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The plant pathogen Agrobacterium tumefaciens responds to three main signals at the plant-bacterium
interface: phenolics, such as acetosyringone (AS), monosaccharides, and acidic pH (~5.5). These signals are
transduced via the chromosomally encoded sugar binding protein ChvE and the Ti plasmid-encoded VirA/VirG
two-component regulatory system, resulting in the transcriptional activation of the Ti plasmid virulence genes.
Here, we present genetic and physical evidence that the periplasmic domain of VirA dimerizes independently
of other parts of the protein, and we examine the effects of several engineered mutations in the periplasmic and
transmembrane regions of VirA on vir-inducing capacity as indicated by AS sensitivity and maximal level of
vir-inducing activity at saturating AS levels. The data indicate that helix-breaking mutations throughout the
periplasmic domain of VirA or mutations that reposition the second transmembrane domain (TM2) of VirA
relieve the periplasmic domain’s repressive effects on the maximal activity of this kinase in response to
phenolics, effects normally relieved only when ChvE, sugars, and low pH are also present. Such relief, however,
does not sensitize VirA to low concentrations of phenolics, the other major effect of the ChvE-sugar and low pH
signals. We further demonstrate that amino acid residues in a small Trg-like motif in the periplasmic domain
of VirA are crucial for transmission of the ChvE-sugar signal to the cytoplasmic domain. These experiments
provide evidence that small perturbations in the periplasmic domain of VirA can uncouple sugar-mediated

changes in AS sensitivity from the sugar-mediated effects on maximal activity.

Agrobacterium tumefaciens is a Gram-negative pathogen that
is the etiological agent of crown gall tumor disease in a wide
variety of plant species. Proteins encoded by the virulence (vir)
genes of the tumor-inducing (Ti) plasmid are critical for tu-
morigenesis that occurs as a result of the transfer of oncogenic
DNA into the plant cell (80, 81). This process is very demand-
ing in energetic terms, and the bacterium has evolved complex
and precise regulation of the vir genes that are transcriptionally
silent unless they are exposed to plants or plant exudates (8).
Several classes of plant-derived molecules serve as signals for
the induction of the vir genes. Phenol derivatives, such as
acetosyringone (AS), are the primary inducers, absolutely re-
quired for induction. Though they are incapable of vir induc-
tion on their own, aldose sugars and low pH (5.2 to 5.8) are
secondary inducers, affecting the sensitivity of the bacteria to
phenols as well as the maximum level of induction by those
molecules (46, 56).
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At the crux of this signal-responsive virulence pathway is the
VirA/VirG two-component system, in which VirA is the histi-
dine kinase and VirG is its cognate response regulator (65).
Signal transduction by VirA/G follows a common theme found
in many prokaryotes comprised of a two-component sensing
system that consists of a membrane-bound histidine kinase and
a cytoplasmically localized response regulator (69). These sys-
tems respond to environmental signals and control a variety of
bacterial processes, including virulence and chemotaxis, among
others (45). VirA is a homodimeric, 92-kDa membrane-bound
protein that has 7 domains: a short 18-amino-acid N-terminal
cytoplasmic domain, 2 membrane-spanning domains (TM1
and TM2) that flank a 220-amino-acid periplasmic sensor do-
main (P), and a 550-amino-acid cytoplasmic C-terminal do-
main that can be subdivided into the linker, kinase, and re-
ceiver domains (L, K, and R, respectively; see Fig. 1A) (15, 47,
48). The kinase domain of VirA carries the conserved phos-
phoacceptor histidine residue, H474, that is critical for both
autophosphorylation and phosphotransfer (38, 40). VirG is the
response regulator, and its VirA-dependent phosphorylation
at a conserved aspartate residue is necessary for transcriptional
activation (39).

One of the distinguishing features of the VirA histidine
kinase is that plant-released stimuli are perceived by both the
periplasmic and the cytoplasmic domains. Genetic evidence
indicates that phenolic signals are required for vir gene expres-
sion and are recognized by the linker domain of VirA (15, 67).
In contrast, the periplasmic domain is necessary for sugar and
pH signaling (13, 26, 64), though neither of these conditions is
absolutely required for induction. The chromosomally encoded
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periplasmic sugar binding protein ChvE is also required for the
detection and transduction of these signals and is thought to
bind to the periplasmic region of VirA (30, 64). Point muta-
tions and small deletions in the periplasmic region result in a
defective sugar response. For example, the VirAF?>" mutant
(with an E-to-L amino acid change at position 255) and the
mutant with a 16-amino-acid deletion from amino acids (aa)
242 to 257 are sugar insensitive, but interestingly, these retain
the requirement for an acidic pH (5). Other alterations in the
periplasmic domain, for example, a large deletion from aa 63
to 240 or some of the mutations described in this report, cause
a phenotype corresponding to insensitivity to the monosaccha-
ride stimulus but exhibition of greater maximal activity than
that of the wild type at saturating AS concentrations in the
absence of sugars as well as a loss of pH sensitivity (47).

Analogous to the VirA-ChvE system, the periplasmic do-
mains of the Escherichia coli chemoreceptors Tar and Trg bind
the maltose binding protein (MBP) and the glucose/galactose
binding protein (GBP), respectively, in the presence of their
sugar ligands (34, 49). This information is transduced through
transmembrane domains to the cytoplasmic domains of these
receptors, ultimately resulting in activation of the cytoplasmic
histidine kinase CheA (34). Like VirA, Tar and Trg have two
transmembrane domains and a large periplasmic domain and
exist as a dimer in the inner membrane (4, 53). Though Tar
and Trg lack extensive sequence homology, a common feature
of their periplasmic domains is a preponderance of a-helices
(11, 27). Similarly, the periplasmic domain of VirA (VirAP<)
does not share extensive sequence homology with Tar and Trg.
It does, however, share a sequence motif with Trg that lies
within the proposed binding site for the periplasmic ribose
binding protein (RBP) through which Trg responds to ribose
(13, 74). Moreover, as we describe below, VirAPr, like the
periplasmic domain of Tar (77), is almost exclusively a-helical
as predicted by secondary structure analysis tools (10, 41).

The studies reported here utilize genetic and physical ap-
proaches to demonstrate that the periplasmic domain of VirA
dimerizes and, as predicted by modeling programs, has an
extensive a-helical character. The role of these predicted o-he-
lical regions in dimerization and in the biological activity of
VirA was tested via engineering 10 different helix-breaking
four-amino-acid insertions across the periplasmic domain. The
results indicate that all helix-breaking insertions had similar
effects on vir gene expression, but only one such insertion
affected dimerization. Interestingly, mutations predicted to re-
locate the second transmembrane domain of VirA such that
amino acids normally associated with the cytoplasmic face of
that domain are positioned further into the cytoplasm confer
the same phenotype as the helix-breaking insertions. We also
demonstrate here that the short Trg-like motif found in the
periplasmic domain of VirA is crucial for sugar signaling, spe-
cifically resulting in different forms of sugar-insensitive pheno-
types which are suppressed to different extents by a newly
isolated, constitutively active form of ChvE (35).

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial and Saccharomyces cerevisiae (yeast)
strains and plasmids used in this study are listed in Table S1 in the supplemental
material. All cloning was performed using standard protocols, and all enzymes
were used as recommended by manufacturers.
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Culture media, growth conditions, and chemicals. Escherichia coli strains used
for cloning were grown in Luria-Bertani medium (LB) containing the appropri-
ate antibiotics at 37°C. A. tumefaciens strains were grown at 25°C in AB minimal
medium (22), AB induction medium (71), or LB containing the appropriate
concentrations of antibiotics and acetosyringone (if used). The following antibi-
otics for E. coli were used (concentrations in pg/ml, in liquid medium/solid
medium): spectinomycin (50/100), ampicillin (50/125), kanamycin (40/75), chlor-
amphenicol (10/30), and gentamicin (12.5/25). The following antibiotics for A.
tumefaciens were used (concentrations in pg/ml, in liquid medium/solid me-
dium): spectinomycin (50/100), carbenicillin (30/100), and gentamicin (400/400).
Acetosyringone or 3',5'-dimethoxy-4'-hydroxyacetophenone (AS), isopropyl-B-
D-thiogalactopyranoside (IPTG), and 5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside (X-Gal), 2-[N-morpholino]ethanesulfonic acid (MES), and bis-Tris
were obtained from Sigma Chemicals. Restriction enzymes were obtained from
New England BioLabs, Pfu polymerase was obtained from Stratagene, and Taq
polymerase was obtained from Perkin Elmer. Invitrogen Inc. supplied primers
for cloning and sequencing. For AS stock, 100 mM stocks were made fresh in
dimethyl sulfoxide (DMSO) and added to induction medium as necessary, at the
appropriate concentration. For A. tumefaciens, X-Gal was used at a concentra-
tion of 50 pg/ml in AB minimal medium plates. For E. coli, X-Gal was used at
50 pg/ml in conjunction with IPTG (5 pg/ml). Plasmids were introduced into E.
coli by electroporation at 200 () and 2.5 V by using a Bio-Rad electroporator.
Cells were recovered in LB for 1 h at 37°C and plated on selection media.
Plasmids were electroporated into competent A. tumefaciens strains at 400 €) and
2.5V by using a Bio-Rad electroporator as described by Nair et al. in 2003 (54).
Basic protocols as described by Golemis et al. were used with regard to growth
and use of Saccharomyces cerevisiae strains for yeast 2-hybrid analysis (33).

Construction of mutant strains and plasmids. Standard methods were used
for plasmid isolation, restriction analysis, agarose gel electrophoresis, DNA
ligation, and PCR amplification of DNA. Ten insertion mutants were originally
placed in a 660-bp fragment encoding the periplasmic region of VirA in the
vector pJG4-5. Insertions are denoted by the amino acid position after which the
insertion was made. For example, i64 is an insertion after amino acid position 64.
VirAi®* defines the protein product of this mutation, and vir4®* defines the gene
encoding this protein. Because the original vir4 coding region from pTiA6 is
carried on a large 4.6-kb fragment flanked by Kpnl sites and has very few unique
restriction sites (described previously in reference 42), the 2.6-kb virA open
reading frame (ORF) was amplified using primers with KpnlI sites and placed in
the vector pACYC184K in which the EcoRV site had been replaced with a Kpnl
site for use as a cloning template (plasmid pBMDO). A Pvul-AatlI-digested
virAP®™ fragment from the pMJ series of plasmids (see Table 1) was used to
replace the wild-type vir4P*™ in pBMDO), resulting in the pGN30 plasmid series.
Plasmid pGN20 has the original 4.6-kb fragment with the wild-type vird gene
cloned at the Kpnl site of pBBRIMCS5. pGN20 was used as a template for
finally placing virAP" mutant sequences into the full-length 4.6-kb vird gene. A
1.3-kb fragment amplified from the pGN30 plasmid series was digested with
Xmnl and BstEII prior to ligation into pGN20 digested with the same enzymes.
To enable expression in A. tumefaciens, the Kpnl fragments from the pGN20
series were moved into the low-copy-number vector pAW50 or the plasmid
pRG109. In the case of 248, we used pAW19 as the template, since this mutation
lies outside the Pvul-AatlI sites on the vird sequence.

The site-specific mutations corresponding to vird(N226Y), virA(I236F), and
virA(Q229K) were created by using overlap extension PCR with oligonucleotides
that carried these mutations and external primers that amplified a 1.7-kb frag-
ment of virA (see Table S2 in the supplemental material). The resulting PCR
product was digested with XmnI and BstEII, and the 1.3-kb digestion product
was ligated with pGN20 to yield 4.6-kb virA fragments that had these mutations.
The 4.6-kb virA was moved into the plasmid pRG109 for expression in A.
tumefaciens, resulting in plasmids pGN71, pGN72, and pGN74. All the Agrobac-
terium expression plasmids were sequenced at the predicted mutation site. The
chvE(TIS87P) allele was isolated in a mutagenesis screen for chvE mutants by
screening for blue colonies on pH 5.5 AB induction medium plates with 10 mM
glycerol as the sole carbon source (35).

PAWI139 [virA(L276R)] and pAW140 [virA(R259S)] were constructed using
sequential PCR. The initial rounds of PCR used primer 1705m with either
L276Rc or R259Sc and primer 2850c with either primer L276Rm or R259Rm.
PAW154 [virA(R259S,L.276R)] was constructed using the same method but with
pAW139 as the template in PCRs using 1705m/R259Sc and 2850c/R259Sm in the
initial PCRs. The secondary rounds of PCRs used the products of the initial
PCRs with both 1705m and 2850c to create fragments extending from positions
1705 to 2850 in the 4.6-kb vird sequence which carried either or both the R259S
and the L276R mutations. These fragments were digested with Nhel and BstEII
and used to replace the wild-type Nhel-BstEII fragment of pAW19. Following
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confirmation of the mutant vir4 sequences, the Kpnl fragments of pAW139,
PAW140, and pAW154 were cloned into pAW50 to make pAW142, pAW143,
and pAW167, respectively.

Yeast two-hybrid 3-galactosidase interaction analysis on solid media. Inter-
action analysis was performed on solid media as described previously (24).
Briefly, pJK202 carrying the lexA-virAP*™ fusion (pMJ13) and pMJO, pMJ10,
pMJ11, and pMJ12 (see the supplemental material for plasmid descriptions)
were introduced into the Saccharomyces cerevisiae strain EGY48 carrying
pSH18-34 and grown on leucine-free solid media containing the chromogenic
substrate X-Gal. A positive interaction is indicated by blue. The control exper-
iment had the pJK202 plasmid expressing the 4. tumefaciens P21 protein (42).

Yeast two-hybrid liquid B-galactosidase assays. Saccharomyces cerevisiae
EGY48 containing the plasmid pSH18-34, a reporter plasmid that carries a
Gall-lexAop-lacZ gene cluster, pMJ13 (see the supplemental material) carrying
the wild-type VirA (VirA™") periplasmic domain, and the empty prey plasmid
pJG4-5 was used as a negative control for this assay. The positive control was
EGY48 containing pMJ13 with a wild-type periplasmic domain and pMJ0. The
experimental subjects were EGY48 containing pMJ13 with the wild-type
periplasmic domain and pMJ1 through pMJ9 expressing VirAP*'! mutants. Using
the method described by Miller in 1972 (50), strains were assayed for B-galac-
tosidase activity. Assays were performed in quintuplicate, and results are shown
in Miller units.

Nicotiana tabacum virulence assays. Greenhouse grown Nicotiana tabacum L.
cv. Havana 425 plants were used for all leaf transformation protocols, by using
procedures previously described (5). Briefly, overnight cultures of A. tumefaciens
strains normalized to an optical density at 600 nm (ODg) of ~0.5 were cocul-
tivated with Nicotiana tabacum L. cv. Havana 425 leaf explants for 48 h on
hormone-free MS medium (29) containing the indicated concentrations of AS,
followed by transfer to hormone-free MS medium containing 200 g vancomycin
per ml and 200 pg ticarcillin-clavulanate (Timentin) per ml to inhibit bacterial
growth. Tumors were scored after 21 days. At least 16 leaf explants per strain
were used at each AS concentration.

vir gene induction assays. pSW209Q) (see Table S1 in the supplemental ma-
terial) is a reporter plasmid that carries a P, z::lacZ fusion (P,;,z from pTiA6).
pRG109 constructs carry Py,svirG along with a P, z::lacZ fusion. Strains were
assayed for B-galactosidase by the method of Miller (50) after a 20-h induction
at 28°C in AB induction medium (70) buffered at pH 5.5 with 20 mM MES or at
pH 7.0 with 75 mM bis-Tris, containing 10 mM r-arabinose, glucose, or glycerol
at different AS concentrations. Note that arabinose and glucose have the same
effect on vir gene induction (13). The addition of a carboxy-terminal FLAG
epitope to wild-type VirA has no discernible effect on its activity (data not
shown). Assays were done in triplicate, and results are expressed in Miller units.
Fifty percent effective doses (EDs,) were obtained by curve fitting normalized
dose-response data at different AS concentrations under different conditions to
the equation Y = minimum activity + (maximal activity — minimal activity)/
{1 + 10! EDso =X) < Hillslope]y “\where X = log [AS]. Y is given as the percent re-
sponse. Maximal activity was constrained to 100, minimal activity to 0, and the
Hill slope to 1.

Expression of VirAP*", The cloning, expression, and purification of the
periplasmic domain of VirA (aa 39 to 259), utilizing the intein-based Impact-
Twin system (New England Biolab, Ipswich, MA), were performed according to
the manufacturer’s instructions. Briefly, the periplasmic region of VirA was
amplified by PCR from pTiA6, which is carried by A. tumefaciens strain A348
(see Table S1 in the supplemental material), using primers Peri-f/Peri-r (see
Table S2 in the supplemental material). The C-terminal fusion construct was
obtained by cloning the PCR product into pTWIN1 vector at the NdeI and Sapl
restriction sites. The C-terminal intein tag allows for affinity purification on a
chitin column. Primers C244Af/C244Ar were used in overlap extension PCRs for
replacing cysteine 244 with an alanine (TGT—GCT). The sequences encoding
the periplasmic domains of the two insertion mutants (VirA®® and VirA24)
were amplified from pGN46 and pGN49a, respectively, using peri-f/peri-r as
primers. Constructs were transformed into E. coli BL21(DE3). For protein
purification, a single colony was inoculated into 3 ml LB containing 50 p.g/ml of
carbenicillin and grown at 37°C overnight. Following this, the overnight culture
was diluted 100-fold into fresh LB containing 50 pg/ml of carbenicillin and
incubated at 37°C until an ODg, of 0.5 to 0.7 was obtained (~2 h and 15 min).
IPTG was added to a final concentration of 0.2 mM, and the culture was grown
at 15°C overnight. Cells were then collected by centrifugation at 5,000 X g for 10
min and resuspended in buffer B2 (20 mM HEPES, pH 7.0, 500 mM NaCl, 1 mM
EDTA) to an ODg of ~20. The cells were then sonicated on ice and clarified
cell extracts obtained by centrifugation at 19,000 X g for 30 min. Cell extracts
were then applied to a chitin column (~2 ml) equilibrated in buffer B2. The
column was washed with 15 column volumes of buffer B2 to remove unbound
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proteins. To induce on-column cleavage of periplasmic domain of VirAP°™ from
the intein tag, the column was flushed with three column volumes of buffer B3
(20 mM HEPES, pH 8.5, 500 mM NaCl, 1 mM EDTA, 40 mM dithiothreitol
[DTT]). The cleavage reaction was allowed to proceed overnight at 4°C. The
target protein was then eluted with buffer B3.

Sample preparation and mass spectrometry analysis. Gel pieces were excised
from a Coomassie blue G-250-stained gel, washed with double-distilled water by
vortexing, destained with 50% methyl cyanide (CH;CN) for 15 min, and washed
repeatedly for 15 min at room temperature with 100 mM ammonium carbonate-
methyl cyanide [(NH;),CO3-CH;CN] (50/50, vol/vol) until completely destained.
They were then shrunk for another 5 min by adding 100% CH;CN, dried in a
SpeedVac, and then suspended in a solution containing 6 ng/pl trypsin (Promega
Inc., Madison, WI) in 50 mM ammonium bicarbonate (NH,HCO3) and incu-
bated at 37°C overnight. After incubation, 30 pl of a solution containing 1%
formic acid (HCOOH) and 2% CH;CN together was added to each digested
sample and vortexed for 30 min at room temperature to complete extraction of
digested peptides. After a brief centrifugation cycle, the supernatant was col-
lected and the sample was dried in a SpeedVac. Following this, samples were
subject to liquid chromatography-tandem mass spectrometry (LC-MS-MS) anal-
ysis. Autosampling and chromatography were performed essentially as described
previously (55).

Mass spectra were measured with an LCQ Deca XP Plus ion trap mass
spectrometer (Thermo Finnigan). Mass spectrometry scans as well as high-
performance liquid chromatography (HPLC) solvent gradients were controlled
by the XCalibur software (Thermo Finnigan). Experimentally collected tandem
spectra were searched against the pTiA6 proteome database using SEQUEST
software by comparison with the theoretical spectra of all possible peptide
fragments from the SEQUEST database (43, 76).

Far-UV CD spectroscopy. The circular dichroism (CD) spectra were obtained
with 7.5 pM wild-type VirAP*" in 50 mM NaHPO, buffer (pH 7.6) and 50 mM
NaCl or 7.5 uM VirA?*® in the same buffer. Measurements were taken in 1-nm
increments from 260 to 200 nm in a 0.1-cm-path-length cuvette with a bandwidth
of 1 nm on a Jasco J-810 spectropolarimeter. The spectrum was the average of
three scans at 20°C.

Analytical ultracentrifugation. The sedimentation equilibrium experiment and
data analysis were performed as previously described (78). This experiment was
conducted at 25°C using a Beckman XL1 analytical ultracentrifuge with absor-
bance optics. A 1-mg/ml volume of purified VirAP! in 10 mM Tris-HCI, pH 8.0,
50 mM NaCl, and 5% glycerol was loaded, and equilibrium data were collected
at 20,000, 25,000, 30,000, and 35,000 rpm. Data obtained were globally fitted by
nonlinear least-squares curve by IGOR Pro (Wavemetrics).

RESULTS

The dimerization of the VirA periplasmic domain. The
periplasmic domain of VirA (VirAP®™) lies between amino
acids 40 and 259. Secondary structure prediction programs
indicate that VirAP®" has at least 10 major helical regions
located throughout this domain, beginning with amino acid 40
(Fig. 1) (10, 41). This is similar to the a-helical content of the
periplasmic domains of Tar and Trg, each of which interacts
with periplasmic sugar binding proteins similar to ChvE (11,
34). To develop a better understanding of VirAP", we utilized
genetic and biochemical tools to test the hypothesis that this
domain, in isolation from the transmembrane and cytoplasmic
domains, can participate in dimer formation and to determine
which, if any, of the predicted a-helical regions may be re-
quired for dimerization. Our first approach utilized the yeast
two-hybrid system (28). To this end, the periplasmic domain of
VirA (aa 40 to 259) was cloned into a bait vector (see Materials
and Methods) and either the wild type or mutant versions of
this domain were cloned into the prey vector and tested for
interaction. The results (Fig. 2) indicate that the wild-type
periplasmic domains do interact, as indicated by the very high
levels of B-galactosidase activity. Not surprisingly, the negative
control, the empty vector, and a version of this domain with a
very large deletion from amino acids 63 to 240 (47) were not
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FIG. 1. (A) Schematic depiction of VirA domain organization in a VirA monomer and known functions of each domain. Two transmembrane
domains, TM1 and TM2 (amino acids highlighted in yellow in panel B), delineate the periplasmic domain. The cytoplasmic domain contains the
sites of phenol perception (linker) and the kinase domain that has a histidine residue essential for phosphotransfer at position 474. Note that the
receiver domain, though assigned an inhibitory role by Chang and Winans (15), has recently been found to have a positive regulatory effect on VirA
kinase activity (72). (B) Predicted secondary structure of the N-terminal region of wild-type VirA. Secondary structure predictions were made from
the amino acid sequence by using SABLE (1, 2, 68) and rendered using Polyview (60, 61). Note the predominantly a-helical nature of this region
and the sites of different four-amino-acid insertions used in this study. Residues in green signify a small motif identical to a periplasmic binding
protein interaction motif found in the E. coli Trg chemoreceptor. Amino acids N226, Q229, and 1236 were the subjects of a site-directed
mutagenesis study reported here to evaluate the importance of this motif in signal integration by VirA. A previously reported E255-to-L amino
acid mutation that causes a loss of AS sensitivity (5) and was used in this study is also depicted (residue in blue). Also shown here are the positions
where four helix-breaking amino acids were inserted into various predicted a-helices (shown by arrows pointing down), and the two amino acids,
R259 and L1276 (depicted in red), that were replaced by a serine and arginine, respectively, in this study. The R259S/L276R double mutation results

in a TM2 domain that ends at position 276 instead of 278, according to prediction programs.

able to interact with the wild-type domain. Two other versions
of the periplasmic domain known to affect sugar signaling first
described by Banta et al. (5), Glu-254,Glu-255—GIn-254,Leu-
255 (EE-QL) and that with a deletion of amino acids 242 to
257 (Fig. 2, fourth and fifth rows), were both capable of inter-
acting with the wild-type domain, indicating that these residues
are not essential for interaction.

These results are consistent with a model in which the
VirA periplasmic domain is capable of dimerizing indepen-
dently of the transmembrane and cytoplasmic domains. To
further test this, the periplasmic domain was purified as
described in Materials and Methods. Briefly, a PCR product
encoding amino acids 39 to 259 was cloned into the pTWIN1
vector (NEB), creating an in-frame fusion with intein and
the chitin binding protein (CBP), yielding plasmid pXL10.
Soluble proteins from E. coli BL21(DE3) induced with
IPTG were passed over a chitin column and eluted with a
DTT-containing buffer which cleaves the periplasmic do-
main from the VirAP°"intein-CBP fusion protein, yielding

a >90% pure preparation of VirAP*" (Fig. 3A). Interest-
ingly, when this eluate was dialyzed against buffers without
DTT, there appeared on the denaturing gel a band (Fig. 3A,
lane 3) that ran at about twice the size of the monomer (47
versus 23 kDa). This apparent dimerization could be par-
tially reversed via the reintroduction of DTT and high NaCl
(500 mM) (data not shown). To test the hypothesis that the
47-kDa band is in fact a dimer of VirAP", both the 23-kDa
and 47-kDa species were purified from the gel and subjected
to analysis via LC-MS-MS. These results demonstrate that
the only peptides found at significant levels from either band
are those from VirAPe"' (Table 1). Given that the higher-
molecular-mass species runs at the size of a VirAP®™ dimer
and includes only VirAP°" peptides, we conclude that it is, in
fact, a dimer of this domain. Analytical ultracentrifugation
was used to investigate the dimerization of isolated VirAP<"
(Fig. 3B). The data best fit a monomer-dimer model with a
K, (dissociation constant) of 39.8 uM, providing additional
evidence that the periplasmic domain can dimerize by itself
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FIG. 2. Yeast two-hybrid analysis of VirAP*" interactions. Saccha-
romyces cerevisiae EGY48 containing the plasmid pSH18-34, a reporter
plasmid that carries a Gall-lexAop-lacZ gene cluster, with a wild-type
periplasmic domain (pMJ13) and the prey plasmid pJG4-5 expressing
the P21 protein, was used as a negative control for this assay. The
positive control was EGY48 containing pJK202 with a wild-type
periplasmic domain and pMJ0 expressing the wild-type periplasmic
domain of VirA (WT Peri). The experimental subjects were EGY48
containing pJK202 with a wild-type periplasmic domain and prey plas-
mids expressing VirAP®" mutants as shown. Shown here are four
independent streaks of each strain on leucine-free solid media con-
taining the chromogenic substrate X-Gal (5-bromo-4-chloro-3-indolyl-
D-galactopyranoside). Blue is indicative of a positive interaction. See
the text for a discussion of the results. EE-QL, Glu-254,Glu-255—Gln-
254,Leu-255 mutant.

without requiring either the transmembrane domain or the
cytoplasmic domain as a dimerization tether.

Because of the DTT sensitivity of the putative VirAPe™
dimer, we postulated that it ran as a dimer in the denaturing
gel system as a result of a disulfide bond that could form via the
sole cysteine residue (C244) in the periplasmic domain. This
cysteine was converted to alanine via site-directed mutagene-
sis, and the resultant VirAPe""“2**4 wag purified and tested as
described above. Surprisingly, VirAPe<2#44 exhibited the
same phenotype as the wild-type VirAP*"'—it was able to
dimerize after dialysis, and the dimer continued to be DTT
sensitive (data not shown). We conclude that C244 and a
disulfide bond between the C244 residues of participating
monomers are not required for the in vitro dimerization of
VirApPer,

The CD spectrum of purified VirAP*™ (Fig. 3C) is consistent
with the prediction that the periplasmic domain of VirA con-
tains abundant o-helices (Fig. 1). CD spectrum analysis pro-
grams predicted the a-helical content to be approximately 87%
(59). However, further structural analysis would be required to
definitively confirm these results. The ratio of molar ellipticity
at 220 to that at 208 nm was found to be 0.99 for VirAPe'
which might indicate the presence of a two-stranded a-helical
structure (51). We next examined the role such helices may
play in the interaction between VirAP*"" monomers by engi-
neering helix-disrupting four-amino-acid insertions (amino
acid sequence GSPW) in predicted helices at regular intervals
across VirAP°" by overlap extension PCR. These were then
cloned into the yeast two-hybrid prey vector and tested for

J. BACTERIOL.

interaction with wild-type VirAP" as described above. The
results of a quantitative B-galactosidase assay indicate that only
one insertion (i169) significantly affected interaction (Fig. 4).
VirAPe" domains with insertions i169 and i248 were also pu-
rified as described above and tested for in vitro dimerization.
VirA'% was not soluble and could not be tested via this assay.
Consistent with the yeast two-hybrid analysis, VirA>*® was
soluble and exhibited the same capacity to form a dimer as did
the wild type (Fig. 3A, lanes 4 and 5). Moreover, it has a CD
spectrum similar to that of the wild type (Fig. 3C) except with
less a-helical content, indicating that the insertion did not
cause major structural changes to the protein or affect its
ability to dimerize. We conclude that the insertions, with the
exception of 1169, allow the periplasmic domain to participate
in the dimer formation.

Biological characterization of VirAP® insertion mutants.
To gain more insight into the contribution of the highly struc-
tured periplasmic domain to VirA activity, the helix-breaking
insertion mutations described above were made in full-length
VirA, and the mutants were cloned into the low-copy-number
plasmid pAWS50 (73; see also Materials and Methods and Ta-
ble S1 in the supplemental material). Plasmids carrying mutant
alleles were introduced into A. tumefaciens strain A348-3 (see
the supplemental material), which does not carry a functional
copy of the vir4 allele, as was pSW209(), a P, ;::lacZ reporter
plasmid. These strains were tested under a variety of induction
conditions, different AS concentrations, inducing sugars, and
pHs. Unexpectedly, despite being distributed across the entire
periplasmic domain, all of these mutations had very similar
effects on vir gene induction. In contrast to wild-type VirA,
which shows high activity at low concentrations of AS in the
presence of sugar, none of these mutants was able to induce vir
gene expression at 10 mM arabinose and an AS concentration
of 1 uM (Fig. 5A). At 100 uM AS in the presence of arabinose,
the mutants are active, though at levels approximately 2- to
3-fold lower than those of the wild type. Strikingly, in the
absence of the inducing sugar (Fig. 5B), each of the insertion
mutants induced higher levels of vir gene expression than wild-
type VirA at both 10 and 100 uM AS. Finally, all of the
insertion mutants supported high levels of activity at both pH
5.5 and pH 7.0 both in the presence and absence of sugar (Fig.
5C), contrasting with wild-type VirA, which requires low pH to
support vir gene induction. Taken together, these results indi-
cate that the insertion mutations across the domain (i) relieve
the apparent repression of VirA activity by the periplasmic
domain when sugar is absent and (ii) disrupt the capacity for
this domain to respond to the ChvE/sugar signaling mechanism
that increases the sensitivity of the system to AS.

Detailed analysis of the AS sensitivity of the VirAP*" pro-
teins, particularly in relation to pH, is complicated by the fact
that virG expression is induced by low pH (17). To eliminate
the pH-dependent effect on virG expression, the vir4-contain-
ing plasmids pGN60 and pGN66 (both pRG109 derivatives,
described in Materials and Methods and Table S1 of the sup-
plemental material) were moved into strain A136 (no Ti plas-
mid). The plasmid pRG109 carries virG under the expression
of the constitutive, pH-independent Py,5 promoter (30) as well
as a P, z-lacZ reporter construct. Analysis of strains carrying
either the wild-type vird or vird''®® revealed that (i) VirA™"®? is
~30-fold less sensitive to AS than wild-type VirA is when
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FIG. 3. VirAP*" isolation, dimerization, and helical abundance. (A) SDS-PAGE (10%) analysis of the wild-type VirAP* and the insertion
mutant (i248). Lane 1, protein standards with molecular sizes labeled in kDa; lanes 2 and 3, wild-type VirAP*" before and after dialysis against
buffer A (20 mM HEPES, pH 8.5, 50 mM NaCl), respectively; lanes 4 and 5, VirAP*™ with the i248 mutation before and after dialysis against buffer
A, respectively. The elution buffer for purification is 20 mM HEPES, pH 8.5, 500 mM NaCl, 40 mM DTT, and 1 mM EDTA. (B) Analytical
ultracentrifugation analysis of VirAPe". The dots in the lower panel represent measured absorbances at 280 nm taken at 20,000, 25,000, 30,000,
and 35,000 rpm. The best-fit curves (continuous lines) for the equilibrium model in a monomer-dimer equilibrium with a K, of 39.8 uM are
superimposed. AutoCorr, autocorrelation; R, radius. (C) Far-UV CD spectroscopy of wild-type (wt) VirAP*™ and VirAP" with i248. The spectra
of both wt VirAP*'l and VirAP®" with i248 were obtained at a concentration of 7.5 uM in 50 mM NaHPO, buffer (pH 7.6) and 50 mM NaCl.
Measurements were taken in 1-nm increments from 260 to 200 nm in a 0.1-cm-path-length cuvette with a bandwidth of 1 nm on a Jasco J810
spectropolarimeter. The spectrum was the average of three scans at 20°C. res, residue.

tested in the presence of an inducing sugar, (ii) the sensitivity
of VirA™®? to AS is unaffected by sugar, and (iii) in the absence
of inducing sugars, the maximal vir gene induction level with
VirA'% is nearly as high as that supported by wild-type VirA
in the presence of sugar (Fig. 6A). At pH 7.0, regardless of
inducing sugar supplement, VirA"® supported significantly
higher levels of vir gene expression than did wild-type VirA
(Fig. 6B). Virtually identical results were obtained in tests of
VirA?*® (data not shown). Because the vird''®® and vir4'>*®
alleles result in at least one phenotype that ordinarily requires
ChvE (high maximal activity), we tested them for this activity
in the absence of ChvE by moving the alleles into strain DL8
(lacking chvE) (30), also carrying pRG109 as described above.
The results were identical to those described above for the
chvE™ strain, A136 (data not shown), indicating that ChvE is
not required for the high-maximal-activity phenotype observed
in the absence of inducing sugar.

To study the relationship between the tumorigenic capacities
of the insertion mutants and their abilities to sense AS, vird
and two representative mutants, vird''®® and vir4™*8, cloned

into the low-copy-number vector pAWS50, were electroporated
into A348-3, a virA deletion strain. These strains were cocul-
tivated with tobacco leaf explants at different concentrations of
AS in the cocultivation medium, and tumors were scored after
12 to 14 days (see Materials and Methods). The concentrations
of AS ranged from 0 uM to 500 pM. Figure 6C shows the
average numbers of tumors for each strain at different concen-
trations of AS. When no exogenous AS is provided in the
cocultivation medium, the inciting strain has to rely on pheno-
lics present at the wound site. Only the wild-type strain pro-
duced tumors under those conditions. VirA"®® and VirAl#*®
required higher concentrations of AS to stimulate any tumor
formation. Thus, the virulence profile for the mutants was a
reflection of their loss of sensitivity to AS in the presence of
arabinose.

Repositioning of the TM2-spanning helix. A working model
for the physical response of periplasmic sensor domains of
both chemoreceptors and histidine kinases comprises the li-
gand inducing a shift of the second transmembrane helix to-
ward the cytoplasm (“piston model”), resulting in an alteration
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TABLE 1. Trypsin-digested peptides of VirAP*™ monomer and
dimer bands identified by LC-MS-MS*

Band Peptide” X.ore DeltaC,
Dimer R.QSHIVSESNAAQLLR.Q 4.450 0.6
R.SINADSASLQR.D 4.040 0.8
R.LODSLASFTR.A 3.907 0.8
K.NLEDLKQLFR.Q 3.763 0.7

R.QLEVSLNSADAAVAAFGAQNVR.L  3.355 0.8
K. ASTDQTLEKPTELASMMLQFLR.Q  3.213 0.6

R.QPSPAISFEISLELER.L 2.730 0.8
Monomer R.QLEVSLNSADAAVAAFGAQNVR.L  6.882 0.9
R.SINADSASLQR.D 4.345 0.8
R.QSHIVSESNAAQLLR.Q 4.259 0.7
K. ASTDQTLEKPTELASMMLQFLR.Q  4.013 0.6
K.NLEDLKQLFR.Q 3.752 0.7
R.EGPIILSLLPQVK.D 3.730 0.8
R.LODSLASFTR.A 3.405 0.9
R.AHTGTVANYRPIISR.L 2.612 0.7
R.GLDEAPVR.I 2.105 0.8

“ The two VirAP®™ bands were excised from a Coomassie blue G-250-stained gel
and subjected to mass spectrometry analysis as described in Materials and Methods.
X.orr Tepresents the cross-correlation score, which is an indicator of the correlation

<
between expected and observed spectra of the fragment in question. DeltaC,, is the
normalized correlation score. X, values of >2.5 and deltaC,, values of >0.1 are
indicative of a strong correlation between theoretical and observed data (76).

b Periods indicate trypsin cleavage sites; mass spectrum-identified fragments
are between periods.

in cytoplasmic activity of the protein (19, 27, 36). Support for
this model has come in several forms, including engineering of
the TM2-spanning helix so that it would be shifted as if a
piston-like motion had moved the helix toward the cytoplasm.
Such mutations (for example, the W209R mutation in the TM2
domain of TAR or others in the E. coli nitrate sensors NarQ
and NarX) have been shown to result in a ligand-independent
“locked” configuration with a phenotype of the ligand-bound
wild-type receptor (21). We therefore examined the effect that
certain mutations (specifically, R259 and L276; Fig. 1) at the
flanks of the TM2-spanning region would have on the pre-
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FIG. 4. B-Galactosidase activities of VirAP" insertion mutants.
The graph depicts results of a representative yeast two-hybrid assay to
characterize the interactions of the VirA periplasmic domain with
VirAP" mutations. Liquid assays for B-galactosidase activity of yeast
strains carrying a wild-type VirAP*" bait domain and various insertion
mutants of the periplasmic domain were performed to study interac-
tion as described in the Materials and Methods. Activity is expressed in
Miller units. See the text for a description of the results. This assay was
performed in triplicate, and similar results were observed in at least
two independent experiments. neg, negative control.
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FIG. 5. vir induction profiles of insertion mutants (see the text for
a detailed discussion of the results). A348-3 strains carrying the
P, z:lacZ reporter fusion on pSW209Q) and virA mutant alleles on
PAWS0 were grown at 25°C in pH 5.5 induction medium with 10 mM
L-arabinose (a) or glycerol (b), at low and high concentrations of the
phenolic inducer acetosyringone (AS), and in pH 7.0 medium with 10
mM arabinose or glycerol with 200 wM AS (c). B-Galactosidase activity
was determined after 20 h. Results are reported in Miller units. Sam-
ples were assayed in triplicate, and results are plotted as means with
standard errors. Similar results were observed in three independent
assays.

dicted position of that helix. Both TM-pred and E-Z potential
(37, 63) predict that the transmembrane domain of TM2 of the
double mutant VirAR*3?SL276R g shifted dramatically com-
pared to the wild type (ig. 1), with two residues (277 and 278)
previously associated with the inner face of the membrane now
predicted to be in the cytoplasm, whereas each individual mu-
tation was not predicted to cause such a shift. The “outside”
border of the predicted TM2 transmembrane domain of
VirAR?5%S was not altered according to prediction programs,
though the inside border showed a one-amino-acid change,
with the valine 277 residue predicted to be the last residue of
this domain. This shift was confirmed by using vir gene induc-
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FIG. 6. Comparative AS dose-response determinations for wild-type
VirA and VirA"® and the effect of AS sensitivity on tumor initiation.
A136 (wild-type chvE) strains carrying wild-type vird and vird'® on
pRG109 (pGN60 and pGN66; see the supplemental material for a de-
scription) were grown at 25°C in induction medium with 10 mM L-arabi-
nose and glycerol at either pH 5.5 (a) or pH 7.0 (b). AS concentrations
from 0 to 300 uM were used. B-Galactosidase activity was determined
after 20 h, and the results are expressed in Miller units. The top right
corners of panels a and b depict EDj, values (the concentrations of the
phenolic inducers that elicit 50% of the maximal response; calculated as
described in Materials and Methods) in uM AS. Samples were assayed in
triplicate and plotted as means with standard errors. Three independent
experiments were performed and yielded similar results. (c) Tumorigen-
esis assay. A348-3 strains carrying plasmids expressing wild-type VirA,
VirA''®, or VirA>*® were evaluated for the ability to form tumors by
cocultivation with tobacco leaf explants at different external AS concen-
trations on hormone-free MS medium. This graph represents the average
number of tumors per leaf explant for each strain at cell concentrations of
0.5 ODygy. The error bars on the graph represent standard errors (n =
14). Two independent virulence assays were performed before conclu-
sions were drawn.

tion assays. For example, VirA®*°S had only a small effect on
vir gene expression, being sugar sensitive though having much
lower sensitivity to AS than VirA™* had (Fig. 7A). The other
single TM2 mutant, VirA™?7°R was inactive at all AS concen-
trations tested. It is possible that the mutant 276R residue did
not allow for appropriate insertion into the membrane and
thus yielded an inactive protein. In contrast to the single mu-
tants, VirAR#9SL27R had a profound effect on the vir gene
expression profile: this form of VirA supported high maximal
activity, but low AS sensitivity, in the absence of sugar and was
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FIG. 7. TM2 mutants. A348-3 strains carrying the P, z::lacZ re-
porter fusion on pSW209() and wild-type vir4 or the TM2 R259S and
L276R single mutants or the R259S/L276R double mutant on the
plasmid pAWS50 were grown at 25°C in pH 5.5 induction medium with
10 mM glucose (a) or glycerol (b), at increasing concentrations of the
phenolic inducer acetosyringone (AS). B-Galactosidase activity was
determined after 20 h. Results are reported in Miller units. Samples
were assayed in triplicate, and results are plotted as means with stan-
dard deviations. Three independent assays were performed.

unresponsive to the effects of inducing sugar (Fig. 7B). This
phenotype is the same as that of the insertion mutants de-
scribed above—in fact, VirARZS:1276R 3150 supports vir gene
induction at pH 7 (data not shown), as do the insertion mu-
tants.

Analysis of the Trg-like region within the periplasmic do-
main of VirA. The Trg chemoreceptor of E. coli interacts with
the periplasmic galactose and ribose binding proteins (GBP
and RBP, respectively) to induce chemotaxis toward these
sugars (see the introduction). ChvE shows ~30% sequence
similarity to these two periplasmic binding proteins (3). While
the VirA periplasmic domain is not closely related by sequence
to the Trg periplasmic domain, it shares a short region of
identity with a Trg domain that is proposed to be the ligand
interaction region of Trg (Fig. 8) (13, 74). This region lies
between amino acids 226 and 239 of VirA or, more pertinently,
between the E210 and E255 residues, which are the sites of
mutations that have previously been shown to result in loss of
ChvE-mediated sugar sensitivity. To test whether site-specific

70 80 90
TGLANSSDFL RSARINMIQA GAASRIAEME
220 230 240

VirA(aa210-240) GPIILSLLPQ VKDLVNMIQT SDTAETREML
v v v
Y K/L F

FIG. 8. Sequence alignment of a portion of the VirA periplasmic
domain and the ligand recognition domain of Trg, showing the pres-
ence of an identical 4-XXXXX-4 amino acid motif with two regions of
identity (depicted in gray and underlined). This motif in Trg is thought
to be the ligand interaction site for ribose binding protein and has been
the site of extensive study (7, 58, 74). VirA amino acids that were the
mutagenized for this study are boxed, with substitutions at these sites
shown beneath them.

Trg(aa60-90)
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TABLE 2. Effect of ChvE on AS sensitivity and maximal activity of VirA as a function of B-galactosidase activity

No ChvE Wild-type ChvE ChvET!87P

Protein EDs, Maximal EDs, Maximal EDs, Maximal

(LM)® activity? (pM)® activity? (LM)® activity?
VirA™ 33 660 = 92 2 5,717 = 548 0.3 7,928 = 188
VirAE?st 44 950 + 37 19 6,066 = 38 4 5,916 = 351
VirANz26Y 42 550 =33 15 2,340 = 232 1 7,052 = 112
VirAl236F 75 655 = 212 43 1,531 = 125 7 4,213 = 595
VirAQ?»9K 108 2,076 = 362 121 1,807 = 73 78 4,541 = 254
VirAl1®? 26 2,838 = 219 19 2,342 = 15 23 2,190 = 133

“ Expressed as EDs, or the micromolar concentration of the phenolic inducer that elicits 50% of the maximal response (calculated as described in Materials and

Methods).

b B-Galactosidase activities * standard deviations are expressed in Miller units and represented here as averages (and standard deviations) of at least three

experiments.

mutations at residues of VirA that are identical to those of the
proposed ligand interaction domain of Trg (Fig. 8) result in
similar effects in the VirA-ChvE interaction, we generated the
VirA(N226Y), virA(Q229K), virA(Q229P), and virA(I236F) al-
leles. These were chosen because the analogous mutations in
Trg had three distinct and interesting signaling properties that
would be interesting to replicate in the VirA-ChvE system. For
example, TrgN’®Y, analogous to VirAN*?°Y_ displayed a “mim-
icked-occupancy” phenotype, i.e., the chemoreceptor acted as
if sugar-bound RBP was bound to it, whereas Trg"®" was
insensitive to the RBP signal. The Trg residue Q at position 79
was interesting because a conversion to a lysine (Q79K) re-
sulted in a mimicked-occupancy phenotype, whereas a change
to proline rendered the protein inactive (74). Each of the vir4
allele mutants was tested in the absence of ChvE or in the
presence of wild-type ChvE or ChvE"'®7". The latter corre-
sponds to a hyperactive allele of chvE that mimics the sugar-
bound form of ChvE, that is, inducing sugars are not required
to cause high sensitivity to phenols and maximal vir-inducing
activity by wild-type VirA (35).

The mutant vir4 alleles were cloned into the pRG109 plas-
mid described above and transformed into the DLS strain
(AchvE, no Ti plasmid) carrying ChvE or ChvE™®’" in the
pBBR1-5 vector (described in Materials and Methods). Each
strain was then tested at various AS concentrations in the
presence of glucose, yielding estimates of maximal vir gene
expression at saturating concentrations of AS (maximal activ-
ity) and AS sensitivity, presented as the EDs, (concentration of
AS at half the maximal activity) (Table 2; see Fig. S1 in the
supplemental material). As expected, the AS sensitivity and
maximal activity supported by wild-type VirA are both dramat-
ically increased when ChvE is present, and interestingly,
ChvE"™®" had a modest effect on maximal activity but in-
creased AS sensitivity even further (~10-fold) compared to
wild-type ChvE. Also as reported previously (5), VirAF*>t
tested in the presence of ChvE exhibited a marked decrease in
AS sensitivity (nearly the same as wild-type VirA tested in the
absence of ChvE), but its maximal activity was not affected.
ChvE"™8F was capable of increasing the AS sensitivity exhib-
ited by the strain with VirA®*>°" to near-wild-type levels but
had no effect on maximal activity. As reported above, in the
absence of ChvE (and/or sugar), VirA''® supports a level of
maximal activity significantly above that of wild-type VirA but
a low sensitivity to AS. Neither ChvE nor ChvE™®"" affected

either maximal activity or AS sensitivity. Analysis of the point
mutations in the Trg-like domain demonstrates that the cor-
responding residues are indeed critical for ChvE-mediated
sugar signaling. In terms of AS sensitivity, VirAN***Y and
VirA'*“F supported phenotypes similar to that supported by
VirAF#>L: when tested in the presence of ChvE, their AS
sensitivity was low compared to that of wild-type VirA, and
ChvE™87P dramatically increased the AS sensitivity. However,
the maximal activity supported by VirAN?**Y and VirA'°F in
the presence of ChvE was significantly lower than that sup-
ported by VirAE>>%, ChvE™'®’F was able, though, to signifi-
cantly enhance the maximal-activity phenotype supported by
either VirAN*2°Y or VirA™3°F,

The glutamine residue at position 229 was converted to
either a proline or a lysine. VirA??**" was inactive under all
conditions tested (data not shown), as was the Q79P form of
Trg. VirA9??°K exhibited a novel set of phenotypes (Table 2)
compared to the other forms with mutations in the periplasmic
domain that affect sugar signaling. As with VirAN??¢Y and
VirA?°F, VirA@??°K was much less sensitive to AS than wild-
type VirA when they were tested in the presence of wild-type
ChvE and inducing sugar. In contrast to those supported by
VirAN?2°Y and VirA™°F, the AS sensitivity supported by
VirA9??°% was unaffected by ChvE™#’F, The maximal activity
supported by VirA®?*¥ tested in the absence of ChvE was
significantly higher (~3-fold) than that supported by wild-type
VirA tested under the same conditions, analogous to the mim-
icked-occupancy phenotype of Trg?7%. While the maximal
activity supported by VirA®%?°® was not increased in the pres-
ence of wild-type ChvE, it showed a dramatic increase when
tested in the presence of ChvE™®’", Thus, VirA?*** cannot
respond to ChvE™ " in terms of AS sensitivity but is still
capable of responding in terms of maximal activity.

DISCUSSION

The periplasmic domain of VirA is hypothesized to interact
with sugar-bound ChvE, possibly in a pH-dependent fashion
(30, 64). This results in the transmission of information to the
cytoplasmic domain of VirA, increasing sensitivity to pheno-
lics, and leading to high levels of vir gene expression at satu-
rating levels of phenolics. Our results are consistent with the
model in which the periplasmic domain is a repressive element
in the context of maximal activity, whereas it serves as a pos-
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itive element in relation to phenolic sensitivity. Moreover,
these phenotypes can be genetically uncoupled, strongly sug-
gesting that distinct transducing mechanisms must exist.
Dimerization of the VirA periplasmic domain. The periplas-
mic domain of VirA has a high proportion of a-helices, as
predicted via secondary structure prediction programs (Fig. 1)
and subsequently confirmed by the CD spectrum of purified
VirAPe" (Fig. 3C). An important feature of the sensor domains
of most histidine kinases is that their existence as dimers is
integral to their ability to transmit signals within the cell (19).
The presence of biologically relevant dimers has been demon-
strated both biophysically and genetically for the Tar chemo-
receptor and histidine kinases such as PhoQ, DcuS, NarX, and
TorS (20, 32, 77, 79). The evidence for VirA dimers comes by
way of genetic analysis using intersubunit complementation (9,
66, 73) and by chemical cross-linking analysis indicating that
VirA exists as a dimer even in the absence of the inducing
ligands (57). While these earlier studies affirm that VirA exists
as a dimer and that dimerization is critical to VirA function,
our investigations demonstrate periplasmic domain dimeriza-
tion in the absence of tethering via transmembrane and cyto-
plasmic domains. A yeast two-hybrid analysis revealed that the
wild-type VirAP®"' domain interacted strongly with itself but
not with a form carrying a large deletion (from aa 63 to 240
[VirA2%3-24)) In an effort to identify sites within the periplas-
mic domain that are necessary for monomer-monomer inter-
action, helix-breaking insertions were engineered in all pre-
dicted a-helices across the entire domain. Interestingly, with
the sole exception of that corresponding to 1169, the insertion
mutants were able to interact readily with the wild-type
periplasmic domain in the yeast two-hybrid system (Fig. 4).
In vitro studies demonstrated that the periplasmic domain
has significant a-helical character and can form a dimer in
solution. Interestingly, this dimer appears extremely stable
even when subjected to SDS-PAGE. Analytical ultracentrifu-
gation of the soluble, isolated periplasmic domain indicates
that the dimer forms with a K, of 39.8 uM, in line with the K,
observed for the isolated periplasmic domain of the trimeth-
ylamine N-oxide (TMAO)-responsive histidine kinase TorS
(52). The dissociation constant is indicative of a strong and
biologically relevant association. Moreover, as noted by Moore
and Hendrickson, the actual Ks of such domains when teth-
ered to the membrane via their transmembrane domains are
likely to be significantly lower (52). The observation that the
soluble VirA periplasmic domain can migrate as a dimer under
denaturing conditions also indicates a very strong interaction.
There have been some reports of histidine kinases migrating as
dimers when treated with SDS, one of the earliest examples
being the Arabidopsis thaliana ethylene-responsive ETR1 (16).
Surprisingly, replacement of the one cysteine residue in the
VirA periplasmic domain did not alter its capacity to dimerize
(data not shown), suggesting that a very stable nondisulfide
interaction between the VirAP*" monomers must occur. Such
stable dimerization has also been noted for the BM2 integral
membrane protein of influenza B virus and other histidine
kinases, like NarX, whose structures have been resolved (12,
20). SDS-stable coiled-coil domains have been reported for
other proteins, for example, the Epstein-Barr virus transcrip-
tion factor, Zta (62). Programs to predict coiled coils in pro-
teins, such as Marcoils and PCOILS, show that there is a high
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probability that VirAP" forms coiled coils even though it lacks
the presence of heptad motifs associated with coiled-coil for-
mation (see Fig. S2 in the supplemental material) (25, 43, 44).
Earlier studies have shown that the yeast Sir4 dimerization
motif, also a coiled coil, does not share a consensus sequence
with coiled coils (18). Thus, one possibility is that the SDS
stability of VirAP°™ could be the result of a strong coiled-coil
interaction.

Consistent with the yeast two-hybrid analysis, characteriza-
tion of isolated VirA™*® indicated that it also continued to be
capable of dimerization in solution. The VirA™® protein ex-
pressed in E. coli was insoluble, indicating that the i169 muta-
tion had a more deleterious effect on the structure of the
periplasmic domain. However, because the full-length protein
with the 1169 mutation is capable of successfully inducing vir
gene expression, we assume that it is forming a homodimer by
virtue of its cytoplasmic and TM domains, a phenomenon that
has been observed for E. coli EnvZ (62). Our analysis indicates
that periplasmic domain dimerization is quite strong and likely
to result from interactions at more than one helical domain
within the protein. This is consistent with results for other
histidine kinase periplasmic domains that have multiple sites of
interaction (20, 52).

The VirA periplasmic domain is both a repressive and ac-
tivating element. The role of the periplasmic domain as a
negative regulator of histidine kinase activity has been ob-
served before in the form of mimicked-occupancy or “locked-
on” phenotypes seen in mutant versions of other systems, for
example, the CpxAR system in E. coli, the nitrate sensors
NarQ and NarX, the chemoreceptor Trg, and most recently,
the PhoQ system in Salmonella enterica serovar Typhimurium
(14, 21, 23, 74). The insertion mutants described in this study
can be viewed, in one context, as being in the locked-on state:
they relieve the repressive effects of the periplasmic domain on
maximal activity in the absence of inducing sugars or at neutral
pH (Fig. 5 and 6). However, these mutants cannot respond to
ChvE and sugars that normally increase AS sensitivity of wild-
type VirA. Taken together, the available data support a model
in which the ChvE-VirA periplasmic domain interaction is
required for two layers of mechanistic control: (i) release of
negative regulation by the periplasmic domain that affects max-
imal activity under suboptimal inducing conditions, for exam-
ple, in the absence of inducing sugars or at neutral pH, and (ii)
stimulation of positive regulation on the cytoplasmic domain in
the presence of inducing sugars and low pH, leading to in-
creased sensitivity to AS.

Current models for the control of cytoplasmic activity of
structurally related histidine kinases and chemoreceptors sug-
gest that the periplasmic domain responds to ligands by the
displacement of the o-helix spanning TM2 by one or two
amino acids toward the cytoplasm, with the rigidity of this helix
causing perturbation of a cytoplasmic “signal conversion” do-
main resulting in effects on kinase activity (19, 34, 36). As a first
step to determine whether either or both of the two pheno-
types controlled by the VirA periplasmic domain (maximal
activity and phenolic sensitivity) are related to such a piston-
like movement, we performed site-specific mutations that were
predicted, via several different predictive programs (37, 63), to
result in a VirA protein (VirAR***$127°R) in which the TM2-
spanning o-helix is shifted by 1 or 2 amino acids toward the
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cytoplasm. The results reported here showed that this mutant
form of VirA exhibited a high maximal vir-inducing activity
compared to that of wild-type VirA when tested in the absence
of inducing sugars (Fig. 7) but could not respond to inducing
sugars and had extremely low sensitivity to phenolics. These
results, essentially the same as those found in the analysis of
the insertion mutants, are consistent with a model in which the
periplasmic domain of VirA is in a highly constrained, repres-
sive conformation. While the ChvE/sugar signaling mechanism
is capable of not only releasing the repression but also activat-
ing an increase in phenolic sensitivity, the insertion mutations
and the TM2 mutations appear to release the repressive effect,
possibly by allowing (causing) an uncontrolled displacement of
the TM2-spanning a-helix toward the cytoplasm. However, this
type of release appears to completely eliminate the capacity for
VirA to respond to the activating properties of ChvE. One
possibility is that an uncontrolled displacement of the TM2
a-helix by the mutations described disrupts the capacity for
some signal conversion module in the cytoplasmic domain to
achieve an activated status in terms of phenolic sensitivity. One
candidate for a regulatory scheme has been proposed by Gao
and Lynn, who suggest that the rotation of a-helices just cyto-
plasmic to TM2 are critical in controlling VirA activity (31)
(see also last paragraph in the text).

In the biological context, the abilities of VirA"'®” and an-
other insertion mutant, VirA>*®, to form tumors on tobacco
leaf explants correlate directly with their sensitivity to AS in
the presence of inducing sugars (Fig. 6C). Interestingly, VirA
carrying a large periplasmic deletion (VirA*®24%)_exhibiting a
vir induction phenotype similar to that of the insertion mu-
tants, was found to confer an intermediate level of tumorigen-
esis when the external AS concentration was varied in quanti-
tative tumor assays (5). Importantly, the results of Banta et al.
and the concurrent tumorigenic and in vitro dose-response
assays of the VirA mutants studied here prove that the ability
to form tumors is a function of sensitivity of VirA to plant-
derived phenolics like AS and not maximal activity. This sug-
gests that at least these plant tissues have limiting amounts of
phenolics available and demonstrate the critical role of sugars
in the virulence process.

Critical role of the Trg-like region. The results presented
here demonstrate that the small region in VirA that has strong
similarities in sequence to a region in the periplasmic domain
of the E. coli methyl-accepting chemoreceptor Trg has a crit-
ical role in sugar signaling (13). Genetic and biochemical anal-
yses suggest that this small motif in Trg represents the putative
ligand binding protein interaction (74, 75). Amino acid substi-
tutions in this region of Trg (e.g., N76Y and Q79K) can result
in a mimicked ligand (sugar periplasmic binding protein
[PBP]) occupancy phenotype. An earlier study examined a
mutation at an amino acid residue corresponding to Q79 in Trg
(74). In this case, VirA®**°" showed an ~3-fold increase in
activity over the wild-type level in the absence of inducing
sugars, suggesting a mimicked-occupancy phenotype, but the
corresponding strain was still capable of high AS sensitivity and
maximal activity in the presence of sugars, resulting in a con-
clusion that the region was not critical in the sugar signal
transduction process (66). In contrast, our examination of mu-
tations in VirA that correspond to the Trg mutants described
by Yaghmai and Hazelbauer (74, 75) shows that this region is
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crucial in sugar signal transduction and provides further evi-
dence of the degree to which two key sugar-related pheno-
types, maximal sensitivity and maximal activity, can be uncou-
pled. Strains carrying VirAN?2°Y, VirA™3°F or VirA©>%
exhibit phenotypes distinctly different from those of the previ-
ously studied VirA®>>"™ (Table 2; see Fig. S1 in the supple-
mental material). For VirAN??Y VirA™¢F and VirA©2?%K,
both AS sensitivity and maximal vir-inducing activity at satu-
rating AS concentrations were, when tested in the presence of
inducing sugars and wild-type ChvE, significantly lower than
those for wild-type VirA, whereas in the case of VirAF*>%,
only AS sensitivity was affected. One interpretation of these
data is that the mutations in the Trg-like region affect the
interaction of ChvE with VirA, whereas the E255L mutation
affects only signal transduction related to AS sensitivity.

The mutations in the Trg-like region do not eliminate inter-
action with ChvE, however, because VirAN*2¢Y and VirA?3F
still respond to both wild-type ChvE and the hyperactive
ChvE™'87" by progressive increases in both sensitivity and max-
imal activity, though their responses are still weaker than those
of the wild type tested in an identical manner (Table 2). These
could be interpreted as deficiencies in the interaction of ChvE
and VirA. In contrast, VirA9%*° appears to represent a dis-
tinctly different case. In the absence of ChvE, VirA??**¥ sup-
ports higher maximal activity than that supported by wild-type
VirA (Table 2). Because VirA®**°® responds in a manner that
is seen with wild-type VirA only in the presence of inducing
sugar and wild-type ChvE, this could be considered mimicked
occupancy as in the case of the corresponding frg allele (en-
coding Trg®”?¥). Interestingly, the presence of ChvE" 87" re-
sults in even higher maximal activity, indicating that the
VirA9%?° protein can still interact productively with this ver-
sion of ChvE. An interpretation of the mimicked-occupancy
phenotype is that the substituted amino acid residues result in
conformational changes that are similar to temporary effects
caused by ligand binding (6, 74). However, although strains
expressing VirA??*°% exhibit a mimicked-occupancy pheno-
type in relation to maximal vir-inducing activity, the effect on
their AS sensitivity is just the opposite: such a strain exhibits
very low AS sensitivity, and this is unaffected by either wild-
type ChvE or ChvE™®7" when tested in the presence of induc-
ing sugar. Of all the residues for which site-specific substitu-
tions were made, glutamine at 229 seems to be pivotal for
postsignaling effects of the interaction of VirA with ChvE,
because mutations at this residue result in a more severe sugar-
sensing effect.

The question raised by these results is how the observed
genetic uncoupling of the VirA/ChvE-sugar-mediated pheno-
types (maximal activity and phenolic sensitivity) can be under-
stood in a biochemical context. That is, does ChvE mediate
physical responses by the periplasmic domain of VirA that are
transduced independently of one another? The repressive ac-
tivity of the periplasmic domain could be the result of its
constraining the protein into a configuration of high phos-
phatase activity (9). However, phosphatase activity has not
been demonstrated in isolated VirA, and other potential re-
pressive activities may be at play. According to the model of
Gao and Lynn, net VirA kinase activity is a sum of piston and
rotational movements of the periplasmic, TM, and linker do-
mains (31). In their model, a piston movement set in motion by
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the ChvE-sugar-pH signals lowers the energy barrier for phe-
nol perception by the linker domain, thus increasing sensitivity
to phenols. Our data support a refinement of this model, in
which the piston in and of itself can lead to an increase in
maximal vir-inducing activity, whereas some controlled version
of this movement (or possibly a more significant movement
than is achieved by the insertion mutations or the TM2 muta-
tions studied here) is required to achieve the proposed lower
energy barrier for phenol perception. The ChvE-mediated dis-
placement of the TM2-spanning helix would be, in this model,
precisely controlled so as to appropriately modulate the move-
ment allowing increased phenolic sensitivity, as well as maxi-
mum activity. We suggest that the residues in the Trg-like
region of the VirA periplasmic domain may be integral in this
control.
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