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Response regulators are the ultimate modulators in two-component signal transduction pathways. The
N-terminal receiver domains generally accept phosphates from cognate histidine kinases to control output.
VirG for example, the response regulator of the VirA/VirG two-component system in Agrobacterium tumefaciens,
mediates the expression of virulence genes in response to plant host signals. Response regulators have a highly
conserved structure and share a similar conformational activation upon phosphorylation, yet the sequence and
structural features that determine or perturb the cooperative activation events are ill defined. Here we use VirG
and the unique features of the Agrobacterium system to extend our understanding of the response regulator
activation. Two previously isolated constitutive VirG mutants, VirGN54D and VirGI77V/D52E, provide the
foundation for our studies. In vivo phosphorylation patterns establish that VirGN54D is able to accumulate
phosphates from small-molecule phosphate donors, such as acetyl phosphate, while the VirGI77V/D52E allele
carries conformational changes mimicking the active conformation. Further structural alterations on these two
alleles begin to reveal the changes necessary for response regulator activation.

Two-component regulatory systems, composed of a histidine
sensor kinase and a response regulator (RR), mediate adaptive
responses in a wide variety of cellular processes, such as che-
motaxis, sporulation, quorum sensing, and pathogenesis (43,
50). The response regulator usually lies at the end of the
two-component pathway, functioning as a phosphorylation-de-
pendent modulator. Generally, the N-terminal receiver do-
main receives phosphate from the cognate histidine autokinase
upon signal input, and the C-terminal effector domain regu-
lates output. This modular organization of histidine kinase/RR
has been repeatedly exploited and greatly diversified to the
point that it underlies most prokaryotic environmental sensing.

Despite the great diversity of histidine kinase input domains
and the C-terminal effector output domains, the receiver do-
mains of RRs share a remarkably conserved structure fold and
appear to follow a similar conformational change/activation
following phosphorylation (1–3, 9, 15, 20, 21, 43). These re-
ceiver domains contain a doubly wound �/� fold with a central
five-stranded � sheet surrounded by five � helices. The con-
served Asp at the �3-�3 loop, together with two other carbox-
ylate-containing side chains (Asp or Glu) at the �1-�1 loop, a
Ser or Thr at the �4-�4 loop, and a Lys at the �5-�5 loop,
make up the highly conserved phosphorylation center. Phos-
phorylation causes little change in overall secondary structure
but rather induces a repositioning of secondary structural ele-
ments in the �4-�4-�5-�5 region—a substantial restructuring
of the molecular surface. The mechanism for such reposition-
ing or conformational propagation appears conserved as well,
involving an Asp-Ser/Thr-Tyr/Phe “aromatic switch” (3, 15, 22)

that results in the rearrangement of the �4-�4-�5-�5 region by
altering the orientation and packing around a conserved aro-
matic residue (Tyr or Phe).

It has been suggested that RRs exist in an equilibrium com-
posed of the “inactive” and “active” conformations, and this
equilibrium is shifted towards the active conformation upon
phosphorylation (9, 47). Apparently, individual response reg-
ulators in various systems have evolved to maintain their dif-
ferent lifetimes of active forms to match individual biological
roles, even though they have a similar structure fold and con-
formational propagation pathway. For example, the half-life of
the phosphorylated RR ranges from 0.5 min in CheY (Esche-
richia coli) to 180 min in Spo0F (Bacillus subtilis), correspond-
ing to the timescales of chemotactic behaviors (seconds) and
sporulation (hours), respectively (25, 55). Different lifetimes of
phosphorylated RRs may well represent different equilibrium
constants evolved to adopt individual RRs for specific cellular
processes. At the limits, mutations could shift such conforma-
tion equilibrium to either a complete loss of activity or a
constitutive activation. In this context, constitutively active al-
leles are particularly interesting, as they should reveal evolu-
tionarily critical residues for maintaining the conformation
equilibrium in the “on” extreme. We reasoned that analyzing
and comparing these constitutive mutants may reveal addi-
tional critical structural features necessary for activation and
may distinguish essential features associated with the dynamics
of individual response regulators.

The VirA/VirG two-component system in Agrobacterium
tumefaciens represents a rich system to explore such constitutive
alleles. VirG has been the subject of extensive mutagenesis,
and in vivo phosphorylation protocols have been established
(10–12, 30, 33, 35, 36). All the input signals, acidic pH, mono-
saccharides, and phenols (e.g., acetosyringone [AS]), respon-
sible for sensing plant hosts and mediating the transfer of
oncogenic DNA into the plant genome are known (44, 52, 56).
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Phosphorylation of VirG is thought to induce dimerization and
vir box binding to activate the expression of the virulence (vir)
genes. Finally, VirG shares sequence similarities with the
OmpR-PhoB subfamily of response regulators, and Asp52 has
been shown to be the site of phosphorylation (14). Based on
sequence homology, the conserved phosphorylation center res-
idues of VirG include D8, D9, D52, S79, and K102. Indeed,
alleles carrying substitutions at these residues, such as D8N,
D52E, and S79G, and at other proximal residues, such as
V51A, L53P, I100T, and F104S, result in the loss of VirG
activity (35, 36).

Constitutively active mutants of VirG have been isolated
with mutations at three positions, N54 (VirGN54D), I77
(VirGI77V and VirGI77V/D52E), and I106 (VirGI106L,
VirGI106F, VirGI106P, and VirGI106Y) (10, 11, 13, 33, 36).
Among these mutants, only VirGI77V/D52E and VirGN54D
are no longer AS responsive, and therefore they are the focus
of this investigation. The constitutive activity of VirGI77V/
D52E appears unusual since the conserved phosphorylated
D52 residue is altered. VirGN54D was shown not to be phos-
phorylated by the kinase VirA in vitro (13), and a maltose-
binding protein (MBP)-VirGN54D chimera showed higher
DNA binding affinity than MBP-VirG (wild type) (12), leading
to the hypothesis that VirGN54D does not require phosphor-
ylation for activity. It was suggested that the additional neg-
ative charge of N54D in the active site may mimic the phos-
phoryl group in activated VirG (12). However, the conserved
D52 residue was still essential for the constitutive activity of
VirGN54D, as alleles carrying the D52E mutation resulted in
complete loss of activity (10, 33). As these alleles appear to
have different dependencies on the conserved D52 residue,
and possibly distinctive mechanisms, we initiated a more thor-
ough examination of their activities.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. E. coli strains XL1-Blue (Stratagene) and DH5�
(Invitrogen) were used for routine cloning and the construction of VirG mutants.
A. tumefaciens strains were grown at 28°C in Luria-Bertani (LB) medium or
induction medium (IM) (pH 5.5) (4) containing glucose. Additional supple-
ments, such as antibiotics, AS, and isopropyl-�-D-thiogalactopyranoside (IPTG),
were added when appropriate as indicated below.

Plasmid constructions. The plasmids used in this study are listed in Table 1.
The reporter plasmid pRG129 was constructed by releasing virA as a KpnI piece
from pVRA8 (19) and inserting into pJZ4. A constitutive promoter (PN25) was
used to drive the expression of all the virG alleles (48). pRG80 was created by
inserting the NcoI piece from pAM13, containing PN25-6xHis-virGN54D, into a
pYW15 derivative. virGN54D/D52 was amplified from pGP411 (10) using prim-
ers S-GON, 5�-GGGAGCTCAAACACGTTCTTCTTATC-3� (SacI site under-
lined), and A-GON, 5�-GGGGTACCTCAGGCTGCCATCGTCCC-3� (KpnI
site underlined), followed by a complete KpnI digestion and a partial SacI
digestion, since D52E introduced an additional SacI site in the virG open reading
frame. Then the desired fragment was ligated into the SacI and KpnI-digested
pYW15 to give pAM18. virGI77V and virGI77V/D52E were placed behind the
PN25 promoter using a similar method with the above primers and pSG14/pSG13
(10) as templates, except for a minor modification for virGI77V/D52E in that the
vector pYW15 was cut by SacI and treated with a Klenow fragment followed by
digestion with KpnI and ligation with the KpnI-treated PCR product. The re-
sultant pRG111 and pRG112b contain PN25-6xHis-virGI77V and PN25-6xHis-
virGI77V/D52E, respectively. All the constructs involving PCR amplification
were confirmed by sequencing.

Site-specific mutagenesis was performed using the recombinant PCR with
specific primers for individual mutations. The primary PCRs were done using
pYW47, pRG80, and pRG112b as templates with the following primers: (I)
ECORIS, 5�-GCAGAATTCATTAAAGAGGAGAA-3� (EcoRI site under-

lined) and the antisense primers containing the specific mutation; and (II) the
sense mutation primers and AGK, 5�-GCGGTACCTCAGGCTGCCATCGTC
CC-3� (KpnI site underlined). Primary PCR products I and II were gel purified
and mixed as templates for the secondary PCR with ECORIS and AGK as
primers. The secondary PCR products containing the desired virG mutants were
ligated into pYW15 as EcoRI and KpnI pieces to give the plasmids listed in
Table 1. The specific mutations were confirmed by sequencing.

In order to observe vir expression in E. coli (23), a BamHI fragment containing
PvirB-lacZ was ligated into pPS1.3, which has a Plac-driven rpoA gene from A.
tumefaciens, to give pRG145. Consequently, PN25-6xHis-virGI77V/D52E and
PN25-6xHis-virGN54D were inserted into compatible plasmids that can coexist
with pRG145.

�-Galactosidase assays for vir gene induction. For analyzing vir expression in
A. tumefaciens, induction assays were conducted as described previously (8).
Agrobacterium strains carrying reporter plasmid pRG129 or pSW209� together
with plasmids containing the indicated virG alleles were cultured in IM (4)
supplemented with 13 mM glucose at 28°C for 14 h. �-Galactosidase activity was
then assayed as described previously (28). For assaying vir expression in E. coli,
LB medium is used directly instead of IM due to the impaired growth of E. coli
in IM. E. coli strains containing the indicated plasmids were grown in LB
medium at 28°C for 14 h, and approximately 1 optical density unit at 600 nm of
bacteria was pelleted, resuspended in 1 ml phosphate-buffered saline, and as-
sayed subsequently (28).

In vivo protein phosphorylation. In vivo 32P labeling of VirG proteins was
performed as described previously (30). Agrobacterium strains were cultured in
phosphate-deficient IM for overnight phosphate starvation (12 h). Then,
H3

32PO4 (NEN Dupont) was added at a specific activity of 35 �Ci/ml, and
labeling was allowed to proceed for 3 h before the bacteria were harvested and
lysed by sonication. The His6-tagged VirG proteins were purified from the
clarified lysates using Ni-nitrilotriacetic resins as per the QIAGEN protocol
using 500 mM imidazole for elution. The eluants were resolved by 14% Tris-
glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (Invitro-

TABLE 1. Bacterial strains and plasmids

Strain or
plasmid Relevant characteristics Reference

or source

Strains
E. coli

AJW678 thi-1 thr-1(Am) leuB6 metF159(Am) rpsL136
�lacX74

17

AJW1939 AJW678 �ackA 17

A. tumefaciens
A136 Strain C58 cured of pTi plasmid 49

Plasmids
pJZA PvirB-lacZ into pMON596, IncP Spr 8
pRG129 virA in pJZA, Spr This study
pSW209� virB::lacZ, IncP Spr 48
pYW15 Broad-host-range expression vector, IncW,

pBR322ori, Apr
48

pYW47 PN25-6xHis-virG in pYW15, Apr 48
pYW48 virA in pYW47, Apr 48
pAM13 PN25-6xHis-virG(N54D) in pYW15, Apr 30
pRG80 PN25-6xHis-virG(N54D) in pYW15 derivative, Apr This study
pRG112b PN25-6xHis-virG(I77V/D52E) in pYW15, Apr This study
pAM18 PN25-6xHis-virG(N54D/D52E) in pYW15, Apr This study
pAM19 PN25-6xHis-virG(D52E) in pYW15, Apr 30
pAM20 virA in pAM18, Apr This study
pAM21 virA in pAM19, Apr 30
pA1 PN25-6xHis-virG(N54D/D9A) in pYW15, Apr This study
pB1 PN25-virG(I77V/D52E/D9A) in pYW15, Apr This study
pC1 PN25-6xHis-virG(D9A) in pYW15, Apr This study
pRG111 PN25-6xHis-virG(I77V) in pYW15, Apr This study
pB7 PN25-6xHis-virG(I77V/D52L) in pYW15, Apr This study
pB8 PN25-6xHis-virG(I77L/D52E) in pYW15, Apr This study
pB9 PN25-6xHis-virG(I77A/D52E) in pYW15, Apr This study
pPS1.3 Plac-rpoA from A136 into pTZ19R, ColE1, Apr 24
pET1 Plac-rpoA into pET24 (Novagen), Kmr This study
pRG145 PvirB-lacZ into pPS1.3, Apr This study
pRG146 PvirB-lacZ into pET1, Kmr This study
pRG149 PN25-6xHis-virG(I77V/D52E), IncW Apr This study
pFQ95 PN25-6xHis-virG(N54D), Kmr This study
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gen) and electro-blotted onto polyvinylidene difluoride (NEN Dupont) mem-
branes for visualization by phosphorimaging (Amersham) and Western blot
analyses using anti-penta-His monoclonal antibody (QIAGEN) (30).

Protein purification. To purify VirG proteins, plasmids carrying PN25- driven
His6-tagged virG alleles were transformed into E. coli strain M15(pREP4)
(QIAGEN). Overnight cultures (10 ml) were used to inoculate 600 ml of LB
medium containing appropriate antibiotics and grown at 20°C until the optical
density at 600 nm reached 0.6. IPTG was then added to a concentration of 300
�M, and the cultures were further incubated at 16°C for 12 h. Cells were
centrifuged and resuspended in 10 ml of lysis buffer (50 mM Tris-HCl, 300 mM
NaCl, 15 mM imidazole, pH 7.5) followed by sonication on ice for 3 min. The
clarified lysates were passed through the Ni column packed with 3 ml of Ni-
nitrilotriacetic resins (QIAGEN), and the columns were washed by the lysis
buffer and washing buffer (lysis buffer plus 25 mM imidazole) until no significant
amount of proteins was detected by Bradford assay (Pierce) in the fractions
washed through. His-tagged VirG proteins were eluted with lysis buffer supple-
mented with 250 mM imidazole, and the concentrations were determined by
Bradford assay. These protein samples were immediately used for gel retardation
assays or precipitated using 30% ammonium sulfate and stored at �20°C for
future use.

Gel retardation assays. The DNA fragment (	160 bp) containing the virB
promoter was amplified from pRG129 using primers VIRB2, 5�-CGGAATTCT
CTAGAACGGTACCTCTCCTTAGCTCGCAAC-3� (XbaI site underlined),
and VIRB4, 5�-GGTTCTCGGTCCATGTTTTGTTC-3�, and digested with
XbaI. The fragment was then labeled with [�-32P]dCTP in a Klenow reaction and
purified by a QIAGEN nucleotide removal kit. Equal amounts of DNA were
incubated with VirG proteins for 30 min at the indicated concentrations in the
reaction buffer (50 mM HEPES, 10 mM MgCl2, 50 mM KCl, 1 mM dithiothre-
itol, pH 7.4). The samples were resolved by 6% DNA retardation gel (Invitrogen)
and analyzed by phosphorimaging.

Structure modeling. The structures of unphosphorylated RRs (protein data-
base [PDB] entries: 1MVO, 1B00_A, 1QKK, 1DCK_B, and 1JBE) (2, 27, 38, 41)
and phosphorylated or BeF3

�-treated RRs (PDB entries: 1L5Y_A, 1D5W_A,
1FQW_A, and 1QMP_A) (3, 20, 22, 32) were chosen as templates to model the
unphosphorylated and phosphorylated VirG structures, respectively. Multiple

sequences of response regulators were aligned with the CLUSTALW program,
and the sequence alignments of VirG with these RRs were sent to SWISS-PROT
(http://us.expasy.org/sprot) to generate the PDB files for VirG model structures.

RESULTS

In vivo phosphorylation of constitutive VirG alleles. virG,
virGN54D, and virGI77V/D52E were placed behind a constitu-
tive PN25 promoter to avoid autocatalytic expression by the
native promoter (30, 48, 51). As shown in Fig. 1, the level of
wild-type VirG remained constant (Fig. 1B, Western lane) and
required AS to drive significant vir gene expression. When
these cells were incubated with H3

32PO4 (Fig. 1B, 32P lane),
the phosphate on VirG accumulated significantly with AS in-
duction, consistent with previous reports (30). However, both
VirGN54D and VirGI77V/D52E were constitutively active
in vir expression, independent of AS (Fig. 1A). Whereas
VirGI77V/D52E did not show any detectable phosphorylation,
VirGN54D was significantly phosphorylated independent of
AS. Again consistent with previous reports, the N54D protein
accumulates to consistently higher levels in these cells and its
activity is independent of the histidine kinase VirA (30).

Alleles carrying the glutamate substitution (D52E) at the
phosphorylation site, VirGD52E and VirGN54D/D52E, were
inactive with or without AS (Fig. 2) and showed no in vivo
phosphorylation (Fig. 3A). Asp9 (D9) is assigned as another of
the five conserved residues within the phosphorylation active
site, and substitutions at this position in other response regu-
lators generally abolish or greatly reduce phosphorylation (25,
39). The same was observed for VirGD9A; vir gene expression
was not induced by AS (Fig. 2), and the protein was not
phosphorylated in vivo (Fig. 3B, lane 1). Introduction of D9A
into VirGI77V/D52E resulted in little change in its constitutive
activity (Fig. 2), suggesting that the D9A substitution did not
disrupt the overall structural fold, and most importantly, that
phosphorylation was not required for the constitutive activity
of VirGI77V/D52E. VirGN54D/D9A however showed only
residual activity (Fig. 2) and little phosphorylation (Fig. 3B,
lane 2). Therefore, phosphorylation on the conserved D52
residue (Fig. 3C) appears essential for the constitutive activity
of VirGN54D.

FIG. 1. PvirB-lacZ expression (A) and in vivo phosphorylation
(B) of VirG mutants. A. tumefaciens A136 strains carrying pYW48
(wild type [WT]), pAM13 (N54D), or pRG112b (I77V/D52E) together
with a PvirB-lacZ reporter plasmid were assayed in parallel with in vivo
phosphorylation. Aliquots (1 ml) of phosphate-starved cultures were
taken out, supplemented with phosphates, and incubated for 10 h prior
to the �-galactosidase assay. The rest of the phosphate-starved cultures
were used for in vivo phosphorylation. The phosphorimaging and
Western blotting detected by anti-His are shown in the upper and
lower lanes of panel B, respectively. Arrows mark the positions of
VirG proteins.

FIG. 2. PvirB-lacZ expression by VirG alleles with an additional
D52E or D9A mutation. �-Galactosidase activity was assayed for
A136(pRG129) strains containing a plasmid-borne virA and the fol-
lowing plasmids: (from left to right) pRG80, pRG112b, pYW47,
pAM18, pAM19, pA1, pB1, and pC1. WT, wild type.
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Dependence of the activity of VirGN54D on acetyl phos-
phate in E. coli. Since VirGN54D accumulates phosphate in-
dependently of VirA and AS, we reasoned that phosphoryla-
tion could be mediated either via another histidine kinase
through cross talk or metabolically through small-molecule
phosphate donors like acetyl phosphate, carbamoyl phosphate,
and phosphoramidate, as seen in other response regulators
(26, 43). To examine whether acetyl phosphate has any effect
on the constitutive activity of VirGN54D, E. coli strains were
used to exploit the well-characterized acetyl phosphate synthe-
sis pathway. VirGN54D had already been shown to be active in
E. coli once the � subunit of the RNA polymerase from A.
tumefaciens was supplied (23).

As shown in Fig. 4A, acetyl phosphate is the intermediate of
the phosphotransacetylase-acetate kinase (Pta-AckA) path-
way. If AckA is absent, cells produce acetyl phosphate from
abundant acetyl-coenzyme A (CoA) but are not able to de-
grade acetyl phosphate to acetate efficiently, resulting in a
higher acetyl phosphate level than in wild-type cells (34, 54).
VirGN54D has a higher activity in the strain lacking AckA

(AJW1939) than in the wild type (AJW678), while VirGI77V/
D52E displays a consistent activity independent of the ackA
mutation (Fig. 4B). These data implicate the activity of
VirGN54D in the dependence of E. coli on the acetyl phos-
phate concentration in the cell.

Gel retardation assays of VirG proteins. DNA fragments
containing the virB promoter were used to probe the DNA
binding ability of purified VirG proteins. Wild-type VirG ap-
peared unable to form a complex with the DNA probe to shift
the band under these concentrations (Fig. 5A). Significant
amounts of the VirGN54D-DNA complex were only apparent
at high protein concentrations (6 �M), while VirGI77V/D52E
shifted the DNA band at much lower concentrations (0.6 �M).
These data are consistent with a higher DNA binding affinity
for VirGI77V/D52E than for VirGN54D. Moreover, a protein-
DNA complex with a higher molecular weight was observed
with VirGI77V/D52E but not with VirGN54D. The higher-
molecular-weight complex may arise from the binding of mul-
tiple proteins to two binding sites (vir boxes) in the promoter
(12). Both vir boxes have been shown to be required for acti-
vation of the vir promoter (51), and the increased DNA bind-
ing affinity of VirGI77V/D52E may contribute to the constitu-
tive activity of VirGI77V/D52E.

Structural modeling of VirG. To better understand the con-
stitutive activities of these different alleles, both “unphosphor-
ylated” and “phosphorylated” VirG model structures were
generated through homology modeling (Fig. 6). An �/� fold
with a five-stranded � sheet and five � helices is well defined in
both structural models. N54 is located at the �3-�3 loop, two
residues C terminal to the conserved D52, and within the
phosphorylation active site. The close proximity to the phos-
phorylation center and the surface characteristic of the N54

FIG. 3. Role of the conserved phosphorylation center in VirG
phosphorylation. In vivo phosphorylation patterns of VirG alleles are
shown in the upper panels, while protein expression profiles are shown
in the lower panels. (A) Phosphorylation of VirGs with the D52E
mutation. A136(pSW209�) strains carrying the following plasmids
were used: lanes 1 and 2, pYW48; lane 3, pAM13; lane 4, pAM19; lane
5, pAM21; lane 6, pAM20 (lanes 1 and 2 were from Fig. 1 for com-
parative purposes). (B) Phosphorylation of VirGs with the D9A mu-
tation. A136(pRG129) strains containing a plasmid-borne virA and the
indicated plasmids were labeled with H3

32PO4 in the presence of 200
�M AS. Lane 1, pC1; lane 2, pA1; lane 3, pYW48; lane 4, pAM13.
(C) Chemical stability of the phosphate on VirGN54D. Three identical
membranes from 32P-labeled A136(pRG129, pRG80) samples were
incubated with Tris-buffered saline at pH 7.0 (Neutral), 1 M HCl
(Acid), or 3 M NaOH (Base) for 2 h at room temperature prior to the
phosphorimaging and Western blotting. WT, wild type.

FIG. 4. PvirB-lacZ expression by VirG alleles in E. coli strains with
mutations in the acetyl phosphate synthesis pathway. (A) Diagram
of the phosphotransacetylase (Pta)-acetate kinase (AckA) pathway.
acCoA, acetyl-CoA; acP, acetyl phosphate. (B) PvirB-lacZ expression in
E. coli strains carrying pRG145/pFQ95 (VirGN54D) or pRG146/
pRG149 (VirGI77V/D52E).
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residue may well determine the stability of the acyl phosphate
and the accessibility of phosphate donors to the site.

An “aromatic switch” involving D52, S79, and F99 is evident
in the VirG model structures, as described for other RRs (3,
15, 43). Upon phosphorylation, the conserved S79 reorients its
side chain hydroxyl from a position pointing away from the
phosphorylation site D52 (Fig. 6A) to a position proximal to
the phosphate (Fig. 6B). The formation of a new hydrogen

bond with a phosphoryl oxygen atom accompanies the flipping
of the side chain of a conserved aromatic residue F99 from an
“outward” orientation (Fig. 6A) to an “inward” and buried
position (Fig. 6B) that fills the empty space left behind by S79.
The movement of the bulky F99 ultimately results in the rear-
rangement of �4-�4-�5-�5, and these elements are probably
involved in regulating the activity of the C-terminal DNA bind-
ing domain. The I77 side chain resides just beside S79, on the
same face of the �4 strand. A similar reorientation of this side
chain is observed in the “phosphorylated” structure model.

The above analysis is consistent with the I77V mutation
decreasing the size of the side chain and creating a space for
the side chain of F99 to occupy. Additionally, the D52E mu-
tation extends the carboxyl group and positions the carboxylate
oxygen within hydrogen bond distance of the hydroxyl group of
S79. Therefore, both structural perturbations caused by I77V
and D52E may represent some features of the “active” con-
formation, and the combination of the two may be required for
the constitutive activity of VirGI77V/D52E. Indeed, VirGI77V
shows little constitutive activity and remains AS inducible (Fig.
7). This hypothesis was further explored by introducing site-
specific mutations at positions 77 and 52. In I77L, this conser-
vative size substitution did not produce a constitutive allele in
VirGI77L/D52E. However, in VirGI77A/D52E, which again
carries a hydrophobic side chain at position 77 that is smaller
than in wild-type VirG, constitutive vir expression at a similar

FIG. 5. Gel retardation assay of the binding of virB promoter with (A) VirG, (B) VirGN54D, and (C) VirGI77V/D52E. VirG proteins were
added to a final concentration of 0 �M (lane 1), 0.1 �M (lane 2), 0.2 �M (lane 3), 0.6 �M (lane 4), 2 �M (lane 5), and 6 �M (lane 6).

FIG. 6. Model structures of VirG. The structures of VirG before
and after the phosphorylation were modeled by SWISS-PROT as de-
scribed in Material and Methods. Residues involved in the conserved
Asp-Ser/Thr-Tyr/Phe (D52-S79-F99) “aromatic switch” (3, 15, 22)
were highlighted together with N54 and I77: white, C; red, O; blue, N;
orange, P. The N54 residue is shown as sticks for a clear view of the
phosphorylation site.

FIG. 7. PvirB-lacZ expression of VirG mutants. �-Galactosidase ac-
tivity was assayed for A136(pRG129) strains carrying the following
plasmids: (from left to right) pRG111, pRG112b, pB9, pB7, and pB8.
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level as VirGI77V/D52E was observed. This model further
predicts that replacing the E52 carboxylate with leucine should
abolish its ability to form a hydrogen bond with S79, and the
resulting VirGI77V/D52L indeed was inactive (Fig. 7).

DISCUSSION

Even in the face of the great diversity of environmental
signals being perceived by prokaryotes and the divergent time
frames during which these signals must remain active, the
highly conserved phosphate-receiving domains of the two-com-
ponent response regulators suggest a common propagation
event regulating signal output. To better understand these
structural changes, we have investigated the constitutive mu-
tants of the VirG response regulator. These studies establish
that VirGI77V/D52E and VirGN54D have different phosphor-
ylation patterns, distinct DNA binding abilities, and altered
regulation of signal output. Nevertheless, these alleles can be
understood through a common series of conformational
changes regulated by ancillary residues that appear specific to
the function of the response regulator. Each constitutive allele
is discussed separately below.

VirGI77V/D52E. VirGI77V/D52E was originally discovered
as a mutant that restores the activity of VirGD52E (10). In
contrast to the low previously reported constitutive activity of
virGI77V/D52E (10), driving expression behind the strong PN25

promoter results in superior constitutive activity. Under these
conditions, we show that the conserved residues at the RR
phosphorylation center (D52 and D9) are not required for
VirGI77V/D52E activity. Rather, the constitutive activity of
VirGI77V/D52E seems to originate not from its phosphoryla-
tion status but from a structural change mimicking the active
conformation. Structural changes that would shift the confor-
mation equilibrium to the active state should directly increase
the binding affinity to vir promoters, and indeed the gel retar-
dation assays showed VirGI77V/D52E to have higher DNA
binding affinity with the virB promoter than either VirGN54D
or wild-type VirG.

The proposed structural changes induced by the I77V and
D52E substitutions are based on our structural modeling of
VirG. A decrease in size of the side chain at position 77 and a
lengthening of the position of the carboxyl group (E52) to
within hydrogen bonding distance with S79 are consistent with
the “aromatic switch” conformational change induced by phos-
phorylation. The constitutive activity of VirGI77A/D52E and
the loss of activity in VirGI77L/D52E and VirGI77V/D52L
provide further support for the importance of steric position-
ing of these side chains. Either effect alone appears to be
capable of changing the conformation equilibrium. VirGI77V
is hypersensitive to AS (36), possibly reflecting such an equi-
librium shift, and the D-for-E substitutions at the phosphory-
lation sites in other RRs are known to generate constitutive
alleles (16, 18, 40). Moreover, a M85V substitution in CheY,
corresponding to the I77 position in VirG, results in constitu-
tive activation when combined with multiple mutations at
other residues (7). However, a single structural change is not
sufficient to shift the equilibrium to the level necessary for
constitutive activation of VirG, since VirGI77V, VirGD52E,
VirGI77L/D52E, and VirGI77V/D52L are not constitutive.

VirGN54D. The constitutive activity of VirGN54D was pre-
viously assigned as an additional negative charge in the mutant
simulating the phosphorylated state (12, 13). However, we
show here that VirGN54D is phosphorylated in vivo, and the
phosphorylation is independent of its cognate histidine kinase
VirA. Both the phosphorylation and the activity of VirGN54D
depend on the D52 and D9 residues at the phosphorylation
center, which further underlines the importance of phosphor-
ylation to the activity of VirGN54D. Due to the general
instability of acyl phosphates, the purified VirGN54D protein
is not likely to carry significant amounts of phosphate through
purification. Indeed, the purified protein displays much weaker
DNA binding than VirGI77V/D52E even though both mutants
are equally active in vir expression in vivo. Moreover, even
though VirGN54D shows stronger DNA binding affinity than
wild-type VirG, it did not form the higher-molecular-weight
protein-DNA complexes seen with VirGI77V/D52E, in con-
trast with the gel retardation assays of MBP-VirGN54D de-
scribed previously (12). This discrepancy may be due to the
maltose binding protein fusion at the N terminal of VirG
altering its structure, consistent with the MBP-VirGN54D chi-
mera not being able to activate vir expression in A. tumefaciens.
Taken together, phosphorylation appears to be required for
the activity of VirGN54D and the constitutive in vivo activity
resulting from phosphorylation by phosphate donors other
than VirA.

Small-molecule phosphate donors, such as acetyl phosphate,
carbamoyl phosphate, and phosphoramidate, have been shown
to phosphorylate response regulators (26, 43), and a similar
phosphorylation by acetyl phosphate was reported for the con-
stitutive activity of another RR, PhoPS93N (5). The constitu-
tive activities of VirGN54D are well correlated with the acetyl
phosphate levels in E. coli strains carrying mutations in ackA.
Therefore, acetyl phosphate appears to be the source for con-
stitutive phosphorylation of VirGN54D in E. coli, although we
cannot exclude the possibility that acetyl phosphate indirectly
modulates VirGN54D phosphorylation through other two-
component pathways. In addition, the pta and ackA homologs
have not been identified in Agrobacterium, and the phosphate
source for VirGN54D in A. tumefaciens may come from acetyl
phosphate synthesized via alternative pathways (53) or other
small-molecule phosphate donors like carbamoyl phosphate,
whose biosynthesis genes are in the genome sequence.

Our structure models place the N54 residue at the �3-�3
loop on the protein surface and close to the D52 site of phos-
phorylation. As these �-� loops appear to function as the
recognition interface between the histidine kinase and its cog-
nate response regulator (46), the N54D mutation might disrupt
the VirA-VirG interaction to abolish phosphorylation by VirA
(13). On the other hand, this nonconserved position, located
two residues C terminal to the conserved aspartate (D � 2
position), appears to play a vital role in the stability of the RR
acyl phosphates. Increased phosphorylations for CheYN59R
and CheBE58K have been documented, while Spo0FK56N
shows a decreased level of phosphorylation (37, 42, 55). The
K56N substitution in Spo0F is claimed to accelerate the auto-
phosphatase activity of the RR by facilitating the positioning of
a water molecule for the phosphate hydrolysis, and CheBE58K
is apparently constitutively active due to decreased autophos-
phatase activity (55). Finally, the N59R substitution in CheY is
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found to form a salt bridge with E89, a residue important in
CheZ-mediated dephosphorylation of CheY. Despite the ab-
sence of a clear and universal mechanism for altered phosphor-
ylation, the emerging pattern is that D � 2 contributes to the
stability of acyl phosphate, and the constitutive activity of
VirGN54D may result from enhanced phosphate stability. The
VirGN54D phosphate indeed displayed more resistance to
acid/base treatment, showing significant phosphate remaining
after the acid or base washes that remove phosphates from
wild-type VirG (30). The autophosphatase activity of wild-type
VirG, which prevents phosphorylation by small-molecule phos-
phate donors, may well be overwhelmed by N54D.

Finally, a survey of response regulators reveals other exam-
ples, including AmfR (45), FimZ (29), CutR (6), and EvgA
(31), which contain an Asp residue in the wild-type sequence
two residues after the putative phosphorylation site. Curiously,
AmfR and FimZ are orphan response regulators without a
cognate histidine kinase, and overexpression of EvgA itself can
regulate the downstream genes in a strain deficient of the
cognate histidine kinase EvgS (29, 31, 45). Taken together,
D � 2 appears to be generally critical for cognate histidine
kinase specificity, phosphoprotein stability, and phosphatase
accessibility.

Constitutive activation of RR. In summary, response regu-
lators can be constitutively activated by extending the lifetime
of the phosphorylated state or mimicking the active conforma-
tion. VirGN54D and VirGI77V/D52E represent the two ex-
tremes: VirGN54D relies on constitutive phosphorylation, and
VirGI77V/D52E mimics the structural changes of the phos-
phorylation-induced conformation. Interestingly, both I77 and
N54 are at positions not highly conserved among RRs. Position
54 is at the �3-�3 loop in close proximity of the phosphorylated
aspartate, and the backbone amide in fact participates in a
hydrogen bond with a phosphate oxygen. The residues at this
position are diverse among RRs, possibly reflecting different
conformational equilibria for different RRs, yet various reports
have repeatedly indicated a common role for this residue in
altering the stability of the acyl phosphate. Similarly, position
77 is at the �4 strand and is usually occupied by various hy-
drophobic residues (M, L, V, I, and F). The structure proximity
of this position to the highly conserved residues of the “aro-
matic switch” implicates this residue in adjusting the effective-
ness of conformation propagation. It seems that both positions
54 and 77 have roles of regulating the lifetime of the active
conformation within the active/inactive equilibrium.

This conserved conformation/propagation pathway among
response regulators may well determine a common set of po-
sitions that perturb the active/inactive equilibrium. A diverse
set of residues proximal to these positions now appear to
contribute to different lifetimes of the individual RRs, and
these are adapted to their individual biological roles. Analysis
and comparison of constitutive RR mutants reveal the identity
of such positions and extend our understanding of signal reg-
ulation. That said, while a universal set of rules have not yet
emerged (40), these patterns do suggest that it will be possible
to combine multiple elements to engineer altered signaling
lifetimes and novel responses within a wide array of functional
outputs.
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