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ABSTRACT. Induction of vancomycin resistance in the Gram-posiEwerococcrequires a two-component
regulatory system, VanS and VanR, for transcriptional activation of three gearald, (A, X) that encode
enzymes for a cell wall biosynthetic pathway that produces an altered peptidoglycan intermediate with
lower affinity for the antibiotic. The catalytic efficienck&/Km) has been determined for phosphotransfer
from the phosphohistidyl form of VanS to both its homologous partner VanR and the heterologous
(Escherichia coli response regulator PhoB. The rate of formation of the phosphoaspartyl forms of VanR
and PhoB were determined as well as the rate of appearance of inorganic phosphate. Using PhoB in
excess of P-VanS, a pseudo-first-order rate conskaa) ©f 0.2 min- for phosphotransfer andkay for

PhoB of 100uM were readily determined. The correspondiqg: of 96 min~! for phosphotransfer from
P-VanS to VanR required rapid quench kinetics.K# of 3 uM was estimated for VanR, leading to a
10*-fold preference irkyer/Km for phosphotransfer to VanR compared to PhoB. No phosphotransfer was
detectable to three othé&r. coli response regulators, OmpR, ArcB, or CreB, providing some sense of the
selectivity against two-component regulatory system cross-talk. In the phosphotransfer from P-VanS to
PhoB and VanR, there was evidence of competition between water, to gi@edPthe specific aspartyl
B-COO™ moiety of either PhoB or VanR, with about 25% of the initial flux generating inorganic phosphate.
The kinetics of phosphotransfer from P-VanS to VanR were complicated by inhibition by free VansS, but
the inhibition pattern could be modeled to yieldka of 30 nM for VanR binding to free VanS, an
affinity similar to that of the CheA-CheY pair i&. coli chemotaxis.

Vancomycin is a glycopeptide antibiotic that has been in addition, analogous signal transduction pathways have
clinical use for over 30 years for the treatment of Gram- recently been identified in both eukaryotes (Swanson et al.,
positive bacterial infections (Wilheim, 1991). Vancomycin 1994) and archea (Rudolph et al., 1995). These systems are
induces cell death by osmotic shock since it binds to the characterized by a sensor kinase (often a transmembrane
terminalp-Ala-p-Ala moieties of the bacterial cell wall and ~ signaling kinase such as VanS) that undergoes autophos-
effectively inhibits the transpeptidation and transglycosylation phorylation on a histidine residue. This phosphoryl group
steps of the cell wall assembly process (Nagarajan, 1991).is then transferred to an aspartate residue on a response
Although vancomycin has remained relatively free from regulator protein (in this case, VanR) that usually acts as a
widespread resistance problems, a numbeEmterococci transcriptional activator. L_|ke many signaling kinases, Va_nS
strains with high level resistance to vancomycin have beenhas an N-terminal domain with two membrane-spanning

identified recently (Hakenbeck, 1994). High-level resistance S€gments believed to act as a.sig,rilal sensing domain and a
to the drug has been found to require five plasmid-borne C-terminal cytoplasmic “transmitter” domain with autophos-
genes: vanH, vanA, vanX, vanR, andvans phorylation and phosphotransfer activities. Biochemical

studies on the cytoplasmic domain of VanS (M95-S384) have
VanS and VanR comprise a two-component regulatory shown that it is readily autophosphorylated at a histidine
system (Arthur et al., 1992; Wright et al., 1993) that regulates residue (H164) in the presence of ATP and that P-\asS
the transcriptional activation of the genes responsible for capable of efficient phosphotransfer to an aspartate residue
conferring resistancevanH, vanA, and vanX (Wright & on VanR (D53) (Wright et al., 1993). Genetic studies have
Walsh, 1992). Two-component regulatory systems are signalimplicated VanR as a transcriptional activator of the van-
transduction pathways commonly used by prokaryotes to comycin resistance genes (Arthur et al.,, 1992). These
sense and adapt to stimuli in the environment; as many aspredictions have been borne outibyvitro studies with the
50 different ones may exist in a bacterium sucleasheri- purified protein. Gel-mobility shift and DNAse footprinting
chia coli (Parkinson & Kofoid, 1992; Parkinson, 1993). In analyses have shown that P-VanR has an enhanced binding
affinity for the P,anq and P,anr promoter regions of the
vancomycin resistance operon (Holman et al., 1994).
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Kinetic Comparison of VanS for VanR and PhoB

In addition to activation of VanR, the cytoplasmic domain
of VanS was recently found to be capable iaf vivo
activation andn vitro phosphorylation of th&. coliresponse
regulator PhoB (Fisher et al., 1995). In wild-type cells,
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and these regions were verified by DNA sequencing with
primers complementary tghoB and phoR sequences.
Subsequently, the 0.7 Kkdd to BanHI fragment carrying
the phoBregion of pSK2 was subcloned into pET-22f)(

PhoB, together with its cognate sensor kinase PhoR, controlpSK5 was transformed int&. coli BL21(DE3) (Studier,
the expression of the Pho regulon in response to phosphatel991) for protein production.

limitation (Wanner, 1993). This cross-reactivity between

VanS and PhoB provides a sensitinevivo assay for VanS

Purification of Proteins. VanR and MBP-VanS were
purified as described previously t95% purity as assessed

activation and allows for genetic analyses of the factors that by Coomassie Brilliant Blue-stained SBBAGE gels
regulate two-component system signal transduction. In (Wright et al., 1993). Purification of PhoB protein was

addition, the ability to compare the relative reactivities of

the two response regulator proteiirs vitro provides an

opportunity to begin to define and quantify the elements that tryptone, 1% NaCl
govern specificity between the multitude of signal transduc- i ’

tion systems present in a single cell. In this regard
preliminaryin vitro investigations indicated that VanR and
PhoB exhibited at least:a100-fold difference in reactivities

toward P-VanS (Fisher et al., 1995). In this work, we

undertook a comprehensive kinetic investigation of the
phosphotransfer reactivities of the two response regulators.
We found that both PhoB and VanR are well-behaved

saturable substrates for P-VanS; however, the two respon
regulators differ by>10*fold in their relative catalytic

efficiency for phosphotransfer. In addition, the phospho-
transfer reactions for the two proteins exhibit a phosphate
hydrolysis pathway which suggests that the chemical transfer,
step between the two proteins can be intercepted by water.

MATERIALS AND METHODS

General Methods.ATP was purchased from Boehringer
Mannheim, and %-32PJATP was purchased from Dupont

accomplished by subculturing (1:100) a saturated culture of
E. coliBL21(DE3)/pSK5 into 1 L of Luria-Bertini broth (1%
and 0.5% yeast extract) containing
ampicillin (100xg/mL) followed by incubation at 37C with

' agitation. When the culture reached an £, ~ 0.4—

0.6, IPTG was added to a final concentration of 1 mM, and
the cells were grown for an additional 2 h. Cells were
harvested by low-speed centrifugation (2§0fbr 10 min)
and resuspended in 20 mL of lysis buffer [50 mM Tris, pH
7.4, 300 mM NaCl, 5 mM MgG| PMSF (0.0001%),

' leupeptin (dug/mL), and chymostatin (&g/mL)]. The cells
SQvere disrupted by two passages through a French pressure

cell (15 000 psi), and cell debris was removed by centrifuga-
tion (2500@, for 30 min). The supernatant was brought to
50% saturation in ammonium sulfate, nutated for 1 h at 4
C, and then centrifuged (2509Cor 30 min). The resulting
pellet was resuspended in 3 mL of buffer A (50 mM Bis-
Tris, pH 7.4, 50 mM NacCl, 5 mM MgG) and loaded onto
an Ultragel Aca54 (LKB) gel filtration column (108 2.5
cm) at 4°C. Proteins were eluted with buffer A (1 mL/
min), and fractions containing PhoB (analyzed using SDS

NEN. Protein concentrations were measured using eitherPAGE) were combined and loaded onto a Resource-Q
the Bio-Rad Protein Assay (Hercules, CA) using bovine column (1x 10 cm, Pharmacia Biotech, Piscataway, NJ)
serum albumin as a standard or spectrophotometrically usingusing buffer A and eluted with a linear gradient of NaCl

the method of von Hippel (Gill & von Hippel, 1989).

(50—750 mM). Only a small fraction of the PhoB protein

Measurements made using the Bio-Rad Protein Assay werewas bound on the first passage through the column; however,

found to be 1.82.0-fold lower than those obtained spec-
trophotometrically and were corrected accordingly. All

most of the protein bound and subsequently eluted280
mM NaCl after reloading the PhoB-containing fractions from

experiments were carried out at 25 unless otherwise noted.  the first passage. Fractions containing pure PheB50%,

All experiments were performed at least twice. The reported as determined by SDSPAGE with Coomassie Brilliant Blue
data represents the average of the multiple runs; for thosestaining) were combined and concentrated~® mg/mL
reactions run three or more times, the error bars represenfrotein using Centriprep-10 concentrators (Amicon, Inc.,
the standard error of the mean. Kinetic constants were Beverly, MA). Protein stocks were brought to 20% glycerol
calculated using the general curve fitting options in Kaleida- and stored at-80°C. Gel filtration analysis of the purified
Graph v. 3.0.1 (Synergy Software, Reading, PA) on a protein, using a Sephadex-75 column (Pharmacia) and buffer
MaclIntosh Quadra computer (Apple Computer, Inc., Cuper- B (50 mM Tris, pH 8.0, 1 mM MgGl, 200 mM NaCl; 0.5
tino, CA). mL/min), was consistent with a monomeric protein of correct

Preparation of Qerproducing ConstructsThe plasmid ~ Molecular weight (estimated molecular mas81 kDa;
pSK5 carries theE. coli phoBgene as amldd to BarH| predicted molecular mass 26.4 kDa, data not shown).
fragment in pET22b{) (Novagen, Madison, WI). It was Purification of Phosphorylated ProteinRurified P-MBP-
made in three steps. First, a 4.8 KitaoRl to HinDIlI VanS was prepared as described previously by multiple
fragment carrying thephoBR operon was cloned from washes using a Microcon-30 concentrator (Amicon Inc.,
pBC6DPst [a derivative of pBC6 deleted of an upstream Beverly, MA) (Fisher et al., 1995). In all cases, P-MBP-
Pst fragment (Wanner & Chang, 1987)] into the polylinker VanS was found to comprise10% of the total MBP-VanS
of pPBGS1314) (Spratt et al., 1986). The new plasmid was present, consistent with the previous report (Wright et al.,
named pSK1. The translational start codon was then changedl993). P-PhoB was prepared by incubating purified P-MBP-
to anNdd site, and e8BanHI site was introduced within the ~ VanS (100 pmol) and PhoB (4 nmol) in 1@Q of buffer C
phoBto-phoRintergenic regions by site-directed mutagenesis (50 mM Tris, pH 7.4, 50 mM KCI, 1 mM MgG) at 30°C
(Kunkel, 1985) using the oligonucleotidésBACGTCTCGC- for 20 min. The solution was then loaded on an amylose
CATATGTTGCCCTGTTGTAA-3 and 3-TAAGCCCTG- column (0.25x 1 cm) pre-equilibrated with buffer D (50
CTCTGGATCCGATGAGCAAGG-3 respectively. Aplas- mM Tris, pH 8.0, 50 mM NaCl, 5 mM EDTA). Fractions
mid carrying both new restriction sites was named pSK2, containing PhoB were identified by Bio-Rad Protein Assay,
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pooled, and then concentrated#&0 uL in a Microcon-10 tions). After quantification of the radioactive species using
concentrator. The protein solution was then diluted to 0.5 SDS-PAGE and phosphorimage analysis, the kinetic con-
mL with buffer D and subsequently concentrated again in a stants were calculated using nonlinear least-squares regres-
Microcon-10 concentrator. This process was repeated ansion curve fitting to a rectangular hyperbola.
additional four times to remove the residual radioactive (b) VanR Reactions were carried out using rapid chemical
inorganic phosphate (® however, the final wash was quench techniques as described above for the phosphotransfer
performed with buffer C. As expected, the recovered P-PhoB time course; however, stock solutions étH]MBP-VanS
protein was found to comprise#l5% of the total PhoB  (0.25uM, 2.25uM MBP-VanS) and VanR stock solutions
present. ranging from 0.5 to 3@&M were employed. Reaction times
Phosphotransfer Time Course Experiments: (a) PhoB. were chosen such that 305% of the initial fPPP]MBP-VanS
Phosphotransfer froniP]MBP-VanS to PhoB was initiated  had transferred phosphate to VanR for all concentrations of
by the addition of P]MBP-VanS (2 nmol) to a solution of  VanR (75 ms to 5 s). The data were fitted using nonlinear
PhoB (8 nmol) in 10QuL of buffer C. At designated time  regressions to a model which included inhibition by VanR
points, aliquots (@L) of the reaction mixture were removed depletion through nonproductive binding to the free VanS
and quenched with SDS stop buffer g4 of 125 mM Tris, present in thé?P-MBP-VanS preparation (Segel, 1993). In
pH 6.8, 2.5% SDS, 2 mM EDTA, 0.0025% bromophenol this case the reaction velocity is expressed as
blue, and 25% glycerol). The quenched solutions were run
on 12% SDS-PAGE, and thé2P-labeled gels were frozen )= VinadVanRed
at—80°C to prevent diffusion of radioactive.PRadioactive Kyanr T [VanR.J
species were analyzed using phosphorimagery (Molecular
Dynamics Inc., Sunnyvale, CA or Fuji Medical Systems, where
USA, Stamford, CT). Quantification of the labeled species
was calculated as relative proportions of the total counts in [VanRyed = {([VanS] — [VanR] + Ky,,sR” —
a given gel lane. The total counts in each lane were _ _ 1/2
normalized to an arbitrary value for each gel to correct for WvansdVanS] — (VanS] — [VanR] + Kyansia} 72
variations in sample loading. Actual concentrations of the o o
radioactive species were calculated from the initial concen- _ PhoB Inhibition To study the PhoB inhibition of the
tration of E2PJMBP-VanS. P-Var_1$ to VanR phosphotra_n_sfer, reactions were run as
(b) VanR. Phosphotransfer to VanR on long time scales described above with the addition of PhoB {380 uM) to
(15 s to 4 h) was carried out as described above for PhoB;the VanR stocks (2.5 uM). Reaction times for these
in these experiments VanR arfdf]MBP-VanS were at 15 experiments were 75 ms. Control experiments verified that
and 0.5uM, respectively. For those reactions run on short [*P]PhoB was not formed under these conditions.
time scales €15 s), rapid chemical quench techniques were ~ Kinetic Simulations.Kinetic simulations were performed
employed. For these experiments, 20 of a VanR stock using numerical integration W|th_ _the program Kinsim v3.3
(30 uM in buffer C) and 20uL of a [*?P]MBP-VanS stock (Barshop et al., 1983) on a Silicon Graphics Iris 4D/20
(10u4M in buffer C) were mixed in a Quench-Flow apparatus Workstation (Mountain View, CA).
(Kintech Co., State College, PA) for a specified length of RESULTS
time and then quenched with 60 of quench buffer (75
mM Tris, pH 8.0, 0.6% SDS, 1.2 mM EDTA, 0.0025% Preparation of Protein SubstratesThe kinetic studies
bromophenol blue, and 15% glycerol). The resulting quenched presented in this work required high-yielding overproduction
solutions were loaded on a 12% SBBAGE gel (five-well) systems and efficient purification strategies to prepare
and quantified using phosphorimage analysis as describedsufficient quantities of both the sensor kinase VanS and the
above. It was observed that EDTA alone was not sufficient response regulator proteins VanR and PhoB. To this end,
to stop the reaction progress; it was necessary to add SDShe sensor kinase VanS was prepared as a maltose binding
in the quench solution to obtain reproducible results on this protein fusion to the C-terminal cytoplasmic domain (residues
time scale. M95-S384), since this approach afforded large quantities
(c) Dephosphorylation of PhoBP-PhoB dephosphory-  (>100 mg of protein/L) of soluble, purified protein. In
lation in the absence of VanS was monitored by quenching addition, previous work on MBP-VanS has shown that it
aliquots (6uL) of a P-PhoB solution (0.1aM) in buffer C readily undergoes autophosphorylation with ATP and the
at designated intervals in SDS stop buffegd4. To study subsequent phosphorylated form is stable to purification
the effect of VanS on dephoshorylation rate, P-PhoB (Wright et al., 1993). Further, the phosphorylated form can
solutions (0.64M) containing MBP-VanS (4%M) were transfer the phosphate group to both VanR and PhoB (Wright
prepared under identical conditions. In both cases, theet al., 1993; Fisher et al., 1995). However, for reasons that
radioactive species were quantified using SBPRAGE and are still unclear, autophosphorylation of the MBP-VanS
phosphorimage analysis as described above. protein proceeds to load omy10% of the total protein with
Measurement of Kinetic Constanté) PhoB. Aliquots phosphate, even under conditions of saturating ATP and
(1.5 uL, 1 uM) of [3?P]MBP-VanS were added to stock extended reaction times. Attempts to purify the phospho-
solutions of PhoB (13.=xL, 11-111 M) in buffer C and rylated protein from the free MBP-VanS have proven
incubated at 28C. These reactions were quenched with 5 unsuccessful, and, as a result, the P-MBP-VanS used in these
uL of SDS stop buffer when 1015% of the initial f2P]- studies contained contaminating levels of the free protein in
MBP-VanS had transferred phosphate to PhoB (30 s to 3a 1:9 mixture. Both PhoB and VanR were prepared as the
min; accumulation of P-PhoB was found to be essentially full-length proteins. Large quantities of these proteins were
linear up to 15% accumulation for this range of concentra- necessary, since both VanR and PhoB were always main-
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Ficure 1: Time course of phosphotransfer fré#-VanS to PhoB. Time (min)

Reactions were run and analyzed using SPAGE and phos- tFIGURE 2: Autodephosphorylation of P-PhoB. Reactions were run

phorimage analysis as described in Materials and Methods; data a ; ; . i ! .
: : : e as described in Materials and Methods; The data were fit to a single-
designated time points represéfi®-labeled species:0) P-MBP- exponential decay (solid line).

VansS; () P-PhoB, and<®) P. Initial concentrations of the reactants

were as follows: MBP-VanS, 18M; P-MBP-VanS, 2«M; PhoB, i - ]

40 uM. Solid lines represent computer simulations according to SK-P+RR—SK+RRP

the phosphotransfer model (see eq 3). Simulations were run with RR-P — RR+ P. 1)
1

the following kinetic constant valuesKy phos = 100 uM; k; =
0.20 mim%; k—, = 0.05 mim%; ks = 1.25 mim%; k_3 = 0.05uM~*
min~% kg = 0.06 mim?; ks = 0.015 minm%; ks = 0.011 mirr™. Rate between the kinase CheA and the response regulator CheY
constantsk, ks, andks were derived empirically and found to | kat et al., 1991; Bray et al., 1993; Morrison & Parkinson
be relatively insensitive to the overall fit; all other constants were ) ! ’ ' ’ - . !
measured as described in Materials and Methods. 1994; Hauri & Ross, 1995). The model predicts a simple
bimolecular reaction between the two proteins with phosphate
tained in stoichiometric excess of the P-VanS to allow release arising from the autodephosphory|ati0n of the phos_
quantitative transfer of the phosphate group to the responsephorylated response regulator. There are several aspects of
regulator. The VanR overproduction and purification strate- the P-vanS to PhoB phosphotransfer time course that are
gies employed for previous studies (Wright et al., 1993) inconsistent with this model, the first of which involves the
provided sufficient material for this work. Overproduction accumulation of Pin the early stages of the reaction. A
of full-length PhoB was achieved using a T7-based expres- comparison of the inorganic phosphate accumulation with
sion system which provided ample soluble proteiQ mg/ the P-PhoB formation curve suggests that the rate of
L_). .Purification of PhoB to homogeneity followed a strategy phosphate generation i$25% that of the corresponding
similar to that used for VanR. o P-PhoB formation. This initial burst of phosphate is unlikely
We used a modified version of the radioactive SDS  q phe derived primarily from dephosphorylation of P-PhoB,
PAGE and phosphorimage analysis assay reported by Mor-,¢ 5,todephosphorylation from this species alone would
rison and Parkinson (1994) developed for the Ché&keY require a lag phase in phosphate production while the P-PhoB

two-component regulatory system.  In our studies, we found 5q accumulating. Thus, a sigmoidal phosphate production
that exposing the radioactively labeled, wet polyacrylamide curve would be expected

gels on phosphorimager plates-&80 °C prevented diffusion . )
of the inorganic phosphate and allowed extended exposure [N Order to further investigate the rates of phosphate
times (24 h) for signal enhancement. Using this assay, hydrolysis in these studies, we prepaféfetlabeled P-PhoB.

we typically found backgrounds that were 0.5% of the total ThiS product was prepared from reactions with purifiég
quantified labeled species, and duplicate samples wereMBP-VansS followed by purification of the product through
generally within 15%. affinity chromatography (to remove MBP-VanS) and exten-
Phosphotransfer Kinetics frof?P-vVanS to PhoB We sive washing (to remove low molecular weight radioactive
initiated our studies with PhoB, since preliminary investiga- SPecies). As expected, P-PhoB dephosphorylated exponen-
tions on the phosphotransfer between VanS and PhoBtially with time in the presence of M (see Figure 2Ksepnos
demonstrated that the transfer reaction occurred on a time= 8.5x 107°£0.2x 10-*min~). This dephosphorylation
regime slow enough for conventional analysis. The time Was dependent on Mg; in the absence of this cation there
course for phosphotransfer froffiP-VanS to PhoB is shown ~Was no detectable dephosphorylation over a similar time
in Figure 1. By inspection of the time course, it is clear frame (10 h). The autodephosphorylation of some response
that the overall transfer follows a biphasic process. In the regulators has also been found to be enhanced in the presence
early stage of the phosphotransfer-@ min), 32P-VanS of the sensor kinase (Tokishita et al., 1992; Kamberov et
rapidly decays with a concomitant increase in bBtPhoB al., 1994). On the basis of this precedent, we tested whether
and inorganic phosphaté?®), to give a maximal loading ~ VanS had such an effect on P-PhoB. The addition of VanS
of PhoB to approximately 55% of the initiaPP-VanS (40 uM) to P-PhoB (1uM) had a minimal effect on the
concentration. The second phase of the phosphotransfer iverall dephosphorylation (Figure 3), only increasing the rate
characterized by a slow decay of both labeled proteins with 1.5-fold (Kgephos= 1.2 x 1072 & 0.1 x 1072 min~1). The
a corresponding accumulation of PStudies on the related  fact that VanS has such a small effect on the P-PhoB stability
chemotaxis two-component system have invoked a simple suggests that an alternative pathway exists for dephospho-
model (eq 1) for describing the phosphotransfer processesrylation in the phosphotransfer reaction starting from P-VanS.
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Ficure 3: Time course of phosphotransfer fré#-PhoB to VanS.
Reactions were run and analyzed using SIPAGE and phos-
phorimage analysis as described in Materials and Methods; data at 0 20 40 60 80 100 120
designated time points represéfi-labeled species:®) P-MBP-
VanS; @) P-PhoB, and<®) P. Initial concentrations of the reactants [PhoBI (LM)
were as follows: MBP-VanS, 40M; PhoB, 0.9uM; P-PhoB, 0.1 FIGURE 4: Saturation curve oPP-VanS to PhoB phosphotransfer.
uM; active MBP-VanS was assumed to bel0% of the total The data were collected under initial conditions as described in
concentration based on the autophosphorylation activity. Solid lines Materials and Methods and fit to a rectangular hyperbola (solid
represent computer simulations according to the phosphotransferiine).
model (see eq 3) with the identical kinetic constant values to those
used in Figure 1. Simulation of the32P-VanS to PhoB Phosphotransfer
Reaction. On the basis of the data collected from VanS and
hoB phosphotransfer studies, we proposed a minimal model
or the phosphotransfer reaction between VanS and PhoB

(see eq 3). This proposal incorporates the elements described

TSNS OO TROY SO OO UL LSO TS N N S S ERNY SN S SO SR N S

The simple model proposed for phosphotransfer between
the kinase and response regulator proteins (eq 1) also predict
that the reaction follows a bimolecular process. We tested
this hypothesis on the P-VanS to PhoB phosphotransfer
reaction by investigating the rate dependence of the phos-
photransfer reaction on the PhoB concentration under initial () P-VanS + PhoB

Kphos

conditions. In these experiments, the rate of formation of % K
P-PhoB was measured in conditions where PhoB was in large [P-VanS-PhoB] === [VanS:P-PhoB] === VanS * P-PhoB
excess to thé’P-VanS & 10-fold), and the reaction was only N 'A
allowed to proceed to achievel10% accumulation of the
P-PhoB product £20% P-VanS consumed). The system vanS + PhoB + P;
was well behaved kinetically; accumulation of P-PhoB was Ke
(b) P-PhoB —— PhoB + P, @)

found to be essentially linear t820% total P-PhoB for all
?;tg‘eoﬁoggig;re?t'?rgsrnonf_ T/c;?];esttoedp(ﬁ:égo#:,?éj:dgf]\/eans in eq 2 as well as several pathways for generation of

i X ; phosphate in the phosphotransfer reaction. In this model,
concentration was linear over the concentrations of P-VanS

P, may be derived from three independent sources: (a
?r;?ployed ((}:PSE‘S.”M)' The ratghversusbl[PhoB] pIotl F’I-Pho)lé (b) the [Van®-PhoB] complexpor (c) the [P-VanS @
ollows a profile that is consistent with saturable, rectangular ' ’ .
hyperbola kinetics (see Figure 4). This suggests that thePhOB] complex. Phosphate produced from species a or b

phosphotransfer reaction proceeds through an initial complexWOUId be expected at the rates measured in the dephospho-
formation, followed by a chemical transfer step which would rylation studies on P-PhoB; therefore, the hydrolysis pathway

L N L from the [P-VanSPhoB] complex was proposed to account
be rate-limiting (eq 2). Due to limiting solubilities of PhoB for the accumulation of Foroduced in the early stages of

K ky the reaction. In effect, this pathway represents a branching
P-VanS+ PhOBk_‘__; [P-VanSPhoB]— point for the phosphotransfer reaction, where direct hydroly-

[VanSP-PhoB]— VanS+ P-PhoB (2) sis competes with PhoB for P—VanS.. Finally, the biphasic

character of the phosphotransfer time course could be

(=120uM), it was not possible to measure the rate of transfer attributable to equilibration between the forward and reverse
under saturating conditions; however, by fitting the data to reactions. The proposed model accounts for this possibility,
a rectangular hyperbola model, a first-order rate constant ofthrough a reversible transfer of phosphate between the two
kiter = 0.204 0.04 mirr! (ko) was obtained, with an apparent protein complex species. As a test of the model, a kinetic
Michealis constant 0Ky phos = 100+ 35uM. The kinetic simulation was performed which incorporated all of the
constants obtained from these studies are consistent withelements of the proposed model and the experimentally
rapid equilibrium kinetics, where the encounter complex determined constants. The results of the simulation for the
[P-VanSPhoB] is in rapid equilibrium with the dissociated forward and backward reactions are shown in Figures 1 and
proteins, as the maximal rate of transfer is relatively slow 3 (solid lines), respectively, and closely predict the behavior
(k«er) and the Michealis constant for the transfer is relatively of the forward and backward reactions of the phosphotransfer
high Ku.rnog)- Under these conditions, where the rate of reaction over the entire time course.
transfer is likely to be much slower than the rate of  Phosphotransfer Kinetics frofiP-VanS to VanR Earlier
dissociation K, < k_,), theKy phog iS @ measure of the actual  work on VanS and VanR had demonstrated that the phos-
dissociation constant for the two proteins. photransfer between these two proteins was extremely
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ime (min) The data were collected under initial conditions as described in
FicurRe 5: Time course of phosphotransfer fré#?-VanS to VanR. Materials and Methods and fit to a substrate depletion model (solid
Reactions were run and analyzed using SIPAGE and phos- line, see eq 4).
phorimage analysis as described in Materials and Methods. Data
at designated time points repres&ft-labeled species) P-MBP- P-VanR accumulation was found to be linear#d5% of

VanS; () P-VanR, and <) inorganic R. Inset graph corresponds ; 04 P ; 0
to data collected using rapid quench kinetics. Solid lines representthe reaction progress430% P-VanS consumptiory15%

computer simulations according to the phosphotransfer model (seeP-VanR formed) over the range of VanR concentrations
eq 5). Initial concentrations of species were set as follows: P- MBP- tested (0.5-15uM), and the rate of transfer was linear with
VanS, 0.5uM; MBP-VanS, 4.5uM; VanR, 15uM. Simulations P-VanS concentration (0-10.5 uM). The reaction was
were run with the following kinetic constant valueKi,vanz = 30 found to be saturable at high VanR concentrations<1%
;m;,lfzm:m??_ m‘z 6%12 ;i?r'gokls ngc;)zkg ;I}T%Okf:'g A;,Ok;riir:rll- uM); however, the saturation curve was sigmoidal (see Figure
Kyansr = 30 nM. Rate constantk », ks, andk_; were derived ~ 0)- These results clearly show that the two proteins form a
empirically and found to be relatively insensitive to the overall fit; complex prior to chemical transfer; however, a sigmoidal
all other constants were used as reported (Wright et al., 1993) orsaturation curve is inconsistent with the simple rapid equi-
measured as described in Materials and Methods. librium model demonstrated by the P-VanS to PhoB phos-

. photransfer reaction. Sigmoidal saturation curves are ex-
rapid: near complete phosphotransfer was observed.i pected in cases where the substrate interacts with an inhibitor,
s (Wright et al., 1993; Fisher et al., 1995). These results yogiting in a depletion of the free substrate (Segel, 1993).
prompted us to study the phosphotransfer reaction on thethege results prompted us to investigate potential inhibitors
millisecond time scale using rapid chemical quench tech- ot v/anR in our assay. Since our preparation§%tVanS
niques. These methods allowed for analysis of the phos- 5re jnherently contaminated with free VanS (1:9 ratio), we
photransfer reactions under conditions identical to those suspected that the free VanS was inhibiting the VanR by
employed for thé?P-VanS to PhoB phosphotransfer experi- forming a nonproductive complex (see eq 4). This hypoth-
ments; however, optimal results were obtained when the

protein concentrations were reduced 4-fotéP(vVanS 0.5 P-VansS + VanR === [P-VanS-VanR] — [VanS+P-VanR] —=
uM; VanR 15 uM). Under these conditions, maximal +
transfer occurred within about 100 ms, well within the vans
reaction time limits of the rapid quench apparata® (ms).

The reaction time course obtained using these methods is
shown in Figure 5. While it is clear from the time course [VanSevanR] @
that Vans is far more efficient in phosphotransfer to VanR

than PhoB, the overall reaction profiles obtained for the two ggjs was supported by the observation that the phosphotrans-
response regulators share several common elements. FirSto, rate was inversely proportional to the free VanS
the *2P-Van$ to VanR phosphotransfer time course follows concentration (data not shown). The saturation curve was
a biphasic process that is characterized by an early phasgnen fit according to a substrate depletion model using a
(0—30 s) of rapid depletion of phosphate label from VanS yectangular hyperbola which was dependent on the calculated
with a corresponding rise in both P-VanR and®give a  free substrate concentration based on three variables: the
maximal loading of P-VanR tez60% of the initial®’P-VanS. dissociation constant of the [VangnR] complex Kvans),
This early phase is followed by a slow hydrolysis of P-VanR  he Michealis constant of the [P-Van@nR] complex
to inorganic phosphate 190 min). As with the P-VanS to (Kumvang), and the first-order phosphotransfer raktgef). A
PhoB phosphotransfer reaction, an early accumulation of P reasonable fit was obtained using this model to give the
was observed. Previous work on purified P-VanR (Wright fo|lowing values: Ky vang = 3.61+ 0.818uM, Kyer = 96 &
et al., 1993) has shown that it has a relatively long lifetime 7 g min?, andKVanS/§= 0.032+ 0.051uM. Interestingly,
under these conditions, = 820 + 240 min) even in the  the dissociation constant for VanR with free VanS was found
presence of excess Vanty{= 120+ 40 min). Therefore,  tg hea:100-fold smaller than that calculated for the phospho-
itis unlikely that the initial accumulation ofifs produced  form. while it is possible that the two forms of VanS have
from this species alone. such different affinities for VanR, the discrepancy between
The®*P-VanS to VanR phosphotransfer reaction was also the two values may result from the rapid phosphotransfer
studied under initial conditions similar to those employed kinetics. Whereas the dissociation constant calculated for
for PhoB. The reaction was well behaved kinetically, as the the free VanS interaction with VanR is based solely on the

VanS + P-VanR

Kvansir
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protein complex formation, the Michealis constant obtained
for P-VanS with VanR is a function of the phosphotransfer
reaction. The fast rate of transfer, coupled with the tight
complex formation, suggests that the phosphotransfer reac-
tion is not under rapid equilibrium. In this case, the apparent
equilibrium constant for the P-Var®anR complex would

be a function of the forward transfer rate and the protein
complex association rat&f; vanr & ko/ki), rather than the
ratio of the complex association and dissociation rates. As
a result, the value 6£30 nM obtained for free VanS is likely

to be a more accurate estimate of the true dissociation
constant of the VanS-VanR interaction.

Simulation of the®?P-VanS to VanR Phosphotransfer
Reaction. We proposed a model similar to that used in the
P-VanS to PhoB phosphotransfer reaction for the phospho-
transfer from32P-VanS to VanR (see eq 5); the only

. 1M VanR
300~

2501

200~

v (uMs)

150+
1004

50-L

-50 0
[PhoB] (M)

FicUrRe 7: Dixon plot of PhoB inhibition off2P-VanS to VanR
phosphotransfer.

VanS, and they are almost identical in molecular mass
(=26 500 kDa). As aresult, the two proteins will comigrate
on SDS-PAGE and phosphoprotein mixtures cannot be
analyzed directly using the current assay. However, on the

KVanR
(a) P-vanS + VanR

+

VanS
short reaction timesx75 ms) used in the P-VanS to VanR
Svansie phosphotransfer reactions, PhoB would be expected to act
[VanSeVanR] only as a competitive inhibitor of P-VanR formation rather

than as a substrate f8tP-VanS (PhoBkyer = 0.2 mirr?,
see eq 6). Indeed, PhoB-dependent inhibition of the P-VanS

k3

VanS + P-VanR

[P-VanSeVanR] ‘_ [VanSeP-VanR]

\ e

VanS + VanR + P;

K3

P-VanS + VanR =——=
+
PhoB

[P-VanSeVanR] — [VanSe¢P-VanR] —>
VanS + P-VanR

K
(b) P-VanR ——= VanR + P, ()

Kpnos

difference between the two schemes was the inclusion of
the competing inhibition by VanS by a nonproductive VanS
VanR complex formation. A simulation of the reaction time
course was performed to test this model, and the results are
shown in Figure 5 (solid lines). The simulation very closely

predicts the phosphotransfer reaction time course in both the

early phase (tox80% completion) and the slow decay of

[P-VanS+PhoB] (6)

to VanR phosphotransfer reaction was observed and a Dixon
analysis of the inhibition was performed (see Figure 7). The
Dixon plot is consistent with competitive inhibition with a
calculatedK, = 95 £+ 30 M. In addition, the P-VanS to
VanR phosphotransfer kinetic constant values (calculated

P-VanR; however, the simulation does not fit an intermediate
phase reactior~50 ms to 5 min). This phase accounts for - - N : o
~20% of the initial P-VanS which exhibits a slow transfer Ot,\’/tl‘f’"lr('ed Zo&tmeiriﬁ‘)t“ra“o” kinetics Studi, fanr = 1-10
to VanR. The difficulty in fitting the intermediate phase of  Tder '
the reaction may be related to the preparation of VanS as anpscussion
MBP fusion protein. $P]MBP-VanS is known to form a
number of oligomeric states, as assessed by native PAGE Two-component signal transduction systems have recently
(Z.Wu and C. T. Walsh, unpublished data), and it is possible received considerable attention due to their widespread
that these states have different reactivities in the phospho-occurrence as well as for potential targets of antibacterial
transfer reaction and are kinetically trapped by VanR. The therapeutic agents (Alex & Simon, 1994; Swanson et al.,
fact that the reaction reaches completion (all P-MBP-VanS 1994). In spite of this, there have been relatively few
is consumed) implies that these states are either capable ofnvestigations into the factors that govern the rates and
transfer or are in equilibrium with species that are competent specificities of phosphotransfer reactions for these proteins.
in the phosphotransfer reaction. Detailed investigations on the interactions between two-
Inhibition of Phosphotransfer frorffP-VanS to VanR by ~ component system proteins have been hindered by a number
PhoB. The kinetic studies performed witfP-VanS and the  of factors including (a) difficulties in the preparation of large
two response regulators under initial conditions not only quantities of the purified proteins, (b) fast phosphotransfer
provide a quantitative estimate for the overall efficiency and kinetics, and (c) short-lived phosphorylated protein inter-
specificity of phosphotransfer but also can be used to analyzemediates. As a result, investigations on the phosphorylation
potential inhibitors of the phosphotransfer process. To kinetics of the response regulator class have focused on
demonstrate this potential, as well as to provide supporting reactions with small molecule phosphodonors [e.g., acetyl
data for the current model, we tested whether PhoB could phosphate (Stock et al., 1995)] or have been limited to kinetic
act as an inhibitor of the phosphotransfer reaction betweensimulations of the overall phosphotransfer process (Lukat
P-VanS and VanR. This application is particularly chal- etal., 1991; Bray et al., 1993; Morrison & Parkinson, 1994,
lenging, since both the VanR and PhoB are substrates forHauri & Ross, 1995).

from the slopes of the plot) are in agreement with the values
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Ficure 8: Proposed mechanism for competing phosphate hydrolysis pathwdy.ddgrdination geometry was based on comparisons to
the structural data on CheY (Volz, 1993); additional coordination by Asp9 (VanR) was not shown for clarity.

Our interests in the developmentiofvivo models of the system have shown that the sensor protein (CheA) and
Enterococcus faeciurancomycin resistance two-component response regulator (CheY) form a complex in the nanomolar
system (VanS/VanR) through the heterologous cross-talkrange 30 nM (Shuster et al., 1993)]. Finally, protein
interaction between the sensor kinase VanS andetteli protein interactions in the bacterial phosphoenol pyruvate/
response regulator PhoB (Fisher et al., 1995) led us toglycose phosphotransferase system (PTS) have been mea-
investigate the differences in reactivities between the cognatesured in the micromolar range (Waygood & Steeves, 1980;
and the heterologous systems. In this work, we have Weigel et al., 1982). While it is not a canonical two-
performed a detailed kinetic analysis of the phosphotransfercomponent system, the PTS also catalyzes phosphoryl
reactions between the sensor kinase VanS and two responstransfer between two proteins via histidinghosphate
regulator proteins, its homologous partner VanR and PhoB intermediates.
as a heterologous partner. To our knowledge, these studies |t has been proposed that protein-specific interaction
represent the most comprehensive analyses to date on th@iomains on both the sensor kinase and response regulator
phosphorylation kinetics between a sensor kinase andproteins provide a means for regulating the specificity
response regulator proteins. (“cross-talk”) between signal transduction systems (Kofoid

The kinetic data collected under initial conditions for both & Parkinson, 1988; Parkinson & Kofoid, 1992; Volz, 1993),
response regulators show that the response regulators fornand these interactions may account for the observed differ-
detectable complexes witfP-VanS prior to phosphotransfer ences in the kinetics between the two response regulator
and that chemical transfer is the rate-limiting step. These proteins. A comparison of the apparent Michealidenten
results contrast with mechanistic studies performed on constants for the two response regulatdfg (anr ~ 3.61
response regulator proteins with small-molecule phosphateuM; Kupnos ~ 100 uM) shows an~30-fold binding
donors (acetyl phosphate, etc.), which found, not surprisingly, preference for VanR over PhoB for VanS. The first-order
that substrate binding of these nonspecific substrates istransfer rates for the two proteins are even more disparate
relatively weak Ky ~ mM) and rate-limiting (Stock et al.,  (VanRKkyer =~ 96 mir?; PhoBkyer = 0.2 mirm?), representing
1995). The differences in kinetic behavior between the a~500-fold rate enhancement for the homologous over the
sensor kinase and the small-molecule phosphodonors aréneterologous system. Taken together, these differences
most likely due to specific proteinprotein interactions indicate>10*fold difference in reactivity for the homologous
between the sensor kinase and the response regulators thatanR system over the heterologous PhoB/VanS system. The
are not present in the low molecular weight phosphodonor fact that the two proteins share35% sequence identity, as
molecules. The dissociation constant of 30 nM obtained in well as near superposable circular dichroism spectra (data
these experiments for MBP-VanS interacting with VanR is not shown), indicates that the pronounced specificity of VanS
consistent with estimates of the VaiWanR complex forma-  for the two proteins is not due to gross structural differences
tion obtained from previous studies on DNA binding between PhoB and VanR. Rather, it is likely that the two
experiments with VanR (Holman et al., 1994). These studies proteins have the same molecular scaffold but have evolved
demonstrated that VanS was an efficient competitor for DNA specific protein surface contacts to discriminate between the
binding (IG, = 1 uM; VanR = 2.7 uM), suggesting that  several sensor kinases present in the cellular milieu. These
the actual dissociation constant is less thanM. Tight conclusions are in accord with our attempts to demonstrate
complexes of response regulator and sensor kinase proteingross-talk between VanS and response regulators other than
have been observed in at least one other system; biophysicaPhoB. We have overexpressed several response regulator
measurements on the related chemotaxis two-componenfproteins which had significant sequence identity to VanR:
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ArcA (40%), OmpR (40%), and CreB (36%). We were for preparations of purified ArcA protein, and Dr. Philip A.
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