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Peptide Analogues of the VanS Catalytic Center Inhibit VanR Binding to Its
Cognate Promotér
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ABSTRACT:. The dodecamer peptide SLCHDSVIGWEC, named E12, was selected from a combinatorial
peptide library on the basis of its ability to bind to VanR, the two-component signal transduction response
regulator which controls expression of vancomycin resistandenierococcus faeciunThe binding of

E12 was localized to the N-terminal, regulatory domain of VanR which contains Asp-55, the residue
which accepts the phosphoryl group from His-164 in the activated VanS sensor kinase. E12, along with
a related sequence SLAHDSIIGYLS, named E12.1, was found to inhibit the binding of ManR a

DNA segment which corresponds to its cognate promotanP. With a single gap, both E12 and E12.1
could be aligned with the octadecamer sequence YLAHDIKTPLTSIIGYLS, comprising Tyr-161 through
Ser-178, of the catalytic center dimerization domain of VanS, a sequence with which VanR also normally
interacts. Alanine substitution analysis of E12.1 identified six amino acids as indispensable for its ability
to inhibit VanR~P—PvanH DNA complex formation. A similar analysis of the corresponding amino
acids in VanS showed a parallel dependence except for the substitutions Let-AB2and Gly-175—

Ala which interfered with the ability of E12.1 to compete with proteDNA complex formation, but did

not inhibit the ability of VanS to bind VanR. Our findings support a model in which E12 mimics the
VanS phosphorylatable sequence with which the regulatory domain of VanR interacts, and thus functions
as a “minimalist” analogue of VanS. Our results also indicate the usefulness of phage-displayed peptides
as a general tool for mimicking the interacting faces of interacting proteins.

VanR and VanS comprise the respective transcriptional Because of the importance in understanding the molecular
response regulator and sensor kinase of a two-componenbasis of vancomycin resistance, it is of great interest to map
signal transduction (TCST¥ystem which regulates vanco- the region of proteir-protein interaction between VanS and
mycin resistance inEnterococcus faecium(2, 5, 11). VanR and to examine the consequences of their interaction.
Transcriptional activation of theanHAXYZgene clusteris ~ To learn what the minimal region for specific interaction
the key event leading to the expression of resistance inmight be, we utilized a phage-display combinatorial peptide
induced cells. For general reviews of two-component signal library to select peptide ligands to VanR. In the study
transduction systems, see r@8and?25. VanS, the sensor  presented here, we identify several such peptides and
kinase which is responsive to the presence of vancomycincharacterize the interaction of one of them with VanR.
in the medium, undergoes a net increase in the level of
phosphorylation of one of its residues, His-164, by ATP. MATERIALS AND METHODS

Vans then transfers the phosphoryl group from His-164 of  gacterial Strains, Plasmids, Phage, and PCR Primers.

VanS to Asp-55 of VanR, the response regulator for Replicative materials and PCR primers that were used are
vancomycin resistance, thereby increasing its affinity for ,mmarized in Table 1.

PvanH, the promoter for transcription of thanHAXYZgene Plasmids and CloningGlutathioneStransferase (GST)
cluster. VanR-P may bind cooperatively as a dimer to  fgjon proteins GSFVanR (complete VanR sequence),
PvanH where, by analogy to OmpRLY), it recruits RNA ST _vanR regulatory domain (Met-1Ser-124), GST
polymerase to initiate transcription of thanHAXYZgene DNA binding domain (Ser-123TAA-231), GST-VanSc

cluster. (Arg-93—TAA-283 stop), and GSFPhoB (complete PhoB
sequence) were constructed in plasmid pGEX-2TK (Amer-
t Supported by NIH Grant Al-42807 (B.W.). sham Pharmacia Biotech, Piscataway, NJ) by a modification

* To whom correspondence should be addressed. Telephone: (608)of procedures described by Wright et a2, Four PCR

262-0972. Fax: (608) 262-1257. E-mail: weisblum@facstaff.wisc.edu. primers were used to prepare each gene cassette by the “melt-
! Abbreviations: GST, glutathiongtransferase; PAGE, polyacry- P prep g Y

lamide gel electrophoresis; RD, regulatory domain; DBD, DNA-binding anneal” meth_Od described preV'QUSBOI' FQI‘ each _Set of
domain; TAE, Tris-acetate-EDTA; HPLC, high-performance and/or four PCR primers, the respective amplimer pairs were
-pressure liquid chromatography; VanSc, VanS soluble cytoplasmic denatured, annealed, and ligated. The resultant cassette, with

domain; TCST, two-component signal transduction; VanR, vancomycin EcoRl andBanHI cohesive ends, was cloned using pGEX-
resistance response regulator protein; VaRphosphorylated VanR; !

VansS, vancomycin resistance sensor kinase protein; ¥&i$hos- 2TK DNA, previously digested withEcaRl and BanHI
phorylated VanS; PanH, promoter upstream afanH. restriction endonucleases. The unfractionated reaction mix-
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Table 1: Plasmids, Bacterial Strains, and PCR Primers

plasmid, bacterial strain, ref or
or PCR primer description source
plasmid
pGEX2TK atac promotor inducible GST fusion expression vector Pharmacia Biotech
pAU301 pGEX2TK with VanRa cloned intBanH| and EcoR| sites and N-terminally fused to GST this work
pAU302 pGEX2TK with the VanS cytoplasmic domain cloned iBeorHI and this work
EcoRl sites and N-terminally fused to GST
pAU303 pGEX2TK with PhoB cloned intBanH| and EcoRl sites and N-terminally fused to GST this work
pAU304 pGEX2TK with the VanR regulatory domain cloned iBcoR| andBanH| sites and this work
N-terminally fused to GST
pAU305 pGEX2TK with the VanR DNA binding domain cloned irfgoR| andBanH| sites and this work
N-terminally fused to GST
strain
E. coliBL21(DE3) transformable recipient strain used for expression of VanS and-Vas{ Novagen
E. coliJM109 transformable recipient strain for primary plasmid cloning 21
E. coliEAU301 E. coliBL21(DE3) with pAU301 plasmid used for expression of VarBST this work
E. coliEAU302 E. coliBL21(DE3) with pAU302 plasmid used for expression of Var®ST this work
E. coliEAU303 E. coliBL21(DE3) transformed with plasmid pAU303, used for expression of PHeBT this work
E. coliEAU304 E. coliBL21(DES3) transformed with plasmid pAU304, used for expression of VanR{FREHT  this work
E. coliEAU305 E. coliBL21(DE3) transformed with plasmid pAU305, used for expression of VanR(DEEST  this work
E. faeciumA634 VanA reference strain, original source of VanRa and VanSa DNA 23
primer
15981 VanR, forward 1 (85AT CCA TGA GCG ATAAAATAC TTATTG) this work
15983 VanR, forward 2 (8CAT GAG CGA TAA AAT ACT TAT TG) this work
15984 VanR, reverse 1'(BAT TCT TAT TTT TCAATT TTA TAA CCA AC) this work
15982 VanR, reverse 2'(ETT ATT TTT CAATTT TAT AAC CAAC) this work
20285 VansSc, forward 1 (AT CCC GCG TCATGC TTT CAA AAT TC) this work
20287 VanSc, forward 2 (£2CG CGT CAT GCT TTC AAAATT C) this work
20288 VanSc, reverse 1'(BAT TTT AGG ACC TCC TTT TAT CAA CCA AG) this work
20286 VanSc, reverse 2'(bTA GGA CCT CCT TTT ATC AAC CAA G) this work
26611 PhoB, forward 1 (35AT CCA TGG CGA GAC GTATTC TGG TCG) this work
26612 PhoB, forward 2 (AT GGC ACG TAT TCT GGT CG) this work
26613 PhoB, reverse 1'(BAT TTA AAA GCG GGT TGA AAA ACG ATATC) this work
26614 PhoB, reverse 2'(BAA AAG CGG GTT GAA AAA CGA TAT C) this work
20289 VanH promotor, forward (£GC GGA TCC GCG GGG ATG CCA ATG GT) this work
20290 VanH promotor, reverse' 6GG AAT TCC GGA AAG CAATGATAACTAT) this work
25949 VanR(DBD), forward 1 (85AT CCG TTA TCG TCC ACT CCG GC) this work
25950 VanR(DBD), forward 2 (8GT TAT CGT CCA CTC CGG C) this work
25951 VanR(RD), reverse 1'(BAT TCT TAATTT TCG TTC TGC TCC TTT AC) this work
25952 VanR(RD), reverse 2'(ETT AAT TTT CGT TCT GCT CCT TTAC) this work
26490 18-mer, SLAHDIKTPLTSIIGYLSXhd —Xbd cassette, sense strand TCG AGC this work
TTG GCG CAC GAT ATT AAAACG CCCCTT ACATCC ATT ATC GGT
TATTTG AGC T)
26491 18-mer, SLAHDIKTPLTSIIGYLSXhd —Xbal cassette, antisense stran (A GAG this work
CTC AAATAA CCG ATA ATG GAT GTAAGG GGC GTT TTAATATCG TGC
GCC AAGC)

ture of ligation products was used to transfdescherichia (residues—191 to 63) was obtained by PCR as described
coli JM109 cells by electroporation, followed by selection by Holman et al. 14) using a boiled cell preparation &n.
for ampicillin resistance. Cells carrying plasmids with inserts faeciumA634 as the template source. AmplifieddnH
were screened by colony PCR. Plasmids specifying the promotor DNA was 5end-labeled with)f-32P]ATP (specific
desired fusion constructs were introduced iBtcoli BL21 activity of 200 Ci/mol) and phage T4 polynucleotide kinase.
A DES cells for protein overexpression. The reaction mixture was incubated for 30 min at &7,
Overexpression and Purification of GST Fusion Proteins. and unincorporated ATP was removed by centrifugal gel
The respective GST fusion proteins were purifiedal L filtration (Sephadex G-50 spin column, Amersham Pharmacia
scale according to instructions provided by the supplier. The Biotech).
resultant GSTVanR and GSTPhoB proteins were cleaved Phosphorylation of VanR with Acetyl Phosphai&anR
on the column of glutathioreagarose by incubation with  was phosphorylated as described previousliy).( The
thrombin (2 units) fo 4 h at room temperature, and reaction was performed in a total volume of 140 which
concentrated by centrifugal ultrafiltration (Centricon 10 contained 50 mM HEPES (pH 7.2), 5 mM MgCb0 mM
concentrator, Amicon, Bedford, MA). The resultant VanR lithium acetyl phosphate, andi VanR. After incubation
preparation, free of GST, was stored in GST elution buffer for 1 h at 37°C, the reaction mixture was used directly as
[50 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 10% a source of VanRP, or stored at-80 °C and used within
glycerol] at —80 °C. VanSe-GST was eluted from the 1 month.
column in the same buffer supplemented with 10 mM  Gel Shift Analysis of VanRP Binding to RranH DNA
reduced glutathione, concentrated, stored similarly, and usedvanR—PvanH complexes were quantified by gel shift
as the intact GST fusion protein. analysis as described by Holman et a4)( Complexes were
Amplification and 5End-Labeling of PanH DNA.A 254 formed in a total volume of 1&L which contained 4 pmol
bp DNA fragment containing the:anH promotor region of VanR~P, which was preincubated with the appropriate
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effector pepti_des (as aqueous solutions) for 10 min at room4p1e > Peptide Sequences Obtained by Phage Display
temperature in 20 mM HEPES (pH 7.2), 5 mM MgQ.1 -
mM NaEDTA, 0.5 mM CaC}, 10% glycerol, and 0.kg phage VanR/BSA  Peptide Sequence
of salmon sperm DNA. To start the reactiofiP-labeled

PvanH promotor probe DNA (0.65 ng in AL) was added, A4 1.08 giﬁggmfiﬁﬁg
and the reaction mixture was incubated on ice for 15 min. igg :g;’ SARVETCGIWEC
The resultant VanRP—PvanH complexes were analyzed  pes .93 SARVEICGWWEC

2
5
4
by nondenaturing PAGE2g). Gels were cast in TAE buffer, ~ Fo8 . SARVEICGWHEC
9
4
1

. . .02 SDSGWEGCWGWC
and electrophoresis was performed in the same buffer at 155 510 13 SEFSAWASDPGCSRAKMKRSRPTRPPRVAKEVSELSVC

V for 45 min. Gels were then dried on Whatman 3MM filter ~ A@8 .81 SEHDLATKATMCSRANKDTTNQKSTSRGRAGRQRQAQC
; oL E0L .26 SFLSCSKFDRLC
paper, and exposed to a phosphorimager screen overnightg,g 10.28 oL CHDSVIGHEC
for analysis of DNA-protein complexes. £09 13.15 SLCHDSVIGHEC
E12 11.44 SLCHDSVIGWEC
Phosphotransfgrase AssayanSe—GST_(4 pmol) was o 1713 < LCHDSVIGHEC
labeled for 60 min at room temperature in a«b volume o8 11.09 SLCHDSVIGWEC
containing, 50 mM Tris-HCI (pH 7.4), 5 mM Mggland H11 11.28 gécﬂgiﬁggfg
100 mM KCI. The reaction was initiated by addition of 1 Eg? 1;:2;’ SR%(VICSGESC
uL of 200 uM [y-32P]JATP which contained LCi. After 60 Fo7 5.53 SRPCSGFGPGDC
min, the 5uL reaction mixture was added to a &5 reaction Hol i gzgamg‘éf\%
mixture containing 80 pmol of PhoB and 2.5 mM PMSF all g1 6.16 SVFFSRCSGDGC
in the same buffer, with the appropriate peptide at a final E24 i-ﬁ ngl\’agg:%‘ggc
concentration of 1 mM. Reactions were stopped by the ﬁ?g 5 02 SWRPMCEGLGTC
addition of 10uL of SDS gel loading buffer, and the resultant  re3 7.29 SYGGSLYFCKNC

mixture was fractionated by SBS?AGE. Phosphoproteins a Summary of phage display peptide sequences obtained in this study.

were as_sessed aUthadiOQ"aphica”y with a phosphorimager;the x,C library was screened for phage which bound to VanR-coated
as previously described. wells, as described. Individual plaques were amplified by growth on a

Phage DisplayPhage display was performed using the bacterial cell host. For each plague, phage binding to VanR- and to
methods described by Sparks et @9)( Microtiter plate BSA-coated wells was assessed by phage ELISA. VanR/BSA, i.e., a

. . measure of specific binding to nonspecific binding, was calculated for
wells were coated with purified VanR and used to select gach peptide. The DNA sequences and deduced amino acid sequences

binding phage from a library displaying combinatoriab® were determined for the 25 peptides which bound with the highest
peptides, i.e., 10 random NNK codons followed by a Cys affinity. One peptide with the sequence SLCHDSVIGWEC occurred

codon, TGC, in the eleventh position (N isA, G, C,orT, six of 25 t!n“_les and was used for furthe_r studies. Four phages Wit_h the
and K is G or T). After three rounds of selection, the binding mﬁéﬁmny (VanR/BSA< 1.5) were included for use as negative
of individual phage clones to the VanR target protein was '
assessed by phage-ELISA using an anti-M13 phage mono- ] ] ) ]
clonal antibody-horseradish peroxidase conjugate (Phar- for each mutant construction. The f|rst.pa|r consisted of a
macia). Ninety-six phage plaques were picked from the third 5 -forward primer encoding the N-terminus of the VanSc
round of selection and tested for their ability to bind to VanR construct and a counterpart reverse primer, which encoded
and to BSA, by phage ELISA, to determine levels of specific the_ alanlne-substnuted E12 pe_ptlde homo_logue. The second
and background binding, respectively. pair con5|steq of a'Eforyvard primer enc_:odmg the comple-
For inserting determinants for desired peptide sequencesMentary alanine-substituted E12 peptide homologue and a
into phage M13 DNA, oligonucleotides encoding the defined counterpart reverse primer, Whlch'encoded the C—ter_mlnus
peptide sequences were cloned into el and Xbal sites of VanSc. The two resultant amplimers were gel-purified,
within gene 11l of bacteriophage M13. The resulting recom- denatured, annealed, and extended wWifa DNA poly-
binant phage were then tested for binding to various protein Merase. The full-length construct was then amplified using
targets, immobilized within microtiter plate wells, by phage the forward and reverse VanSc primers. The resultant
ELISA (29). amphmgr was clone_d in plasmid pGEX-2TK for high-level
Sequence Analysis of Combinatorial Peptidegthe 96 expression inE. coli. The resul_tant mute_mt construpt_ was
chosen phage plaques, 25 isolates with a relative selectivityoverexpressed as a GST fusion protein and purified for
for VanR relative to BSA greater than a factor of 4 (by phage Pinding experiments.
ELISA) were selected for DNA sequence analysis. The RESULTS
deduced peptide sequences were further analyzed by align-
ment with the amino acid sequence of VanS using the Screening for Peptides Which Bind to Vari€Ricrotiter
program MultAlin 6). plate wells, coated with purified VanR, were used to select
Chemical Synthesis of Combinatorial Peptidesptides peptides from a phage library displaying combinatorial
were chemically synthesized by Chiron Technologies (Ra- peptides on capsid protein Ill. After three rounds of screening
leigh, NC) and Research Genetics (Huntsville, AL). They and amplification of the library, 96 phage plaques were
were purified by the supplier using HPLC, and further chosen for further characterization by phage ELISA. Of
analyzed by mass spectrometry. these, 20 phage exhibited4-fold more binding to VanR
Construction of Alanine Substitution Mutants of VanSc. than to BSA, i.e., an unrelated target. These phage were
Alanine substitutions were incorporated into the VanS soluble selected for DNA sequencing and determination of the amino
intracellular domain construct, GSVanSc, by overlap-  acid sequences of their respective inserts (Table 2). One of
extension PCR1(5). Two paired sets of primers were used the peptide sequences shown, E12, SLCHDSVIGWEC,
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(a) (b) SLCHD...... SVIGWEC E12 gapped
YLAHDIKTPLTSIIGYLS VanS Tyr-161 to Ser-178
0.8 SLAHD...... SIIGYLS E12.1 gapped
1 2 3 kD 05 I ] Ficure 3: Amino acid sequences of E12 and E12.1, compared with
E el VanS. The amino acid sequences of peptides E12 and E12.1 are
8 compared at Tyr-161Ser-178 of the VanS catalytic center. It is
RD — L T4 < o4 necessary to introduce a six-amino acid gap into E12 and E12.1
DBD — N — 0 02l corresponding to IKTPLT to align them with VanS.

<0.01 <0.01
0
BUF GST DBD RD

Ficure 1: Binding of phages bearing the E12 peptide to the
separated regulatory and DNA-binding domains of VanR. (a)
Coomassie blue-stained analytical PAGE separation of GST fused '..'.‘. - ¢
to the VanR regulatory domain (lane 1) or VanR DNA-binding Bl ;_;'g 1 ‘41

domain (lane 2). Protein standards, labeled 40 and 45 kD, are shown LAY L4 w 'l - F

in lane 3. (b) Phage ELISA using microtiter plate wells coated with

GST fused to the VanR regulatory and DNA-binding domain. Wells FiGURe4: Inhibition of VanR~P—PvanH DNA complex formation
were tested for their ability to bind M13 phage bearing peptide and comparison of the effect of peptides E12.1 and E12. (a) The
E12. The wells were coated using buffer (BUF), GST (GST), 6ST  comparative effects of peptides E12.1 and E12 on VaRR[*%P]-

DNA binding domain fusion (DBD), or GS¥regulatory domain PvanH DNA complex formation are shown as a function of added
(RD). The phage binding activity readout at 405 nM was based on peptide E12.1: lane £2P-labeled PanH DNA alone, control; lane

the colorimetric measurement of peroxidase activity and was 2, Complete, without the competing peptide; lane®3Complete
proportional to the level of binding of the peroxidase phage-specific with 1, 3, 10, 30, 100, 300, and 1000 E12, respectively. (b)
monoclonal antibody congugate. The predominant binding activity The comparative effects are shown as a function of added peptide
was seen to the RD well. The level of binding to the DBD well E12: lane 1,3?P-labeled PanH DNA alone, control; lane 2,
was less than 10% of that seen for the RD sample, while negligible Complete, without the competing peptide; lanes93 Complete
binding to uncoated or to GST-coated wells was seen. with 10, 20, 50, 100, 200, 500, and 10aM E12, respectively.

(a) (b)

123456789 123456789

12345678

the binding of VanR to PanH. A modified peptide, E12.1,

was designed, based on E12, which more closely resembled
the sequence of VanS. Peptide E12.1 incorporated the
pentapeptide sequence SLAHD and the heptapeptide se-

C guence SIIGYLS of VanS, but not the central six residues,
IKTPLT, as shown. In addition, the two Cys residues of E12
were replaced with Ala and Ser, simplifying the synthesis

F of Ala-substituted variant peptides used in later experiments.

The Ser residue which corresponds to Tyr-161 was derived
FIGURE 2: Peptide E12 concentration dependence for inhibition of from the sequence of M13.

VanR—PvanH DNA complex formation. The binding of VanR to : . - .
PvanH DNA reduces the electrophoretic mobility of the DNA. In testing E12.1, we compared its activity with that of E12

Addition of peptide E12 reverses the mobility shift with and©f under conditions which utilize the physiologically active form
3 uM. Lanes -8 contained 0, 1, 2, 5, 10, 20, 50, and 10d of VanR, VanR-P, as well. In comparing E12 binding to
E12, respectively. “C” indicates the VarfPranH DNA complex VanR (Figure 1) with binding to VanRP, we found & 100-
that formed; “F” indicates uncomplexééP-labeled PanH DNA. fold difference, i.e., an 16 of 3 uM, as shown in Figure 2

occurred 6 out of 25 times and bound reproducibly to the Versus the value ot 1 mM shown in Figure 4. E12.1 was
cloned regulatory domain of VanR preferentially, as shown tested for its ability to inhibit VanRP—[*P]PranH complex
in Figure 1, and was selected for further Study_ formation as the target. The results shown in Figure 4 indicate
Effect of Peptide E12 on VarfPvanH Complex Forma-  that the IG, for peptide E12.1 was 100M, a >10-fold
tion. Peptide E12 was chemically synthesized in the disulfide increase over that of E12 for inhibiting Vanf® binding to
form and tested for its ability to inhibit the interaction [*P]PvanH (9, 10), suggesting that the closer similarity
between &2P-labeled DNA segment of the/@nH promoter between E12.1 and the catalytic center of VanS might be
and VanR. Results shown in Figure 2 indicate that E12 responsible for the tighter binding.
inhibited the interaction between VanR andaRH with an Alanine Substitution Analysis of Peptide E12.1 with
ICso value of 3uM. As control, the peptide Ac-LSGVIAT-  Respect to VanRP—PyvanH Complex Formation/Ve next
OMe was tested and found to be inactive in the promoter tested the hypothesis that the inhibitory activity of E12.1
fragment binding assay (data not shown). toward VanR-P—PvanH complex formation may be due to
Similarity between E12 and the Catalytic Center of VanS. its resemblance to VanS by evaluating the contribution of
When we used the program MultAlir6Yto compare E12  the residues within E12.1 toward inhibiting the interaction
with VanS, we found a match with the 18-amino acid between VanRP and RanH DNA. A set of 12 individual
sequence, residues Tyr-16%er-178, by introducing a six-  Ala-substituted variants of E12.1 were chemically synthe-
amino acid gap in E12 (Figure 3). This match suggested thatsized and tested. The results shown in Figure 5, and listed
E12 was acting as an analogue of the VanS sequence Tyr4in Table 3, indicate that of the 12 alanine-substituted peptides,
161-Ser-178. E12 was therefore used as a lead peptide tosix inhibited the VanR-P-induced mobility shift of the
design and test whether more precise peptide mimics of thePvanH DNA probe, while five had no effect. The test of
VanS catalytic center might be more effective at inhibiting E12.1 with Ala substituted for Asp-165 (lane 7) was left
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4333339334453

"0 > % S S S 3 @ @ z 61 S 5 Ficure 6: Effect of VanSc on VanRP—PvanH DNA complex
S 5 HR SR Ea S < HAA A formation and concentration dependence. VanS8T was tested
e EEEEEY as a function of concentration for the ability to reverse the binding
g 5 g a) g a é @ g % :Cé @ @ g reaction between VanRP and RanH. The |G for the reaction

87 < 5 < i <O was 200 nM. The GSFVanSc construct at a concentration of 1
cedGdndnndnnng uM was used in the succeeding experiment to saturate VanR with

VanSc, enabling an apparent all-or-none assay: lan&s@, 0.063,

Ficure 5: Alanine substitution analysis of peptide E12.1 and the 0.125.0.250. 0.50. 1.0. and vanSc added. respectivel
effect on VanR-PvanH DNA complex formation. A set of 12 .cwnjicates the V’zalni:%’IDuanHZ'Llé]:A\lA complex that fornged' Fy
peptides was chemically synthesized in which Ala was systemtically indicates uncomplexe#P-labeled PanH DNA ’

substituted at each position of peptide E12.1. Peptides were each
tested for their ability to reverse the mobility shift ofdH DNA
induced by VanR-P. Results are collated in Table 3 for comparison
with effects of Ala substitution on other activities that are tested:
lane 1, peptide dilution buffer control; lane 2, unrelated peptide
control; lane 3, Ser-161> Ala; lane 4, Leu-162— Ala; lane 5,
Ala-163 (unsubstituted); lane 6, His-164 Ala; lane 7, Asp-165

— Ala; lane 8, Ser-172— Ala; lane 9, lle-173— Ala; lane 10,
lle-174— Ala; lane 11, Gly-175— Ala; lane 12, Tyr-176— Ala;

lane 13, Leu-177 Ala; lane 14, Ser-178~ Ala.

1234567

Table 3: Activity of Alanine-substituted Peptides

Ficure 7: Alanine substitution analysis of VanSc and the effect
on VanR~P—PvanH DNA complex formation. Ala substitutions

were made genetically in the cloned gene for VanSc which was
tested for the ability of the construct (as the corresponding GST

CAN
PEPTIDE
DISRUPT
COMPLEX?

CAN
VANSC
DISRUPT
COMPLEX?

(Fig. 5 (Fig. 7 fusion) to inhibit VanR-P—PvanH DNA complex formation. Five
vanS  YLAHDIKTPLTSIIGYLS substitutions were selected as a signature of the effect, for
E12.1  SLAHD...... STIGYLS comparison with the in vitro mobility shift data. Ala substitutions
Tvr 161 VES nd Leu-162— Ala and Gly-175— Ala resulted in a loss of peptide
LZ:jGZ NO YES activity; activity was retained by GSTVanSc which was substi-
Ala-163 YES YES tuted at the other positions. The results are listed in Table 3 for
His-164 NO nd comparison with effects of Ala substitution on other activites that
Asp-165 nd nd were tested: lane 1, no VanSc added; lane 2, wild-type VanSc;
ﬁg:izg lgg IES lane 3, VanSc Leu-162- Ala: lane 4, VanSc Ser-172 Ala; lane
Ile-174 NO NO 5, VanSc lle-174— Ala; lane 6, VanSc Gly-175> Ala; lane 7,
Gly-175 NO YES VanSc Ser-178— Ala.

176 - nd sequences of E12.1 and VanSc contribute equally to their

YES

ability to inhibit VanR~P—PvanH complex formation? A
- — — - set of six GSFVanSc Ala-subtituted variants (which
a Effect of alanine substitution on the activity of peptide E12 and . o N
related VanS constructs. The 18-mer VanS sequence, Ty+36t 'nCIUded_the vylld-type VanSc) were therefore CO,nStrUCtEd'
178, is included for reference together with the sequence of peptide The variants incorporated the same amino acid changes
E12.1. The location of the gap is indicated by a six-character-long series present in the corresponding Ala-substituted E12.1 peptide
of periods. The figure number which is summarized in each of two get shown in Figure 5. The concentration dependence for
columns is listed. wild-type VanSc was first determined. The results shown in
Figure 6 indicate that GSTVanSc inhibited VanR binding
blank because the substituted peptide was insoluble in theto PvanH with an IG5, value of 200 nM. A higher concentra-
buffer used for the assay. These observations indicate thation of VanSc (1uM) was therefore used in testing the
for five of 11 substituted peptides (lanes 3, 5, 8, 9, and 14) inhibition of VanR~P—PvanH complex formation by the
that were tested, the amino acid could be replaced with Ala Ala-substituted variants of VanSc because it made the
without a loss of activity, suggesting that these amino acids experimental determinantion of activity into an all-or-none
were not critical for inhibitory activity and, more importantly, assay. The set of five parallel Ala-substituted analogues of
that the other six substitutions (lanes 4, 6, ane-18) were VanSc was next tested to determine the extent to which they
important for activity. share the same amino acid specificity with the phosphory-
Inhibition of VanR-P—PvanH Complex Formation by latable center of VanSc in their ability to inhibit Vanf®—
VanSc and Its Amino Acid-Substituted VariamanSc, the PvanH complex formation. The results shown in Figure 7

Ser-178

189-amino acid soluble cytoplasmic domain of VanS (Arg-
93—TAA-283 stop), has been reported to inhibit the binding
of VanR~P to PvanH (9, 10). This observation raises the

following question. To what extent do the amino acid

and summarized in Table 3 indicate no loss of activity, i.e.,
of the ability of the alanine-substituted VanSc to inhibit
VanR~P—PvanH complex formation for five of six con-

structs tested, including the wild type. There were two
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(a) (b) (c) (d)
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Ficure 8: Inhibition of phosphoryl transfer from Vang to PhoB by peptide E12.1. Four picomoles of Van&ST was labeled in the
presence of)-3?P]JATP for 60 min at room temperature and then added to 80 pmol of PhoB. Data were taken at 15, 30, 60, and 120 min,
shown in lanes %4, respectively. Reaction conditions were as follows. In panel a there was no PhoB and no peptide added, in panel b
PhoB but no peptide added, in panel ¢ PhoB plus 1 mM E12.1 1174A added, and panel d PhoB plus 1 mM E12.1 added.

exceptions noted when comparing the inhibitory action of DISCUSSION

E12.1 with that of VanSc. The amino acid substitutions ) . .
Leul62— Ala and Glyl75— Ala were active for inhibition Peptide LigandsThrough the use of phage display, we

of VanR~P—PvanH complex formation in the E12.1 back- discovered several different peptides which selectively bound

ground, but were not active when present in the longer VanSct© i”_"m‘?bi”ze‘?' VanR. The amino acid sequence of one
construct. This suggests additional complexity in the interac- PEPtide in particular, E12, occurred most often in the screen,
tion between VanSc and Vanf®. and with a consistently high ratio for selectively binding to

Phage Display of Lead Peptidéale previously attempted ~ VanR it appeared to mimic Vans, both functionally and
to test the ability of a chemically synthesized peptide structurally. E12 contains the dipeptide sequence His-Asp

corresponding to residues Tyr-16Ser-178 but were unable N @ context which suggests that it is an analogue of the
to do so because of its low solubility. We therefore diPeptide sequence His-164-Asp-165 at the site of VanS
synthesized a DNA cassette which specificed the VanS 18_aut9phosphorylat|on._Interestlngly, the dipeptide in the form

mer and inserted it into a vector for reverse-engineered phage?f €ither His-Asp or His-Glu appears to be a structural feature
surface display. Because of the amino acid sequence of thénat is common to nearly all two-component kinases. Other
vector adjacent to the insert, Tyr-161 was replaced with Ser. PEPtides that were obtained in this study and shown in Table

The resultant phage construct was tested along with E122 Were listed to give an idea of the distribution of structures
by phage ELISA for the ability to bind to GSTvVanR-coated that one obtams by the use of phage display. They were not
microtiter plate wells versus GST alone. The amounts bound, t€Sted further in this study. _ o
after normalization for background binding to GST, were  Fisher et al. §) prepared a C-terminal truncation library
similar for both constructs (data not shown). Thus, we suspect©f VanS and observed that a 79-mer construct ['VanS(M95
that the E12 peptide mimics a region of VanS that binds to 1174)"] could inhibit the phosphorylation of the response
VanR. regulator PhoB by VanSc [“VanS(M955er384)"]. In the

Specificity of Chemically Synthesized E12.1 as an Inhibitor studies present_ed here, we tested this reaction and addition-
of Phosphoryl Transfer from+VanS to PhoBOur previous ~ ally used a different assay, Vanf®—PvanH complex
studies showed that CpdA could perturb VanR function and formation, and were able to show activity of a minimalist
inhibit phosphoryl transfer. We now demonstrate that peptide 12-amino acid peptide, which contains the putative phos-
E12.1 can do the same. Since the affinity of VanS for VanR Phorylatable His-164.
is in the nanomolar rangel@), we used a weakened but A modified sequence, E12.1, based on E12 which more
nevertheless specific interaction, namely, between VanS andprecisely matched the amino acid sequence of VanS was
PhoB. VanS-P was incubated with PhoB, and phosphoryl found to inhibit P~VanR—PvanH complex formation more
transfer was assessed. The results shown in Figure 8 indicat@ffectively than E12. Apparently, the conformational con-
that 1 mM E12.1 inhibited phosphoryl transfer (panel d), straint on E12 imposed by the disulfide bridge formed
but that the 1174A Ala substitution variant did not (panel between the two Cys residues does not contribute to the
c). For comparison, see lane 10 of Figure 5 and lane 5 of peptide’s binding to VansS. Rather, the presence of a pair of
Figure 7, where the 1174A variant was shown to be inactive cysteines in the peptide sequence is more likely due to
in inhibiting the gel shift reaction (ability of VanR to bind  selective pressure for the phage to display even numbers of
to PvanH DNA) in both the peptide and full-length VanSc cysteines in the peptidel§).
forms, respectively. This further supports the interpretation  The impetus for these studies was to use phage display to
that a peptide as small as E12.1 can specifically competegenerate the necessary combinatorial complexity that will
with and, therefore, mimic VanS. This also demonstrates thatensure us a specific ligand for our target; however, we do
1174 could play an important role in VarR/anS binding not expect a perfect match between E12 and VanR because
in vitro. the library sample which contains abouf phage could not
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possibly cover the theoretical 2Gequences that would be
represented by a completgg& library. Our results suggest
that the match may not only include a discontinuity in the

Biochemistry, Vol. 39, No. 37, 20001423

at 1 mM inhibited the phosphotransferase activity of VanSc
toward PhoB, whereas the Ala-substituted peptide, E12.1
1174A, did not (Figure 8). Our findings support the hypoth-

sequence but also need not be perfect as long as certairesis that E12.1 acts as a surrogate of the kinase sequence of

critical amino acid residues identified in this study are
present.

Sequence Requirements for Inhibition of VaifanH
Complex Formationin analysis of our peptides, we observed
that peptides E12 (and E12.1) inhibit the ability of VanR to
bind to a DNA fragment of the #&anH promoter. In ELISA
experiments, in which we tested the binding of phage

VansS and in so doing inhibits both the DNA binding activity
of VanR and the phosphorylation activity of VanSc toward
a response regulator.

It would be of interest to test whether a comparable 18-
mer peptide based on other kinases may serve as a model
for the construction of phages that will bind to their
respective cognate response regulators, possibly across a

displaying the E12 sequence to N- and C-terminal halves of wider range of cognate kinaseesponse regulator combina-

the VanR protein, we observed preferential binding to the

N-terminal segment (Figure 1). Thus, the ability of the E12
peptide to inhibit the binding of the C-terminal half\g&dnR

to DNA is likely due to allosteric changes in the C-terminal

domain caused by the peptide binding to the N-terminal half.
A precedent for this form of allosteric regulation can be

found in the case of the mammalian transcription factor elk-1
in which phosphorylation of the C-terminal transcriptional

activation domain by MAP kinases stimulates DNA binding

by the N-terminal domain with resultant transcriptional

activation 34).

Conversely, the E12 peptide ligand could act to inhibit
dimerization of the phosphorylated form of VanR after
binding to VanS. In the EnvZOmpR two-component signal
transduction system, OmpHP has been reported to bind to
its promoter as a dimer whose formation is facilitated by its
phosphorylation 1), and vice versal@). Thus, peptide
ligands could act indirectly on the interaction between VanR
and RianH DNA by inhibiting the dimerization of the
phosphorylated form of VanR.

E12.1 Inhibits both Response Regulator Binding and
Phosphoryl Transferase Aeity. Previous studiesd( 10),

tions. Such constructs could be made directly by inserting a
chemically synthesized DNA determinant casette into a phage
display vector 29), or into a plasmid for display oE. coli
alkaline phosphatas&3). The use of such constructs in a
ligand displacement assay for drug-lead discovery would be
much simpler than scanning gel shifts as described above.
Indeed, a recent report{) describes progress in drug-lead
discovery using this approach.

Inhibitors of Bacterial Signal Transductioithe selective
binding of combinatorial peptide ligands to components of
bacterial signal transduction systems in vitro suggests direc-
tions for the discovery of ligands which might be similarly
active in vivo. Since TCST systems have been found in
bacteria, plants, and lower eukaryotes (yeasts and fungi), but
none have yet been found in animal cell systems, bacterial
signal transduction might provide useful targets at which to
aim for the discovery of new classes of anti-infective agents.
Indeed, one such agent, glycerol monolaurate, has been
described 27), presumably acting through the bacterial cell
membrane to inhibit the activation of vancomycin resistance
by vanRS although the precise molecular mechanism has
not been proven experimentally.

as well as results described above, have shown that VanSc Several classes of kinase inhibitors that are active in vitro

can inhibit the VanR-PvanH interaction, presumably by
interacting with VanR-P, with aKy of 30 nM, much in
agreement with our measurementJ& 200 nM). It was

have been describe@,(4, 7, 8, 13, 20); however, complete
inhibition of any one kinase may be circumvented by cross-
talk with noncognate kinases. Moreover, Hilliard et aB)(

also noted that a dodecamer peptide which resembles a parhave also noted that some agents reported to inhibit His
of VanS competes in the same reaction, suggesting that akinases also inhibited either membrane integrity, uridine, or

part of the specificity of the reported interaction between
VanR and Vans resides in a short subsequence of VnS (
10).

The results obtained with two of the five mutants in the
VanSc protein constructs (Figure 7) did not correlate with

amino acid incorporation, at comparable concentrations, and
therefore were not as selective as was originally thought.
Gene inactivation studies suggest that the response regula-
tor might be a more suitable target for antimicrobial agents.
The example of VncRVncS is instructive. Novack et al.

results obtained with the parallel peptide construct, possibly (24) demonstrated mutational inactivation of VncS as the

because they are not involved with inhibition of complex
formation. We believe that since the VanS protein probably

basis of vancomycin tolerance in clinical isolatesStfep-
tococcus pneumoniatn this case, genetic ablation of kinase

interacts with VanR at more places than the peptide, thesefunction actually provoked cells to become tolerant of

two amino acids could be less critical for binding in the
whole protein than in the peptide, which lacks the additional
interactive amino acids. The difference in thedBetween
the protein and the peptide for causing dissociation of
VanR~P and RanH could be explained by this hypothesis.
To test for inhibition of VanSc phosphotransferase activity,
knowing the large difference in peptide and protien binding,
we used PhoB, another response regulator.

It was shown previously that VanSc can phosphorylate
PhoB, albeit at a reduced rat&0j. Beacuse of the high

vancomycin. This observation implied the formation of
VncR~P in these cells, presumably due to cross-talk with
other noncognate kinases82). The inactivation ofS.
pneumoniaéd/ncR by site-specific recombination-mediated
gene disruption is lethal, presumably by reducing the level
of synthesis of an antagonist of an endolytic enzyme system
(24). In related studies, Lange et al9j reported that viable

transformants could not be obtained for two out of 83

pneumoniaeresponse regulators which they attempted,
similarly, to inactivate. Finally, our earlier characterization

affinity of kinases for their cognate response regulators, we of VanR as the selective target of CpdA acti@i)(suggests
used this noncognate cross-talk interaction to test for specific that selective inhibitors of response regulators await synthesis

inhibition of phosphotransferase activity of VanSc. The E12.1

and or discovery.
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