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Abstract

The Agrobacterium tumefaciens VirB/D4 type IV secretion system (T4SS) translocates DNA and
protein substrates across the bacterial cell envelope. Six presumptive channel subunits of this
T4SS (VirD4, VirB11, VirB6, VirB8, VirB2, and VirB9) form close contacts with the VirD2-T-
strand transfer intermediate during export, as shown recently by a novel transfer DNA
immunoprecipitation (TrIP) assay. Here, we characterize the contribution of the hydrophobic
channel component VirB6 to substrate translocation. Results of reporter protein fusion and
cysteine accessibility studies support a model for VirB6 as a polytopic membrane protein with a
periplasmic N terminus, five transmembrane segments, and a cytoplasmic C terminus. TrIP studies
aimed at characterizing the effects of VirB6 insertion and deletion mutations on substrate
translocation identified several VirB6 functional domains: (i) a central region composed of a large
periplasmic loop (P2) (residues 84 to 165) mediates the interaction of VirB6 with the exiting T-
strand; (ii) a multi-membrane-spanning region carboxyl-terminal to loop P2 (residues 165 to 245)
is required for substrate transfer from VirB6 to the bitopic membrane subunit VirB8; and (iii) the
two terminal regions (residues 1 to 64 and 245 to 290) are required for substrate transfer to the
periplasmic and outer membrane-associated VirB2 and VirB9 subunits. Our findings support a
model whereby the periplasmic loop P2 comprises a portion of the secretion channel and distinct
domains of VirB6 participate in channel subunit interactions required for substrate passage to the
cell exterior.
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Introduction

The type 1V secretion systems (T4SS) translocate DNA and proteins across the cell
envelopes of bacteria.l One large T4SS subfamily, the conjugation systems, deliver DNA
substrates to target cells by a mechanism dependent on formation of a mating junction
between donor and recipient cells.2 Conjugal DNA transfer is achieved through the
coordinated actions of three distinct protein subcomplexes. First, the DNA transfer and
replication (Dtr) proteins initiate transfer by binding at the origin-of-transfer (oriT) sequence
of a mobile DNA element, forming the relaxosome. The catalytic subunit of the relaxosome,
the relaxase, nicks the strand destined for transfer (T-strand) and then remains covalently
bound to the 5 end of the T-strand, generating the relaxase-T-strand transfer intermediate.*
Next, a homomultimer of an integral membrane ATP-binding protein termed the coupling
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protein (T4CP) recruits the DNA substrate to the secretory apparatus, probably through
recognition of C-terminal secretion signals carried by the relaxase and other relaxosome
subunits.58 Finally, the TACP functions together with a trans-envelope secretion channel
composed of the mating pair formation (Mpf) proteins to deliver the DNA transfer
intermediate to the cell exterior.? The processing and recruitment reactions are
biochemically well characterized for several conjugation systems, and recent structure—
function studies have been aided by available crystal structures for the TrwC19:11 and
Tral12.13 relaxases of plasmids R388 and F, respectively, and TrwB T4CP14 of plasmid
R388. Until recently, however, there has been very little understanding of the secretion
channel architecture or mechanism of action.

The Agrobacterium tumefaciens VirB/D4 T4SS is an archetypal conjugation system used for
delivery of oncogenic transfer DNA (T-DNA) and effector proteins to susceptible plant
cells.1 In A. tumefaciens, the VirD2 relaxase and auxiliary Dtr proteins initiate T-DNA
processing by binding the oriT-like T-DNA border repeat sequences. The VirD2-T-strand
transfer intermediate, released from the tumor-inducing (Ti) plasmid, is recruited by the
VirD4 T4CP to the VirB/D4 T4SS.16 To define the route by which the VirD2-T-strand exits
the cell, we recently developed a three-stage in vivo formaldehyde crosslinking/
immunoprecipitation/PCR amplification assay, termed transfer DNA immunoprecipitation
(TrIP). This assay identifies close contacts between a translocating DNA substrate and
channel subunits of the secretory apparatus.1® Results of TrIP studies of wild-type and T4SS
mutant strains showed that the VirD2-T-strand exits the cell via the following temporal
pathway: (i) the VirD4 T4CP recruits the DNA substrate to the T4SS; (ii) the T4CP delivers
the substrate to the VirB11 homohexameric ATPasel’ situated at the cytoplasmic face of the
inner membrane;18 (iii) VirB11 mediates substrate transfer to the integral inner membrane
channel components VirB6 and VirB8; and (iii) these inner membrane proteins deliver the
substrate to the channel components VirB2 and VirB9 localized in the periplasm and outer
membrane. The remaining VirB proteins do not form close contacts with the DNA substrate,
but nevertheless are required for substrate passage and thus likely function as structural
scaffolds or modulators of channel activity.16

These findings now permit detailed structure—function studies to better understand how each
of the secretory components contributes to substrate transfer. In the present study, we
characterized the contribution of the VirB6 channel subunit to substrate transfer. VirB6 is
highly hydrophobic and predicted by several different computer methods to span the inner
membrane multiple times (Figure 1(A)). We applied a combination of reporter protein
fusion and cysteine accessibility approaches to develop a topology model for VirB6. Next,
we characterized the effects of insertion and deletion mutations on the capacity of VirB6 to
form close contacts with the T-DNA substrate and to deliver the substrate to other
presumptive channel subunits, as monitored with the TrIP assay. Our results define a
temporal order for formation of substrate close contacts with the VirB6 and VirB8 inner
membrane channel subunits. Furthermore, we show that an extracytoplasmic domain
mediates the interaction of VirB6 with the DNA substrate, whereas domains elsewhere in
the protein mediate substrate passage from VirB6 through the portion of the secretion
channel projecting through the periplasm to the cell exterior.

VirB6 topology mapping by fusion to reporter proteins

Recent studies indicate that the topology of a membrane protein can be predicted reliably
when several topology prediction methods show a consensus.® Five widely used methods
predicted five transmembrane segments (TMS) for VirB6, although several of these methods
also predicted one or more additional TMS (Figure 1(A)). We tested these predictions, first
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by fusing VirB6 N-terminal fragments to periplasmically active alkaline phosphatase
(PhoA) or cytoplasmically-active B-galactosidase (8-Gal).2% As shown in Figure 1(B), A.
tumefaciens strains producing complementary sets of fusion proteins displayed a fairly
consistent pattern of reporter protein activities. For example, strains producing fusion
proteins with junction sites between residues 85 and 146, and 235 and 238 exhibited
intermediate to high PhoA and low B-Gal activities, suggestive of a periplasmic location of
the junction sites. Conversely, strains producing fusion proteins with junction sites between
29 and 70, 167 and 201, and 260 and 290 displayed high f-Gal and low PhoA activities,
suggestive of a cytoplasmic location. Strains producing chimeric proteins with PhoA or -
Gal fused at codon 150 displayed intermediate reporter protein activities, preventing a
conclusion regarding the subcellular location of this junction site. All fusion proteins except
for VirB6-p-Gal derivatives with junction sites at putative periplasmic residues 85, 229, and
235 accumulated at comparable levels suggestive of stable protein production (Figure 1(C)).

Results of these reporter protein fusion studies provide support for four of the predicted
TMS, two oriented in-to-out (i-0) across the membrane spanning residues 63 to 83 and 201
to 221, and two oriented out-to-in (o-i) most probably spanning residues 167 to 187 and 224
to 244 (Figure 1(A)). The data do not firmly establish the locations of the two o-i TMS,
possibly because both are located in regions of long, contiguous stretches of hydrophobicity.
Insertion of a reporter protein within such stretches might result in a non-native topology
and, consequently, aberrant reporter protein activity. However, below we supply additional
evidence for these four TMS assignments, plus one more TMS that spans residues 34 to 55.

A cytoplasmic C terminus and localization to the cell poles

The accuracy of membrane prediction methods increases further when experimental data are
available about the location of the C terminus of a protein.2122 The above findings suggest
that the C terminus of VirB6 is located in the cytoplasm. We also fused the full-length
protein to another cytoplasmic marker, the green fluorescent protein (GFP). GFP-tagged
cytoplasmic proteins or domains generally are stable and fluorescent, whereas the
corresponding fusions to periplasmic proteins or domains generally are unstable and non-
fluorescent.22 The A. tumefaciens cells were highly fluorescent as shown by microscopy
(Figure 2(A)), and synthesized a stable form of VirB6-GFP, as shown by immunostaining
(Figure 2(B)), providing further support for a cytoplasmic C terminus.

Very intriguingly, the VirB6-GFP producing cells displayed fluorescence at the poles,
whereas, cells producing only GFP were uniformly fluorescent (Figure 2(A)). Other studies
have shown that the virB-encoded T pilus?® and the VirD4 T4CP24 are polar localized and,
further, the VirD4 T4CP recruits the VirE2 protein substrate to the poles.2> These
observations support a general model that the VirB/D4 T4SS assembles at the A.
tumefaciens cell poles. To test whether VirB6 localization is dependent on synthesis of a
TA4SS subunit or another product of the Ti plasmid, we examined the fluorescence pattern of
strain KA1000(pSJB6GFP), a Ti-plasmidless strain engineered to express Py;g-virB6-GFP
upon induction with acetosyringone (AS) (see Materials and Methods). This strain produced
a stable form of VirB6-GFP (Figure 2(B)) and displayed polar fluorescence (Figure 2(A)),
suggesting that VirB6 targeting to the poles is mediated through contacts with
chromosomally encoded factors. VirB6 polar localization might therefore represent an early
and possible nucleating event in the VirB/D4 T4SS biogenesis pathway.

Topology mapping by cysteine accessibility

To further evaluate the topology of active forms of full-length VirB6, we assayed for
accessibility in whole cells of single Cys residues introduced along the length of VirB6 to
sulfhydryl reagents.26 Alleles for the ten Cys substitution mutant proteins under study fully
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complemented a virB6 null mutation in T-DNA transfer assays (data not shown) and
accumulated at wild-type levels (Figure 3(A)), indicating that the Cys mutations did not
grossly perturb the structure of VirB6 or contacts with other machine subunits. Whole cells
were treated with 3-(N-maleimidylpropionyl) biocytin (MPB; a biotinylated sulfhydryl-
specific maleimide probe), which passes readily through the pores of the outer membrane
but only inefficiently through the inner membrane.2”-28 Additionally, to verify that the
MPB-labeled cysteine residues were exposed to the outer surface of the inner membrane,
whole cells were pretreated with 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid
(AMS; a highly hydrophilic non-biotinylated maleimide derivative) to block such residues
prior to treatment with MBP.2? Initial studies showed that conditions described previously
concerning the level of MBP and incubation temperature,3° labeled the periplasmic proteins
VirB103! and PhoA,32 but not cytoplasmic p-Gal (data not shown). Finally, to assay for
solvent-accessibility of the introduced Cys residues, we assayed for labeling upon treatment
of vesicles with MPB (see Materials and Methods).

The computer algorithms predict that the unique Cys residue of native VirB6 at residue 42 is
buried in a TMS (Figure 1(A)). However, the reporter protein fusion studies were
inconclusive in providing evidence for this TMS (Figure 1(B)), possibly due to disruption of
the N-terminal transmembrane topology accompanying fusions at residues 29 through 70.
Treatments of whole cells or of vesicles with MPB, even at a high concentration (1 mM),
failed to label Cys42 (Figure 3(B), first lane), supporting a prediction that this residue is
sequestered in the lipid bilayer. To further evaluate whether an o-i TMS spans residues 33 to
54, we assayed for MPB accessibility of two Cys substitution mutations, 112C and D25C, in
whole cells. As shown in Figure 3(B), both Cys residues were biotinylated and, further,
biotinylation was completely blocked by pre-treatment with AMS. These findings place the
N terminus of VirB6 in the periplasm and support the assignment of TMS1 as spanning
residues 33 to 54; we designate the periplasmic N terminus as segment P1 in the proposed
VirB6 topology model (Figure 4). Treatment of vesicles with MPB labeled the D25C
substitution but not 112C (Figure 3(B)). However, this latter residue is located in a
hydrophobic segment predicted by two computer algorithms to span the membrane (Figure
1(A)). The labeling of 112C upon treatment of whole cells with MPB argues against this
prediction, and thus it seems more likely that 112C is sequestered in a solvent-inaccessible
secondary structure that forms during preparation of A. tumefaciens vesicles.

Eight other Cys substitution mutations displayed MPB accessibility patterns that were
consistent with results of the reporter protein fusion studies. Two substitution mutations,
Q116C and S133C, located in the central hydrophilic region and a more C-terminal
substitution, T224C, were biotinylated upon treatment of whole cells with MPB and labeling
was blocked completely by pretreatment with AMS (Figure 3(B)). Both the reporter protein
fusion and Cys accessibility data therefore support the assignments of periplasmic loops P2
and P3 in the topology model (Figure 4). Other substitution mutations were not labeled upon
treatment of whole cells, suggestive of cytoplasmic locations. Three of these Cys
substitutions were clearly solvent-accessible, as shown by abundant labeling upon treatment
of vesicles with MPB (Figure 3(B)). These were R62C and T66C in the proposed
cytoplasmic loop C1, and L263C in the C-terminal cytoplasmic segment C3 (Figure 4). Two
other substitutions (D188C, Q291C) were less accessible to MPB upon treatment of
vesicles; labeling was detectable only with a high concentration (1 mM) of MPB. The low
level of accessibility of D188C located at the beginning of cytoplasmic loop C2 might be
due to shielding by TMS3, which spans residues 166 to 187 (Figures 3 and 4). Additionally,
the C terminus of VirB6 might adopt a secondary structure that buries Q291C. Regardless,
results of the reporter protein fusion studies strongly support a proposal that the C terminus
of VirB6 is in the cytoplasm (Figure 4).
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Substrate transfer blocks imposed by VirB6 insertion mutations

With the TrIP assay, we showed that null mutations of virB6 and virB8 did not affect in vivo
formaldehyde crosslinking of the T-strand substrate to the VirD4 T4CP or the VirB11
ATPase. However, the virB6 mutation blocked formation of the substrate—VirB8 crosslink,
the virB8 mutation blocked formation of the substrate—VirB6 crosslink, and both mutations
blocked formation of substrate contacts with VirB2 and VirB9. On the basis of these
findings, we postulated that VirB6 and VirB8 function coordinately to mediate substrate
transfer from VirD4 and VirB11 located at the cytoplasmic face of the inner membrane to
the periplasmic and outer membrane-associated channel subunits VirB2 and VirB9.16 To
further define the contribution of VirB6 to the dynamics of substrate transfer through the
VirB/D4 T4SS, we characterized the effects of insertion and deletion mutations on steps of
the postulated translocation pathway, beginning with substrate transfer from VirB11 to
VirB6.

We first investigated the effects of synthesizing a set of VirB6 insertion mutants on the
translocation pathway. We have reported that strains producing each of nine mutant proteins
bearing a four-residue (i4) insertion fail to deliver the T-strand to plant cells, whereas a
strain producing the A290.i4 mutant protein displays essentially wild-type function.33 As
expected, this latter strain also formed a wild-type pattern of T-strand close contacts with
VirD4 and the VirB channel subunits, as monitored by TrIP (Figure 5(B)). Also as expected,
strains producing each of the nine remaining i4 mutant proteins, or producing one of five i31
mutant derivatives generated by transposon mutagenesis displayed substrate transfer blocks.
All i4 and i31 mutant proteins accumulated at comparable levels (data not shown),33
suggesting that the transfer blocks cannot be attributed to destabilizing effects of the
mutations.

Remarkably, strains producing mutant proteins with insertions mapping within potential
VirB6 subdomains showed substrate transfer blocks at distinct steps of the translocation
pathway. For example, mutations located within the central periplasmic loop P2 (Q85.i4,
T124.i4, Q150.i4, Q150.i31) did not affect substrate recruitment by VirD4 or transfer to
VirB11, but instead arrested transfer from VirB11 to VirB6 and, as expected, the remaining
channel subunits (Figure 5(B)). These mutations, designated as class | mutations, were
located at various positions throughout loop P2 (Figure 5(A)), suggesting that this entire
loop might form a secondary structure required for the interaction of VirB6 with substrate
during translocation.

Additional mutations arrested substrate transfer following formation of the VirB6 close
contact. For example, strains producing mutations designated as class Il (L175.i4, L201.i4,
M229.i31, T234.i31, F235.i4) failed to deliver the T-strand to VirB8, VirB2, and VirB9
(Figure 5(B)). Thus, while VirB6 and VirB8 probably function coordinately to direct
substrate transfer across the inner membrane,16 the identification of class Il mutations
defines a temporal order to substrate contacts with these inner membrane channel
components; the T-strand interacts first with VirB6, then with VirB8. The class Il mutations
mapped to a region adjacent to loop P2, whose predicted topology encompasses TMS3 to
TMS5, inclusive of the intervening loops C2 and P3 (Figure 5(A)).

Mutations designated as class 111 did not affect substrate transfer from VirD4 through VirB8,
but blocked formation of substrate close contacts with VirB2 and VirB9 (Figure 5(B)).
Interestingly, the class 111 mutations mapped to the two terminal regions of VirB6. Four
mutations (E29.i4, T44.i31, 153.i31, and D60.i4) mapped to the N-terminal periplasmic
segment P1, TMS1, and the small cytoplasmic loop C1. One mutation (1260.i4) mapped
within the cytoplasmic C terminus. As noted above, the L290.i4 mutation near the C
terminus of VirB6 did not affect substrate translocation.

J Mol Biol. Author manuscript; available in PMC 2014 February 08.
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Domains mediating substrate transfer identified by deletion mapping

The above studies suggest VirB6 can be dissected into four functional domains: (i) a central
periplasmic region (loop P2) necessary for formation of a close contact with the VirD2-T-
strand; (ii) an adjacent multi-membrane-spanning region (TMS3 through TMS5) required
for substrate transfer from VirB6 to VirB8; and (iii) two terminal regions (segment P1,
TMS1, loop C1; segment C3; Figure 4) required for substrate transfer from VirB8 to VirB2
and VirB9. To gain further evidence for the functional importance of these domains and to
better define the boundaries, we characterized the effects of various deletion mutations on
substrate transfer.

As shown in Figure 6, only the deletions extending into loop P2 abolished formation of
substrate close contacts with VirB6. In fact, one deletion mutant (A1-85) is missing TMS2
and only one or two residues of loop P2, whereas a second (A158-295) is missing TMS3 and
only about seven residues of loop P2. These findings suggest that, in addition to loop P2, the
TMS flanking loop P2 contribute to formation of the VirB6—substrate contact. However,
note that one deletion mutant (A160-221) is missing about five residues of loop P2 and
TMS3, yet still formed a substrate close contact (Figure 6(B)). Interestingly, this mutant
protein is also missing loop C2 and TMS4, such that TMS5 might functionally substitute for
TMS3 (Figure 6(B); see Figure 4). If this is the case, the precise sequence composition of
the flanking TMS might not be important for substrate transfer to VirB6, only that two TMS
flank periplasmic loop P2; conceivably, these TMS function mainly to tether loop P2 to the
membrane. Consistent with such a proposal, the L175.i4 mutation in TMS3 does not affect
formation of the VirB6-T-strand close contact (Figure 5). We attempted to test whether a
fragment of VirB6 spanning only residues 55 to 195 interacts with substrate by TrIP, but this
fragment was unstable (data not shown). Thus, further studies are needed to ascertain
whether the loop P2 domain with its flanking TMS is sufficient for substrate transfer from
VirB11 to VirBeé.

Deletions projecting into the multi-membrane-spanning region between residues 166 to 245
abolished substrate transfer from VirB6 to VirB8 (Figure 6(B)). These findings are
compatible with TrIP studies of the insertion mutants, pointing to the importance of this
region for this transfer step. By contrast, the A261-290 mutation, as with the 1260.i4
mutation, did not affect substrate transfer from VirB6 to VirB8, providing further evidence
that the cytoplasmic C terminus of VirB6 does not contribute to this transfer step.

Finally, deletions of N-terminal (A1-30, A30-60) or C-terminal (A261-290) residues did not
affect substrate transfer from VirD4 through VirB8, but abolished transfer to VirB2 and
VirB9 (Figure 6(B)). These findings show that N and C-terminal residues are completely
dispensable for substrate trafficking to and across the inner membrane. Interestingly, these
termini are located on opposite faces of the inner membrane (Figure 4), yet both appear to
mediate the delivery of substrate through a periplasmic portion of the secretion channel.

Discussion

Members of the VirB6 protein family are essential channel subunits of many type 1V
secretion systems of Gram-negative bacteria.l Over 75 VirB6-like proteins have been
identified, all of which are known or postulated components of T4SS.2:34 Despite overall
low sequence similarities, VirB6-like proteins are highly hydrophobic with multiple
predicted membrane-spanning segments.2-34 Previous studies showed that several VirB
proteins are rapidly degraded in virB6 null mutants, implicating VirB6 as important for
assembly of a stable secretory apparatus.33:35:36 With the TrIP assay (this work),16 we now
have shown unequivocally that VirB6 participates directly in substrate trafficking. The
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contribution of VirB6 to machine biogenesis and to substrate transfer underscore the
importance of detailed topology and structure—function studies of this T4SS subunit.

A VirB6 topology model

Five algorithms showed a consensus in predicting five TMS and a large central periplasmic
loop, although nearly all methods also predicted additional TMS (Figure 1(A)). Results of
reporter protein fusion and Cys accessibility studies support the predictions for four of the
consensus TMS (TMS 1 to 4), but suggest that TMS5 is located between residues 224 and
244 as opposed to residues 250 to 275. The data favoring this TMS5 assignment include (i)
high B-Gal and low PhoA activities of strains producing reporter protein fusions with
junctions at residue 260; these activities are more consistent with a TMS spanning residues
224 to 244 (Figure 1), and (ii) labeling of the L263C substitution mutation upon treatment of
vesicles with MPB, suggesting that this residue is not buried in the lipid bilayer (Figure 3).

In concert with the predictions by most algorithms for additional TMS, there was no
consensus regarding the cellular locations of the termini of VirB6. At this point, we cannot
completely exclude the possibility of additional TMS. However, our data strongly support
assignments of the N terminus to the periplasm and the C terminus to the cytoplasm. Such a
topology dictates that VirB6 possesses an odd number of TMS, and it is unlikely our studies
have missed two TMS. Additionally, we note that the model depicted in Figure 4 fits very
well with an average hydropathy profile of 14 VirB6 close homologs developed in a recent
phylogenetic analysis.3# All five peaks of hydrophobicity identified in that analysis align
very well with the five experimentally confirmed TMS, whereas central and C-terminal
stretches of hydrophilic residues correspond to the periplasmic loop P2 and the cytoplasmic
C terminus. Finally, our findings are compatible with results of an early PhoA fusion study
that assigned residues 103, 113, and 138 to the periplasm; these residues are within the
domain here designated as loop P2.37 Our topology model is the first for a polytopic channel
subunit of a type IV secretion system. As with all early models, we acknowledge that further
studies will probably refine the model and might supply information about contributions of
other T4SS to the overall VirB6 architecture or possible structural changes accompanying
substrate translocation.

Structure—function relationships

On the basis of the topology model, one can envision several possible VirB6 domains, five
TMS that might form an inner membrane channel as well as several extramembranous loops
that might form specific contacts with other T4SS subunits required for machine assembly
and function. To characterize the domain structure of VirB6, we used the recently described
TrlIP assay to monitor effects of insertion and deletion mutations on substrate transfer across
the cell envelope. As mentioned above, this assay is based on formation of in vivo
formaldehyde crosslinks between channel subunits and the DNA substrate, most probably as
the substrate threads through the secretion channel.18 Remarkably, we discovered that
insertions or deletions within a given region of VirB6 exerted similar effects on the
formation of close contacts between channel subunits and the translocating VirD2-T-strand.
Although boundaries are not defined precisely, our findings support the assignments of four
functional domains, one that mediates formation of substrate contacts with VirB6, a second
mediating substrate transfer to the bitopic channel subunit VirB8, and two required for
substrate transfer to the periplasmic/OM-associated channel subunits VirB2 and VirB9
(Figures 5 and 6).

All mutations within or projecting into loop P2 abolished formation of the VirB6 interaction

with the T-strand substrate. The insertion mutations affecting T-strand transfer to VirB6
were at various positions of loop P2, suggesting that this region might adopt a specific
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secondary structure required for the substrate interaction. The TMS flanking loop P2 are
necessary for formation of VirB6 close substrate contacts. However, the finding that the
L175.i4 mutation does not abolish the VirB6-T-strand contact, coupled with evidence that
TMS5 can functionally substitute for TMS3, suggests that the presence of these TMS but not
their precise sequence compositions contribute to the substrate contact. These TMS might be
important for the structural integrity of loop P2, although a more direct role in formation of
an inner membrane channel cannot be excluded. Below, we present possible structures for
loop P2 and its flanking TMS in the context of two mechanistic models. One depicts VirB6
as a channel subunit required for substrate passage across the inner membrane, whereas the
second depicts the dominant structure of importance as a “vestibule” in the periplasm that
corresponds to the substrate docking and entry point into the secretion channel in the
periplasm.

In agreement with the present findings, i4 mutations in loop P2 abolish T-strand delivery to
plant cells. Interestingly, however, strains producing the Q150.i4 (class I; Figure 5) as well
as the L201.i4 (class 1) mutant proteins are still capable of mobilizing transfer of the VirE2
effector protein to plant cells as well as the IncQ plasmid to agro-bacterial recipients.33 We
suggested previously that these mutations might unveil a substrate discrimination
mechanism. However, it is possible that these are partial function mutations in which case
the apparent substrate discrimination phenotype might actually reflect differences in
detection thresholds of assays used to monitor substrate transfer. A closer examination of the
latter possibility was afforded with a quantitative version of the TrIP assay.16 With this
assay, as expected, most strains producing VirB6.i4 mutant proteins displayed complete T-
strand transfer arrest at the step of the pathway identified with the non-quantitative assay
(Figure 5); in each of these cases, the amount of T-strand associated with channel subunits
positioned downstream of the transfer arrest point was <0.5% of that associated with
upstream channel subunits. The notable exceptions were the two strains producing the
Q150.i4 and L201.i4 mutations, whereby the relative amounts of T-strand bound to VirB6,
VirB8, VirB2 and VirB9 approximated 10% of levels found associated with VirD4 and
VirB11 (data not shown). We conclude that the Q150.i4 and L201.i4 mutations indeed are
partial function mutations that permit low-level transfer of all substrates, including the T-
strand, through the secretion channel. These findings illustrate the robustness of the TrIP
assay for monitoring substrate transfer, as well as the exquisite sensitivity of the quantitative
assay for defining the magnitude of the effect a transfer arrest mutation exerts on substrate
passage.

The identification of the class Il mutations, those arresting substrate transfer from VirB6 to
VirB8, establishes a temporal order to the translocation pathway that could not be detected
by TrIP studies of the non-polar virB null mutations. The VirB6 domain responsible for this
transfer step is next to loop P2 and consists minimally of three TMS and intervening loops.
This transmembrane configuration, coupled with the bitopic topology of VirB8, suggests a
model whereby the TMS of both proteins interact to form the secretion channel. Curiously,
however, efforts to identify such a VirB6-VirB8 complex have been unsuccessful by use of
IP or GST-pulldown assays33 or a yeast two-hybrid screen.38 The absence of a dihybrid
interaction in yeast is not surprising in view of the overall hydrophobic character of VirBé.
Moreover, the detergent treatments used to date, e.g. Triton X-100, dodecylmaltoside, and
octylglucoside,33 for isolating membrane protein complexes from A. tumefaciens cells might
have dissociated a VirB6-VirB8 complex. VirB6 might interact weakly with VirB8 or only
upon substrate engagement. Regardless of the reasons, the results of the TrIP studies supply
compelling evidence that VirB6 and VirB8 subunits interact functionally to mediate
substrate transfer and, furthermore, the VirD2-T-strand complex forms a close contact first
with VirB6 then with VirB8 in the export pathway.

J Mol Biol. Author manuscript; available in PMC 2014 February 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jakubowski et al.

Page 9

There is accumulating evidence that VirB6 and VirB8 contribute to the biogenesis of this
T4SS. VirB8 interactions with VirB9 and VirB10 were suggested with the yeast two-hybrid
screen.38:39 Additionally, VirB8 production appears to nucleate assembly of a VirB8, VirB9,
VirB10 complex in A. tumefaciens.#% VirB8 was shown to interact with the VirB1 putative
transglycosylase.38 VirB8 might therefore contribute to machine biogenesis, first, by
recruiting the transglycosylase to punch holes in the peptidoglycan, then by recruiting the
structural subunits VirB9 and VirB10 to the site of assembly.38 Adding to this biogenesis
pathway, we showed here that VirB6 localizes to the cell poles (Figure 2(A)), the probable
site for assembly of the virB/virD4-encoded secretion channel and T pilus.23-2541 VirB6
localization was independent of other channel subunits, suggesting that VirB6 positioning at
the cell poles represents a very early step in this assembly pathway. VirB6 and VirB8 thus
appear to coordinate their activities at two stages; during early machine biogenesis as polar
positioning/nucleation factors, and later in a functional secretory apparatus for conveying
substrate from VirD4 and VirB11 to the VirB2 and VirB9 channel subunits. Our recent
studies of VirB10 (to be reported elsewhere) further suggest that this bitopic membrane
protein plays an important role in biogenesis of this secretion system as a TonB-like energy
coupler by sensing ATP-binding or hydrolysis activities of VirD4 and VirB11 and, in turn,
forming a stable bridge between inner and outer membrane subcomplexes of the secretory
apparatus.

Intact VirB6 termini were required for substrate transfer to VirB2 and VirB9 (Figures 5 and
6). These termini reside on opposite faces of the inner membrane (Figure 4), whereas VirB2
and VirB9 localize predominantly in the periplasm and outer membrane.*2-4% The terminal
domains might exert their effects on substrate transfer to these channel subunits through
direct or indirect partner protein interactions. In support of direct protein—protein contacts,
we have immunoprecipitated presumptive complexes of VirB6, VirB7, and VirB9 from
extracts of wild-type cells as well as a strain producing only VirB6 through VirB10 among
the VirB proteins.33 Of further interest, we showed that the synthesis of several VirB6.i4
mutant proteins is correlated with altered migration of higher-order VirB7 and VirB9
complexes in non-reducing protein gels.33 Mutants with i4 insertions in the terminal
domains (E29.i4 and D60.i4; 1260.i4 and A290.i4) induced formation of a similar pattern of
VirB9 higher-order complexes, whereas mutants with insertions elsewhere in the protein
induced a different pattern of VirB9 complexes.33 How these i4 mutations affect VirB9
oligomerization is unknown, but the combination of our earlier findings and the present TrIP
studies suggest that the VirB6 terminal domains probably form subunit contacts required for
machine assembly at the inner membrane—periplasm interface.

Channel subunit versus substrate entry portal?

A central outstanding question is how the VirD2-T-strand crosses the inner membrane. We
envision two models to describe this process (Figure 7). According to the channel model,
VirB6, VirB8 and perhaps other integral membrane VirB proteins form the translocation
channel. Thus, VirD4 T4CP recruits the substrate and delivers it to VirB11; in turn, VirB11
utilizes the energy of ATP hydrolysis to “pump” the substrate through the channel. A
contribution of VirB6 to channel formation is compatible with a demonstrated requirement
for DNA transfer to the periplasmic proteins VirB2 and VirB9 (this study),16 a VirB6
stabilizing effect on other VirB proteins in vivo33:3%:36 and the identification of higher-order
complexes composed of VirB6 and other VirB proteins.3346 Such an activity is reminiscent
of known or postulated roles of polytopic subunits of dedicated protein translocation
pathways in bacteria as well as eukaryotic cells.#7:48

Curiously, however, our TrIP studies identified loop P2 and not the TMS or cytoplasmic
loops as necessary for the VirB6-substrate close contact. Loop P2 might thus form part of
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the channel architecture, embedding into the channel either stably or dynamically as a
function of substrate transfer. Such a mechanism is reminiscent of the periplasmic loop of
SecG, which is thought to invert across the membrane during SecA-mediated translocation
via the general secretory pathway.*? Alternatively, it is noteworthy that loop P2 possesses
one or more segments of contiguous hydrophobicity (95 to 115 by TopPredil; 144 to 164 by
TopPredll, MEMSATII, PHDhtm) (Figure 1(A)). Our experimental findings do not support
the TMS predictions, but these residues might still align with the membrane to coordinate
substrate passage through the channel. By analogy, the second periplasmic loop of TatC
possesses contiguous hydrophobic segments that do not span the inner membrane, and it is
postulated that these residues align with the membrane in order to facilitate the transfer of
folded proteins by a pushing or pulling mechanism.>°

The alternative vestibule model postulates that the bulk of VirB6 functions as a structural
scaffold, establishing subunit—subunit contacts to build the T4SS, and that only loop P2
participates directly in DNA transfer (Figure 7). In this model, the substrate is recruited to
the T4SS by the VirD4 T4CP and delivered to the VirB11 chaperone for ATP-dependent
unfolding of the VirD2 relaxase. VirB11 then delivers the translocation-competent VirD2-T-
strand back to the T4CP translocase for substrate transfer across the inner membrane. At the
periplasmic face of the inner membrane, the substrate gains access to the virB-encoded
secretion channel through a vestibule formed by loop P2 of VirB6.

This model is compatible with the finding that loop P2, but not other regions of VirB6, is
required for the substrate contact. Additionally, recent genetic, structural and biochemical
findings strongly support a proposal that TACPs function as translocases. For example,
TrwB (R388) T4CP adopts a three-dimensional ball-stem structure, with the stem
protruding across the inner membrane, reminiscent of F1-ATPase.?! The central cavity of
the hexamer is ~20 A in diameter, large enough to accommodate DNA and unfolded
polypeptide substrates. T4CPs also have been shown to bind DNA and ATP,%52:53 and these
proteins exhibit sequence similarities with two known DNA translocases, Bacillus subtilis
sporulation protein SpollIE and Escherichia coli cell division protein FtsK.14:>4 Finally, this
model might explain why small amounts of VirD2 relaxase and the VirE2 protein substrate
were detected in the periplasmic fraction recovered by osmotic shock.>® Following
translocation, the substrate could gain temporary access to the periplasm before entering the
VirB6 portal.

In summary, VirB6 is an inner membrane component of the VirB/D4 T4SS with five
experimentally-validated TMS and four functional domains. The central periplasmic loop P2
is required for the VirB6—substrate interaction, and might function as a domain of the inner
membrane channel or a vestibule for substrate entry in the periplasm. An adjacent multi-
membrane-spanning domain mediates substrate transfer to bitopic VirB8, and the two
terminal domains residing on opposite faces of the membrane stimulate transfer from VirB8
to the periplasmic/OM-associated channel subunits VirB2 and VirB9. Further structure—
function studies of these domains will generate a detailed mechanistic understanding of how
this fascinating polytopic protein coordinates passage of a DNA substrate at several steps of
a temporally ordered export pathway.

Materials and Methods

Bacterial strains and growth conditions

A. tumefaciens strain A348 served as the wild-type strain, the isogenic derivative PC1006 is
a non-polar virB6 null mutant and strain A136 lacks the Ti plasmid.3® Strain KA1000 is

strain A136 expressing the two-component regulatory system virA/NirG on an IncP plasmid,;
the construction of this strain will be described elsewhere. Plasmids used in these studies are
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described below. The conditions and media for growth of A. tumefaciensand E. coli and for
vir gene induction with 200 ;1M acetosyringone (AS) have been described.33 Plasmids were
maintained in A. tumefaciens and E. coli by addition of carbenicillin (100 pg/ml) or
kanamycin (100 pg/ml).

Constructs for topology studies with reporter proteins

In-frame fusions between N-terminal fragments of VirB6 and cytoplasmically active 3-
galactosidase (B-Gal) or periplasmically active alkaline phosphatase (PhoA)20 were
constructed. Plasmid pXZ61 expressing Pac-virB6 was mutagenized with the TnlacZ/in or
TnphoAVin transposons,®® as described.?® Plasmids from colonies displaying -Gal or PhoA
activities on histochemical plates were analyzed for insertions in the virB6 gene by
restriction digest analysis and sequencing of fusion junctions. Plasmids pXZ605, pXZ601,
pXZ602, pXZ603, and pXZ604 carry in-frame insertions at codons 44, 53, 150, 229, and
234, respectively, of virB6. However, multiple isolates bearing transposon insertions into
only these few sites were recovered, prompting the construction of additional in-frame lacZ
insertions by cloning. A ’lacZ gene lacking its first eight codons was isolated as a ~3.2 kb
Notl-Kpnl restriction fragment from pTAD250%8 and inserted into each of ten similarly
digested pSJ4xxx plasmids.33 As described below, the pSJ4xxx series of plasmids each
carry a unique Notl restriction site inserted at ~30 codon intervals along the length of virB6.
The resulting plasmid series, pSJ2xxx, express N-terminal fragments of virB6 fused in-
frame to /lacZ. In pSJ4xxx, pSJ2xxx, and other plasmid series constructed in this laboratory,
XXX represents the number of the codon corresponding to the junction site of a chimeric gene
of interest.5”

We constructed a set of ten hybrid proteins in which ’phoA lacking both its signal sequence
and translational stop codon was inserted in-frame at intervals of every ~30 codons of virB6.
First, a Bglll-Sall-TEV-Notl-’phoA-Notl-Sall-Bglll gene cassette composed of codons for
the TEV protease recognition site (ENLYFQS) and signal-sequenceless “phoA was
generated by PCR amplification with the transposon TnTAP3? as a template and the
upstream (5’-ATACACAAGTTTGTCGACAGATCTGAAAACCTGTAC-3) and
downstream (5'-
CGAATTGTAACCGTCGACAGATCTGCGGCCGCCTTTCAGCCCCAG-3) primers;
Sall (GTCGAC) and Bglll (AGATCT) sites are in bold. Next, we introduced this cassette
as a 1.4 kb Bglll fragment into each of ten BamHI sites located at ~30 codon intervals along
the length of virB6 in the previously-described pSJ6xxx plasmid series.33 The resulting
plasmid series, designated pSJ8xxx, produce VirB6’-TEV-'PhoA-VirB6 sandwich fusions.
In our initial studies, strains producing fusion proteins with junction sites at residues 85 and
229 exhibited high PhoA activities, whereas all other strains displayed very low PhoA
activities and the fusion proteins were not detected by immunostaining. In principle, the
sandwich fusion approach offers a means of analyzing the topology of a full-length protein,
but low reporter activities that often accompany such constructions6%:61 can complicate
assignments of domain topologies. For this reason, we did not analyze these sandwich
fusions further, and instead used a combination of VirB6’ truncation reporter fusion and
complementary cysteine accessibility approaches. However, the pSJ8xxx plasmids were
digested by Notl digestion and religation to release the "phoA fragment, generating the
pSJaxxx plasmids that were used as described above to construct the VirB6’-pgal fusion
proteins.

We fused N-terminal fragments of VirB6 to signal-sequenceless “phoA bearing a stop codon.
The 'phoA cassette as a 2.2 kb BamHI-Kpnl fragment from pUI1156%1 was inserted into
each of ten similarly digested pSJ6xxx plasmids resulting in the pSJ3xxx plasmids.
Additional VirB6’-PhoA hybrid proteins were constructed by introduction of /phoA cassettes
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from pUI1156, pUI1158, pU11160 (for the three reading frames®2) into unique restriction
enzyme sites in virB6. Plasmid pSJ964 was digested with the enzyme in parantheses and
Kpnl, which is located downstream of virB6: codon 70 (BstEll), 146 (Styl made blunt-ended
with Klenow), 167 (EcoRl), 238 (Sacll made blunt-ended with phage T4 DNA polymerase).
Next, restriction fragments carrying "phoA from the appropriate pUl plasmid (in
parentheses) were ligated to these linearized plasmids: EcoRV-Kpnl fragment (pUI1156) to
the BstEII-Kpnl fragment, EcoRV-Kpnl fragment (pU11160) to the Styl (blunted)-Kpnl
fragment, EcoR1-Kpnl fragment (pU11160) to the EcoRI-Kpnl fragment, and EcoRV-Kpnl
fragment (pU11158) to the Sacll-Kpnl fragment. The resulting plasmids are named pXZ671
(fusion junction at codon 70), pXZ673 (146), pXZ674 (167), and pXZ675 (238).

To construct a chimeric gene producing full-length VirB6 fused to the green fluorescent
protein (GFP), we first introduced an Xbal restriction site immediately upstream of the
virB6 stop codon by PCR using pXZ61 as a template and the following oligonucleotide
primers: 5-CAGGTTGAACGGGGTCTAGAGATCTCCATGGCTTAC-3 and 5'-
GCGTCTAGACCCCGTTCAACCTGAGC-3 (Xbal site in bold). We next introduced the
GFP gene as a 0.73 kb Xbal-Sall fragment from pXZ62°7 into similarly digested pXZ61°7
to yield pXZ176 expressing Pjac-virB6-GFP. Next, a 1.3 kb Ndel fragment of pXZ176
carrying virB6 and the N-terminal 220 bp of GFP was introduced into similarly digested
pZD88%3 to yield pSIB6NGFP expressing virB6 and the 5’ end of GFP from Py;,g. Finally,
an 800 bp Ncol-Kpnl fragment of pXZ176 carrying the 3’ half of GFP was cloned into
similarly digested pSIB6NGFP to yield pSIB6GFP expressing Py, g-VvirB6-GFP.

Construction of cysteine substitution mutations

We introduced ten cysteine substitution mutations in virB6 with the PCR QuikChange® site-
directed mutagenesis protocol (Strategene) with plasmid pSJ964 as a template and the
complementary pairs of oligonucleotides listed in Table 1. Plasmids were isolated from E.
coli DH5a and the substitution mutations were confirmed by restriction analysis (each
substitution introduced an Sphl or a Pstl site) and then by sequencing. The plasmids,
designated pKVD50-pKVD59, were ligated to the broad host range plasmid pXZ151 for
introduction into the non-polar virB6 null mutant PC1006.

Construction of virB6 insertion, truncation, and internal deletion mutations

The pSJ6xxx series plasmids producing VirB6 derivatives bearing four-residue insertion (i4)
mutations have been described.33 The ten insertion mutations were identified by the VirB6
residue adjacent to the insertion site; however, for the seven mutations positioned C-terminal
to the Q85.i4 mutation, the insertion sites were labeled incorrectly. The correct insertion
sites are shifted by about ten residues, e.g. the former T114.i4 mutation33 is now T124.i4,
Q140.i4 is Q150.i4, and so on. We constructed a set of five mutant proteins bearing an i31
peptide insertion. Plasmids pXZ601-pXZ605 obtained by TnlacZ/in transposon mutagenesis
(see above) were digested with BamHI and religated to remove the lacZ gene and
transposon sequence. The resulting plasmids named pXZ621-pXZ625 carry the 31-peptide
insertion (i31) SDSYTQVASWTEPFPFSIQGDPRSDQETVXX, with X indicating residues
determined by the insertion target site.

Plasmids pXZ693 and pXZ694 synthesize N-terminal fragments of VirB6, designated
A158-295 and A234-295, respectively. These plasmids were obtained by TnlacZ/in
mutagenesis in which the transposon had inserted out-of-frame at codons 158 and 234,
respectively, in both cases resulting in a stop codon near the 5’ end of the transposon
sequence. The following internal deletions were constructed by cloning using fragments of
virB6 obtained from the pSJ5xxx plasmid series. Plasmid pKVD61 expressing virB6A1-30
(ATG initiation at codon 30) was constructed by inserting an Ncol-Xhol fragment bearing
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codons 30-295 from plasmid pSJ5030 into similarly digested pPJC914KS*Ncol. Likewise,
plasmid pKVD62 expressing virB6’A30-60 was constructed by inserting an Ncol-Xhol
fragment bearing codons 60-295 from plasmid pSJ5061 into similarly digested pSJ5030.
Plasmid pKVD64 expressing virB6A116-133 was constructed by inserting an Ndel-Sphl
fragment bearing codons 1-116 from pKVD51 into similarly digested pKVD52. Likewise,
plasmid pKVD63 expressing virB6’A263-291 was constructed by inserting an Ndel-Sphl
fragment bearing codons 1-263 from pKVD58 into similarly digested pKVD59. Plasmid
pKVDB65 expressing virB6A160-221 was made by site-directed mutagenesis using the
complementary mutagenic primers 5’-
CGGCACGCTCTGGTCTGAAGCGACTGCGCTC-3 and 5'-
GGTGAGCGCAGTCGCTTCAGACCAGAGCGTGCCGTAAAG-3 with pSJ964 as
template. Finally, pKVD66 expressing an internal fragment of virB6 (codons 55-195) was
constructed by PCR amplification of the fragment from the template pSJ964 using the
forward primer 5-CAGGGTATTTTACATATGCGCGGCGAAGTCGATAC-3 and the
reverse primer 5-GATAAGTTGCTCGAGTCATTACGCTGCGATGTCCCG-3'. The
fragment was introduced as an Ndel-Xhol fragment into similarly digested pSJ964.

Reporter protein activities and GFP detection by fluorescence microscopy

Alkaline phosphatase (AS) and p-galactosidase assays were performed according to the
methods of Manoil2% and Miller.54 Reporter protein activities in PhoA or Miller units
represent the average of at least three experiments with standard deviations indicated. AS-
induced cells were examined by differential interference microscopy (DIC), and for GFP
production by fluorescence microscopy. Each experiment was replicated at least three times.
Images of cells were acquired with an Olympus BX60 microscope equipped with a 100x oil
immersion phase-contrast objective as described.83

Chemical labeling of cysteine residues

Cysteine accessibility experiments were carried out as described by Bogdanov8® and
Wang.%6 A 75 ml culture of A. tumefaciens strain PC1006 producing cysteine-substituted
VirB6 derivatives was induced for vir gene expression by growth in ABIM to an Aggg of 0.5.
Cells were harvested, resuspended in buffer A (100 mM Hepes (pH 7.5), 250 mM sucrose,
25 mM MgCl,, 0.1 mM KCI), and distributed into two centrifuge tubes to a final Aggg of 12
in 500 pl of buffer A. To one cell suspension, 4-acetamido-4'-maleimidylstilbene-2,2’-
disulfonic acid (AMS; Molecular Probes) was added to a final concentration of 5 mM and
cells were incubated for 30 minutes at 25 °C. AMS was removed by suspending cells in 5 ml
of buffer A and centrifuging twice, and the washed cell pellet was suspended in 500 pl of
buffer A. To the AMS-pretreated cells and the second cell suspension, 3-(N-
maleimidylpropionyl) biocytin (MPB; Molecular Probes) was added to a final concentration
of 100 pM (from a 20 mM stock freshly dissolved in DMSO) and the cells were incubated
for five minutes at 25 °C. The final concentration of DMSO in the reaction mixture did not
exceed 0.5% (v/v). B-Mercaptoethanol (20 mM final concentration) was added to quench
biotinylation, and cells were washed twice in buffer A containing 20 mM B-mercaptoethanol
and suspended in 200 pl of TES (10 mM Tris (pH 7.5), 5 mM EDTA, 2% (w/v) SDS).

Immunoprecipitation and detection of labeled Cys residues

Labeled cells suspended in TES were vortex mixed vigorously for 30 minutes at 37 °C and
then diluted with 250 pl of buffer B (150 mM Tris (pH 8.0), 0.5 M sucrose, 10 mM EDTA).
Lysozyme (1 mg/ml final concentration) was added and the samples were incubated on ice
for one hour, then vortex mixed for 15 minutes at 37 °C. Twenty microliters of Triton X-100
and 30 pl of EDTA-free protease inhibitor cocktail (Pierce Biochemicals; one tablet
dissolved in 500 pl of buffer B) were added and the samples were vortex mixed for ten
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minutes at 25 °C, then incubated with gentle rocking for three hours at 4 °C. Samples were
diluted with 900 pl of buffer B, and cell debris was removed by centrifugation at 14,0009
for 15 minutes. Protein A-Sepharose CL4B (Pharmacia) (30 pl bed volume) was incubated
with the supernatant for 60 minutes at room temperature and centrifuged at 50009 to remove
protein A-Sepharose and non-specifically bound proteins. Anti-VirB6 antibodies coupled to
protein A-Sepharose were added to the supernatant and incubated overnight at 4 °C. The
beads were washed twice in buffer B with 1% Triton X-100 for ten minutes, once in buffer
B with 0.1% Triton X-100 for ten minutes, once in buffer B for five minutes, and
resuspended in 30 pl of 2x Laemmli’s buffer. Samples were incubated at 37 °C for one hour
with shaking, centrifuged, and the solubilized proteins were subjected to SDS-PAGE and
transfered to nitrocellulose membranes (0.45 pm pore size). Membranes were incubated
overnight in blocking buffer (PBS, 0.1% Tween 20, 5% (w/v) bovine serum albumin (BSA))
and then for four hours in the presence of avidin HRP (Pierce; 1: 10,000 dilution of 2 mg/ml
stock solution). Blots were washed three times in buffer C (PBS, 0.1% Tween 20, 0.5%
BSA) and biotinylated proteins were analyzed by chemiluminescence according to the
manufacturer’s (Amersham Pharmacia) instructions.

Preparation of membrane vesicles and labeling with MPB

Cells from a 500 ml Agrobacterium culture grown to an Aggg of 0.5 in ABIM were lysed by
a single pass through a French pressure cell operated at 560 kg/cm? (8000 psi; 1 psi ~26.9
kPa). Cell debris was removed by centifugation at 20,0009 for ten minutes, and the
supernatant was centrifuged at 100,000g for one hour to recover vesicles. This method
yielded predominantly inverted vesicles but a fraction was right-side-out, as shown by
protease susceptibility of membrane proteins exposed on the cytoplasmic (e.g. VirB11) and
periplasmic (e.g. VirB10) face of the membrane (data not shown). Vesicles served as
controls to test for MPB accessibility of VirB6 Cys substitution mutations on either side of
the inner membrane, thus the ratio of inverted versus right-side-out vesicles was not
quantified. Vesicles were suspended in buffer A and total protein concentration was
determined. Samples of vesicles containing equivalent amounts of protein in 200 pl of
buffer A were labeled with MPB (20 1M final concentration) as described above. The
reaction was quenched with 3-mercaptoethanol (20 mM final concentration), the vesicles
were solubilized, and VirB6 was recovered by immunoprecipitation as described above.

Transfer immunoprecipitation (TrIP) assay

The transfer immunoprecipitation (TrIP) assay was performed as described.16 Briefly, 6 ml
of cells induced for vir gene expression was suspended in 20 mM sodium phosphate buffer
(pH 6.8) with formaldehyde (FA; 0.1% (v/v) final concentration). Cells were incubated for
20 minutes at 18 °C with shaking, FA was added in 0.2% increments to reach a final
concentration of 1% over 15 minutes, and the cells were incubated for 40 minutes at room
temperature without shaking. Cells were pelleted, resuspended in 200 pl of TES buffer (50
mM Tris—HCI (pH 6.8), 2 mM EDTA, 1% B-mercaptoethanol, 1% SDS) and then incubated
for 30 minutes at 37 °C with shaking. Next, 900 pl of NP1 buffer (150 mM Tris—=HCI (pH
8.0), 0.5 M sucrose, 10 mM EDTA) supplemented with 1 mg/ml of lysozyme was added, the
mixture was incubated for one to two hours on ice and then for 30 minutes at 37 °C with
shaking. Triton X-100 was added to a 4% final concentration and the mixture was incubated
for 15 minutes at room temperature on a wheel. A 5x solution of protease inhibitors cocktail,
EDTA-free (Complete, Boehringer—Mannheim) in 25 mM MgClI, was added and the
mixture was incubated with rocking for 15 minutes at 37 °C and then for two to three hours
at 4 °C on a wheel. Then, 3.2 ml of NP1 buffer was added and the insoluble material was
removed by centrifugation for 15 minutes at 14,000g. Proteins of interest were
immunoprecipitated as described above. For detection of DNA, 0.05 of the
immunoprecipitates or 0.00001 of the soluble fraction was analyzed by PCR amplification
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using 50 pmol of each of four primers per reaction. Primers for amplification of the T-DNA
region corresponding to gene 7 of the T|-DNA were 5’-
GGGCGATTATGGCATCCAGAAAGCC-3 and 5'-
GTCGGCGGCCCACTTGGCACACAG-3'. Primers for the non-transferred ophDC locus (a
region of the Ti plasmid ~25 kb from the transferred T-DNA) were 5'-
CCTGCGGATGTCAGGGCTCTCGT-3 and 5-CTGTCCGTGCTTGCCAATCCCCG-3'.
PCR products were separated by electrophoresis through 1.2% (w/v) agarose gels and
visualized by staining with ethidium bromide. A quantitative version of the TrIP assay was
carried out as described.16
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Abbreviations used

T4SS type IV secretion systems

Dtr DNA transfer and replication

oriT the origin-of-transfer

T-strand the strand destined for transfer

M pf mating pair formation

T-DNA transfer DNA

TriP transfer DNA immunoprecipitation

TMS transmembrane segments

PhoA alkaline phosphatase

B-Gal [B-galactosidase

GFP green fluorescent protein

AS acetosyringone

MPB 3-(N-maleimidylpropionyl) biocytin

AMS 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid
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Figure 1.

Topology analyses of the VirB6 subunit of the A. tumefaciens VirB/D4 type IV secretion
system. (A) The computer programs listed at left predict the transmembrane segments
(TMS) shown as filled rectangles with residue numbers relative to the N terminus above and
the orientation of the TMS across the membrane below (I, inside; O, outside). Filled
triangles identify TMS supported by results of reporter protein fusion studies. (B) Reporter
protein activity levels of virB6 null mutant strain PC1006 expressing 5’ fragments of virB6
translationally fused to lacZ (above the x-axis) or phoA (below); numbers identify the virB6
codon immediately 5’ to the fusion junction site. Reporter protein activities represent the
average of at least three experiments with standard deviations indicated. (C) Steady-state
levels of the fusion proteins in AS-induced cells. Total membrane proteins (5 pg) from
strains producing the fusion proteins identified by the junction site residue number were
subjected to SDS-PAGE and Western blot analysis with anti-PhoA (above) or anti-p-Gal
(below) antibodies.
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Figure 2.

VirB6 topology and cellular location studies with GFP. (A) VirB6 fused at its C terminus to
cytoplasmically active GFP. PC1006 deleted of virB6 (AB6) and Ti-plasmidless KA1000
cells expressing P g-virB6-GFP from pSIB6GFP (B6-GFP) display polar fluorescence;
PC1006 cells (AB6) expressing P g-GFP from pZDB88 (GFP) are uniformly fluorescent.
Top panels: GFP fluorescence monitored by fluorescence microscopy; lower panels:
corresponding images by DIC microscopy. (B) Production of VirB6-GFP and GFP in A.
tumefaciens. Membrane proteins (5 pg) from strains examined by microscopy were
subjected to SDS-PAGE and Western blot analysis with anti-GFP antibodies (aGFP).
Positions of stably-produced VirB6-GFP and GFP are indicated at the left; molecular mass
markers are indicated (in kDa) at right.
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Figure 3.

Accessibility of introduced cysteine residues. Immunodetection of native VirB6 and Cys
substitution mutant proteins. Lanes 1, strain PC1006(pSJB964) producing native VirB6
from Py;g-virB6; lanes 2 (—), strain PC1006 (AvirB6); and lanes 3 through 12, PC1006
producing the VirB6 Cys substitution mutants listed. Membrane proteins (5 ug) were
subjected to SDS-PAGE and Western blot analysis with anti-VirB6 antibodies (aB6). MPB
labeling of VirB6 Cys substitution mutants. Whole cells: PC1006 (AvirB6) strains treated
with MPB without (above) or with (below) pretreatment with AMS. Native and mutant
forms of VirB6 were isolated by immunoprecipitation and analyzed for MPB labeling as
described in Materials and Methods. Vesicles: solvent-accessible Cys residues, as shown by
treatment of A. tumefaciens vesicles with MBP. The treatment of whole cells or of vesicles
with MPB did not label the unique Cys42 residue of the native protein (B6). Note that MPB
labeled a non-VirB6 species migrating slightly faster (whole cells) or slower (vesicles) than
VirB6 in the protein gels; these species were labeled in strains producing and lacking VirB6,
e.g. AvirBe6, lane 2.
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Figure 4.

A membrane topology model for the VirB6 channel subunit. The model is derived from
predictions by five widely used computer algorithms and results of B-Gal, PhoA, and GFP
reporter protein fusion and Cys accessibility studies. Gray circles, Cys substitution
mutations labeled by treatment of whole cells with MPB; open circles, Cys substitution
mutations labeled only by treatment of vesicles with MPB; Open square, Cys42 of the native
protein was not labeled by treatments of whole cells or vesicles with MPB. The
experimental findings provide support for the five transmembrane segments (TMS) shown.
The N-terminal segment and internal loops in the periplasm (P1,2,3) and the internal loops
and C-terminal segment in the cytoplasm (C1,2,3) are shown.
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Figure5.

VirB6 domain structure defined by transfer DNA immunoprecipitation (TrIP) studies of
PC1006 (AvirB6) producing VirB6 insertion mutants. (A) Postulated VirB6 domain
structure. The broad line at the top identifies regions of VirB6 required for formation of T-
strand close contacts with VirB6 (dark shading), VirB8 (light shading), and VirB2 and
VirB9 (gray shading), no affect on substrate transfer (white shading). Numbers below the
broad line and the vertical lines identify domain boundaries postulated on the basis of TrIP
results and the VirB6 topology model, shown as a wavy line below; C, cytoplasm; IM, inner
membrane; P, periplasm. The numbers along the VirB6 topology model identify the junction
site residue for the i4 or i31 insertion mutations and the N and C termini of the 295 residue
protein. VirB6 insertion mutations were assigned as classes I, Il, or 11 on the basis of
observed effects on substrate transfer through the VirB/D4 secretion channel, as shown by
TrIP. (B) TrlP studies of T-strand interactions with VirB proteins from strains producing the
VirB6 insertion mutants. Strains: WT, A348; AB6, PC1006; P,;g-B6, PC1006 producing
native VirB6; PC1006 strains producing the VirB6.i4 or VirB6.i31 (marked by asterisk)
mutants. Strains were treated in vivo with formaldehyde prior to lysis. S, supernatant after
immunoprecipitation with the anti-VirB antibodies listed at left; IP, immunoprecipitate. The
T-DNA substrate (T-DNA) and the Ti control fragment (Ct) were detected in the S and IP
fractions by PCR amplification and gel electrophoresis. The WT strain and PC1006
producing native VirB6 or the A290.i4 mutant showed no substrate transfer arrest; PC1006
and PC1006 producing class | mutant proteins were blocked at the VirB11 to VirB6 transfer
step; PC1006 producing class Il mutants were blocked at the VirB6 to VirB8 transfer step,
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and PC1006 producing class 111 mutants were blocked at the VirB8 to VirB2 and VirB9

transfer step. Vertical lines separate the mutant classes and horizontal lines identify the
substrate transfer arrest points.
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Figure®6.

VirB6 domain structure defined by TrIP studies of PC1006 (AvirB6) strains producing
VirB6 deletion mutants. (A) VirB6 domain structure depicted as in Figure 5. The numbers
along the VirB6 topology model identify the start or end-points of the deletion mutations.
VirB6 deletion mutations are shown schematically, the top line represents the full-length
(295 residues) VirB6 protein. Mutations were assigned as classes I, 11, or 111 on the basis of
observed effects on substrate transfer through the VirB/D4 secretion channel as shown by
TrIP. The A160-221 mutation lacking TMS3 does not affect formation of the VirB6
substrate contact, possibly because TMS5 (denoted by the horizontal broken line) substitutes
for TMS3. The Figure reflects the proposed requirement for the flanking TMS for loop P2
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function. (B) TrIP studies of T-strand interactions with VirB proteins from strains producing
the VirB6 deletion mutant proteins. Strains: WT, A348; AB6, PC1006; P,;g-B6, PC1006
producing native VirB6; PC1006 producing the VirB6 deletion derivatives indicated. S,
supernatant after immunoprecipitation with the anti-VirB antibodies listed at left; IP,
immunoprecipitate; T-DNA, T-DNA substrate; Ct, Ti control fragment. Deletion mutations
extending into the postulated domains blocked the VirB-substrate contact listed at the top of
A. Class | mutations arrested substrate transfer from VirB11 to VirB6; class Il; from VirB6
to VirB8; class 111 from VirB8 to VirB2 and VirB9. Vertical lines separate the mutant
classes and horizontal lines identify the substrate transfer arrest points.
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Figure7.

Models for VirB6 function in mediating DNA transfer through the VirB/D4 T4SS. In the
“channel” model, the VirD4 T4CP recruits the DNA substrate and delivers it to the VirB11
ATPase. VirB11 directs substrate transfer through an inner membrane channel composed of
the five TMS of VirB6 (shaded) and the TMS of bitopic VirB8 (vertical dashes).
Periplasmic loop P2 of VirB6 folds into the channel, possibly dynamically to facilitate DNA
passage. In the “vestibule” model, VirD4 recruits and delivers substrate to the VirB11
chaperone for unfolding the VirD2 relaxase bound to the 5’ end of the T-strand. VirB11
delivers the translocation-competent substrate back to VirD4 for delivery across the
membrane. At the periplasm-membrane interface, loop P2 of VirB6 forms a vestibule
through which the substrate passes to gain entry into the secretion channel. In both models,
VirB6 coordinates further progression through the periplasm via a channel composed of
VirB8, VirB2 and VirB9. The models show only the six channel subunits identified by TrIP
to form close contacts with the DNA substrate.16
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Table 1

Oligonucleotide primers used to construct VirB6 cysteine substitution mutations

Mutation

5 primer 3 primer

112C
D25C

R62C

T66C

Q116C
$133C
D188C
T224C
L263C
Q291C

5-GCCGTTTACGGCATGCCATACGATCTTCGATG-3'  5-AAGATCGTATGGCATGCCGTAAACGG-3
5-CTTCACGACAGGCCTCTGCAGGATGCTTGAG-3 5-GTCTCAAGCATCCTGCAGAGGCCTGTC-3
5-GAAGTCGATACCTGCAGCGGTATCACTCG-3 5-GTGATACCGCTGCAGGTATCGACTTC-3
5-CCCGAGCGGTATCTGCAGGGTGATCACGGTC-¥ 5-GTGATCACCCTGCAGATACCGCTGCG-¥
5-GACTGTTCCGGCATGCTTGGATACAATTTTCG-3'  5-AATTGTATCCAAGCATGCCGGAACAGT-3

5-CAGAAAATCGCATGCGAAATCGGTCCG-¥ 5-CGGACCGATTTCGCATGCGATTTTCTG-3
5-GGATATATTTTCTGCAGGACGCGGGACATC-3 5-GATGTCCCGCGTCCTGCAGAAAATATATC-3
5-CCTAACCGAAGCATGCGCGCTCACCCTC-3 5-GAGGGTGAGCGCGCATGCTTCGGTTAGG-3

5-CGCTCATTGTCGCATGCCCGGCAATCGCCGGC-3  5-GGCGATTGCCGGGCATGCGACAATGAGC-3
5-ACCGTCGCTTCGCATGCGTTGAACGGGGCTAG-3'  5-GCCCCGTTCAACGCATGCGAAGCGACG-3

Restriction sites Sphl (GCATGC) and Pstl (CTGCAG) in bold; Cys codon (TGC) underlined.
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