion of outer membrane by an ATP and proton-motive

hydrolytic enzymes (lipases, amylases) or virulence force-dependent machinery (the secreton) (Letel-
factors, collectively referred to as exoproteins, into lier et al., 1997; Possot et al., 1997) composed
the external medium (Pugsley, 1993; Sandkvist, of 12 to 15 proteins (Pugsley, 1993; Sandkuvist,
2001) These exoproteins are first translocated by 2001) The secreton components include several

T - - _ L integral inner membrane proteins, pseudopilins
M.E.Miiller Institute, Biozentrum, University of Basel, . ith | f imil h
Klingelbergstrasse 50/70, CH-4056 Basel, Switzerland (proteins Wlt_ _StrUCtl_J_ra eatures similar to those
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teur, 25 rue du Dr. Roux, 75724 Paris cedex 15, France integral outer membrane protein called secretin.
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. La_boratowe c_ie Modélisation et Ingénierie des Proteines, Besides their role in protein secretion by the T2SS
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(e.g., Klebsiella oxytoca protein PulD (Hardie
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protein XcpQ (Bitter et al., 1998; Koster et al.,
1997)) and the Type Il secretion system (e.g.,
Yersinia enterocolitica protein YscC (Koster et al.,
1997)), secretins are also required for filamentous
bacteriophage secretion (e.g., bacteriophage f1
protein plV (Linderoth et al., 1996)) and type IV
pilus assembly(e.g., Neisseria meningitidis and P.
aeruginosa PilQ (Bitter et al., 1998; Collins et al.,
2001)).

According to electron microscopy, 12 to 14 iden-
tical secretins form ring-like complexes with an
internal channel (estimated diameters range from
5 nm (PilQ, YscC) to 10 nm (XcpQ) (Bitter et al.,
1998; Brok et al., 1999; Burghout et al., 2004))
large enough to accommodate their substrates
(Bitter et al., 1998; Koster et al., 1997; Linderoth
et al.,, 1997; Nouwen et al., 1999). Negative stain
analysis of PulD (Nouwen et al., 2000) and cryo-
electron microscopy of plV (Opalka et al., 2003)
revealed a central channel plug. Incorporation of
secretins into the Escherichia coli outer membrane
causes neither leakage of periplasmic proteins nor
increased sensitivity to small toxic compounds that
are unable to breach the outer membrane (Guilvout
et al., 1999). Furthermore, PulD, plV, XcpQ and
YscC all form very small conductance channels in
lipid bilayers (Brok et al., 1999; Burghout et al.,
2004; Marciano et al., 2001; Marciano et al., 1999;
Nouwen et al., 1999).

Comparison of secretin sequences led to the
definition of two major domains of approximately
equal length (Guilvout et al., 1999). The predicted
domain organization was confirmed by analysis of
trypsin or proteinase K-resistant domains of PulD
and XcpQ (Brok et al., 1999; Nouwen et al., 2000)
that, in the case of XcpQ, formed channels whose
conductance was similar to that of the intact
protein (Brok et al., 1999). These data prompted
speculation that the well conserved secretin C
domain is anchored in the outer membrane by
10 to 14 potentially transmembrane amphipathic
B strands (Guilvout et al., 1999) characteristic
of other outer membrane proteins (Koebnik et
al., 2000). The N domain, corresponding ap-
proximately to the first half of the protein, is
much less conserved. The Erwinia chrysanthemi
exoprotein pectate lyase binds to this region of its
cognate secretin, OutD, indicating that it might
carry a specific exoprotein recognition determinant
(Shevchik et al., 1997). A third secretin domain
sometimes present downstream from the C domain
(the S domain), interacts with a protein (pilotin)

that facilitates secretin targeting to the outer
membrane (Daefler et al., 1997a; Daefler et al.,
1997b; Lario et al., 2005; Shevchik and Condem-
ine, 1998).

The three dimensional (3D) structures of
detergent-solubilized secretins plV and N. menin-
gitidis PilQ were determined by cryo-electron
microscopy to resolutions of 18 and 12 A respec-
tively. The plV complex is approximately 13.5 nm
in diameter and 12 nm deep, and comprises three
stacked rings with two large chambers separated by
a central protein mass (Opalka et al., 2003). The
C- and N domains, identified by labeling specific
cysteine residues with nanogold particles, are on
opposite rings (Opalka et al., 2003). In contrast,
PilQ complexes have a cone-like structure that is
closed at the tip (Collins et al., 2001; Collins et
al., 2003; Collins et al., 2004b). Individual secretin
subunits were not resolved in either structure, but
symmetries of 14 (plV) and 12 (PilQ) were inferred
from analysis of the rotational power spectrum
(Opalka et al., 2003) and from regular patterns of
stain accumulation visible in the reconstituted 3D
image (Collins et al., 2003; Collins et al., 2004a),
respectively.

The pullulanase T2SS of K. oxytoca is one of
the most extensively studied secretons and has
been completely reconstituted in E. coli. A low
resolution 3D structure of a purified complex of
the pullulanase T2SS secretin PulD and its pilotin,
PulS, revealed a cylindrical complex with 12-fold
symmetry and a central open channel of about
7 nm encircled by radial spokes that we originally
presumed to be the pilotin, which is absent from
plV and PilQ (Nouwen et al., 1999). Here, we
report refined biochemical and structural analyses
of intact and proteolysed PulD multimers.

3.3 Results

3.3.1 Purification and proteolysis of in-
tact his-tagged secretin multimers

The PulD-PulS complex reported previously by
Nouwen et al. (Nouwen et al., 1999) precipitated
from ZW3-14 solutions at low temperature and
at low salt concentrations, which hampered high-
resolution cryo-electron microscopy analysis. To
circumvent this problem, we dissociated PulS from
PulD without denaturing the latter. To facilitate
the purification of PulD alone, a hexahistidine tag
was inserted in the S domain of PulD at position
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Figure 3.1: Mass measurement of intact and proteolysed PulDhis. (A) Coomassie blue stained SDS-PAGE of purified
secretin complexes. PulD-PulShis or PulDhis-PulS were purified from E. coli outer membranes. TCEP was added before
size exclusion chromatography on S300HR and concentration on Q Sepharose. Samples were treated with phenol before
solubilization in sample buffer in order to completely dissociate the complex. (B) Intact or trypsin proteolysed PulDhis
complexes were subjected to size exclusion chromatography on a calibrated Sephacryl S300HR column in 50 mM Tris-HCl,
250 mM NaCl and 0.6% ZW3-14. (C) STEM mass analysis. The histograms show the mass distributions for the intact and
proteolysed PulDhis complexes. The Gaussian is at 919 & 109 kDa (n = 1872, SE = 2.5 kDa, overall uncertainty = 46 kDa)
for intact PulDhis (left) and at 537 + 64 kDa (n = 3906, SE = 1.0 kDa, overall uncertainty = 27 kDa) after trypsin treatment
(right). The higher masses on the latter histogram arise from the occasional association of two complexes (see Figure 3.5B).

635 (i.e., in the S domain; see Figure 3.3). The cause PulS to dissociate. Reduction of the disul-

tagged protein, PulDhis, restored pullulanase se-
cretion in a strain lacking PulD but producing all
other secreton components (Experimental proce-
dures). When produced at high levels together with
PulS, PulDhis was readily solubilized from mem-
branes in ZW3-14 and was purified as a high mole-
cular mass complex by cobalt and anion exchange
chromatography (Experimental procedures). PulS
co-eluted with PulDhis but at a stoichiometry of
only 0.1:1 (Figure 3.1A), compared to approxi-
mately 1:1 for PulS+PulD (Nouwen et al., 1999)
or PulShis+PulD (Figure 3.1A), showing that the
his tag in the S domain PulD did not prevent it
from inserting into the outer membrane but might

fide bridge in PulS (Pugsley et al., 2001) by Tris-
[2-carboxyethylphosphine]hydrochloride completely
dissociated the remaining PulS from the purified
PulDhis complex (Figure 3.1A).

The purified PulD complex and the complex re-
maining after limited trypsin proteolysis (Experi-
mental procedures) were subjected to size exclusion
chromatography (Figure 3.1B). The intact complex
eluted at 46 ml, corresponding to a Stokes radius of
>12 nm. This is exactly the same elution volume
as that of PulD-PulShis or PulD-PulS complexes
(data not shown), indicating that the removal of
PulS does not drastically modify the shape of the
complex. In contrast, the protease-resistant com-
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plex eluted at 52 ml, indicating a Stokes radius of
~9 nm.

STEM mass analysis (Figure 3.1C; left histogram)
showed the intact PulDhis complex to have a mass
of 919 kDa (£109 kDa). Previous studies of PulD-
PulS revealed a stoichiometry of 12 (Nouwen et al.,
2000). Assuming that this stoichiometry is unal-
tered by the removal of PulS and the insertion of a
his tag (see below), the PulDhis complex comprises
12 of the 68.745 kDa monomers with a total mass
of 825 kDa, the remaining 94 kDa being bound
detergent. This is in good agreement with the ear-
lier experiments on purified PulD-PulS complexes,
in which the detergent contribution was estimated
to be 56 kDa (Nouwen et al., 2000), and with the
amount of detergent (75 £+ 20 kDa) expected to
bind to the hydrophobic surface of the PulD ho-
momultimer (112 nm? for a 12 nm diameter (see
below), 3 nm thick (Boulanger et al., 1996) hy-
drophobic belt). STEM analysis showed the mass
of the proteolysed complex to be 537 kDa (+ 64
kDa; Figure 3.1C; right histogram; see below).

To verify the stoichiometry, both complexes were
freeze-etched, metal shadowed and observed by
transmission electron microscopy. As expected, the
complexes appeared as ring like structures when
viewed end-on (Figure 3.2A). Individual protomers
were sometimes visible for the proteolysed complex
(Figure 3.2B) but not for the intact complex (data
not shown), possibly because flexible loops aver-
aged out the signal in the latter. The projection
average obtained upon single particle analysis of
the metal shadowed proteolysed complex has a pro-
nounced 12-fold symmetry (Figure 3.2C), confirm-
ing that the stoichiometry of the complex is not
modified by removal of PulS and proteolysis.

3.3.2 Polypeptide composition of
proteolysed PulDhis

The polypeptide composition of the trypsin-
resistant PulDhis multimers was determined by
SDS-PAGE, mass spectrometry and Edman degra-
dation analyses. A single band with an apparent
molecular size of 40 kDa was observed after Tris-
Tricine SDS-PAGE (Figure 3.3A). Successive cycles
of Edman degradation indicated that this polypep-
tide started with QAAK, corresponding to residues
298 to 301 of PulDhis.

Mass spectrometry of proteolysed PulDhis com-
plexes revealed the presence of molecular species
with masses of 3950 Da and 33797 Da (F1 and F2,

Figure 3.2: Single particle analysis of top-views im-
aged from rotary metal-shadowed trypsin-resistant PulD-
his complexes. (A) Overview of rotary metal-shadowed sam-
ple. (B) Average of metal-shadowed top views. (C) The ro-
tational power spectrum of a characteristic average indicates
the prevailing 12-fold symmetry. The strong 4th harmonic
supports an oligomeric state of twelve. Scale bar for (A) is
40nm, for (B) is 10nm.

respectively) (Figure 3.3A). No other peaks were
detected, indicating complete homogeneity. F2 cor-
responds to the 40 kDa band seen on SDS-PAGE
and thus comprises residues 298 to 617 of PulD-
his (calculated mass, 33783 Da). A genetically en-
gineered truncated PulD protein corresponding to
residues 298 to 616 of PulDhis also migrated more
slowly than expected during SDS-PAGE (data not
shown). To identify F1, which was not detected
by Tris-Tricine SDS-PAGE, the proteolysed complex
was dissociated with phenol (Hardie et al., 1996a)
and analyzed by HPLC on a C18 column. Several
peptides were detected, recovered and submitted
to Edman degradation and mass spectrometry. All
of them had a mass of 3950 Da and began with
QQAT, corresponding to residues 262 to 265 of
PulDhis. The reason why these identical peptides
eluted in several peaks from the C18 column is un-
known. From the precise mass of the fragment,
we unambiguously identified F1 as residues 262 to
297 of PulDhis (calculated mass, 3936 Da). Thus,
trypsin removes regions from both the N- and C-
termini of PulDhis, leaving a nicked core structure
corresponding to residues 262 to 617 (Figure 3.3B).
This protease-resistant region, which is called the
C domain, is highly conserved in all secretins and
comprises the third of three CD1 modules and the
CD2 module (see Figure 3.3B for explanation). The
C domain corresponds to the 3 domain defined pre-



3.3. Results

29

viously (Nouwen et al., 2000) plus peptide F1.
According to mass spectrometry, only F1 among
the peptides cleaved off by trypsin remained as-
sociated with the trypsin-resistant PulDhis com-
plex. Therefore, the latter has a mass of 452.6 kDa
(12x[33783+4-3936]), indicating that 46% of the
mass of the secretin is removed by proteolysis. Like-
wise, the STEM data indicate a mass of 537 kDa
for the proteolysed complex (Figure 3.1C; right
histogram). The difference of 84 kDa between
the value determined by STEM and that calcu-
lated from the mass spectrometry data represents
the amount of bound detergent, which is very
close to that associated with the intact complex
(see above). This is entirely consistent with the
fact that the C domain includes the membrane-
integrated part of the complex, which is presum-
ably where the majority of the detergent binds (see
Discussion).

3.3.3 Secondary structure of PulDhis

Circular dichroism was used to determine the
secondary structure of the trypsin resistant C
domain of PulDhis (262 to 617). The proteolysed
complex was dialyzed to replace NaCl by NaF
so that a reliable signal could be recorded down
to a wavelength of 190 nm. As shown in Figure
3.4, the spectrum displays a single minimum
at 218 nm.  Deconvolution of this spectrum
using the CONTIN program on the Dichroweb
site (http://www.cryst.bbk.ac.uk/cdweb/html/
home.html) (Lobley et al., 2002; Whitmore
and Wallace, 2004) indicated that 27% of the
polypeptide is ( structure. The reconstructed
spectrum could be perfectly superimposed on the
experimental data (not shown). The presence of
[ strands is not surprising, since the proteolysed
complex is predicted to contain the transmembrane
domain, but the value of 27% is low compared to
other bacterial integral outer membrane proteins,
suggesting that a large part of the C domain is not
organized in a classical outer membrane (3 barrel
structure and, therefore, is probably not embedded
in the membrane.

We engineered a plasmid coding for the trypsin
cleaved N domain of PulD (residues 28 to 266)
and an N-terminal polyhistidine tag. This domain
was soluble and was easily purified to homogeneity
by cobalt affinity chromatography (data not
shown). It eluted as a single symmetrical peak
corresponding to the monomeric form of the

protein upon size exclusion chromatography (data
not shown). The CD spectrum of this N domain
was substantially different from that of the trypsin
resistant C domain, with minima at 208 and 222
nm typical of « helixes (Figure 3.4). The observed
difference in the CD spectra of the isolated N- and
C domains of PulD clearly indicates the radically
different organization of the polypeptide chain in
these two regions, confirming that they are two
structurally distinct domains.

As noted above, intact PulDhis complexes are
very sensitive to NaCl concentration and we could
not completely replace NaCl by NaF without
precipitating the protein. Thus, we could only
record a reliable CD spectrum between 200 and
250 nm and it was not possible to deconvolute
this spectrum. However, the spectrum of PulD
secretin and the calculated sum of the isolated N-
and C domain spectra could be almost perfectly
superimposed.  Accordingly, the spectra of the
isolated N- and C domains reflect their secondary
structure in the native protein.

3.3.4 Cryo-electron microscopy of intact
and proteolysed PulDhis

When frozen for cryo-electron microscopy, mem-
brane proteins, and in particular secretin complexes,
tend to cluster at the edge of the grid holes. To
avoid this problem, intact and trypsin-proteolysed
PulDhis complexes were adsorbed onto thin car-
bon films prior to freezing. Both PulDhis and the
trypsin-resistant complexes mainly oriented end-on,
appearing as ring-like structures with a large cen-
tral density (Figure 3.5). PulDhis also sometimes
oriented on its side, revealing a 'cup and saucer’
structure (Figure 3.5A) similar to that observed
previously upon negative staining (Nouwen et al.,
2000). Occasional side-views dimeric complexes in-
teracting via their saucer side were also observed.
Trypsin-proteolysed PulDhis complexes were rarely
seen in side-views unless the sample had been left
at room temperature before analysis. These side-
views were almost always dimers in which the two
complexes were associated on their cup side (Figure
3.5B), indicating that the physico-chemical proper-
ties of this part of the complex are modified by
proteolysis.

A striking common feature of native and trypsin-
resistant PulDhis top-views is a sharp ring-shaped
density at the edge of the projected cylinder (arrow-
heads in Figure 3.5 insets). The diameter of this
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Figure 3.3: Domain structure of PulDhis revealed by analysis of protease-generated fragments. (A) Intact and trypsin
proteolysed PulDhis recovered from S300HR chromatography were examined by Tris-Tricine-buffered SDS-PAGE after phenol
treatment. Proteins were stained with Coomassie blue. No additional bands were detected when proteins were stained with
silver. In parallel, the samples were also submitted to mass spectrometry. Two peaks, F1 and F2, corresponding to 3950 and
33797 Da were detected for trypsin proteolysed PulDhis. No signal could be detected with the intact protein. (B) Linear
representation of PulDhis sequence is given to localize the trypsin-resistant fragments F1 and F2. PulD-N, PulD-C and PulD-S
domains are indicated on the basis of the present proteolysis study. The PulD-C domain includes the CD2 very conserved
domain (previously named secretin C-domain) and one CD1 module.

sharp ring of density, 11.9 nm, is the same as the
distance between the fine structures that connect
the cup and saucer (marked by arrow-heads in the
side-view averages shown in Figure 3.5 insets). In
addition, native PulDhis complexes possess distinct
peripheral densities with a 12-fold rotational sym-
metry (Figure 3.5A inset). These peripheral den-
sities are missing from proteolysed PulDhis com-
plexes (Figure 3.5B inset). In agreement with these
observations, peripheral structures were clearly visi-
ble on some of the negatively stained PulDhis com-
plexes imaged by STEM but were not detected
on proteolysed samples (Supplementary Figures 3.7
and 3.8).

More than 6000 intact PulDhis complexes were se-

lected interactively from the micrographs recorded
by cryo-electron microscopy, reference-free aligned,
classified and averaged (see Experimental proce-
dures). Characteristic top- and side-view class av-
erages are shown in the insets of Figure 3.5A. The
images classified as side views were employed to
generate an initial 3D volume, imposing C12 sym-
metry. Refinement cycles using projection match-
ing of the selected particles with an increasing
number of calculated reference projections were re-
peated until the 3D map did not improve further
(Figure 3.6A,B). The resolution of the generated
map was estimated to 1.7 nm from the Fourier shell
correlation function using a cutoff of 0.5.

Class averages of a total of nearly 3300 top-views
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Figure 3.4: Circular dichroism spectra of PulDhis, PulD-N and PulD-C. PulD-C is the trypsin resistant domain of
PulDhis. PulD-N is a purified polypeptide corresponding to the N terminal half of PulDhis that was cleaved off by proteolysis.
The calculated sum of PulD-C and PulD-N CD spectra was superimposed on the CD spectrum of full length PulDhis.

Figure 3.5: Cryo-electron microscopy of the intact and digested PulDhis complexes. Overview images of frozen hydrated
samples of the intact (A) and trypsin-resistant (B) PulDhis complexes. The insets show characteristic class averages of the
native (2489 top-views and 1284 side-views) and proteolysed (3276 top-views 1453 side-views) complexes viewed along the
central axis or from the side, the latter revealing the cup and saucer shape (inverted) of the complex. Arrowheads on the side-
view averages mark the connections between cup and saucer, which correspond to the sharp rings detected for the top-views.
The protruding densities seen in intact PulD are not present after proteolysis. Due to lack of single side-views of the digested
complex, only class averages of dimers are shown. The scale bar in the overview corresponds to 50 nm, the scale bar in the
small window to 5 nm.
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and 1500 side-views of the complex dimer were sim-
ilarly calculated for the proteolysed PulDhis com-
plex. The inset of Figure 3.5B displays a typical
top- and side-view class average. As only approx-
imately 100 side-views of the complex monomer
could be found, the 3D map of the proteolysed
secretin was computed as the volume of the com-
plex dimer, applying a D12 symmetry, and refined
as above. The two reconstructed complexes were
then separated and merged (see Experimental pro-
cedures). The resolution of the final reconstruction
(Figure 3.6A,D) could not be reliably determined
because the volume was composed from side-views
of dimers.

The models of the intact (mesh) and trypsin-
resistant (blue) PulDhis complexes are superim-
posed in Figure 3.6A. The corresponding tilted
complexes are displayed in Figures 3.6B and 3.6D.
Both the intact and the proteolysed PulD com-
plexes are cylinders with external and maximal in-
ternal diameters of around 12 nm and 9 nm, re-
sptively (Table 3.1). The outer contours of the
three stacked rings give the two structures a cup
and saucer appearance (shown in upside-down ori-
entation in Figure 3.6), one of the three rings being
the saucer and the other two, the cup. Connections
between saucer and cup are not visible at the cur-
rent resolution of 1.7 nm, although they are visible
on class averages of negatively stained side-views
(Nouwen et al., 2000) and on unstained top- and
side views (arrowheads in Figure 3.5). While the
saucer has a central hole, a plug occludes the saucer
end of the chamber formed by the cup. Almost
all of these features are smaller after trypsin treat-
ment (Table 3.1), the reduction in the height of
the cup from 6.4 to 4 nm being the largest change.
This means that trypsin removes the outer ring of
the cup, which must therefore be formed by the N-
terminal domain of PulDhis, the larger of the two
domains that are cleaved off (Figure 3.2). Since
the saucer is also shallower in the trypsin-resistant
complex, the overall height of the structure de-
creases from 10.9 to 8 nm. These data suggest
that the major contribution to the mass of the plug
and the saucer is made by the C domain. The di-
ameter of the saucer also decreases from 17.9 nm
to 14.3 nm upon proteolysis through removal of
the spoke-like densities. In addition, the peripheral
densities that surround the native PulDhis cup dis-
appear completely upon proteolysis. Projections of
the 3D maps of the native and the trypsin-resistant
PulDhis along the cylinder axis (Figures 3.6C and

3.6E, respectively) facilitate visualization of these
differences.

Figure 3.6: Calculated volumes and back-projections
of intact and protease-resistant PulDhis complexes. (A)
Superposition of the 3D reconstruction of the intact com-
plex (white mesh) and of the digested fragment (blue). The
horizontal lines represent the outer limits of the lipopolysac-
charide/phospholipid outer membrane (approximately 4.5 nm
wide). (B) Perspective view of the native PulD complex and
(C) the corresponding axial back-projection of the 3D map.
(D) Perspective view and (E) axial back-projection of trypsin-
resistant PulD complexes. All scale bars correspond to 5 nm,
and B-E are displayed at the same magnification.

3.4 Discussion

The model we propose here for the secretin
PulD complex is based on biochemical analysis, and
cryo-electron microscopy of particles adsorbed from
zwitterionic detergent solution onto carbon films.
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Domain Feature measured Native (nm) Trypsin-resistant (nm)
Saucer Outer diameter incl. spokes 17.9
Outer diameter excl. spokes 13.7 14.3
Inner diameter 5.9 6.9
Height 3.0 25
Cup Outer diameter incl. satellites 18.3
Outer diameter excl. satellites 12.8 12.2
Outer diameter at periplasmic end 11.1
Inner diameter cavity max. 8.9 8.9
Inner diameter at periplasmic end 5.4 7.7
Height at side 6.4 4.0
Height center incl. plug 7.1
Plug Width 6.5 4.9
Height 2.6 23
Satellites Width 1.4
Height 2.9
Complex Total height 10.9 8.0
Space between cup and saucer 1.1 1.8

Table 3.1: Dimensions of native and trypsin-resistant PulD complexes.

Supplementary Figure.

OR

Figure 3.7:
stained intact PulD complexes imaged by annular dark-
field scanning transmission electron microscopy (STEM).
Side-views exhibit the characteristic cup and saucer shape,
while distinct but disordered peripheral densities are visible

Negatively

in the top-views. Scale bar represents 10 nm.
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Figure 3.8: Supplementary Figure.  Negatively
stained trypsin-resistant C domain PulD complexes im-
aged by STEM. Side-views most are mostly dimers of com-
plexes stacked cup-to-cup. Peripheral densities are not visible
in the top-views. Scale bar represents 10 nm.
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The outer contours give the structure the appear-
ance of a cup and saucer. The essential features
of the model are two rings that form large cham-
bers on either side of the complex and a central
disc sandwiched between them, including the plug
that occludes the channel. This is in good agree-
ment with the model proposed earlier based on im-
ages recorded from negatively stained PulD-PulS
complexes (Nouwen et al., 2000). The changes
caused by proteolysis indicate that the N-terminal

domain of PulDhis forms the outer ring of the cup
while the C domain forms most of the plug and
the saucer with its outer chamber. The overall fea-
tures of the model are remarkably similar to those
proposed for the quite distantly-related bacterio-
phage fl-encoded secretin plV in the non-ionic de-
tergent Triton X-100 (Opalka et al., 2003) and
for Salmonella enterica secretin InvG in purified
Type Il secretion needle complexes (Marlovits et
al., 2004). The major difference between the mod-
els proposed for PulD and plV is that the former
is clearly dodecameric, whereas plV is a tetrade-
camer (Linderoth et al., 1997; Opalka et al., 2003).
STEM analysis gave a mass of 919 kDa for the
native PulDhis complex, including the detergent
present, thereby exluding the presence of 14 sub-
units, for which the calculated mass is 962 kDa.
Moreover, the PulD complex is highly unlikely to
contain 13 subunits like YscC (Burghout et al.,
2004), since the detergent contribution would then
only be about 25 kDa, which is incompatible with
the dimensions of the hydrophobic belt (Boulanger
et al., 1996). Changes in stoichiometry might have
occurred during the evolution of the secretin super-
family to permit the transport of differently struc-
tured macromolecules (bacteriophage, pseudopili or
folded exoproteins). Only relatively small changes
in subunit dimensions and packing would be re-
quired to accommodate a change from 12 to 14
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secretin subunits (or vice-versa). A similar scenario
was recently proposed to explain the variations in
dimensions of TatA complexes isolated from the
E. coli (Gohlke et al., 2005). These complexes
apparently form the channel through which spe-
cific folded proteins of varying sizes are translocated
across the inner membrane. The TatA complexes
might acquire or release protomers to adapt to par-
ticular substrates or might exist as a mixed popula-
tion to enable the entire range of substrates to be
accommodated. As with secretins, the number of
protomers in the TatA complex is probably so high
that addition or subtraction of a small number of
TatA monomers would involve minimal distortion
of the entire complex.

The apparent structural similarity of the InvG, plV
and PulD complexes makes it all the more remark-
able that the structure proposed for N. meningitidis
PilQ secretin complex is so different (Collins et al.,
2004b). Initial electron microscopy of negatively-
stained PilQ extracted in deoxycholate that was
then replaced by SDS (Collins et al., 2001) or
zwitterionic detergent 3-10 (Collins et al., 2003)
indicated a ring-like structure similar to that of
other secretins in SDS (Collins et al., 2001) and
with peripheral densities similar to those of PulD
in zwitterionic detergent (Nouwen et al., 1999;
Nouwen et al., 2000). However, class averages
of side-views of deoxycholate-extracted PilQ com-
plexes dissolved in zwitterionic detergent 3-10 and
examined by cryo-electron microscopy after nega-
tive staining with ammonium molybdate, revealed
that the central density corresponds to the closed
aperture at the tip of a cone-like structure (Collins
et al., 2004b), rather than the central plug observed
for plV (Opalka et al., 2003) and PulD (this study)
or the septum of InvG (Marlovits et al., 2004).
The closed aperture in PilQ appears to be the site
to which the type IV pilus binds (Collins et al.,
2005). Although it is not inconceivable that differ-
ent secretins might assemble into different struc-
tures, we note that the primary sequences of PulD
and PilQ are more closely related than are those
of PulD and plV. In addition, although normally
dedicated to pullulanase secretion, PulD can per-
form the same function as PilQ, i.e., the assembly
of surface pili (Sauvonnet et al., 2000; Vignon et
al., 2003) including a pilus normally produced by
Neisseria (Kohler et al., 2004).

The central plug is a major, newly defined feature of
the PulD complex (Figure 3.6). The plug was not
apparent in the previous 3D model (Nouwen et al.,

1999) but was observed on later, negatively stained
samples (Nouwen et al., 2000). Its presence is con-
sistent with the failure of PulD to form constitu-
tively open channels (Guilvout et al., 1999; Nouwen
et al., 1999). The fact the major contribution to the
mass of the plug is made by the C domain, and not
by the N domain as originally proposed (Nouwen
et al., 2000), explains why the low electrical con-
ductance of the PulD homologue XcpQ in artificial
planar bilayers does not increase when the N do-
main is removed by proteolysis (Brok et al., 1999).
In addition, mutations in secretin structural genes
that alter the permeability of the outer membrane
invariably map to the region encoding the C domain
(Chen et al., 2004; Marciano et al., 2001; Marciano
et al., 1999; Zhao et al., 2005). Fine connections
presumably anchor the central plug to the perimeter
of the cup in proteolysed PulD complex. Our failure
to visualize the plug in the previous model (Nouwen
et al., 1999) might be explained by differences in
preparation and analytical methods. It is worth
noting that the mechanism by which the secretin
channel is occluded is completely different from
that used to prevent the uncontrolled movement of
solutes through TonB-dependent outer membrane
transporters, where the N-domain constitutes the
plug (Ferguson et al., 1998).

The structural changes caused by proteolysis allow
the membrane orientation of the PulD complex to
be predicted. The N domain, corresponding mostly
to rim of the cup that disappears upon proteolysis,
must face the periplasm to perform its proposed
function in exoprotein recognition (Shevchik et al.,
1997). The location of this domain at one end
of the secretin is in line with gold labeling experi-
ments performed with plV (Opalka et al., 2003).
The secretin N domain forms the outer part of
a large chamber into which macromolecules (e.g.,
exoproteins or filamentous bacteriophages) might
insert before they are transported across the outer
membrane. Exoprotein docking to this site might
cause displacement of the plug to create a con-
tinuous channel that would remain blocked by the
exoprotein during its translocation. Assembly of
pseudopilins into a pseudopilus that reaches the cup
of the secretin might provide the driving force to ex-
pel the exoprotein from the inner chamber (Kohler
et al., 2004; Vignon et al., 2003). Exoprotein re-
lease and pseudopilus retraction would allow the
plug to reform and the channel to close. A similar
model explains the opening of InvG secretin channel
to allow the assembly of the type Il secretion sys-
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tem needle, except that the septum does not close
again once it is opened (Marlovits et al., 2004).
Another striking feature of both PulD complexes
that is clearly seen on specific class averages of top-
views is a sharp but faint ring-shaped density at the
periphery of the cylinder (marked by arrowheads in
Figure 3.5, insets). This corresponds to the fine
connections present between cup and saucer in side-
views, but is not seen in the final 3D map (Figure
3.6). Their absence in the latter is explained by the
limited resolution of the 3D map (1.7 nm), which
results from using all projections to reconstruct the
volume, rather than considering specific top- and
side views only. Bound detergent, not visible on the
images (the ZW3-14 detergent used has a density
close to 1 (Ariel Lustig, personal communication),
could explain why this region was not proteolysed.
Accordingly, these fine connections could reflect the
( barrel inferred from CD spectra and indicate the
position of the lipid bilayer. Indeed, a small number
of 3 strands from each monomer would suffice to
form a large ring structure, as in the integral outer
membrane region of the E. coli protein TolC trimers
(Koronakis et al., 2000) or the Mycobacterium tu-
berculosis outer membrane porin MspA (Faller et
al., 2004).

If the § strands are indeed located in between the
cup and saucer parts of the structure, some of the
saucer (~1.5 nm, see Figure 3.6A) would be on the
outside of the outer membrane, possibly even reach-
ing beyond the lipopolysaccharide and other outer
layers of the cell. The disc and outer ring of the
cup would extend =5 nm into the periplasm, which
would leave sufficient space for exoproteins to enter
its inner chamber. An alternative model where the
ring corresponding to the saucer is fully embedded
in the outer membrane, with little structure exposed
on the cell surface, as proposed for plV (Opalka
et al., 2003) is inconsistent with the relatively low
amount of 3 strand secondary structure in the C
domain of PulD (27%). It would also be inconsis-
tent with irregular outer wall of the saucer (note the
lateral projections in Figure 3.6), around which the
outer membrane lipids would not fit snugly. Fur-
thermore, this model would imply that the rest of
the structure extends through the periplasm almost
to the inner membrane, which might make it diffi-
cult for exoproteins to access the inner chamber.
Peripheral protein mass first observed in PulD-PulS
complexes (Nouwen et al., 1999; Nouwen et al.,
2000) imaged by negative staining and by cryo-
electron microscopy was proposed to represent PulS

bound to the periphery of the PulD complex be-
cause it was almost completely absent from top-
views of negatively stained, trypsin-digested PulD-
PulS particles (which lack PulS and the S domain
of PulD, as well as the N domain) (Nouwen et al.,
2000). However, as shown by Figures 3.5 and 3.6,
similar peripheral objects (termed peripheral densi-
ties) are also associated with native PulDhis com-
plexes without PulS. Thus, the earlier assignment
was not quite correct; the peripheral densities do
not correspond solely to PulS, as proposed, but
must also contain a small amount of PulD. Both
the spokes of the saucer and the peripheral densi-
ties disappear upon trypsin treatment (Figures 3.5B
and 3.6E) and are not visible on top-views of nega-
tively stained particles of trypsin-resistant PulDhis
observed by STEM (Supplementary Figures 3.7 and
3.8). Since the larger cleaved domain must corre-
spond to the N-terminal region (see above), the
peripheral densities could be the S domains, which
would be compatible with a mass loss of ~6 kDa
(Figure 3.3), and would place them close to the
periplasmic face of the outer membrane, in which
PulS is probably anchored by its fatty acids (Hardie
et al., 1996a; Hardie et al., 1996b).

The data and refined model presented here indi-
cate that the trypsin-resistant C domain is a sub-
stantial part of the periplasmic structure of the se-
cretin complex. It could form a basic core struc-
ture required for stable multimerization and in-
teraction with other envelope components such
as lipopolysaccharide and peptidoglycan.  This
leads us to propose that the C domain, which
is more highly conserved throughout the secretin
superfamily than the N domain, is a scaffold onto
which different functions have been grafted through
evolution of the N domain. In the case of the
T2SS secretin family, these functions could include
interactions with the exoproteins (Shevchik et al.,
1997), with the pseudopilus (Lee et al., 2005) and
with other secreton components such as PulC or
its homologues (Baichwal et al., 1993; Bleves et
al., 1999; Lee et al., 2005; Possot et al., 1999).
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Plasmid Antibiotic resistance ~ Vector

Cloned gene(s), mutation

lacZp control  Reference

pCHAP1226  Ap/Km pBR322

pCHAP3516 Km
pCHAP3635 Cm

pBGS18  pulD
pSU18  pulD

pCHAP3676 Km pBGS18 pulDhis
pCHAP3678 Cm pSU18 pulDhis
pCHAP3702 Ap pET-15b  pulD-N
pCHAP585 Ap pUC19 pulS
pCHAP580 Cm pSU19 pulS
pCHAP5506 Ap pUC19 pulShis

pCHAP231 ApulD pulB::kanl -

d'Enfert et al., 1987
Possot et al., 2000

+ Shevchik et al., 1998
+ Guilvout et al., 1999
+ This study
+ This study
- This study
+ Guilvout et al., 1999
+ Guilvout et al., 1999
+ This study

Table 3.2: Plasmids. Km kanamycin; Cm chloramphenicol; Ap ampicillin

3.5 Experimental procedures

3.5.1 Bacterial strains and growth condi-
tions

The E. coli strains PAP105 (A(lac-pro) F'(lacl9*
proABT Tn10) and XL1-Blue (AlacZM15 recAl
endAl gyrA96 thi hsdR17 gInV44 relA1 F'(lacl!
proAB™ Tn10) were used for recombinant DNA
work. E. coli strain BL21(DE3) (F* ompT hsdSg
gal decm) was used to produce the PulD N domain.
The principal characteristics of the plasmids used
in this study are summarized in Table 3.2. Bac-
teria were grown at 30°C in Luria-Bertani (LB)
medium (Miller, 1992) containing chloramphenicol
(25 pg/ml), ampicillin (100 ug/ml, except where
noted) or kanamycin (50 ug/ml).

3.5.2 Construction of PulDhis and Pul-
Shis

To create PulDhis, a his linker made by an-
nealing oligonucleotides 5-GATCCATCACCAT-
CACCATCACGC-3' and 5'-GATCGCGTGATGGT-
GATGGTGATG-3' was introduced into the Bglll
site in pulD carried by pCHAP3516 (Daefler et al.,
1997a). The resulting plasmid was digested with
EcoRI and Hindlll and the fragment corresponding
to pulDhis was ligated into pSU18 (Bartolomé
et al.,, 1991) and cleaved by the same enzymes
to create pCHAP3678. The ability of PulDhis to
replace PulD was tested in a pullulanase enzymatic
assay (Michaelis et al., 1985) using strain PAP105
carrying pCHAP1226 (encoding all Pul secretion
factors except PulD (Possot et al., 2000)). Bac-
teria were grown in LB medium buffered with
10% M63 salts solution (Miller, 1992) and 0.4%
maltose to induce expression of genes encoding

pullulanase secretion factors. pCHAP3678 restored
secretion to 83% of the wild-type level.

PulShis was constructed by amplifying pulS
using pCHAP585 template DNA (Guilvout
et al., 1999) and reverse M13 sequenc-
ing primer and the primer 5-ATCGAAGCT-
TTTAGTGATGGTGATGGTGATGGTGATGTTT-
ATTGTCGCGCAGGC-3', which inserts codons
for 8 histidines at the 3’ end of the amplicon.
The amplicon was digested with Hindlll and
inserted in pSU19 (Bartolomé et al., 1991) to
generate pCHAPb5506. The sequence of the entire
gene was confirmed by sequencing. The ability
of PulShis to replace PulS was tested as above
in strain PAP7500S (A(/ac-argF)U169 araD139
relAl rpsL150 AmalE444 malG501 F'(lacl9t pro™
Tn10) malP::(pulS::Tn5 pulA-pulB pulC-pulO)
into which pCHAP5506 was introduced. PulShis
restored secretion to 100% of the wild-type level.

3.5.3 Construction and purification of
PulD-N

To construct a plasmid encoding the N-domain
of PulD, primers 5-AGCTGCCATATGGAAG-
AGTTTTCCGCCAGCTTC-3" and 5'-TACGGCGG-
ATCCTACTGGGTCGCCTGCTGGCGGTCGAGCT-
3" were used to PCR amplify the corresponding
DNA from pCHAP3635 (Guilvout et al., 1999)
template DNA. The amplicon was digested by
Ndel and BamHI at sites introduced by the
oligonucleotides and cloned downstream from the
T7-derived promoter in-frame with DNA encoding
the N-terminal histidine tag and the thrombin
proteolysis site in pET-15b (Novagen) cleaved with
the same restriction enzymes. The pulD-N frag-
ment in the resulting plasmid, pCHAP3702, was
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sequenced to confirm the absence of mutations.
Strain BL21(DE3) (pCHAP3702) was grown
overnight in LB medium and then diluted 1/10 into
fresh medium with 200 pg/ml ampicillin. When the
ODeggo reached 0.6, the T7 RNA polymerase gene
transcribed from the lacUV5 promoter was induced
by addition of isopropyl-3-D-galactopyranoside
(IPTG) to a final concentration of 0.25 mM
and incubated for a further 3 hours. The cells
were then harvested and resuspended in 50 mM
Tris-HCI (pH 8) containing 250 mM NaCl and
0.2 mg/ml Pefablock. Cells were disrupted in a
French pressure cell (Nouwen et al., 1999). Soluble
proteins, including most of the PulD N-domain
produced, were separated from unbroken cells and
inclusion bodies by 2 successive centrifugations
(10 min, 15000g) and subjected to cobalt affinity
chromatography as above except that the buffer
did not contain detergent. After washing with
30 volumes of buffer, the bound N-domain of
PulD was eluted with 300 mM imidazole and
further purified on a Sephacryl S300HR column
equilibrated in 50 mM Tris-HCI, pH 8.5, 250 mM
NaCl. The protein eluted from the column as
a single major peak that had almost the same
elution volume as carbonic anhydrase (29 kDa).
Antibodies directed against PulD recognized the
protein in this peak.

3.5.4 Purification of secretins

Outer membranes were isolated from PAP105
(pCHAP3516/pCHAP5506) and PAP105 (pCHAP-
3678/pCHAP585) producing PulD and PulShis or
PulDhis and PulS, respectively as described pre-
viously (Nouwen et al., 1999). Membrane pro-
teins were solubilized in 50 mM Tris-HCl (pH
7.5) containing 3% n-Tetradecyl-N,N-dimethyl-3-
ammonio-1-propanesulfonate (ZW3-14), 250 mM
NaCl and 0.1 mg/ml of the protease inhibitor Pefa-
block (Pierce) and incubated for one hour at room
temperature. Solubilized proteins were recovered
after ultracentrifugation at 185000 x g and mixed
with cobalt agarose resin (Talon, Clontech) pre-
viously equilibrated in 50 mM Tris-HCI pH 7.5,
0.6% ZW3-14, 250 mM NaCl (TZN buffer) con-
taining 5 mM imidazole for 1 hour at 20°C. The
resin was washed with 10 volumes of TZN buffer
4+ 5 mM imidazole and then poured into a col-
umn. Bound proteins were eluted with 5 column
volumes of TZN buffer containing 5 mM EDTA
and immediately loaded onto a HiTrap Q HP col-

umn (1 ml) (Amersham Biosciences) connected to
an AKTAprime system (Amersham Biosciences) at
a flow rate of 0.1 ml/min. After extensive wash-
ing, secretin complexes were eluted using a linear
gradient of 250 mM to 1.25 M NaCl. In order to
completely dissociate PulS from the complex, the
fractions containing PulD (eluted at 700-750 mM
NaCl) were incubated with 50 mM of the reducing
agent Tris[2-carboxyethylphosphine| hydrochloride
(TCEP; Pierce) for 2 hours at 20 °C. PulS was sep-
arated from the PulDhis complex by gel filtration
on Sephacryl S300HR. The absence of PulS in the
PulDhis fractions was confirmed by immunoblot-
ting using antibodies directed against MalE-PulS.
The fractions were concentrated on Q Sepharose
and stored in 100 pl aliquots at -80°C.

3.5.5 Trypsin proteolysis of PulDhis se-
cretin

100 ug of purified PulDhis complex (0.1 mg/ml)
was incubated with 10 pug/ml N-p-Tosyl-L-
phenylalanine chloromethyl ketone-treated trypsin
(Sigma) for 2 hours at 18°C. Pefabloc was then
added to 0.1 mg/ml and the sample was immedi-
ately injected onto a Sephacryl S300HR column.
A control experiment was performed under the
same conditions except that the trypsin was omit-
ted. In both cases, aliquots from all fractions
were treated with phenol to dissociate the PulD
complexes (Hardie et al., 1996a) and then ana-
lyzed by SDS-PAGE. The Sephacryl S300HR col-
umn was calibrated using thyroglobulin, alcohol de-
hydrogenase, bovine serum albumin and carbonic
anhydrase. PulD-containing fractions were concen-
trated and stored in 50 ul aliquots at -80°C for
electron microscopy.

3.5.6 Electrophoresis, immunoblotting
and protein sequencing

Denaturing SDS-PAGE was performed in a Minipro-
tean [I™ system (BioRad) with 3.2% acrylamide
stacking gel and 10 or 12% acrylamide separat-
ing gels using Tris-glycine-HCI buffers. Tris-Tricine
buffered 10-20% acrylamide gradient gels (BioRad)
were used to analyze trypsin proteolysed PulD-
his in an attempt to detect small peptides. In
all cases, the multimeric secretin complexes were
dissociated by phenol extraction (Hardie et al.,
1996a) and resuspended in sample buffer (100 mM
Tris-HCI (pH 8.0), 12.5% glycerol, 2.5% SDS).
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Proteins separated by electrophoresis were stained
with Coomassie brilliant blue or silver nitrate. For
immunoblotting, proteins were electrophoretically
transferred onto nitrocellulose sheets in a semi-dry
apparatus. PulDhis was detected either by anti-
bodies directed against PulD (d'Enfert et al., 1989;
Hardie et al., 1996a) or with the Hisprobe™-HRP
(Pierce). PulShis was detected with antibodies di-
rected against MalE-PulS (Hardie et al., 1996b).
Bound primary antibodies were then reacted with
horseradish-peroxidase-coupled donkey anti rabbit
IgG (Amersham Biosciences) and the immunoblots
developed by enhanced chemiluminescence. For au-
tomated sequencing on an Applied 494 sequencer,
proteins were transferred from acrylamide gels onto
PVDF membranes (Immobilon-P5®, Millipore).

3.5.7 Circular dichroism analysis

Circular dichroism (CD) spectra were recorded from
190 to 250 nm on a JASCO dichrograph (J-710)
equipped with a thermostatically controlled cell
holder and connected to a computer for data ac-
quisition. Purified PulD-N at 100 pg/ml was di-
alyzed against 1 mM Tris-HCI (pH 8) containing
250 mM NaF and submitted to CD analysis in a 1
mm quartz cell (3 data sets were acquired). The
PulD-C domain was dialyzed against 1 mM Tris-
HCI (pH 7.5) containing 250 mM NaF and 0.6%
ZW3-14 immediately prior to analysis in a 5 mm
quartz cell at a final concentration of 10 pg/ml
(5 data sets were acquired). Purified PulDhis at
60 pg/ml in 50 mM Tris-HCI (pH 7.5) containing
250 mM NaCl and 0.6% ZW3-14 was diluted twice
in 500 mM NaF containing 0.6% ZW3-14 immedi-
ately before CD analysis in a 1 mm quartz cell (5
data sets were acquired).

3.56.8 Peptide analysis by HPLC, se-
quencing and mass spectrometry

SPeptides were separated in a 0-70% acetonitrile
gradient in 0.1% trifluoroacetic acid by HPLC on a
1x150 mm C18 column (Interchim UP90DBD15).
Samples were collected and frozen until they were
sequenced on an Applied 494 sequencer or sub-
jected to mass spectrometry using SELDI-TOF MS
(Ciphergen). The matrix for the latter was alpha-
cyano-4-hydroxy cinnamic acid and 2 pul samples
were loaded onto the gold ProteinChip array.

3.5.9 Scanning transmission electron mi-
croscopy

A Vacuum Generators (East Grinstead) HB-5
STEM, interfaced to a modular computer system
(Tietz Video and Image Processing Systems), was
used. Samples were prepared on 200-mesh-per-
inch, gold-plated copper grids as previously (Miiller
et al., 1992). Grids were washed on 5-7 droplets of
quartz double-distilled water to remove detergent.
Isolated tobacco mosaic virus particles (kindly sup-
plied by R. Diaz-Avalos) adsorbed to a separate grid
and air-dried, served as the mass standard.

For structural examination, digital 512x512 pixel
dark-field images were recorded from negatively
stained (2% uranyl acetate) PulD at an accelera-
tion voltage of 100 kV and a nominal magnification
of 500kx using doses between 3450 and 10250 elec-
trons/nm. The pixel size (=0.33 nm) depended on
the focus conditions (Miiller et al., 1992).

For mass determination, digital 512 x 512 pixel
dark-field images were recorded from unstained
freeze-dried samples of the PulD complexes at an
acceleration voltage of 80 kV and a nominal mag-
nification of 200kx. The recording dose used var-
ied between 295 and 640 electrons/nm? for these
main data sets. In addition, repeated low-dose
scans were recorded from some grid regions to as-
sess beam-induced mass-loss (Miiller et al., 1992).
The images were evaluated with the IMPSYS pro-
gram package as described previously (Miiller et al.,
1992). Complexes were delimited by circles, the to-
tal mass calculated and the background subtracted.
The beam-induced mass-loss was assessed as previ-
ously (Miiller et al., 1992). The experimental mass
data were multiplied by the correction factors cal-
culated for the recording doses used and scaled ac-
cording to the MPL measured for TMV particles.
Finally, they were binned into histograms and fit-
ted with Gauss curves. The overall experimental
uncertainty of the results was estimated from the
corresponding SE (SE = SD/y/n) and the 5% un-
certainty in the calibration of the instrument by cal-
culating the square root of the sum of the squares.

3.5.10 Metal shadowing

A5 ul aliquot of purified sample at 0.05 mg/ml was
applied to copper grids covered with a thin carbon
film of uniform thickness, blotted with Whatman 2
filter paper, washed with 5 droplets of water to re-
move excess detergent and quick-frozen in liquid
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ethane at -178 °C. The frozen grids were trans-
ferred into a Balzers 300 freeze-etching unit and
freeze-dried at -90°C for 5 hours in a vacuum of
approximately 1.3x10® Pa. Platinum/Carbon (1
to 2 nm-thick) was evaporated onto the surface at
an angle of 45° while the sample was rotating. Im-
ages were taken on Kodak SO-163 film at a nominal
magnification of 50kx with a Hitachi 7000 electron
microscope operating at an accelerating voltage of
100 kV. The film was digitized at 4 A/pixel with
a Primescan D 7100 drum scanner (Heidelberger
Druckmaschinen AG). EMAN boxer (Ludtke et al.,
1999) was used to interactively select 1300 parti-
cles. Neural network-based classification, averag-
ing and calculation of the rotational power spectra
(Crowther and Amos, 1971) was done using the
Xmipp (Marabini et al., 1996) software package.

3.56.11 Cryo-electron microscopy and sin-
gle particle analysis

A 5 ul aliquot of purified sample at 0.05 mg/ml
was applied to thin carbon film mounted on copper
grids, washed with 5 droplets of water to remove
excess detergent and then quick-frozen in liquid
ethane at -178 °C. The frozen grids were transferred
to a Philips CM200-FEG electron microscope using
a Gatan cryo-holder. Images were recorded on Ko-
dak SO-163 film at a nominal magnification of 50kx
and an accelerating voltage of 200 kV under low-
dose conditions. The defocus of the micrographs
ranged between 2.4 um and 5.1 pm. The nega-
tives were digitized at 2 A /pixel with a Primescan
D 7100 drum scanner.

Particles were selected interactively from the im-
ages with the EMAN boxer (Ludtke et al., 1999)
software and analysed using the SPIDER im-
age processing programs (Frank et al.,, 1996).
Reference-free alignment (Penczek et al., 1992)
and classification by correspondence analysis was
employed to generate class averages. These were
then used as references for iterative multi-reference
alignment, the cycles of alignment and classifica-
tion being repeated until no further change was ob-
served in the class averages.

For the intact complex, the various side-views were
utilized to generate a rough starting model by a
common line search varying only one Euler angle.
A cyclic 12-fold symmetry (C12) was imposed for
the starting model, which was refined by projec-
tion matching of the top and side-views while still
imposing the C12 symmetry for the final volume.

Several cycles of projection matching with increas-
ing numbers of reference projections followed by it-
erative back projection in real space were required
to obtain the final volume. All particle views were
included in the refinement and matched to evenly
balanced projections covering the whole 3D space.
The mandatory contrast-transfer function (CTF)
correction at the defocus values employed was made
by a Wiener filter using a combination of the MRC
(Crowther et al., 1996) and SPIDER (Frank et al.,
1996) software suites. The resolution of the gen-
erated map was estimated from the Fourier shell
correlation function using a threshold of 0.5.

Since practically only dimers of side-views of the
proteolysed PulDhis complexes were available, a
first volume of the dimer was computed and refined,
imposing a dihedral twelve-fold symmetry (D12)
throughout. The two reconstructed complexes were
then separated and merged; the average of the few
complex monomer side-views available was used to
measure the dimensions of the fragment in order
to obtain a clean separation of the two, thereby
eliminating symmetrization artifacts at the inter-
face. The CTF was corrected as above.
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Chapter 4

Cytotoxin ClyA from Escherichia coli
assembles to a 13-meric pore independent
of its redox-state

Nora Eifler!:3, Michael Vetsch?3, Marco Gregorinil, Philippe Ringlerl, Mohamed Chamil, Ansgar
Philippsen®, Andrea Fritz2, Shirley A. Miiller!, Rudi Glockshuber?, Andreas Engel!, Ulla Grauschopf?

4.1 Abstract

ClyA is a pore-forming toxin from virulent Escherichia coli and Salmonella enterica strains. Here we show
that the intrinsic hemolytic activity of ClyA is independent of its redox state, and that the assembly of
both reduced and oxidized ClyA to the ring-shaped oligomer is triggered by contact with lipid or detergent.
A rate-limiting conformational transition in membrane-bound ClyA monomers precedes their assembly
to the functional pore. We obtained a 3D model of the detergent-induced oligomeric complex at 12 A
resolution by combining cryo- and negative stain electron microscopy with mass measurements by scanning
transmission electron microscopy. The model reveals that 13 ClyA monomers assemble into a cylinder
with a hydrophobic cap region, which may be critical for membrane insertion.

Keywords: pore-forming toxin, structure, assembly, electron microscopy

4.2 Introduction known members of this class are the colicins (Za-
kharov and Cramer, 2002) and diphtheria-toxin
Pore-forming toxins (PFTs) kill target cells by in- (Choe et al., 1992). Conversely, § PFTs in-

serting channels into their membranes. Strikingly, sert into membranes by forming transmembrane
PFTs are soluble in aqueous solution before con- (-barrels. This class includes Staphylococcus au-
verting to a membrane-embedded state. This tran- reus a-hemolysin (Song et al., 1996), Aeromonas
sition requires the exposure of hydrophobic sur- hydrophila aerolysin (Parker et al., 1994), and
faces that are buried in the water-soluble state, cholesterol-dependent cytolysins (Tweten et al.,
and frequently includes assembly of monomers to 2001).

an annular, oligomeric pore complex (reviewed in ClyA (also referred to as HIyE or SheA) is a recently

Parker and Feil (2005)). PFTs are classified into  discovered PFT (del Castillo et al., 1997; Ludwig
a PFTs and 8 PFTs (Gouaux, 1997). « PFTs et al., 1995; Oscarsson et al., 1996), which could

span the target membrane with «-helices. Well- not be classified so far due to the lack of struc-

tural data. It is responsible for the hemolytic phe-

- IMEMuller Institute, Biozentrum, Unive.rsity of Basel, notype Of several Escherichia coli and Sa/mone//a

Klmgelbe.rgsmsse 50/70, CH_4.056 Basel, S".V'tzerl‘?nd enterica strains (del Castillo et al., 1997; Ludwig
Institute for Molecular Biology and Biophysics, ETH

Ziirich. CH-8093 Ziirich. Switzerland et al., 2004; Oscarsson et al., 2002). ClyA lyses

3These authors contributed equally. erythrocytes from different species, shows cytotoxi-

43



44

Chapter 4. ClyA pore structure and assembly

>N

Figure 4.1: Structure of monomeric ClyA. Atomic struc-
ture of soluble, monomeric ClyA,q (Wallace et al., 2000)
with the four-helix bundle formed by helices A, B, C and F
(blue), the b hairpin (yellow) with its flanking helices D and
E (orange), and the C-terminal helix G (cyan) that is linked
to helix B by a disulfide bridge (C87-C285) in ClyAq.

city towards cultured mammalian cells, and induces
apoptosis of macrophages (Lai et al., 2000; Ludwig
et al., 1999; Oscarsson et al., 1999). In addition,
sublytic amounts of ClyA induce slow intracellular
Ca?* oscillations in epithelial cells (Soderblom et
al.,, 2005). These observations suggest that ClyA
contributes to the virulence of pathogenic bacterial
strains (Kerenyi et al., 2005; Ludwig et al., 2004).
The crystal structure of monomeric, soluble ClyA
(34 kDa) revealed a rod-shaped, mostly a-helical
molecule ((Wallace et al., 2000); Figure 4.1). It
consists of a long four-helix bundle (helices A, B, C,
and F) with a short C-terminal helix (helix G) along-
side at one end. A subdomain consisting of a short
(-hairpin (the " [(3-tongue”) flanked by two short
helices (helices D and E), is located on the other
end of the bundle. The g-tongue region forms the
major hydrophobic patch on the ClyA surface, and
mutational analysis indicated that this region inter-
acts with target membranes (Wallace et al., 2000).
The two cysteine residues of ClyA, located in helix
B (C87) and helix G (C285), are sufficiently close
to form a disulfide bond. In the crystal structure
of ClyA the cysteines are reduced and bridged by a
mercury atom of a Hg(ll)-derivative compound.

Based on the crystal structure of the monomer and
on electron microscopy (EM) data, Wallace et al.
(2000) constructed a model of the ClyA pore, in
which eight protomers are aligned perpendicular to
the membrane surface with the 3-tongue interact-
ing with lipid. In this octameric assembly the con-
formation of the monomer is essentially retained,
apart from a minor 20° reorientation of the subdo-
main containing the J-tongue with respect to the
rest of the molecule.

Many aspects of the biogenesis of functional
ClyA are largely unknown. Translocation to the
periplasm is neither mediated by a signal sequence
nor requires cytolytic activity of ClyA (del Castillo
et al., 1997; del Castillo et al., 2001; Ludwig et
al., 1999). Export from the bacterial cell occurs
in outer membrane vesicles (OMVs) where ClyA
forms oligomeric, membrane-embedded pores (Wai
et al., 2003a). Soluble ClyA in the periplasm con-
tains the C87-C285 disulfide bond (Ludwig et al.,
1999; Oscarsson et al., 1999; Wai et al., 2003a),
whereas OMV-embedded ClyA is reduced (Wai et
al., 2003a). Recent results indicated that oxidized
ClyA (ClyAox) has a lower intrinsic hemolytic ac-
tivity than reduced ClyA (ClyAreq) (Atkins et al.,
2000; Wai et al., 2003a; Wallace et al., 2000).
Therefore, it was postulated that the disulfide bond
may prevent assembly of functional pore com-
plexes by anchoring helix G to the four-helix bundle
(Atkins et al., 2000). Since secretion and activation
seem to occur hand in hand with a change in the
redox state of ClyA, it was hypothesized that the
assembly of active ClyA pores is redox-regulated
(Atkins et al., 2000; Wai et al., 2003a; Wallace
et al., 2000). This is supported by the observa-
tion that E. coli dsbA™ and dsbB- strains, which are
deficient in periplasmic disulfide bond formation,
display a ClyA-dependent hemolytic phenotype on
blood agar plates that is not detectable for the cor-
responding wild-type strain (Wai et al., 2003a).
Here we provide firm evidence that, in contrast to
previous results, ClyA is assembly-competent and
active independent of its redox state. We show
that detergent or lipid induces a slow structural
change in monomeric ClyA towards the conforma-
tion required for the assembly into the cylindrical
pore complex. Using cryo-EM and single particle
analysis we have established the 3D structure of
the oligomeric pore complex at 12 A resolution.
It comprises thirteen subunits, consistent with the
mass measured by scanning transmission electron
microscopy (STEM). Our three-dimensional model
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combined with spectroscopic data suggests a large
structural change of the ClyA monomers during
assembly of the pore complex. Projections from
vitrified proteoliposomes bearing lipid-inserted pore
complexes document that the architectures of the
detergent-induced and the lipid-inserted ClyA pore
complexes are highly similar.

4.3 Results

4.3.1 Redox state of ClyA cysteines does
not modulate hemolytic activity

To date, controversy exists about the activity of
ClyAox (Atkins et al., 2000; Wai et al., 2003a;
Wai et al., 2003b; Wallace et al.,, 2000). In
order to clarify the functional and structural
role of the disulfide bond of ClyA, we prepared
homogeneous samples of ClyA,q and of ClyA,,.
ClyA,cq was overexpressed and isolated from the
cytoplasm of E. coli. ClyA. was obtained by
Cu?*-mediated air oxidation of purified ClyAyeq,
and subjected to gel filtration to remove high
molecular weight aggregates that formed during
oxidation. The redox state of ClyAy and ClyAeq
was verified by Ellman’s assay and by labeling of
free cysteines under denaturing conditions with 5-
((((2-iodoacetyl)amino)ethyl)amino)naphthalene-
1-sulfonic acid (IAEDANS) (Supplementary Figure
4.8).

We used gel filtration to analyze the oligomeriza-
tion state of freshly purified ClyAeq and ClyAyy.
At 15 °C both ClyA,q and ClyA, are stable
monomers even at very high protein concentrations
(100 uM, Figure 4.2A, Supplementary Figure 4.9).
The observed retention volumes correspond to
that of a globular 43 kDa protein. Considering
that the elongated shape of ClyA will lead to a
lower retention volume, this clearly indicates the
monomeric state of ClyAs and ClyA,eq (34 kDa).
Thus, our experiments contradict the hypothesis
of redox-regulated oligomerization of soluble ClyA
(Atkins et al., 2000; Wai et al., 2003a). The only
difference between ClyAyy and ClyA.q with regard
to the oligomeric state was the much higher ten-
dency of ClyAox to form inactive, high molecular
weight aggregates upon prolonged incubation,
especially at 37 °C (Supplementary Figure 4.9).
We next studied the hemolytic activity of ClyA cq
and ClyAqx. As shown in Figure 4.2B, ClyA,eq and
ClyAox displayed the same hemolytic activity in a
liquid hemolysis assay with horse erythrocytes. To

test whether the difference in hemolytic activity
observed by other authors (Atkins et al., 2000; Wai
et al., 2003a) reflects different kinetics of hemolysis
induced by ClyA,q and ClyA., we followed the
time-course of hemolysis (Figure 4.2C). Yet again,
ClyA,eq and ClyAqy were identical in activity. In
addition, we tested whether ClyA changes its redox
state upon contact with erythrocytes. Exposure
of ClyA,eq and ClyAs to IAEDANS under de-
naturing conditions before and after incubation
with erythrocytes revealed that neither ClyA,eq nor
ClyAox changes the redox state upon membrane
insertion (Figure 4.2D). Taken together, our data
show that the intrinsic hemolytic activity of ClyA
is independent of its redox state.

4.3.2 Oligomerization of ClyA is trig-
gered by detergent

Since no functional differences were detectable be-
tween ClyAeq and ClyAoy, and since biologically
active ClyA is exported from the bacterial cell in
its reduced state (Wai et al., 2003a), we focused
our structural analysis on the pore complex formed
by ClyA,eq. In search of conditions that would al-
low the pore structure to be investigated by single
particle analysis, we screened a variety of deter-
gents for their ability to trigger assembly of ClyA.
Many different detergents induced the formation of
oligomeric complexes (data not shown) with dimen-
sions similar to those of lipid-embedded complexes
reported by Wallace et al. (2000). The most homo-
geneous samples were obtained with n-dodecyl-3-
D-maltopyranoside (DDM). The kinetics of DDM-
induced oligomerization of ClyA,.4 were analyzed
by gel filtration (Figure 4.3A). We selected a tem-
perature of 15 °C, at which the assembly process
is slow enough to allow for identification of assem-
bly intermediates (see below). A shift of the re-
tention volume of ClyA,eq from 15.1 ml to 12.3
ml was observed after only two minutes of expo-
sure to DDM. This peak decreased with increas-
ing incubation time while another peak at a reten-
tion volume of 9.6 ml appeared. Because reten-
tion volumes of soluble proteins are not affected by
DDM (soluble mass standard proteins showed the
same retention volumes with and without DDM,
Figures 4.2C and 4.3A), we conclude that associ-
ation of monomeric ClyA,eq with detergent causes
the lower retention volume of ClyA,.q observed af-
ter short exposure to DDM. The dominant peak at
9.6 ml contained oligomers, as documented by EM
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Figure 4.2: Activity of reduced and oxidized ClyA. (A) Oligomerization state of ClyA,.q and ClyA. in PBS at 15 °C.
ClyAred (100 M) and ClyAs (5 mM) were subjected to analytical gel filtration. The protein is monomeric, even at high
concentrations. Arrows indicate retention volumes of soluble mass standard proteins. vo, void volume. (B) Hemolytic activity
of ClyArd and ClyAo at 37 °C. Hemolysis of a 1% suspension of horse erythrocytes by ClyA,q and ClyA. (concentration
range between 0.01 nM and 1000 nM) was examined using a liquid hemolysis assay according to Rowe and Welch (1994). (C)
Kinetics of hemolysis induced by ClyAeq and ClyAo at 37 °C. The decrease in turbidity upon hemolysis of a 0.1% suspension
of horse erythrocytes exposed to 250 nM ClyAeq or ClyAo« was monitored at 650 nm. (D) Redox state of ClyA after insertion
into erythrocyte membranes. 250 nM ClyAes (lanes 1, 3) or ClyAs (lanes 2, 4) were added to a 1% suspension of horse
erythrocytes (lanes 3, 4) or PBS (lanes 1, 2) and incubated for 30 min at 37 °C. The samples were thereupon exposed to
IAEDANS under denaturing conditions and analyzed by SDS-PAGE (there are no prominent bands of erythrocyte proteins in

the mass range of ClyA).

(see below). Quantitative analysis of the peak areas
at 9.6 and 12.3 ml showed that DDM-associated,
monomeric ClyA,eq (intermediate |;) disappeared
with virtually the same rate as oligomeric ClyA cq
was formed, with half-lives of 1000 £ 300 s and
1100 + 200 s, respectively (Figure 4.3A, right pan-
els). To test whether intermediate |; indeed rep-
resents monomeric ClyA,eq in complex with deter-
gent, rather than an oligomeric form, ClyAq was
exposed to DDM for different times, cross-linked
with dithiobis(succinimidylpropionate) (DSP), and
the products were examined by SDS-PAGE (Figure
4.3B, left panel). The protein was predominantly
monomeric after 2 min exposure to DDM (Figure
4.3B, left panel, lane 2). With longer exposure
to DDM (lanes 3 - 6), the band corresponding to
monomeric ClyA,.q gradually disappeared and the
band corresponding to the covalently linked pore
complex appeared (Supplementary Figure 4.10).

Quantitative densitmoetric analysis showed that
the band of monomeric ClyA,eq exhibits the same
half-life (1100 £+ 200s) as intermediate |; identi-
fied by gel filtration (Figures 4.3A and 4.3B, left
panels). Together, our data suggest a model in
which ClyA .4 inserts into the detergent micelle as
a monomer and then assembles rapidly via faintly
populated intermediates to a defined oligomeric
complex.

Electron micrographs of negatively stained pro-
tein eluting at 9.6 ml revealed homogeneous, ring-
shaped and rectangular projections corresponding
to top- and side views of the ClyAeq oligomer (Fig-
ure 4.3C), top views representing the majority of
particle projections. The outer diameter of the top
view averages varied between 90 A and 125 A (Sup-
plementary Figure 4.12). This is consistent with
the diameter of ClyA oligomers reconstituted into
lipid vesicles (Wallace et al., 2000), and with that
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Figure 4.3: Detergent-induced oligomerization of ClyA,eq. (A) ClyAq (5 uM) was incubated in 0.1% DDM at 15 °C.
Samples were taken at the times indicated and subjected to analytical gel filtration in 0.1% DDM at 4 °C. For comparison,
the elution profile of soluble, monomeric ClyA is shown (left panel). Upon addition of DDM, monomeric ClyA,q immediately
associates with detergent, leading to a shift in the elution volume from 15.1 ml to 12.3 ml. The detergent bound monomer then
slowly converts to oligomeric ClyAreq, eluting at 9.6 ml. Arrows indicate retention volumes of soluble mass standard proteins.
Vo, void volume. Peak areas of monomeric ClyAeq (right, upper panel) and oligomeric ClyAreq (right, lower panel) were plotted
against time and fitted with a monoexponential function (black line). (B) Cross-linking analysis of the oligomerization of
ClyAred. Samples identical to those in (A) were mixed with DSP and incubated for 5 minutes at 25 °C. The reaction was
stopped by addition of Tris/HCI, and samples were applied onto a 16% polyacrylamide-SDS gel (left panel). The bands
of monomeric ClyA,q were quantified by densitometry, the fraction of monomers was plotted against incubation time (right
panel), and fitted with a monoexponential function (black line). (C) Electron-micrograph of negatively stained ClyA 4 particles
taken from the peak eluted at 9.6 ml in (A). (D) Top view class average of 145 negatively stained ClyA.q particles. (E) Side
view class average of 205 negatively stained ClyA,q particles. The scale bars correspond to 40 nm in D, and 5 nm in E, F.
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of ClyA pores found in isolated OMVs (data not
shown). The negative-stain side view average re-
vealed a cylindrical structure that converges to a
cap at one end and has a total length of about
160 A (Figure 4.3E), which stands in contrast to
monomeric ClyA, exhibiting a length of only 110 A
(Wallace et al., 2000). Single particle analysis of
negatively stained pore complexes was carried out
to obtain the fine structural features of the pore
complex. 2876 top- and 826 side views were ex-
tracted from the micrographs, aligned, and classi-
fied by multivariate-statistical analysis to calculate
class averages. The negative-stain top view class
average of Figure 4.3D shows a cylindrical pore
complex with an inner structure. Angular period-
icity analysis indicated a 13-fold symmetry (Sup-
plementary Figure 4.11). Rotational power spec-
tra of some class averages additionally suggest a
minor possibility for an 11-fold symmetry (Supple-
mentary Figure 4.11), however, from mass data
of the ClyA,.q complex obtained with the STEM
(Figure 4.4A) an 11-fold symmetry can be defi-
nitely excluded. Moreover, the peaks at the 11-fold
and 13-fold rotational component in Supplemen-
tary Figure 4.11 argue against a 12-fold symmetry,
because they emphasize an odd-numbered assem-
bly of the subunits. To compare the structures of
pores formed by either reduced or oxidized ClyA,
pores formed by ClyA,,were also examined by neg-
ative stain electron microscopy. Class averages of
these ClyAox pores revealed a cylindrical structure
with 13-fold symmetry and the same dimensions as
ClyAred (Supplementary Figure 4.12).

4.3.3 STEM mass measurements of ClyA
indicate a 13-mer

Freeze-dried detergent solubilized ClyA complexes
revealed three distinct populations: Single com-
plexes, as well as double and triple forms, where
two or three single complexes were associated (Fig-
ure 4.4, galleries). According to sequence the mass
of the ClyA,e.q monomer is 34.45 kDa. In compari-
son, the mass of the complex determined by STEM
analysis was 475 + 86 kDa (n = 184; standard error
(SE) = 6 kDa; overall uncertainty £ 25 kDa consid-
ering the 5% uncertainty of the STEM calibration)
for the single complex, 947 + 140 kDa (n = 114;
SE = 13 kDa; overall uncertainty £+ 49 kDa) for
the double form and 1357 + 108 kDa (n = 114;
SE = 20 kDa; overall uncertainty = 71 kDa)
for the triple form (Figure 4.4A). Considering the
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Figure 4.4: STEM analysis of the ClyA complex. (A)
As shown by the histogram the masses measured for the un-
stained ClyA preparation fell into three distinct classes (1,
2, and 3) that on visual inspection of the particles (gal-
leries) could be assigned to single complexes with a mass of
475 + 86 kDa (n = 184; overall uncertainty = 25 kDa), two
associated complexes, mass 974 + 140 kDa (n = 114; overall
uncertainty = 49 kDa) and three associated complexes, mass
1357 + 108 kDa (n = 30; overall uncertainty = 71 kDa).
(B) Dark-field STEM images of the measured ClyA prepa-
ration after negative staining. Left, side views of the single
complex. Centre, two complexes associated at their tips.
Right, three complexes associated at their tips. The high
contrast of the STEM allows the individual monomers mak-
ing up the complex to be distinguished. Either six or seven
subunits can be counted on the side views, consistent with
13-fold symmetry. The scale bar corresponds to 20 nm in A,
B.

overall uncertainty of the measurement and the
presence of associated DDM, these data indicate
that the oligomeric ClyA complex comprises 13
ClyA monomers (mass expected without detergent,
448 kDa), consistent with the symmetry of negative
stain top view averages (Figure 4.3D, Supplemen-
tary Figure 4.12).
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Images recorded by STEM from the same ClyA
sample after negative staining showed that the sin-
gle complexes associate at their pointed ends (Fig-
ure 4.4B), implying that the cap is the main hy-
drophobic region. In agreement, the difference be-
tween the measured and the calculated mass was
smaller in these forms, because the individual com-
plexes could not bind as much detergent when asso-
ciated (Figure 4.4A). Together, this suggests that
the cap is a hydrophobic structure that potentially
facilitates interaction with the lipid bilayer. The
side views also frequently exhibited 6 or 7 longitu-
dinal striations compatible with the presence of 13
ClyA monomers in the complex (Figure 4.4B).

4.3.4 3D Model of oligomeric ClyA

Cryo-EM was used to establish the global three-
dimensional (3D) structure of the ClyA,.q complex,
since quick-freezing of particle suspensions ensures
the preservation of the undistorted, native structure
(Dubochet et al., 1988). In all, 2699 images of top-
and 3620 images of side views selected from cryo-
electron micrographs taken in plane (Figure 4.5A)
and 2132 particles at 15° tilt angle were used to
reconstruct the 3D structure. Class averages of the
particles were calculated as described above (Figure
4 5A, insets). A starting 3D model was calculated
from selected top and side views using the EMAN
software (Ludtke et al., 1999). A 13-fold cyclic
symmetry was imposed, since both negative stain
EM and STEM indicated that the complex has 13
ClyA subunits. Refinement of the alignment by pro-
jection matching in SPIDER (Frank et al., 1996)
and omitting projections with low correlation co-
efficients compared to respective back-projections
resulted in a final 3D model containing 8429 parti-
cles. The 0.5 Fourier shell correlation criterion in-
dicated a resolution of 12 A (Supplementary Figure
4.13). Figure 4.5B displays the surface rendered
3D map of the ClyA complex with characteristic
bottom and top features, while the central cross-
section through the 3D map is contoured in Figure
4.5C. The model shows that the ClyA complex is a
cylindrical channel that converges into a cap at one
end. It has a length of 160 A, a maximum outer
diameter of 120 A and a widest inner diameter of
about 70 A. The outer diameter of the cylindrical
cap is 40 A, and its height is 20 A.

The apparent hydrophobicity of the cap region (see
above) suggests that this cap may be critical for
membrane insertion. The observed cap may cor-

respond to a 26-stranded (-barrel (Figure 4.5D)
to which each protomer contributes two strands.
The observed diameter of the cap agrees well with
the calculated diameter of a 26-stranded barrel with
vertically oriented (-strands. The two-stranded (-
tongue in the structure of monomeric ClyA (Figure
4.5) provides an attractive candidate for formation
of such a barrel for the following reasons: The -
tongue is hydrophobic, approximately 20 A long,
located at one end of ClyA, and sensitive to mu-
tations that abolish the hemolytic activity of ClyA
(Wallace et al., 2000).

4.3.5 Cryo-EM of lipid-embedded ClyA

To determine the position of the ClyA pore com-
plex with respect to the lipid bilayer proteolipo-
somes were prepared by adding monomeric ClyA
to brain lipid vesicles. Figures 4.6A and 4.6B show
cryo-EM images of membrane bound oligomers as-
sociated with a mixture of spherical liposomes and
continuous bilayers. Projections of membrane in-
corporated ClyA range from top views over differ-
ent side view angles to tangential views through
the edges of the three-dimensional liposomes. 1101
side views and 431 top views were selected and an-
alyzed as described above. Density maxima in the
gallery of side view averages (Figure 4.6D-G) allow
the detergent-induced pore complex (Figure 4.6H)
to be aligned with respect to the bilayer, indicat-
ing that ClyA inserts via its cap region into the
membrane. The CTF corrected top view average
of reconstituted complexes exhibits a central mass
density (Figure 4.6C). Side view averages have a
length of 140 - 150 A, depending on the projec-
tion angle, and a diameter of 120 A. The cap seen
in the detergent-induced pore complex is not vis-
ible in the averages of lipid embedded ClyA (Fig-
ure 4.6D-G), resulting in a 10-20 A shorter length
than the ClyA complex in detergent (Figure 4.6H).
Although the cap is not visible in side view aver-
ages of lipid embedded ClyA complexes, this fea-
ture is occasionally seen in single complexes (white
arrowheads in Figure 4.6A), together with cap-free
conformations (black arrowheads in Figure 4.6A).
Proteoliposomes generated by Biobeads-driven re-
constitution of detergent-induced pores (data not
shown) exhibited the same morphology as the pro-
teoliposomes in Figure 4.6, suggesting that the con-
formation of the detergent-induced pore complex
may be a precursor of the lipid bound form.
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Figure 4.5: Cryo-electron microscopy of vitrified ClyA complexes and model of the ClyA oligomer. (A) Overview image
of frozen hydrated particles. The scale bar corresponds to 50 nm. Top and side view class averages, containing 302 and 796
particles each, are shown in the insets. The top view reveals some structure in the channel center whereas the cap at one end
of the pore complex is seen in the side view. The scale bar in the insets corresponds to 5 nm. (B) Isocontour representations
of the reconstructed single particle density, showing the prominent cap region as well as the open end of the pore. (C) Side by
side comparison of the 3D EM reconstruction of the pore with the X-ray structure of monomeric ClyA. The 3D EM isosurface
representation is cut open to expose the cavity as well as the inner contour lines of the protein density. (D) Model of a
26-stranded (3-barrel, the suggested cap structure. The barrel is formed by the (3-tongues of each of the 13 monomers.

4.3.6 Spectroscopic analysis of structural
changes during ClyA assembly

As shown above, rapid insertion of monomeric
ClyAeq into detergent micelles precedes the com-
parably slow assembly of ClyA pore complexes (Fig-
ure 4.3). We used fluorescence and far-UV circular
dichroism (CD) spectroscopy to explore the kinet-
ics of the structural changes involved. The tryp-
tophan fluorescence emission of ClyA,eq increases
1.5-fold upon assembly in DDM (Figure 4.7A). The
signal difference at 330 nm was used to follow
the time-course of detergent-induced assembly of
ClyAreq under conditions identical to those in Fig-
ure 4.3A. The kinetic trace is characterized by a
very fast and a slow phase with positive and neg-
ative amplitudes, respectively (Figure 4.7B). The
fast phase reflects the formation of a hyperfluores-
cent intermediate (intermediate l; in Figure 4.7A)
upon association of monomeric ClyAeq with deter-
gent. The slower kinetic phase is described by a
monoexponential function with a half-life of 940 s.
This half-life agrees with that measured for the dis-
appearance of the monomer and the appearance
of the oligomer (Figure 4.3A, B), suggesting that

the observed slow phase reflects a conformational
change in ClyA,q that coincides with association
of the individual subunits.

Figure 4.7C shows far-UV CD spectra of monomeric
and oligomeric ClyA,eq. Both spectra display min-
ima at 208 nm and 222 nm, typical for proteins
with a high content of « helical secondary struc-
ture. Oligomeric ClyA,q exhibits increased signal
intensity, indicating a conformational change dur-
ing assembly. As the overall shape of the spectrum
is retained, we conclude that no large « to 3 tran-
sition occurs during oligomerization of ClyA. Simi-
lar to the above fluorescence kinetics we exploited
the signal difference at 225 nm to follow the time-
course of detergent-induced ClyA .4 assembly (Fig-
ure 4.7D, upper panel). The trace is also charac-
terized by a very fast phase with positive amplitude
and a slow phase with negative amplitude. Asin the
fluorescence kinetics, the slower phase is described
by a monoexponential function, yielding a half-life
of 1000 s. This process thus coincides again with
the disappearance of the monomer and the appear-
ance of the oligomer (Figure 4.3A, B). The fact that
a monoexponential function accurately describes
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Figure 4.6: Cryo-EM images of ClyA in lipid vesicles. (A) and (B) High-resolution micrographs of ClyA incorporated
in lipid vesicles in the absence of detergent. Upon contact with brain lipid vesicles monomeric ClyA forms pore assemblies
appearing as ring-like structures with a central density in top view and as spikes protruding from the lipid bilayer in side view.
The scale bar corresponds to 50 nm. (C) CTF corrected top view class average of lipid induced ClyA pore assemblies. The
scale bar is valid for all averages and corresponds to 5 nm. (D)-(G) Gallery of side view averages of lipid induced ClyA pore
complexes. Each average contains between 25 and 140 projections. The different orientations of the particles with respect to
the spherical vesicles result in variations of the particle's length in projection (140 - 150 A). Each image shows three distinct
spots of higher density (marked with bars in (G)). (H) Side view average of the detergent induced ClyA complex aligned with

respect to the membrane bound pore in (G).

oligomerization shows that the rate-limiting step for
assembly is uni-molecular under the chosen condi-
tions. To test this model, we repeated the assembly
reaction at different initial protein concentrations
(Supplementary Figure 4.14). The half-life of the
slow phase was indeed independent of the concen-
tration of ClyA,.y. Consequently, a slow conforma-
tional change converts the monomeric intermedi-
ate l; to an assembly-competent intermediate |5,
and this conformational change is rate-limiting for
the assembly of the complex. It should, however,
be noted that association of assembly-competent
subunits is per definition concentration-dependent.
Therefore, at very low protein concentrations, as-
sembly itself will become rate-limiting.

To test whether similar structural changes take
place upon insertion of ClyA.q4 into erythro-
cyte membranes, we repeated the CD measure-
ments after addition of erythrocyte membranes to
monomeric ClyA,eq (Figure 4.7D, lower panel; Sup-
plementary Figure 4.15). The kinetic trace was very
similar to that observed after addition of DDM.
Again, a fast phase and a slow phase were detected
with positive and negative amplitudes, respectively.

Fitting the slower phase yields half-lives of 80 s at
15 °C and of 45 s at 37 °C. Assembly of ClyA g
in erythrocyte membranes is thus about 10-fold
faster compared to assembly in DDM. Nevertheless,
the assembly kinetics in erythrocyte membranes are
slower than the kinetics of hemolysis (Figure 4.2C).
This can be well explained by the fact that a small
fraction of functional pores is sufficient to attain
full cell lysis at the chosen hemolysin to cell ratio
(Figure 2B).

4.4 Discussion

4.4.1 Role of the Redox State of ClyA for
Activity and Assembly

Atkins et al. (2000) reported that ClyAsy has
no hemolytic activity whereas Wai et al. (2003a)
detected activity of ClyAo, albeit 16-fold weaker
compared to ClyA,.4. Controversial results were
also obtained on the oligomeric state of ClyA in
solution. Whereas ClyAo is consistently found
to be monomeric, ClyA,eq has been described to
be monomeric (Wallace et al., 2000), partially
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Figure 4.7: Conformational changes during assembly of ClyA,.q followed by fluorescence and CD spectroscopy.

(A) Fluorescence emission spectra of ClyArq. Spectra of the soluble monomer (in PBS), the monomeric intermediate I; (in
PBS, 0.1% DDM), and oligomeric ClyAq (in PBS, 0.1% DDM) are shown. (B) Kinetics of assembly of ClyA.q in DDM
monitored by fluorescence. Oligomerization of ClyAreq (5 #M) induced by 0.1% DDM was followed at 330 nm (15 °C). The
line shows the fit of a monoexponential function omitting the first 100 s. The arrow indicates the signal of monomeric ClyAeq
in PBS at 330 nm. (C) Far-UV CD-spectra of monomeric and oligomeric ClyA.q. Spectra of the soluble monomer (in PBS),
and oligomeric ClyArq (in PBS, 0.1(D) Kinetics of assembly of ClyA,q in detergent and in erythrocyte membranes monitored
by far-UV CD. Oligomerization of ClyAd induced by 0.1% DDM (upper panel) or erythrocyte membranes (lower panel)
was followed at 225 nm (15 °C). The lines show the fit of monoexponential functions omitting the first 100 s. The arrows
indicate the signal of monomeric ClyAeq in PBS at 225 nm. (E) Proposed mechanism of assembly of ClyA. Monomeric ClyA
quickly associates with detergent (upper row) or the membrane (lower row) and undergoes a structural change leading to the
monomeric intermediate |;. A second and much slower conversion yields the monomeric and assembly-competent intermediate
I2, which rapidly assembles into the oligomeric pore complex. The detergent-induced pore complex (with cap) converts to the
membrane-embedded pore complex (without cap) upon detergent removal in the presence of lipids.
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oligomeric (Atkins et al., 2000), or homogeneously
oligomeric (Wai et al., 2003a). Our data con-
firm the observation of Wallace et al. (2000) that
both ClyA,eq and ClyAo are monomeric in solu-
tion. Furthermore, we find that ClyA .q and ClyAq
oligomerize quickly upon contact with lipid or de-
tergent and that both proteins display equal activ-
ity. From these results and the activity measure-
ments of ClyAq by Wai et al. (2003a and 2003b),
we conclude that a movement of helix G away from
the main body of the molecule is not required for
assembly of ClyA into functional pore complexes as
suggested by Atkins et al. (2000). The fact that
we have obtained results that differ strikingly from
those of other groups can be explained by the pre-
viously unknown high tendency of ClyA. to form
inactive aggregates (Supplementary Figure 4.9). If
this phenomenon is not taken into account, the con-
centration of monomeric ClyAoy cannot be reliably
determined, which in turn leads to large errors in
activity assays.

We did not observe a role of the disulfide bond in
the intrinsic ability of ClyA to assemble in target
membranes in vitro. However, it seems likely that
the disulfide bond plays a crucial role during ex-
port of ClyA from the bacterial cell, because Wai et
al. (2003a) observed that E. coli dsbA™ and dsbB
strains display a ClyA-dependent hemolytic pheno-
type on blood agar plates. DsbA and DsbB are re-
quired for efficient disulfide bond formation in the
periplasm and could influence the vesicle-mediated
export of ClyA by directly oxidizing ClyA and/or
introducing disulfide bonds into components that
participate in the formation of OMVs. In this con-
text it should also be considered that integrity of
the outer membrane may depend on proteins con-
taining disulfide bonds (Braun and Silhavy, 2002;
Wu et al., 2005). Absence of DsbA or DsbB could
thus lead to destabilization of the outer membrane,
which in turn could facilitate the release of OMVs.

4.4.2 Structure and assembly of the ClyA
complex

The increase in total length upon transformation
from soluble monomer (110 A) to detergent in-
duced ClyA complex (160 A) and the significant
changes observed in tryptophan fluorescence indi-
cate that large structural transitions take place in
the helix bundle of ClyA, as seen for many other
PFTs (Czajkowsky et al., 2004; Song et al., 1996;
Tilley et al., 2005; Zakharov and Cramer, 2002)

As both tryptophans, W37 and W86, are located
within the bundle and shielded from solvent in the
structure of the monomer (<6% and <1% solvent
accessible, respectively), the change in tryptophan
fluorescence reflects a transition in tertiary struc-
ture, rather than surface contacts with detergent or
neighbouring protomers. Far-UV CD spectra show
that the high content in helical secondary struc-
ture is retained during assembly, suggesting that
the final membrane channel is built mainly from a-
helices.

While the overall structure of the ClyA pore com-
plex is the same in detergent and in the lipid bilayer,
the cap region appears to be sensitive to changes in
the environment of the pore complex. The cap may
emerge as the hydrophilic edges of the §-tongues
of different subunits face each other to form one
large 26-stranded (3-barrel during membrane asso-
ciation and insertion. Concomitant with the con-
formational change of the (-tongue, adjacent am-
phipathic helices might rotate to expose their hy-
drophobic surface and to facilitate complete inser-
tion of the pore complex in the bilayer. This confor-
mational change might in turn induce register shifts
in the four-helix bundle, leading to markedly elon-
gated protomers. A similar mechanism is known
for other a-helical toxins such as colicins and diph-
theria toxin, where amphipathic helices are packed
around a central hydrophobic helical hairpin that is
thought to mediate the insertion into the membrane
(Choe et al., 1992; Parker and Pattus, 1993). The
distinct cap region is barely visible in membrane-
embedded ClyA pores, suggesting further confor-
mational changes upon formation of the final pore.
However, individual top views often show a central
mass density and occasionally side views exhibit a
distinct cap. Therefore, the possibility should be
considered that the cap functions as a flexible do-
main of the molecule that can be everted and ex-
posed again to mediate docking of OMVs to the
target cell membrane.

Based on our data we propose a simple model
for ClyA assembly (Figure 4.7E). Monomeric ClyA
associates in a very fast step with the lipid bi-
layer or the detergent molecules, and undergoes
a first conformational change to intermediate |y
(fast phase in Figures 4.7B, 7D). The rate-limiting
step for assembly is the second, uni-molecular con-
formational transition, which generates assembly-
competent monomers (intermediate |5) that rapidly
associate to the oligomeric complex. It remains
elusive at which stage the marked elongation of
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the protomer from 110 to 140 A occurs and what
the molecular basis for the increase in length is.
The detailed elucidation of the large conforma-
tional changes during assembly will require a high-
resolution structure of the pore complex.

4.5 Experimental procedures

4.5.1 Expression and purification of ClyA

The genetic sequence of ClyA was amplified by
PCR from genomic DNA of E. coli W3110, and
introduced into pET11a (Novagen). This plasmid
was used to create the (His)e-tagged ClyA variant
(QuikChange, Stratagene), yielding plasmid pClyA.
This plasmid promotes cytoplasmic expression of N-
terminally (His)s-tagged ClyA.

ClyA was expressed in the cytoplasm of E. coli
Tuner (DE3) (Novagen) harboring plasmid pCIyA,
and purified by chromatography on Ni-NTA agarose
and hydroxyapatite. The protein was fully reduced
as shown by modification with Ellman’s reagent
(5,5'-dithio-bis(2'-nitrobenzoic acid)). Edman Se-
quencing and MALDI-TOF mass spectrometry con-
firmed the integrity of the protein. For preparation
of ClyAox, 22 uM ClyA,eq were incubated in 50 mM
Tris/HCl, 1 mM CuCly, pH 8.0 for 3 hours at
25 °C. Aggregated ClyAox was removed by size ex-
clusion chromatography in PBS (Dulbecco’s phos-
phate buffered saline, pH 7.3) at 4 °C. Protein con-
centrations were determined by the extinction coef-
ficients at 280 nm (ClyA,¢q in PBS: 30300 Mtcm™?,
ClyAs in PBS: 30400 Mtcm™?).

4.5.2 Analytical gel filtration

Gel filtration was performed at 4 °C in PBS or PBS,
0.1% DDM using a Superdex 200 10/300 gel fil-
tration column (GE Healthcare). To initiate as-
sembly, ClyA (5 puM) was mixed with DDM and
incubated in PBS, 0.1% DDM at 15 °C. At differ-
ent times samples were withdrawn and subjected to
chromatography.

4.5.3 Analysis of the redox state of ClyA
in the membrane-bound form

For analysis of the redox state in the membrane-
bound form, 250 nM ClyA were first incubated with
a suspension of 1% (v/v) horse erythrocytes for
30 min at 37 °C, then treated with IAEDANS and

finally analyzed by SDS-PAGE as described in Sup-
plementary Figure 4.8 for the soluble protein.

4.5.4 Cross-linking

ClyAred (5 uM) was incubated in PBS, 0.1% DDM
at 15 °C. After different incubation times (2-
120 min) samples were mixed with DSP (final con-
centration 3 mM) and incubated for 5 min at 25 °C.
The reaction was stopped by addition of TrisHCI,
pH 8.0 (final concentration 100 mM). The sam-
ples were applied onto a 16% polyacrylamide-SDS
gel. The areas of the monomeric ClyA,q bands
were quantified using densitometric analysis with
the AlphaEase(®Imaging System (Alphalnnotech).

4.5.5 Hemolysis assay

Hemolysis of defibrinated horse erythrocytes (Oxoid
AG) was measured according to Rowe and Welch
(1994). Briefly, 800 yul of a 1% solution (2.19-107
cells/ml) of erythrocytes were mixed with 200 ul
of various dilutions of ClyA in PBS (final concen-
trations 0.01-1000 nM), and incubated for 120 min
under shaking at 37 °C. After centrifugation, the
absorbance of the supernatant was determined at
540 nm. The kinetics of hemolysis were mea-
sured by monitoring the decrease in turbidity of
a 0.1%suspension of erythrocytes upon addition
of ClyA (final concentration 250 nM). The optical
density at 650 nm was followed in a stirred cuvette
at 37 °C.

4.5.6 Scanning transmission electron mi-
croscopy

A Vacuum Generators (East Grinstead) HB-5
STEM, interfaced to a modular computer system
(Tietz Video and Image Processing Systems), was
used. Samples were preparedon 200 mesh, gold-
plated copper grids (Miiller, 1992). Grids were
washed to remove detergent and either negatively
stained (2% uranyl acetate) for structural exami-
nation or plunge frozen and freeze-dried for mass
measurement.  Grids were imaged at recording
doses between 500 and 600 electrons/nm? for the
mass measurements (pixel size 0.85 nm) and be-
tween 3450 and 10250 electrons/nm? for the neg-
ative stain microscopy (pixel size 0.33 nm). Beam-
induced mass-loss was corrected as detailed in
Miiller (1992), and tobacco mosaic virus (kindly
provided by R. Diaz Avalos) was used for ab-
solute mass calibration. Mass analysis was achieved
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with the IMPSYS program package (Miiller, 1992).
Mass values were binned into a histogram and mul-
tiple Gauss curves were fitted. The overall exper-
imental uncertainty of the results was estimated
from the corresponding SE (SE = SD/+/n) and the
~ 5% uncertainty in the calibration of the instru-
ment.

4.5.7 Transmission electron microscopy

Oligomerization of monomeric ClyA (5 M) was in-
duced by the addition of 0.1% DDM. The sample
was incubated at 15 °C for 2 hours. ClyA par-
ticles were examined by adsorbing the sample on
glow discharged 400 mesh carbon-coated Parlodion
grids and negative-staining with 2% (w/v) uranyl
acetate. Images were recorded at 50kx on Kodak
SO-163 film using a Hitachi H-8000 microscope op-
erating at an acceleration voltage of 200 kV. For
cryo-EM the same sample was applied to 400 mesh
copper grids with a thin continuous carbon film and
quick frozen in liquid ethane. Grids were transferred
into a Philipps CM200 FEG electron microscope op-
erating at 200 kV. Cryo-electron micrographs were
recorded on Kodak SO-163 film in plane and at a
tilt angle of 15 °C.

4.5.8 Image processing

Negatives were digitized on a Heidelberg Primescan
D 7100 drum scanner at a resolution of 4 A/px for
negatively stained samples and 2 A/px for vitrified
samples at the specimen level. The EMAN boxer
program (Ludtke et al., 1999) was used to select
2699 images of top and 3620 images of side views
as well as a total of 8451 particles from electron
micrographs including all orientations present on
tilted and untilted images. Projections negatively
stained preparations were subjected to reference-
free alignment (Penczek et al., 1992) and classifi-
cation by multivariate statistical analysis (Frank et
al., 1982) in SPIDER (Frank et al., 1996). Rota-
tional power spectra of top view class averages were
calculated with the Xmipp software (Sorzano et al.,
2004) to determine the particle symmetry. EMAN
was used to generate a starting volume from top
and side views of the frozen-hydrated sample and
for an initial refinement enforcing C13 symmetry.
For further refinement by projection matching the
SPIDER package was employed. The CTF was es-
timated using the ctffind and ctftilt programs (Min-
dell and Grigorieff, 2003) and corrected for phases

and amplitudes applying a Wiener filter in SPIDER.
The resolution of the refined volume containing
8429 particles was estimated by Fourier-shell corre-
lation. All visualization was performed with DINO
(http://www.dino3d.org), a structural biology visu-
alization program developed by one of the authors
(AP).

4.5.9 Formation of proteoliposomes

Brain lipids (Avanti Polar Lipids) were solubilized
at a concentration of 5 mg/ml in PBS (Sigma) con-
taining 1% n-octyl-3-D-glucopyranoside (OG) The
mixture was dialyzed against PBS to remove all
detergent from the lipid vesicles. Monomeric ClyA
was added to the vesicles to give a final lipid-to-
protein weight ratio of 5 and incubated at 4°C for
2 hours. Samples were then adsorbed to EM grids
and analyzed with negative stain and cryo-EM. Al-
ternatively, the detergent-induced pore complexes
were reconstituted by mixing them with solubilized
lipids and removing the detergent with Biobeads.

45.10 CD- and
troscopy

fluorescence spec-

The ClyA concentration (monomer) was 5 pM in
all experiments. Emission spectra were recorded
on a Hitachi F-4500 fluorescence spectrometer at
22 °C, using an excitation wavelength of 280 nm.
Spectra of oligomerized ClyA,.q were recorded af-
ter incubation in PBS, 0.1% DDM for 2 hours at
15 °C. A spectrum of the monomeric intermedi-
ate |I; was recorded after 100 s of exposure to
DDM at 15 °C. For fluorescence kinetics, the signal
change at 330 nm upon addition of 0.1% DDM to
ClyAeq was followed at 15 °C. Far-UV CD spectra
were recorded at 22 °C using a Jasco J-810 spec-
tropolarimeter. For Far-UV CD kinetics, the signal
change at 225 nm upon addition of DDM (0.1%)
or erythrocyte membranes to ClyA,.q was followed
at 15 °C. Erythrocyte membranes were prepared as
described by van Leengoed and Dickerson (1992).
Membranes from approx. 9-107 erythrocytes were
used for each experiment (400 ul total volume).
Spectra and kinetic traces were corrected for buffer
contributions and converted to mean residue ellip-
ticity.
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Figure 4.8: Supplementary Figure. Analysis of the
redox state of the two cysteines of ClyA. The redox state
of ClyAsx and ClyA.q was verified with Ellman’s reagent
in (A) under native conditions in 50 mM Tris/HCI, pH
8.0, and under denaturing conditions in 50 mM Tris/HCI,
2% SDS, pH 8.0 according to Riddles et al. (1983). Er-
ror bars represent the mean standard deviations resulting
from triplicate samples. Interestingly, the two cysteine thi-
ols of ClyAq reacted quantitatively with Ellman’s reagent
only under denaturing conditions (Figure A, lanes 1 and
3). This implies that the cysteines of ClyA in solution
are buried. (B) visualizes the redox state of ClyAq and
ClyAox by SDS-PAGE after labeling of free cysteines under
denaturing conditions with 5-((((2-iodoacetyl)amino)ethyl)-
amino)naphthalene-1-sulfonic acid (IAEDANS), which adds
a mass of 850 Da to ClyAed, but not to ClyAs. For SDS-
PAGE analysis ClyA was incubated in 100 mMTris/HCI, 1.5%
SDS, 5% glycerol, 0.5 mM EDTA, 0.0025% bromphenol blue,
50 mM IAEDANS, pH 6.8 for 5 min at 95°C and applied onto
a 12% polyacrylamide-SDS gel.
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Figure 4.9: Supplementary Figure. Unspecific aggregation of reduced and oxidized ClyA in PBS. Analytical size
exclusion chromatography with ClyArq and ClyAo. Samples (5 uM each) were incubated in PBS at different temperatures
during the indicated times prior to analysis. Both ClyA,q and ClyAo are stable at 15 °C but are prone to aggregation at
elevated temperature. ClyAo« aggregates faster than ClyA.q at 37 °C.

Figure 4.12: Supplementary Figure. Detergent-induced oligomerization of ClyA,,. Electron-micrograph of negatively
stained ClyAoxparticles. Monomeric ClyA,was oligomerizedby adding 0.1 % DDM and examined in the electron microscope.
The scale bar corresponds to 50 nm. The insets show top and side view class averages, comprising 157 selected top views and
73 selected side views which were reference free aligned. The scale bars in the insets correspond to 5 nm.
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Figure 4.10: Supplementary Figure. Analytical gel
filtration profiles of cross-linked ClyA,4 pores and un-
treated pore complexes. As shown in Figure 4.3B, SDS-
PAGE was used to analyze the cross-linking products during
DDMe-induced oligomerization. Resolution of high molecular
masses in SDS-PAGE is however very limited. Thus, the band
on top of the gel could in principle represent either cross-
linked soluble oligomers or unspecifically aggregated protein.
In order to distinguish between these possibilities, a sample
identical to that in Figure 4.3B, lane 6,was analyzed by size
exclusion chromatography in PBS, 0.1% DDM (lower elution
profile) and compared to an equivalent sample that had not
been cross-linked (upper elution profile). Arrows denote the
retention volumes of soluble marker proteins with indicated
masses. Vg, void volume.

molofojo
olo]a]o
o|o]o]o
0]0]0]0

\ Ll fL
e ol A M /\n’\
40

30

20

o )\ ’\‘_‘/\/\
40 \
30

20

" o\ O, \ A\ A
40

30

20

10 ,J\l\‘ O

3891215 36 01215 36 81215 36 81215

n-fold rotational component

o

Rotational Power

Figure 4.11: Supplementary Figure. Oligomeric state
of ClyArq. (A) Correspondence Analysis with SPIDER of
2876 negatively stained top views yielded 16 class averages
containing between 82 and 260 particles. The scale bar cor-
responds to 5 nm. (B) Rotational power spectra of top
view class averages were calculated with the Xmipp software
(Sorzano et al., 2004) indicating a 13-fold symmetry for all
averages.
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Figure 4.13: Supplementary Figure. Fourier shell
correlation plot. To assess the resolution of the 3D map of
the ClyArq pore, a Fourier shell correlation was calculated
(Saxton and Baumeister, 1982) employing the SPIDER soft-
ware. The correlation cutoff at 0.5 yielded a resolution of 12
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Figure 4.14: Supplementary Figure. Kinetics of
ClyA,eq assembly in detergent at different protein con-
centrations. Oligomerization of 2.5 uM (upper panel) and
10 uM ClyAred (lower panel) induced by 0.1% DDM was
monitored at 15°C by far-UV CD at 225 nm. The lines show
fits to mono-exponential functions omitting the first 100 s.
The arrows indicate the CD signal of monomeric ClyA,eq in
PBS.
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Figure 4.15: Supplementary Figure. Kinetics of as-
sembly of ClyA,q in erythrocyte membranes at 37 °C.
Oligomerization of ClyArd(5 ©M) induced by erythrocyte
membranes was followed by far-UV CD at 225 nm. The
line shows a fit to a mono-exponential function. The arrow
indicates the CD signal of monomeric ClyA,.qin PBS.
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5.1 Abstract

DivIVA from Bacillus subtilis is a bifunctional protein with distinct roles in cell division and sporulation.
During vegetative growth, DivIVA regulates the activity of the MinCD complex thus helping to direct cell
division to the correct mid-cell position. DivIVA fulfills quite a different role during sporulation in B. subtilis
when it directs the oriC region of the chromosome to the cell pole prior to the asymmetric cell division.
DivIVA is a 19.5 kDa protein with a large part of its structure predicted to form a tropomyosin-like « helical
coiled-coil. Here we present a model for the quaternary structure of DivIVA, based on cryo-negative stain
transmission electron microscopy images. The purified protein appears as an elongated particle with lateral
expansions at both ends producing a form that resembles a 'doggy-bone’. The particle mass estimated
from these images agrees with the value of 145 kDa measured by analytical ultracentrifugation suggesting
6-8 mers. These DivIVA oligomers serve as building blocks in the formation of higher order assemblies
giving rise to 'strings’, 'wires’ and finally two-dimensional lattices in a time-dependent manner.

5.2 Introduction

The molecular mechanisms of cell division have
been intensively studied for several decades, the
best characterized systems being those operating in
the rod-shaped bacteria Escherichia coli and Bacil-
lus subtilis. Despite these efforts, many basic ques-
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tions remain unanswered. For example the mecha-
nism that ensures the correct placement of the divi-
sion septum, a key aspect of bacterial cell division,
is only partly understood. The protein FtsZ plays a
pivotal role in the temporal and spatial control of
symmetric division at the mid-cell site in almost all
bacteria, as well as division at polar sites in bacte-
ria that divide asymmetrically during their life cy-
cle. FtsZ is homologous to the eukaryotic tubulins,
and forms cytokinetic rings (Z-rings) at the sites
of cell division (Bi and Lutkenhaus, 1991). Z-ring
formation is the earliest known step in bacterial cell
division and takes place well before cell membrane
invagination and complete nucleoid separation (Bi



62

Chapter 5. Oligomeric structure of DivIVA

and Lutkenhaus, 1991).

FtsZ-ring formation, and thus the selection of the
site of division, is controlled by at least two mech-
anisms; nucleoid occlusion and inhibition by the
Min system (Harry, 2001). The nucleoid occlusion
model states that the nucleoid has a negative ef-
fect on division wherever it occupies space in the
cell. Thus, the mid-cell site appears and disappears
cyclically during vegetative growth with rounds of
chromosome replication (Errington et al., 2003).
Although the nucleoid occlusion model (Woldringh
et al., 1991) is very attractive it is still poorly de-
fined.

A principal function of the Min system is to prevent
division at the cell poles. In E. coli, it comprises
three components, MinC, MinD and MinE. MinC
and MinD form a complex that prevents cell divi-
sion by inhibiting FtsZ polymerization and Z-ring
formation. MinE is a topological factor allowing
relief of division inhibition in the central region of
the cell (de Boer et al., 1992). Recent localization
experiments in living cells have revealed that MinD,
which is a membrane-associated ATPase (de Boer
et al., 1991), oscillates from pole to pole (Raskin
and de Boer, 1999a,b). The period of this remark-
able oscillation is 10-20 seconds. The division in-
hibitor MinC is also observed to oscillate from pole
to pole, and as it oscillates with the same pat-
tern as MinD, and only does so in the presence of
MinD, the proteins probably co-oscillate as a MinC-
MinD complex (Raskin and de Boer, 1999a; Hu and
Lutkenhaus, 1999). MinE was originally thought to
form a mid-cell, ring-like structure, defining the site
of subsequent FtsZ ring assembly (Raskin and de
Boer, 1997). However, in living cells MinE also un-
dergoes a rapid oscillation coupled to that of MinD
and MinC (Fu et al., 2001). The oscillating move-
ments of MinD and MinE are mutually dependent
because lack of MinE leads to a uniform distribu-
tion of the MinCD complex around the cytoplasmic
membrane (Rowland et al., 2000). In addition, it
has been shown recently that the three Min proteins
are organized into extended membrane-associated
coiled structures that wind around within the cell
between the two poles (Shih et al., 2003). Thus,
the pole-to-pole oscillation of the proteins reflects
oscillatory changes in their distribution within the
coiled structure.

Although the cell division processes in E. coli and
B. subtilis are fundamentally similar, Bacilli appear
to employ a different strategy on initiating mid-cell

division. B. subtilis has MinCD homologues but

lacks a MinE counterpart and the MinCD complex
does not oscillate between the cell poles. Instead,
MinCD is recruited to the division site by a 19.5
kDa cytoplasmatic protein, DivIVA (Cha and Stew-
art, 1997; Edwards and Errington, 1997; Marston
et al.,, 1998). DivIVA has no sequence similarity
to MinE and the two proteins function differently
(Zhang et al., 1998). DivIVA forms large oligomers
(Muchova et al., 2002) whereas MinE is a dimer
(Zhang et al., 1998).

Comparison of the ways that Gram-negative and
Gram-positive bacteria regulate mid-cell site selec-
tion during binary fission, reveals that fundamen-
tally different schemes have evolved. Binary fis-
sion involves not only identification of the mid-cell
and the construction of a septum at this site, but
also rejection of other (polar) sites for the assem-
bly of the cell division apparatus. In addition to
nucleoid occlusion, which probably pertains in all
bacteria, prokaryotes also control division site se-
lection using the Min system. This system seems
to have evolved in three basic ways, through MinE
oscillation, through DivIVA regulation and by a
third uncharacterized mechanism. The latter con-
clusion is based on the observation that bacter-
ial species such as Caulobacter, Mycoplasma and
Heamophilus, lack recognizable Min homologues
(Margolin, 2001). However, completed genome
sequence data suggest that the problem is more
complicated. In Clostridium acetobutylicum and
Clostridium difficile, both minE and divIVA genes
are present (Stragier, 2001) although it is not estab-
lished whether minE is functional in these organ-
isms and how it and divIVA contribute to mid-cell
site selection.

The B. subtilis DivIVA/MinCDdivision system ap-
pears to have no direct role in the initiation of
FtsZ ring formation at the mid-cell site, rather it
inhibits division at the polar sites. DivIVA has an-
other function during endospore formation, a devel-
opmental process that begins with an asymmetric
septation, giving rise to a larger mother cell and a
smaller prespore. In this process the role of DivIVA
is not in regulation of division site selection, in-
stead it functions in prespore chromosome segre-
gation (Thomaides et al., 2001). Taken together,
the main roles of DivIVA seem to be (i) to direct
the MinCD complex to polar sites during vegetative
growth and (ii) through direct or indirect interac-
tion with RacA, to help anchor chromosomes to the
poles during sporulation (Ben-Yehuda et al., 2003;
Yu and Errington, 2003). As DivIVA may interact
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with alternative proteins as mentioned above, it is
possible that their competition somehow triggers
polar division.

In this paper we present the quaternary struc-
ture of a biologically active variant of DivIVA
(DivIVA9) determined by cryo-negative stain trans-
mission electron microscopy. The experiments
demonstrate that elongated protein particles as
small as 130 kDa can be imaged individually, us-
ing cryo-negative stain TEM. The possible role of
observed DivIVA structure for its biological function
is discussed with aim to explain the extraordinary
manner how this protein recognizes the cell poles.

5.3 Results

5.3.1 DivlVA and its mutant derivatives
expression, isolation and purifica-
tion

All experiments were performed with two different
mutant variants of DivIVA, DivIVA9 and DivIVA2,
described previously in (Muchova et al., 2002).
These point mutations, leading to Glul62Lys
and Leul20Pro substitutions respectively, were ac-
quired during attempts to over-express recombinant
DivlVA in E. coli. The divIVA9 gene is stable in the
E. coli expression system in contrast to the wild
type diviVA gene, which acquires mutations and
deletions (Muchova et al., 2002). In B. subtilis, the
divIVA9 allele does not cause any detectable defects
in cell growth or morphology. Thus, it is reasonable
to assume that wild type DivIVA and DivIVA9 are
functionally and structurally similar proteins.
DivIVA9 was purified by Q Sepharose Fast Flow,
Mono Q and gel filtration chromatography as de-
scribed in Experimental procedures. The retention
volume of the protein on the gel filtration column
suggests a species with a molecular weight some-
where between those of the 158 kDa and 2 000 kDa
standards (Figure 5.1). A very similar gel filtration
profile was observed with a hexa-histidine tagged
derivative of DivIVA9 (not shown). Purified Di-
vIVAQ precipitates if stored at -20 °C even in 10%
glycerol. At high protein concentrations, it also pre-
cipitates at 4 °C (Muchova et al., 2002). Indeed, at
a concentration of 10 mg/ml, DivIVA9 precipitates
from solution over a period of several minutes at
4 °C. At the lower concentration of 4 mg/ml, pre-
cipitation is much slower taking place over several
days.

The second mutant protein, DivIVA2, which is as-
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Figure 5.1: Superose 12 gel filtration chromatograms
of DivIVA proteins. The continuous line represents DivIVA9
and the dashed line Hisg-tagged DivIVA2. In each experiment
a 0.5 ml sample was loaded containing either DivIVA9 at
2.6 mg/ml or Hisg-tagged DivIVA2 at 2.2 mg/ml. The dotted
line is the chromatogram of molecular weight standards: Blue
dextran (2 000 kDa), aldolase (158 kDa) and cytochrome C
(12.5 kDa).

sociated with severe defects in cell division and
sporulation (Muchova et al., 2002), was isolated
as a hexa-histidine tagged form on a Ni-NTA
agarose column. Its retention volume on the Su-
perose 12 column was significantly higher than that
of DivIVA9 and its hexa-histidine tagged deriva-
tive suggesting a much smaller species. Together
the results imply that there is a significant differ-
ence between the oligomeric states of DivIVA9 and
DivIVA2. This difference in the quaternary struc-
ture of the proteins may correlate with the different
in vivo effects of the divIVA9 and divIVA2 alleles.

5.3.2 Transmission electron microscopy
imaging of DivIVA9 and DivIVA2
mutant proteins

Transmission electron microscopy (TEM) of sam-
ples quick-frozen in the presence of an ammonium
molybdate stain (Adrian et al., 1998) was employed
to analyze DivIVA immediately after purification
and at a series of later times. In other TEM ex-
periments, either unstained cryo samples in fen-
estrated carbon film (Dubochet et al., 1988), or
samples negatively stained with uranyl acetate or
phosphotungstic acid (PTA), were prepared and ex-
amined. Unstained cryo TEM was unable to pro-
duce usable images of DivIVA, due to the small
size and weight of the complexes. While faint elon-
gated particles could be observed in the negatively
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stained TEM samples imaged at room temperature
(data not shown), the better resolution and signal-
to-noise ratio of images obtained by cryo-negative
stain TEM were needed for the oligomeric protein
structures to be visualized clearly.

Cryo-negative stain TEM images of freshly purified
DivIVA9 samples showed the presence of elongated
particles with lateral expansions at both ends, mak-
ing them resemble in some sense 'doggy-bones’.
These particles were observed in all samples imaged
within 1-3 days of protein purification (Figure 5.2A-
C). The flexible structures have a length of 22.4 +
3.0 nm and a width of 2.9 £ 0.3 nm (n = 16). In
contrast, TEM images of His-tagged DivIVA2 sam-
ples revealed diffuse objects without distinct shape
and there was no evidence of aggregation even af-
ter the stock had been stored for several days at
8°C (Figure 5.2D). When stored in the same way,
DivIVA9 slowly aggregates (see below).

To examine the possibility of further DivIVA9
oligomerization, cryo-negatively stained samples
were prepared after storage of the protein for up to
5 days at 8°C. While samples stored for 2 days con-
tained single 'doggy-bone’ shaped particles (Figure
5.2), the TEM images of samples prepared at later
time points showed higher order structures (Fig-
ure 5.3). The end-to-end oligomerization of two
'doggy-bone’ shaped particles was frequently ob-
served (Figure 5.3A). The end-to-end contacts of
the 'doggy-bones’ sometimes had a slight lateral
displacement. We also observed ’strings’ of lin-
early associated 'doggy-bone’ particles, laterally as-
sociated strings forming thin 'wires' (Figure 5.3B),
and two-dimensional networks of doggy-bone par-
ticles (Figure 5.3C). These exhibit the same con-
trast as the individual 'doggy-bone’ particles, sug-
gesting that the networks are single-layered two-
dimensional ribbons rather than three-dimensional
bundles. The Fourier transform computed for
the marked region of the two-dimensional network
shown in (Figure 5.3C) is displayed in the inset.
The diffraction spots prove the existence of an
ordered real-space lattice in the image, with 2D-
crystal dimensions of v = 24 nm, v = 10 nm
and an opening angle, « of 117°. Sometimes
two-dimensional networks with neighboring 'doggy-
bone’ particles displaced along the longer crystal
axis were observed. In these instances the ends of
some DivIVA particles establish contact not with
the ends but the centers of others (Figure 5.4C).
Older samples frequently showed mixtures of dif-
ferent oligomeric forms, and the incidence of the

higher order oligomers was higher than before stor-
age. This higher order oligomerization could be
reversed by the addition of 200 mM (NH4)2SO4
and incubation for 1 hour at 8°C, prior to sample
preparation. Subsequent TEM imaging then again
revealed mostly individual "doggy-bone’ shaped par-
ticles. In the presence of 200 mM (NH4)2S0O4, the
non-aggregated 'doggy-bone’ complex was stable
for several days at 8°C (Figure 5.2B).

5.3.3 Estimation of oligomerization state
of DivIVA9 by analytical ultracen-
trifugation

To determine the oligomerization state of the
DivIVA9 ’'doggy-bones’, sedimentation measure-
ments were made in the analytical ultracentrifuge
(AUC). The experiments were carried out in ammo-
nium sulphate buffer as described in Experimental
procedures. A single sedimentation velocity (SV)
run at a protein concentration of 0.4 mg/ml re-
vealed a single boundary with an Syow value of
2.7. Several sedimentation equilibrium (SE) runs at
10 000 and 14 000 rpm made over a protein concen-
tration range of 0.4 mg/ml to 0.1 mg/ml showed a
strong concentration dependence of the measured
mass, which varied from 104 kDa to 134 kDa. The
extrapolated molecular weight at a concentration
of zero mg/ml was 145 £ 10 kDa. The ratio of the
frictional coefficient (f) calculated for the protein
concentration of 0.4 mg/ml (M=104 kDa, s=2.7S)
to that of a rigid sphere (fp) was 2.95 with a hy-
drodynamic radius of 9.2 nm. A value of f/g of 1
corresponds to an ideal spherically shaped protein.
The extremely high f/o value obtained for DivIVA9
indicates that the particle shape has a high aspect
ratio. The AUC results suggest that the DivIVA9
protein forms elongated 6-8 mers under the condi-
tions employed. This observation is in contrast to
our previous analytical ultracentrifugation results,
which suggested that the mass of DivIVA9 increases
from that expected for a dimer to one correspond-
ing to a 12-mer (Muchova et al., 2002). The possi-
ble explanation for the observed discrepancy might
be the use of different buffers in the two experi-
ments. As documented by the TEM experiments,
ammonium sulfate disrupts the end-to-end contact
of pairs of 'doggy-bone’ particles, which would lead
to the 10-12 mer previously observed in AUC ex-
periments (Muchova et al., 2002).
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Figure 5.2: Cryo-negative stain TEM images of DivIVA. (A) DivIVA9, freshly purified and imaged within two days. (B)
DivIVA9, purified and stored for 3 days at 8°C in 200 mM (NH4)2SO4. (C) Examples of 'doggy-bone’ shaped particles, as
found in (A) and (B) (D) Cryo-negative stain image of Hisg-tagged DivIVA2 that had been purified and subsequently stored
for 5 days at 8°C. Scale bar for (A), (B) and (D) is 50 nm, for (C) is 20 nm.

5.3.4 Oligomerization state of the
'doggy-bone’ structures indicated
by microscopy

As noted above, the 'doggy-bone’ complexes ev-
ident on TEM images recorded from purified
DivIVA9 samples were 22.4 4+ 3.0 nm long and
2.9 + 0.3 nm wide. A cylindrical rod of the same
length and diameter would have a volume of 145 +
31 nm3. Taking the average density of protein to
be 810 Da/nm3, this would correspond to a mass
of 117 £+ 24 kDa. Taking into account the lat-
eral expansions at both ends, this is in agreement
with the 'doggy-bone’ being a DivIVA9 6-8 mer
(monomer mass of 19.5 kDa). It is probable that
the DivIVA9 protomers are in extended conforma-

tions, spanning the length of the 'doggy-bone’. Di-
vIVA9 has 164 amino acid residues. If these take
up the anticipated extended « helical structure they
would have a length 24.6 nm, in good agreement
with the length of the long axis of the 'doggy-bone’.
The scanning transmission electron microscope
(STEM) was employed in a further series of ex-
periments aimed at directly measuring the mass of
the 'doggy-bone’ complexes. The microscopy grids
were prepared using material that had been stored
for a period of weeks in the presence of 200 mM
(NH4)2SO4 at 8°C. Images recorded from nega-
tively stained (PTA) samples using the STEM, doc-
umented the continued presence of elongated par-
ticles (data not shown). In the absence of stain,



66

Chapter 5. Oligomeric structure of DivIVA

Figure 5.3: Cryo-negative stain TEM images of Di-
vIVA9, stored at 8°C in the absence of (NH4)2504. (A)
Examples of 'doggy-bone’ pairs, that can frequently be ob-
served two days after purification, (B) 3 days after purifica-
tion; the 'doggy-bone’ shaped particles arrange in 'strings’,
(C) After 5 days; two-dimensional networks are formed. The
indicated area of the two-dimensional network shown was
computationally Fourier transformed. The corresponding
power-spectrum is reproduced in the inset (top right), re-
vealing the presence of a real-space lattice with dimensions
u=24nm,v =10 nm, a = 117°. These real-space lattice
vectors are indicated in the image. Scale bar for (A) is 20
nm, for (B) is 50 nm, and for (C) is 20 nm.

the elongated structures could only rarely be dis-
tinguished with certainty and attempts to measure
their mass failed to give a statistically representa-
tive result. Nevertheless, the mass of 63 elongated
particles less than 26 nm long could be roughly esti-
mated and was 133 + 62 kDa. The mass-per-length
(MPL) could also be determined for 42 of these, be-
ing 3.6 £ 1.7 kDa/nm (n = 41) and 9.6 kDa/nm
(n = 1). Although of little statistical significance,
the results imply that the approximately 22 nm long
'doggy-bone’ particles imaged by TEM were not
DivIVA dodecamers, as indicated earlier by AUC ex-
periments made in the absence of (NH4)2504 (Mu-
chova et al., 2002). Further, the MPL of approxi-
mately 4 kDa/nm measured for some of the elon-
gated particles supports a hexameric stoichometry
(expected value 4.8 kDa/nm assuming the above
conformation).

5.4 Discussion

In this study, TEM images of DivIVA9 revealed
'doggy-bone’ shaped oligomers that further assem-
ble into two-dimensional networks. Since the di-
vIVAQ allele has no effect on cell division and
sporulation (Muchova et al., 2002), it is reason-
able to propose that wild type DivIVA forms the
same oligomers and networks as DivIVA9. In con-
trast, the Hisg-tagged DivIVA2 protein, which fails
to form 'doggy-bone’ shaped oligomers, has great
impact on these processes in B. subtilis. The Hisg-
tagged form of DivIVA9 showed the same behavior
in gel filtration experiments as the untagged protein
(Figure 5.1), indicating the formation of similarly
elongated particles as observed for DivIVA9. These
experiments as well as previous characterization of
DivIVA2 protein without Hisg-tag (Muchova et al.,
2002), are suggesting that in DivIVA2 the failure to
oligomerize the way as DivIVA9 does, is not due to
the presence of the Hisg-tag. According to the AUC
results, the 'doggy-bone’ complexes are formed by
6-8 copies of the 19.5 kDa DivIVA9 protein.

The elongated shape of the 'doggy-bone’ complex
(22.4 £+ 3.0 nm long and 2.9 £+ 0.3 nm wide) ex-
plains the discrepancy between the molecular mass
estimated from the gel filtration experiments and
that measured by AUC. Being an elongated parti-
cle, DivIVA9 elutes at a much lower volume than a
spherical particle of equivalent mass (Figure 5.1).
A scheme for the oligomerization of DivIVA is pre-
sented in (Figure 5.4), in which masked parti-
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Figure 5.4: Tentative scheme of DivIVA9 oligomeriza-
tion. (A) Freshly purified DivIVA9 appears as 'doggy-bone’
shaped particles 22.4 + 3 nm long and 2.0 + 0.4 nm wide
(left). A masked particle is reproduced to guide the reader’s
eyes (centre). A tentative model for the hexameric oligomer
(right). (B) 'Doggy-bone’ particles oligomerize end-to-end,
to form pairs. A lateral displacement was sometimes ob-
served, as in the example shown (left). Masked particle (cen-
ter). Model (right). (C) Further end-to-end oligomerization
gives rise to 'strings’ (D) Several strings attach laterally in a
plane to form thin 'wires’ (left). Models (center and right).
(E) Further aggregation leads to two-dimensional network
formation. Scale bar for (A) is 5 nm, for (B) is 10 nm, for
(C) and (D) is 20 nm, and for (E) is 50 nm.

cles from the cryo-negative stain TEM images are
shown alongside tentative models of the 'doggy-
bone’ oligomer and its assemblies. Our data indi-
cate that 'doggy-bone’ aggregation starts with the
formation of end-to-end dimers, (Figure 5.4B). This
would account for the 10-12 mers, seen previously
in analytical ultracentrifugation experiments run in
the absence of ammonium sulphate (Muchova et
al., 2002). Oligomerization continues with the
formation of 'strings’, thin 'wires’ (Figure 5.3C),
and two-dimensional 'networks' (Figures 5.4D and
5.4E). As indicated at the upper end of the model
in (Figure 5.4D), DivIVA 'doggy-bones’ occasion-
ally establish end-to-centre contacts, giving rise to
staggered two-dimensional networks where neigh-
boring oligomers are displaced along their long crys-
tal axis.

The observed oligomerization is unlikely to have
been influenced by the cryo-negative stain sam-
ple preparation method, since network formation
is time dependent. Further, since the 'doggy-bone’
shaped DivIVA9 particles are building blocks for the
higher aggregates, this conformation must exist in
solution and cannot be an artifact of the 30 sec-
onds exposure to ammonium molybdate during the
staining procedure.

The oligomerization, and lattice forming proper-
ties exhibited by DivIVA9 in this study may be
significant for the biological function of the wild
type protein. Other cell division proteins form two-
dimensional or three-dimensional networks, the best
known example being FtsZ. FtsZ forms Z rings
at sites of septation (Bi and Lutkenhaus, 1991),
though in B. subtilis it can also appear in the form
of spirals as the Z-ring migrates from the mid-cell
site to the two polar positions at the beginning of
sporulation (Ben-Yehuda and Losick, 2002). FtsZ
has a strong propensity to polymerize in a GTP-
dependent manner in vitro, forming structures that
include sheets and filaments (Bramhill and Thomp-
son, 1994). FtsZ is a weak homologue of tubu-
lin, which forms micro-filamentous structures that
provide either a track along which proteins can be
translocated or an anchor to which proteins of the
cytoskeleton of eukaryotic cells can attach. Inter-
estingly, DivIVA is a homologue of tropomyosin,
an actin-binding protein that forms coiled-coil fil-
aments (Whitby et al., 1992). The highly ordered
oligomeric structures formed by DivIVA may be cru-
cial for anchoring different proteins enabling DivIVA
to control complex processes such as cell division
and sporulation in Gram-positive bacteria.
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The ability of DivIVA to form 6-8 mers and two-
dimensional networks may be crucial for both veg-
etative and asymmetric cell division. Lewis and
Harry (2003) and Hamoen and Errington (2003)
have shown that DivIVA localization to the poles
is independent on FtsZ localization. However, a
dependence of DivIVA localization on the mid-cell
localization of FtsZ and other division proteins in-
cluding DivIB, DivIC (Marston et al., 1998) and
PBP 2B (Daniel et al., 2000; Hamoen and Erring-
ton, 2003) has been reported previously. How
DivIVA oligomers become sequestered to the po-
lar sites is not yet known. The requirement of FtsZ
and PBP 2B for polar targeting of DivIVA during
vegetative growth seems to be indirect and probably
only arises because of their role in the formation of
the new cell pole. The polar localization of DivIVA
is also independent of the cytoskeletal proteins Mbl
and MreB (Hamoen and Errington, 2003). Taken
together, it seems that in contrast to mid-cell local-
ization, polar localization of DivIVA does not need
any known cell division or cytoskeletal protein. Sim-
ilarly, the DivIVA homologue from Streptomyces
coelicolor specifically recognizes hyphal tips in a
septation independent manner enabling it to ei-
ther establish or maintain the cell polarity that is
needed for tip extension (Flardh, 2003). It is possi-
ble that DivIVA can recognize some general fea-
ture of cell poles as B. subtilis DivIVA can tar-
get poles in both E. coli and Schizosaccharomyces
pombe, neither of which have DivIVA-like proteins
(Edwards et al., 2000). These observations suggest
an intriguing function for DivIVA-like proteins as
morphogenes capable of creating the cell polarity
needed for sporulation in B. subtilis, tip extension
in S. coelicolor and/or polar growth in many actino-
mycetes.

Our results suggest tentative structural explana-
tions for how DivIVA recognizes the cell poles.
One possibility is that the two-dimensional DivIVA
networks specifically recognize some characteristic
of the cell's morphology, for example by devel-
oping a curvature that precisely matches that of
the cell poles. Another possibility is that DivIVA
oligomers are directed to the poles by recently
proposed 'activity-based structures’, or hyperstruc-
tures, in which a various types of molecule are
brought together to perform a function at a spe-
cific part of the membrane (Norris et al., 2002a;
Norris et al., 2002b). Such hyperstructures may
be responsible for differentiating the membrane at
the cell pole from the rest of the cell membrane,

so providing a means to control cell processes such
as DNA replication and cell division. Subsequently,
DivIVA sequesters other specific proteins to these
sites. These hypotheses may have a great impact
on our understanding of how bacterial proteins can
be targeted to specific sites by recognizing physical
characteristics of cell shape.

5.5 Experimental procedures

5.5.1 Bacterial strains and plasmids

Escherichia coli MM294 (Backman et al., 1976),
BL21(DE3) (Novagen), IB706 (Muchova et al.,
2002), IB884 (this work) and 1B886 (this work)
strains were grown in Luria-Bertani LB rich
medium supplemented with 100 mg/ml ampi-
cillin or 30 mg/ml kanamycin where appropriate.
pET15IVA2 and pET15IVA9 plasmids were con-
structed by ligating the divIVA2 and divIVA9 cod-
ing sequences from pETIVA2 and pETIVA9, respec-
tively (Muchova et al., 2002) into pET-15b (No-
vagen) at the Ndel and BamHlI sites. The result-
ing recombinant plasmids were used to transform E.
coli BL21 (DE3) to create strains IB834 and IB386,
respectively.

5.5.2 Isolation and

DivIVA9 protein

purification  of

The isolation and purification of DivIVA9 was car-
ried out essentially as reported previously (Muchova
et al., 2002). Briefly, 3.5 g IB706 cells in 10 ml
buffer A (50 mM Tris/HCI pH 8.0, 100 mM NaCl,
1 mM EDTA, 1 mM DTT, 1 mM AEBSF) were
lysed by sonication and the cell debris was removed
by centrifugation at 100 000 g for 30 min. The su-
pernatant was applied to a 13 ml Q Sepharose Fast
Flow column (Pharmacia Biotech) and DivIVA9
was eluted with a 91 ml 0.1 - 0.4 M NaCl linear
gradient in buffer A. Fractions containing DivIVA9
were diluted fivefold with buffer A and loaded on
to an FPLC Mono Q HR 10/16 column (Pharmacia
Biotech) which was developed with a 70 ml 0.1 -
0.3 M NaCl gradient in buffer A. DivIVA9 fractions
were concentrated by Centricon K10 filtration and
loaded (500ml) onto a Superose 12 column (Phar-
macia Biotech). Pure DivIVA9 fractions were then
either used directly for electron microscopy studies
or concentrated to 0.4 mg/ml. For the AUC and
for some TEM experiments, (NH4)2SO4 (pH 8.0)
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was added to a final concentration 0.2 M. All pro-
cedures were carried out at 4°C. DivIVA9 protein
with a Hisg tag at its N-terminus was isolated as
for the His-tagged DivIVA2 (see below).

5.56.3 Isolation and purification of Di-
vIVA2 protein

Because of the instability of DivIVA2, this mutant
was isolated with a Hisg-tag at the N-terminus us-
ing Ni-NTA agarose chromatography. 3.5 g induced
IB884 cells in 10 ml buffer A were lysed by soni-
cation and the soluble fraction was collected after
centrifugation at 200 000 g for 12 min. The su-
pernatant was applied to a 1 ml Ni-NTA agarose
(QIAGEN) column. After washing the column with
5 ml 40 mM imidazole in buffer B (20 mM Tris/HCI
pH 8.0, 150 mM NaCl, 20% glycerol), Hise-tagged
DivIVA2 was eluted with 0.3 M imidazole in buffer
B and desalted on a NAP5 column (Pharmacia
Biotech) into buffer A. All procedures were carried
out at 4°C.

5.5.4 Analytical ultracentrifugation

Analytical ultracentrifugation analysis was per-
formed on purified DivIVA9 samples in 20 mM
Tris/HCI pH 8.0, 200 mM (NH4)2SO4, 100 mM
NaCl. Sedimentation velocity (SV) and sedimen-
tation equilibrium (SE) runs were carried out in a
Beckman XLA analytical ultracentrifuge, equipped
with absorption optics. The SV runs were per-
formed at 54 000 rpm and 20°C using a 12 mm
double sector cell. The SE runs were made at
10 000 and 14 000 rpm, 20°C and scanned at two
wavelengths, 278 nm and 230 nm. The SE results
were analyzed using a floating baseline computer
program that adjusts the baseline absorbance to
obtain InA versus r?, where A is the absorbance
and r the radial distance. A partial specific volume
of 0.73 cm3/g and a solution density of p=1.012
g/cm3 was used. A solution viscosity of 1.02 cen-
tipoise was taken for the conversion of S to So,w.
The total conversion factor including the solution
density was 1.05.

5.5.5 Transmission electron microscopy

The purified DivIVA sample was prepared for cryo-
negative stain TEM as described (Adrian et al.,
1998). A 3 ul drop of the sample was put on a TEM
grid that had been coated with a fenestrated car-
bon film. This grid was then placed face down on

a drop of 100 ul saturated ammonium molybdate
solution, pH 7.5 for 30 seconds. The grid was then
blotted, quick-frozen in liquid ethane cooled liquid
nitrogen, and transferred with a Gatan-626 cryo-
holder into a Philips CM200FEG microscope oper-
ated at 120 kV or 200 kV. Images were recorded
at nominal magnifications of 50 kx to 115 kx on
Kodak SO-163 photographic film, which was sub-
sequently developed for 12 minutes in full strength
developer. The negatives were scanned into a com-
puter with a Heidelberg Primescan 7100 for further
processing.

5.5.6 Scanning transmission electron mi-
croscopy

The mass measurements were made on a DivIVA9
sample that had been stored in the presence of
200 mM ammonium sulphate for several weeks
at 8°C. The sample was diluted 1:3 with quartz
double-distilled water, after which a 7 ml aliquot
was adsorbed to a STEM microscopy grid; gold
coated copper grid covered by a thick fenestrated
carbon film and finally a thin carbon layer. The
grid was then washed on 4 drops of quartz double-
distilled water and freeze-dried overnight in the mi-
croscope. The sample was diluted by the same
amount for the negative stain STEM and the grid
similarly prepared except that the water washes
were omitted. Instead the grid was negatively
stained on 2 droplets of 2% uranyl acetate and air-
dried.

A Vacuum Generators STEM HB-5 interfaced to
a modular computer system (Tietz Video and Im-
age Processing Systems GmbH, D-8035 Gauting)
was employed. The dark-field images required for
mass measurement were recorded from the un-
stained sample at an accelerating voltage of 80 kV.
The nominal magnification was 200 kx. Recording
doses were in the range of 1000 electrons/nm?. The
512 x 512 pixel digital images were evaluated using
the program package IMPSYS as outlined previ-
ously (Lupas et al., 1995; Miiller et al., 1992). The
mass-per-length evaluated from images recorded on
the same day from tobacco mosaic virus (kindly
supplied by Dr. R. Diaz-Avalos, Institute of Molec-
ular Biophysics, Florida State University, Tallahas-
see, FL 32306) adsorbed to a separate grid, served
as a calibration standard. Further, the DivIVA9
data were corrected for beam induced mass-loss
based on the behavior of 4 proteins with an average
mass of 159 + 32 kDa. Subsequently, the mass val-
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ues were displayed in histograms and described by
Gauss curves. Images were recorded from the neg-
atively stained sample at the nominal magnification
of 200 kx and 80 kV accelerating voltage.
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Immunogenicity and structural
characterisation of an in vitro folded

meningococcal siderophore receptor
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6.1 Abstract

The iron-limitation-inducible protein FrpB of Neisseria meningitidis is an outer-membrane-localized
siderophore receptor. Because of its abundance and its capacity to elicit bactericidal antibodies, it is
considered a vaccine candidate. Bactericidal antibodies against FrpB are, however, type-specific. Hence,
an FrpB-based vaccine should comprise several FrpB variants to be capable of providing broad protection.
To facilitate the development of a meningococcal subunit vaccine, we have established a procedure to
obtain large quantities of the protein in a native-like conformation. The protein was expressed without its
signal sequence in Escherichia coli, where it accumulated in inclusion bodies. After in vitro folding, the
protein was biochemically, biophysically and immunologically characterized. Our results show that in vitro
folded FrpB assembles into oligomers, presumably dimers, and that it induces high levels of bactericidal
antibodies in laboratory animals.
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6.2 Introduction

Neisseria meningitidis (meningococcus) is a Gram-
negative bacterium that is capable of causing life-
threatening septicaemia and meningitis.  Effec-
tive vaccines based on the capsular polysaccha-
rides of the majority of pathogenic serogroups have
been developed (Mitka, 2005). However, a vac-
cine against serogroup B meningococci, which is
responsible for most disease cases in North Amer-
ica and Europe, is not available. Development of a
polysaccharide-based vaccine against serogroup B
meningococci is a cumbersome task, since the type
B capsule resembles human self-antigens (Finne
et al., 1983). Therefore, vaccine development
against this serogroup predominantly focuses on us-
ing outer membrane proteins (OMPs) as vaccine
components.

Due to its abundance and its capacity to induce
bactericidal antibodies, the general diffusion porin
PorA is the most extensively studied OMP with re-
gard to its vaccine potential. PorA induces high
levels of bactericidal antibodies, which is believed
to be the best correlate for protection against
serogroup-B meningococci (van der Voort et al.,
1996). Unfortunately, however, the PorA protein
shows extensive antigenic variation among strains,
which complicates the development of a broad-
spectrum vaccine. In the search for antigenically
more conserved OMPs, proteins involved in iron ac-
quisition are under investigation.

The meningococcus is remarkably efficient in scav-
enging iron from its host by using a wide variety of
OMP receptors, the expression of which is regulated
by the availability of iron. Together, these receptors
enable the meningococcus to use various human
iron-loaded proteins, such as lactoferrin, transfer-
rin and haemoglobin (Perkins-Balding et al., 2004).
Furthermore, although the meningococcus does not
appear to produce its own siderophores, it has the
ability to use siderophores secreted by other bacte-
ria (Rutz et al., 1991).

The major iron-limitation-induced OMP of N.
meningitidis is a ~70-kDa protein designated
FrpB (Ferric-repressed protein B) (Petterson et al.,
1995). The FrpB protein of Neisseria gonorrhoeae
was shown to be involved in the transport of en-
terobactin, a siderophore produced by Escherichia
coli, and it was, therefore, renamed FetA (Fer-
ric enterobactin transport protein A). Enterobactin
transport by FrpB is specific and dependent on the
energy-coupling protein TonB (Carson et al., 1999).

However, as the affinity of FrpB for enterobactin is
relatively low, the possibility exists that another,
enterobactin-related siderophore is the actual lig-
and of this protein in vivo.

FrpB is considered a promising vaccine candidate to
protect against meningococcal disease. Although
FrpB, like PorA, shows significant antigenic vari-
ation among strains (Thompson et al., 2003), its
ability to induce relatively high levels of bactericidal
antibodies justifies a further analysis of this protein
(Ala’Aldeen et al., 1994; Petterson et al., 1990).
Here, we describe the production of large quanti-
ties of FrpB, which were used for structural and
immunological analysis. It was suggested recently
that a vaccine comprising five FrpB (FetA) variants
and six variants of PorA should afford protection
against a large panel of hyperinvasive meningococ-
cal isolates (Urwin et al., 2004). Together with
our previously developed method to obtain large
amounts of correctly folded PorA (Jansen, Kuipers
et al., 2000; Jansen, Wiese et al., 2000), the current
work enables the development of such a multivalent
meningococcal subunit vaccine.

6.3 Results

6.3.1 Expression and purification of FrpB

The frpB gene without the signal-sequence-
encoding region was cloned behind the T7 promoter
on pET11a, and the construct was introduced into
E. coli strain BL21(DE3), which contains the gene
for T7 polymerase under an IPTG-inducible pro-
moter. Upon induction, expression of the recombi-
nant frpB gene resulted in large amounts of FrpB
(Figure 6.1A, lane 2). The majority of FrpB was
present in inclusion bodies, which were isolated and
solubilized in a chaotropic agent. The protein yield
was estimated as 500 mg/| of bacterial culture.
SDS-PAGE analysis demonstrated the high purity
of the solubilized protein (Figure 6.1A, lane 3), ren-
dering additional purification steps unnecessary. Al-
though FrpB has a calculated M, of 77348 based
on its amino acid sequence, the protein migrated
as a 70000-M, protein.

6.3.2

Correctly folded B-barrel OMPs exhibit deviant
electrophoretic mobility on semi-native SDS-PAGE.
Due to their compact conformation the folded
monomeric proteins usually migrate faster on gels

In vitro folding of FrpB
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Figure 6.1: Expression, purification and in vitro folding of recombinant FrpB. (A) Whole cell lysates of E. coli BL21(DE3)
containing pET11a-frpB before (lane 1) and after (lane 2) induction with 1 mM IPTG. Lane 3 shows FrpB (arrowhead) after
isolation of the inclusion bodies and solubilization in 8 M urea. Samples were incubated at 100 °C in loading buffer containing 2
% SDS prior to electrophoresis. (B) In vitro folded FrpB was heat denatured by boiling for 2 min in loading buffer containing 2
% SDS (lane 1) or incubated at RT in loading buffer containing 0.075 % SDS (lane 2) and analysed by semi-native SDS-PAGE.
The positions of different heat modifiable forms (arrowheads 1, 2 and 4) and the denatured form (arrowhead 3) of FrpB are
indicated. The positions of the molecular-weight standard proteins are indicated on the left of both panels.

than the heat-denatured form, whereas oligomers
migrate slower (Jansen, Wiese et al., 2000). This
so-called heat modifiability of OMPs can be used
to monitor their folding in vitro (Dekker et al.,
1995; Jansen, Wiese et al., 2000).

To identify appropriate folding conditions, stock
solutions of FrpB in 6 M guanidium hydrochloride
were diluted in a range of buffers, containing
different detergents and salts and having various
pHs, to a series of final protein and denaturant
concentrations. Initially, analysis of FrpB using
routine semi-native SDS-PAGE did not reveal any
differences in electrophoretic mobility. However,
since native FrpB from cell envelopes appeared to
be rather sensitive to SDS (data not shown), the
amount of SDS normally applied in semi-native
SDS-PAGE was lowered. Eventually, folded forms
of FrpB were visualized and optimal folding
conditions could be determined.

After dilution of guanidium hydrochloride-
solubilized FrpB in 27 mM ethanolamine (pH 10.8),
0.5 % (w/v) SB-12, semi-native SDS-PAGE re-
vealed a major band migrating with an M, of
110000 (Figure 6.1B, lane 2). Furthermore, two
minor bands with M,s of 155000 and 55000
were detected. The 55000-M, band probably
corresponds to a folded monomeric form of FrpB,
and the 110000-M, band to a dimer of two folded

monomers, whereas the 155000-M, band suggests
that some trimers might also be present. Although
in vitro folding was always very efficient, the ratio
of these folded forms varied between experiments.
Only a single band, representing the unfolded
protein, was detected after heat treatment (Figure
6.1B, lane 1). Strikingly, the unfolded protein
migrated slower on semi-native SDS-PAGE gels
than on normal SDS-PAGE gels (Figure 6.1A,
lane 3). This discrepancy is most likely the result
of the limiting amounts of SDS present in the
electrode buffer during semi-native SDS-PAGE,
since analysis of the same samples by regular
SDS-PAGE revealed the expected 70000-M, band
(data not shown).

6.3.3 Semi-native 2D electrophoresis

The detection of both monomers and oligomers
of FrpB in semi-native SDS-PAGE suggested that
these forms might be in equilibrium. This possi-
bility was tested by semi-native 2-D SDS-PAGE, in
which the electrophoretic conditions applied were
identical in both directions. In these experiments,
folded monomers detected after migration in the
first dimension revealed oligomers after migration
in the second dimension and vice versa, consistent
with an equilibrium state (Figure 6.2).
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Figure 6.2: Semi-native 2-D SDS-PAGE analysis. /n
vitro folded FrpB was analysed in the first (arrow A) and
the second (arrow B) dimension by semi-native SDS-PAGE.
The positions of different heat-modifiable forms (arrowheads
1, 2 and 4) and the denatured form (arrowhead 3) of FrpB
are indicated. Proteins were visualized by Coomassie stain-
ing (first dimension) or silver staining (second dimension).
The positions of the molecular-weight standard proteins are
indicated on the left.

6.3.4 CD analysis

In their native conformation, OMPs are barrels with
a high (-sheet content. The secondary structure of
in vitro folded FrpB was evaluated by CD mea-
surements. The CD spectrum had a minimum at
217 nm, consistent with the presence of [3-sheet
secondary structure (Figure 6.3, solid line). The
spectrum of a sample that had been denatured by
boiling in the presence of 0.1 % (w/v) SDS (Fig-
ure 6.3, dotted line) showed much more a-helical
content, consistent with results reported for other
SDS-denatured OMPs (e.g. ref. 15).

6.3.5 Trypsin digestion

Trypsin-digestion experiments were performed to
confirm that FrpB was folded in a native-like con-
formation. Folded proteins are usually more resis-
tant to proteases than the unfolded protein or fold-
ing intermediates. Denatured FrpB was completely
degraded with 10 pg/ml trypsin (Figure 6.4A). In
contrast, when folded FrpB was treated with the
same amount of trypsin, two distinct tryptic frag-
ments were detected one of which migrated slightly
faster than the untreated protein (Figure 6.4B, T1).
N-terminal sequencing of this fragment revealed
the amino acid sequence VVLDT, indicating that

12000 1
—g 10000 |
8000
o P
“c 6000 i Y
Sl U
oy 4000 \
] v
T 2000 | | \
§ 0 ," \; v — —
— 190 200 %, 2 220 230 <4340 250 260
2 -2000 \ d
'O | . ~
S -4000 o ~ \/ .
=3 e
= -6000
[}

8000 - Wavelength (nm)

Figure 6.3: CD spectra of in vitro folded FrpB (solid
line) and FrpB denatured by boiling in 0.1 % SDS (dotted
line).

trypsin cleaved the protein after Lys-6. N-terminal
sequencing of the second tryptic fragment, with an
M, of 50000 (Figure 6.4B, T2), revealed the amino
acid sequence INIDR, which resulted from cleavage
after Arg-249. According to a proposed topology
model of FrpB (unpublished), both of these trypsin-
sensitive sites correspond to exposed regions in the
native structure, i.e. the periplasm-exposed N ter-
minus and the cell-surface-exposed loop L3, respec-
tively. Strikingly, the large tryptic fragment T1, was
unaffected when the trypsin concentration was in-
creased to 100 ug/ml, whereas the 50000-M, frag-
ment was no longer detected (Figure 6.4B, lane 3).
Apparently, a proportion of the in vitro folded pro-
tein is susceptible to trypsin cleavage in loop L3
and, subsequently, to further degradation, whereas
the other proportion is not. This finding suggests
that at least two structurally distinct forms of FrpB
were formed during the in vitro folding procedure.
Besides T1 and T2, two additional tryptic frag-
ments of FrpB were detected on Western blots (T3
and T4, Figure 6.4C, lane 1). Similar fragments ob-
tained after digestion of in vitro folded FrpB were
also obtained upon trypsin treatment of cell en-
velopes (Figure 6.4C, lane 2). These results con-
firm that FrpB adopted a native-like structure upon
in vitro folding.

6.3.6 Electron microscopic evaluation of
the FrpB conformation

To study the conformation of in vitro folded FrpB
in further detail, the protein was diluted 50 x, ad-
sorbed to thin carbon films and imaged by STEM
for mass measurement (see Materials and meth-
ods). In spite of this large dilution some particles
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Figure 6.4: Trypsin digestion of FrpB. (A) denatured and (B) in vitro folded FrpB were treated with 0 (lane 1), 10 (lane
2) or 100 (lane 3) ug/ml trypsin and the tryptic fragments were separated by SDS-PAGE and stained with Coomassie brilliant
blue. T1 and T2 indicate the major tryptic fragments of FrpB. (C) Tryptic fragments of FrpB present after incubation of in
vitro folded FrpB with 10 ug/ml trypsin (lane 1) and cell envelopes with 10 mg/ml trypsin (lane 2) were detected on Western
blots. Arrowheads indicate tryptic fragments. The positions of the molecular-weight standard proteins are indicated on the

left.

were still too close to neighbours prohibiting eval-
uation. Nevertheless, over 3800 projections were
selected from the images, sorted according to their
dimensions into a main class and a minor class,
and analysed. The mass histogram from the main
class (n = 3326) displayed a single major peak with
a distinct high-mass sidearm (Figure 6.5A). Over
86 % of the particles had a mass of 149000 +
53000 (n~2894). The siderophore receptor FhuA
of E. coli, which may have a similar structure to
FrpB, is reported to associate with 185 molecules
of the detergent dodecyl maltoside (Boulanger et
al., 1996). Assuming that a similar number of de-
tergent molecules associates with FrpB (mass pre-
dicted from the sequence 77348 Da ), the contri-
bution of SB-12 (monomer mass 335.5 Da) would
be around 62000 Da, resulting in a theoretical total
mass of 139348 Da for the FrpB-detergent complex.
Thus, the mass calculated from the images strongly
implies the presence of a large population of FrpB
monomers. The high-mass asymmetry of the his-
togram (Figure 6.5A) reflects the presence of FrpB
dimers (n~433), as confirmed by the Gaussian fit-
ted to this region that falls at a mass of 263000 +
53000. The calculated mass indicates that there
is less detergent associated per monomer in the
dimer, which can be explained by the absence of
detergent at the site where the two monomers are
in contact. The minor second class of particles (n
= 505) was comprised of particles that were visibly
larger than those in the main class and had masses

in the range of dimers and above (data not shown).
Accordingly, all together, 75 % of all the particles
selected were monomers.

An overview of the FrpB sample after negative
staining with 2 % uranyl acetate is shown in Fig-
ure 6.5B; various orientations of the protein can
be distinguished. A total of 1791 projections were
automatically selected from the images and manu-
ally refined; projections too close to neighbours or
clearly arising from larger particles were removed.
The remaining 880 projections were then subjected
to reference-free alignment and classification. Fig-
ure 6.5C shows class averages of tilted top-views
and side-views of the FrpB monomer. The side-
view averages have diameters of ~6 nm and ~8 nm,
which is in the range expected from the crystal
structures of the E. coli siderophore receptors FepA
(Buchanan et al., 1999) and FhuA (Ferguson et al.,
1998). Some of the tilted top-view projections show
signs of a pore (Figure 6.5C).

6.3.7 Immune response against in vitro

folded FrpB

Mice were immunized to evaluate whether anti-
bodies can be raised against in vitro folded FrpB
that recognize FrpB expressed in vivo at the bac-
terial cell surface. The sera obtained 7 days af-
ter the third injection were pooled and evaluated
in ELISAs using in vitro folded FrpB as the coat-
ing antigen. The mean mid-point titre of 4837 in-
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Figure 6.5: Analysis of in vitro folded FrpB by electron
microscopy. (A) STEM mass analysis of detergent solubi-
lized, in vitro folded FrpB. The histogram of mass values
can be described by two Gaussian curves falling at 149000
=+ 53000 Da (n~2894; standard error, SE = + 1000; overall
uncertainty & 8000, considering the SE and the 5 % calibra-
tion uncertainty of the instrument) and 263000 + 53000 Da
(n~433; SE = + 3000; overall uncertainty £+ 13000) re-
spectively. (B) Overview image of the FrpB sample recorded
by TEM after negative staining with 2 % uranyl acetate.
(C) Average projections showing tilted top-views (first three
panels) and various side-views of the negatively stained, de-
tergent solubilized FrpB monomer. The top-views indicate a
stain-filled cavity implying the presence of a pore. The scale
bar is 20 nm in (B) and 5 nm in (C).

dicated good responses. Immunofluorescence mi-
croscopy was used to determine whether the anti-
bodies recognized FrpB on the cell surface of liv-
ing meningococci. These experiments showed that
wild-type meningococci grown under iron-limitation
were labelled, whereas an frpB mutant was not
(Figure 6.6). The bactericidal activity of the anti-
bodies was also evaluated. The assays showed that
the serum was bactericidal against strain H44/76
(50 % killing at a serum dilution of 1:912). The
bactericidal response was specific for FrpB, since
the frpB mutant was not killed. Hence, these re-
sults show that native epitopes are present after
folding FrpB in vitro and that bactericidal antibod-
ies can be raised with the in vitro folded protein.

6.4 Discussion

FrpB of N. meningitidis is considered an impor-
tant vaccine candidate. Here, we have developed
a procedure to obtain large quantities of FrpB
in its native conformation for both immunologi-
cal and structural analysis. Semi-native SDS-PAGE
indicated that the predominant form of in vitro
folded FrpB is a dimer, which is in equilibrium with

H44/76 CE1431

Figure 6.6: Immunofluorescence microscopy. Im-
munofluorescence micrographs of N. meningitidis strain
H44/76 and its frpB mutant derivative CE1431 with anti-
serum raised against in vitro folded FrpB.

folded monomers and, possibly, higher oligomeric
forms. In agreement with this observation, SDS-
PAGE analysis of FrpB from meningococcal cell en-
velopes has shown that the protein is present in
an oligomeric, probably dimeric, complex in the
outer membrane (Prinz and Tommassen, 2000).
Accurate comparison of the oligomeric structure
of FrpB from meningococcal outer membranes and
in vitro folded FrpB is however difficult, since in
vivo the complex interacts with the RmpM pro-
tein, which remains associated to FrpB during semi-
native SDS-PAGE (Prinz and Tommassen, 2000).
Although oligomers of FrpB were also detected by
analysis of cell envelopes from an rmpM mutant
(Prinz and Tommassen, 2000), the fuzziness of
these bands prohibited the accurate determination
of the M,. Furthermore, these oligomers might con-
tain associated lipopolysaccharide, which has been
shown to increase the observed M, of OMPs (Bos
et al.; Jansen, Heutink et al., 2000).

Support for the assumption that FrpB folded to a
native-like structure, was obtained in trypsin sensi-
tivity assays. Four tryptic fragments were detected
on Western blots that migrated at the same posi-
tion as the bands obtained upon digestion of na-
tive FrpB in cell envelopes. Two of the four bands
were present in sufficient amounts for N-terminal
sequencing. One fragment resulted from cleavage
after Lys-6 near the N terminus, the other from
cleavage after Arg-249, which is located in a pre-
dicted surface-exposed loop (unpublished). Lys-6
is located close to the TonB box, which supposedly
interacts with the energy-coupling protein TonB.
Interestingly, the E. coli siderophore receptor FhuA
is cleaved by trypsin at Lys-5, which is also in close
proximity to the TonB box (Moeck et al., 1996).
As it is conceivable that both trypsin-sensitive sites
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of in vitro folded FrpB are exposed in the native
structure, these results strongly indicate that the
protein folded correctly during the in vitro folding
procedure. Strikingly, treatment of FrpB with an in-
creased amount of trypsin only yielded the fragment
resulting from cleavage at Lys-6. This result indi-
cates that at least two structurally different FrpB
molecules coexist. Since FrpB is also present as a
dimer in the preparations, it is tempting to specu-
late that this dimer is asymmetric.

Although mass analysis by STEM revealed the pres-
ence of dimers, it indicated that most of the FrpB
protein analysed was monomeric (Figure 6.5A).
Thus, the monomer/dimer ratios observed from
semi-native SDS-PAGE and STEM do not fully cor-
respond. This is understandable because not every
particle imaged by STEM could be measured (see
Results). Further, the dilution required may have
shifted the monomer-dimer equilibrium towards the
monomer.

The current work demonstrates the ability of FrpB
to assemble into homo-oligomeric dimers. In-
terestingly, the crystal structures of other TonB-
dependent receptors, such as FhuA (Ferguson et
al., 1998; Locher et al., 1998) and FepA (Buchanan
et al., 1999), revealed monomeric proteins. Ana-
lytical ultracentrifugation also indicated that pu-
rified FhuA is monomeric (Locher and Rosen-
busch, 1997). However, in the latter study
oligomers of FhuA were detected by analytical ul-
tracentrifugation after cross-linking, and a posi-
tive co-operativity was observed in siderophore-
binding experiments, which is also consistent with
an oligomeric state of the receptor. Furthermore,
FhuA dimers have been visualized in 2D crystals
by electron microscopy (Lambert et al., 1999). It
is therefore tempting to speculate that the TonB-
dependent receptors in general form dimers, which,
however, readily dissociate into monomers when ex-
tracted from the membrane with detergents.

The dimensions of FrpB observed by TEM corre-
spond to those expected from the crystal structures
of FhuA (Ferguson et al., 1998; Locher et al., 1998)
and FepA (Buchanan et al, 1999). Some of the pro-
jections showed signs of a pore. These projections
probably represent FrpB molecules in the up orien-
tation, since the periplasmic side of the 3-barrels of
the TonB-dependent receptors is closed by a plug
formed by an N-terminal domain of these proteins.
Since milligram quantities of folded FrpB can now
readily be obtained, future experiments will focus
on elucidating its three-dimensional structure.

The in vitro folded FrpB protein was capable of
inducing high levels of antibodies that recognized
FrpB in the outer membrane and were bactericidal,
showing that native epitopes are formed during the
in vitro folding procedure. It was recently reported
that a vaccine based on six PorA and five FrpB
(FetA) variants should be able to provide protection
against a large panel of hyperinvasive meningococ-
cal isolates (Urwin et al., 2004). The current work,
together with previously developed methods to fold
the PorA protein in vitro (Jansen, Kuipers et al.,
2000; Jansen, Wiese et al., 2000), thus enables the
development of a protein-based meningococcal sub-
unit vaccine.

6.5 Experimental procedures

6.5.1 Expression and isolation of FrpB

The part of frpB encoding the mature pro-
tein (ie., FrpB without its signal sequence)
was PCR amplified from genomic DNA of M.
meningitidis strain H44 /76 with the primer pair 5'-
GCTACATATGGCAGAAAATAATCGGAAGGTC-3'
and 5-GCTAGGATCCTTAGAACTTGTAGTTCA-
CGCC-3’ containing Ndel and BamHI restriction
sites, respectively (underlined).  The resulting
product was cloned into pCRII-TOPO according
to the instructions of the manufacturer (Invit-
rogen).  From there, the frpB fragment was
obtained by digestion with Ndel and BamHI
and cloned downstream of the inducible T7
promoter of plasmid pET1la (Novagen), which
was digested with the same restriction enzymes.
This resulted in the plasmid pET1la-frpB. E. coli
strain BL21(DE3) (Studier and Moffatt, 1986),
which contains the gene for T7 RNA polymerase
under an isopropyl-B-D-thiogalactopyranoside
(IPTG)-inducible promoter, was transformed with
the plasmid. An overnight culture of the resulting
strain was diluted 1:50 into fresh Luria-Bertani
(LB) medium supplemented with 100 pg/ml ampi-
cillin for plasmid maintenance. When an optical
density at 550 nm (ODssg) of 0.6 was reached,
protein expression was induced by the addition
of 1 mM IPTG (Sigma). After 2.5 h of growth,
the bacteria were harvested by centrifugation and
washed with 0.9% (w/v) NaCl. Cell pellets were
stored at -20°C. FrpB was present in inclusion
bodies, which were isolated as described (Dekker
et al., 1995).
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6.5.2 In vitro folding of FrpB

Inclusion bodies were solubilized in 20 mM Tris-
HCI, 100 mM glycine (pH 8.0) containing either
6 M guanidium hydrochloride or 8 M urea. Af-
ter incubation on a turning wheel for 1.5 h, resid-
ual membrane fragments were removed by cen-
trifugation for 1 h at 356000g. The protein con-
centration in the supernatant was determined with
the Pierce protein assay (Pierce, Rockford, lllinois,
USA) using BSA (Sigma) as a standard. In vitro
folding of FrpB was initiated by 20-fold dilution
of fresh solubilized inclusion bodies (50 mg/ml)
in 27 mM ethanolamine (pH 10.8) containing
0.5% (w/v) n-dodecyl-N,N-dimethyl-1-ammonio-3-
propanesulfonate (SB-12) (Fluka, Buchs, Switzer-
land). Prior to use, the detergent was dissolved in
methanol /chloroform (1:1) and purified by passage
over an AlxO3 column (Dekker et al., 1995). All
in vitro folding experiments with FrpB were initi-
ated at room temperature (RT), and the protein
was stored at 4°C until analysis. For analysis of
trypsin sensitivity, CD spectroscopy, electron mi-
croscopy, analytical ultracentrifugation and immu-
nization experiments, the buffer was exchanged us-
ing a PD-10 desalting column (Amersham). After
exchange, some aggregates were observed, which
were removed by filtration through a filter with
a pore size of 0.22 um (Millipore). When re-
quired, detergent was exchanged by n-octyl-oligo-
oxyethylene (octyl-POE) (Alexis biochemicals) by
passage through Centricon YM-100 filters (Ami-
con).

6.5.3 SDS-PAGE and Western blotting

Proteins were separated by standard sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). To detect folded forms of FrpB, an SDS-
PAGE system that we refer to as semi-native SDS-
PAGE was used (Voulhoux et al., 2003). In this
technique, to prevent denaturation of the folded
proteins the slab gels are devoid of SDS, while
the amount of SDS present in the electrode buffer
and loading buffer depend on the SDS-sensitivity
of the protein of interest and is empirically deter-
mined for each protein. For FrpB, the electrode and
loading buffers contained 0.01% and 0.075% (w/v)
SDS (end concentration), respectively. The sam-
ples were kept at RT before loading. To denature
the protein, a loading buffer with 2% (w/v) SDS
(end concentration) was used, and these samples

were boiled for 2 min before loading. The samples
were loaded on polyacrylamide gels composed of a
stacking gel with 3% (w/v) acrylamide and a 7%
(w/v) resolving gel. Electrophoresis was performed
on ice at a constant current of 10 mA. After elec-
trophoresis, proteins were visualized by Coomassie
brilliant blue staining.

For two-dimensional (2D) semi-native SDS-PAGE,
a lane was cut from a gel run in the first dimen-
sion. This gel-slice was then rotated 90° and placed
on top of a new polyacrylamide gel. Electrophore-
sis in the second dimension was performed under
the same conditions as the first dimension, after
which protein spots were visualized by silver stain-
ing (Blum et. al, 1987).

Western blotting was performed as described
(van Ulsen et al.,, 2003), using a polyclonal
antiserum raised against in vitro folded FrpB
and peroxidase-conjugated goat anti-mouse IgG
(Southern Biotechnology Associates Inc.) as sec-
ondary antibody.

6.5.4 CD spectroscopy

CD spectra of FrpB in 5 mM phosphate buffer
[0.775 mM NaHyPO4, 4.225 mM Na;HPO,4
(pH 7.6)] containing 0.3% (w/v) SB-12 were
recorded at RT over a wavelength range of 190-
260 nm using a 0.5 mm path cell in an Olis CD
instrument (Olis, Inc. USA). The monochromator
was equipped with a fixed disk and gratings were
used with 2400 lines/mm (blaze wavelength 230
nm). The FrpB concentration used for CD mea-
surements was 0.586 mg/ml (Azgp). The CD spec-
tra shown are the average of ten repeated scans
(step resolution 1 nm) from which the correspond-
ing buffer spectrum was subtracted. The measured
CD signals were converted to molar ellipticity (0).
For the comparison between folded and denatured
protein, a sample, that had been boiled for 3 min
in the presence of 0.1% SDS (w/v), was also ana-
lyzed.

6.5.5 Isolation of cell envelopes

N. meningitidis strain CE2001 (Tommassen et
al.,, 1990) was grown in TSB supplemented with
20 mg/ml of the iron chelator ethylenediamine
di-o-hydroxyphenylacetic acid (EDDHA; Sigma).
Bacteria were collected by centrifugation, resus-
pended in 50 mM Tris-HCI, 5 mM EDTA (pH 8.0)
containing the protease inhibitor cocktail "Com-
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plete” (Roche) and stored overnight at -80°C. Af-
ter ultrasonic disintegration, unbroken cells were
removed by centrifugation (12000g, 15 min) and
cell envelopes were collected by ultracentrifugation
(170000g, 5 min). The resulting pellet was dis-
solved in 2 mM Tris-HCI (pH 7.6) and stored at
-80°C.

6.5.6 Trypsin digestion

A sample of in vitro folded FrpB [0.5 mg/ml in
50 mM HEPES (pH 7.5), 0.3% (w/v) SB-12] was
divided between two vials. One sample was dena-
tured by boiling in 0.1% (w/v) SDS for 5 min, the
other was left untreated. Both samples were sub-
sequently treated with trypsin (Sigma) for 15 min
at RT, after which 1 mM phenylmethylsulfonyl flu-
oride (PMSF; Sigma) was added and the samples
were analyzed by SDS-PAGE. For N-terminal se-
quencing, the tryptic fragments were blotted from
the gels onto polyvinylidene difluoride membranes
(Millipore). The blots were stained with Coomassie
blue G-250, and appropriate bands were excised.
Samples were subjected to 5 steps of Edman degra-
dation at the Protein Sequencing Facility, Utrecht
University.

Trypsin sensitivity of FrpB present in cell envelopes
was assessed by incubating cell envelopes with
10 mg/ml trypsin for 30 min at RT. Afterwards
1 mM PMSF was added and the samples were ana-
lyzed by SDS-PAGE, followed by Western blotting.

6.5.7 Scanning transmission electron mi-
croscopy (STEM)

The FrpB sample [10 pg/ml in phosphate buffer
(pH 7.6), 0.3% (w/v) SB-12] was diluted 50x
with buffer containing detergent. Immediately af-
terwards, 5 ul aliquots were adsorbed for 60 s
to glow-discharged STEM films (thin carbon films
that span a thick fenestrated carbon layer cover-
ing 200 mesh /inch, gold-plated copper grids). The
grids were then blotted, washed on 7 drops of
quartz double-distilled water, and freeze-dried at
-80°C and 5-10°8 Torr overnight in the microscope.
The hexagonally packed intermediate (HPI) surface
layer of the archaebacterium Deinoccus radiodurans
(kindly supplied by Dr. Harald Engelhardt, Max-
Planck-Institute for Biochemistry, Martinsried, Ger-
many) served as mass standard. This sample was
similarly adsorbed to separate microscopy grids,
washed on 4 droplets of quartz double-distilled wa-

ter, and air-dried.

A Vacuum Generators STEM HB-5 interfaced to
a modular computer system (Tietz Video and Im-
age Processing Systems GmbH, Gauting, Germany)
was employed. Series of 512 by 512 pixel, dark-field
images were recorded from the unstained samples
at an accelerating voltage of 80 kV and a nominal
magnification of 200kx. The recording dose was
ranged from 448 to 855 electrons/nm?. Further,
repetitive low dose scans were made of some grid
regions to assess beam-induced mass-loss as out-
lined in (Miiller et al., 1992). The digital images
were evaluated using the program package IMP-
SYS (Miller et al., 1992). Accordingly, the projec-
tions were selected in circular boxes, and the to-
tal scattering of each region was calculated. The
background scattering of the carbon support film
was then subtracted and the mass was calculated.
The results were scaled according to the mass mea-
sured for HPI and corrected for the beam-induced
mass-loss, which varied between 8.1% and 15.4%
depending on the dose employed. The mass values
were then displayed in histograms and described by
Gauss curves.

6.5.8 Transmission electron microscopy
(TEM)

For TEM analysis, 5 ul aliquots of FrpB [20 ug/ml
in phosphate buffer (pH 7.6), 0.3% (w/v) SB-
12] were adsorbed for 60 s to a glow-discharged,
carbon-coated TEM microscopy grid. The grid
was then blotted, washed on 7 droplets of quartz
double-distilled water and negatively stained on 2
droplets of 2% (w/v) uranyl acetate (pH 4.5).
Bright-field images were recorded on photographic
film using a Hitachi 7000 electron microscope at
an accelerating voltage of 100 kV and a magni-
fication of 80kx. A Leafscan scanner was em-
ployed to digitize two of the negatives at a sam-
pling step size of 0.5 nm/pixel, yielding 24 sub-
images (512 by 512 pixels). Projections (centered
in 32 by 32 pixel regions) were automatically se-
lected from these by cross-correlation with a cen-
tered, 20-fold symmetrized circular reference, us-
ing the SEMPER image-processing package (Syn-
optics Ltd., Cambridge, England). Reference-free
alignment and classification of the selected parti-
cles were done with the SPIDER image processing
software (Frank et al., 1996).



82 Chapter 6. Characterization of in vitro folded FrpB

Immunization of mice

6.5.9

A group of 10 OF-1 mice (Charles River, Lyon, fe-
male, 6-8 weeks of age) received three injections
with in vitro folded FrpB by intramuscular route on
day 0, 21 and 28. With each injection, 5 ug of anti-
gen formulated in AIPO4 plus monophosphoryl lipid
A was administered. Blood samples were collected
14 days after the third injection and pooled.

6.5.10 ELISA

ELISA plates were coated with 100 ul of folded
FrpB (5 pg/ml) in PBS. After overnight incuba-
tion at 4°C, the plates were washed three times
with 150 mM NacCl, 0.05% (v/v) Tween-20. Non-
specific protein-binding sites were blocked with
200 ul PBS, 1% (w/v) BSA for 30 min at RT under
agitation. After washing with 150 mM NaCl, 0.05%
(v/v) Tween-20, serum was added to the wells and
serially diluted (two-fold dilution steps) in PBS,
0.2% (w/v) BSA, 0.05% (v/v) Tween-20. After
30 min, the plates were washed and subsequently
incubated first with goat anti-mouse IgG antibod-
ies conjugated to biotin (Prosan, 1:2000) and then
with streptavidine-peroxidase (Amersham, 1:3000)
in the same buffer. Incubations were performed for
30 min at 37°C under shaking. Plates were washed
and incubated in the dark with 0.1 M citrate buffer
(pH 4.5), 0.4% (w/v) o-phenylenediamine (Sigma),
2 mM H0,. The reaction was stopped by the ad-
dition of 1 M HCI and the absorbance was read at
490 nm.

6.5.11 Serum bactericidal assay

N. meningitidis strain H44/76 and its frpB mu-
tant derivative CE1431 (Petterson et al., 1995)
were grown overnight on Mueller Hinton (MH)
agar (Difco), 1% (v/v) Polyvitex (Biomérieux),
1% (v/v) horse serum (Sigma) at 37°C in a 5%
CO; atmosphere. The bacteria were inoculated in
tryptic soy broth (TSB) (Beckton Dickinson) with
50 uM of the iron chelator desferrioxamine mesy-
late (Sigma) and grown in shaking flasks for 3 h
at 37°C until an OD479 of 0.5 was reached. The
complement in pooled serum was heat inactivated
for 40 min at 56°C. The serum was subsequently di-
luted 1:100 in Hank's balanced salt solution (HBSS,
Gibco), 0.3% (w/v) BSA and then serially diluted
(two-fold dilution steps, eight dilutions) in a volume
of 50 ul in round-bottom microtiter plates. Bacte-
ria were diluted in HBSS, 0.3% (w/v) BSA to yield

13000 colony- forming units (CFU) per ml. After-
wards, 37.5 ul aliquots of this dilution were added
to the serum dilutions and the microtiter plates
were incubated for 15 min at 37°C under shaking.
Subsequently, 12.5 ul of baby-rabbit complement
(Pelfreez) or, as a control for toxicity of the sera,
heat-inactivated complement (56°C for 45 min) was
added to the wells. After 1 h of incubation at 37°C
under shaking, the microtiter plates were placed on
ice to stop killing. A 20 ul aliquot was removed
from each well and spotted on MH agar plates con-
taining 1% (v/v) Polyvitex, 1% (v/v) horse serum.
Plates were tilted to allow the drop to "run” down
the plate. After overnight incubation at 37°C in a
5% CO, atmosphere, the CFUs were counted, and
the percentage of killing was calculated.

6.5.12 Immunofluorescence microscopy

Bacteria were grown in candle jars at 37°C in a
humid atmosphere on GC (Oxoid) plates supple-
mented with Vitox (Oxoid) and with 20 pg/ml ED-
DHA to impose iron limitation. The next day, the
bacteria were suspended in HBSS, 0.5% (w/v) BSA
(washing buffer) to an ODssg of 1. Bacteria from
300 pl of this suspension were collected by centrifu-
gation and resuspended in 300 pl washing buffer
containing serum (1:100). After incubation for 1 h
and washing twice, the bacteria were resuspended
in 300 ul of washing buffer containing the sec-
ondary antibody goat anti-mouse IgG conjugated
with Alexa-green (Molecular Probes, Oregon, USA)
(1:400). After incubation for 1 h and washing, the
bacteria were collected and resuspended in 300 pl
HBSS containing 2% (v/v) formaldehyde, immobi-
lized on polylysine-coated coverslips and analyzed
by microscopy.
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Chapter 7

Outlook

The fields of cryo-Electron microscopy and sin-
gle particle analysis are rapidly progressing. Only
15 years ago the resolution limit for volume recon-
structions obtained by these techniques, was in the
range of 30-40 A, whereas today an increasing num-
ber of single particle volumes at sub-nanometer res-
olution has been published. This trend is likely to
continue and the single particle community clearly
aims at improving the reconstruction techniques
towards atomic resolution. It has been estimated
that in order to break the resolution limit of 4 A,
which would allow tracing of the polypeptide back-
bone, a landmark number of one million particles
would have to be involved. To achieve this goal,
many laboratories have been working intensively
on automated image acquisition, particle pickup
and 3D reconstruction algorithms. Considering the
fast growth of computational power, it is foresee-
able that atomic structures, specifically of icosa-
hedral viruses and particularly stable proteins com-
plexes with lower-symmetric features, will be avail-
able in the near future. A major difficulty, how-
ever, will consist in calculating very high resolution
volumes of flexible proteins and fragile or inhomo-
geneous protein complexes. Single particle averag-
ing assumes multiple copies of identical molecules,
and in the case of inhomogeneous particle popu-
lations, classification methods would have to be
applied, thus inevitably increasing the number of
images required for high resolution. Nevertheless,
for many multi-subunit complexes, it is possible to
obtain high resolution information by docking the
atomic coordinates of single protein components
into medium-resolution electron density maps. This
technique will become increasingly important in the
face of the exponentially incrementing number of
atomic structures provided by NMR spectroscopy
and high-throughput crystallization methods. Until
today, over 35000 structures have been deposited in
the RCSB protein data bank (http://www.pdb.org,
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February 2006). However, to achieve the central
objective of structural proteomics, namely solving
the atomic structures of entire proteomes, exhaus-
tive efforts in further development of the individual
methods and their complementary application will
be necessary. Experimental techniques will have to
go hand in hand with comparative computational
modeling, an emerging discipline with great poten-
tial to fill the gaps of structural information left
open by proteins withstanding any attempt of crys-
tallization. The question, however, will be: how
many structurally diverse templates are required for
reliable and accurate modeling of the remainder of
the proteomes of interest?
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