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ABSTRACT
Type IV Secretion Systems (T4S8S) are machineries required for the virulence of many

Gram-negative pathogens. They contribute to bacterial competence, conjugation and the
translocation of toxins from bacteria into eukaryotic hosts. In the plant pathogen
Agrobacterium tumefaciens, the T4SS complex is composed of 11 VirB proteins (VirBl1-
VirB11) and VirD4. The VirB/D4 complex spans the bacterial envelope and assembles
filamentous T-pili, which extend into the extracellular environment and mediate inter-bacterial

conjugation as well as the formation of Crown Gall tumors on plants.

[n my Ph.D. project, the role of VirB5 during the T4SS process occupied the major
focus. VirB5 is required for inter-bacterial conjugation and to incite tumors on plant surfaces.
Previous research has demonstrated that VirB5 is indispensable for the assembly of the
outermost T4SS section, the T-pilus. In addition, detailed analysis of the VirB5 ortholog,
TraC, from the Escherichia coli plasmid system pKMI101 revealed that this putative pilus
protein might be exploited during Type IV-dependent phage binding prior to entrance into
bacterial cells. Collectively, previous research findings led to the hypothesis that VirB5 is a
minor T48S component with a T-pilus associated form, which contributes to agrobacterial
pathogenesis (Schmidt-Eisenlohr, Domke et al. 1999). Towards addressing this hypothesis,
several approaches were undertaken such as forced localization of VirB5 to various sub-
cellular compartments, PCR mutagenesis, C-terminal truncation and alanine replacements. An
optimized immuno-electron microscopy (immuno-EM) procedure was also applied during the

course of my studies.

Forced localization of VirB5 to the outer membrane or the periplasmic space using an
inner trans-membrane domain fused to its amino- or carboxyl-terminus led to a nonfunctional
T4S8S and abolished T-pilus assembly. Using immuno-EM, VirB5 was found to associate with
the T-pilus tips, bacterial surface and the ends of detached pili. Characterization of VirB5 C-
terminal deletion and alanine replacement variants revealed that VirB5 may be assigned an

important role in host cell specificity.

As result of other investigation of the necessity of VirB5 for agrobacterial pathogenesis, a

former Ph.D. candidate in Dr. Baron’s laboratory in Munich (Dr. Lilian Krall) found that

iv
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VirB5 interacts with the agrobacterial host range factor frans-zeatin synthesizing enzyme, Tzs.
My follow-up work showed that, similar to VirB5, Tzs localizes to the bacterial surface.
Unlike the T4SS transglycosylase VirB1, Tzs is not secreted into the culture supernatant,
Using Blue Native Electrophoresis (BNE), it was shown that the association of Tzs with
agrobacterial protein complexes of diverse molecular masses was significantly altered in case
of the virB3 deletion mutant CB1005. In immuno-EM experiments, it was shown that Tzs
distribution to the cell surface was reduced in case of virB2 and virB§ deletion mutants
CB1002 and CB1008, respectively. Tzs association with the cell surface was strongly reduced
in case of the virB5 deletion mutant CB1005. Taken together, these results highlighted that

VirB3 is a key protein required for the cell surface localization of Tzs.

The results of my Ph.D. study have significantly contributed towards better
understanding the role of VirB3 during the T4SS process and have opened numerous research
avenues to better understand the method(s) by which T4SS machineries from the source

pathogen can recognize the recipient.
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Chapter One
INTRODUCTION

1.1 Overview

Gram-negative bacteria employ at least six different secretion systems for protein
export across the cytoplasmic membrane and secretion into the extracellular environment.
Secretion systems range from simple machineries, such as type I secretion systems composed
of three subunits that only secrete one substrate protein, to complex machines such as type III
and IV secretion systems composed of ~20 subunits that can translocate large sets of effector
proteins into eukaryotic target cells (Hensel, Gerlach et al. 2007). An intriguing feature of
various secretion systems resides in their evolution pattern. For example, studies have shown
that the basal structure of Type Il secretion systems (T3SS) has considerable similarities with
the structure of flagellar core proteins (Blocker, Komoriya et al. 2003). These findings
confirm that bacterial T3SS and flagellar systems are evolutionary linked. More recently, it
was found that the flagellar assembly and/or mobility antagonizes the T3SS and that a
negative cross talk exists between these two systems (Soscia, Hachani et al. 2007).
Furthermore, it is believed that Type II secretion systems, Type IV pili and archeal flagella are
evolutionary related (Peabody, Chung et al. 2003). Among the many secretion systems
assembling on the surface of Gram-negative bacteria, our laboratory studies the biogenesis
mechanism(s) of Type IV Secretion Systems (T4SS) and their role in bacterial pathogenesis.
They assemble an inner and outer membrane spanning apparatus composed of 7 to 12
conserved VirB proteins in addition to VirD4. In the plant pathogen .4grobacterium
tumefaciens, T4SS is composed of two interlinked sub-complexes of distinct masses. The
larger sub-complex is 500-900 kDa and comprises the basal structure of the apparatus. This

sub-complex energizes the assembly of the second and outermost sub-complex of a smaller
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mass of around 140 kDa. Some VirB proteins might link both sub-complexes together. The
outermost small sub-complex is composed mainly of the T-pilus proteins, VirB2 and VitB3.
At least two activities are mediated by T4SSs in different pathogens. First, the translocation of
macromolecular toxins from the bacteria into their eukaryotic hosts and second, plasmid
transfer between bacterial cells as it is believed that T4SSs have evolved from conjugation
machineries (Christie 2004) (Seubert, Hiestand et al. 2003). They also control the transfer of
single stranded nucleoprotein particles and the mechanism of mating junction disassembly

upon substrate translocation (Christie 2004).

1.2 Core complex components of T4SS

The T4SS complex is best understood in A. tumefaciens where it is composed of 12
proteins. The core structure is likely composed of 8 proteins: VirB4, VirB6, VirB7, VirB3,
VirB9, VirB10, VirB11 and VirD4. A model of T4SS structure is represented (Fig. 1) (Baron
2006). Three proteins: VirD4, VirB11 and VirB4 are inner membrane bound/spanning
hexameric NTPases with Walker-A nucleotide binding motif signatures. VirD4 directly
interacts with the translocated T-DNA substrate and links it to the inner membrane bound
VirB11 during the carly stages of substrate trafficking and thus required for the 4. tumefaciens
virulence (Atmakuri, Ding et al. 2003). The T-DNA substrate is single stranded DNA
fragment translocated via T4SS into plant hosts and becomes integrated onto plant genomes
prior to tumor formation. Tumor formation results from the expression of oncogenes
transferred on the T-DNA fragment. The products of the oncogenes lead to a severe hormonal
imbalance in infected plant tissues (Ulker, Li et al. 2008). The average length of the T-DNA

fragment is 235 kb, depending on the agrobacterial species. But a minimal fragment of 5 kb can
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be sufficient to disrupt the growth pattern of infected plants (Krysan, Young et al. 1999). Two
25-bp imperfect direct repeats, termed border sequences, define the T-DNA. In the presence of
the VirD1 protein, VirD2 nicks the border sequence in a strand-specific manner and covalently
attaches to the 5" end of the nicked DNA. The nicked DNA is thought to be displaced from the
plasmid to vield single-stranded T-DNA. This single-stranded T-DNA-VirD2 complex is next
transferred to the plant cell and is coated with the single-stranded DNA (ssDNA) binding
protein VirtE2, forming the so-called T-DNA complex. The T-DNA complex enters the
nucleus, and the T-DNA is finally integrated into the plant cell genome (Ziemienowicz,

Merkle et al. 2001).

Although some T4SS encoding pathogens such as the genus Brucella do not have a
VirD4 ortholog, their virulence for the mammalian hosts remains T4SS dependent
(O'Callaghan, Cazevieille et al. 1999). This result can be possibly explained by the finding
that substrate recruitment towards the T4SS apparatus may depend on more than VirD4 (Guo,

Jin et al. 2007).

VirB11 is an inner membrane bound cytoplasmic protein with a hydrophilic nature and
is considered one of the most conserved ATPases in Gram-negative virulence secretion
systems (Rashkova, Zhou et al. 2000). It reaches its functional destination at the cell pole
without the involvement of other VirB proteins (Judd, Kumar et al. 2005). Mutagenesis
studies revealed that VirD4 guides the T-DNA substrate to VirB11 and VirB4 independently
of other VirB proteins or ATP hydrolysis (Atmakuri, Cascales et al. 2004). However, substrate
trafficking to the rest of the T4SS core proteins requires the NTPase activities of the three

proteins. This proposed a collective role for the three NTPases for T-DNA passage to the rest
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of the T4SS proteins. Different VirB11 mutations in Legionella preumophila arrest the
translocation of subsets of effectors suggesting a vital role for VirB11 in substrate selectivity

(Sexton, Yeo et al. 2005).
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Figure 1. Schematic presentation of a Type IV Secretion System (T4SS) model. Based on
the role of individual VirB proteins in complex assembly, a model apparatus was drawn and
classifies VirB proteins into 3 sections. The first section represents the inner most proteins
which include 3 NTPases (VirB4, VirB11 and VirD4). The second section is composed of
likely periplasmic proteins such as VirB3, VirB6, VirB7, VirB8, VirB9 and VirB10. The last
section is composed of the outermost T-pilus components VirB2 and possibly VirB3. IM,

inner membrane; PG, peptidoglycan layer; OM, outer membrane.
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Although a direct interaction between VirB4 and the T-DNA substrate was not proven,
the VirB4 NTPase activity is necessary for T-DNA transfer to the rest of the T4SS proteins
(Atmakuri, Cascales et al. 2004). Apart from that, it was shown that VirB4 protein stabilizes
VirB8, a core polytopic inner membrane protein partner as well as VirB3, which is believed to
have an outer membrane associated form (Yuan, Carle et al. 2005). In addition, VirB2 and
VirB5 complex formation prior to incorporation into extracellular pili (T-pili) was found to be
VirB4 dependent. This indicates that VirB4 -the largest protein member of the T4SS
apparatus- is a dynamic multifunctional protein. The T4SS function of the wild-type A.
tumefaciens strain C58 lacking virB4 can be functionally complemented by the B. suis VirB4

(Yuan, Carle et al. 2005).

Previous studies have suggested that VirB4 spans the inner membrane by at least two
C-terminal domains (Dang, Zhou et al. 1999). Recently, the VirB4 ortholog Trw] from the
conjugative plasmid system R388 was shown to undergo ATP hydrolysis and it was also
shown that the catalytically active form of that protein is likely homo-hexameric (Arechaga,
Pena et al. 2008). These findings might be system-specific and are not generally accepted for

all VirB4-like proteins until further investigation.

The cell-pole localized VirB6 is a polytopic inner membrane protein comprising a
cytoplasmic C-terminus, five inner trans-membrane segments probably in the middle of its
sequence and a periplasmic N-terminus. Different VirB6 domains are believed to play
different roles in substrate trafficking through the T4SS apparatus. While the C- and the N-
termini enhance substrate transfer into the periplasm and the outermost T4S8S proteins

respectively, the trans-membrane segments might facilitate the substrate translocation to
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VirB8 in the inner membrane (Jakubowski, Krishnamoorthy et al. 2004; Judd, Kumar et al.
2005). Polar localization of VirB6 requires a subset of VirB proteins such as VirB7-VirB10 as
minimal components. Deletion and mutagenesis studies have also shown that VirB6 stabilizes
VirB5 and VirB3 (Hapfelmeier, Domke et al. 2000). This has been demonstrated upon the
deletion of virB6. Study found that cellular levels of VirB3 and VirB5 were reduced in the
absence of VirB6 (Hapfelmeier, Domke et al. 2000). Taken together, the data suggests that
VirB6 is a key T4SS component required for substrate translocation as well as a necessary
stabilizing protein for the entire T4SS complex. In the human pathogen Ehrlichia chaffeensis,
4 paralogs of VirB6 have been discovered (Bao, Kumagai et al. 2009). Far-Western and co-
immunoprecipitation analysis revealed interactions between more than one of these paralogs
as well as their interaction with VirB9. In some Gram-negative genomes, gene duplication
during the course of evolution led to the presence of several copies of one virB gene (Dehio
2008). The biological significance of this phenomenon and its contribution to pathogenesis

remain poorly understood.

VirB8 is a protein required for T4SS function and apparatus assembly. It was
previously shown that VirB§ interaction with VirB9 is necessary for substrate passage to the
rest of the T4SS proteins (Ward, Draper et al. 2002). Homo- and hetero-dimer clusters of
VirB8 have been recently observed using a bacterial two-hybrid technique (Bourg, Sube et al.
2009). VirB8 interacts with VirB10 and it was shown that deletion of virBI0 abolished
substrate transfer from VirB8 to the external portion of the T4SS complex. Little is known
about the exact role of the VirB8-VirB10 interactions for T4SS apparatus assembly. However,
the crystal structures of VirB8 from B. suis and of a VirB10-like protein from H. pylori were

both solved (Terradot, Bayliss et al. 2005). This provided crucial information on both dimeric
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proteins for future structure-driven functional studies of the nature of VirB§-VirB10
interaction. It was shown that the interaction of the B. suis VirB8 with VirB4 and VirB10 is
crucial for its biological activity. This was shown through the construction of several point
mutations in virB8, followed by the analysis of T4SS recipient competence supported by these
variant-producing mutants (Paschos, Patey et al. 2006). In addition to its direct interaction
with VirB10, VirB8 also interacts with VirB9. The formation of clusters of VirB9 and VirB10
in the cell envelope was abolished in virB8 mutants, suggesting that VirB8 mediates the
formation of this complex, perhaps in a process which involves the translocated bacterial

substrates (Kumar and Das 2001).

VirB9 plays a key role in T-pilus biogenesis and might be also important for substrate
selectivity (Jakubowski, Cascales et al. 2005). This however, does not exclude the hypothesis
that VirB9 and VirB10 may be core complex components of the T4SS. Its role in T-pilus
biogenesis has been suggested after introducing dipeptide insertion mutations. Some of the
mutations in the gene sequence resulted in a loss of T-pilus biogenesis (Jakubowski, Cascales
et al. 2005). In addition to its role as an important member of the substrate translocation
channel, research has revealed direct interactions between VirB9 and VirB10, VirB11 as well
as VirB7. The most directly proven VirB7-VirB9 interaction evidence is a recent NMR-based
study which shows that the C-terminus of the VirB9 ortholog, TraO, from the £. coli plasmid
system pKM101 binds to the VirB7-like protein TraN (Bayliss, Harris et al. 2007). VirB9
might also function as a secretin and becomes required for the last stages of substrate

translocation into the host (Das and Xie 2000; Lawley, Klimke et al. 2003).
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VirB10 has a proline rich region similar to the extensively studied energy transducer
TonB protein (Llosa and O'Callaghan 2004). VirB10 undergoes conformational changes
depending on the energy status of the Agrobacterium. This unique feature might allow VirB10
to link energy providing components from the cell cytoplasm to the periplasm and also to
interact with several coupling proteins in plasmid conjugation systems (Gilmour, Gunton et al.
2003; Llosa, Zunzunegui et al. 2003). In addition, detailed analysis of the importance of
various VirB10 domains for the T4SS process revealed that this protein has a dynamic
structure (Jakubowski, Kerr et al. 2009). This has been shown upon conducting protease
susceptibility tests and it was concluded that VirB10 undergoes structural transitions
depending on energy utilization by VirB11 and VirD4 (Cascales and Christie 2004). Whereas
VirB10 remains tightly integrated into the bacterial inner membrane, its proline rich region
Jargely occupies the periplasmic space (Jakubowski, Kerr et al. 2009), leaving its p-barrel C-
terminal domain as an interaction site with the VirB7-VirB9 heterodimeric complex. VirB10

thus links different VirB proteins together in the course of T4SS assembly.

VirB7 was long thought to be localized at the outer membrane as a lipoprotein. It was
interestingly shown that a virB7 deletion blocked substrate transfer from VirD4 to VirB11 at
the inner membrane (Cascales and Christie 2004). This suggests that VirB7 may play role in
maintaining the structural integrity of the T4SS complex. VirB7 exists in three different forms
in the complex: Monomers, disulphide-cross-linked homodimers as well as heterodimers with
VirB9. In a recent study which confirms this hypothesis, a core complex T4SS structure
composed of VirB7-VirB9-VirB10 has been reconstructed using cryo-electron microscopy
(Fronzes, Schafer et al. 2009). The cryo-EM study documented a 15-A" resolution VirB7-

VirB9-VirB10 T4SS core complex structure that forms a channel. Structural analyses indicate

10
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that this channel is open on the cytoplasmic side but significantly constricted on the
extracellular side. In a different study, homodimer and heterodimer forms of VirB7 were
shown to co-fractionate with T-pili. VirB7 might thus link core and periplasmic components

to the protruding T-pilus (Krall, Wiedemann et al. 2002).

1.3 Periplasmic and outer membrane T4SS components

This category may include two proteins: VirB1 and VirB3. The N-terminal segment of
VirB1 has significant sequence similarity to goose-egg white lysozyme (Llosa, Zupan et al.
2000). Although its C-terminal sequence is important for interaction with VirB9, it was
suggested by yeast two-hybrid analysis that VirB1 further interacts with VirB4, VirBg,
VirB10 and VirB11 (Ward, Draper et al. 2002). Taken together, the available data substantiate
the role of VirBl as a lytic transglycosylase. Lytic transglycosylases are bacterial
muramidases that cleave B-1,4-glvcosidic bonds in the peptidoglycan cell wall polymer,
resulting in the formation of 1,6-anhydromuropeptides. This cleavage generated by VirB1 is
believed to create openings in the bacterial cell wall that permit proper assembly of the T48S
apparatus in the periplasm (Mushegian, Fullner et al. 1996; Blackburn and Clarke 2001).
Deletion of any virB gene except virB1 completely abolishes T4SS virulence. In contrast,
virB1 mutants are still able to initiate plant tumors, but virulence is decreased to 10% or less,
likely because cellular lytic transglycosylases can partly compensate for VirB1 functions
(Hoppner, Liu et al. 2004). The role of VirBl during the T4SS process might be more
complicated than previously thought. In addition to the established view of VirB1 as a lytic

transglycosylase, a C-terminal fragment of this protein was found to be secreted into the
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extracellular environment (Baron 1997) (Zupan, Hackworth et al. 2007; Aly, Krall et al.

2008). In addition, VirB1 may also cofractionate with T-pili.

VirB3 is an outer membrane bound protein that is stabilized by VirB4 (Yuan, Carle et
al. 2005). It was shown that VirB3 interacts with VirB5 (Shamaei-Tousi, Cahill et al. 2004),

however, little is known about the function of VirB3 during the T4S8S process.

1.4 T-pilus proteins

A. tumefaciens assembles 3 different types of surface-exposed appendages, which can
be easily differentiated based on their different diameters (flagella, 15 nm; T-pili, 10 nm;
common pili, 3 nm) (Bisenbrandt, Kalkum et al. 1999; Lai, Chesnokova et al. 2000). VirB
proteins only contribute to the assembly of one type of appendages, T-pili. Two proteins,
VirB2 and VirB5 are believed to be T-pilus components. Since VirB7 and VirB1 are also
detected by Western blot analysis of sheared T-pili sedimented by high-speed centrifugation,

they might as well be T-pilus associated proteins.

1.4.1 VirB2, the major T-pilus protein
The T-pilus likely functions in plant host recognition and/or attachment and possibly,
as substrate injection channel. The diameter of the T-pilus is 10 nm and represents one of
three different types of appendages assembled by Agrobacterium. In addition, A. tumefaciens
cells assemble flagella (15 nm) and common pili (3 nm) in diameters respectively (Lai and
Kado 1998). Neither flagella nor common pili were previously reported to play any role in

T48S-mediated virulence. VirB2 is the T-pilus major protein (Lai and Kado 1998). Its N-
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terminal signal peptide is 47 amino acids long and the C-terminal portion comprises 74 amino
acids. Mass spectrometry was applied to show that the processed VirB2 (pilin) (C-terminal
segment) carries a peptide linkage between its amino- and carboxyl- terminal residues as
explained in detail (Lai, Eisenbrandt et al. 2002). Briefly, cell suspension or pilus preparation
was cocrystallized with trans-3-indolylacrylic acid and analyzed with a Reflex-II time-of-
flight spectrometer. There was a significant change in mass when VirB2 was overproduced in
E. coli versus A. tumefaciens. The difference in mass of 18 Da is explained by the loss of one
molecule of H;O, caused by the formation of a cyclized T-pilus subunit (Lai, Eisenbrandt et
al. 2002). This cyclized form of VirB2 was detected in A. tumefaciens but not when produced
in E. coli. This indicates that inspite of the conserved T4SS function among bacterial species,
pilus assembly mechanisms may be species-specific. T-pilus biogenesis requires all T4SS
proteins except VirD4, but VirBl and VirB3-VirB11l are not required for the pre-pilin

processing or pilin cyclization (Lai, Eisenbrandt et al. 2002).

ClustalW is a reliable sequence alignment tool that is widely used for sequence
comparison between various genes or proteins (Chenna, Sugawara et al. 2003). In a typical
multiple sequence alignment experiment, ClustalW assigns specific score for each nucleotide
or amino acid residue. The more the conserved is the “point”, the higher the score it receives
and vice versa. When a group of residues adjacently lined next to each have low consecutive
scores, the alignment tool introduces a gap so that a new alignment process is initiated for the
purpose of improving the overall alignment score. Using ClustalW, multiple sequence
alignment of VirB2 proteins from select organisms: The A. fumefaciens VirB2 of strain C58
(accession number: NP_396488), the B. suis VirB2 (accession number: AADS6612), the

Sinorhizobium meliloti VirB2 (accession number: AAKG65376), the Bartonella henselae VirB2
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(accession number: AAD48919) and the Ochrobactrum anthropi VirB2 (accession number:
YP_001373080), reveals that amino acid sequence similarity is around 23%. However, the
Jeader peptide sequence is extremely divergent and this divergence may affect the overall
sequence alignment pattern (Fig. 2). With regards to the size of the mature pilin, the VirB2
leader peptide sequence is considered one of the longest in known secretion systems. For
example, in A. tumefaciens, the leader peptide comprises around 40% of the total VirB2
protein length. Many pre-pilins from other pilus systems are known to have significantly
shorter leader peptides (Nunn and Lory 1992). This observation suggests that VirB2 signal
peptides in functional T4SS machineries may contribute to more than protein targeting

towards the bacterial envelope.
In A. tumefaciens, it was shown that when used as bait, the C-terminus of VirB2 bound

to three B 2 Interacting proteins (BTI) in an Arabidopsis thaliana plant cDNA expression

library (Hwang and Gelvin 2004).
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Figure 2. Multiple sequence alignment of VirB2 proteins from select T4SS-encoding
organisms. Multiple sequence alignment of VirB2 proteins from select organisms: The A.
tumefaciens VirB2 of strain C58 (accession number: NP_396488), the B. suis VirB2
(accession number: AAD36612), the Sinorhizobium meliloti VirB2 (accession number:
AAK65376), the Bartonella henselae VirB2 (accession number: AAD48919) and the
Ochrobactrum anthropi VirB2 (accession number: YP_001373080), reveals low amino acid
sequence similarity (~23%). In the A. ruemfaciens VirB2, signal peptide cleavage occurs
between alanine (A47) and glutamine (Q48) (shown in red color). (¥*), identical amino acid
residue; (:), conserved amino acid substitution ; (), partially conserved amino acid
substitution.
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meliloti 00 oseem-mm—mm—————-- MTEFSSRIRPIAASTVMATAIMVIMVEPAFAQAAG-~~---~-~- I
anthropi = = ----------mm----- MNFYCRLRPIVASCVMAAATIVPIVSEPALARQAAG-------- I
henselae =  —osr---————-mmmm- MTDTISRNIIFIIIMLLLTALVVSDPSYAAAATGSASGLGNV
C58 MRCFERYRVHLNRLSLSNAVMRMVSGYAPSVVGAMGWSIFSSEPAAAQSAGGG- - --TDP
guls =000 @ memmmmme——--- METASPSKKSLSRILPHLLLALIVSIAATEPNLAHANGG- - - -LDKV
- * *
meliloti ETVLONIVDMLTENIAKLLAVIAVIVICIAWMFGYMDLRRAGFWIIGIGGIFGATELVNT
anthropi ETILONIVDLLTGNIFRLLATIAVIVIAIAWMFGYMDLRRAGYWIIGIGT LAGSSELVGT
henselae DNVLQSIVIMMTGTTAKLIATICVAAVGIGWMYGFIDLRKAAYCLIGIGIVFGASALVSE
C58 ATMVNNICTF ILGPFGQSLAVLGIVAIGI SWMFGRASLGLVAGVVEGIVIMFGASFLGEKT
suis NTSMORVLDLLSG-VSITIVTIAIIWSCYKMAFRHARFMEVVPVLGGALVVGAAAETASY
. a - K - - - - - . * . - - .

meliloti IVGS-

anthropi IVGS-

henselae LTSAS

C58 LTGGE

suis LLR--
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However, the BTI proteins did not interact with the minor T-pilus component VirB5 or
any of the 4. tumefaciens substrates. Interestingly, over-expression of BTI1 (one of the three
BTI proteins) in transgenic 4. thaliana results in hyper-susceptibility to 4. fumefaciens-
mediated transformation. These results suggest that the BTI proteins could provide an initial

interaction between 4. tumefaciens and plant hosts (Hwang and Gelvin 2004).

1.4.2 VirBS5, the minor T-pilus protein

VirB5 is a minor T-pilus component and might be the outermost protein in the T4SS
complex (Schmidt-Eisenlohr, Domke et al. 1999). VirB3 localization in the T4SS complex
remained a long-standing question in T4SS research. In A. fumefaciens, VirB5 is 220 amino
acid residues long. Sequence comparisons between different VirB5 proteins of select
organisms: The A. tumefaciens VirB3 of strain C58 (accession number: NP_396492), the B.
suis VirB5 (accession number: AAD56613), the Sinorhizobium meliloti VirB5 (accession
number: NP _433961) and the Ochrobactrum anthropi VirB5 (accession number:
YP _001369232) is shown (Fig. 3). The crystal structure of the VirB5 ortholog TraC from the
plasmid system pKM101 in E. coli was solved upon the refinement of an electron density map
at 3.0-A" resolution (Yeo, Yuan et al. 2003). 7 a-helical domains largely comprise the TraC
structure. These helices can be divided into 2 groups: The backbone structure which is
composed of 3 a-helices and supports a loose appendage composed of 4 other relatively short
helices (Yeo, Yuan et al. 2003). This leaves a C-terminus which can be best described as a
loose appendage that was hypothesized by our group to be required for VirB-VirB, VirB-
substrate or VirB-host interactions. This hypothesis is attributed to the fact that the C-terminal
amino acid sequence of the VirB5 family of proteins is divergent and it might have a role in

host cell recognition. VirB5 was also shown to interact with the inner membrane protein
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VirB8 (Yuan, Carle et al. 2005) and hypothesized to interact with the possible outer

membrane protein VirB3 in addition to VirB2, the major T-pilus protein.
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Figure 3. Multiple sequence alignment of VirB5 proteins from select T4SS-encoding
organisms. Sequence comparisons between different VirB5 proteins of select organisms: The
A. tumefaciens VirB5 of strain C58 (accession number: NP_396492), the B. suis VirB5
(accession number: AADS36615), the Sinorhizobium meliloti VirB5 (accession number:
NP _435961) and the Ochrobactrum anthropi VirB5 (accession number: YP_001369232). In
the 4. tumefaciens VirB5, the signal peptide cleavage occurs between alanine (A23) and
glutamine (Q24) (shown in red color). (*), identical amino acid residue; (:), conserved amino
acid substitution ; (.), partially conserved amino acid substitution.
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meliloti MAFFRINCVVIASALILSATGAAGQGIFVIDQTATAKQIES - TAQLEAQLDALNQQIEQA
anthropil MASYRCSCAIMAAVL TLSTGARMGRGIPVIDQTAIAKEMES - IAQLKSQLUALEQQIEKA
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- * * % ek on - - .
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anthropi EELYTSFNKLTOMADVAKVLNDPAIRKALPPEFAAVEGLFEGNGSGALNDAATKFLDKNT
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.. o - . % - * .
meliloti TYQTNAADDFYAQELSRIQ- - NKNAGQMSLEOOI YDAATKR I DETDQLRERKI STAGDAKD
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- a - - - -k - .
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1.4.3 Is VirB5 a surface exposed adhesin?

Several lines of evidence suggest that VirB5 is exposed on the bacterial surface
presumably as an adhesion (Schmidt-Eisenlohr, Domke et al. 1999). Bacterial adhesins are
often involved in recognition of host cells and contribute to the initial stages of host cell
attachment. Their ability to attach to biotic and abiotic surfaces has a significant impact on
bacterial virulence and therefore, adhesins are attractive candidates for the development of
vaccines. Numerous reasons led to proposing that VirB5 may be a potential adhesin. For
example, Dr. Christian Baron’s laboratory has optimized a protocol for extracting T-pili by
shearing and ultracentrifugation without cell permeation. Only VirB2 (the major T-pilus
protein) as well as VirB5 (a possible minor T-pilus protein) are detected by Western blot
analysis of sheared and sedimented pili (Schmidt-Eisenlohr, Domke et al. 1999). This
indicates that VirB5 is surface exposed or that it has a surface exposed form in addition to
other forms that might exist elsewhere in the T4SS complex. In addition, the VirB complex
from the agrobacterial membranes has been successfully extracted using mild detergents
(Krall, Wiedemann et al. 2002). Those experiments revealed that VirB5 co-fractionates with
the T-pilus major component VirB2. They also support the possibility that VirB3 is exposed
on the cell surface probably as an adhesin. The adhesin hypothesis of VirB5 has been brought
into mind after structural superposition studies of the VirB5 ortholog, TraC, with the focal
adhesion targeting region of the focal adhesion kinase which revealed significant structural
similarity (Yeo, Yuan et al. 2003). This finding suggests that VirB5 family of proteins may be

assigned an adhesive role during the T4SS process.
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1.5 Summary of intent
The VirB complex machinery significantly contributes to the pathogenesis of different

bacterial pathogens. The outermost portion of that complex is termed the T-pilus. Whereas it
is largely established that VirB2 is the major T-pilus component, direct evidence for that
hypothesis has not been demonstrated prior to my thesis studies. I have shown during the
course of my studies that VirB2 is indeed the major component of the T-pilus by performing
extensive electron microscopy studies (Chapter 3). I showed that VirB35 localizes to the tips
of cell bound T-pili (Chapter 3). From the solved crystal structure of the VirB5 ortholog
TraC, the C-terminal domain of VirB5 was hypothesized to be a site of protein-protein
interactions. Detailed analysis of the VirB5 C-terminus and its contribution to bacterial
pathogenesis led to discovering that it may be required for host cell specificity. In addition, the
T-pilus strength and less susceptibility to breakage might also be dependent on the VirB5 C-
terminus (Chapter 3).

The role of VirB5 during bacterial pathogenesis is hypothesized to be significantly
broader than its contribution to the T-pilus assembiy process. I found that the surface exposure
of the host range factor Tzs is T4SS-dependent with VirB5 significantly contributing towards
this process (Chapter 4). The co-fractionation of Tzs with many complexes of diverse

molecular masses in the bacterial membranes is VirB5-dependent (Chapter 4).

I contributed in the establishment of an assay for testing the functionality of the B. suis
T4SS components in the heterologous host 4. tumefaciens (Chapter 5). Further
characterization of that assay has shown that various VirB proteins contribute to recipient

competence.

I found that the B. suis VirB4 can substitute the agrobacterial VirB4 in T-pilus
assembly (Chapter 6). I also studied the possibility that VirB5 may be functional when forced
to localize to various subcellular compartments using membrane-standing domains (Chapter

7.

The systematic approaches explored throughout my Ph.D. studies have advanced our

knowledge regarding T-pilus assembly and the role of VirB5 during the T4SS process.
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Chapter 2
MATERIALS AND METHODS

Cultivation of bacteria

All cloning experiments were conducted using cultures of E. coli IM109. E. coli
strains were grown at 37°C in Luria-Bertani (LB) (1% tryptone, 0.5% yeast extract, 1% NaCl)
liquid medium or in Petri dishes containing medium solidified with 2% agar. In case of 4.
tumefaciens, cells were grown on YEB (0.5-1% tryptone, 0.1% yeast extract, 0.5% sucrose,
2 mM MgS0O;) liquid medium or in Petri dishes containing medium solidified with 2% agar.
For virulence gene inductions, cells were grown on AB minimal medium (1% glucose, 0.4%
MES [morpholineethanesulfonic acid], 0.2% NH4Cl, 0.3 g of MgSQOy - 7Hz0 per liter, 0.15 g
of KCI per liter, 0.01 g of CaCl, per liter, 0.0025 g of FeSQy - 7H;O per liter, and 1 mM
potassium phosphate [pH 5.5]) by the addition of acetosyringone (AS) at a final concentration
of 200 uM and isopropyl-B-thiogalactopyranoside (IPTG) at a final concentration of 0.5 mM
both when needed.

When required for plasmid propagation, media were supplemented with streptomycin
(50 ug/ml for E. coli and 100 ug/ml for 4. tumefaciens), spectinomycin (50 pg/ml for E. coli
and 300 pg/ml for 4. tumefaciens), ampicillin (100 pg/ml), or erythromycin (150 pug/ml).

Analysis of T4SS functions: T-pilus isolation, conjugation and virulence assays

For T-pilus isolation, cells were grown overnight in YEB medium with/without
antibiotics for plasmid propagation. Next day, cell cultures where adjusted to a final optical
density (ODsgo) 0.1 in a liquid minimal medium and cells were grown for 4-5 hours at 26'C. 1
ml of cells was plated per large (15 cm?) AB medium plate (20 g of agar/liter) with or without
200 uM AS and the plates were further incubated at 20°C for 4 days. T-pili were isolated from
the cells grown on 2 plates each with and without AS by shearing and ultracentrifugation as
follows. Cells were suspended in 10 ml of buffer P (50 mM potassium phosphate, pH 5.5), and
then centrifuged at 10,000 rpm in an $834 rotor in an RC-5B centrifuge (Sorvall) for 60 min.
Cell pellets were suspended in 1 ml of buffer P, passed eight times through a 26-gauge needle

to remove surface-associated high-molecular-weight structures, and then centrifuged in a
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microcentrifuge for 60 min at 15,000 rpm. The supernatant was subjected to high-speed
centrifugation at 40,000 rpm for 90 min in a 90 Ti rotor to separate high-molecular-weight
structures, like flagella and pili, in the pellet from soluble constituents removed from the cells

by shearing (Schmidt-Eisenlohr, Domke et al. 1999; Hoppner, Liu et al. 2004).

For plant infection experiments, agrobacterial cells were grown overnight in YEB
liquid medium supplemented with antibiotics when necessary. Cells were then inoculated into
AB liquid medium to a final optical density (ODgo) of 0.1 and grown for 5 hours at 20°C
while shaking at 200 rpm. Kalanchde diagremontiana leaves mildly scratched with 26.5
gauge needle were next infected with 20 pl of each of the bacterial strains under examination.
Plants were constantly incubated at 20°C for an average time interval of 5 weeks until tumors

were detected on the plant leaves.

For the analysis of pLS1 donor activity, A348 and PC1005 carrying pTrc200 with and
without VirB5 encoding genes were co-cultivated with UIA143(pTiA6) recipient cells in a 1:5
ratio for 3 days on AB minimal medium agar containing 500 uM AS and 500 uM IPTG
followed by plating on selective agar media (CAR, 150 pg/ml; ERY, 150 pg/ml) and
quantification of recipient and donor cells. For the analysis of pL.S1 recipient activity, donor
A348 pLS1 cells were co-cultivated with ULA143 recipient cells carrying pTrc200 or other B.
suis various virB constructs in a 5:1 ratio for 2 days on AB induction medium plus 500 uM AS
and 500 pg of [PTG/ml followed by plating on Luria-Bertani agar plus antibiotics (150 ug of
CAR/ml and/or 100 pg of SPC/ml) as necessary for quantification of donors/recipients, and
transconjugants (Hoppner, Liu et al. 2004).

SDS/PAGE and Western blotting

SDS-PAGE was conducted according to Laemmli (for proteins larger 20 kDa) or
Schigger and von Jagow (for proteins smaller 20 kDa) (Schagger, Aquila et al. 1938).
Western blotting was performed in a tank blot apparatus. Detection was performed with a
chemiluminescence-based system with 4. tumefaciens strain C58 VirB protein-specific

antisera was performed following standard protocols with VirB protein-specific antisera.
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Cloning and plasmid constructs

The A. tumefaciens virB5 gene in pTreBS5 was amplified by polymerase chain reaction
(PCR) with oligonucleotides to introduce changes into the gene product and cloned into
expression vector pTrc200. The sequences of PCR-amplified genes were confirmed by DNA

sequencing. Various constructs were PCR amplified using the oligonucleotides shown (Table

1).
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Table : 1

Name/restriction Sequence Constructed
plasmid

virB3-5"1AfI11] CCACATGTCGATCATGCAACTTGTTIGC pTrcB5

virB3-3'/Scal GAAAGTACTCAGGGGACGGCCC

VirB5Al- GCAAGCTTAGACGGCCCCAAAGATG pTrcB3Al

3'/HindII1

VirB5SA2- GCAAGCTTAGGCCCCAAAGATGACC pTreBSA2

3'/HindIIl

VirB5A3- GGAAGCTTACCCAAAGATGACCGCA pTrcB5SA3

3'/Hind1l1

VirB5A4- GGGAAAGCTTAAAAGATGACCGCAGTC pTrcBSA4

3'/HindIIl

VirtB5A5-3"/EcoRl | CGGGAATTCAGATGACCGCAGTCTT pTrcB5AS

VirB5A10- CCGAAGCTTATTGATGCTCCTTACG pTrcB35A10

3'/HindIll

VirB5A15- CGGAAGCTTATTGAGCGGCCGCCTC pTrcB5A1S

3'/HindIIT

VirB5A20- CGGAAGCTTATTCCGCCTCATGAAG pTrcB5A20

3'/HindIII

VirB5A25- CGGAAGCTTTCAGCCAGCCTGCGCGGT pTrcB3A2S

3'/HindIII

VirB5A30- CCTAAGCTTAGGTCATCGTTAACAA pTreB5A30

3"/ HindIIl

VirB5AAA- CCGAAGCTTTCAGGCGGCGGCCCCAAA pTrcBSAAAA

3'/HindIIl GATGACC

VirB5AVA- CCGAAGCTTTCAGGCGACGGCCCCAAA pTrcBSAAVA

3'/HindIlI GATG

VirBSAAP- CCGAAGCTTTCAGGGGGCGGCCCCAAA pTrcBSAAAP

3'/HindlIll GATG

VirB10sN- CCACATGTCGCAGGAAAACATTCCGGT pTreB5N

S*/AAIT GCAGC

VirB10sN- GCGAATTCATTGCCCCTCATGTGAAAC

3°/EcoRI ACG

VirB5N-5/EcoR] | CCGAATTCCAGTTCGTTGTCAGCGATCCG

VirB5SN- CCAAGCTTTCAGGGGACGGCCC

3*/Hindlll

VirB5C-5"/AAIII | CCACATGTCGATCATGCAACTTGTTGC pTrecBSC

VirB5C-3’/Pst] GGCCTGCAGGGGGACGGCCCCAAAG

VirB10sC-5°/PstI | CACTGCAGAGGATGCACGTGTTGCTCTT

TCTCTTTGTCGTGGGCTTCAT ‘
VirB10sC- CCAAGCTTAGCGGGTGCGCTTAAACACG
3°/Hindlll AGCAGCCA
CAGCAGCAC
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VirB5SP-5"/4A1

CCACATGTCGATCATGCAACTTGTTGCTG pTrcB5SP
CGGCCATGGCCGTCAGCCTTCTTGGGGGG
TGCCAGTTCGTTGTCAGCGATCCGGCGAC

VirB5SP-
3*/HindII

CGAAGCTTTCAGGGGACGGCCCCAAAGAT
GACCGCAGTCTTTTGATGCTCCTTACGTTG
AGCGGCC

* Restriction sites underlined

For strain constructions/in-frame deletions, 4 oligonucleotides (Table 2) were designed

first for PCR amplification of the gene of interest with 500 base pair (bp) overhangs, followed

by deleting the gene using an inverse PCR procedure, leaving a fragment of 1000 bp which

only includes the overhanging regions. Next, the 1000 bp fragment was excised from the

temporary cloning vector and further sub-cloned into the suicide vector pKmoBsacB (Schafer,

Tauch et al. 1994). The vector was introduced to wild-type 4. tumefaciens competent cells by

electroporation. Cells were grown on LB kanamycin (LB Km) plates followed by screening

for the desired mutant upon homologous recombination.

Select purified colonies grown on LB Km plates were subsequently grown in LB liquid

medium for 12 hr at 26°C. Cultures were then diluted 1:1000 into LB 10% sucrose liquid
medium and further grown for 16 hr at 26°C. Cells were then plates onto LB 10% sucrose

plates followed by screening the purified colonies for the desired kanamycin sensitive mutant.
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Table : 2
Application Name Sequence and restriction enzyme
Cloning of virB2 B2-5 CCACACGAATTCCAAGTCGTGATGGACCGT
CTCGA
B2-3 CCACACGAATTCGACGGCAACGTGCATTGCG
CATTT
Deletion of virB2 | AB2-5 | AGGAGGTCCGCAATAATGAATGATCGTCTGG
AAGCAACCCTT
AB2-3 | TTATTGCGGACCTCCTTGATTTAAGTCGAACA
AGAGTTGATCGTC
Cloning of virB8 B&-5 CGCAGTCTAGAGCAAAGTGGATCGGGCAACT
TAT
B8-3 CGCAGTCTAGACCTCTGCTCTCTGTTGATATTG
CGCTT
Deletion of virBS | AB8-5 | CCGTGCTCGAGTTATTCAGACCCCTTCATGGCG
ACCACCT
AB8-3 | CCGTGCTCGAGATGACGAAAAAAGCATTTCTCA

* Restriction sites underlined

T-pilus purification by gel filtration

T-pili from different 4. tumefaciens strains were isolated by shearing of the cells and
ultracentrifugation. For further purification, the pilus-containing sediments obtained after
ultracentrifugation were resuspended in 100 pl 50 mM sodium potassium phosphate (NaKP)
buffer, pH 5.5, and applied to a Superdex 200 column {GE Healthcare), followed by separation
with a flow rate of 0.5 ml min~". The fractions eluting from the column were concentrated by
the addition of three volumes of acetone and incubation on ice for 4 h. The samples were then
subjected to ultracentrifugation for 2 h at 270,000 g for precipitation of the pili, followed by
re-suspension in 40 pl NaKP buffer. Thirty microlitres of these samples were mixed with
equal volumes of Laemmli sample buffer followed by SDS-PAGE and Western blot analysis.
The remaining samples were loaded on electron microscopy (EM) grids for further

visualization of purified T-pili.

Transmission electron microscopy (TEM) and immuno-EM
Negative staining for visualization of T-pili was conducted as follows. Virulence-

induced 4. tumefaciens were collected with 5 ml of 50 mM sodium potassium phosphate
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buffer, pH 5.5, and the optical density (ODsgg) adjusted to 1.5-2. 10 pl samples were applied
onto UV-sterilized 200 mesh carbon-coated formvar copper grids and air-dried. The grids
were then stained with 1% phosphotungstic acid-0.01% glucose, pH 6, for 15 s prior to
examination. For quantification of T-pilus formation, experiments were conducted as
described, followed by more intense staining with 2 % phosphotungstic acid, 0.01 % glucose,
pH 6, for 1520 s to efficiently label the pili. Depending on the experiment, T-pili from 60—
400 cells from three independent virulence-induction experiments of each strain were counted,

and 10 cells per visual field were analysed.

For immuno-EM, strains were cultivated on AB minimal medium agar plates as above,
collected with liquid AB minimal medium supplemented with AS and the cell density was
adjusted to ODggg of 0.25. 15 pul were applied onto UV-sterilized 200 or 300 mesh carbon-
coated formvar nickel electron microscopy grids and cultivated for 10-12 h at 20°C in a humid
chamber. The grids were then fixed for 1 h with 2% formaldehyde and 0.5% glutaraldehyde in
50 mM sodium cacodylate buffer at pH 5.5 as described (Jin, Hu et al. 2001). After fixation,
the grids were subjected to immuno-gold labeling largely as described (Quintero, Busch et al.
1998). Grids were blocked with 5% skim milk in TBST (20 mM Tris/HCI, 137 mM NaCl,
0.1% Tween-20, pH 8) for 20 min, followed by incubation an a drop of 1:250 diluted anti-
VirB5 in 5% skim milk and TBST for 45 min at room temperature. Grids were then washed
3x5 min, incubated with the secondary antibodies for 45 min at room temperature (1:10
diluted anti-rabbit 10 nm. gold conjugate, Sigma-Aldrich) in TBST with 5% skim milk, 0.1%
BSA and 5% fetal bovine serum. Finally, the grids were washed and negative stained with 1%
of phosphotungstic acid in 0.01% glucose (pH 6) for 15 s prior to examination. Images were

recorded with a JEOL JEM-1200EX or JEOL 1200EX II transmission electron microscopes.

Extraction of T4SS protein complexes using the mild detergent dodecylmaltoside
Agrobacterial cells were grown overnight at 26°C by adding antibiotics when

necessary to allow propagation of the overexpression pTrc vector. Next day, cells were

inoculated in AB liquid minimal medium to a final ODggo value of 0.1 and incubated 4-5 h at

20°C. 1 ml was spread on 16x15 cm? large Petri dishes in the presence of 200 puM of
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acetosyringone and IPTG when necessary for the induction of #r¢ promoter in strains carrying
the pTrc overexpression vector. On the sixth day of growth, cells were harvested from each
plate using 10 ml of 50 mM NaKP buffer. Cells were next pelleted using table centrifuge at
12,000 rpm for 45 min and resuspended in 20 ml of NaKP buffer. Cells were adjusted to equal
densities of a final ODgyg value of around 20 maintaining a total volume of 20 ml per 50 ml
standard sterile plastic 50 ml falcon tubes. Phenylmethanesulphonylfluoride (PMSF) was
added to a final concentration of 0.5 mM and cells were lysed by passage through French

press (3 times, 18,000 psi).

Cell debris was next pelleted for 1 h at 12,000 rpm, followed by transferring the
supernatant (soluble proteins and membranes) to high-speed centrifugation tubes. Samples
were subjected to high-speed centrifugation for 2 h at 40,000 rpm followed by discarding the
supernatant and storing the pellet (membranes) on ice overnight. Membrane pellet was then
transferred to new tube and suspended in 1 ml of ACA buffer (750 mM 6-amino-caproic-acid
and 50 mM BisTris, pH 7). 1 ul of membrane suspension was diluted in 9 ul of ACA buffer
and 1 ul was used to determine the total protein concentration using a standard Bradford
assay. 1-10 pl of bovine serum albumin (BSA) were used to construct a standard curve. For
detergent extraction, a protein concentration of 10 mg/m! was adjusted in the reaction mixture
for extraction with 2% of the non-ionic detergent dodecyl-pf-D-maltoside. Samples were
shaken for 2 h at 4 °C followed by a second step of high speed centrifugation at 40,000 rpm.
The supernatant was then collected as the solubilized membrane protein complexes for further

analysis using Blue Native Electrophoresis (BNE) and gel filtration.

Blue Native Electrophoresis (BNE) and Western blot analysis

The purpose of BNE is the separation of detergent solubilized proteins and protein
complexes under non-denaturing conditions. The ratio of detergent to Coomassie stain was
kept as 4:1 because the dye will exchange with the detergent used in the complex extraction
experiment. Upon mixing the extracted complexes with Coomassie Blue G-250, gels were

loaded with samples and followed by Western blot analysis using standard procedures.
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Gel filtration experiments
Gel filtration columns were used either for the purification of extracted pili or for

monitoring the co-fractionation pattern of extracted complexes from various variant carrying
mutants. These studies employed Superdex 200 gel filtration column and a total volume of

100 nl from each sample was injected into the column using a 100 pl injection loop.
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Chapter 3
The VirB5 protein localizes to the T-pilus tips in Agrobacterium tumefaciens
Preface
This chapter consists of the following article, in its originally published format:
Aly, K. A. and Baron, C. The VirB5 protein localizes to the T-pilus tips in Agrobacterium
tumefaciens. (2007). Microbiology 153 (11): 3766-3775. A copy of the original manuscript is

included in my thesis with permission from the publisher.

1 performed all the experiments within this article, assembled the results and generated
the figures together with Dr. Baron. Dr. Christian Baron has helped improving the display of
data in all figures so that they become easier for the reviewer to understand. Dr. Baron has
written the entire manuscript. Dr. Baron and [ made some revisions to the manuscript, and Dr.

Baron contributed significant intellectual input and support.

The rationale behind this study was based on various lines of evidence suggesting that
VirB5 is a T-pilus associated protein. The crystal structure of the VirB35 ortholog, TraC, from
the E. coli plasmid system pKM101 suggested that the C-terminus may be a domain involved
in protein-protein interactions. To test this hypothesis, an immuno-EM approach was
undertaken with the purpose of immuno-gold labeling of both, the major T-pilus protein
VirB2 and the minor T-pilus component VirB5 in cell-bound as well as detached T-pili. C-
terminal deletion and alanine replacement variants of VirB5 were introduced into the virBJ5

deletion strain CB10035 and T-pilus assembly and T4SS function were monitored.

I found that in cell-bound T-pili, VirB2 can not be labeled by immune-gold methods.
This could be attributed to the fact that intact T-pili may have a structure that rendered the
VirB2 epitope inaccessible. In addition, VirB5 was detected on the tips of cell-bound pili,
ends of broken pili as well as on the cell surface. VirB5 C-terminal deletions (up to 4 amino
acid deletions) resulted in the assembly of non-functional pili (except for A4 which was
partially functional in donor inter-bacterial conjugation assay). Pili assembled on the variant-
producing strains are perhaps less susceptible to breakage. In addition, alanine replacement
variants were also non-functional except for the AAP variant (instead of an AVP wild-type C-

terminal sequence) which was partially functional in inter-bacterial conjugation.
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Taken together, the data presented here have advanced our understanding on the
localization of VirB5 in the T4SS apparatus. This manuscript represented the first
documentation in T4SS rescarch regarding the location of VirB5 in any T4SS and the

importance of its C-terminus in host cell specificity.
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The VirB5 protein localizes to the T-pilus tips in
Agrobacterium tumefaciens

Khaled A. Aly and Christian Baron

Conespordence MeMaster University, Department of Biology and Antimicrobial Research Centre, 1280 Main
Christian Baron Street West, Hamilton, ON L85 4K1, Canada
baronc@memasterca

The Agrobacterium tumefaciens VirB/D4 type IV secretion system (T 488} mediates the transfer
of single-stranded DINA and pratein virulence factors inta plant cells, and also determines the
assembly of the T-pilus, which is believed to play a role in host recognition. The T-pilus is
composed of the major component VirB2 and the minor compenent VirB5, Using
immuna-electron microscopy we detected the major component VirB2 along the entire length of
detached T-pili, but not on celi-bound T-pill or on the cell surface. In contrast, the miner T-pllus
componant Vir35 was detected on the tips of cell-bound T-pili as well as on the ends of
detached T-pili and on the cell surface. To gain further insights into the role of VirB5 we
introduced changes at its C terminus. C-terminal deletions of up to four amino acids and alanine
replacements did not abolish T-pilus formation and incorporation of the Vir35 variants at the tip,
although they did mpact the length of T-pili. Algo, these changes differentially affected the ability
of the T4SS to transfer DNA into plant and bacterial recipients, suggesting differential effects
on host-cell specificity. The data presented here suggest that VirBE localizes at the T-pilus tip,
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and provide novel insights into its role during the type IV secretion process.

INTRODUCTION

Many Gram-negative bacteris assemble extraceilular high-
maolecular-mass filamentous structures such as pili on their
surface, which are typically composed of one protein or a
small set of proteins. Binding is the principal fuaction in
the case of adhesive pili, such as P and type-1 pili, which
mediate the attachment of bacteria to host tissues to
initiate colonization (Kau er al., 2005; Sauer er al,, 2004). In
contrast, type IV secretion system (T4$S)-determined
surface structures are involved in a complex cascade of
gvents that lead to the inter-bacterial or trans-kingdem
delivery of effectors, mestly proteinaceous virulence
factors, but atso DNA molecules (Baron, 2005; Christie
et al., 2005; Yeo & Waksman, 2004). T48Ss are essential for
the virulence of many pathogens, such as Agrobacterinm
tumefaciens (gene transfer and tumour formation on
plants), Bartonclln  henselse (cat scratch  disease},
Bordetella pertussis (whooping cough), Helicobacter pylori
(gastritis and stomach cancer} and Legionella preumaphila
(Legionnaires” disease) (Backert & Meyer, 2006; Baron,
2005; Christie er al, 2005, McCullen & Binns, 2006
Schrider & Dehio, 2005).

VirB2-like proteins are the major pilus components of the
A tumefaciens, plasmid RP4 and F-determined T48Ss, and

Abbreviations: A3, acefosyringone; EM, electron microscopy; immune-
End, immuno-slectron microscopy; T48S, type IV secrelion system; T-
DNA, transferred DNA; TEM, transmission electran microscopy.

Supplementary data are available with the enline version of this paper,

homologues exist in most other systems (Fullner e al,
1996; Kalkum et af, 2002; Lai & Kado, 1998). VirB2
proteins are small and hydrophobic, and after cleavage of
their signal peptides, those from A. tumefaciens and RP4
are processed to cyclic peptides (Eisenbrandt ef al, 199%;
Kalkum et al., 2002). Interaction partners of A. rumefaciens
VirB2 pilin have been identified in an Arabidopsis thaliana
cD’NA expression library, implying that the major T-pilus
protein may directly interact with host-cell components
(Hwang & Gelvin, 2004).

Whereas the presence of VirB2-like major pilin proteins is
well established, knowledge of minor pilus components
and their function(s) is relatively limited. Minor compe-
nents may play a role in pilus elongation, but in a similar
manner to tip components of adhesive pili, they may also
initiate contact with host cells. There is some indirect
evidence for the existence of an adhesin at the F-pilus tip
(Anthony er al, 1994), but so far, minor pilus components
have not been identified in this system. VirB5-like proteins
have been shown 1t be minor components of pili
determined by the A. tumefaciens, IneN plasmid pKM101
znd IncP plasmid pfP4 T4SSs (Schmide-Eisenlohr et al,
1999z, b, 2001), and VirB5 is essential for the incorpora-
tion of the major component VirB2 into T-pili (Lai ef al,
200%; Schmidt-Eisenlohr ef al, 1999a). The X-ray structure
of the pKM101 VitB5 homologue TraC has been solved,
and structure-function analysis has identified residues
iimportant for DNA transfer and binding to pilus-specific
bacteriophages (Yeo et al, 2003). These results constitute
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indirect evidence for a role of externally focalized TraC in
cell adhesion, a possibility that was originally propesed
based on the discovery that traC deletion variants of
pKMIOI can be complemented extracellularly (Winans &
Walker, 1985). However, eatlier work has not directly
assessed the localization of VirB5-like proteins in T45S-
determined pili and the possibility that they may play a role
in host-cell contact formation.

Apart from VitB5, there is no firm evidence for other
miner T-pilus components. The lipoprotein VirB7 co-
fractionates with extracellular high-molecular-mass struc-
tures such as T-pili after shearing from A. rumefaciens,
indicating chat it may be a part of this structure (Sagulenko
er al, 2001), although this fractionation is nct dependent
on pilus formation. These results suggest that upon
lipidation, VirB? may become 2 T-pilus assembly factor,
and its cofractionation with VirB2 and VirB5 after
detergent extraction accords with this view (Yuan et al,
2005). The fact that its fractionation does not depend on T-
pilus formation indicates that VirB7 may associate with
high-melecular-mass membrane blebs sheared from the
cell, but that it is not likely to be an integral pilus
component (Sagulenko er al, 2001). Another externally
localized VirB component is VirBl* the C-terminal
processing product of VirBl (Baron et al, 1997). This
fragment of VirBl is secreted into the supernatant, and it is
possible that it contributes to host-cell recognition (Llosa
et al., 2000), but so far, it has not been found to asscciate
with T-pili.

A pilus assembly sequence has recently been proposed, and
according to this model the inner membrans-bound
NTFase VirB4 stabilizes VirB8, which then mediates
interactions between VirB2Z and VirB5 followed by T-pilus
incorporation (Yuan ef al, 2005). VirB3 is also stabilized
by VirB4, it fractionates with VitB2 and VirBS after
extraction with the mild detergent dodecyl-3-p-maltoside,
and it interacts with VirB5; these results indicate that it
may also play a role in T-pilus assembly (Jones et of, 1994;
Shamaei-Tousi er af., 2004). A key feature of this model is
the formation of a VirB2-VIrB5 T-pilus preassembly
subcomplex (Krall e al, 2002; Yuan et al, 2005}, but
further understanding of this process requires clarification
of the localization of VirBZ and VirB3 in the assembled
structure. VirB5 may function as an outer-membrane
usher, similar to PapC of the P-pilus system, and the outer
membrane would be its final localization in this case {Szuer
et af, 2004). Alternatively, VirBS may initiate T-pilus
formation after its export into the periplasm; it may
become incorporated at the T-pilus tips and also localize
inside the pilus. In order to decide between these different
models of T-pilus assembly, it is crucial to localize T-pilus
compenents in the assembled structure.

To this end, we have analysed the localization of VirB2 and
VirB5 in the T-pilus by immuno-electron microscopy
{immuno-EM). Using a specific antiserum we detected
VirB2 in T-pili isolated by shearing and ultracentrifugation

but not in cell-bound T-pili, indicating that these
structures may undergo conformational changes afier
removal from the cells. We have also determined the
functionality of the T4SS and the length of T-pili in the
wild-type strain C58 and In strains expressing VirB5
variants with changes at the C terminus. These analyses
showed that the VirB5 C terminus Impacts T-pilus
incorporation of the protein and T-pilus length, and that
it differentially affects DNA transfer to bacterial versus
plant cells. The experiments reported here suggest that the
minor component VirB5 localizes at the T-pilus tip,
whereas VirB2 localizes along its entire length. Combired
with the results of our analysis of the effects of C-terminal
variants on host-cell specificity, these data suggest that tip-
localized VirB5 impacts host-cell recognition.

METHODS

Cultivation of bacteria, and strain and plasmid construction.
Escherichia coli TN 109 for cloning experiments and A. rnefaciens for
virzlence gene induction were cultivated on AB minimal medium with
acetosyringene {AS) and 0.5 mM PTG for induction of plimid-
enceded genes as described previously (Happner ef al, 2004; Yuan
et af, 2005), DNA manipulations followed standard procedures
{(Maniatis er al, 1982). The A, nemgfaciens virB5 gene in pTrcB5
tSchmidi-Eisenlohr ot ol 199%a) was amplified by PCR with
oligonucleotides o introduce C-rerminal deletions or changes inta
the gene product (Supplementary Table $3) and cloned into expression
vector pTrc200. The sequences of PCR-amplified genes were confirmed
by DNA sequencing. The virD4 deletion strain CB2004 was generated
from the wild-type C58 by PCR-amplification of the virD4 gene and
deletion of an internal fragment, followed by integration into the
chromosome by established methods {Berger & Christie, [994).

Analysis of T4S5 functions: T-pilus isolation, conjugation and
virulencs assay. Assays for T455 functionality (T-pilus isolation,
conjugation and viralence assays) were performed as previously
described [Héppner et al, 2004; Yuan er al, 2003).

SDS-PAGE and Western blotting. SDS-PAGE was conducted
according o Laermil (1970} for proteins 20 kDa, or Schigger &
von Jagow (1987) [or proteins <20 kD Western blotting was
pecformed following standard protocols with VirB protein-specific
antisera, as described previously {Hardow & Lane, 1988; Yuan er of,
2005).

T-pilus purfication by gel filtration. T-pili Fom different A.
Iumefacions straing were isolated by shearing of the cells and
ultracentrifugatfon, according to established procedures (Héppoer
et al, 2004; Yuan et al, 2003). For further purification, the pilus-
containing sediments obtained after wltracentiifugation were resus-
pended in 100 pl 50 mM sodium potassium phosphate (NaKP)
buffer, pH 5.5, and applied to a Superdex 200 column {GE
Healtheare), foflowed by separation with a flow rate of 0.5 ml min ™",
The Factions eluting from the column were concenirated by the
addition of three volumes of acetone and incubation on ice for 4 b.
The samples were then subjected to ultracentrifugation for 2 h at
270000 y for precipitation of the pili, followed by resuspension in
40 18 NaKP buffer. Thirty microlitres of these samples were mixed
with equal volumes of Laemmli saonple buffer followed by SDS-PAGE
and Western blot analysis. The remaining szmples were Joaded on
electron microscopy (EM) grids for Murther visualization of purified
T-pili,

httpy//mic.sgmjournais.org

35

3767



PhD_Thesis —K A Aly

MecMaster University - Biology

K. A Aly and C. Baron

Transmission etectron microscopy (TEM). A. tumefuciens strains
were grown under virulence-induction conditions on solid AB agar,
as previously reperted (Yuan et al, 2005), and collected with liquid
AB minimal medium supplemented with AS, and the cell density was
adjusted to ODgpy 6.25. Next, 15 pl was applied to UV-sterilized 200
or 300 mesh carbon-coated Formvar nickel EM grids, and the cells
were cultivated for LO~12 h at 20 ‘C in a humid chamber to permit
T-pilus ¢longation and to minimize their breakage. The cells were
then stained with | % phosphotungstic acid in 0.01 % glucose (pH 6}
for 15—45 5, followed by EM examination,

Fer T-pilus length analysis, we measured 88, 77 and 67 cell-bound T-
pili of strains C58, CB1005 pTrcB5A3 and CBI005 plreB5a4.
respectively. The length of the T-pili was measured directly from the
micrographs and scaled using 2 standard EM correction grid.
Similary, we also tmemsured the length of 300 celis from pole to
pole. Micrographs from three independent virulence-induction
experiments were analysed. For quantificatlon of T-pilus formation,
experiments were conducted as described above, followed by more
intense staining with 2% phosphotungstic acid, 0.01 % glucose, pH 6,
for 15-20 s to efficiencly label the pili. Depending on the experiment,
‘F-pili from 60200 cells from three independent virulence-induction
experiments of each strain were counted, and 10 cells per visual field
were analysed.

For immuno-EM, strains were cultivated under virulence gene-
inducing conditions on EM grids as sbove, and the grids were then
fixed for 1 h with 2% formaldehyde, 0.3 % glutaraldehyde in 50 mM
sadium cacodylate buffer, pH 5.5, as described by Jin et al (2001).
Afcer fixation, the grids were subjected to immunogold [zbelling, largely
as described by Quintero sral, (1998}, The grids were blocked with 5 %
siimmed milk in TBST (20 mM Trs/HCL 137 mM NaCl 6.1 %
Twuen-20, pH 8) for 20 min, followed by incubation ar a drop of
cither 1: 250 diluted anti-VirB5 ar 1: 250 anli-VirB2 antiserum in 5 %
skimmed milk and TBST for 45 min at room temperature. The grids
were then washed three times for 5 min, incubated with the secondary
znlibodies for 45 min at room temperawre (1:10 diuted anti-rabbit
10 nm gold conjugate; Sigma-Aldrich) in TBST with 5% skimmed
milk, 0.1% BSA and 5% fetal bovine serum. Finally, the grids were
washed and negative-stained with 1 % phosphetungstic acid in 001 %
glucose (pH &) for 15 4 prior to examination, For quantification of the
percentage of VirBS-labelled tips on T-pilus carrying €58, CB1005
pTrcB5A3 and CB1005 pTzcB5A4 cells, we analysed 300 T-pilus-
carrying cells from three independent experiments.

The dectron mictoscopic images werg recorded with a JEQL JEM.
{200EX or a JEOL 1200EX II transmission electron microscope,

RESULTS

Deletion of C-terminal amino acids leads to
gradual Joss of T-pilus incorporation of VirB5

A, tumefaciens assembles three different types of sarface-
exposed appendages, which can be easily differentiated
based on their different diameters (flagella, 15 nm; T-pili,
10 nm; common pili, 3 nm) (Fig. la) (Eisenbrandt er al.,
1999; Lai er af, 2000). The approach reported here was
inspired by the analysis of the X-ray structure of TraC,
which had suggested that the C-terminal 15-20 aminc
acids are likely exposed on the surface of the protein and
may therefere be available for protein—protein interactions
{Yeo et al, 2003}. To assess the functional importance of
this region, we deleted the gene to express VirB5 variants
truncated by blocks of five amino acids (deledon of five to
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Fig. 1. Effects of C-terminal deletions of VirBS on T-pilus
farmation. {a} Representative micrograph of the different surface
appendages assembled by A. tumefaciens. The asterisk points to a
flagellum (diameter 15 nm), the arow points to a comman pilus
{diameter 3 nm) and the arrowhead points to 2 T-pilus (diameter
10 nm). {b) Samples from subcellular fractions were separated by
SDS-PAGE, follewed by Western blot analysis with VirB2- and
VirB5-specific antisera. The analysis is shown of wild-type C58,
CB1005 (AvirB5) and CB1005 complemented with pTrc200
expressing VirBS and its variants grown on AB minimal medium
under virulence-inducing (+AS, lanes 2-10} and non-inducing
(-AS, lane 1) conditions. PTG (0.5 mM) was added to induce
transcription of the pTro200-encoded wirB5 genes. Lanes: 1, C58
—AS; 2, C58 +AS; 3, CB1005; 4, &B1005 canying pTre200; 5,
PTreBE; 5, pTreB5AT; 7, pTreBSA2; 8, pTreBSA3; 9, pTreBSA4;
10, pTreB5AS5. The arrowhead indicates pilus incorporation of
VirB5 in complemented CB1005 and the asterisk indicates the
detection of law amounts of VirBSA3 and VirBoA4 in pilus
fractions (lanes 8 anct 8). Numbers on the right indicate melacular
masses of reference preteins. () Quantification of results of the
TEM analysis of pilus formation {percentage detectien of one or
more T-pili per cell) faumbering of bars as in (b); representative
Images shown as Supplementary Fig. S1). Forty different fields (10
cefls each) from three different inductions were counted for each
strain and the sD is shown.

30 amino acids) in the A. tumefaciens strain C58 virB5
gene-deletion mutant CB1005 {Schmidt-Eisenlonr et ok,
1999a). The genes were cloned into the broad-host-range
plasmid pTre200, followed by analysis of the localization of
the gene products. Analysis of VirB5 in cell lysates showed
that all the deletion variants accumifated in strongly
reduced amounts, and pili containing VirB2 and VirB5
were not formed (not shawn). We next created deletions in
virB5 to direct synthesis of VirB5 variants truncated in one-
amino-zcid steps from the C terminus. Analysis of the
Iysates (from CB1005 pTreBSAL, pTreBSAZ, etc.) showed
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that deletion of up to four amino acids did not affect the
stability of VicB5 in the cell, but we observed a gradual loss
of T-pilus incorporation. Whereas deletion of one amine
acid (VirB54A1) did not notably affect the levels of VirB5 in
T-pili, successive deletions led to reduced amounts,
although the proteins were still detected in T-pilus
fractions (Fig. lb). In contrast, the incorporation of
VirB2 into T-pili was not notably affected by truncations
of VirtB5 of up to four amino acids, which further
supported the notion that T-pili were still formed (Fig. 1b).

T-pilus formation was next visualized and quantified by
TEM of vitulence gene-induced agrobacteria (Supple-
mentary Fig. §1). One or more T-pili were detected on
the surface of 79 % of the cells in virulence-induced strain
C$8 and of 63 % in the case of CBL005 pTrcBS (Fig. 1<}
Deletions at the C terminus of up to four amino zcids led
only to minor reductions of the amounts of surface-
exposed T-pili, but the number was strongly reduced in
CB1005 pTrcB5A5, as this VirB5 variant was not stable.
Similarly, no T-pili were observed in CBL0OO5 producing
VirB5 variants with further deletions that were not stable in
the cell (not shown).

The amounts of VirB5A3 and VirB5A4 variants associated
with T-pili were significantly reduced (Fig. 1b), and it was
therefore necessary to conduct additional purification steps
to assess their association with T-pili. Ta this end, T-pili
isolated from the cells by shearing and ultracentrifugation
as above were resuspended in a small volume of buffer and
separated by gel fltration over 2 Superdex 200 size-
exclusion column. The eluted fractions were concentrated
by acetone precipitation, followed by SDS-PAGE and
Western blotting to determine the elution volume of
VirB2, and of VirB5 and its truncated wvarfants. This
analysis showed that VirBS wild-type as well as VirB3A3
and VirB5A4 co-eluted with VirB2 in the high-molecular-
mass range, as in our previous work (Schmidr-Eisenlohr
et al., 1999a), and similer to the analysis above, the
amounts of C-terminally truncated variants were reduced
as compared to the wild-type (Fig. 2a). Electron micro-
scopic analysis of these fractions confirmed the presence of
T-pili (Fig. 2b). Thus, in spite of the reduced amounts of
C-terminally truncated VirB5 variants, our data suggest
that they associate with T-pili in a similar manner to wild-
type VirB3,

The VirBs C terminus impacts T-pilus Jength

When we monitored T-pilus production in CBLO0S
producing C-terminal deletion variants of VirB3 we
noticed that the pilus length differed from that of the
wild-type in all cases. CBL005 pTrcB3Al1-A3 produced
notably shorter T pili, whereas those of CB1005 pTreB5A4
appeared on average to be longer than those of the wild-
type. To quamify this phenomenon we conducted
virulence-gene induction of the wild-type C38, CB1005
pTreB5A3 and CBL005 pTreB5A4 as above, and measured
the length of cell-bound T-pili after negative swining and

{a} 649 440 232
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Fig. 2. Gel-fitration analysis of T-pili containing VIBS and C-
terminal deletion variants. Surface structures isolated by shearing
and high-speed centrifugation from agrobacteria grown under
virulence gene~inducing conditions were iurther separated by gel-
filtration chromatography. Column fractions were subjected to
SD5-PAGE followed by Western bletting with specific antisera far
VirB2 or VIrB5. {a) VirB2 and VirBS detected in the high-
molecular-mass fractions eluted from the calumn after separation
of samples from strains 558, CB1005 pTraBSA3 and CB1005
pTreB5A4, Numbers on the top indicate molecular masses of
referance proteins thyroglobutin (66¢ kDa), ferritin (440 kDa) and
catalase (232 kDa}. (b) TEM micragraphs of T-pili (indicated by
arrowheads) from strains C58 (1), CB1006 pTrcBBA3 {2) and
CB1005 pTrcBSA4 {8) after gel-filtration chromatography, Bars,
100 nm.

TEM. The mean T-pilus length in strain C58 was 1390 nm,
and we occasionally observed pili with a length of up to
4500 nm (Fig. 3). As a comparison, the mean length of
virulence gene-induced wild-type C58 cells was 1480 nm
(maximurn length, 2250 am; minimum length, 1020 nm).
In contrast to the results obtained for the wild-type, the
mean T-pilus lengths observed for cells of CB10C3
pTrcB5A3 and CB1005 pTrcB5A4 were 455 and 1750 nm,
respectively. Whereas these results confirmed our initial
observations, we also noticed that the maximum lengths of
pili assembled on strains CB1005 pTrcB5A3 and CB1005
pTrcB5A4 were 1500 and 3,500 nm, respectively. These
results show that in spite of the increased mean length of
T-pili formed on CB1005 pTrcB5A4, they do not reach the
maxireum length of those on the wild-type, indicating a
more complex effect of the C-terminal deletion than
variation in length. Thus, C-terminal deletions of VirB5 do
kave differential effects on T-pifus leagth as measured by
EM, and we next assessed the functionality of these
structures during the type IV secretion process.

Trancations of the C terminus differentially affect
the functionality of VirB5 in gene transfer

The A. tumefaciens T4SS transfers substrates to different
hosts (Lacroix et al, 2006}, and we here used bacteria and
plants 5 recipients to assess the functionality of C-terminal
VirB5 deletion variants. Fitst, we tested transferred DNA
(T-D'NA) transfer in 2 plant infection assay leading to
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Fig. 3. C-terminal deletions of VirB5 impact the length of T-pili, A,
tumefaciens strains C58, CB100% pTrcB5A3 and CB1005
pTrcBSA4 were grown under virulence-inducing canditions,
followed by negative straining and TEM to visualize the surface-
exposed T-pili. The lengths of 88, 77 and 67 cell-bound T-pili on
strains C58, CB1005 pTrcBS B5A3 and CB1005 pTrcB5 B5A4,
respectively, were measured using a magnification-carrection grid.
T-pili on cells from three independent virulence-induction experi-
ments were analysed.

tumour formation on wounded Kalaucho# diagremontiona
leaves. Second, as a more quantitative assay, we exploited
the ability of the T485 to direct conjugative transfer of the
IneQ plasmid pL31 between agrobacteria (Stahl et al, 1998;
Ward et al, 1991). The results of both assays were
comparable in most cases, but we noted 2 few intriguing
differences. The virB5 deletion strain CE1003 did not incite
tumours after wounding and infection of K. diagremonti-
ana leaves: this defect was complemented by expression of
wild-type VirB5, but the CB1003 strains expressing C-
terminal deletion variznts (VirB3A1-A5) were al! avirulent

(Supplementary Fig. 52A). Using the conjugation assay, we
found that transfer of pLS] from the virB5 deletion strain
was reduced to 1.5-10% in different independent series of
experiments (Tables 1 and 2). Complementation with
VirB5 increased pLS1 transfer to 50-75% of the wild-type.
Expression of VirB5Al1-A3 and VirB5A5 did not
complement, but in contrast to the results of the plant
infection experiments, production of VirB5A4 fully com-
plemented pLS1 transfer to A. tumefaciens (Table 1). These
results showed that truncation of the C terminus
differentially affected gene tramsfer into the recipients K
diagremontinna and Agrobaclerium.

C-terminzl amino acid changes differentially
affect the stability and functicnality of VirBS

As the C-terminal amino acids apparently have a major
impact en the functionality of VirB5 we next mutagenized
the gene to change the sequences of the last two amino
acids from AVP to AAA, AVA and AAP. The variants were
produced in CB1005, and analysis of their subcellular
localization showed that VirBSAAA and VirBSAAP were
datected in the cells and T-pili in Ievels similar to those of
the wild-type (Fig. 4a). In contrast, VirBSAVA was unstable
and was not detected in the cells or the T-pili, which may
be due to recognition of this sequence by a protease in
the bacterial cyteplasm or periplasm. Analysis by TEM
confirmed that T-pili were formed on CB1005 pTrcBSAAA
and CB1005 pTreBSAAP, but not on the strain carrying
pTrcBSAVA (Fig. 4b). Following the analysis of their
subcellular localization, we next analysed the functionality
of C-terminal VirB5 alanine vardants in gene transfer, and
they all proved to be avirulent in plant infection assays
{Supplementary Fig, 52b). In contrast, in the pLS81 plasmid
transfer assay, VirBSAAP was partly functional (69 % of the
wild-type), whereas VirBSAAA and VirBSAVA did not
complement (Table 2). Thus, similar to the results
obtained with C-terminal deletion variants, subtle changes
of the C-terminal amine acid sequences differentially
affected gene transfer into the two recipients used here.
As the localization of VirB2 and VirB5 is key to understand
their role in T-pilus function, we addressed this question
nest.

Immuno-EM detects VirB2 in detached but not in
cell-bound T-pilt

The A. fupefaciens virulence genes were induced as above
and the cells fixed on EM grids, followed by detection with
VirB2-specific primary and 10 nm gold-labelled secondary
antisera. Analysis by TEM revealed that gold grains did not
lebel VirB2 on cell-bound intact T-pili, and we also did not
detect zny label on the ¢ell surface (Fig. 52, b). However, we
did notice gold grain label on pilus-like structures that
wete detached from the cells (Fig. 5b). These structures
often had an irregular shape unlike the straight and
clongated T-pili, and may represent pili that were partly
degraded during cultivation or the EM preparation
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Fig. 4. Effzcts of C-terminal alarine changes of VirB6 on Tpilus
formation. The analysis is shawn of wild-type C58, CB1G05 and
CB100S complemented with pTrc20C expressing VirBS and its
variants cultivated under virulence-induging (+AS} and non-
inducing {—AS) conditicns. IPTG (0.5 mM) was added ta induce
the transcription of pTrc200-encoded virB5 genes. (2] Samples
from subcellular fractions ware separated by SDS5-PAGE, icllowed
by Western blot analysis with VirB2- and VirBS-specific artisera
Lanes: 1, CEB —AS; 2, 058 +AS; 3, CB100E; 4, CB1005
pTre200; 5, pTrcBS; 6, pTicBBAAA; 7, pTreB5AVA; B
pTrcBSAAP. Arrowheads indicate detection of VIrB5 variants in
pilus fractions. Numbers on the right indicate molecular masses of
reference proteins, {b) TEM analysis of C58 and CE100S
producing C-terminal alanine variants of VirB5 (C-terminal amino
acids given: VIrB5AAA, VirBSAVA and VirBEAAP). Asterisks show
flagella and arrowheads point to T-pili. Bars, 100 nm.

pTrcB5A3 and CB1005 pTreB5Ad4, and gold grains were
detected on the pilus tips in both cases (Fig. 6d, e). When
these data were quantified it became apparent that
compared to the wild-type {26 %], a higher percentage of
T-pilus tips was labelled by gold grains in the case of
CB1005 pTreB5A3 (55%), and a lower percentage in the
case of CB100S pTrcB5A4 (7%); we made similar
observations with isolated T-pili (Supplementary
Table §2), Thus, in spite of the reduced levels detected by
Western blotting in detached T-pili, these results show that
both VirB5A3 and VirB5A4 localize to the tips of T-pili.

DISCUSSION

The work presented here provides direct evidence for the
localization of the major component VirB2 and of the
miner compenent VirB5 in T-pilli. We first analysed
the localization of VirB2 in F-pili using intact cells and
immuno-EM, but the VirB2-specific antiserum did not
target gold-labelled secondary antibodies to cell-bound pili
or to the cell surface. However, we occasionally noticed the
labelling of curled structures by multiple gold grains, and
these had the approximate diameter of T-pili, though not
their mostly straight appearance. These curled structures

Fig. 5. Immuno-EM analysis of cell-bound and detached T-pii
with VirB2-specific antiserum., The wild-type strain CB8 was
cultivated under virulence-inducing conditions followed by
immuno-EM analysis of cell-bound T-pili (a, b). Altematively, T-
pili were detached from the cells by shearing, concentrated by
ultracentrifugation and analysed by immunc-EM (c, d). (&) Analysis
of viulence-induced wrD<f deletion strain CB2004. Detection with
VirB2-specific primary and 10 nm geld-coupled secondary
antisera is shown; bars, 100 nm. Arrowheads show T-pili, asterisks
point to flageila, and amows indicate the detection of the VirB2
antigen in detached T-pitus-like strustures in (b) and (e).

are reminiscent of T-pili treared with detergents, acids or
bases (Lai & Kado, 2002). They may correspond to T-pili
that were detached from the cell and partly degraded
during, growth under virulence gene-inducing conditions
or by the EM fixation precedurs. These observations
indicated that the VirB2 epitope may not be accessible in
gell-bound pili, and to assess this possibility, we isolated T-
pili from the cells that were fragmented by shearing and
then sedimented by ultracentrifugation. Analysis of isolated
T-pili by immuno-EM with VirBZ-specific antiserum
targeted gold grain-labelled secendary antibodies to almost
100% of the isolated T-pili, and we typically observed
several grains per pilus. These results suggest that the
epitope recognized by the VirB2-specific antiserum, which
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Fig. 6. Immuno-EM analysis of cell-bound and isolated T-pili with
VirB5-apecific antiserum. Cells wera cultivated under virdlence-
inducing conditions, followed by immuno-EM analysis {a—e)} or T-
pilus isclation by shearing and ultracentrifugation followed by
immunc-EM analysis (f). Analysis of the wild-type strain C58 (a—c,
f), CB1063 pTroBSAS (d), CB1005 pTrcB5A4 (e) and the virD4
deletion strain CB2004 (g) is shown. Detection with VirB5-
specific primary and 10 nm gold-coupled secondary antisera is
shown; bars, 100 nm. Arrowheads show T-pili, asterisks point to
flagefla, and black arrows show the detection of gold grains on T-
pilus tips (o—9. {a) An Agrobacterium cell; white arrows point to
gold grains that indicate the localization of VirB5 on the cell
surface.

was generated against 2 15 amine acid peptide immediately
adjacent te the processing and cyclization sequence {Carle
et al., 2006), may be hidden in intact T-pili A conforma-
tional change upon detachment from the cells, possibly
triggered by experimental manipulation, makes It access-
ible. It is not clear whether this conformational change has
any biological significance, but it is tempring to speculate
that it reflects a change of the pilus conformation upon
host-¢ell binding and/or during substrate translocation. To
address this question we analysed the localization of VirB2
and VirB5 in the virD4 deletion strain CB2004, which does
nat couple the translocated T-complex to the T485. The

results were identical to those of the wild-type, showing
that substrate coupling does not have an effect on T-pilus
conformation that is detsctable with the methods used
here. High-resolution structural studies, eg. by cryo-
electron microscopy and image reconstruction, will be
required in future to investigate the nature of this
conformational change (Craig et al, 2006), We will also
conduct immuno-EM experiments that include host cells
{plant or bacterial} in order to assess whether host
recognition by T-pili leads to conformational changes that
unmask the epitope recognized by the VirB2-specific
antiserum.

‘We next analysed the localization of the minor T-pilus
component and detected VirB5 on the tips of T-pili and on
the cell surface. VirBS was detected on the tips of 26 % of
the pili in the wild-type strain C58, and one possible
explenadon for this incomplete labelling is that surface-
exposed structures such as T-pili may break off during the
preparation for EM, This is in accord with a model that
implies that VirB3 initiates T-pilus assembly in the cell
envelope and remains at the tip upon pilus elongation.
According to this model, the major pilus suburit may be
delivered to the pilus base by the VieB2-VirB5 complex
that we described previously (Yuan et al, 2003), followed
by the degradation of VirB5 and successive addition of
VirB2 subunits at the base. As a consequence, VirB5 may
net be present inside pili and was therefore not detected on
the ends of broken pili. This model would expiain why
VirB5 was detected on only 26 % of the cell-bound pili and
why a similar degree of labelling (34 %) was also observed
on detached pili The znalysis of VirB5 variants with C-
terminal deletions lent further support to this model.

Analysis of CB1005 expressing VirBSA3 resulted in a higher
number of tip-labelled pili on cells (35%), and a similar
amount of label was detected on detached T-pilt (36 %).
This elevated level of labelling in comparison to the wild-
type may be due to the fact that these pili are shorter and
may therefore not break off and fragment as easily. A
similar reasoning may explain the fact that only 7% of the
tips on cells of CBi005 expressing VirB5A4 were labelled
(119% in the case of detached T-pili). These pili are on
average longer than these from C58. and they may break
off more easily and further break into pieces, which may
explain the lower level of tip labelling. In spite of having
longer pili on average, the maximum length of pili on
CB1005 expressing VirB5A4 was shorter than in the wild-
type, which is also in accord with a structure that may
break off more easily. Nevertheless, the overall structure of
these pili appears to be similar to that of the wild-type, and
the detached pili from CBL1005 expressing VirB5A3 and
VirB5A4 were labelled with the VirB2-specific antiserum
along their entire length, like those from the wild-type.
There is little precedent for the length regulation of surface
appendages, but that of type III secretion system-
determined needles from Yersinia enterocolitica is deter-
mined by a domain of YscP in a molecular ruler-like
fashion (Journet et ail, 2003; Mota ¢ al, 2005). The
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discovery that minor changes of VirB5 lead to notable
variations of pilus length opens up a fascinating area of
research for future work.

The above-mentioned model does not exclude alternative
mechanisms of T-pilus assembly, e.g. the incorporation of
VirB2 subunits at the tip after transfer via the pilus iumen,
as In the case of the subunits of bacterial flagella. Also,
VirB5 may be present inside the T-pilus, where it cannot be
readily detected by antisera, but the facts that it is only 2
minor pilus component (Schmidt-Eisenlohr er al, 19992}
and that we did not detect higher levels of labelling on
detached in comparison to cell-bound T-pili argue against
this possibility. An alternative explanation for the local-
ization of VirB5 at the tips may be that it can be sheared
from the cell surface in the form of membrane blebs, which
may bind to the tips of broken T-pili. Although this
possibility cannot be ruled out, there is currently no
published evidence for the shearing of VirB5-containing
membrane blebs from A. tumefaciens, and we have not
observed such structures in the course of cur electron
microscopic studies. In any case, the detection of VirB5 at
the pilus tip as well as on the cell surface argues in favour of
a2 sequence of interactions that lead to T-pilus assembly
following initiation by a cell-bound form of VirB5 in the
periplasm and/or on the surface. As discussed below, the
effects of C-terminal deletions and changes on the efficacy
of DNA transfer to different hosts are alse consistent with
the notion that the tp is one of the natural lecalizations of
VirBs.

In addition to providing interesting clues for future
research on T-pilus assembly, the anabysis of C-terminal
VirB5 variants provided novel insights into the host
specificity of the DNA translocation process. None of the
C-terminal VirBS variants analysed here (C-terminal
deletions as well as alanine replacements) complemented
the defect of the CBL005 mutant in plant-infection assays.
The variants with deletions of up te four amine acids and
with two of the three alanine changes were stable in the cell,
indicating that the avirulence of these strains was not due
to degradation of the protein but that the C terminus of
VirB5 is important for T-DNA transfer to plants. The
finding that relatively minor changes at the C terminus
abolished DNA transfer Lo plants was unexpected, and
there are three possible explanations. First, many of cur
assumptions are based on the X-ray structure of TraC,
which suggests a surface-exposed C terminus. VirB5 and
TraC have only limited sequence similarity (14 % identical
and 33% similar amino acids; see alignment in
Supplementary Fig. 54), but this portion of VirB5 may
localize inside the protein, and even minor changes may
lave cansed drastic conformational changes. We do not
consider this possibility very likely, as most of the non-
complementing variants were stable in the cell, which
would not be expected if their overall structure were
changed. Also, 2 varlant with a C-terminal extension of
eight amino acids {Steepil tag) was fully functional (not
shown) and this is also in accord with an accessible C

terminus. Second, VirB5 may interact viz its C terminus
with translocated substrates so that changes directly block
the translocation of DNA and/or of proteins via the T4SS,
This is indeed an interesting possibility that warrants
further study, but so far, there is no evidence for an
interaction between VirB5 and the translocated substrates.
The third explanaticn is that VirB5 may be invelved in
binding to plant cells, and this hypothesis is in accord with
the proposed role of the VieB5 homologue TraC in phage
adhesion and plasmid transfer (Yeo er al, 2003). This
notion is supported by our data that show that two cf the
VirB5 variants that did not complement T-DNA transfer to
plants (VirB544 and VirB3AAP) did complement the
defect of a virB5 deletion strain in transfer of the IncQ
plasmid pLS1 to recipient agrobacteria. The fact that
VirB5A4 and VirB5AAP complemented the virS5 defect in
this assay indicates that the T-pili engaged fully in DNA-
and protein~transfer processes and that recognition of the
recipient by VirB5 may play a role during the transfer
process. This view is consistent with the results of our EM
work, which showed that VirB5 localized at the pilus tip,
which is suggestive of a role in host-cell recognition
Nevertheless, in spite of the evidence provided here and in
previous work (Yeo ¢ al, 2003), a function of VirB5 as an
adhesin is still hypothetical. Future work will directly test
this possibility, e.g. by screening for interaction partners
with the veast two-hybrid system or by using biochemical
approaches to isolate VirB5-binding proteins from plants
and TraC/VirB3-binding proteins from bacteria.
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Chapter 4
The type IV secretion system component VirBS binds to the frans-zeatin biosynthetic

enzyme Tzs and enables its translocation to the cell surface of Agrobacterium tumefaciens

Preface
This chapter consists of the following article, in its originally published format:

Aly, K. A, Krall, L, Lottspeich, F. and Baron, C. The type IV secretion system component

VirB5 binds to the trans-zeatin biosynthetic enzyme Tzs and enables its translocation to

the cell surface of Agrobacterium tumefaciens (2008). Journal of Bacteriology 190(5):1595-
1604. A copy of the original manuscript is included in my thesis with permission no.

2270920496670 from the publisher.

I performed the experiments shown in figures 4, 5, 6 and 7. I generated the figures. Dr.
Christian Baron has helped improving the display of data in all figures so that they become
easier for the reviewer to understand. Dr. Baron wrote the entire manuscript and he and I

made some revisions to the manuscript, and Dr. Baron contributed significant intellectual

input and support.

Dr. Krall is a co-first author on this article and she found by a gel overlay assay that
VirB5 interacts with Tzs. Following up on her work, I found that Tzs signal can be detected in
the pellet of extracted and sedimented bacterial appendages by high speed centrifugation.
Unlike the Iytic transglycosylase VirBl, Tzs is not secreted into the bacterial culture
supernatant. These findings led to our hypothesis that Tzs might be exposed on the bacterial

surface.

Using immuno-EM, Tzs was found to be homogeneously distributed on the cell
surface in case of wild-type strain C58. In this study, I constructed both, vi#B2 and virB8
deletion mutants (virB8 deletion mutant was constructed with the help of a former summer
student, John Morala). I found that surface association of Tzs was less in case of both, virB2
and virBS8 deletion mutants and was largely reduced in the virB5 deletion mutant CB1005.
This led to our conclusion that whereas VirB5 might be essential for Tzs surface localization,

Tzs localization seemed dependent on more than one T4SS component.
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Blue Native Electrophoresis analysis of the distribution pattern of Tzs with protein
complexes of variable molecular masses showed that in case of the virB3 and virB§ deletion
mutants, this pattern was significantly altered. We did not construct a Tzs deletion mutant in
this study which will be of a paramount importance to further investigate the nature of VirB5-

Tzs interaction. We also do not know which domain of VirB35 is required for Tzs interaction.
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VirB5 is a minor component of the extraceliular T pilns detecimined by the Agrobacterium tumefaciens type [V
secretion system. To identity proteins that interact with VirB5 during the pilus assembly process, we purified
VirB5 as a recombinant fusion protein and, by using a gel overlay assay, we detected a 26-kDa interacting
protein in Agrebacterium cell lysates. The VirB5-hinding protein was purified from A. tremefeciens and identified
as the cytokinin biosynthetic enzyme Tzs. The VirB5-Tes interaction was confirmed using pulldown assays with
purified proteins and the yeast two-hybrid system. An analysis of the subcellular localization in A, iumefaciens
showed that Tzs was present in the soluble as well as the membrane fraction. Tzs was extracted from the
membranes with the mild detergent dodecyl-B-p-maitoside in complexes of different molecular masses, and this
association was strongly reduced in the absence of YirB3. Using immunoelectron microscopy, we also detected
Tzs on the Agrobacterium cell surface. A functional type IV secretion system was required for cfficient trans-
location to the surface, but Tzs was not secreted into the cell supernatant. The fact that Tzs localizes on the

cetl surface suggests that it may contribute to the interaction of Agrobacterium with plants.

Agrobacterium tumefaciens s a gram-negative plant patho-
gen that incites crown gall tumors after infecting plant wounds
(34, 54, 53). Tumor formation is a consequence of the transfer
of a piece of single~stranded DNA, the T-DNA (rrunsferred
DNA), and of its integration into the plant genome. The T-
DNA encodes proteins that direct the synthesis of plant hor-
mones, such as cytokinin (Tmr} and indole acetic acid (Tms},
and the subsequent derzgulation of the plant phytohormone
balance leads o tumor formation (1, Z). The Tmr protein
exerts its function after the uptake into the chloroplasts, where
it diverts an intermediate of the methyl-erythritol phosphate
(MEP) pathway of isoprenoid biosynthesis for the production
of hydroxylated rans-zeatin ribotides (40). Cytokinin biosyn-
thesis in plants predominantly uses isoprenoid metabolites
from the MEP pathway as well, but the primary products are
isopentenyl ribotides and those are subsequently hydroxylated
te frans-zeatin ribotides (36, 39). Alternatively, isopentenyl
ribotides are synthesized from metabelites of the cytoplasmic
mevalonate pathway or they are produced as products of
the degradation of modified t(RNAs resulting in cis-zeatin
ribotides,

A subgroup of 4. tumefaciens, the nopaline strains, encodes
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the Tmr homologous frars-zeatin synthesis (Tzs) protein on
the tumor-inducing (Ti) plasmid (9, 20, 51). In contrast to the
T-DNA gene i, the 25 gene is not translocated into plant
cells and its gene product Tzs catalyzes the last step of the
biosynthesis of the irans-zeatin ribotides inside 4. tumefaciens
(24,27, 37). The biclagical significance of Tzs action is believed
to be that the produced cytokinins stimulate plant ceil growth
in the wound callus. This stimulation may increase the efficacy
of T-DNA transformation, and the fact that Tzs is coregnlated
with the T-DNA translocation machinery is in accord with this
notion (24, 37). However, so far there is no direct evidence for
this role of Tzs during the Agrobacrerium-plant interaction. As
Tzs is not produced in all agrobacteria, it is not considered to
be essential for virulence and it may be a host range factor that
contributes to the infection of certaim plants. In addition to the
proteins that impact plant hormone homeostasis, the T-DNA
cacodes proteins that mediate the production of opines, a
special family of conjugates between organic acids and amino
zcids (30, 534). These compounds serve as nutrients for A
tumefuciens, which, unlike most other bacteria. has the ability
w0 metabolize them. The unique strategy of A. nemefaciens to
exploit the resources of plants was named genetie colonization,
and it relies on the ability 1o transfer genes from the bacteria
into the host cell (45).

A type IV secretion system (T48S) mediates the transloca-
tion of the single-stranded T-DNA covalently linked to the
VirD2 proteln into plant cells (6, 14, 34). The T4SS required
for this translocation process consists of 12 components, the 11
VirB proteins (VirBL-VirB11) and VirD4, Theee of the com-
ponents of the T4SS, VirB4. VirBll. and VirD4, contain
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TABLE 1. Bacteria and yeast sirains vsed in this study

Strzin Genatype and characieristics Seurcefreference
Cs8 A. romefaciens A136 pTiC58, virulent nopaline wild-type struin 46
CBlg2 A. rmefaciens Al36 pTIC58Awr82 This work
CB1005 A. tumefeciens A136 pTIC38AwrBS 43
CB100S A mumefacions A136 pTICSS A8 This work
A48 A. umefaciens ALY pTIAGNC, virulent actopine wild-type strain 19
Ach3 A nunefaciens, Achillea miligfolinm isolate, octopine-type Ti-plasmid 6
Chry 5 A. tumefaciens, Clirysantiiemum morifoliupt isolate, succinumonpine-type Ti-plusmid 26
A208 A. mmefaciens A136 pTITA7, nopaline-type Ti-plasmid 36
TM109 E. coli, [F' traD36 proAB* laciacZAMI5] recA§ endAl gyrA96 thi-I hsdRI7 reldl supE44 52
Aflac-proABY N~
GI11358 £ coli. proU promoter-controlled chramosomal RNA polymeruse gone 12
Saccharomyees MATY le12-3.112 vira3-52 1rp1-961 his3-A200 ade2-10] LYS2::GAL-FIIS3 galdAgatB0AURAS :GAL-lucZ 15

cerevisice Y153

Walker nucleotide binding and hydrolysis motifs; they interact
and energize T43S functions (5). VirBl, VirB3, VirBé, VirBT7,
VirB8, VirB9. and VirB10 assemble into a complex that spans
the inner and the outer membrane and may form the substrate
translocation channel (13, 25, 28, 49). The proteins VirB2 and
VirB3 are components of the T4SS-determined T pilus. an
extracellular structure that is believed to mitiate cell-cell con-
tact with plant cells prior to the initiation of T-complex transfer
(16). VirB2 is the major T-pilus component that forms the
main body of this extracellular structure (31). A yeast two-
hybrid sereen identified interaction partners in Arabidopsis
thaliana, suggesting that VirB2 directly contacts the host cell
during the substrate translocation process (23), VirB3 and its
homologs TraC and TrbF were identified as minor compo-
nents of T4SS-determined surface structures (42-44). VirB5
localizes at the T-pilus tip, and C-terminal variants were dif-
forentially affected in DNA transter to different hosts, suggest-
ing that VirB5 may alse be involved in host-cell contact (3),
Details on the mechanism of T-pilus assembly are beginning
to emerge, and based on work with purified components and
analyses of membrane-bound T4SS complexes, a VirB4-VirBs-
VirB2-VirB3 pilus assembly sequence was proposed (53). As
ar independent approach to gain insights into the mechanism
of T-pilus incorporation of VirBS, we pursued a gel overlay
approach to isolate interaction partners from A. tumefuciens.
We detected a 26-kDa VirB5-binding protein from A. mmefa-
ciens, and this protein was subsequently purified and identified
as the frans-zeatin biosynthetic protein Tzs, The VirB5-Tzs
interaction was confirmed, and an analysis of its subcellular
localization showed that Tzs assoctates with discrete mem-
brane protein complexes and that it is also exposed at the cell
surface, A functional T4SS was required for efficient incorpo-
ration of Tzs into membrane complexes and for efficient trans-
location to the cell surface, suggesting that the secretion system
and VirB5 may enable these processes by directly binding to Tzs.

MATERIALS AND METHODS

Cultivation of microorganksnas. Celtures of Eschericiia colf for cloning and
protein overpreduction were grown in LB medium {1% tryptone, 0.5% yeast
extract, (.55 NaCl) or in LBON medhun (LB medium whhout NaCl) foltowing
standard procedures (12, 32). L uenefuciens virulence genes were inducad with
acetosyringone {AS) in liguid or on solid AB minimal medium (1% glucose,
039% morpholinecthanesuifonic ceid [MES), i mM KNu-phosplute, 1X AB
sudts {20 g NH,CE 6 g MgSO, - 7.0, 3 s KCL 0.2 g T, 0.05 ¢ FeSQ, - TELC
per liter. pH 5.5). pH 5.3, 20X AB salts) us described praviously (33). Yeast

46

strisins (Succharpmyoes cerevisine) for two-hvbrid analysis were propugaied in
YEPD medium (257 tryplone. 1% yeast exivact, 2% glucose, pH 7) for rouline
culture or in SD medium (6.7 g veast nilrogen base withew! amino acid, 20 ¢
lucose, and 0.87 ¢ dropout mix (0.8 g adenine. 0.8 g Arg. 4 g Asp, 0.8 g His, 3d g
Leu. 1.2 g Ly, 0.8 g Met. 2 2 Plae, 8 £ Thr, 0.8 g Trp. 1.2 2 Tyr, 118 g uracll per
liter] per liter. p¥l 7) for the unalysis of internctions as described previously (15),

Plasmid and straln constructions. Standard roolecular bivlogy procedures
were followed for the construction of struins (Table 1) and phismids (Tuble 2)
(32), und the oligonueleotides used are listed in Table 3. Al PCR-amplificd gene
sequences were verified after cloning by DNA sequencing.

For the overexpression of fusions of VirB3 without the N-terminal signal
pepride, the gens wus PCR amplified with the oligonucleotides VieB3-5" und
VirBs-3', followed by cleavage with Acc631 und Pstl and ligation into similarly
cut pT7-H, TrxFus and pT7-78teepll. To analyze the interactions of Tes with the
yeast two-hybrid system, the gene was PCR amplified with the oligenucleatides
AS2-Tzs-3' and AS2Tzs-3" and cleaved with Bsphi and BamHL followed by
ligation into MNeel and BamHi-cleaved pAS2 and pACTIL

Strains CBLUOZ and CBUKS, carrying in-freme deletions of virB2 and 1ieBs,
respectively, on the Ti plasmid of strain C58, were constructed essenlially as
described proviously (10, 43 using the oligonucleotides shown in Table 3. The
VirB2 gene with 500 bp of upstream and downstream s¢quenee was PCR ampli-
fied from intaclA, aunefircions cells by using oligonucteotides B2-5 and B2-3, and
the Fragment wys eloned into the precleaved plasmid pTZ57R/T (InsTAclanc Rit;
Fermentus). followed by defetion of the gene by inverse PCR with Lthe oligonu-
cleotldes AB2-5 and AB2.5. The 1-kb fragment with the Nanking regions was thea
excised with EcoRI and cloned into vector pK™mobsacB (41), and the gene
delelion was introduced into the chromosame by double recombination (10. 43).
A similar procedure was followed for the construction of CBLMIR using eligo-
nucleatides BS-3 and B8-3 for PCR amplification of virfs and of its flanking
regions, followed by cloning and inverse PCR with the oligonucleotides ABR-5
and ABS-3. The fragmient containing the Banking regions was then excised with
Xhal and clongd into pK*mobsacB, and the gene deletion was introduced inte
the chremosome by double recombination us described above,

Overproduction and purification of VirB5 and of Tzs. Soluble fusion preteing
{hexahistidyl- and StrepiT-lagued VirB5) were overproduced in the Nall-inducible
T7 promotur exprussion strain GI1158 as described previowsly {53) afier expression
for 90 min 01 37°C (19is, TrxAVIrBS) and oz 48 k at 20°C (StreplTVirlss), They were
subsequently purified by StrepTactin-Sepharose or immebilized metal affiniy
chromatography (IMAC) and gel {iltration chromatography as described previ-
ously (53). Natlve Tzs protein wus overproduced and purified as described
previously (27), and 500 ug was used for the generation of u specific antlserum
after infeclivn inlo rabbits (BioGenes. Germuny).

Protein analytical wmethods, subcellular fractionation. and gel overlay assay.
Prolcins were separated by sodium dedecy! sulfate-polyacrylamide gel clectro-
phercsis (SDS-PAGE) (30}, followed by Western blatting with spacific antisera
following standatd procedures (21), Membrane protein complexes were isolated
from A. fureficiens by extraction with the mild detergent dodecyl-B-p-maltoside
(DDM), followed by blue native ciectrophoresis as described previously (53).
Proteins frotn other subcellular fractions were isolated alier shearing and ultrs-
centrifugation (T pili) and after precipitution of cell-free supernutunts with
acetone as described previously (7, 42

A gel overlay assay bused on the method described previously by Homann et
al. (22) was applied for the detection of interaction partners of VirB3, Samples
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TABLE 2. Plasmids uscd in this study

Seurce/reference

Plusmid Genatype and characteristics
pPZP300 Str* Spet: carrics extra copies of the genc encoding the transcription factor VirG for 28
increased virzlence genc induction
pTreB2 Str* Spef: pTre200 derivative for laeMjtre promater-contralled expression of virB2 42
pTrcB3 Str Spe’; pTre200 derivative for fciire promoter-controlled expression of virB3 43
pk*mobsacB Kan® sacB; mobilizable vector for the construction of in-frame deletion variants 41
pTT-H, TrxFus Carb®: T7 promoter-controlled expression of hexahistidyl-thioredoxin (TrxAj fusien proteins 29
pT7-H T VirBs Carbr; for expression of hexahistidyl-thioredoxin-VirB5 fusion protein This work
pT7Strepll Carb'; T7 promoter-controlled cxpression of Strepll fusion proteins 53
pT7-75trepllVirB5 Carb'; for expression of Strepll-VirB3 fusion protein This work
pT7-Thzs Carb'; T7 promoter-controlled expression aof Tzs 27
pAS2 Carb'; for expression of fasions with the GAL4 DNA binding domuin; selection in yeast in 15
the absence of Trp
pACTII Carb'; for expression of fusions with the GAL4 activation domain: selestion in yeast io the 15
absence of Leu
pAS2-VirB3 Carb"; virB5 in pAS2 This work
PAS2-VirE2 Curbr virE2 in pAS2 8
pAS2-Tes Carb; 1zs in pAS2 This work
pACTII-VirtBS Carb'; virB5 in pACTII This work
pACTIL-VirE2 Carb; virE2 in pACTIT §
pACTII-Tzs Curb'; zs in pACTIL This work

were separated by SDS-PAGE. fotlowed by Western blotling onto polyvinylidene
difluoride (PVDF) menbrapes and [neubation for 12 h a1 4°C in renaturation
Buffer {10 mM HEPES. 1t mM MgCl.. 50 mM MaCl, 0,1 mM EDTA. 1 mM
dithiothreital, 10% glycerol, pH 7.5) to remove the S8 and 1o enable refolding.
Tie membranes were then washed three times with Tris-buffered sading contain-
ing Tween 20 (TBS-T) (20 mM Tris-HCL, 137 M NaCL 0,1% Tween 20, pH 8).
and protein binding sites were blocked with 5% dry mitk powder in T35-T.
follewed by incubation with purified VirB3 fusion protein (1.5 pgiml) in TBS-T
with 3% dry milk powder for 5 1 at 4°C. The membranes were then washed three
times with TBS-T, and the bound VirBS fusion pretein was detecied by Western
blotting with 2 specific antiserum,

Interaction siudies usfag attinity matrices (pulldown assays). Pulldown assays
to detect the interaction of purified Trs with hexahistidyl- or Suepll-tagged
VirB5 fusion proteins bound to affinity malrices were conducted s described
previously (33).

Puriftcation of a VIFBS-binding proteln from . fimefuciens, The VirB5-bind-
ing protein was purified from A, tunwefrciens, and the gel overluy wssay described
above was applied 1o moniter the progress of individual purificution steps. A,
runvefaciens strain C38 carrying plasmid pPZP3IN0 wis cultbvated under virslence
gene-inducing conditions on cight AB minimal medivm agar plates (15 cm
diumeter) for 4 duys st 20°C in the presence of 200 pM AS for virulence gene
induction. The bacteria were washed from the plates with 10 ml 50-mM Na-K-

phesphate buffer per plate. sedimented, and resuspended in 20 ml 56-mM Na-
K-phosphatc huffer, Next, the ucterka were lysed by passage through a French
press at 20,000 tyln®. followed by Jow-speed centritugatian (40 min at 12,000 epm
in an §5-34 rotor, Sorvall RCSB centrifuge) 1o remeve ¢l debris and wiiracen-
trifugation (2 1 at 40000 rpm in « Tii0.2 rovar, Sorvall OTD-308 ultracentri-
fige} Lo remove membrane proteins, The VirBS-binding protein in the soluble
feaction was further enriched by differential (MFL,),50, precipitation (30 10 70%:
in sreps of 10%). and the highest amount was detected in the 40% fraction. The
precipitate was sispended in L ml 50 mM HEPES (pH 7). dialyzed in 2 Titets of
this buffer ut 4°C for 12 I and then applied onte a Mono O-Sepharose anien
cxchange column (Amershiam Bioscicnces), The columa was washed with 30 mM
HEPES (pH 7). followed by ¢lution with  Linear gradient (30 mM to 1 M NaCl
in 50 mM HEPES-puffer, pH 7) over L column volumes, and the fractions were
precipitated By the additien of acetone. The samples were separated by cleetro-
phorssis on a 1255 acrylamide gel and blotted onto u PYDF membring, and the
VirB3-hinding protein localized by gel overlay isay was identified by N-terminal
sequencing using standasd protocals.

Yeast two-hybrid system analysis. Amalyses of protein-profein interactions
using the yeast two-hybrid system were conducted as described previously fole
lowing standard procedures for the Matchmaker two-hybrid system (Clontech}
{8. 13), The genes were cloned into pAS2 and pACTTI, and plusmid-contuining
veast cells were selected on SD modium in the absence of Leu and Trp. Six

TABLE 3. Oligonucleotices used in this stedy

Application Nume Sequence and restriction site”
Construction of pT7.7 StreplEVicBS VirB35-5' S CAGGOTACCCAGTTCGTTGTCAGCGATCCGGLG-3"
and pT7-7H, TrxA-VirB3 VirBs-3' 5-GAGCTGCAGTCAGGGGACGGCCCCAAAGATG-3
Censtruction of pAS2-Tes and AS2-Tys-d" 5-GGAGGCTCATGATACTCCATCTCATCTACGGACC-3
pACTIL-Tzs AS2-Tes-3 5-GACGGGGATCCTCACCGAATTCGOGTCAGCGTG-5
Cloning of virB2 B2-5 5-CCACACOAATTCCAAGTCGTGATGGACCGTCTCGA-
B2-3 5-CCACACGAATICGACGOCAACGTGCATTGCGCATTT-3"
Deletion of virB2 AB2-5 5"-AGGAGGTCCGCAATAATGAATGATCGTCTGGAAGCAACCCTT-3'
AB2-3 ALTTATTGCGGACCTCCTTGATTTAAGTCGAACAAGAGTTGATCGTC 3
Cloning of vir58 B3-5 5-CGCAGTCYAGAGCAAAGTGGATCGGGCAACTTAT-Y
BS-3 5.CGCAGTCTAGACCTCTGCTCTCTGTTOATATTGCGCTT-Y
Deletion of virBs ABE-3 3-CCGTGCTCGAGTTATTCAGACCCCTTCATGGCGACCACCT-3
ABS-3 3-CCOTCCTCGAGATCACCAAAAAMAGCATTTCTCA-¥

“ Restriction enzyme cleavage sites are underlined.
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transformants from cach plasmid combinution were streaked on SD sigar plates
and lysed in liquid mitrogen, lollowed by soaking in Z butler (16.1 g Na,HPO,,
55 g NaH.PQ,, 075 g KCL 025 g MgClo, 2.7 ml R-mercaptocthanolfliter}
containing X-Gal {3-bromo-I-chlesa-3-indolyl-f-o-gainctopyranoside) (1 mg/ml)
to fdentify B-galactosidase production. The strength of the interaction was as-
sessed hased on the unber of btue colontes among <ix transformants each from
six independent transformation experiments,

Immuneelectron microseopy. Immunoclectron microscopy to detect cell-
boued Tzs was conducted as described previously (3} using 1:250 dibuted T2s-
spegifte primary antiverum and 1:10-diluted anti-rabbit 10-nm gold conjugutes
{Sigma-Aldrich}.

RESULTS

Overlay assays detect a VirB5-binding virulence-induced
protein in 4. tumeficiens, In an attempt to identify A wmefa-
ciens proteins that contribute to the incorporation of the minor
T-pilus component VirB3 into these extraceliular structures,
we overexpressed VirB5 as a fusion to hexahistidyl-thiore-
doxin. His, TrxAVirBS was purified by immobilized metal af-
finity chromatagraphy, and z gel-overlay assay was conducted
to identify binding partners in A. twnefaciens cell lysates. To
this end, the lysates were separated by SDS-PAGE, followed
by blotting onto a PYDF membrane and removal of the SDS to
enzble renaturation. The membranes were then incubated with
purified His,TrxAVirB3, and the bound fusion protein was
detected after incubation with a VirB3-specific antiserum and
a horseradish peroxidase-coupled secondary antiserum by
chemiluminescence detection. This approach identified a 26-
kDa protein only in lysates of virulence gene-induced strain
C58, not in lysates from neninduced cells (Fig. LA). This pro-
tein was slightly larger than the 25-kDa VirB3, which was
detected by standard Western blotting as well as during the
overlay assay procedure. The VirBS-binding protein was also
present in lysates from the virBS gene deletion strain CB1005
(CBS) (Fig. LA), excluding the possibility that it represents a
modified VirB5 with a higher apparent molecular mass. In
order to characterize its subcellular localization. we analyzed
subeellular fractions and detected the VirB3-binding protein in
the total cell lysate and in the soluble fraction (Fig. 1B). In
contrast, VirBS was detected in the toral cell lysate and in the
membrane fraction, Since all TASS components localize either
exclusively or primarily in the membranes, we concluded that
the VirB5-binding protein is not likely a component of the
transmembrane complex but that it may be an AS-induced
soluble factor that aids in VirBS assembly. To assess this pos-
sibility, the protein was purified and identified next.

Purification and identification of the VirB3-binding protein
as Tzs. To purify the His,TrxAVirB3-binding protein, strain
C58 carrying the plesmid pPZP300 (for increased virulence
gene expression) was grown in the presence of the virulence
gene inducer AS and as contrels, we also cultivared the nega-
tive controls CB1005 (with AS} and C38 {without AS). Cell
lysis was conducted in a French press, the cell debris was
removed by low-speed centrifugation, and the membranes
were then separated from the soluble proteins by ultracentrif-
ugation. To enrich the His, TrxAVirB5-binding protein, we
subjected the soluble fraction to stepwise fractionation with
(NH,),50, and the highest amounts were detected in the 40%
and 30% Fractions in the case of strain C58 as well as that of
CBl005 (Fig. 2A). VirB5 was also detected in the soluble
fraction here, which is likely due to the more highly concen-
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FIG. 1. Detection of a VirB5-binding protein using overlay assays,
Wild-type C58 and the virdS deletion mutant CBi005 carrying
pPZP300 were grown ander virulence gene-inducing (-+-AS) er nonin-
ducing conditions {~AS), For subcellular fractionation, the cells were
lysed in & French press, followed by separation of the total cell lysate
(T) nto soluble {8) and membrane Fractions (M). (A) Cell lysates were
separated by SDS-PAGE. followed by Western blotting with VirB5-
specific antiserum (left panel). The overlay assay was conducted by
incubzting the PVDF membrane after electrotranster of the proteins
with purified His, TrxAVirB3, followed by washing and Western blot-
ting with VitB3-specific amtiserom (right panel). {B) To analyze the
subcellulur loealization of VitB3 and the interacting protein. samples
of the T. 8, und M fractions were sepzrated by SDS-PAGE. followed
by Western blotting (lelt pancl) or the overity assay was conducted,
followed by Western blotting as described above (right panel). Arrows
indicate VirB5, and acrowheads indicate the His, TrxAVirB3-binding
protein detected in the overlay assay; numbers on the right indicate the
molecuiar masses of reference proteins.

trated sample. This result s in accord with previous reports
showing that a small poetion of VirB3 is present in the solubie
fraction (42, 33}, The highest amount of VirB5 was precipi-
tated with 30% (NH,),SO,, but the protein was also detected
in the 40% and 50% fractions. These data are in accord with
the possibility that VirB3 and the interacting protein form a
complex in vive.

We used Coomasgsie staining of 8DS gels to analyze the
differential salt solubilitv. This analysis revealed that the 409%
{NH,),S0, fraction contained a 26-kDa protein and the small-
est amount of other proteins (data not shown), and it was
thercfore chosen for further purification by anion exchange
chromatography. Ouoly 2 portion of the VirB5-binding protein
(revealed by overlay assay) and of soluble VirB5 (revealed by
Waestern blotting) from the 409% (NH,).SC, fraction bound to
the anion exchange column, whereas most of both proteins
eluted in the wash fractions (Fig. 2B). Interestingly, VirBS5 and
its interaction partner eluted in identical fractions during this
procedure and this resuit is also consistent with the notion that
they may form a complex. An analysis of the fractions eluted
from the column by SDS-PAGE and Coomassie staining re-
vealed that this procedure constituted an enrichment of the
VirB5-binding protein. and we concluded that the purity was
high cnough for its identification. To this end, we blotted the
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FIG. 2. Purification of the VirBS-binding protein: from the soluble
fraction of C38 cell lysates. Wild-type C38 and the wirB3 deletion
variant CB100S were grown under virulence gene-inducing (+AS) or
noninducing conditions {—AS). (A} Cefls were lysed in a French press
and the soluble [ractions were separated from the membranes by
uitracentrifugation, fFollowed by precipitation of proteits with inereas-
ing concentrations of (NH,).50, as indicated. The precipitates were
analyzed by SDS-PAGE and Western biotting with VirB3-specific an-
tiserum (upper parel) or by overlay assay with His,TexAVirB3, fol-
lowed by the detection of bound VieB5 {Jower panel). (B) Proteins
precipitated with 407 (NH,)),S0, from €38 extracts were dialyzed and
applied to a MonoQ anion exchange column. and the fractions cluted
from the rolumn (fowthrough and NaCl gradient) were analyzed by
SDS-PAGE and Western blotting, overlay assay and detection of
VirB3, or Coomassie staining. The protein indicated by the asterisk
was clectratransferred to a PVDF membrane and subjected to Edman
sequencing,  Arrows show VirB5, and arrowheads indicate the
His, TrxA VirB3-binding protein detected using the overlay assay: num-
bers on the right indicate the molecular masses of reference proteins.

tflowthrough fraction with the highest amount of the VirB3-
binding protein onto a PYDF membrane and its identity was
analyzed by N-terminal (Edman) sequencing. This analysis
identified Il of the 12 N-terminal amino acids counted from
the N terminus as MLLHLIYGPTXS (X indicates an amino
acid that could not be identified), which matches Tzs, the
rrans-zeatin biosynthetic protein from A twmefaciens strain
C38. The finding of Tzs as the VirB5 binding protein was
unexpected, as there is 0o obvious connection between a pro-
tein involved in phytohormone biosynthesis in the cytoplasm
and a T4SS component. However, the biological role of Tzs has
not been firmly established and, in the following work, we
verified the interaction with VirB35 and asscssed its biological
significance.

Putldown and yeast twa-bybrid analysis confirmm the inter-
action between VirB5 and Tzs. To further characterize the
VirB3-Tzs interaction, we cloned. overproduced, and purified
Tzs 2s described previously {27} and we used the purified
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FIG. 3. Analysis of the VirB3-Tzs interaction by pulldown assays.
Purified Tzs was incubated with affinity bead-bound StreplIVirB3 and
His TreAVirBS fusion proteins or with affinity beads alone, followed
by sedimentation of the beads, washing, ¢hution, and anatysis of the
bead-bound material by SDS-PAGE and Western blotting with specific
antiscra, (A) Analysis of proteins bound to Ni-nitriletriacetic acid
Sepharose after clution with imidazole. (B) Analysis of proteins bound
to StrepTactin magnetic beads after elution with biotin. Arrows indi-
cale VirB3 fusion proteins, and arrowheads indicate Tzs cluted from
the affinity matrices. Molccular misses of reference proteins arc shown
on the right. = absence of; +, prescnce of.

protein for the generation of a specific antiserum. We also
overproduced and purified N-terminally StrepIl-affinity-tagged
VirB35 and used this fusion protein as well as His, TrxAVirB3
to analyze the interaction with purificd Tzs in pulldown assays.
N-terminally affinity-tagged His, TxAVirBS protein was at-
tached to the IMAC affinity matrix and incubated with Tzs,
followed by sedimentation of the matrix by centrifugation,
washing, detection of the bound proteins by SDS-PAGE, and
detection with specific antisera. This approach demonstrated
that a VirB3 fusion protein bound Tzs to the IMAC matrix,
and the use of a negative control (matrix without His, TreAVirB3)
showed that this was not due to unspecific binding of Tzs (Fig.
3A). Similar results were obtained when the pulldown assays
were conducted with Strepl] affinity-tagged VirB5 and Strep-
Tactin-Sepharose affinity matrix (Fig. 3B). These results also
lead to the conclusion that Tzs binds to the VirB3 portion of
the fusion proteins and not to the His TrxA domain,

As an independent assay (0 assess the VIrB5-Tzs interaction,
wc used the veast two-hybrid system. The genes encoding
VirB5, Txs, and {as a positive control) the VirE2 protein were
fused to the DNA and the activation domains of the yeast
GALA transcription factor, Interaction between two fusion
partners resulted in the activation of the lacZ promoter and
was monitored by the blue color of the yeast colonies. As in
previous work, VirE2 was found to interact with itself (8) and
we also detected a VirB3-VirB3 interaction, but this assay did
not provide evidence for self-interaction of Tzs (Table 4).
When pairwise combinations of the three proteins were tested,
we noticed that VirB3 bound to the DNA binding doraain Jed
to lacZ gene activation when both Tzs and VirE2 were coex-
pressed as fusions to the activation domain, but the reciprocal
cxperiments did not lead to gene activation. As the expression
of VirB5 fused to the DMNA binding domain alone did not
activate the lacZ gene (dara not shown), we conclude that the
results of this assay lend additional support for the notion that
Tzs and VirB3 interact. The evidence for a VirB3-VirE2 in-
teraction presented here is novel, but we have not analyzed chis
question further in the context of this work. After confirming
the VirB3-Tzs interaction with independent in vitro methods,
we next analyzed whether Tzs associates with the T48S com-
plex in vive.
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TABLE 4. Analysis of VirB protein and Tzs interactions using the
yeast two-hybrid system

Strength of interaction
assesged by the
no. ol blue
colonies®

Combination of vectors

pAS2-VirB5/pACTL VirBS
pAS2-VIrE2pACTII-VirE2 ..
pAS2- Tzs/pACTILTes ............
pAS2-VirBS/pACTIL-Tzs
pAS2-Tzs/pACTIL-VirBS5
pAS2-VirBS/pACTII-E2
pAS2-Tzs/pACTIT-VIrE2

# Relative numbers of B-gul idase-praducing ies: six bransformants
cuch were tested from six independent transformation experiments.

Analysis of Tzs production znd membrane association. Us-
ing the Tzs-specific antiserum, we first studied the conditions
for production of Tizs in different agrobacteria, Tzs was de-
tected exclusively in virelence gene-induced cells of A. fume-
faciens strains C58 and AZ08 but not in strains A348, A281,
Ach5, and Chry5 (data not shown). Thesc results are in accord
with its occurrence only on nopaline-type Ti-plasmids, such as
in strains C58 and A208.

We next used the antiserum to determing the subceellular
localization of Tzs in A. frumefeciens strain C38, and the T-pilus
components VirB2 and VirB5 were used as controls. As de-
scribed above, the cells were fractionated into total cell lysate
(T), soluble (8}, and membrane protcins (M) and Tzs was
detected in all three {fractions (data net shown). This result
differs from that of the overlay assay, which detected the
VirB3-binding protein exclusively in the soluble fraction (Fig.
1B), The fact that we analyzed more concentrated fractions of
the membranes here and that detectton with the Tzs-specific
antiserum was more sensitive than the overlay assay likely
explains this discrepancy.

To analyze the impact of VirB5 on the membrane associa-
tior: of Tzs in more detail, we next extracted membrane pro-
teins with the mild detergent DDM, followed by scparation
under native conditions by blue native electrophoresis. This
method was initially developed to assess the interactions be-
tween T4SS components, and it was applied here to determine
the association of the translocation machinery with Tzs. As in
previous work, both VirB2 and VirB3 were detected in the
100-kDa molecular mass range and, as expected, VirBZ was
absent in CB1002 and VirB3 was absent in CB1003 (Fig. 4). An
analysis with Tzs-specific antiserum revealed that the largest
portion of Tzs was present in high-molecular-mass fractions
larger than 140 kDa and in low-molecular-mass fractions
smaller tharn 67 kDa (Fig. 4C). A minor fraction was also
present in the 100-kDa melecular mass range, but the signal
was not as well defined as in the cases of VirB2 und VirB3.
These results were gualitatively similar in extracts from
CB1002 and CB100S, but the amounts of Tzs were strongly
reduced in CB1005. Tzs was not detected in the high- and
low-molecular-mass fractions, but 2 relatively well-defined sig-
nal was present in the 100-kDa molecular mass range in
CB1003 as well as in CB1008. Complementation of the wirB3
deletion in CB1005 pTreBS restored the wild-type pattern of
Tzs fractionation, and these results demonstrate that VirB3
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has a profound impact on the membrane association of Tzs.
The fractionation of Tzs abserved here is reminiscent of that of
T458 core components and of translocated subsirates that
were extracted in high-molecular-mass complexes with DDM.
To assess whether Tzs is transtocated from Agrobacterium by
the T455, we analyzed next whether it is transferred to plant
cells or to the cell exterior.

Extraceliclar localization of Tzs depends on T48S function.
The T4855-dependent membrane asseciation and the presence
of positively charged residues at the C terminus of Tzs, which
is a translocation signal of other T4SS substrates (48}, opened
the possibility that it may be translecated to plant cells. To test
this possibility, the gene encoding Tzs was fused in frante to
that encoding the Cre recombinase and ifs translocation 1o
plant cells was tested following standard protocols (47). This
analysis did not provide any evidence for a translocation of the
fusior protein, indicating that Tes is not a substrate translo-
cated to plant cells (A. den Dulk-Raas and A. Vergunst, per-
sonal communication). Next, we tested whether Tzs is secreted
o the cell exterior of strain C58 grown in liquid medium. Asa
positive control, we monitored the secretion of the C-terminal

1234 567
-

VirBs—

Tz =

: ! - 67
- e Wb
) “ T &

FIG. 4. Analysis of DDM-cxtracted membrane protein complexes
by blue native electrophoresis, Strains C58, CB1002 (Avir82), CB100S
(AvirB5), and CBLO0S {AvirBS} and complementcd variants were cul-
tivated on AB minimal medium in the absence (—AS, tane 1) or in the
presence of AS (+AS, lanes 2 to 7) for virulenee gene indoction.
followed by cell lysis, sedimentation of the membranes and extraction
with 2% DDM. The samples were separated by blue native PAGE on
2 15% gel, fotlowed by Western blotting with VirB2-. VirB3-, and
Tzs-specific antiserum. Lancs: I, C58 without AS; 2, C58 with AS: 3,
CB1002; 4, CB1005; 3, CB1002 pTrcB2; 6. CB1005 pTreB5: 7, CBI00S,
Arrowheads point to Tes in a 100-kDa complex in CB10O5 and
CR1008, and mulccular masses of reference proteins are shown on the
right (in kilodaltons). This experiment was conducted twice with qual-
iratively simitar results.
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FIG. 5. Analysis of proteins secreted from A fumefuciens. Straln
C58 was cultivated in liquid AB minimal medium in the absence (—) or
in the presence (+) of AS for virulence gene induction. The presence
of VirB1, VitB1*, and Tzs was monitored in cell lvsates as well as in
culture supernatants at diferent time points afer the induction of
virulence penc expression (0 h. 6 b, 12 h, and 1§ h), Samples were
sepurated by SDS-PAGE, followed by Westeen blotting with VirBl
and Tes-specific antiserum. The arrowhead points to secreted VirB1*,
and melecular masses of reference proteins aze shown an the right (in
kilodaltons).

VirBi* fragment that is proteolytically processed from VirBl
(7). Tzs was not detected in the cell supernatant, and it is
therefare nat a secreted protein (Fig. 3).

T488-mediated transtocation ray alternatively lead to the
incorporation or Tzs into T pili or to its display at the cell
surface. To address these possibilities, we cultivated agrobac-
teria on solid agar medium, followed by the shearing of the
cells to remove cell-bound T pili and flagella and ultracentrif-
ugation (o separate these high-molecular-mass extracellular
structures in the ultracentrifugation pellet from low-molecular-
mass structures in the ultracentrifugation supernatant. The
T-pilus major component VirB2 and the minor component
VirB3 as well as Tzs were detected in the ultracentrifugation
pellet of samples from wild-type strain C58, suggesting that Tzs
fs incorporated into a high-molecular-mass structure that can
be removed from the cells by shearing (Fig. 6}, T accord with
previous wark, VirB2 and VirB5 were not detected in the

uitracentrifugation ultraceririfugation
suparnatant pellet

€7 1234 587

FIG. 6. Analysis of the composition of T-pilus fractions, Strains
58, CBI002 (AvicB2), CBIO0S (8virB5), and CB1U0S {AvirBE) and
complemented variants were cultivated on AB minimal medium in the
absence (~} of AS {lane 1) or in the presence (+) of AS (lanes 210 7)
for virulence genc induction, Followed by shearing of cells and ultra-
centrifugation for separation of extracellular high-molecular-mass
structures {ultracentrifugation pellet) and low-molecular-mass pro-
teins releascd from the cells {ultracentrifugation supernatant), Sam-
ples were scparated by SDS-PAGE, followed by Western blotting with
VirB2-, VirB3-, and Tzs-specific antiserum, Lanes: 1, €58 without AS;
2, C38 with AS: 3. CB1002; 4, CB1005; 5, CB1002 pT=B2: 6, CBLU0S
pTreBS; 7. CB100S, The arrowhead points to the reduced amount of
Tzs in the wliracentrifugation pellet from CBLO03, and molecular
masses of reference proteins are shown on the right (in kilodaltons).
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ultracentrifugation pellets from strains CB100Z, CB1003, and
CBI008, but as expected, complementation of CB1002 and
CB1005 restored pilus formation. In contrast, Tas was detected
in the ultracentrifugation pellets isolated from CB1002, in re-
duced amounts in those from CB1008, and In strongly reduced
amounts in those from CB1005 (Fig. 6). The reduced associa-
tion with the ultracentrifugation pellet fraction was comple-
mented in CB1003 pTreB3. These results demonstrated that
Tzs can be sheared in a high-molecular-mass complex from the
cell exterior, but since this association was not strictly depen-
dent on VirB2 and VirB8, it is likely not 2 T-pilus companent.

The results of the shearing experiments suggested that Tzs
may be displayed on the cell surface, and we directly tested this
possibility by imnunoelectron microscopy. This approach has
tdentified VirB5 on the cell surface and on the tips of T pili,
whereas VirB2 was detected along the entire length of isolated
T pili (3). When we conducted the immunoelectron micre-
scopic analysis with Tzs-specific antiserum, the protein was
detected evenly distributed across the entire surface of the
wild-type strain C58, but it was not associated with T pili (Fig.
7). The number of gold grains indicating the presence of Tzs on
the cell surface was modestly reduced on CB1002 and strongly
reduced on CB1008, and the lowest amount was detected on
CB1005. These reductions were complemented in CB1002
pTreB2 and CBLO05 pTeeB3 (Fig. 7). The results of the im-
munoelectron microscopic analysis correlated welk with the
detection of Tzs in pellets after shearing of the cells and ul-
tracentrifugation (Fig. &), showing that both assays detected a
surfacc-exposed form of Tzs. Taken together, the work pre-
sented here demonstrates that Tzs is translocated to the cell
surface of 4. rumrefaciens strain C38 and that the high efficiency
of this process depends on VirB3 in the context of a functional
T45S.

DISCUSSION

The original goal of the work deseribed here was (o isolate
proteins from A. mumefaciens that mediate the incorporation of
VirBS into T pili. To this end, we pursued an unbiased bio-
chemical approach 1o isolate proteins from cell lysates that
bind to purified VirBS {usion protein and we envisaged that we
may fdentify VirB proteins, other virulence-induced proteins.
and possibly, non-virnlence-induced proteins. The identifica-
tion of Tzs, a protein that is believed to synthesize frans-zeatin
ribotide phytchormoncs in the A. fumefaciens cytoplasm, came
as & surprise, as there was no 2 priori reason to believe that
such a protein would interact with the T4S8S. In the course of
this study, we have provided scveral lines of evidence support-
ing the notion that the Fzs-VirB5 interaction oceurs in vivo and
we gained insights into the mechanism of Tzs translocation
across the cell envelope,

The first line of evidence suggesting a specific interaction
was the finding that the VirB3 fusion protein bound only to
one protein from 4. wmefgciens cell lysate on PVDF mem-
branes. the Tzs protein. Thus, VirB5 did not show features of
a “sticky” protein that interacts witk many partners. Under the
conditions used, this interaction was apparently stronger than
that with other known interaction partners of VirB3, such as
VirB8 and VieB10 (33), that were not detected by overlay
assay. This difference may be due to the fact that VirB8 and
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FIG. 7. Immunoclectron microscopy detects Tzs on the A, mumefaciens ool surface. Strains €38, CB1002 (AvirB2), CB1005 (Mv#rBS5), and
CB1008 (A1irB8Y and complemented variants were cultivated on AB minimal medium in the absence or in the presence of AS for virulenee gene
induction, followed by immunoclectron microscapy with Tzs-specific primaty antibody and 10 nm gold-labeled sccondary untibody. (A) Repre-
scotative images of transmission clectron micrographs: arrowheads point to gold grains on the cell surfaces of samples as follows: [, C58 without
AS; 2, €38 with AS; 3, CB1002; 4, CB1005: 5, CBLO02 pTrcB2; 6. CB1005 pTreBS; 7. CBL00S. The contrast was inereased to visualiee the outline
of cells for the purpose of presentation, but counting was conducted with redueed contrast settings that allewed the visualization of grains in even
more heavily stained regions of the cells. Bars. 100 nm, (B) Quantification of results of the transmission electron microscopy analysis of Tzs on
the cel! surface; numbering of bars as for pancl A, We counted 10 cells cach from three independent induction experiments for each strain (tolal

of 30 cells), and ciror bars show the standard deviations,

VirB10 do not refold on the membranes, but in any case, the
limited number of interaction partners is consistent with a
specific interaction. The second line of evidence stems from
the apparent copurification of Tzs with a portion of soluble
VirB3, which was observed during the initial purification of the
VirB3-binding protein. Whereas this does not constitute a
strict proof for an in vivo interaction, the results are consistent
with the interaction detected with the overlay assay, The in-
teraction between VicB3 and Tzs was subsequently confirmed
using pulldown assays with purified proteins and the yeast
two-hybrid system. The third line of evidence is based on the
observation that a significant portion of Tzs associated with the
membrane fraction. In the absence of VirB3, Tzs did not co-
fractionate with detergent-extracted high-molecular-mass
complexes (Jarger than 140 kDz) and low-molecular-mass
complexes (smaller than 67 kDa) and only small amounis of
Tzs fractionated in the 100-kDa molecular mass range, similar
1o that of the VirB2-VirB3 pilus assembly complex. It is tempt-
ing to speculate that the detection of Tzs in the 140-kDa
molecular mass range may reflect an Interaction with VirB3
and VirB2, whereas high-molecular-mass Tzs may reflect its
interaction with the core T48S that was shown to {ractionate in
this molecular mass range {27, 53). The fourth line of evidence
is based on the finding that the integrity of the T4SS is neces-

52

sary for the efficient translocation of Tizs to the cell-surface that
was monitored by the analysis of extracellular high-molecular-
mass structures as well as by immunoclectron microscopy.
Tzken together, our data suggest a model for the contribution
of the VirB5-Tzs interaction to the translocation of Tzs to the
cell surface.

Surface-exposed Tzs was not released as a soluble protein
into the supernatant, but it was removed from the cells by
shearing and fractionated in a high-molecular-mass complex,
together with T pili. This observation is reminiscent of findings
made in the case of VirB7, which is a small lipoprotein and
T48S core complex component that translocates te the ccll
surface and is removed from the cells in a high-molecular-mass
complex by shearing (38). The extraccilular localization of
VitB7 does not depend on T-pilus assembly. indicating that it
is not an integral pilus component, but VirB7 may contribute
to the assembly of this exiracellular structure (38). Similar to
VirB7, Tzs was detected on the surface of a vir82 deletion
strain, albeit at reduced levels. [n contrast to VirB7, we ob-
served that the amount of surface-exposed Tzs was strongly
reduced in the absence of VirB8 and even more so in the
absence of VirB3. Thus. an efficient translocation of T#s to the
surface depends on the integrity of the T4SS, and VirB5 is
especially critical for this process. Thesc obscrvations differ
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from those obtained in the case of VirB7, which translocates to
the surtace independently of individual T458 components {38).
The Fact that VirB7 and Tzs are surface exposed in the absence
of VirB2 and in immunoelectron microscopic analyses con-
ducted here and elsewhere suggests that these proteins are not
T-pitus components (3). The nature of the extracellular high-
molecular-mass structure isclated by shearing remains elusive.
One possibility is that shearing removes outer membrane ves-
icles (blebs) from the cells. Such structures zre implicated in
the translocation of virulence factors from bacterta (33, 35),
and it may be interesting to assess in the future whether mem-
brane vesicles contribute to the Agrobacrerium-plant interac-
tion.

The presented data suggest a mechanism for the transloca-
tion of Tzs to the cell surface. Tzs may bind to VirB3 in the
inner membrane and it may subsequently interact with T45S
core compiex components, followed by its translocation to the
cell surface. This model is supported by the observation that a
major portion of detergent-extracted Tzs fractionated in the
molecular mass range of the T48$ core components. The ab-
sence of VirB5, but not of VirB2 and VirB8, reduced the
amount of Tzs in these complexes, indicating that VirB5 is
likely required to enable an early step of the interaction with
the T4SS. Both VirBZ and VirBS apparently facilitate a later
step of the translocation, as the amount of surface-exposed Tzs
was reduced in CB1002 and even more so in CB1008. The
interaction partners among the T48S core components are not
known, but the dzta presented here suggest that in contrast 1o
the case for VirB7, a functional T48S and cspecially VirB3 are
required for efficient translocation of Tzs to the cell surface.

Whereas this work demonstrates the surface localization of
Tzs and suggests a key role of the VirB5 interaction for the
translaocation, it dees not reveal the biclogical significance of
this localization. The production of frens-zeatin ribotides in the
cytoplasm is believed to be the primary function of Tzs (24,
37). However, the surface localization reported here opens up
the possibility that Tzs may provide an additional or ever an
entirely different contribution to the A, wmefeciens-plant in-
teraction. Different functions of surface-tocalized Tzs could be
imagined, but further experimentation is required to assess
these possibilities, First, the translocation of Tzs to the cell
surface may down-regulate the cytoplasmic production of phy-
tohormones. This metabolic pathway may be costly for the
cells. and it may not contribaute to the host cell interaction once
the T-complex has been assembled and the trr gene has been
transferred. Thus, it may be advantageous to remove Tzs from
the cyvtoplasm at this stage of the interaction. Second, surface-
localized Tzs may convert metabalites from wounded and de-
stroyed plant cells at the infection site to active phytohormones
and thercby stimulate plant cell growth in the wound callus.
Third, Tzs may be translecated o plant cells as a component of
membrane vesicles and, in a manner similar to that of the Tmr
protein, it may translocate to the chloreplasts and divert me-
tabalites of the MEP pathway for the production of hydroxy-
lated frans-zeatin ribotides (40). So far, there is no evidence for
the formation of membrane blebs by agrobacteria, but blebs
were detected in the closely related genus Bricella and it is
therefore possible that they are also produced by Agrobacre-
ritm species (4, 17). The finding that Tzs as well as VirB7
associates with high-molecular-mass extracellular structures af-
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ter shearing of cells is consistent with the possibility that merna-
brane vesicles may be produced at the natural pathogen-host
interface. Fourth, surface-localized Tzs may directly stimulate
host-cell contact by binding to plant surface structures. The
discovery of surface-localized GroEL, 4 protein that exerts an
cssential functicn in the bacterial eytoplasm. but contributes
on the celt surface o pathogen-host adhesion in some bacteria,
constitutes a precedent for this possibility (11, 18). The above-
mentioned possibilities are speculative at this point. but the
discovery of Tzs on the cell surface opens interesting avenues
for the analysis of the Agrobaciericem-plant interaction in the
future.
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Chapter 3
The Brucella suis type IV secretion system assembles in the cell envelope of the
heterologous host Agrobacterium turefaciens and increases IncQ plasmid pLS1 recipient

competence

Preface

This chapter consists of the following article, in its originally published format:
Carle, A., Hoppner, C., Ahmed Aly, K., Yuan, Q., den Dulk-Ras, A., Vergunst, A.,
O’ Callaghan, D. and Baron, C. The Brucella suis type IV secretion system assembles in the
cell envelope of the heterologous host Agrobacterium tumefaciens and increases IncQ
plasmid pLS1 recipient competence (2006). Infection and Immunity 74(1):108-117. A copy
of the original manuscript is included in my thesis with permission no. 2270920730245 from

the publisher.

[ performed the experiments shown in figures 2, 6 and 7, assembled the results of these
figures and generated the figures. Dr. Christian Baron has helped improving the display of
data in all figures so that they become easier for the reviewer to understand. I was not

involved in the writing of the manuscript.

This article represents a collaboration between several laboratories and based on
extensive trials to test the functionality of the B. suis T4SS when expressed in a heterologous
host. There has been a long-term debate between several groups around the world on whether
Brucella TASS is a cryptic system or whether it is required for bacterial survival and virulence
to mammalian hosts. Here, we show that the B. suis T4SS is functional when produced in the
heterologous host A. tumefaciens. The functionality of that system was assessed by a reciﬁient
inter-bacterial conjugation assay. In addition, the absence of the T4SS structural protein VirB2
may result in the formation of a double membrane gap, which compromises the bacterial

growth in the presence of toxic detergents.

The possibility that virB2 deletion might create a membrane gap was also strengthened
by the finding that many of the VirB structural proteins are secreted into the culture

supernatant in the absence of VirB2. The results shown in this article are important because
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they provide an in-vivo assay for the assessment of Brucella virulence and T4SS function.
This work has been further utilized in future publications by other laboratory workers and will
provide an essential tool for evaluating the function of Brucella T4SS upon introducing
desired mutations in genes or gene deletions, following by detailed analysis of the effect of

such deletions on T4SS function in a heterologous host.
In addition, with the recipient assay introduced in this article provides alternative

research tools to conduct Brucella research if Biosafety level III requirements are not

available.
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The Brucella suis Type IV Secretion System Assembles in the Cell
Envelope of the Heterologous Host Agrobacterium tumefaciens
and Increases IncQ Plasmid pLS1 Recipient Competence
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Pathogenic Brucella species replicate within mammalian cells, and their type IV secretion system is essential
for intracellular survival and replication. The options for biochemical studies on the Brucelfa secretion system
arc limited due to the rigidity of the cetls and biosafety concerns, whith preclude large-seale cell culture and
fractionation. To overcome these problems, we heterologously expressed the Brucella suis virB operon in the
closely related o,-proteobacterium Agrobacierinm tumefaciens and showed that the VirB proteins assembled
into a complex. Eight of the twelve VirB proteins were detected in the membranes of the heterologous host with
specific antisera. Cross-linking indicated protein-protein interactions similar to those in other type IV secre-
tion systems, and the results of immunofiuorescence analysis supported the formation of VirB protein com-
plexes in the celi envelope. Production of a subset of the B. swis VirB proteins (VirB3-VirB12) in 4. tumefaciens
strongly increased its ability to receive IncQ plasmid pLSI in conjugation experiments, and production of
VirBI further enhanced the confugation cfficiency. Plasmid recipient competence correlated with periplasmic
leakage and the detergent sensitivity of A, fiemefaciens, suggesting a weakening of the cell envelope. Heterolo-

gous expression thus permits biochemical characterization of B. suis type IV secretion system assembly.

Bruceila species are pathogens of mammals, which capse
severe infections and abortions in animals and long-lasting
febrile discases in humans (63). They impact agriculture by
causing zoonotic diseases of cattle (Brucella abortus), sheep (8.
melitensis), and swine (B. suis), which cause substantial eco-
nomic losses, and they pose a threat for those handling the
animals (8, 28). The eradication of Brucelfa from livestock has
succeeded in some parts of the world, but expensive contrel
and surveiliance systems are necessary due to the possibility of
reinfection of livestock from witdlife. In addition to its threat to
commercial agriculture, Brucelle is considered as a potential
category B bioterror agent (32). Brucella infections are very
long-lasting, and current treatment regimens require 6 to 8
weeks of therapy with two antibiotics (61). Scveral live atten-
uated vaccines are effective for animals, but safe vaccines for
humans are currently not available (28). The threat poscd
by Brucells infections gives research on the molecular basis
of virulence and persistence in the mammalian body 2 high
pricrity.

Brucella species survive and muliiply inside mammalian
cells, including cells of the immune system such as macro-
phages {12, 51). They inhibit apoptosis of infected cells and
apparently evade the immune response of their hosts, causing
long-lasting infections {48). After entering macrophages via

* Cocresponding author. Mailing address: McMaster University,
Department of Biology, [280 Main St. West, Hamilton, ON LS8 4K,
Canzda, Phone: (905) 525-3140, x26692. Fax: (Y05) 522-6066. E-mail:
baroncEmemastcr.ca.
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lipid rafts, the Brucefla-containing vacuole (BCV} does not
fuse with the lysosomes, thus avoiding rapid cell destruction
(13). Instead. the BCV follows a novel intracellular trafficking
pathway, which interacts with the endoplasmic reticulum (ER),
leading to the creation of a specialized vacuole in which the
bacteria multiply (37). Brrcella species are trophic for cells of
the reproductive tissues in their natural animal hosts, Analysis
of the genomes of three Brucella species has shown that they
are devoid of “classical” virulence factors such as adhesins or
toxing {21, 29, 50). One exception is the VirB type IV secretion
system (T4S8) that has been identified in several transposon
mutagenesis screens as a key virulence factor (20, 31, 49).
T48Ss arc a family of multiprotein complexes, which serve to
secrete macromolecules acress the bacterial envelope. The
Brucefla virB operon eneodes 12 proteins, of which VirBi 1o
VitB11 show significant similarity to those from other T4S8s.
The similarity of the Brucella VirB proteins to components of
ather T48Ss, including that of the well-studied model organ-
ism, the plant pathogen dgrobacierivn tumefuciens (11, 14, 15,
49), suggests that Brucella uses it as conduit for the transloca-
tion of virulence factors into mammalian cells (12, 48). It is
currently unknown at which stage of the infection process the
Brucelia T488 sceretes virulence factors, how it assembles in
the membranes, whether it forms a pilusike structure. and
whether and which host structures it contacts during this pro-
cess. Analysis of gene regulation shed some light on the time
frame of T48S action. The B. suis virB operon was induced
after uptake into mammalian cells. which is well in zccord
with a requirement for intracellular growth (9). In contrast,
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the B, abortiss virB genes appear to be expressed constitutively
(22, 52). In both B. melitensis and B. suis, virB expression is
negatively regulated by quorum sensing and dependent on a
quorum-sensing regulasor (19, 39).

In contrast to work on bacterial uptake, trafficking within
infected celks. and gene regulation, relatively little research has
been done on the structure and function of the Brucella T4SS.
Transposon insertions were likely polar so that conclusions on
the effects of single genes could not be made (17, 20, 49).
in-frame deletions of B. abortus virBi and virB2 were shown to
inhibit intracellular survival and multiplication in macro-
phages: however, only deletion of wirB2, which encodes a pro-
tein similar to the main pilus component in other T455 (23,
43), attenuated bacterial persistence in a mouse infection
model {223, The VirB12 protein, which does not have ho-
malogs in other T488s, cncodes a protein with similarity to
outer membrane adhesin in Psendomonas species (1). Whereas
this suggested 2 role in host cell attachment, it was recently
shown that virBI2 is dispensable for infections of 1774 macro-
phage and mouse models (58). Work with purified B. suis VirB
proteins has shown binding of the putative lytic transglycosy-
lase VirBl to VirB8, VirB9, and VirB11 (33). These interac-
tions are believed to coordinate transmembrane assembly of
the T48S at the site of murein lysis by VirB1. Purified B. suis
VirB$5, which is simifar to minor T-pilus components of other
T45Ss (34, 64), interacts with VirB8 and VirBI0, and these
interactions are likely required for binding to VirB2, followed
by pilus assembly (66), B. suis VirB4 fully complemented an AL
tumefuciens virB4 mutant in a plant tumor assay (66), and B.
suis VirB1 partly complemented virBl gene defects in A. ue-
mefaciens, showing that many protein-protein interactions are
conserved (34).

Due to the pathogenicity of Brucelln species and the require-
ment for biosafety ievel 3 containment. the options for bio-
chemieal studies on T4S8S assembly in this organism are very
limited. Based on our previeus findings that some VirB com-
ponents could be exchanged between the B. suis and the A,
tumefaciens T4SS, we here expressed the entire B, suls virB
cperon in the heterclogous host. Production of subsets of the
B. suis VirB proteins increased the ability of A tumefaciens to
serve as recipient in T4SS-mediated plasmid conjugation ex-
periments. Analyses of their membrane association and inter-
actions further substantiated that the B. swis VirB proteins
assembled into a T4SS with basic features similar to that of
A. tumefaciens in the heterologous host.

MATERIALS AND METHODS

Cuitivation of bacteria and yeast Overnight cultures of A wwrefacicns wild-
tvpe A548 und C5% (62) or stralns carrying pTre3{0 or virf opcron constructs
were grown in YEB medium (0.5% beef extract. 0.5% pepione, 3% yeasr
extract, 0.5% sucrose, 2 mM MpSO,) in the ubsence of antibintics (wild-type
struins) or with spectinomyein (30 pg/ml) and sireptomycin (10 pg/ml) for
plasmid propagation. The cclls were then inoculited to i optical density at 500
nm (QRge) of 0.1 in Hquid AB minimal medium (10 g of glucose/liter, 4 g of
MES [morpliolinocthanesulfonic acid|[/liker, 0,3 g MpSQ, - 7 BLO/liter, 13 g of
K& Titer, 0,01 g of CaClaiter, 0.0023 g af FeSQ, + 7 HG/iter, and i mM
potassium phosphate [pH 5.5)j and grown for 51t at 20°C, followed by plating of
I m] on 15-cm-diumeter AB agar plutes with 0.5 mM IPTG (isopropylpeo-
thiagalactopyranaside) for induction of the rre promoter or 200 uM acelosyrin
gone (AS) for induction of the Agrobacwrinm virB promoter as indieated in
individuul experiments and {urther cultivation at 20°C for 3 days.
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For the analysis ol pLS1 recipient activity, donor A348 pLS1 {57) cells were
cacultivated with UIAT43 recipicent cclls (gurcd of Ti plasmid) carrying pTre3U0
or virB operon plasmids in a 51 ratio for 3 days on AB miniinal medivm with
500 uM AS and 0.5 mM [PTG, followed by plating on YEB agur with unlibiotics
{carbenicillin at 150 pgiml, streptomycin at 100 pg/ml and spectinomycin at
300 giml) for selection of doxors. recipicnts, and Nansconjugants as described
previoasiy (34),

For the analysis of sodium dodecy] sulfate (SDS) sensitivity cells from over-
night cultures grawn in YEB medium were diluted to an QDo of 0.1 in liquid
AB minimal medivm and cultivated for 2510 3 h at 20°C, followed by aliquoting
into wells of & $6-well microtiter plate in e presenee or absence of 0.5 mM
IPTG. the uddition of SDS (0,023, 0,006, or 0.603% ), and [urther cultivation and
shaking for up to 40 h.

To study functionu complementution of Agrobacteriitnt vir8 delects by B. suis
proteins in translocation of eflecter proteit we used the Cre reporter assay for
translocation (CRALT) (56), Here, we cocultivated Agrobacteriun A348 contain-
ing plasmid pSDM3135. expressing u Cre-VirF fusion, with Saccharanyees cer-
evisiqe strain LBY2 (54), in which Cre-mediated excision of a chromasomal
URA3 gene was scored as colony growih en medium containing 3-fluaraorotic
acid. The excision efficiency was calculated as number of S-Auaroorotic acid-
restsiant calonivs per output yeust.

B. sty strain 1330 was grown in tryptic soy broth {1.7% peplonc from cascin.
.3% peptone from soy meal. 9.5 NaCl, 0.23% glucose. and (0L23%. KHPO,)
OF ON rYpLic SOy Agar.

Construction of 8. swly vir# manB mutant. To construct 5. seis 1330
(virB2zToSman8), an internal fragment of the B. suis pym gene was amplificd
by PCR. {primers ppmi [§'-TATGCGATGGGTGCGAAAGC-3'] and ppm3
[3'-GTTGGAGGTGACTGGCGTGA-3 ) and cloned into pGEM-T (Pro-
mega). Since ColE [-based veetors do net replicate in Brucella. this plasmid was
introduced into B, suly 1330 vrB2:Tnd (27) by electroporation to inuctivate the
pene with insertional mutagencsis by homologeus recombination. The rough
phenotype of the resulting strain B, suis virB manB was checked by slide agglu-
tination with O-antigen-specific sera and acriflavin.

Canstruction of B. swis vir# operon constructs, The e promoter expression
veetor pTre300 was constructed from pTeeI00 (53). by cleavage at the Neol site
and zemeval of the averhanging 4-bp single-steanded DNA with mung bean
nuclease, lollowed by blunt-¢nd ligation. This modification permitted the expres-
sion of genes cloned inzo the palylinker without the need of dirceily Fusing them
o the Neol site sncoded ATG codon of pTre200. For construction of w8
operon vectors the fallowing eloning strateyy was used (Fig. LAY, First, virf2-¢
tprimers  virBsuis2-3 [3-GGCAGAGCICGACATAAGGAATAAAGATCA
TGAAAAC-3'} and virBsuist-3 [3'-GAGGTCTAGAAAGGCCCTAATCCC
TGITGAACTG3']) and virB7-/2 (primers virBsuls7-§ [§'-GGCATCTAG
AAGGAAATCATAATGAAAAAGGTANTCC-3'] and virBsuisl2-3 [§-GAG
CCTGCAGGTTACTTGCG TAAAATITCGATATC-3') operon  fragments
were PCR amplified lrom pUCvIrB (49) by using the Expand Long Template
PCR System {Roche). Next. virB2-0 and virBi7-12 [rupments were excised by
Sacl/Xbal end Xbal/Pstl. respectively, and cloned into pTre30 to give pTreB2-6
and pTreB7-12. respectively. The wieB7-12 frugment was further excised [rom
pTreB7-12 with Xbal and Pstf and cloned into the Xbul/Psil sites of pTreB2-6,
resulling in pTreB2-12 and pTreB3-12 (after deteetion of a missense mutation at
the wirB2 starl codon), DNA manipulations such as DNA isolation cloning and
sequencing were performed accerding to standard technigues {47) Next, the
virB{ pene was PCR amptified from pUCIrE (primers virBi-3' (5.GCOGCGA
GCTCACAAGGAGACGATCCTATGGTGCCA-S] and virBL-3' [3'-GCG
CGAGCTICTTAGAAAACAACTACCCCGTCC-3')), cloned inte pCR2L by
using the TOPO clening system (Invitrogen), cacised with Sacl, and inserted into
vir@ operon plasmids resulting in pTreBi+3-12 and pTreBl+2-12,

Generation of VirB protein-specific antisera. For the generation of VirB12-
specific antiserom. 2 471-bp fragment af the gene corresponding Lo the processed
peripfasmic form of the protein (156 amino acids [16 10 172]) was FCR amplificd
from pUCvirB with oliponuclectides (VirB12-5 [3*-CAGGGTACCCTCCAG
CCCGCCGAAGCC3] and virBI2-3} [F-GAGCTOCAGTTACTTGCGTAA
AATTTCGATATCCAC-3']}, cleaved with Aceé3T and Psil (restriction sites ure
underiinedh and ligated with similarly cleaved vectar pT7H, Trdfus (39). The
hexatlstidyt-TreA fusion pratein was overexpressed and puriticd by immobilized
metal affinity chrometograplty as deseribed previously (66), und 500 pg was used
to immunize rabbits for the generation of an astiserum (BjoGenes). A |5-iminow
acid peplide (NGGLRKVNTSMGKVC) was used for the immunization of rab-
bits to generate o VirB2-specific antiserum {BioGenes). The gencration of an-
tisern for the detection of 8. suiy VirBl. VB3, VirBS, VirB9, VirBI0, and
VirB11 was described previously (33. 66).
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FIG. 1. Cloning of the &. suis vir8 operon and production of VirB proteins in A. nimefaciens. (A) Construction of different virB operon-
containing pTre300 derivatives for IPTG-induced expression, Portions of the w3 operon containing virB2-6 and wirB7-12 were PCR amplified and
cloned separately. foliowed by the eonstruction of pTreB2-12, pTreB3-12 resulted from a spontaneous change at the wirB2 sturt codon abelishing
the cxpression of this gene. Cloning of the wieBZ gene 5° to the virS2-12 and virB3-12 operon resulted in pTreBl+2-12 und pTreBl1+3-12,
(B} Detection of VirB protein production in cells of ULA143 carrying pTre330 (lane 1), pTrcB3-12 (lane 2), pTreB (+3-12 (lane 3), pTreB2-12 (lane
4, and pTrcB1+2-12 {lane 3). Cells were cultivated an AB minimal medium platss at 20°C for 3 days in the presence of IPTG for induction of
the ¢ promoter, followed by cell lysis, SDS-PAGE, Western blotting, and analysis with 5. sufs VirB protein-specific antisera. Arrows indicate VirB
proteins and molecular masses of reference proteins are shown on the right.

1solation of T pili and subccllular fractions. Ceils were cullivated on AR
minkmal medium plates in the presence of AS or IPTG. followed by cell harvest
and shearing for the isolation of T piil us described previcusly (54} Membrane
fractions were separated fram soluble fractions by cell lysis in u French press,
Tollowed by ultracentrifugation as described previously (66}

Analysis of protein-protein interactions by cross-linking. Cells were cultivated
in liguid AB minimal medivm in the presence of 03 mM [PTG: the ODypp Wuis
adjusted to 1 and aliquots of | ml were sedimented, washed three times with
phosphate-bulfered saline pH 6 (PBS: 0.08% NaCl 0.01% KCL 0.14%
Na HPC,, and 0.033% KITL,PO, adjusted to pH 6), and suspended in | m} of the
sume buffer. The cross-linking agent bis(swl fosueeinimidyDsuberat (BS™: Pierce}
was added at o concentration of 1 mM, fellowed by incubation for 30 min at room
temperature and siopping of the reuction by the addition of 200 pl of Tris-HCl
buffer {pH 6). The cells were then sedimented. washed once with PBS (pH 6),
and subjected to SDS-polyacrylamide gel eleetrophoresis (PAGE) and Western
hlotting,

SDS-PAGE and Western blotting. Agrobacieriunt cells and subcellular frac-
tions were {ncubated in Lacmmli sample tuffer for 5 min at 100°C, followed by
SDS-PAGE using the Luemmli (for proteins larger 20 kDa} {42} ar the Schiigger
and Jagow (for proteins smaller 20 kDa) system (53). Western blotting and
detection with o chemoluminescence system (Amersham Biosciences) was done
arcording to standard protocols with A. nonefuciens ind B. wwis VirB procis-
specific antisera (304

Immunoflgerescence analysis and image processing. A. rumefaciens C38 car-
rving pTrcB3-BI12 or pTre300 grown on AB minimal medium plates was washed
three times with PBS and fixed for 30 min in 3% puraformaldehyde, {ollowed by
three washes in PBS (05% NuCl, 0.02% KCL 0.14% Nu,FIPO,, 0.024%
KH.PO, [pH 7]}. Sumples (30 I} were applicd o 0,192 polylysine-couted cover
sTickes (Sigma) and dried, For permeubilization of the cell envelope, ibe cover
slides were Immersed in GET buffer (20 mM Tris-HCI [pH 7.5], 10 mM EDTA
{pH B]. 50 mM glucose) containing 8 mg of lysazyime {Sigma)fml, lollowed by a
I-min incubation at room temperature and three washes with PBS, Nenspeeifie
binding sites were blocked by incubation with 1% bovine serum albumin (BSA}
in FBS Jor 30 min. followed by Lreatment with primary antisera (1200 dilution in
PRS-1% BSA) ut 4°C for 12 h. Next the cover slides were washed three times in
P'BS and then incubated in Qregon green goat anti-rahbit immunoglobulin G
(IzG)-coupled secondury antiserum (Molecular Probes) at & 1:200 dilution in
PBS-1% BSA for 3 h in the dark. Fhe samples were washed three times in PES,
treated) with antifade solutien (AF1; Citiiuar), sealed with VALAP (vascline-
tanoline=paraffin {1:1:1) on a microscape slide, and aralyzed.

B. suids virl3 mand carrving pTreB3-B 12 or pTre300 was grown as shaken tryptic
sov broth culuwre at 37°C to an 0D, of 0.4, followed by induction of the #c
pramoter with L3 mM IPTG for 3 h. Cells were subsequently washed theee times
in PBS. fixed for 30 min in 3% paralprmaldelyde, sedimented, und incubated in
1% Teiton %-100 for § mir for permeubilization of the cell envelope. foilowed by
Blocking with 1% BSA as deseribed above and two washes in PBS. The cells were
next treated with primary antiserum difuted in PBS (monoclonal anti-Omp31
[1:5] and polyctonal sera anti-VisBS or anti-VirBS [ [:50 euch|) for 2 h. followed
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by three washes with PBS. Cells were then treuied with secondary antibodics
{anti-tabhit IgG-fluorescein isothiocyanute conjugate [Sigmi] and geat anti-
mous¢ IpG-Texas red conjugate [Malecular Probes]) for 2 b, loflowed by three
wathes with PBS, treatment with anlifade salution, sealing on a microscopy slide.
and anudysis,

Samples were anulyzed by fluorescence microscopy with u Zeiss Axioplan
microscope (filter set @, BP 450 Lo 490, LP 515), the images were digitalized with
2 Spot-RT cameru (Visitron Systems) and Spot 3.62 and [PLab 3.5 softwure,
followed by processing with Adebe Photoshop 6 and Canvas 7 seltware,

RESULTS

Cloning and expression of the vir8 operon from B. suis in A.
tumefaciens, For the heterologous expression of the 11-kb B.
suis virB operon, we followed a three-siep procedure to assem-
ble the operon from fragments. The reason for this procedure
was to circumvent expression problems due to the intergenic
regions between virB//virB2 {contains conserved Brucella re-
peal sequence, BruRS1) and wirB6/virB7 (49). In preliminary
expetiments we subcloned the entire virB operon including the
intergenic regions, but this led to low-level constitutive expres-
sion of virB8-virB10 (data not shown), To avoid this complica-
tion, the regions encoding virB2-virB6 and virB7-virBI2 were
PCR amplified separately, cloned into the broad-host-range
vector pTrc300, sequenced, and subsequently joined, resulting
in pTreB2-12 (Fig. 1A}, We noticed a spontzneous mutation at
the start codon of virB2 in one of our clones, and this vector
was designated pTrcB3-12. The wirB{ gene was subsequently
PCR amplified and inserted 5’ to the operon, resulting in
vectors pTreB1-+3-12 and pTreB1+2-12. The plasmids were
ransformed inte Ti plasmid-free 4. nemcfacions  strain
[J1A143. Western blot analysis with the available antisera was
used to detect VirB protein production in IPTG-induced cells.
We detected B, sirfs VirB1, VirB2, VirB3, and VirB8-VirB12 as
cxpeeted by the composition of the operons (Fig. 1B). We
noticed low levels of mest VirB proteins in pTreB1+2-12-
carrying cells, and for this reason the strain was not analyzed
further. Ta analyze whether the B. swis T458 is functional in
the heterologous host, we determined its ability to substitute
for the 4. tumefaciens virB operon using virulence, plasmid,
and protein transfer assays.
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FIG. 2. Expression of the B. suis virB operon stintulates pLS1 (rans-
for into A. nemefaciens. The recipient strain ULA143 canying the Ti
plasmid (bar 1), pTre300 (bar 2), pTrcB3.12 {bar 3). pTreBl+3.12
(bar 4), pTecB2-12 (bar §), and pTreB1+2-12 (bar 6) were cultivated
on AB minimal medium plates at 20°C for 3 days logether with donor
strain A348 pLS1 under virulence-inducing (+AS) conditions in the
presence of IPTG. Exconjugants were identificd by growih on sclective
agar media and the pLS! transfer efficiency (iransconjugants per re-
cipient [TC/R]} into virulence genc-induced induced UIA143 pTiA6
{bar 1) was sel to L00%. The standard deviation of resulis from three
independent experiments is shown.

Expression of B. sitis virB operot stimulates pRSF1010 re-
cipient competence. We have previously shown that B, suis
VirBl and VirB4 can partially or Fully complement the corre-
sponding .dgrebacrerivm virB gene deletion mutant for viru-
lence in plant infections (34). However, introduction of the 8.
suis virB operon consiructs pTreBl42-12 and pTreBi+3-12
did not restore the virulence of the virB opcron deletion strain
PC1000 of A. mmefaciens (26) in plant infection assays (data
not shown). Similarly, expression of the B. suis virB genes in
this strain did not permit conjugation of the IncQ plasmid
pLS1 to other bucteria. Since Brueelle does not encode a
VirD4 homelog, we also asscssed the transfer of the small
mobilizable plasmid CloDF13, which encodes a coupling pre-
tein, into yeast recipients, but expression of the Brucella virl
genes did not mediate its transfer (24). In line with these
findings, using the CRALT {63) we found that the B. suis VirB1
protein complemented an dgrobacterium virBI mutant for
wranslocation of a Cre recombinase-VirF fusion protein into
veast but saw no indication of complementation of the indi-
vidual Agrobacterium virB gene deletions by pTrcBi+3-12
(data not shown). These results showed that the 8. suis VirB
proteins cannot fully substitute for all functions of the 4. -
wmefaciens TASS in transfer of virulence proteins or plasmid

BRUCELLA SUIS T4SS INCREASES pLS1 TRANSFER 1l

substrates. We nest used an alternative plasmid conjugation
assay based on the phenomenon that a subsct of VirB proteins
expressed inA. tunefaciens cells can increase recipient activity
by 3 orders of magnitude (7, 46). Although the mechanism of
this increase is not understood, it is dependent on the function
of apparent subcomplexes of the VirB apparatus and therefore
frty serve s an assay for assembly of T4§8 components. Using
this assay, we found that conjugation of the IncQ plasmid pL31
1o Agrobacterium strain UTAL43 expressing its native T488
from pTiA6 was 5,330-fold more efficient than to the Ti plas-
mid-free strain ULAI43 containing pTre300 (Fig. 2 and Table 1).
Expression of the Brucelin VirB proteins also increased the
recipient activity. The low-level expression from pTrcBl+2-12
increased the transfer efficiency nearly fousfold compared to
UTA 143 containing pTre300. Higher levels of expression gave
much greater increases in recipient activity, with a 265-fold
increase of transfer to ULAL43 pTreB3-12 2nd a 1,460-fold
increase to ULAL43 pTreBl+3-12, showing a clear role for
VirB1. The increase in recipient activity was strictly dependent
on zre promoter induction by IPTG in both cases. We need to
emphasize that ULA143 does not carry a Ti plasmid. so that
these results cannot be explained by the action of Agrobacte-
riwm VirB proteins in the recipient. These data suggest the
assembly of at least a subset of Brucelle VirB proteins in a
T455-like complex in Agrobacreriunt. Interestingly, the pres-
ence af pTreB2-12 enly increased recipient activity by 35-fald.
suggesting that the presence of VirB2 does not make the
strains better recipients. In the nexi set of experiments, we
characterized the molecular basis of this phenomenon.

The B. suis YirB proteins localize in the 4. femefuciens mem-
branes. As a first step toward the characterization of B. suis
T455 assembly in A, rumefecions, we studied the membrane
association of VirB protcins. Strain UIA143 carrying pTreB2-
12, pTreBl+3-12, and pTreB3-12, respectively, was cultivated
on AB minimal medium in the presence of IPTG and lysed,
and the total cell lysate (Fig. 3, lancs T) was subjected to
ultracentrifugation 1a separate the membranes (lanes M) from
the soluble fraction (lanes S, cytoplasm and periplasm). Sub-
sequent snalysis of the subcellular fractions with specific anti-
sera for VirB1, VirB2, VirB5, and VirBS-VirBi2 showed that
all VirB proteins were detected in the membranes but that
most of them were also present to some extent in the soluble
fraction (Fig. 3). We have not attempted to quantify the degree
of membrane association, but it was evident that the 8. suis

TABLE 1. Conjugative traasfer of pLSL from A, anmefaciens donor A348 into recipient UTAL43 carrying Ti plasmid pTIAG, pTre300,
pTreB3-12. pTreBl +3-12, pTrcB2-12, or pTicB1+2-12¢

No. of

Fold increuse

. T TCrecipient TCiecipiont relative to 1
Danor Recipient rct;l{:t;%nh {lrequency) (%) UIAM3 SDr
pTre3i0

A348 pLS1 UIAL43 pTiA6 104 156,000 1L5x 100 3,300 4
A4S pLSI UIAL43 pTre300 62 28 4532 % 107° 003 i 0m
AJ4S pLS] UIAL43 pTrcB3-12 150 18,000 12 %108 S 285 051
A348 pLS1 UIAL43 pTreBl+3-12 108 71,000 657 % 10°F 43.8 1460 546
AS48 pl§1 UIAIL43 pTreB2-12 82 2.020 246 % 1078 1.64 55 0.15
A348 plS1 UIAL43 pTreB1+2-12 117 200 L7l x 1077 0114 4 0.03

“TC. transconjugants. The ratio of dondrs to recipients mixed for conjugation was 5 ta L.

* Results are from three independent experiments,
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FIG. 3. Subcellular Fractionation of B. swis VirB proteins produced
inA. tumefaciens. Cells of UIA143 carrving pTreB2-12, pTreBE+3-12,
and pTrcB3-12, respectively, were culiivated on AB minimat medium
plates at 20°C for 3 days, followed cell lysis and membrane isolation.
The protein content of subeellular fractions (total cell lysate [T), su-
pernatant [S], and membrane fraction [M]) was znalyzed by SDS-
PAGE and Westers blotting with B. suis VirB protein-specific antisera.
Molecular masses of reference proteins are shown on the right.

VirB proteins did not associate as strongly with the membranes
as their A rumefaciens counterparts (38, 60). This indicates
that assembly of the T458 complex may not be as efficient
as that of the A, nunefaciens system. We used different meth-
ods next to assess interactions between B. suis VirB proteins in
the heterologous host.

Cross-linking reveals differential interactions between B.
suis VirB proteins in the cafl envelope of A. mmefaciens, Cross-
linking agents have been used extensively to characterize interac-
tions betwaen A. tumefaciens VirB proteins and to determing the
effects of virB gene deletions or amino acid changes in individual
proteins on T4SS assembly (2, 3. 3, 10, 46). We here used the
cross-linking agent BS”, which primarily cross-links proteins via
Lys residues, to monitor VirB protein interactions in strain
UIA143 carrving the different B. suis virB operon constructs. Cells
carrying cloning vector pTre300 and virB operen constructs
pTecB2-12, pTicB1+3-12. and pTrcB3-12, respectively, cultivated
on AB minimal medium were incubated with the cross-linking
agent, followed by SDS-PAGE separation of ccll lysates and
Western blot detection with specific antisera. Similar to previous
reports on the A. mmefuciens TASS (46), multiple crosslinking
products were detected with most antisera (Fig. 4). Due to the
large number of putative interaction partners, it was not possible
16 unarmbiguously assign cross-linking products to pairwise inter-
actions. However, we noted a striking correlation between the
formation of cross-linking products and the ability to increase
pLS1 transfer. As expected, VirB2 was only present in UEAL43
pTreB2-12, and its cross-linking products had molecular masses
similar to those observed in the case of VIrB5 in this strain. In
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FIG. 4. Cross-linking monilors protein-protein interactions be-
tween B. suis VirB proteins in A rumefuciens. Cells of UIAL43 carrying
pTre300, pTecB2-12, pTreBl+3-12, and pTreB3-12. respectively. were
cultivated on AB minimal medium plates at 20°C for 3 days, followed
by cross-linking with BS* (1 mM). Cell lysates from cross-linked and
nen-cross-linked samples were analyzed by SDS-PAGE and Western
blotting with 8, swis VirB proteinespecific antisera. Arrows indicate
monomeric prateins, and urrowheads indicate higher-moiecular-mass
cross-linking products differcntiating interactions in UIA pTreB2-12
from these it pTreB1+3-12 and pTreB3-12. Molecular masscs of ref-
erence proteins are shown on the right.

contrast, cross-linking products of VirBS were not observed in
lysates from UIAI43 carrying pTreB3-12 and pTreBl+3-12, in-
dicating that VirB3 undergoes different interactions in the pres-
ence and in the absence of VirB2. Analysis with VirB core com-
plex component-specific antisera (VirB8, VirB9, and VirB10}
revealed substantial differences in the cross-linking patterns. The
results indicate that the core components undergo cerlain inter-
actions enly in strains with strengly increased recipient compe-
tence, and similar cbservations were made with VirBll-specific
antiscrum (Fig. 4). No cross-linking products were detected with
VirB12-specific antiserum, suggesting that it does not associate
with the other B. suds T4SS components in A, aunefuciens. The
results of the cross-linking experiments suggest that the T455 core
companents form multiple interactions when they assemble into a
complex compelent to increase plasmid transfer, We used fluo-
rescence microscopy next to localize this complex in . mmefu-
ciens and B. suis.

Immunofiuorescence microscopy localizes 5. suis VirB pro-
teins in foci in the cell envelope. Several VirB proteins have
been shown to localize in foci on the surface of A. tuimsfaciens,
which are belicved to represent complexes of multiple T48S
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FIG, 5. Immunofluorcscence analysis localizes B. suis VirB pro-
teins In the cell eavelope of A numefaciens. (A) A. tenefuciens strain
C58 carrving pTrc300 {-) or pTreB3-12 (+), respectively, was culti-
vated on AR minimal medium plates for 3 days in the presence of
IPTG for fre promoter induction, followed by immunoflugrescence
analysis with primary VirBS-. VirB9-. or VirB1{-specific antisera, and
secandary Oregon green anti-rabbit antiserum. (B) Anzlvsis of B. suls
virB manB pTrcB3-12. Cells were cultivated in uyptic soy broth, and
virB gene expression was induced with PTG for 3 h. Imnmunofluores-
cence analysis was conducted with primary mouse Omp31-specific 2nd
rabbit VirB5- or VirBR-specific antisera, followed by the addition of
secondary antibodies anti-rabbit InG-fluorescein isothiocyanate conju-
gate and anti-mouse TgG-Texas red conjugate.

components (35, 36, 40, 41). Although the functionality of
these complexcs has not been proven, it is likely that they
constitute asscmbly sites of the T48S in the cell envelope. To
assess whether the B. suis T48S components form similar foct
when expressed in a heterologous host, we subjected 4. mumne-
faciens strains carrying pTreB3-12 and the control plasmid
pTrc300 to immunofiuorescence analysis with 8. sufs VirBs-,
VirB9-, and VirB10-specific antisera. Analysis by fiuorescence
microscopy showed that, similar to their 4 fumefaciens core
protein homologs, they localized in the cell envelope and
VirB§ was detected In the characteristic spot-like pattern
(Fig. 5A). We next analyzed the localization of these proteins
after expression trom pTrcB3-12 in the natural host B. suis.
Preliminary experiments with a 8. suis 1330 virB2::Tn3 inser-
tion mutant (27) (abolished expression of the native vir8
operon} gave very low levels of surface [abeling with the anti-
VirB sera. This suggested that the smooth fipopolysaccharide
(LPS) blocked access of the antibodies as previously reported
with monoclonal antibodies recognizing Brucella ouler mem-
brane proteins (16). To overcome this problem, we constructed
a rough manB derivative (8. suis wirB manB), fallowed by
immunofluorescence analysis. Similar to the heterologous
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host. VirB8 and VirB5 were detected in the cell envelope in a
spot-like pattern (Fig. 5B). The cell biological datz show that
the B. suis T4$% components localize in the cell envelope in
complexes similar to those from A. fumefaciens. Taken to-
gether, the expression of the B. swis virB operon from an
IPTG-inducible promoter on a broad-host-range plasmid leads
to the production of B. suis VirB proteins, and they assemble
in the cefl envelope in defined regions, which is in accord with
the results of the recipient assay and the cross-linking experi-
ments. The following experiments were aimed at addressing
the molecular basis for the ability of the B. sufs T4SS to in-
crease recipient activity.

Assembly of B. suis T48S components weakens the cell en-
velope of A. tumefaciens, To analyze whether the B, sufs T4SS
assembles pilus-like structures in the heterologous host, we iso-
lated extracellular high molecular mass structures by shearing of
the cells, followed by ultracentrifugation. In samples from the A.
namefaciens wild-type control we detected the T-pilus major com-
ponent VirBZa (VirBu indicating A. nuncfaciens VirB protein)
and the minor component YirB5a in the cells (lanes C) and in the
sediment obtained after ultracentrifugation (lancs P}, indicating
pilus assembly as expected (Fig. 6A) (54). Other T45S compo-
nents such as VirBi0a, VirE2a, and the periplasmic protein AcvB
were only detected in the cells and not in the pilus fractions or in
the sapernatant after ultracentrifugation {lanes 3) (Fig. 6A and
B). The same fractionation procedure was applied to ULA143
carrying pTrc300 and the B. suis virB operon vectors, and the
VirB proteins were detected in the subceflular fractions with
specific antisera (Fig. 6B). The results were substantially different
from observations made with A fmefaciens VirB proteins, espe-
cially in casc of ULA143 pTreB1+-3-12. Pilus fracticns from this
strain contained most VirB proteins and in addition the periplas-
mic AcvB. AcvB was also detected in the supernatant obtained
after ultracentrifugation, The results indicated that AcvB was
released from the periplasm during the shearing procedure, In
pilus fractions isolated from UEAL43 pTrcB3-12 only VirB12 was
detected and AcvB was not present in the supernatant, indicating
that the presence of VirB1 accounts for the major changes ob-
served between the two strains, Pilus fractions from ULA143
pTrcB2-12 contained only VirB5 and VirB12. Since VirB3 is the
minor pilus component in other T488, this suggested the forma-
tion of a pilus-like structure, but we did not detect VirBZ in these
fractions. In addition. we did not detect pili by transmission
electron microcopy in any of the B. suis virB operon-carrving
strains (data not shown). Thus, in spite of the many simi-
laritics shown above, the B. suiy T4SS expressed in the
heterologous host did not share all of the structural features
of the native Agrobacterim T4SS.

To monitor the weakening of the cell envelope permitting the
leakage of periplasmic proteins, we tested the growth of cells
carrying the ditferent operon plasmids in the presence of various
concentrations of the detergent SDS (at 0, 0.025, 0.006, or
0.003%) over a period of 3 days. This assay monitors the integrity
of the cell envelope, and similur assays have previously been used
to assess the effects of Rhizobium leguminosanun exo5 and Sino-
rhizobium melilor bacA (25, 45). The addition of SDS to recipient
strain ULA143 with or without cloning vectors at concentrations
0.003 and 0.006% successively inhibited growth, and cells did not
grow at concentrations of 0.025% and higher (Fig. 7}. The pres-
ence of pTreB2-12 did not affect the sensitivity of strain UTAI43
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FIG. 6. Expression of the 8. suis vir87 +3-12 aperon induces periplasmic leakage in A. wmefaciens. Cells were cultivated on AB minimal
mediom plates at 20°C for 3 days. followed by shearing of the cells and analysis of protein content of subeellular fractions after SDS-PAGE and
Waestern blotting: cell lysate {C), ultracentrifugation supernatant (8), and pellet (P [pilus fraction|). (A) A. tunefuciens wild-type C58 grows under
noninducing { —AS) or virulence gene-inducing conditions (+AS). (B) A, rmefaciens wild type grown under nonindacing (fanes 1) or virulence
sene-inducing conditions (lznes 2 and Ti plasmid-free strain ULAL43 grown without IPTG (lancs 3) or with IFTG (lancs 4). Straln ULA143 was
arown with diffcrent wWrl aperon plasmids in the presence of [PTG as follows: lanes 3, pTre300: lanes 6. pTreB3-12; lanes 7, pTreBl+3-12: and
lancs 8, pTreB2-12. An arrowhead indicates periplasmic protein AcvB released into the supernatant by shearing. Antisera detected A, tencfaciens
VirBa proteins or 8. suis VirB proteins, The molecular masses of reference proteins are shown on the right,

to the detergent. In contrast, the growth of UTAL43 camying
pTrcB3-12 was slightly reduced in the presence of G.003 and
0.006% SDS, and this effect was very obvicus in the case of
UIA143 pTreBi+3-12 (Fig. 7). These results correlate with the
release of peripiasmic AcvB and suggest that production of the B.
suis T4SS functional in the recipient assay reduces the integrity of
the cell envelope. In the absence of ITPG induction of the ¢
promoter, we did not note any reduction of growth, showing that
the sensitization of A. nunefuciens to SDS was strictly dependent
on the expression of virB1+83-12 and virB3-12 (Fig. 7).

DISCUSSION

The experiments reported here suggest that the B. suis VirB
proteins assemble into a T4SS-like complex in the heterolo-
gous host A. umefaciens. All VirB proteins were detected in
the membranes, some of them localized in characteristic pat-
terns in the cell envelope and the cross-linking patterns were
reminiscent of those observed in case of the A. furmefaciens
VirB homologs (2, 3. 3, 10, 46). Expression of subsets of B. suis
VitB proteins in an Agrobacrerim virB deletion mutant in-
creased their competence as recipients in a conjugation assay,
but the virB operon constructs did not fully complement T4SS
functions, These results may indicate principal differences be-
tween the T4SSs of A. numefaciens and B. suis or merely reflect
the fact that some but not all VirB proteins can be exchanged.
A principal difference berween the two organisms is that B. suis
does not encode a VirD4 homolog (30), suggesting that the
coupling of substrate transport may follow a different mecha-
nism and may be similar to that of the B. perrussis T4S5. VirD4
is required only on the donor but not on the recipient side in
plasmid transfer experiments (7), and it is also dispensable for
T-pilus formation (44), suggesting that it may not be required
for functionat assembly of the other T45S components. We
have previously shown that B, sufs VirB4 and to some extent
VirB1 could replace their Agrobacterium counterparts (34, 66),
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but others, such as VirB3, VitB6, and VirB11 could not (un-
published observations). This suggests that full T48S function-
ality in A. fumefaciens requires interactions with specific sets of
VirB and non-VirB assembly factors, DNA substrates, and/or
coupling prateins, which cannot be conducted by the B. suis
VirB proteins. Given that the sequence conservation between
B. suis and A. nemefaciens VirB proteins is not high {amino acid
identities of 18 to 32%, similarities of 46 to 63%) (49). it is not
surprising that full complementation is not possible, but the
results of the recipient assay suggest the correct assembly of a
T488 (7, 46). An altcrnative explanation is that overexpression
of the B. suis VirB proteins in the heterologous host from the
strong frc promoter and alteration of the operon structure may
lead to protein production in a stoichiometry, which does not
permit functional assembly. In the future, we will use alterna-
tive promoters, such as the A. fumefaciens virB and the arabi-
nosc-inducible pBAD promoter, to assess this possibility.
Cne of the interesting features of the different subsets of B, suis
proteins is that strains carrying pTreB1+2-12 and pTr¢B2-12
were poorer recipients than those carrying pTreB1+3-12 and
pTrcB3-12. This suggests that the expression of Brucelle VirB2
has a negative effect on the recipient assay. Similarly, the
absence of VirB2 had an effect on the protein-protein interac-
tions of VirB3, as well as of VirB8-VirB1l identified in the
cross-linking experiments. This demonstrates that VirB proteins
in recipient-competent (ULA143 pTrcB3-12 and pTreB1+3-12)
and less-competent (pTreBl42-12, pTrcB2-12} strains un-
dergo different sets of interactions, which correlate with their
assembly, and similar results were obtained in recipient assays
with the A, nmefaciens T4SS (46}, Alse, marked variations of
the levels of different VirB proteins were observed, which is in
line with different overall structure and stability of the com-
plexes, For example, the level of VirB5 was markedly increased
in UTA143 pTreB2-12 compared to the other strains, and the
results of the cross-linking cxperiments indicated that this
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FIG. 7. Expression of B. suis virB operon constructs increases the sensitivity of . mmefecierss 10 SDS. Cells of strain UTA143 carrving pTre300
or different vir8 operon plasmids (pTreB3-12. pTreB1-+3+12, or pTreB3-12) were cultivated in liquid AB minimal medium wt 20°C with or without
IPTG for various times as indicated in the presence of various concentrations of SDS. The average of three independent experiments s given.
and crror bars show the standard deviations. Arrows indicate reduction of growth of UIAL43 pTreBi+3-12 upon induction of the ¢ promoter

with IPTG.

could rely on a direct interaction with and stabilization by
VirB2. However, expression of wir82-virB /2 did not lead to the
assembly to T-piluslike structures on the surface of A. fme-
faciens, in spite of the fact that VirB5 was detected in high-
molecular-mass extracellular fractions, One explanation of the
negative effect of VirB2 on pLS! recipient competence is that
this protein may not undergo proper processing (signal peptide
removal followed by cvelization [23]) due to the absence of the
matching cofactors in A rumefaciers. Incorrectly processed
VirB2 may bind ta VirB5 in nonproductive complexes and
thereby negatively impact T48S assembly. As an alternative
explanation we hypathesize that production of VirB2Z com-
pletes the assembly and “seals” the T48S so that it cannot
increase recipient competence. The molecular basis of the
recipient stimulation phenomenon is currently unknown. It
may be based on interactions between T458 components in the
donor and the recipient. and the exposed VieB2 pilus compo-
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nents may mediate this process. 4. tumefaciens VirB2 is an
important positive contributor in this assay, but if hemelogs
from A omefaciens and B. suis did not interact it would ex-
plain why pTrcB2-12-carrying strains had a lower increase in
recipient competence. In future, we will separately express
VirB2 homologs from A. rumefaciens and B. suis and hybrid
proteins in the recipient to directly test this hypothesis. Yet
another interpretation becomes apparent if the levels of VirB4
and VirB10 in the different virB operon-carrying sirains are
compared. The levels of these proteins are most elevated in
UTA143 carrying pTreB3-12 and pTrcBl+3-12, respectively,
suggesting that these T4SS core proteins may be principle
Factors for the increased recipient competence.

An interesting finding reported here is the weakening of
the cell envelope, which is most pronounced in UIAlL43
pTreB1+3-12. Cells carrying this plasmid had increased sensi-
tivity to low concentrations of the detergent SDS, the periplas-
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mic AcvB protein was released by shearing, and all VirB pro-
teins were detected i extracellular high-molecular-mass
fractions. Whereas the cell envelope was apparently more frag-
ile, growth in YEB and AB minimal media was not reduced.
This indicates that, in contrast to previous reperts an cell lysis
induced by overproduction of the plasmid R1 VirB1 homoleg
ORF169, the cells did not Iyse {4). These results constitute an
illustration of the cell envelope-permeabilizing potency of the
Iytic transglycosyluse VirB1 (67), since the SDS sensitivity of
UIA143 pTrcB3-12 was much less pronounced and release of
VirB proteins and AcvB was not detected. We suggest that the
release of high-molecular-mass VirB protein complexes from
UTA143 pTreBi+3-12 is a consequence of the absence of
VirB2, which leads to un “open” recipient-competent complex,
which is not stable and can thus be removed from the cells by
shearing, It is intriguing to speculate that this “open” complex
may reflect 2 natural status of the B sués T4SS during the
substrate translocation process. Thus far, there are few reports
describing the actual changel properties of T48Ss, which may
be due to the fact that this system is well scaled by VirB2 and
other VitB proteins. The presence of the plasmid RP4 T485
was shown to increase leakage of ATP from E. coif and 1o
increase their permeability to certain lipophilic agents, but
effects on growth of the cells have not been reported (18). We
have analyzed the growth of 11 virB gene deletion varfants of
A348 (6) in the presence of various concentrations of SDS but
did not determine any growth defects (not shown). Thus, the
apening of the cell envelope in UTA143 pTrcBI+3-12 may
either be due to the overexpression from the fre promoter or
reflect 2 unique property of the B. suis T48S,

Taken together. the findings presented here constitute the first
comprehensive approach to study the Brucella T488 with bio-
chemical methods. The establishiment of a heteralogous system in
a nonpathogenic host was an esseatial prerequisite for this strat-
egy. The analysis of different virB operon constructs revealed
novel features of this T4SS machinery, which may be gencrally
applicable 1o those from other bacteria. We have not detected the
translocation of substrates from AL mmefaciens cells carrying the
B. suis T45S, and this may reflect the fact that they do not un-
dergo all protein-protein interactions necessary for translocation
into the host. An alternative explanation is that the Agrobacterium
VirD4 coupling protein, which is thought to be essential for re-
cruitment of substrates, does not interact with the Brucelle VieB
proteins. However, a virB! mutant could be complemented, sug-
gesting that the Brucells transglycosylase activity is able to func-
tionzlly complement for this deficit. As we have demonstrated
assembly of the 5. suis T4SS, it may be capable of translocation of
Brucella substrates between cells. Translocated substrates have
tot been identified in Brucella, but the heterologous system may
provide opportunities to study this process as well without the
requirement for biosafety fevel 3 pathogen containment. We en-
visage that the expression of T48Ss from other organisms in
heterologous hoses will permit similar insights into their specific
features in the future.
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Chapter 6
Identification of the VirB4-VirB8-VirB5-VirB2 pilus assembly sequence of type IV

secretion systems

Preface
This chapter consists of the following article, in its originally published format:

Yuan, Q., Carle, A., Gao, C., Sivanesan, D., Aly, K., Hoppner, C., Krall, L., Domke, N. and
Baron, C. Identification of the VirB4-VirB8-VirB5-VirB2 pilus assembly sequence of
type IV secretion systems (2005). Journal of Biological Chemistry 280(28):26349-26359. A

copy of the original manusctipt is included jn my thesis with permission from the publisher.

| performed the experiments shown in figure 3 (A and B), assembled the results of
these figures and generated the figures. Dr. Christian Baron has helped improving the display
of data in all figures so that they become easier for the reviewer to understand. I was not

involved in the writing of the manuscript.

This paper introduced an important procedure of extracting the VirB complex from
Agrobacterial envelope using mild detergents. VirB4 was found to be required for VirB2-
VirB5 integration into the T-pilus pre-assembly sub-complex, probably upon interaction with
VirB8. This finding was also accompanied by finding that the B. suis VirB4 substitutes the 4.

tumefaciens VirB4 in T-pilus assembly and in operating a partially functional T4SS.
I conducted the EM portion of this article with quantification. My findings confirmed

Dr. Yuan’s findings that T-pili are indeed assembled when the 4. fumefaciens VirB4 was

substituted with the B. suis VirB4 as well as in the case of active site variants.
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Type IV secretion systems mediate the transloeation
of virulence factors (proteins and/or DNA) from Gram-
negative bacteria into eukaryotic cells. A complex of 11
eonserved proteins (VirB1-VirB11) spans the inner and
the outer membrane and assembles extracellular T-pili
in Agrobaclerium tumefaciens. Here we report a se-
quence of protein interactions required for the forma-
tion of complexes between VixB2 and VirB5, which pre-
cedes their incorporation. into pili. The NTPase Walker
A active site of the inner membrane protein VirBd is
required for virulence, but an active site VirB4 variant
stabilized VirB3 and VirB8 and enabled T-pilus forma-
tion. Analysis of VirB protein complexes extracted from
the membranes with mild detergent revealed that
VirB2-VirB5 complex formation depended on VirB4,
which identified a novel T-pilus assembly step. Bicistron
expression demonstrated direct interaction of VicB4
with VirB8, and analyses with purified proteins showed
that VirB5 bound to VirB8 and VirB10. VirB4 therefore
localizes at the basis of a trans-envelope interaction se-
quence, and by stabilization of Virk8 it mediates the
incorporation of VirBs and VirE2 into extracellular pili.

Gram-negative bacteria use secretion systems to translocate
macromolecules across their cell envelope of two membranes
and the murein cell wall. The term type IV secretion system
{T435) was introduced for a group of pretein machineries,
which translocate proteins or protein-DNA complexes from
donor to recipient cells. Td55s ave used by many bacterial
pathogens for the translocation of virulence factors, e.g. by
Agrobacterium tumefaciens, Bartonella henselae, Bordetella
pertussis, Brueella suis, Felicabacter pylori, and Legionella
preumophile (1-3),

T453s from different bacteria translocate a wide variety of
macromolecules to different types of recipients (bacteria, fungi,
mammalian, and plant cells) (4). Nevertheless, the basic mech-
anism and structure of the translocation machinery are likely
canserved (5% The best-characterized model is the plant patho-

* This work was supported by Canadian Institutes of Health Re-
search Grant MOP-64300, Naturol Sciences and Engineering Rescarch
Council of Canada Grant 262104, and the Eurocpean Union Frame
Programme 5 Contract QLK2-CT-2001-01200 (to C. B.). The costs of
publication of this article were defrayed in part by the pavment of page
charges. This article must thevefore be hareby marked “advertisement™
in accordance with 18 U,8.C, Section 1734 salely to indicate this fact.

1Fo whom ¢orrespondence should be addressed: Dent. of Biology.
McMaster University, 1280 Main St, W., Hamilton, Ontarie LS8 4K1.
Canada. Tel.; 905.525.0140 (ext. 26692); Fax: 905-522-6066; E-mail:
barone@memaster.ca.

! The abbreviations used are: T488, tvpe TV secretion system; AS,
acetosyringone; ARA, arabinose; DDM. dedecyl-g-p-maltaside: MES,
4-morpholineetharesulfonic acid.
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gen A, tumefaciens. The T48S of the closely related animal
pathogen B. suis is encoded by an operon of similar organiza-
tion, and it is essential for aurvival and multiplication inside
mammalian cells (B). The T488s of these bacteria share 11
proteins, which can be divided into three groups, The frst
group comprises two inner membrane-associated NTPases
(VirB4 and VirB11), which reside mairly in the cytoplasm but
may traverse the inper membrane and contact periplasmic
T4SS compenents (7-9), They contain Walker A nucleotide-
binding motifs and are believed to encrgize T45S5 assembly or
substrate transfer. The second group consists of inner mem-
brane VirB6 and periplasmic VirB7, VirB8, VirB9, and VirB10.
They form the T45S core and may constitute the translocation
channel {10-13), Tke third group comprises the major T-pilus
component VirB2, the minor component VirB5, and the pilus-
associated protein VirB7 (14-17). VirB3 has not been firmly
assigned, but its outer membrane localization and binding to
VirB5 suggest that it Is a pilus-associated protein (18, 19).
Biochemical experiments based on extraction of VirB proteins
with o mild detergent followed by separation under native
cenditiens led to 2 model for T-pilus assembly (20). This model
is refined here based on improved separation methods and the
analysis of the contribution of VirB4.

VirB4 is the larpest T4SS component (A. tumefaciens, 87
kDa; B. sufs, 94 kDa) and exhibits the highest degree of con-
servation among T4SS components (31% identity and 52% sim-
ilarity between A tumefociens and B. swis). It is homodimeric
or homoemultimeric and is essential for virnlence (8, 21). An
important feature is its Walker A nucleotide-binding site,
which is essential for virulence and plasmid transfer (22, 233,
ATPase activity of purified A fumefuciens VirB4 was previ-
wusly reported (24), but a more recent study argues against
such an activity of the purified protein (25}, Coordinated action
of Virll4 with VirB1l and VirD4 was proposed to mediate the
carly DNA transfer reactions (26). In addition, Virl4 stabilized
VirB3 and was required for its loczlization in the cuter mem-
brane {19). A study using the yeast two-hybrid system sup-
gested that VirB4 binds to VirBl, VirBS, VirB10, and VirB11,
but this wag not substantiated with biochemical methods {(27).

Interestingly, the VirB4 NTPase active site is essential for
virulence, but it is not required for interactions with VirB11
and VirD4, for self-association, and for the stimulation of IneQ
plasmid transter inte A. tumefaciens by the T4S8 in the recip-
ient (8}, To unravel the role of VirB4, we constructed a virB+4
deletion mutant and assessed the complementation with A. tu-
mefeeiens and B. suis VicB4 and NTPase active site variants.
We refined the protocel for the separation of detergent-ex-
tracted VirB proteins and identified a novel step in T-pilus
assembly. Purified components were used to study interactions
in vitro, and this revealed an interaction sequence from the
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VirB4-VirBs complex to the pilus component VirB5 and the
core component VirB10. This work gives fundamental insights
into the contribution of VirB4 to T4S55 complex stabilization
and T-pilus assembly.

EXPERIMENTAL PROCEDURES

Cultivation of Bucteria—The strains and plasmids used in this study
are given in Table k. Cultures of Escherichia coli JM108 for cloning
experiments were grown at 37°C in LB (1% tryptone, 0.5% yeast
extract, 0.5% NaCl), Antibiotics were added for plasmid propagation (50
ngiml spectinomyein, 50 pg/mi streptomycin, 100 pg/m] earbenicillin).
Overnigit cultures of A. tumefaciens were grown in YEB (0.5% beef
extract, 0.5% peptone, 0.1% yeast extract, 0.5% yucrose, 2 mu MgSO,)
in the absence of antihiotics (wild-type strains) or with spectinomycin
(300 p/ml? and streptomycin (100 pgfml) for the propagation of pVS-
BADNeo and pVSBAD, followed by viralence gene induction in liquid
AB glycerol minimal medium (0.5% glycerol, 0.4% morpholinoethanaul-
fonic acid, 1 my sodium potassium phosphate, 0.1% NILCL 0.03%
MpS0, x 7H,0, 0.001% CaCl,, 0.00025% FeSQ, » TH.O, pH 5.5) for
18 h or on AB agar plates for 3 days at 20 °C in the presence of
acetosyringone (AS; 200 pn) and arabinose (ARA, 0.2%) For protein
overpreduction, E. coli strain GJ1158 was grown under acrobic condi-
tions at 37 °C in LBON medium (1% tryplone, §.5% yeast extraet) to an
Agng of 3.4-0.8, followed by the additien of NaCl at 0.3 at. Cultivation
under aerobic conditions proceeded at different teraperatures and times
to assure maximal solubility and yield of the fusion proteins (VirBds
and its bicistron constructs, VirBhsp, VirB9sp, and VirBl0sp: 18 h,
28 °C; VirB8sp: 4 h, 37 °C).

Plusmid and Stroin Constructions and Mutagenesis—DNA manipu-
lations followed standard procedures (28, A, tumefacicns virB genes
were amplified from pGK217. and B. siis virB4 genes were amplified
from pUCyirB with oligonucleotides, eleaved with restriction sites, and
cloned into vectors with compatible sites (Table IT). The codons deter-
mining the ATP-binding site Lys residues in VirB4 and VirBds were
changed to Arg using the in uitro site-directed mutagenesis system
(Promega). The sequences of PCR-amplified genes were confirmed by
DNA sequencing.

Analysis of T4SS Functions: T-pilus Iselation, Conjugntion, and
Virulence Assays—Assays for T48S functionality (T-pilus isclation,
copjugation, and virulence assays) were performed as previously
deseribed (29).

Transmission Electron Micrescopy—A. fumefucivns strains to be ox-
amined were cultivated on AB agar plates in the presence or absence of
AS and ARA for gene induction, Cells were collected with b ml of 50 mar
sodium potassium phosphate buffer, pH 6.5, and the cell density was
adjusted to Agy, of 1.5-2. 10 ul were applied onte UV-sterilized 200
mesh carben-coated formvar copper electron microscopy grids and air
dried in a laminar flow hood for 10 min. The grids were then stained
with 2% phosphotungstic acid-0.01% glucose, pH 6. for 15 5 prior to
cxamination. Specimen images were taken with a JEOL 1200EX IT
transmission electron microscope. T-pili on 300 cells from three inde-
pendent virulence induction experiments of each strain were counted
(10 celis per visual feld were analyzed)

Membrane Iiolation, Detergent Extraction, Blue Native Electrophore-
sis, and Gel Filtration—Isolation of membranes and detergent extrac-
tion with 2% dodecyl-g-D-maltopyraneside {DDM) were performed as
previously described (20). Blue notive gradient gel electrophoresis {7—
14% acrylamide, 16-cm-leng gel: was performed for 20 h and 3 mA at
4 °C. Alternatively, for separation of small proteins, blae native geol
electropharesis was performed in a linear 15% palyacrylamide gel for
5—-6 h and 6 mA at 4 °C in a mini-gel system (10-om-long gel). Calibra-
tion was achievesd by separation of reference proteins of known molec-
ular masses: thyroglabulin (669 kDa), ferritin (440 kDa). catalase (232
kDa), lactate dehydrogenase (140 kDa), atbumin (67 kDa), ovalbumin
(43 kDa), chymotrypsinogen A 125 kDa), and ribonuclease A (14 kDa,
Amersham Biosciences). For pel filtration, 100 wl of 2% DDM-selubi-
lized membrane proteing were applied to a Superdex 200 or Superdex
75 (XX 16/40; Amersham Biosci ), and cf ography was per-
formed in B-amino-caproic aeid buffer (750 mM G-amine-caprole seid, 50
st RigTyia, pH 71 containing 0.03% DDM perfermed at 4 °C with a flow
rate of 0.5 ml/min in an Akta fast protein liquid chromatography puri-
fier (Amersham Biosclences), 200 u! of calibration kit proteins (ferritin,
1 mg/ml; all other proteins, 10 mg/ml) were separated in 8.amine-
capraic acid huffer with 0.03% DDM.

SDS-PAGE and Western Biolting—Cells were incubated in Laemmli
sample buffer for 5 min at 100 °C follewed by SDS-PAGE, Chromatog-
raphy samples were incubated in Laemmli sample buffer buffer for 30
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min at 37 °C to avoid aggregate formation foliowed by SDS-PAGE using
the Laemmli {for proteins larger than 20 kDa) or the Schigger and von
Jagow system (Far proteins smaller than 20 kDa) (30, 21). Western
iblotting was performed following standard protocels (32), with VirB
protein-specific antisera.

Purification of Fusion Proteins—N-terminally hexahistidyl-ti:iore-
doxin (H TrxA)tagged proteins were overproduced in GJ1158 using
pI7-H TrxFus constructs (33). Cells from 400-ml cultures were sus-
pended in 5 m! of lysis buffer (50 my Hepes. 200 mxyr KCI, § mm MgCl,
pH 7.5} with 0.5 ms phenylmethylsulfonyl flucride and lysed by a
French Pressure Cell (Anvince} at 18,000 p.a.i. The lysate was centri-
fuged bwice (9834 rotar, 30 min. 13,000 rpm at 4 °C), and the superna-
tant was applied 10 a high pressure liquid chromategraphy system
{Akta Purifier; Amersham Biostiences) with & Ni*“-charged IMAC ool
umn {Talen™ Superflow; Clontech), Tagged proteins were eluted using
a step gradient. At a flow rate of 0.5 ml/min, the column, was first
washed For 5 column volumes in buffer A (50 n Hepes, 0.3-1 M NaCl,
pH 7.3), fullowed by washing with buffer A with 20 mx imidazole (2.3
coluran volumes) and elution with buffer B (buffer A with 400 my
imidazole), The fractions were dialyzed overnight in HIB (50 mM
Hepes, 200 mm NaCl, pH 7.5), followed by a second dialysis evernight in
H2B (H1B with 50% glyceral and 2 mu dithiothreitol) and storage at
-26°C.

N-terminally StreplI-tagged proteins were overproduced in GJ1158
using pT7-7Strepll (34), and 400-wl cultures were Lysed in 10 mi of S2B
0.1 nr Tris-HCL pH 8, 0.15 & MaCL 1 mx EDTA, pH 8) with 0.5 mM
phenylmethylsulfonyl fluoride. The cells were tysed, and the superna-
tant was collected an deseribed above. Fusion proteins wore purified
with a 1-ml Strep-Tactin Superflow® column (IBA, Gitlingen.
CGermany) follewing the instructions of the manufacturer using 2.5 mm
desthiobietin in the elution buffer. The fractions were subsequently
purified by size exclusion chromatography using S2B at a flow rate of
0.5 mlfmin. Superdex 75 or Superdex 200 (Amersham Biosciences) was
used, depending on the molecular mass of the protein. The proteins
were then dialyzed avernight in PSB (82B bulffer with 50% glycerol and
2 mx dithiothreitol) and stored at —20 *C.

Assays for Protein-Frotein Interactions: Pull.down and Cross-linking
Experiments—For pull-down experiments, 10 ul each of purified Stre-
pII- and H,T'reA-tagged protains concentrated at & pmol/pl in PSE were
mixed, followed hy the addition of 80 ud of S2E and incubation for 30
min at 22°C. Next, 20 wl of Strep-Tactin Sepharose beads (50% sus-
pension in S2B; IBA} were added, followed by 2 15-min incubation at
92 °C, The Sepharose beads were subsequently sedimented by centrif-
ugntion and washed three times with 200 pl of 52B. Bound proteins
were cluted with 50 ul of 32B with 1 mxr biotin, mixed with 1 volume of
Laemmli sample buffer, and analyzed by SDS-PAGE and Western
Llotting,

For chemical cross-linking, 5 ul each of 10 pmal/ul stock solutions of
purified StreplI-tagged proteins in PSB (or 5 pl of PSE as negative
control} were mixed for 5 min at 22 °C, 90 gl of CLB (50 s MES-KOH,
150 mu NaCl, 1 ma EDTA, pH 6.5) were added, and the mixture was
incubated for 30 min. The crass-linking agent disuccinimidyl suberate
{10 mu stock in Me,S0;: Pierce) was added in different concentrations
(0,05 and 0,1 pw), and the samples were incubated for 1 h at 22 °C,
followed by the addition of 1 volume of Laemmli somple buffer and
analysis by SDS-PAGE and Western blotting.

Yeast Two-itybrid Assay—The Matchmaker 3 system (Clontech) was
used for the analysis of protein-protein mteractions with the yeast
twa-hybrid system following the manufacturer’s protocols. The genes
encoding the periplasmie domains VirBSsp, VirBSsp, VirB9ap, and
VirB10sp were cloned into pGADTT (GAL4 activation domain fusion)
and pGBKT7? (DNA binding domain fusion) a5 described above. The
plasmids were transformed inko Saecharomyces cerevisive AH109 vping
the lithium acetate methed (Clentech Manual; Clantech), and plasmid-
carrying cells were selected on minimal medivm without leueine and
tryptophan. Interactions between VirB proteins, which tethered both
demains of GAL4 together, were identified by growth of plasmidwcarry-
ing cells on minimal medium without histidine and adenine and by
B-galactosidase activity.

RESULTS
VirBd Stabilizes VirB3 and VirBS—To study the role of
VirB4, we deleted virB4 in the Ti plasmid of wild-type CBS3,
resulting in strain CB1004 (AvirB4), Next, virulence genes
were induced by cultivation on acidic minimal medium with
acetosyringone followed by SDS-PAGE and Western blotting,
Specific antisera were applied to compare the VirB protein
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TabLE I
Bacterial strains und plesmids
Gunotype ar deseriplion Sourcw/ref. as.
Straina

E. coli JM109 endA T gyr96 thi hsdR71 supBad recAl reldAl (Mouc-proAB) (F* iraD36 45
proAB - lael" lacZaM15)

E. coli (43158 ompT hsd gel dem AmalAp51¢ malPoiprolp TT RNAT) 46
malQulacZhybl] Azhf-900:Tal0ATet)

A. tumefaciens C358 Wild type, pTiC38 47

A, tumefaciens A348 Wild type. pTIABNC 47

A, tumefaciens CB1004 TIC58 earrying ao in-frame deletion of virB4 This work

A. tumefaciens PC1004 pTIABNC carrying an in-frame deletion of virB4 48

A. tumefaciens UTA143(pTiAG) A48, ery", rech eryldlt a5

8, cerevisioe AH109 MATa lrpl-901 len2-3 urad=-32 lis3-200 geld pal80A Clontech
LYS2:GALL o GALL o HISS GALL;,-GAL2y ra-ADES
URA3:MELL, - MELL p oy o-lacZ

Plasmids

pVSBADN o str’, spet, pVS1 origin, AraC-controlled promoter expression vactor 49

pVSEAD st?, spc”, pVS1 origin, AraC-controfled promoter expression vector 49

pT7-78trepll car’, T7 promoter expression vector for N-terminal Strepll affinity 3
peptide fusions

pT7-H TrxFus car, T7 promoter expression vector, for N-terminal H TrxA affinity 33
peptide fusions

pLS1 car”, Inc) plasmid for VirB/D4-mediated vonjugative transfer a0
experiments

pGK217 car®, pUC18 with 11-kb virB fragment from A, tumefaciens Al

pUCrirB car®, pUC1S with 12-kb virB fragment from B. suis 52

pVEBADVIB4 pVSBAD carrying a 2.4-kb AccB5L/Putl virB4 fragment from A This work
tumefaciens (b8

pVSBADVirB4® ™ pVSBADVirB4, mutated A, tumefaciens tirB4 gone, encoding Walker A This work

g\ dite K489R variant

] pVSBADNeoVirBds pVSBADNeo carrving 2.5-kb NeoliXbal virB4 fragment from B, suis This work

§ pVSBADNeoVirB4s' < *F pVSBADNeoVirBds, mutated 5. suis virBd gene, encoding Walker A site This work

= KA64R variant

W pT7-TStreplIVirB4s pT7-78trepll sarrying 2.5-kb AccBSTEcoRI wirB4 fragment from 5. suis This work

'§ pT7-75trepIVirB4s-VirB8sp pT7-75troplIVirB4s bicistron with 492-bp EeoRUPatl 0irBS fragment This work

- from B. suis (cncoding 163-amino acid periplasmic domain)

g‘ pT7-TStreplIVirB4s-VirE8s pT7-T8treplIVirB4s bicistron with 720-bp EcoRI/Pstl virB8 fragment This work

- from B. suis (encoding 238-amino acid, full-length proten?}

2 pT7-T8treplIVirB5ap pT?-78trepll carrying 666-bp Ace6SL/PstE virB3 fragment from B. suis This work

E (encoding 221-amine acid periplasmic domain}

G pT7-75treplIVirB8sp pI7-75trepd] carrying 492-bp AccG5UPstl virB8 Fragment from B. suis 53

k-] (encoding 163-amina acid periplasmic domain)

ES aT7-T8treplIVirB9sp pT7-7Strepll carrying 813-bp AccB5I/Pst] virB9 fragment from B. suis This wark

§ (encoding 271-amino acid periplasmic domain)

= pT7-78treplIVirB10sp pT7-75tropll carrying 1020-bp Acc85L/PstT pirBI0 fragment from B. suis This work

wu tencoding 339-amina acid periplasmic domain)

ﬁ pTT-H TrxVirBisp PT7-H,ToxFus carrying 666-bp Acc6SLPst] virB5 fragment from B, suls 54

{encoding 221-amina acid periplasmic domain}
pT7-H,TrxVirBésp pT7-HTrxFus earrying 492-bp AceBSLPstl 0irB8 fragment from B. suis 54
tencading 163-amino acid periplasmic domain)
pTT-H,TrxVirBsp pT7-H, TexFus carrying B13-bp AceB51/Pstl virB9 fragment from 5. suis This work
{encoding 271-amino acid periplasmic domain)
" pT7-HTrxVirBl0sp pT7-H TrxFus carrying 1020-bp AeceE5TPst] virBI0 fragment frem B. This wozk
'\%\_’- suis (enceding 339-amine acid periplasmic domain)

i pGADT7? car®, GAL4 AD fusion veetor, LEU2 marker for selection in yeast Clontech
pGBKT7 kan", GAL4 DNA-BD fusion vector, TRPL marker for selection in yeast Clontech
pGADT?-T pGADITT construct; encodes fusion of GAL4 AD and 8V40 T-antigen; Clantech

positive control
pGBKT7-53 pGBXKT7 construct: encodes fusion of GAL4 DNA-BD and mouse-p53, Clontech
positive control
pGADT7-VirBSsp pGADTT carrying 657-bp Ndel/BamH] ¢irB5 fragment from B. suis This wark
{encoding 213-amino acid periplagmic domain)
pGADT7-VirB3sp pGADT?T carrying 310-bp Ndel/BamHI ¢irB8 fragment from B. sils This wark
{encoding 170-amino acid periplasmic domain}
pGADT?-VirB10sp pGADTT carrying 1020-bp Ndel/BamHI virB10 fragment from B, suis This work
(encoding 339-amina acid periplasmic domain)
pGBKT7-VirBisp pGBKT7 carrying 857.bp Ndel/BamHI virB5 fragment from B. suis This work
(encoding 218-amino acid periplasmic domain)
pGBET7-VirB8sp pGBXT7 pGADTY carrying 510-bp EcoRIPstl virB8 fragment from B. This work
suis (encoding 170-amino acid periplasmic domain}
pGBKT7-VirB9sp pGBETT carrying 516-bp Neol/Pst] virB9 fragment fromy B, suix This work
{encoding 272.amino acid periplasmic domain)
pGBKT7-VirB10sp pGBKT7 carrying 1020-bp EcoRI/Pstl #irB20 fragment from B, suis This work
{encoding 339-amino acid periplasimie domain)
levels in cells of non-induced and virulence gene-induced C58 and VirB4 were not detected or were detected only in very
(contrals) and in CB1004. The levels of most VirB proteins were  small quantities in CB1004 (Fig. 14). Whereas the absence of
comparable in C58 and CB1004 (Fig. 1B), but VirB3, VirB8, VirB4 was expected, and reduced levels of VirB3 had been
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TasLe I
Oligonucleotide sequences

Restriction sites used for cloning are underlined.

Name/restriction Sequence Conatructed plasmid

virB4 expression

VirB4-3fAccG31 5! CGGEETACCCACAGEAAACAGACCATECTCCEAGCA-3" PVSBADVirB4

VirB4-3/Pstl 5-GCOGCTECAGTCANICT T ITGCC TCOTEETAA -3’

VirB4s-5"/Neol 5’ -GCBECCATGETGGGEGCTCARTCCARMTICCCGTAR-3' pVEBADNcoVirBds

VirB4s-3/Xbal 5'-EECETCTAGRTCACCTTCOTETTEATTTEEACGACG -3’ i

VirB4M5 5« CCCATCGOGAGEEGTAGAAI GACGC TCATGACCTET -3 AVEBADVirBa#R

VirB4aMB 5 -CCAGTCCBEOGC GG TAGALCTOTCCTEATGAACTTC TG -3" PVSBADNcaVirBqshion
VirB protein overproduction

T7B4suis5'/Ace65I 5 -GCENGOGRTACCCATGATEGECGUTCAATC -3 pT7-73trepITVirBds

T7B4suis3'/EcoRl 5 -GCRCGAATTCTCATTGCAGGETTCTECCEEGC ~3'

T7BBsuisBCsp-6'/EcoRL
T7BSsuisBCsp-3/Patl

5 W CCAGANT TCGRAGGAGATATATATATGCGCETCAACGCACRGAC AGGTGCECCT -3 ‘
5’ - L ARACTGUAGTCATTGCACCACTCCCATT T TGEATC AR - 3"

pT7-78treplIVirBds-VirB8sp

Yeast two-hybrid analysis
BKT7-Basp-5/Ndel
BKT7.BSsp-3/BamH]{
BKT7-B8sp-5/HecRE

5 - GCGCCCEGRTOCATAGECGGECT T CAGTECTET -3
R e welalelal e BT CAACATGTGCCCTACCTGGTG-3"

e - T7B8suisBCs-3"/EcoRL 5'-CCAG CGRAGGAGATC TAATCATGTTTCGACGCARACARTC » 3

| T7B8suisBCs-3'/Putl 5 RARACTGOAGTCAT TGCACCAC TCOCHT T TCTGGATCARE 3" pT7-78treplIVirBds-VirB8s

5 T7BSsuis5'/Ace651 5 - CAGGCPACCCACGCACGCECRGCTCC-3" (54 pT7-78treplIVirBSsp and

b4 T7B5suis3"/Pstl 5'- GAGCIGCAGCTAATAGGECGGC [TCCAGTGE-3" (54) pETH, Tr«FusVirBssp

fm . T7B8suis5 /Acct5] B! .CAGGETACCCOGCGTCARCGCACABAC3" (54) pT7-7Strepl[VirB8sp and

) T7B8suisd'/Pstl 5'- GABCTECAGCTATTGCACCACTCCCATETCTER-3" {54) pT7H, TrFusVirB8sp

T T7BY9snish fAceBET 5’ -CAGGETACCCCCETCCGGCTCARANTACG-3" pT7-78trepl[VirBsp and

. T7B9suis3' /Pstl 5’ -GAGCTGEACE TATTGCAGETTCICCCCEERC-3 pT7H, TreFusVirBOsp

¢ T7B10suis5" Acc65] 5 -GGG TACCCCACATGAGGEECAATGCAG-3" pT7-73trepllVirB10sp and
T7B1{suis3 Pstl 5 -CAGCTECAGCTACTTCRGTTEEACATCATACAL -3 pT7H, TrxFusVirBl0sp

pGBKT?-VirB5sp and
pGADTT-VirESsp
pGBKT7-VirB8sp

VirB4-ae  wiy

c % arabinceo
0 0o REE OIS 110X BA _ygq

VirBdaJom

Fi6. 1. VirB protein levels in C58 ond CB1004 and after
complementation with VirB4 and VirB4s and their active site
mutants. 4. tumefaciens wild-type C58 and virB4 deletion CB1004
complemented with different constructa were grown on AB medium in
the presence or absence of virulence gena inducer AS and pBATD} inducer
ARA, followed by SDS-PAGE and analysis with specific antisera, A,
VirB protein levels affected in the absence of VirB4. B, VirE protein
levels not affected in the absence of VirB4, {. modulation of VirBd,
VirB3. and VirB8 by levels of arabinese inducer in CB1004 pVSBAD-
VirB4 plus AS. A and B lane I, C58 ~AS +ARA: lane 2, C58 +AS
+ARA; fane 3, CB1004 pVSBADNeo +AS +~ARA; lane 4, CB1004 pVS-
BADVirB4 +AS +ARA; fane 5, CB1004 pVSBADVIrB4*¥'% +AS
+ARA; lane §, CB1004 pVEBADNCGVirB4s +AS +ARAilane 7, CBL004
PVEBADNcoVirB4s™¥#* +AS +ARA. Molecular masses of reference
proteing are shown on the right (In KDa)

yeported previously (18), the reduced levels of VirB8 showed

that VirB4 plays a role for the accumulation of this protein.
A previous study in a different A fumefaciens strain sug-

gested that the structure of VirB4, but not its NTPase activity,

71

controlled E. coli arabinese (BAD) promoter of broad host range
vector pVSBAD, An active site change was engineered, and the
cloning vecter pVSBAD and constructs encoding VirB4 and its
Walker A derivative {VirB4K**%) were introduced into
CB1004. Analysis of the resuiting strains demonstrated that
production of VirB4 as well as production of VirB4"*F re.
stored the levels of VirB3 and VirB8 (Fig. 1A). To further study
the requirement of VirB4 sequence and structure, we cloned
the gene encoding the B. suis VirB4 homelog (VirB4s} into
pVSBADNco and engineered an active site change
(VirB4s¥%1®) The production of both VirB4s and VirB4aF&i®
fully restored levels of VirB3 and VirB8 (Fig. 1A). When
CB1004 complemented with plasmids encoding VirB4 or
VirBds (data not shown) was cultivated with gradually increas-
ing arabinose inducer levels (0.01-0.5%), a gradual increase of
VirB4 and concomitant increases of VIrB3 and VirB8 levels
were observed (Fig. 10). These results showed that the NTPase
activity is not impertant for the stabilization of VirB3 and of
VirB8 and that the heterologous VirB4s provided the required
structural information,

The Active Site of VirB4 Is Required for Substrate Transfer
but Not for T-pilus Formation and pLSI Recipient Activity—
We next determined the functicnality of A, fumefaciens and
B. suis VirB4 and of their active site variants using four dif
ferent complementation assays, First, the virulence was tested
on. wounded Kalarcho# diagremontiana leaves. Tumor forma-
tion was observed only at sites inoculated with C58 and
CB1004 producing wild-type VirB4 and VirB4s, respectively
(Fig. 24), The requirement for the NTPase active site(s) is in
accord with previous reports, but complementation by B. suis

g BETT7-Blsp-3/Pstl ' -COCGCaCTOCAGTTECATCACTCCCAT MICTCEATE - 3

= BKT7-BYsp-5'/Neol 5 - CECECECCATGGACCARRATCCCATCOGRCTCA~S' pGBKT7-VirB2sp

5 BRTT-Bsp-3/Pstl 5~ CGCACGCTEEAGTIGCAGTTGCAGETTOTCCCCGRGC-3"

= BKT7-B10ep-5/EcoRI 5 - GOBEGCGAATTCCACATCAGCEECANTECAGAG-3' pGBKT?-VirB10ap

\_-{ BKT7-Bl0sp-3/Pstl 5 CGEGCECTOCAGCTTCAETTRGACATCATACALACT -3’

E ADTT7-BSsp-5/Ndel 5 L CECGCGCATATEOARCATETGCCCTACCTGGTG -3 pGADTY-VirB8sp

= ADT7-B8sp-3/BamHI 5 ~GLECBOGE MrGCACCACTCCCATTTCTGCATS -3

8‘ ADTT-B10sp-5/Ndel 5’ -CGCGCECATATGTACATGAGGGGCALTGUAGAG-3" pGADT?-VirB1l0sp

3 ADTT-B10sp 3/BamHI 5’ -GCCCHCEGATCCC T ICGETTGCACATCATACACATT -3

-

3 A is required for VirB protein stabilization (8). To assess this
E 1233567 possibility, A. fumeficiens virB4 was cloned behind the tightly
ft

3
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Fic. 2. Complementation of T4SE functions in A. fumefaciens virB4 deletions. A, tumefaciens wild-type strains C58 and A348 and vir84
deletion mutants CB1004 (CB4) and PCL1004 (PC4) complemented with different constructs {pVEBADVIrB4 (B4), pVSBADVIrB4R0K (Bg# 0Ty,
PVSBADNeoVirBds (Bds), and pVSBADNcoVirB4s™ 4% (B4s* %)) were assayed for different T43S functions. A, analysis of tumor formation after
infection of K diagremeniigna, B, pLS1 donor activity; dener strains A348 and complemented PC1004 carrying pLS1 were co-cultivated with
rocipiont A. lumefaciens UIAL43 (pTHAG) for 3 days in the presence of arabinose under virulence gene-inducing conditions, followed by the
quantitation of pLS1-carrying recipients {TK/D, tronscocfugants/donor). Error bars indicate 5.0, values derived from three independent exper-
iments. £, pLS1 recipient activity; donor strain A348 pLS1 was co-cultivated with recipient strains A248 and complemented PC1004 for 3 days in
the presence of nrabinose under virulence gene-inducing conditions, followed by the quantitation of pLSl-carrying recipients {TK/R, teansconju-
gants/recipient). D, T-pilus formation; T-pili were isalated after growth of the bacteria en AB minimal media by shearing and ultracentrifugation,
and pilus components VirB2 and VirB5 were detected by SDS-PAGE and Western blotting. Lane 1, C58 ~AS +ARA; {ana 2, CB8 +AS +ARA; lane
3, CB1004 pVSBADNeo +AS +ARA; fune 4, CB1004 pVSBADVIrB4 +AS +ARA; lune 5, CB1004 pVSBADVIrBAY™E . AS +ARA; fane §, CBL004
PVSBADNcoVirBds +AS +ARA; lane 7. CB1004 pVSBADNeoVizB4s#4® +AS +ARA. Molecular masses of reference proteins are shown on the
right {in kDal.

Tagie 11T
Conjugative transfer of pLSI from A. tumefaciens donors AS48, virB4 mutant PCI1004, and its complemented
derivatives into A tnmefaciens UIAI43 pTiAG as recipient

Donors” pLS1 Teecipiont® Donors TK* TX/donor ‘TR lonor
o ® 10" - Gt

Alds UlA148 ¢ £3.000 7.9%7 % 10 & 100
pL31 pTias

PC1004 UIALI43 52 2 24 %10 ¢ 0.03
pVSBADNce pTiAS

PCLOO4 ULAl43 3 3.200 4T x 10 ° 58
pVSBADViYB4 pTisg

PC1004 ULAl43 Th 3 40 %10 ¢ 0.05
PVSBADVirB4R#mR pTid6 .

PC1004 UlAal42 73 1,500 2.06 % 10 28
pVSBADNcoVirB4s pTiAS

PCIO04 UIAL43 59 2 388%x10 * 0.04
PVEBADNeoVieB4s*® pTiAG

~ Ratia of dovors to recipients mixed for conjugation was L5 (29, 35),

b TK, transconjuganss.

VirB4s shows that despite low scquence identity, the heterol-
ogous protein exerts all VirB4 function(s). Tumoars induced by
VirB4s-complemented CB1004 were smaller than those in-
duced by the VirB4-complemented strain. We have not at-
tempted tc measure tumor formation and used the more
readily quantifiable plasmid conjugation systems for this pur-
pose, To this end, when T458-mediated Ine@ group plasmid
pLS1 transfer between Agrobacteria was employed as second
assay, oaly A, fumefaciens and B, suis wild-type VirB4 comple-
mented the virB4 defact (Fig. 25 and Table III. Aa a third
assay, we exploited the ability of T4SS 1o stimulate conjugative
pLS1 transfer upon production in the recipient (35). The ability
of & virB4 deletion strain to serve as pLS1 reeipient was re-
stored by VirB4 as well as VirB4™3%%, which is in accord with
previous work, and production of the B. suis proteing had
similar effects (Fig. 2C and Table IV). As a fourth assay, T-pili
were isolated from the cells by shearing and ultracentrifuga-

72

tion, followed by detection of major T-pilus component VieB2
and miner component VirB3, respectively. Both preteins were
not detected in the pilus fractions from CB1004, but production
of VirB4, VirBds, and their active site variants fully restored
T-pilus formation (Fig. 21). The active site of VirBd4 was obvi-
ously not required for T-pilus assembly, which constitutes a
remarkable difference to previous reports (22). To directly as-
sess T-pilus formation, we analyzed the cells from three inde-
pendent induction experiments (300 cells of each strain were
counted) by transmission electron microscopy. Analysis of wild-
type strain C48 under virulence gene-inducing conditions re-
vealed T-pili on 77% of the cells (Fig. 3), whereas no T-pili were
ohserved on C58 grown under nen-induecing conditions or
CBLO04 pVEBADNeo. T-pilus formation in CBl004 was at
teast partly restored by production of VirB4 (61%), VirB4s
(56%3, VirB45439R (384, and VirB4s™%1™ (36%). Whereas the
formation of T-pili in CB1004 carrying the active site variants
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TaBLE IV
Conjugative transfer of pLS1 from: A, tumefaciens donor A8 into A. tumefuciens wild type, virB4 mutant PC1604,
end its compli ted derivatives as recipient

Donor? Recipicnts" TRecipionis TH" TH/recipisnt TK rzcipient

1 k2
A348 A348 42 55,000 131l %10 % 100
pLS1 pVEBADNco
AB48 PC1004 31 66 218 %10 7 0.16
pLS1 pVSBADNco
A48 PC1004 39 49,000 1.26 x 10°* 96
pLS1 pVSEADVirB4
A348 PC1004 51 55,000 114 10 87
pLS1 pVSBADVR B4R
A348 PC1004 26 29,000 112 % 10 ¢ 85
pLS1 pVEBADNcoVirBds
A48 PC1004 28 26,000 9.26 % 10 71
pLA1 pVSBADNcoVirBas<

 Ratio of donors to recipients mixed for conjugation was 5:1 {29, 35)

# TK, transconjugants.

wag reduced as compared with the wild-type, the difference
from the negative controls was very clear, showing that the
intact active site was not required for the formation of this
structure {Fiz, 38), The above results suggest that Vi34 con-
tributes enly structural information to T485 zssembly and
T-pilus formation. In contrast, T-DNA translocation required a
wild-type Walker A box, but heterologous VirB4s fully comple-
mented those functions, Biochemical methods were used next
to analyze the molecular basis of the stabilization phenomenon.

VirB4 Is Reguired for the Association of Filus-associated
Prateins with VirB3, VirB6, and VirB3—Extraction of mem-
brane proteins with mild detersents greatly contributed to the
understanding of protein uptake machineries in mitochondria
(36, 37), and we have also found applications for the analysis of
bacterial protein translocation systems {38). We have previ-
ously adapted this method to the extrection of VirB protein
subcomplexes from the membranes of A. fumefaciens (20). Fur-
ther analyses revealed two subassemblies, a low molecular
mass complex of pilus-associated proteins and a high molecular
mass complex containing the T48S core components, This
method was applied here to assess the contribution of VirB4.
Membranes were isolated from 058, CB1004, and CB1004 pro-
ducing VirB4, VirB4s, and their active site variants, followed
by the extraction with DDM (2%, w/v] and analysis of subcel-
lular fractions by Western blatting. Similar to previous reports,
VirB2 wes detected in the total cell lysate (Fig. 24, I and in
the membranes (M), VirB5 was predominantly detected in the
membranes, but a significant portion was present in the salu-
ble fraction (Fig. 44, S = ¢ytoplasmic and periplasmic}. Differ-
ences were not apparent, showing that the absence of VirB4 did
not impact the membrane association of VirB2 and VirBs
(Fig. 44

Ta characterize the formation of the characteristic low mo.
lecular mass VirB2-VirBS complex, the DDM-solubilized pro-
teins were separated by blue native electrophoresis in a 7-14%
polyacrylamide gel. Similar to previous findings, VirB2 and
VirB5 co-lecalized in complexes of 140 kPa in samples from
C58, but only very low amounts of both proteins were detected
in samples from CB1004 (Fig, 48), Production of VirB4, VirB4s,
and their active site variants restored the levels of VirB2 and
WVirB5 in these complexes (Fig, 48], These results suggest that
whereas the membrane association is not affected in CBE1004,
VirB4 is necessary for the ineorperation of VirB2 and VirB5
into complexes of 140 kDa.

Beeause blue native PAGE separation has limited resclution,
we separated DDM axtracts by gel flltration next. In contrast to
the previousty described procedure, gel filtration was con-
ducted in the presence of 0.03% DDM, which is higher than the
eritieal micollar concentration (0,006 0,007%), ta aveid deter-
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gent dilution. Similar to previcus observations in €58, a high
molecular mass complex with the core components VirB4,
VirB8, VirB7, VirB8, VirB9, VirB10, and the substrate VirE2
was detected (Fig. 54). VirB3, VirB6, and VirB8 co-fractionated
with VirB2, VirB5, and VirB7 in the low molecular mass com-
plex of pilus-associated proteins (Fig. 54). Analysis of samples
from CB1004 revealed a drastically different distribution, Sim-
ilar te the wild-type, VirB9, VirB10, and VirE2 were detected
in the high molecular mass complex. In contrast, VirB6 and
VirB7 eluted exclusively in the high molecular mass fractions
[Fig. 5B). As expected, VirB3 and VirB8 were not detected. In
additicn, we did net detect VirB2 and VirB3 in the fractions
sluting from the column. Analysis of samples from CB1004
producing VirB4, VirB4s, and their active site variants re-
vealed VirB protein complexes as in the wild-type (data not
shown). Thus, the NTPase activity of VirB4 was not required
for the formation of the wild-type VirB protein complexes,

VirB2 and VirB5 Do Not Co-fractionate with Eech Other and
Gther T4S% Componenfs In CB1604—The checrvation that
VirB2 and VirB5 were not detected in the gel filtration frac-
tions from CB1004 was unexpected because both pilus eempo-
nents associated with the membranes and were extracted by
DDM similar to the wild-type {Fig. 44]. One explanation was
that VirB2 and VirB5 do not interact with other VirB proteins
in CB1004 and arc therefore present in low mclecular mass
cornplexes. To assess this possibility, we adapted the fraction-
ation techniques to separate low molecular mass proteins.
First, blue native electrophoresis was conducted in linear 15%
acrylamide gels, which efficiently separated omly small pro-
teins, Using this techrique, both VirB2 and VirB5 were de-
tected in low molecular mass complexes in extracts from
CB1004 (Fig. &), VirB2 had an apparent molecular mass of 13
kDa, and VirB5 had an apparent molecular mass of 30 kDa. In
straina $58 and complemented CB1004, VirB2 and VirB& were
detected in complexes similar to the wild-type.

As a second approach to identify VirB2 and VirB5 in CB1004,
we separated the DDM extracts on a Superdex 76 gel filtration
column, which resolved proteins smaller than 100 kDa, In
extracts from C58, VirB2 and VirB5 co-eluted in fractions of
high molecular masses {150 kDa), which could not be resolved
(Fig. TA). In extracts from CB1004, VirB2 and VirB5 eluted in
separate fractions of low molecular masses of 13 and 30 kDa,
respectively (Fig. 7B), and complementation of CB1004 re-
stored the wild-type situation {data net shown). The results
show that in the absence of ¥irB4, the interactions of VirB2
and VirBs with each other and with other T488 components
are weakened or abolished,

VirBds Binds te the Periplasmic Domain of VirB8s—The
absence of VirB4 strongly impacts the formation of VirB2-
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{<, virB4 deletion CB1004 compliemented with different constructs were
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+ ARA. A, cells were [vsed, followed by Fractionation of the cell lysate (T3

into sotuble [S) and membrane fractions (M) (I, U58 +AS +ARA; 2,
CB1004 pVSEBADNeo +AS +ARA; J. OB1004 pVSBADViIrB4 +AS
CB& +ARA), Membranes were incubated with 2% DDM, and soluble pro-
Bagk>R  feins (E} were soparated by ultracentrifugation from insoluble proteins
(P). Fractions were analyzed by SDS-PAGE and Western blotting, B,

Q DDM-solubilized membrane proteins were mixed with Ceomagsie Blue

= G-250 fallowed by separation in blue native 7-14% acrylamide gradient
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+AS +ARA; fene 3, CB1004 pVSBADNco +AS +ARA; lare 4. CE1004

ﬁ B pVSBADVirB4 +AS +ARA; fene 5, CBT004 pVSBADVIrB4:«< vt L AS
E +ARA: fane §, OB1004 pVSBADNeoVirBds +AS +ARA; lare 7, CE1004
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Fi¢. 3. Transmission electron microseopy to visualize T-pili on Pl
A. tumefaciens C58 and the pl ted virB4 deletion mu-
tant. A, finefociens wild-type strain C58 {~AS --ARA and +AS +ARA)
and virB4 delotion mutant (all growa +AS ‘+FARA) CBL004 pVS-
BADNzo (CB4), vomplemented with different constructs pVSBADVIrB4
=y (B), pVSBADVIrB4<Wo% (B4f—#) pVSBADNcoVirBds (B4s), and arass
Ry PVEBADNcoVirBas™® (B4sN ), were cultivated on AB minimal me- ‘proteins

dium followed by analysis of T-pilus formation by negative staining and
transmission electron micrascopy (A Results of counts of 300 cells from
each strain from three independent experiments are shown in B, Scele
bears corvespond to 100 nm, errows indicate T-pili, snd arrowlheuds
indicate flagelln. Error bars indicate S.0. values derived from three
independent @xporiments.

Luw
complex

AW
complex

Fic. 5. Analysis of DDM-oxtracted virulence protein com-
plexes from C58 and CB1004 by Superdex 200 gel filtration.
A, tumefaviens wild-type C58 and virB4 deletion strain CB1004 were
grown on AR minimal mediom in the presence of AS and pBAD inducer
arabinose. Cells were lysed, and membranes were isclated and incu-
hated with 29 DD, followed by gol filtration in the presence of 0.03%
DDM and analysis of the fractions by SDS-PAGE and Western blotting.

VirB3 complexes, but it was not obvieus whether this effect was
direct or indirect via stabilization of VirB3 and/or VirES. In-
teraction between VirB4 and VirB8 had been predicted, and
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cur datz are consistent with this finding (27, We directly
tested this possibility using bicistron expression (39). Because
biochemieal work with 4. 2umefaciens VirB proteins proved to
be very difficult (low solubility and yield upon everproduc-
tion),” we performed the following experiments with B. suls
VirB homologs (named VirBs), The virBds gene was cloned into
pT7-7Strepll to produce an N-terminal fusion with the Strepll
peptide for affinity purification and detection. Next, two frag-

2 Q. Yuan, A. Carle, C. Gao, D. Sivanesan, K. A. Aly, C, Hoppner, L.
Krall, N. Domke, and C. Baren, unpublished sbservations.

74

Low molecalar weight {LMW) fractions centain the pilus nssembly
complex, aud high moleculzr weight (HMW) fractions contain the core
T488 proteins; linker proteins are part of both comglexes, A, analysis of
exiracts frora $B8. B, analysis of oxtracts from CB1004. Molecular
masses of reference proteins are shewn o the right tin kDaj.

ments of the VirB8s-encoding gene (full-length and one enced-
ing the periplasmic domain VirB8sp) were cloned downstream
of virBds, The resulting construsts pT7-7StreplIVisB4s, pT7-
7S8trepllVirB4sVirB8s, and pT7-7StreplIVirB4sVirB8sp were
transformed into £. coli strain GJ1158, followed by expression
and detection of Strepll-VirB4s with a Strepll-specific mone-
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Fic. 5. DDM extraction and analysis of low molecular mass
VirB complexes by blue native PAGE. A. fumefaciens wild-type G58
and oirB4 deletion CB1004 complemented with different construets
were grown ot AB minime]l medium in the presence or the absence of
AS in the presence of pBAD inducer ARA. Cells wera lysed, membranes
were isolated and incubated with 2% DDA, and solubilized membrane
proteins were mixed with Cosmagsie Blue G-250 followed by separation
in a blue native 15% acrylamide gel and Western blotting, Lane 1, G568
~AS +ARA: fane 2, C58 +AS +ARA; lane 3, CB1004 pVSBAD +AS
+ARA; lane 4, CB1004 pVSBADVIrB4 +AS +ARA, Apraws indieate low
molecular mass forms of VirB5 and VirB2, Molecular masses of refer-
ence proteins are shown on the right (in kDa).

Fi. 7. Analysis of DDM-extracted virulenee protein com-
plexes from C58 and CBINO4 by Superdex 75 gel filtration.
A, tumefaciens wild-type C58 and virB4 deletion CB1004 were grown on
AB minimal medium in the presence of AS and pBAD inducer arabi-
nose, Cells were lysed, and membranes were isolated and extracted
with 2% DDM, followed by gel filtzation and analysis of the Fractions by
SDS-PAGE and Western blotting. A, analysis of extracts frem C58. B,
analysis of extracts from CB1004. Arrowhieads indicate Jow molecular
masy forma of VirB$ and VirB2. Malecular masses of reference proteins
are shawn on the right {in kDa).

clonal antibody and the VirB8s variants with a specific anti-
serum (data not shown). To study interactions, cell lysates
were applied to a streptavidin affinity matrix, which en-
riched StrepllVirB4s. VirB8s and VirB8sp co-eluted with
StrepllVirB4s, and controls showed that the column had very
weak affinity for non-tagged VirB8sp (data not shown). To
assess whether the co-elution reflects a stable interaction, we
subjected samples to twa separation procedures, First, the pro-
teins were separated by blue native PAGE, and VirB4s was
detected in complexes slightly larger than 440 kDa in all ¢ases
(Fig. 84). A minor portion was detected in larger complexes in
samples from strains carrying the bicistron constructs. VirB8s
and VirR8sp were mainly detected in complexes of similar size
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such 2s VirB4s, but miner fractions were present in higher and
lower molecular mass forms (Fig. BA). As a control, we sepa-
rated StreplI-VirB8sp, and it was detected as monomer of 20
kDa. The results suggest that VirB4s formed multimers and
that VirB8s and VirB8sp bound to this complex when ex-
pressed from bicistron constructs. As a second approach, the
affinity column-coriched samples were subjected to gel filtra-
tior over a Superdex 200 column. StreplIVirB4s co-eluted with
VitB8s and VirB3sp in fractions § (corresponding te 440 kDa)
and 9, suggesting that they form a complex (Fig. 8B).
StrepIIVirB4s enriched from pT7-7StrepllVirB4s-carrying
cells eluted exclusively in fraction 9, showing that the
StrepllVirB4e complex was smaller than the StreplIVitB4s-
VirB8s and StreplIVirB4s-VirB8sp complexes (Fig. 8C). As a
control, StrepIIVirB8sp was analyzed and proved to be much
smaller than StreplVirB4s complexes (Fig. 8C). Finally, to
assess the stability of the StreplTVirB4s-VirB8s complex, it
was apphed to a Superdex 75 column, which would permit the
deteetion of VirB8s, if it dissociated from StrepIIVirB4s. Both
StreplIVirB4s and VirB8s were exclusively detected in the void
elution volume, indieating a large and stable complex (Fig. 80).
Taken together, our experiments show that StreplIVirB4s
forms multimers, which constitutes direct evidence for the for-
meation of the hexameric eomplex recently predicted based o a
bisinformatics and modeling approach (40). In addition, it
forms stable complexes with full-length VirB8s as well as with
its periplasmic domain VirB8sp.

VirB5s Binds io T48S5 Core Components VirB8s and
VirB10s—After demonstrating the interaction between
VirBds and VirBBs, we next assessed the possibility that
VirB8s may hind to VirB5s and thereby impact its incorpo-
ration inte pili. We also analyzed the cere components VirB9s
and VirBl0s because their 4. tumefuciens homologs were
previously shown to interact with VirB8§ (18). First, we per-
formed pull-down assays with differentially tagged VirBs
proteins. To this end, the genes encoding the periplasmic
dornains of VirB3s, VirB8s, VirB9s, and VirB10s were cloned
into pT7-7Strepll and pT7-H,TrxFus, respectively, for over-
expression and purification of Strepll- and H;TrxA-tagged
proteins, The different sizes of the tags enabled identification
baged on their molecular masses and recognition by specific
antisera, StrepIIVirBbsp was mixed with H TrxAVirBSsp,
H,TrxAVirB8sp, HyTrxAVirBSsp, and H TrxAVirB10sp,
respectively, and streptactin-Sepharcse beads were added
to isvlate the Strepll-tagged bait and the H TrxA-tagged
preys. StreplIVirBSsp pulled down H TrxAVirBd3sp and
H TrxAVirB10sp, but not HTrxAVirBIsp (Fig. 94), suggest-
ing interactions with these two core T4B8S components.
T, TrraVirB5sp bound non-specifically to the affinity matrix
g0 that this assay could not be used to assess the self-
interaction of this protein (data not shown).

As an alternative method, we applied the cross-linking agent
disuccinimidyl suberate to StrepIl-tagged VirBsp proteins and
mixtures thereof, followed by SDS-PAGE and Western blot
anslysis. Applieation of disuecinimidyl suberate led to the
formation of higher molecular mass complexes, indicating
homomultimer formation (Fig. 9B}, When mixtures with
StreplIVirBGsp were subjected to cross-linking, we observed
changes of the cross-linking patterns. Novel complexes ap-
peared when StreplIVirBasp was cross-linked in the presence
of StreplIVirB8sp and StreplIVirBlOsp (Fig. 98), Similar to
the results of the puli-down, experiments, this indicated inter-
actions with StrepIIVirB3sp (Fig. 8B).

Third, the vegions encoding the periplasmic domains were
cloned into pGADTY (fusion to GAL4 activation domain) and
pGBKT7 (fusion to GAL4 DNA binding domain), and their
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Fic, 8. Blue native PAGE and gel fil-
tration analysis of VirB4s oligomeriza-

Strepll
R

26357

VirBEs

tion and complex formation with 12 3

VirB8s, T7 expression in E. coli GJ1158
carrying pT7-TStrepllVirBds {lanes I),
pT7-78trepllVirB4sVirB8s (lanes 2), pT7-
TStrepllVirB4sVirBRsp (lanes 3), and pT7-
78treplIVirB8sp (lune 4), respoetively.
Tagged proteins were enriched via strepta-
vidin-Sepharose followed by different frac-
tionation techniques, SDS-PAGE, and de-
tection with Strepll {(tag)-speeific or
VirB8s-specific antizera. A, blue native
PAGE anralysis, Arrows indicate VirB4s
and, VirB8sp. B, Superdex 200 gel Sltration
of extracts from bicistron expressions
(StreplIVirB4s-VirB8s and StrepllVirB4s-
VirB8sp). C, Superdex 200 gel filteation of
extracts from manecistron expressions
(Strepl[VieB4s and StrepllVirB8sp). D,
Superdesx 75 gel filtration of extracts from
bicistron expression (StreplIVizBds-

12 3 4

Stroplt
virgag P

VirDap -

VirBSs). Molecular masses of reference

proteins are shown on the right (in kDa).
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Fic. 9. Biocbemical experiments
show interactions between periplas-
mic T'4SS components. Interactions be-
tween Strepll- and H,TrxA-tagged B. suis
VirBs proteins studied by pult-down and
cross-linking: analyses were performed by
SDS-PAGE followed by Western blotting.
A, equimolar mixtures of StrepIIVirBisp
with H,TrxAVirBSsp, H,TrxAVirBgsp.
and H;TexAVirB10sp were precipitated
with streptavidin-Sepharose beads, fol-

B ey B ety M Tt It lowed by washing and analysis of bound
o -1 ) - ¥ proteins; arrowhieads indicate

ll il; - e g . " H,TrxAVirBSsp and HoTrxAVirB10sp co-

et k- - =c ol 3N - ipitated with StrepllVizBSsp. B
.- . -5 . precipitated wi ap p. B,

vees Nl ] s e 35 vret . StrepiIVirBisp. StreplIVirB8sp,

. s . et S b
— -
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anti- é}“ s ant-
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StreplTVirB9sp, and StreplTVirB10up were
ineubated alone and in equimolar mixtures
with disuecinimidy! suberate (0.05 and 0.1
it my) prior to SDS-PAGE. Arrows indicate
monomeric proteins; arrowheeds indicate

VirBs -
=35 ! = cross-linking products detected with ooe or
- A——_ > WEREE : Ll s both of the antisera, Molecular magses of
o E e e reference proteins are shown on the right

tin kDa).

interactions were tested using the yeast two-hybrid system, An
interaction of the prey VirB5sp with the bait VirBSsp was
shown by restoration of growth of the yeast strain AF109 on
medium without adenine and on medium witheut histidine and
by B-galactosidase activity {Table V). This approach alsoe sug-
gested self-interaction of VirB5sp. However, it did not show
interactions with the baits VirB9sp and VirB10sp, and assays
in the reverse order with VirBSsp as bait did not indicate
interactions (datn not shown). Nevertheless, we deronstrated
the not previausly reported VirBisp-VirB8sp interaction with
three independent methods, and twe of those suggested that
VirB5sp also interacts with VirBI0sp,

DISCUSSION

In this study, we define the contribution of VirB4 to T458
stabilization and pilus assembly via a VirB4-VirB8-VirBs5-
VirB2 interaction sequence. There is compelling evidence for
the requirement of the Walker A nucleotide-binding site for
virulence, but the enzymatic activity (presumably ATPase) has
not been demonstrated. We show here that it is dispensable for
T488 stabilization and pilus assembly, suggesting that its role
is to energize T-complex translocation, Similar to previous find-
ings, we showed that VirB4 stabilizes VirB3, and here we
reveal that it also stabilizes VirE8. The Walker A active site
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was not required for stabilization, and the 8. suis homclog
VirB4s fully complemented the virB¢ deletion CB1004. In ac-
cord with previcus worlk, VirB4 was required for T-pilus for.
mation, and VirB4 and VirB4s restored T-pilus formation in
CB1004. In contrast to previous findings, however, the active
site variants VirB4®4%9% and VirB4s™®® fully complemented
T-pilus formation {22}. This difference may be explained by the
active site change we introduced, which differs from those in
previous studies. The active site Lys was here changed to Arg,
a conservative change, which is known to abolish the NTPase
function of Walker sites but preserves active site structure and
NTP binding (41, 42). In contrast, in most previcus studies, the
Lys residue was changed to Glu, Gln, ar Met, or small deletions
were intreduced (8, 9, 22). These changes may cause substan-
tial alterations of the conformation, and the amounts of some
VirB4 variants were reduced, which may explain the effects on
T-pilus formation. Because the change introduced here abol-
ished virulence but not pilus assembly, we conelude that the
NTPase activity {s exclusively required to energize T-complex
translocation, which is in accoré with recent studies using a
transfer DNA immunoprecipitation assay (26).

The faet that T-pilus assembly depends on VirB4 but not on
its NTPase activity was surprising at first, and we further
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Rexuits of yeast two-hybrid assays
Proy vector pOADTY VicBGsp PGADTT-VirBiiap et
Bait vector pGBRTT- pGBKTT- pGRITT-

- virBs virB8 virBg virB10 - vieB5 virBg virf3d virB10 - virBs
~Ade” - - - - - - - + + + - -
~Hia® - + + - - - - + - + - -
{aeZ assay” - + + - - - - + - + - -

“ Growth on 8.D.-media ~Lew/—Trp without given supplements,

" Pasitive result, B-galactosidase setivity indicated by blue colony color on 5-broma-d-chlaro-3-indolyl-8-p-galactopyranaside plates,

dissected this process with biochemical methods, T-pili were
not formed in CB1004, but the levels of VirB2 and VirB5 did
not differ from C58, and they were extracted with similar
efficiency from the membranes. Therefors, in contrast to VirB3
and VirB8, their stability is not reduced, and their membrane
association is not affected in the absence of VirB4. We then
analyzed the VirB protein subcomplexes. First, DDM extracts
were separated by gel filtration. In our previous work, the
separation had been conducted without detergent in the cal-
umn buffer, which raised concerns about protein solubility
upen dilution of the detergent (20). Here we conducted the
separation in the presence of ¢.03% DDM, which is higher than
the critieal micellar composition. Use of the modified procedure
led to changes of VirB protein fractionation as compared with
previous work. In the absence of DDM, VirB3, VirB4, and
VirB8 had eluted exclusively with the high molecular mass core
T45S components. In the presence of 0.03% DDM, however,
VirB3 eluted exclusively with VirB2 and VirB3 in the low
molecular mass Faction, whereas VirB6 and VirB8 were
equally distributed between the high moleeular mass core com-
plex and the low molecular mass complex with VirB2, VirB3,
ang VirB4. These results reflect the association between VirB
proteins more appropriately because the inclusion of DDM
prevents artifacts due to detergent dilution, Thus, VirBé and
VirB8 may link the core T4SS proteins te the pilus assembly
complax of VirB2, VirB3, VirB7, and VirB3, VirB2 had previ-
ously been shown to localize to the outer membrane and to
interact with VirB5, suggzesting that it may indeed be part of
the pilus assembly subcomplex (18, 19,

Analysis of extracts from the virB4 deletion mutant further
supported the notion that VirB6 and Virl37 link the core com-
ponents and the pilus assembly subcomplex, In extracts from
CB1004, VirB6 and VirBT were exclusively detected in the high
molecular mags fraction with VirB9 and VirB10. To our sur-
prise, VirB2 and VirB5 were not detected in any of the fractions
from GCB1004 eluting from the Superdex 200 column. However,
fractionntion over a Superdex 75 column, which scparates
smull proteins, showed that VB2 and VirB5 eluted as dimers
and monomers, respectively. Similarly, after separation of
DDM extracts from CB1004 by bluc native PAGE in gels of
high acrylamide eoncentration, the pilus components were de-
tected in small complexes. Complementation of CB1004 with
plasmids expressing VirB4, VirBds, or its active site variants
restered the wild-type situation, shewing that the NTPase ac-
tivity is not required for the formation of VirB protein subcom-
plexes. Taken together, in CB1004, VirB2 and VirB5 did not
ce-fractionate with each other and with cther VirB proteins.
This may reflect 2 loss of imteraction or a weakened interaction,
which could be dissociated by native separation techniques.
Qur results show that VicB4, but not its NTPase activity, is
essential for the formation of interactions between VirB2 and
VirB5 and with VirB3, VirB6, VirB7, and VirEs,

The membrane fractionations did not show whether the ef-
fects of VirBd on the stabilization of VirB3/VirB8 and on the
VirB5-VirB2 interaction were direct or indirect. Ta address this
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Fic. 10. A mode] for T-pilus bly in A. & ft x show-
ing the impact of VirB4. Signal peptidase I (SF[) removes signal
peplides From precursors of the main pilus component VirB2 and the
minor pilus component VirB5, followed by cyclization of VirB2 by an
unknown cellular protein. Processed VirB2 and VirB3 subsequently
associate with the membranes, VirB4 stabilizes VirB8, which binds to
VirB5, possibly in concert with VirB 10, Stabilized and properly oriented
VirB5 forms a complex with VirB2, which is a key step in the formation
of the pilus nssembly subcomplex. We suggest that the effect of VirBd
on the localization and stability of VirB3 is mediated via VirBl praperly
licalized i the pilus assembly subcomplex.

V;tBlI
L4

question, we conducted r vitro experiments. When the genes
encoding VirB4s and VirB8z were expressed as a bicistron in
E. coli, the gene products formed a stable eomplex, and the
periplasmic domain VirB8sp was sufficient, VirB4s therefore
binds to and stabilizes VirBds, which is in line with predietions
by yeast two-hybrid analysis. In addition, analyses by gel fil-
tration and blue native PAGE revealed that VirBds forms
multimers, and their size is in accord with the hexamers re-
cently predicted based on 2 bicinformatics appreach (40). Qur
results therefore suppert the notion that VirB4 preteins func-
tionn as homo-hexameric complexes much like VirBll and
VirD4 (43, 44). We next analyvzed whether VirB8sp or other
core T4SS components interact with VirBSsp, Using pull-down
and cross-linking experiments and yeast two-hybrid analysis,
we showed that VirBBsp binds to VirBSsp as well as to
VirB10sp. This suggests that VirBd.stabilized VirBS impacts
VirB5-VirB2 complex formation via its direct interaction with
VirB5 and perhaps in concert with VirB10. Based on the data
in this study, we propese a refined model of T-pilus assembly,
which takes the contribution of VirB4 into account (Fig, 10),
VirB4 resides at the inrer face of the eytoplasmic membrane,
its short N-terminal domain is exposed to the periplasm (9),
and it binds to and stabilizes VirB5 via its periplasmic domain,
VirB8 pinds to VirB5, which is stabilized by VirB6 (12). Stabi-
lized and propezty oriented VirB35 torms a complex with VirB2,
which is a key step in the formation of the pilus assembly
subcomplex. We have not directly assessed whether VirB4 or
VirB§ binds to and stabilizes VirB3, which may also be a
component of the pilus assembly subcomplex. Nevertheless,
B. henselae VirB5 was shown to directly bind VirB3 (18), and
we suggest that the effest of VirB4 on the loealization and
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stability of VirB8 is mediated via VirB5 properly localized in
the pilus assemhly subcomplex. The above model is supported
by the resulis of the gel fltration experiments, which showed
that in C58, VirB6 and VirB8 partly co-fractionated with the
pilus assembly subcomplex. VirB6 and VirES therefore link the
core components to the pilus assembly subcomplex. In the
absence of VirB4, the key component VirBS is not stabile,
which leads to a loss of VirB5-VirB2 and VirB5.VirB3 interac-
tions, the pilus assembly subcomplex does not form. and VirBé
and VirB7 re-distribute to the core complex. Taken together,
the experiments presented here reveal several novel features of
tha T-pilus assembly process in A. fumefaciers, which are likely
conserved in other T458s. They provide 2 concise explanation
for the shservation that VirB4 stabilizes the T45S but that its
presumptive ATPase activity is not necessary.

In addition, this work constitutes the basis for future exper-
iments to study the activation of NTPase activity of VirB4,
Despite efforts in differcnt laboratories, nucleotide hydrolysis
by this protein has not been conclusively demonstrated. A
detailed biochemiecal analyses of purified VirB4 homologs TrbE
from RBP4 and TrwK from R388 showed that the purified pro-
teins de not hydrolyze ATP or GTP (25). It is thus likely that
hydrolysis depends on interaction(s) with ather T4S8S compo-
nents or substrates. The bicistron approach we pursued here
showed the interaction of VirBds with VirB8s, and it will be
interesting to assess whether VirBds hydrolyzes nuclectides
under thesc conditions, Similar approaches could be pursued to
systematically study other putative VirB4 interaction part-
ners, such as VirB11 and translocated substrates, This work
may reveal in the future which of these interactions triggers
the NTPase activity of VirB4.
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Chapter 7
Indirect forced localization of the Agrobacterium tumefaciens VirBS to transient
envelope destinations abolishes T-pilus elongation and type IV apparatus function

(Manuscript for submission as a short note)

Preface
This chapter consists of the following article to be submitted for publication:
Aly, K. A. and Baron, C. Indirect forced localization of the Agrobacterium tumefaciens
VirB5 to transient envelope destinations abolishes T-pilus elongation and type IV

apparatus function

I performed the experiments in this article. I generated and assembled the figures. Dr.
Christian Baron has helped improving the display of data in all figures so that they become
easier for the reviewer to understand. I wrote the manuscript and sent it to Dr. Baron who will

provide his intellectual input and suggestions of manuscript changes in future.

This article describes a VirB5 variant that incorporates into the bacterial surface but
without permitting T-pilus elongation. In this variant-producing strain, T4SS was
nonfunctional as assessed by two different assays. It has been previously speculated that the
T-pilus function might be limited to the T-pilus tips since these tips might be the point of
interaction with both, prokaryotic and eukaryotic recipients. This study provides strong but
indirect evidence that the filament portion of the pilus is also essential for the apparatus
function. This is the first study to provide such evidence regarding the importance of the
filament portion of the T-pilus in T4SS function and will contribute towards better

understanding the T-pilus role during bacterial pathogenesis.
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ABSTRACT

VirB2 and VirB5 are the major and minor components of the Agrobacterium
tumefaciens-determined T-pilus. The T-pilus is a filamentous structure that facilitates the
transfer of macromolecular effectors into recipient bacteria/eukaryotic hosts and thereby
significantly contributes to Agrobacterial pathogenesis. To gain insights into the T-pilus
elongation process and its effect on T4SS function, we engineered and overproduced several
variants of the Agrobacterium tumefaciens T-pilus tip protein VirB5 to localize to different
apparatus destinations. VirB5 with an altered signal sequence-processing site was specifically
designed to associate with the outer membrane. In this variant, the sequence of the VirB5
leader peptide was specifically designed for recognition and hypothetical cleavage by signal
peptidase II enzyme instead of signal peptidase I as in the case of wild-type VirB5. In the
virB5 deletion mutant CB1005 producing this variant (VirB5SP), gold grains detected
VirB58P on two cell surface locations on average versus nine surface locations in the case of
VirB5 produced from the wild-type strain C58, as concluded upon the quantification of
immuno-EM data. VirB3SP was also detected by Western blot analysis of Agrobacterial
appendages sheared and sedimented by high-speed centrifugation. Alternatively, an inner
membrane bound VirB5 through its amino- or carboxyl-terminus was engineered to localize to
the periplasmic space. Under all conditions, T-pilus elongation was abolished and T4SS was
non-functional as assessed by donor inter-bacterial conjugation and tumor formation on
plants. Aside from the hypothetical importance of the T-pilus tips, this study provides
documentation of the necessity of the filament portion of the T-pilus for T4SS function.
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INTRODUCTION

Type IV secretion systems (T4SS) are conserved conjugation machineries often
utilized to “share DNA information” between Gram-negative bacteria, a process regarded as a
major contributor to microbial resistance to all families of antibiotics (Baron 2005; Juhas,
Crook et al. 2007). In addition, T4SS are also coined as virulence tools employed by many
pathogens to interfere with the physiological norm of their eukaryotic hosts and cause mild to
severe infections (Rieder, Merchant et al. 2005; Pel, Wu et al. 2008). Due to the
multifunctional nature of these machineries, they gained interest as potential drug targets
(Savvides, Yeo et al. 2003; Baron 2006). In the model plant pathogen Adgrobacterium
tumefaciens, a trans-envelope T4SS apparatus assembles from 11 VirB proteins and VirD4.
The VirB apparatus is composed of two distinct sub-complexes that do not co-fractionate as
analyzed by Gel filtration of membrane proteins extracted with mild detergents (Krall,
Wiedemann et al. 2002). The first sub-complex is of a high molecular mass of around 260
kDa, which constitutes the innermost compartment of the apparatus. It is believed that the
functional forms of 6 proteins: VirB4, VirB6, VirB8, VirB10, VirB11 and VirD4 mainly
reside at or associate with the inner membrane (Ward, Draper et al. 2002; Atmakuri, Cascales
et al. 2004; Cascales and Christie 2004; Terradot, Bayliss et al. 2005; Draper, Middleton ¢t al.
2006; Paschos, Patey et al. 2006). The second sub-complex is of a smaller mass of
approximately 140 kDa and is predominantly composed of the outermost T-pilus proteins
VirB2 and VirB5. Whereas our knowledge regarding the proteins involved in the T-pilus
assembly process has been certainly advanced, the nature of the T-pilus elongation process,

the theory around its initiation and its effect on T4SS function remain significantly elusive.

Individual VirB proteins may localize to multiple apparatus destinations as shown by
an array of previous publications. For example, VirB1 is a lytic transglycosylase that shares
significant sequence similarity to goose-egg white lysozyme (Llosa, Zupan et al. 2000). The
A. tumefaciens VirB1 interacts with VirB4, VirB8, VirB10 and VirB11 (Ward, Draper et al.
2002). In addition, VirB1 from the mammalian pathogen Brucella suis has been shown to
interact with core complex proteins VirB8, VirB9 and VirB11 (Hoppner, Carle et al. 2005).

Collectively, research findings have substantiated the role of VirBl as a muramidase that

cleaves P-1,4-glycosidic bonds in the peptidoglycan cell wall polymer, resulting in the
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formation of 1,6-anhydromuropeptides. This type of cleavage generated by VirB1 is believed
to create openings in the bacterial cell wall (Mushegian, Fullner et al. 1996; Blackburn and
Clarke 2001). VirB1 function is likely substantiated at the periplasmic section of the bacterial
envelope. Contrary to the classical perception of VirB1 as a periplasmic transglycosylase, a C-
terminal segment of VirBl was found to be secreted into the extracellular environment
(Baron, Llosa et al. 1997; Aly, Krall et al. 2008). VirBl also co-fractionates with the
outermost section of the VirB complex and may contribute to the T-pilus assembly process
(Zupan, Hackworth et al. 2007). These results shed light on the presence of a periplasmic,
outer membrane/T-pilus associated and externally secreted forms of VirB1. VirB1 may be
assigned multiple functions that require its incorporation into different apparatus destinations,
and this hypothesis likely applies to other VirB proteins such as VirB5. It has been established
that VirB2 and VirB5 are the major and minor components of the Agrobacterial T-pilus.
Recently, the association of VirB5 with the T-pilus tips has been directly confirmed (Aly and
Baron 2007). VirB5 was additionally detected on the Agrobacterial cell surface. The tips of
the T4SS appendage from the human pathogen Helicobacter pylori were also found to be
enriched with the VirB5-like protein Cagl. (Kwok, Zabler et al. 2007; Backert, Fronzes et al.
2008). Moreover, a periplasmic form of VirB5 may also exist and likely contributes to the
translocation of the Agrobacterial effectors into the external compartment of the VirB system
(Cascales and Christie 2004). Taken together, these data assert that individual VirB proteins
may localize, whether through independently functional forms or in a stepwise fashion, at
multiple apparatus destinations presumably to fulfill several structural and/or functional

activities.

Among the dynamics of the VirB system, the nature of the T-pilus elongation process
and its effect on T4SS function have not been previously studied. It is not clear which form of
VirB5 is required for T-pilus elongation or whether the T-pilus assembly is initiated at the
inner or outer membrane. The T-pilus tip VirBS may be required for host cell recognition
and/or adherence but not necessarily for T-pilus elongation. Aside from the hypothetical
importance of the T-pilus tip in host cell recognition and/or attachment, the remaining
filament itself may not be required for T4SS function unless otherwise investigated. To gain
further insights into these questions and to the importance of the T-pilus filament for T4SS

function, we engineered and overproduced several variants of VirB5 that pause at different
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VirB complex destinations, followed by detailed monitoring of such forced localization on

both, T-pilus elongation as well as T4SS function.
MATERIALS AND METHODS
Cultivation of bacteria, strain and plasmid constructions

Cultures of E. coli IM109 for cloning expetiments and 4. tumefaciens for virulence
gene inductions on AB minimal medium with acetosyringone (AS) and isopropyl-B-
thiogalactopyranoside (IPTG) ad 0.5 mM for induction of plasmid-encoded genes were
cultivated as described (Yuan, Carle et al. 2005). DNA manipulations followed standard
procedures (Maniatis 1982.). 4. fumefaciens virB5 in pTrcB5 (Schmidt-Eisenlohr, Domke et
al. 1999) were amplified by polymerase chain reaction with oligonucleotides (Tab. 1) and
cloned downstream to an IPTG-inducible fr¢ promoter carried on the expression vector
pTrc200. The regions encoding N- and C-terminal membrane anchors of B. suis VirB10 were
created by annealing and ligation of oligonuclectides into pTrc200, followed by PCR-
amplification and cloning of the gene encoding the periplasmic domain of VirB5 resulting in
pTrcB5N and pTreB5C. The sequences of PCR-amplified genes were confirmed by DNA

sequencing.
Analysis of T48S functions: T-pilus isolation, conjugation and virulence assays

Assays for T4SS functionality (T-pilus isolation, conjugation and virulence assays)

were performed as previously described (Hoppner, Liu et al. 2004; Yuan, Carle et al. 2005).

SDS/PAGE and Western blotting

SDS-PAGE was conducted according to Laemmli (for proteins larger 20 kDa) or
Schigger and v. Jagow (for proteins smaller 20 kDa) (Laemmli 1970; Schigger and von
Jagow 1987). Western blotting was performed following standard protocols with VirB

protein-specific antisera as described (Harlow and Lane 1988; Yuan, Carle et al. 2005).
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Transmission electron microscopy (TEM) and immuno-EM

Negative staining for visualization of T-pili was conducted essentially as reported
(Yuan, Carle et al. 2005). Virulence-induced A. tumefaciens were collected with 5 ml of 50
mM sodium potassium phosphate buffer, pH 5.5, and the optical density (ODsoo) adjusted to
1.5-2. 10 pl samples were applied onto UV-sterilized 200 mesh carbon-coated formvar copper
grids and ajr-dried. The grids were then stained with 1% phosphotungstic acid-0.01% glucose,

pH 6, for 15 s prior to examination.

For immuno-EM, strains were cultivated on AB minimal medium agar plates as above,
collected with liquid AB minimal medium supplemented with AS and the cell density was
adjusted to ODggo of 0.25. 15 ul were applied onto UV-sterilized 200 or 300 mesh carbon-
coated formvar nickel electron microscopy grids and cultivated for 10-12 h at 20°C in 2 humid
chamber. The grids were then fixed for 1 h with 2% formaldehyde and 0.5% glutaraldehyde in
50 mM sodium cacodylate buffer at pH 5.5 as described (Jin, Hu et al. 2001). After {ixation,
the grids were subjected to immuno-gold labeling largely as described (Quinterc, Busch et al.
1998). Grids were blocked with 5% skim milk in TBST (20 mM Tris/HCI, 137 mM NaCl,
0.1% Tween-20, pH 8) for 20 min, followed by incubation an a drop of 1:250 diluted anti-
VirB5 in 5% skim milk and TBST for 45 min at room temperature. Grids were then washed
3%5 min, incubated with the secondary antibodies for 45 min at room temperature (1:10
diluted anti-rabbit 10 nm. gold conjugate, Sigma-Aldrich) in TBST with 5% skim milk, 0.1%
BSA and 5% fetal bovine serum. Finally, the grids were washed and negative stained with 1%
of phosphotungstic acid in 0.01% glucose (pH 6) for 15 s prior to examination. Images were

recorded with a JEOL JEM-1200EX or JEOL 1200EX II transmission electron microscopes.
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RESULTS

Forced periplasmic and outer membrane localization of VirB5 inhibits pilus elongation
Analysis of the amino acid sequence shows that VirB5-like proteins are overall
hydrophilic. However, both VirB5 and its homolog TraC were shown to associate with the
membranes and this is likely mediated by protein-protein interactions (Schmidt-Eisenlohr,
Domke et al. 1999; Yeo, Yuan et al. 2003). To shed light on the correlation between
membrane association and incorporation of VirB3 into T-pilus, we modified the virB5 gene to
direct production of fusion proteins with membrane-standing regions. The Agrobacterium
tumefaciens VirB5SN cartied 58 amino acids of the Brucella suis VirB10 inner membrane
anchor, which encodes one transmembrane helix and a short cytoplasmic domain. This anchor
was fused to the N-terminus of the processed VirB5 form, which naturally incorporates into
the outermost section of the VirB complex. VirB5C carried a similar membrane-standing
region at its C-terminus. These modifications localized both proteins to the periplasmic space
with a small inner membrane-anchoring domain, but their orientation was different. In
contrast, VirB5SP carried the signal peptide from A. tumefaciens VirB7 directing lipoprotein
modification by signal peptidase II and localization to the outer membrane (Fig. 1A) (Spudich,
Fernandez et al. 1996; Baron, Thorstenson et al. 1997). Different constructs were subcloned
into the expression vector pTrc200 and independently transformed into the virB3 deletion
mutant CB1005, followed by growth and induction of the fre promoter using 0.5 mM
isopropyl-B-D-thiogalactopyranoside (IPTG). Western blot analysis of cell lysates showed that
the three different VirB5 variants were produced at levels comparable to the wild type VirB5
produced from strain C38, but VirB2 was not incorporated into T-pili (Fig. 1B). In accord
with these findings, VitBSN and VirB5C were not detected in fractions containing
extracellular high molecular mass structures. In contrast, VirB5SP was detected in these

fractions, but the absence of VirB2 showed that T-pili were likely not formed (Fig. 1B).

The ability of the chimeric VirB3 proteins to function in T4SS was assessed by plant
infection and donor bacterial conjugation assays
The T4SSs of strains producing the forced localization variants were subject to donor

bacterial conjugation and plant infection assays largely as described (Hoppner, Liu et al.
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2004). Briefly and for the analysis of pLS1 donor activity, A348 and PC1005 carrying
pTre200 with and without VirB5 variant-encoding genes werc co-cultivated with
UIA143(pTiA6) recipient cells in a 1:5 ratio for 3 days on AB minimal medium agar
containing 500 pM AS and 500 pM IPTG followed by plating on selective agar media (CAR,
150 pg/ml; ERY, 150 pug/ml) and quantitation of the transconjugant and donor cells. For plant
infection assays, leaves of the Kalanchoe diagremontiana plant were wounded using 26.5
gauge needles followed by inoculation with bacterial cultures grown in AB minimal media
supplemented with 0.5 mM IPTG when necessary. The T4SSs of strains producing the forced
localization variants were non-functional in both assays as demonstrated by avirulence in
tumor assay and their inability to transfer pLS1 (Fig. 2, Tab. 2 and Tab. 3). The impact of the
forced membrane localization on pilus elongation into the cell exterior was analyzed next by

TEM.

To investigate the location of VirB5 in A. tumefaciens virB5 deletion strain CB1005
producing the VirB5SP variant, cells were examined by negative staining and immuno-EM

VirB2 was not detected in fractions of extracellular high molecular mass structures and
in accord with these results, we have not visualized T-pili assembled on CBI1005 strain
producing VirB5N, VirB5C or VirB5SP variants (Fig. 3A) upon TEM examination. To assess
whether any of these VirB5 variants localize to the cell surface, we performed immuno-
electron microscopy without cells permeation using VirB5-specific antiserum as primary
antibody and goat anti-rabbit as secondary antibody conjugated to 10 nm gold grains (Sigma
Aldrich). VirB5N and VirB5C were not detected on cell surface. In contrast, VirB5SP was
detected on the surface, but in reduced amounts to 20% (approximately 2 gold grains per cell
surface as compared to 9 in case of the wild-type VirB5 produced from virulence induced
strain C58) (Fig. 3A and B). The localization of VirB5SP on the surface is in accord with the
fact that it can be removed from the cells be shearing and sedimentation as part of a high
molecular mass structure. The N-terminal lipoprotein modification perhaps anchors VirBSSP
to the outer membrane and thereby preventing T-pilus elongation into the external

environment.
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DISCUSSION

The purpose of this study is to investigate the necessity of the T-pilus filament for
T4SS function. It is currently thought that the T-pilus is composed of VirB2 filament and
VirB5 tip. The T-pilus extends into the extracellular environment of Agrobacteria and may
initiate contact with host cells. The significant advancement provided by this study was the
ability to design and produce a VirB5 variant (VirB5SP) that can incorporate into the cell
surface but without permitting T-pilus elongation (Fig. 3B). In this variant producing strain,
VirB5 was labeled by gold grains on the cell surface. Thus, the tip portion of the T-pilus was
surface exposed but the elongation of T-pili was not visualized by EM investigation. Futher
characterization of this variant has allowed us to investigate the importance of the T-pilus
filament for T4SS function. Strain CB1005 producing VirB5SP failed to conjugate with
recipient bacteria or to incite tumors on the surface of Kalanchde diagremontiana leaves. If
the T-pilus function is limited to an exclusive role of its tip, then VirB5SP variant should be
partially functional, which was not found to be the case upon conducting two different
functional assays (Fig. 2). In these assays, virB5 deletion strain producing VirB5SN, VirB5C
and VirB5SP variants failed to incite tumors on Kalanchde diagremontiana leaves and did not
mediate donor inter-bacterial conjugation. The VirB5SP variant has incorporated into the
outermost section of the apparatus as indicated by immuno-EM analysis. However and
throughout the translocation process into the cell surface, TEM visualization have not
provided any evidence for T-pilus elongation. This may be attributed to the hypothesis that T-
pilus elongation may initiate at the cell surface. Since VirB5SP was designed to anchor to
outer membrane lipids, this interaction may have likely prevented T-pilus elongation info the
cell exterior. In accord with this hypothesis and if the initiation of the T-pilus elongation
normally takes place anywhere between the inner and outer membranes, this would have been
recorded in the form of the assembly of any -even short pili- which was not found to be the
case. Western blot analysis of high molecular mass structures sheared and sedimented by
ultracentrifugation from all variant-producing strains did not indicate the presence of signals

of the major T-pilus protein, VirB2.

In addition, TEM analysis did not provide evidence for T-pilus assembly on the

surface of CB1005 strain producing the VirB5SN, VirBSC and VirB5SP variants. This
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interpretation also matches with the fact that VirBSN and VirB5C variants anchored to the

inner membrane through their N- or C-terminus did not lead to T-pilus elongation.

In wild-type T-pilus, VirB5 represents the cap that is directly/indirectly linked to the
VirB2 filament. However and in case of VirB5SP, VirB2 was not incorporated into high
molecular mass structures (Fig. 1). We do not anticipate that the minor modification of VirB5
N-terminal sequence of this variant has contributed to such result. This is because of two
reasons: first, the VirB5 leader sequence processing site in this variant identically resembles
that found in VirB7. VirB7 has been previously shown to co-fractionate with T-pilus protein
components regardless of its association with outer membrane lipids. Thus, similar
modification in VirB5 would not likely cause drastic changes in the assigned role or VirB2
incorporation into high molecular mass structures. Second, VirB3SP level of stability in cell
lysates was largely comparable to wild-type VirB5 level of stability (Fig. 1). Thus, it is
unlikely that VirB5SP has undergone a conformational change that may have affected its
stability in cells or prevented VirB2 from integration into the outer leaflet of the bacterial
envelope. VirB2 failure to incorporate into these structures can be explained in the context
that VirB2/VirB5 interaction may take effect directly before the initiation of the T-pilus
elongation at the bacterial cell surface. VirB5SSP was anchored to the outer membrane, leading
to the blockage of T-pilus elongation, the early stages of which may require direct interaction

between VirB2 and VirB3.

In a previous publication, we found that VirB4, the largest T4SS component is
required for VirB2/VirB5 co-fractionation into the T-pilus pre-assembly sub-complex (Yuan,
Carle et al. 2005). Taken together and based on the findings presented here, we hypothesize a
model of T-pilus elongation (Fig. 4). VirB4 is required to mediate VirB2/VirB5 co-migration
into the cell surface. This co-migration hypothesis is suggested based on VirB4 requirement
for VirB2/VirB5 co-fractionation as previously shown by Gel filtration analysis (Yuan, Carle
et al. 2005). However, co-migration or co-fractionation of both proteins does not dictate direct
interaction. VirB3 becomes surface exposed and this has been concluded from previous
studies where VirB5 was labeled by gold grains on both, T-pilus tips as well as on the
bacterial cell surface (Aly and Baron 2007). Upon surface exposure, VirB2 and VirB5 may

initiate a state of direct interaction, followed by T-pilus elongation into the cell exterior where
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VirB5 remains incorporated into T-pilus tips. This condition may subsequently recruit more
units of VirB2 to the base of the T-pilus in a fashion that adds to the T-pilus length from its

base until the elongation process becomes terminated under largely unknown circumstances.

Whereas we understand that this model may be speculative, this study has certainly
advanced our knowledge regarding the importance of the T-pilus filament for T4SS function
and also provided important insights that led to hypothesizing a model of the initial stage of T-
pilus elongation. Future studies will directly address the nature of VirB2/VirB5 interaction
and provide more details regarding the biochemical and biophysical basis of T-pilus

elongation.
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Figure Legends

Fig. 1: Analysis of VirB5 forced membrane localization variants.

(A) Schematic presentation of the designed VirB5 variants. (B) Wild type strain C58, CB1005
(AvirB5) and CB1005 complemented with pTre200 expressing VirB5 membrane localization
variants were grown on AB minimal medium under virulence-inducing (+AS) and non-
inducing (-AS) conditions. IPTG (0.5 mM) was added to induce transcription of pTrc200-
encoded virB3 genes. Samples from subcellular fractions were separated by SDS-PAGE,
followed by Western blot analysis with VirB2- and VirB3-specific antisera. C58 -AS (1), C58
+AS (2), CB1005 (3), and CB1005 carrying pTrc200 (4), pTrcB5 (5), pTreBSN (6), pTrcB5C
(7), pTrcB5SP (8). Arrowhead indicates localization of VirB5SP in extracellular high
molecular mass fraction. Numbers on the right indicate molecular masses of reference

proteins.

Fig. 2: (A) Analysis of tumor formation after wounding and infection of K. diagremontiana
plants. (B) Quantitation of plasmid transfer pLS1 donor activity. Donor strains A348 and
complemented PC1005 carrying pLS1 were co-cultivated with recipient 4. fumefaciens
UIA143 (pTiA6) for three days in the presence of IPTG under virulence gene-inducing
conditions, followed by the quantitation of pLS1-carrying recipients (TC/D = transconjugants
per donor). Error bars indicate standard deviations derived from three independent
experiments.

Fig. 3: Electron microscopic analysis of the focalization of VirB5N, VirB5C and VirB3SSP
on the surface of CB1005 cells. Strains CB1003 carrying pTreB5SN (N), pTreB5C (C) or
pTrcB5SP (SP) were cultivated on AB minimal medium plates at 20°C for three days under
virulence-inducing conditions in the presence of 0.5 mM IPTG. (A) Electron microscopic
analysis of cells by negative staining or immuno-detection with VirB5-specific primary and
10 nm gold-coupled secondary antiserum. Arrows indicate gold grains on the cell surface and
size bars indicate 100 nm. (B) Quantitation of gold grains on the cell surface as compared to
the wild type. The average number of gold grains on 60 cells from three different virulence
induction experiments per strain was determined.

Fig. 4: Model of T-pilus elongation. VirB4 is required to mediate VirB2/VirB5 co-migration
into the cell surface. Upon cell surface exposure, VirB2 and VirB5 may initiate a state of
direct interaction, followed by T-pilus elongation into the cell exterior where VirB5 remains
incorporated on the T-pilus tips. This condition may subsequently recruit more units of VirB2
to the base of the T-pilus in a fashion that adds to the T-pilus length from its base.
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TABLES

Table 1: Oligonucleotide sequences and constructed plasmids

Name/ Sequence* Constructed
restriction plasmid
VirBs- 5°-CCACATGTCGATCATGCAACTTGTTGC- 3’ pTreBS
5*/AfNI
VirB5- 5’-GAAAGTACTCAGGGGACGGCCC-3
3°/Scal
VirB10sN- | 5’-CCACATGTCGCAGGAAAACATTCCGGTGCAGC- 3’ pTreBSN
5° /AT
VirB10sN- | 5’-GCGAATTCATTGCCCCTCATGTGAAACACG- 3’
3*/EcoRl
VirB5N- | 5’-CCGAATTCCAGTTCGTTGTCAGCGATCCG- 3’
5°/EcoRI
VirB5N- | 5’-CCAAGCTTTCAGGGGACGGCCC-3°
3’ /HindIII
VirB5C- | 5’-CCACATGTCGATCATGCAACTTGTTGC- 3° pTreB5C
5°/AfIIITL
VirB5C- | 5’-GGCCTGCAGGGGGACGGCCCCAAAG-3°
3°/Pstl
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VirB10sC- | 57-CACTGCAGAGGATGCACGTGTTGCTCTTTCTCTTTGTC
5°/Pstl GTGGGCTTCAT- 3’

VirB10sC- | 5°-CCAAGCTTAGCGGGTGCGCTTAAACACGAGCAGCCA
3’/HindIll | CAGCAGCAC-3’

VirB5SP- | 5’CCACATGTCGATCATGCAACTTGTTGCTGCGGCCATGGCC | pTreBSSP
5/Aflll | GTCAGCCTTCTTGGGGGGTGCCAGTTCGTTGTCAGCGATCC
GGCGAC-3

VirB3SP- | 5°-CGAAGCTTTCAGGGGACGGCCCCAAAGATGACCGCA
3°/Hindlll | GTCTTTTGATGCTCCTTACGTTGAGCGGCC-3”

*Restriction sites used for cloning are underlined

Table 2;: Summary of results

Variant Stability Pilus Immuno pLS1 Virulence
incorporation EM transfer
VirB5 wt +++ +++ tip +++ -
VirB5N +++ - - - -
VirB5C +++ - - - -
VirB5SP ++ - - - -

Table 3: Analysis of pLS1 transfer from A. tumefaciens donors A348, PC1005 and
complemented derivatives into A. rumefaciens UIA143 pTiA6

Donors Recipient | Donors | TC | TC/donor | TC/donor *SD
pLS1 (x10% (%) (+-)
A348 UIA 48 18900 | 3.93x10™ 100 0

pTiA6

PC1005 UIA 52 300 | 3.7x10° 1.45 0.69

pTrc200 pTiA6

PC1005 UIA 57 16800 | 2.95x10" | 75.06 4.28

pTrcB3 pTiA6

PC1005 UIA 62 100 1.6x10° 0.41 0.04

pTrcB3N pTiA6

PC1005 UIA 65 300 | 4.6x10° 1.17 0.32

pTreB5C pTiA6

PC10053 UlA 57 100 1.7x10° 0.43 0.01

pTrcB5SP pTiAG

* §D = standard deviation from 3 repetitions
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Chapter 8
DISCUSSION

The A. tumefaciens VirB5 protein is required for the assembly of the T-pilus. The T-
pilus is a filamentous structure which extends into the extracellular environment. It is believed
that the T-pilus contributes to bacterial pathogenesis by mediating the initial stages of host cell
contact. The objective of my thesis was to understand the role of VirBS during the T4SS
process. The location of VirB5 in the T-pilus and its role in agrobacterial pathogenesis were
long-standing questions in T4SS research. Previous findings have systematically established
the hypothesis that VirB2 is the major component of the T-pilus and that VirB5 may be a
minor T-pilus protein. This hypothesis lacked direct evidence such as immuno-EM labeling of
both proteins, followed by direct visualization. To this end, I have performed a collection of
experiments to investigate the location of VirB5 in the T-pilus and further study its role in the

virulence of A. tumefaciens.

8.1 VirB5 is exposed on the bacterial surface

We attempted to determine the localization of VirB5 in the T4SS complex from the
plant pathogen 4. tumefaciens. We first artificially forced VirB5 to localize to various
subcellular compartments by implementing a systematic method of VirB5 fusion to an inner
trans-membrane segment from the B. suis VirB10 protein (Chapter 7). Fusion of that domain
to the N- or the C-terminus of VirB5 was followed by detailed analysis of T4SS function.
Inner membrane-bound VirB5 failed to contribute to T-pilus assembly, tumor formation on
plants or inter-bacterial conjugation. We concluded that the location of VirB5 in the T4SS
complex may not be associated with the inner membrane. Next, we attempted to localize
VirB5 to the bacterial outer membrane by modifying its signal sequence processing site
(VirB5SP). In the VirB5SP variant, the signal peptide cleavage site was designed for
recognition by the bacterial signal peptidase I enzyme instead of signal peptidase 1. The
resulting VirB5 variant was likely cleaved by signal peptidase II enzyme which is specializes
in cleaving outer membrane associated lipoproteins (Chapter 7). Whereas this variant served
as an excellent tool to understand the biological significance of the filament portion of the T-
pilus during the T4SS process, it revealed that this form of VirB5, which is forced to localize

to the bacterial surface remains incompetent in terms of its failure to contribute to T-pilus
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assembly or T4SS virulence. We concluded that VirB5 may be very likely associated with the

T-pilus itself and that a T-pilus associated form is required for a functional T4SS.

Our next systematic step was to use an immuno-EM approach to localize VirB5 in the
T-pilus. My results confirmed that VirB5 localizes at the end of broken pili, T-pilus tips as
well as on the bacterial cell surface (Chapter 3). The cell surface associated form of VirB5
may be explained as an early growing T-pilus. These results provide strong evidence which
supports previous hypotheses of VirB5 surface exposure and association with conjugative and

pathogenic pili (Yeo, Yuan et al. 2003) (Schmidt-Eisenlohr, Domke et al. 1999).

8.2 VirB2 is detected along the entire T-pilus length

Immuno-EM analysis confirmed that VirB2 is the major component of the T-pijus.
Gold labeled antibodies detected VirB2 along the entire length of detached T-pili but not on
cell bound ones (Chapter 3). Lack of VirB2 detection by gold lebeled antibodies in cell
bound T-pili represents an interesting finding that might be followed upon in future studies.
One possible explanation is that unlike detached pili, cell-bound pili may be tightly
compressed in a fashion which renders the VirB2 epitope inaccessible. Cryo-EM
reconstruction studies in future should reveal major structure variations between cell-bound T-
pili and detached ones. Nevertheless, this finding provided the first direct documentation of

the appendage composition in any T4SS.

8.3 Possible models of VirB2/VirB5 interaction in the T-pilus

VirB4 is required for VirB2/VirB3 incorporation into the T-pilus pre-assembly sub-
complex (Yuan, Carle et al. 2005). This finding together with the direct evidence of my
immuno-EM results revealing that VirB2 and VirB3 are the major and minor T-pilus proteins,
led to hypothesizing two different models of VirB2/VirB5 incorporation into T-pili. In the
first model (Fig. 1), VirB2-VirB5 interaction is mediated by VirB4 in the bacterial inner
membrane. Several units of VirB2 may interact with one or more units of VirB5 leading to the
assembly of one T-pilus “block”. Many blocks migrate to the bacterial surface where they

interact under certain condition(s) prior to the T-pilus elongation process into the cell exterior.
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Based on this model, the T-pilus must be composed of many of VirB2/VirB5 building blocks.
We do not anticipate this model to represent the most accurate description of the T-pilus
assembly process for two reasons. First, this model implies the presence of large amounts of
VirB5 in pili, which is not in accord with our observations that VirB5 is a minor T-pilus
protein. Second, VirB5 likely plays a role as an adhesin through one of 3 different
alternatives: 1- As an adhesin required for the linkage of T-pilus blocks during the T-pilus
assembly process, 2- As an adhesin required for binding several units of the major T-pilus
component VirB2 and 3- As an adhesin required for the detection of receptors on the host
surface. It is unlikely that VirB5 carries out all these functions, especially due to its relatively
short amino acid sequence number (220 amino acids), simple structure, no reports regarding
its post-translational modification, and due to the absence of domains that belong to any

families of adhesion proteins.

The fact that VirB5 was found to associate with the T-pili suggests its role as an
adhesin likely required for the detection of the recipient during T4SS function. This
hypothesis is in accord with the second possible role of VirB2/VirB3 in T-pilus assembly. In
the second model (Fig. 2), several units of VirB2 may interact with one or more units of
VirB3 leading to the formation of a T-pilus building block. This block migrates to the cell
surface and VirB5 contributes to the process of T-pilus elongation into the extracellular
environment. The T-pilus elongation process recruits more VirB2 subunits to the pilus base
where the elongation process remains constantly activated. The T-pilus elongation process
eventually terminates by an unknown mechanism. Factors contributing to T-pilus elongation
or determining the termination of this process remain largely unknown and consequently, it is
not known if the T-pilus elongation rate becomes significantly lower near the end of the

elongation process.
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Figure 1. First possible model of VirB2/VirB5 interaction. VirB4 mediates VirB2/VirB5
interaction near or at the inner membrane. Upon interaction, VirB2 and VirB5 assemble a T-
pilus building block. Many of these blocks polymerize leading the elongation of a filamentous
T-pilus structure.
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VirB4 mediated
VirB2-VirB5
Interaction?
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Figure 2. Second possible model of VirB2/VirBS5 interaction. VirB4 mediates VirB2/VirB5
interaction near or at the inner membrane. Upon interaction, VirB2 and VirB5 assemble a T-
pilus leading block. Upon reaching the bacterial outer membrane, VirB5 initiates the process
of T-pilus elongation into the extracellular environment followed by recruiting more VirB2
units to the T-pilus base.
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8.4 VirB5 significantly contributes to Agrobacterial pathogenesis

A different area of preliminary research employed a gel overlay assay together with
gradient ammonium sulfate precipitation to detect a VirBJ interaction partmer from A.
tumefaciens. Mass Spectrometry analysis identified that this protein is the frans-zeatin
synthesizing enzyme (Tzs). Research on cytokinins in plants suggests that Tzs is a host range
factor that might be required for infecting specific plant hosts. In accordance with this
hypothesis, some genome sequences such as the sequence of the octopine 4. fumefaciens
strain A348 do not encode #zs genes. However, the nopaline strain C58 encodes #zs on its
genome. Tzs catalyzes the last step of the biosynthesis of the trans-zeatin ribotides inside 4.
tumefaciens. The ribotide products may contribute to pathogenesis by increasing the
efficiency of T-DNA. translocation into plant hosts. Following up on these preliminary
findings (Chapter 4), I found that similar to T4SS induction conditions, Tzs production also
requires the presence of acetosyringone in bacterial minjmal media. This provided a clue that
Tzs function might be linked to that of T4SS. Next, I decided to analyze the possibility that
Tzs can be sedimented together with sheared agrobacterial appendages (Chapter 4). I
unexpectedly detected significant amounts of Tzs in sheared and sedimented T-pili. This
finding switched our focus to the possibility that Tzs might localize to the bacterial surface.
This was an unexpected finding due to the fact that Tzs has been regarded for a long time as a

soluble protein that might exclusively reside in the bacterial cytosol.

Immuno-EM analysis confirmed my previous observations and results revealed that
Tzs localizes on the bacterial surface. Tzs is detected over the entire bacterial surface and may
contribute to bacterial recognition of specific hosts. Whereas virB5 deletion leads to extremely
attenuated Tzs surface exposure, this process likely depends on other T4SS proteins. In case
of virB2 and virB8 deletion mutants, [ also found significant alterations in Tzs surface
exposure. We concluded that whereas VirB5 may be required for the extracellular localization

of Tzs, this process is likely T4SS-dependent.

Blue Native Electrophoresis analysis of Tzs co-fractionation with various membrane
proteins revealed remarkable alterations in the case of virB5 deletion mutant when compared
to the wild-type pattern of association with membrane protein complexes. Taken together, my

results published in that article have enriched our understanding regarding the role of VirB3
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during the T4SS process and that it might be involved in multiple processes other than T-pilus

assembly and/or elongation.

8.5 Recipient assay for the evaluation of B. suis T4SS

B. suis is a mammalian pathogen which employs T4SS for intracellular survival in
mammalian hosts. The tole of T4SS during Brucella virulence was debatable for an extended
period of time. This is because many Gram-negative pathogens carry sets of T4SS in a cryptic
form on their genomes. Some convincing studies have shown that in the absence of T4SS, the
intracellular survival of Brucella species in mammalian hosts is severely attenuated
(Boschiroli, Ouahrani-Bettache et al. 2002). Subsequently, other studies have confirmed that
replacing functional VirB proteins from some pathogens with their orthologs from the
Brucella T4SS did not remarkably affect the intrinsic T4SS function. However, a functional

assay for the Brucella T4SS has been long waited for in T4SS research.

An assay was developed by former students in the Baron laboratory to characterize the
B. suis T4SS function by testing its contribution to recipient competence of plasmid transfer in
A. tumefaciens (Chapter 5). To this end, a recipient A. fumefaciens strain expressing the B.
suis T4SS was incubated with a donor 4. rumefaciens strain expressing wild-type A.
tumefaciens T4SS. 1 found that the recipient strain was partially functional in acquiring an
IncQ plasmid from the donor strain. This finding strengthens the notion that the B. suis T4SS
is not cryptic and that its function can be studied upon expression in heterologous hosts
(Chapter 5). I also found that recipient competence can be maximized when virB2 was
deleted from the B. suis virB operon. One possible interpretation of such a result can be
understood in the context that in the absence of VirB2, a lack of membrane protection allows
conjugative plasmids to translocate from recipient into donor cells in higher efficiency

(Chapter 5).

To test this hypothesis, cells were grown in the presence of a toxic detergent (sodium
lauryl sulphate) (SDS). Growth of agrobacterial cells expressing the B. suis T4SS in low
concentrations of SDS was negatively affected when the virB2 gene product was absent. This

might also explain that many of the essentially structural B. suis VirB proteins are secreted
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into the supernatant. This shows the lack of tight control over the integrity of bacterial

membranes when VirB2 is not produced (Chapter 3).

These data hypothesize that VirB2 spans both bacterial membranes and will open
future area of research by trying to investigate the depth of the T-pilus (VirB2) inside

agrobacterial cells. This is also considered a long-standing question in T4SS research.

8.6 Concluding remarks and outlook

In summary, this thesis provided significant advancement in the area of T-pilus
assembly and the role of VirB5 during the T4SS process. 1 was able to document the
appendage structure for the first time in any T4SS by immuno-EM analysis. The location of
VirB3 in the apparatus has been a long-standing question in the field. By identifying various
locations of VirB5 in the apparatus, 1 have advanced that area of research and possible
applications of my thesis findings are numerous. Aside from the location of VirBS in the
T4SS apparatus, I also found that VirB5 contributes to Agrobacterial pathogenesis by
interacting with the host range factor Tzs. In virB5 deletion mutant CB1005, Tzs integration
into the cell surface was strongly reduced. This finding may provide an explanation behind the
avirulence of the T4SS virB deletion mutants, since factors other than the VirB system and its

effectors might be involved in bacterial pathogenesis.
Taken together, my research achievements have hopefully met with the expectations

from a Ph.D. student. Novel results introduced in my thesis will hopefully inspire future

Graduate students to continue the path of critical thinking to follow upon these findings.
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