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ABSTRACT: Bacteria with either intrinsic or inducible resistance to vancomycin make peptidoglycan (PG)
precursors of lowered affinity for the antibiotic by switching the B®da-b-Ala termini that are the
antibiotic-binding target to either PG-Ala-p-lactate or PG-Ala-p-Ser as a consequence of altered
specificity of thep-Ala-p-X ligases in the cell wall biosynthetic pathway. The VanA ligase of vancomycin-
resistant enterococci, mAla-p-lactate depsipeptide ligase, has the ability to recognize and activate the
weak nucleophil®-lactate selectively ovar-Ala; to capture the-Ala;-OPQ?~ intermediate in the ligase
active site. To ensure this selectivity in catalysis, VanA largely rejects the protonated)(kttim of

D-Ala at subsite 2Ku2 of 210 mM at pH 7.5) but not at subsite 1. In contrast, the deprotonated) (NH
form of p-Ala (Kuz of 0.66 mM, k., 0of 550 mirr?) is a 17-fold better substrate compareditactate Ky

of 0.69 mM, ket of 32 minm1). The low concentration of the free amine formmfla at physiological
conditions (i.e., 0.1% at pH 7.0) explains the inefficiency of VanA in dipeptide synthesis. Mutational
analysis revealed a residue in the putativéoop region, Arg242, which is partially responsible for
electrostatically repelling the protonated formmfAla,. The VanA enzyme represents a subfamily of
D-Ala-p-X ligases in which two key active-site residues (Lys215 and Tyr216) in the activerddep of

the Escherichia colip-Ala-p-Ala ligase are absent. To look for functional complements in VanA, we
have mutated 20 residues and evaluated effects on catalytic efficiency far-8détap-Ala dipeptide and
D-Ala-D-lactate depsipeptide ligation. Mutation of Asp232 caused substantial defects in both dipeptide
and depsipeptide ligase activity, suggesting a role in maintaining the loop position. In contrast, the H244A
mutation caused an increaselg. for p-lactate but nob-Ala, indicating a differential role for His244

in the recognition of the weaker nucleophildactate. Replacement of the Van#loop by that of VanC2,
ap-Ala-pD-Ser ligase, eliminated-Ala-p-lactate activity while improving by 3-fold the catalytic efficacy

of pb-Ala-p-Ala andp-Ala-p-Ser activity.

Development of resistance to the glycopeptide antibiotic peptide and glycan strands that leads to a mechanically strong
vancomycin has become widespread over the past decadegell wall. Analysis of the molecular basis of vancomycin
and the vancomycin-resistant enterococci (VRIBave resistance has revealed three clinical phenotypes, designated
emerged as significant opportunistic pathogens in nosocomialas VanA, VanB, and VanC phenotypes with the first two
infections (—4). The vancomycin group of antibiotics act more common than VanG(6). In both VanA and VanB
on Gram-positive bacteria by targeting thalanylo-alanine phenotypes, the structural determinant of resistance is a
(p-Ala-p-Ala) dipeptide moiety at the termini of peptidogly-  switch from a terminab-Ala-p-Ala dipeptide to a terminal
can (PG) precursors and, in antibiotic-PG strand complexes,p-alanylb-lactate (-Ala-p-lactate) depsipeptide in pepti-
preventing the transpeptidative cross-linking of adjacent doglycan biosynthesis7-13). In VanC, it is a swap from
p-Ala-D-Ala to p-alanylp-serine p-Ala-p-Ser) in the same
T This research was supported by NIH Grant GM44338 to C.T.W. PG pathway 14). For PG strands bearing-Ala-p-lactate
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1 Abbreviations: p-Ala, p-alanine;p-F-Ala, 3-fluoro p-Ala; b-F»- Thus, the three VRE clinical phenotypes have in common
Ala, 3,3-difluorop-Ala; p-Fs-Ala, 3,3,3-trifluorop-Ala; p-Ala-p-Ala, the reprogramming of the-Ala-p-Ala peptidoglycan ter-

p-alanylp-alanine dipeptidep-Ala-b-lactate,p-alanyld-lactate dep- . . _ .
sipeptide;p-Ala-p-Ser, p-alanylp-serine dipeptidep-Ser, p-serine; minus to ap-Ala-p-X linkage (X = lactate or serine), and

DdIB, Escherichia colip-Ala-p-Ala ligase; LmDdI2, Leuconostoc this arises from molecular changes in théla-p-X ligases.
mesenteroides-Ala-D-lactate ligase; PCR, polymerase chain reaction; |n sensitive Gram-positives (staphylococci, streptococci, and

PG, peptidoglycan; SOE, splicing by overlap extension; TCL, thin- enterOCOCCi) the dlpeptlde |igaS€S maké\la-p-Ala. but
layer chromatography; VanAEnterococcus faecium-Ala-p-lactate ! !

ligase; VanC2 Enterococcus casseliflas p-Ala-p-Ser ligase; VRE, i"! the VRE, these ligases show gain of function to produce
vancomycin-resistant enterococci. either p-Ala-p-lactate (VanA and VanB) ob-Ala-b-Ser
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(VanC) as shown by expressing théAla-p-X ligases from
VanA (17), VanB (18), and a VanC 19) type of resistant
enterococci and validating the-Ala-p-lactate orp-Ala-p-
Ser activity. The new ability to condenselactate is
paralleled by rejection af-Ala, by the VanA/B ligases. We
show here that VanA discriminates against the zwitterionic
form of p-Ala, that is the bulk species in solution at
physiological pH.

To understand the basis ofp-ligase specificity, Fan et
al. (20) have previously reported the X-ray structure of the
Escherichia coliDdIB bp-Ala-p-Ala ligase and a Y216F
mutant with a partial gain of function af-Ala-pb-lactate
depsipeptide synthetase activity7j. Both were in complex
with a potent, slow binding phosphinate inhibitor that

becomes phosphorylated by ATP to yield a phosphinophos-
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the w-loop (e.g., of DdIB and of LmDdI2) as a dipeptide/
depsipeptide synthesis determinant and the ability to vary
the two activities differentially. Given the importance of the
w-loop and the variability in at least two consequential
residues between the Ddls and the VanA and Van®
ligases (lysine and phenylalanine/tyrosine residues), we have
sought to find loop residues in VanA that would define a
comparable role in the VRE family ofAla-p-X ligases and
report such results here.

MATERIALS AND METHODS

Materials.Bacteriological media were obtained from Difco
Laboratories. Competeri. coli strain BL21 (DE3) [F-,
ompT, hsd$, (rs—, mg-), gal, dcm (DE3)] and expression

phate ligand that is a close analogue of a tetrahedral Vector pET28b{) were purchased from Novagen. Compe-

intermediate in the normal catalytic cycle, allowing definition
of the active-site region. To date, there are no crystal
structures of any of the VRE-Ala-p-X ligases, so we have
used thee. coli DdIB structure for extrapolation and guidance
of mutagenesis in VanA and VanC ligases. Eheoli DdIB

tent E. coli strain DH% [F~, ¢80dacZAM15, A(lacZYA
argF)U169 deoR recAl endAl hsdR17rk~, mk™), phoA
supE44 A-, thi-1, gyrA94 relAl] was purchased from
GibcoBRL. Restriction endonucleases, T4 DNA ligase, and
calf intestinal alkaline phosphatase were obtained from New

structure revealed two loops that closed over the bound England BiolabsPfu DNA polymerase was purchased from
phosphinophosphate and ADP (Figures 1 and 2). The first Stratagene. Isopropyl-1-thi#-0-galactopyranoside and

loop (the 150S loop) is part of a X-Gly-Ser-Ser-X-Gly motif
that is conserved among altAla-p-X ligases and contains

3-monofluoro pL-Ala (pL-F-Ala) were purchased from
Bachem Biosciences. Reduced nicotinamide adenine dinucle-

the Ser150 residue which is part of an hydrogen-bonding otide (NADH), L-lactate dehydrogenase, phosphoenolpyru-

triad that orients the Glul5 for binding the finstAla and

vate, and pyruvate kinase were from Roche Molecular

is believed to hold the second loop in place. The second Biochemicalsp-[*C]Ala, o-[*“C]lactate, ana-[*“C]Ser were

loop, called thev-loop, forms a short helix spanning residues
210-217 closed down over the bound ADP and reaction
intermediates during catalysis but is believed to be flexible
and exposed in the absence of substra2@s {Vhen some
key residues in the-loop were analyzed by mutagenesis,
the K215A enzyme had dramatically decreased activity,
consistent with a role in stabilizing thePO:2~ of ATP in
phosphoryl transfer2), and the Y216F mutant had a partial
gain of depsipeptide synthetase functidi7)( However, no

from American Radiolabeled Chemicals Irw;[3?P]-ATP
was from New England Nuclear, and thin-layer chromatog-
raphy (TLC) cellulose, TLC silica, and TLC polyethylene-
imine cellulose plates were from Kodak. Ampicilin, kana-
mycin, b-Ala, b-Ser, ATP pL-hydroxybutyrate, and-lactate
were purchased from Sigma. 3,3-DifluareAla (p-F,-Ala)
was a kind gift from Merck & Co (Rahway). 3,3,3-Trifluoro
pL-Ala (pL-Fs-Ala) was purchased from ABCR (Germany).
D-Glyceric acid [40% (w/v) water] was purchased from TCI

corresponding lysine and phenylalanine residues have beerf\merica. Ni-NTA superflow resin was purchased from

identified in VanA.
When thebp-Ala-p-X superfamily of bacterial ligases is

Qiagen. Plasmid pVanC2 expressing tlaC2gene from
Enterococcus casseliflas has been described previously

compared by homology analysis, five subfamilies can be (19). Purified L. mesenteroide®dl (LmDdI2) protein was

distinguished: two that am-Ala-p-Ala ligases physiologi-
cally, two that arep-Ala-p-lactate ligases, and omeAla-
D-Ser ligase subfamily (Figure 3). Except for the lysine and
phenylalanine/tyrosine residues of ihdoop that are absent
in the VanA subfamily, the other key catalytic and binding
residues that defined the DdIB active site are highly
conserved among the entire DdI family (Figure 2A). The
D-Ala-D-Ala andb-Ala-p-Ser ligase (VanC) subfamilies show

obtained from earlier worki(7). E. coli DdIB was purified
as described previousI29).

Recombinant DNA Methodf2ecombinant DNA tech-
niques were performed as described elsew#e Prepara-
tion of plasmid DNA, gel purification of DNA fragments,
and purification of polymerase chain reaction (PCR) ampli-
fied DNA fragments 23, 24) were performed using QIAprep
spin plasmid miniprep kit, QIAEX Il gel extraction kit and

high homology, including the conservation of residues and QIAquick PCR purification kit, respectively (Qiagen). PCRs

the projected size of the-loop (Figures 1 and 2). Of the

were carried out as described by B& using thePfu DNA

two p-Ala-D-lactate ligase subfamilies, one represented by polymerase. Splicing by overlap extension (SOE) reactions

the Leuconostoc mesenteroidBsll (LmDdI2) has a com-

parablew-loop, while the second, represented by the VanA
and VanB ligases and the DdIM from the antibiotic producer,
Streptomyces toyocaengitearly does not have a comparable

(26) was carried out as for the PCR using approximately an
equimolar ratio (total amount ca. 50 ng) of each of the gel-
purified PCR-amplified DNA fragments to be joined as
template. The fidelity of the SOE- or PCR-amplified DNA

pattern of conserved residues (Figure 1D). We have previ- fragments was established by nucleotide sequencing after
ously shown that the LmDdI2, with phenylalanine corre- subcloning into the expression vector. Oligonucleotide prim-
sponding to Tyr216 ofE. coli DdIB, when mutated to  ers were obtained from Integrated DNA Technologies, and
produce a F261Y mutant, has suppressed depsipeptide ligas®NA sequencing was performed on double-stranded DNA
activity while retainingp,p-dipeptide ligase activity 1(7). by the Molecular Biology Core Facility of the Dana Farber
These data reinforced the role of tyrosine/phenylalanine in Cancer Institute (Boston, MA).
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Ficure 1: The structure of th&scherichia colDdIB and partial sequence alignmentmfla-p-X ligases. (A) Cartoon view of the crystal
structure of DdIB with the bound phosphinophosphate inhibitor and ADP shown in [28gKThe numbers represent residues in DdIB.
Sequence alignments of the highlighted regions (dark gray) are given in panBls(B) Alignment of the N-terminal region of the ligases

using Clustal W 47) followed by minor adjustments based on visual inspection of the alignment. The numbers refer to the positions of the
amino acids in the primary sequence of DdIB. The subfamily designations are based on those of Figure 3 (A, DdIA group; B, DdIB group;
C, VanC group; L, lactic acid bacteria group; V, VanA group). Highlighted boxes contain residues in a column that are at least 75%
similar, and stars indicate residues in VanA or VanC2 that were mutated in this study. (C) Highly conserved sequence corresponding to the
small loop (150S loop) in DdIB that closes over the active site in the presence of substrates. (D) Alignment of the sequences in and adjacent
to the putativaw-loops. Critical residues for catalysis in DdIB are also indicated. Ser150 hydrogen bonds with Glu15 and Tyr216 to help
orient the active site for catalysis (Figure 2B0). Lys215 stabilizes the-POs2~ of ATP in phosphoryl transfer2l), and Y216F DdIB

gained some depsipeptide synthetase activity (Figure 2A) (
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Ficure 3: Phylogenetic tree af-Ala-p-X ligase subfamilies. This
alignment was obtained using the program Clustal 4%).(Syn,
Synechocystisp.; BsuBacillus subtilis EnterococciEnterococcus
sp. Enterococcus faecalisStreptococciStreptococcusp. Strep-
tococcus pneumonjaSco, Streptomyces coelicolpMsm, Myco-
bacterium smegmatisMtu, Mycobacterium tuberculosisBbu,
Borrelia burgdoferj Hpy, Helicobacter pylori Bap, Buchnera
aphidicolg Hin, Haemophilus influenzadecoB, Escherichia coli
(ddIB); Rpr, Rickettsia prowazekiiAae, Aquifex aeolicus Sto,
Streptomyces toyocaengiddIM); Aor, Amycolatopsis orientalis
(ddIN); BpoE, Bacillus popilliae(vanE); OtuA2, Oerskaia turbata
(vanA2; EfsA, Enterococcus faeciufwanA); EfmB2, Enterococcus
faecium(vanB2); EfsB2, Enterococcus faecali&anB2; SbhoB2,
Streptococcus hes (vanB2; EfmB, Enteroccus faeciunwanB);
Ega, Enterococcus gallinerunfvanC); Eca, Enterococcus cas-
seliflavus (vanC2; Efl, Enterococcus flaescengVanC3); Lme,
Leuconostoc mesenteroigé¥co, Weassella confusd.pl, Lacto-
bacillus plantarum Lsa, Lactobacillus saliarius, EcoA, Escheri-

FIGURE 2: Active site of DdIB with bound ADP and phosphino-  chia coli(ddlA); Sty, Salmonella typhimuriunf=or the DdIA group,
phosphate inhibitor20). (A) The residue numbers that are not all the enterococci species were very closely related; therefore, the
underlined or starred correspond to amino acids in DdIB that are Enterococcus faecalisequence was taken as a representative of
conserved in allb-Ala-p-X ligases. Stars indicate conservative this genius. Similarly, th&treptococcus pneumorsaquence was
changes, and bold and underlined indicate nonconserved residueschosen among the streptococcal genus. Stars refer to alignments
(B) The 150S loop containing the X-Gly-Ser-Ser-X-Gly motif that based on incomplete sequences.
closes over the active site and supplies Ser150 for hydrogen bonding
to Tyr216 in thew-loop and Glul5 for recognition of the amino- pair for the VanA mutants K50A, C52A, E60A, D72A, and
terminal ofo-Alay (20). H76A and the 2031/1028 primer pair for the remaining VanA
Construction of a Histag Fusion for VanA purification.  and VanAvC2(S) mutants. The purified SOE-amplified
The gene encoding enterococcal VanA was PCR-amplified DNA fragment was subcloned into pIADL54 at tingd/
from plADL1 (IADL and CTW unpublished vector) using BamHI restriction sites for the VanA mutants K50A, C52A,
the primer pair 2007/1028 (Table 1). The purified PCR- EG60A, D72A, and H76A and at tHganHI/EcdRl restrictions
amplified DNA fragment was subcloned into pET28)(at for the remaining VanA and VanAC2(S) mutants. For the
the Ndd and EcoRl restriction sites. The resulting plasmid construction of mutants of VanC2 (plasmid pVanC2) and
(pIADL54) encodes an His-VanA protein with a thrombin ~ VanC2wA(L) (plasmid plADL122 and plADL122.H320Y.
cleavage site allowing selective removal of the ey if A325R, see below), the sequence upstream and downstream
desired. of the mutation was amplified separately using pVanC2
Site-Directed MutagenesisSite-directed mutants were (plIADL122, plADL122.H320Y.A325R) as template and the
constructed by PCR mutagenesis using the SOE method. Fosense/antisense primer pairs 2099/11XX and 21XX/1099,
the construction of mutants of VanA (plasmid plADL54) respectively. The resulting PCR-amplified DNA fragments
and VanAvC2(S) (plasmid plADL118, see below), in the were gel purified and subjected to a second round of PCR
first round of PCR, the sequence upstream and downstreanusing the 2099/1099 primer pair. The purified SOE-amplified
of the mutation was amplified separately using plIADL54 DNA fragment was subcloned into pvVanC2 at 8&BIl and
(plADL118) as template and the sense/antisense primer pairsBanH]| restrictions sites.
2031/11XX and 21XX/1028, respectively, except for the  w-Loop Exchange between VanC2 and VanA Proteins by
VanA mutants K50A, C52A, E60A, D72A and H76A which  MutagenesisThe stretch of amino acid in and around the
was amplified using the sense/antisense primer pairs 2092/putative w-loop of VanA (plasmid plADL54) and VanC2
11XX and 21XX/1092, respectively (Table 1, each mutant (plasmid pVanC2) were swapped between the respective
corresponds to a particular XX pair of primers). The resulting proteins into two different lengths by PCR mutagenesis using
PCR-amplified DNA fragments were gel purified and sub- the SOE method. For the smaller versiorueloop exchange
jected to a second round of PCR using the 2092/1092 primer[VanAwC2(S) and VanC2A(S), see Figure 8B], in the first
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Table 1: Oligonucleotide Primers for Site-Directed Mutagenesisaah@dop Replacement

comment code '83' nucleotide sequence
VanAnde 2007 CCTCTAGACAGGAGACCAT ATGAATAGAATAAAAGTTGCAATACTG
VanAecwi 1028 GGGAATTCACGCG TTATCACCCCTTTAACGCTAATACG
VanAinemal 2031 GCTATTCAGCTGTACTCTCG
T 7promoter 2092 AAGGAGATATACCATGGGCAGC
VanAintemal 1092 TTCGCAACGATGTATGTCAAC
K50A 2144 GGTGTATGGCAATGTGCGAAAAACCT
K50A 1144 GTTTTTCGCACATIGCCCATACACCAG
C52A 2143 GTATGGAAAATGSCCGAAAAACCTT
C52A 1143 AAGGTTTTTGGCCATTTTCCATAC
EG60A 2145 GGAATGGE&AAACGACAATTGCT
E60A 1145 TAGCAATTGTCGTTGCCCATTCC
S70A 2152 GTACTGCACCGGATAAAAAAATGC
S70A 1152 CATTTTTTTATCCGGGCGAGTACAGC
D72A 2146 GTACTCTCGCCGGTAAAAAAATGC
D72A 1146 GCATTTTTTTAGCCGGCGAGAGTACA
H76A 2147 GGATAAAAAAATGGCCGGATTACTTGTTA
H76A 1147 TAACAAGTAATCCGGCCATTTTTTTATCC
E230A 2149 GTTGTTGGGCAGTGGACCAAATCAG
E230A 1149 CTGATTTGGTCCATGCGCCAACAAC
D232A 2150 GTTGGCGAGGTGCCCAAATCAGGCT
D232A 1150 AGCCTGATTT&GCCACCTCGCCAAC
Q233A 2151 GGTGGAGCAATCAGGCTGCAGT
Q233A 1151 ACTGCAGCCTGATGCGTCCACCTCG
F241A 2148 CAGTACGGAATGCTCGTATTCATCAGG
F241A 1148 GATGAATACRAGCGATTCCGTACTGC
F241Y 2142 CAGTACGGAATTAT CGTATTCATCAGG
F241Y 1142 GATGAATACRTAGATTCCGTACTGC
R242A 1154 GATGAATTGCAAAGATTCCGTACTGC
R242A 2154 CAGTACGGAATCTTGCAATTCATCAGG
R242A.H244A 1155 CGACTTCCTBGCAATTGCAAAGATTC
R242A.H244A 2155 GAATCTTGCAATTGCACAGGAAGTCG
Q245A 2118 GAATCTTTCGTATTCATGCGGAAGTCGAGC
Q245A 1118 CTCGACTTCGCATGAATACGAAAGATTCC
E246A 2119 CATCAGCAGTCGAGCCGGAAAAAGG
E246A 1119 CCTTTTTCCGGCTCGAGGCCTGATGAATACG
P249A 2121 CGAGCGGAAAAAGGCTCTGAAAACG
P249A 1121 CGTTTTCAGAGCCTTTTTCGCCTCGACTTCC
E250A 2120 CGAGCCGCAAAAGGCTCTGAAAACG
E250A 1120 CGTTTTCAGAGCCTTTGCCGGCTCGACTTCC
K251A 2137 CGAGCCGGAKSCAGGCTCTGAAAACG
K251A 1137 CGTTTTCAGAGCCGCTTCCGGCTCGACTTCC
S253A 2138 GGAAAAAGGGCTGAAAACGCAGTT
S253A 1138 CTGCGTTTTEGCGCCTTTTTCCGGCTCGAC
E254A 2139 GGAAAAAGGCTCTGCAAACGCAGTTATAACC
E254A 1139 CTGCGTTGCAGAGCCTTTTTCC
N255A 2140 GCTCTGAACCGCAGTTATAACC
N255A 1140 GGTTATAACTGGGCTTCAGAGCCTTTTTCC
R317M 2141 GTCATACAGRATGTATCCCCGTATGATG
R317M 1141 CATACGGGGATEATACTGTATGACGTG
T7lerminalor 1099 AAGGGGTTATGCTAGTTATTGC
VanC2aeernal 2099 AACAGAAAATACAGCCGCTATTCG
D241A0 1157 CTAATGAAATGGCGGCACAAGCACCGACAG
D241A° 2157 GGTGCTTGT@CGCCATTTCATTAGTAGAC
K255AP 1156 TGATCAGCTGGTASGCTTCTTCAAAATCG
K255A° 2156 CGATTTTGAAGAAGCCTACCAGCTGATCA
small loop VanC 1sI-C cagctggtacttticttcaaaatcgaaaaaTCCGTACTGCAGCCTGATTTGGTC
small loop VanC 2sl-C cgattttgaagaaaagtaccagctgatcagcGCAGTTATAACCGTTCCCGCAGAC
large loop VanC 1bl-C1 ctactaatgaaatggcgtcacaagcGCCAACAACTAACGCGGCACTGTTTCC
large loop VanC 1bl-C2 cttcaaaatcgaaaaagccgtctactaatgaaatggcgtcac
large loop VanC 2bl-C1 gaaaagtaccagctgatcagcgccaaaATAACCGTTCCCGCAGACCTTTCAGC
large loop VanC 2bl-C2 gacggctttttcgattttgaagaaaagtaccagctgatc
small loop VanA 1sl-A ctitttccggctcgacttcctgatgaatacgaaagatgccgtctactaatgaaatggcgtcacaag
small loop VanA 2sl-A catcaggaagtcgagccggaaaaaggctctgaaaacgccaaaatcaccgtcectgegecattg
large loop VanA 1bl-A3 tactgcagcctgatttggtccacctcaccgacagtcaaagagtcgttge
large loop VanA 2bl-A3 aggtggaccaaatcaggctgcagtacggaatctitcgtaticatcaggaag
H320Y.A325R 1098 CCATCATGCGAGGATAGCGGGAGTAACTCGTAA
H320Y.A325R 2098 GTTACTCCCGCTATCCTCGCATGATGGCAGCG
Y247P 1153 TGATCAGCTGRACTTTTCTTCAAAATCG
Y247P 2153a CGATTTTGAAGAAAAGTTCCAGCTGATCAGCGCAGT
K246AP 1156 TGATCAGCTGGTASGCTTCTTCAAAATC
K246AP 2156a CGATTTTGAAGAAGCCTACCAGCTGATCAGCGCAGT

aMismatch mutations are underlined and in baldloop swap between theanA and vanC2genes are in lower case and underlinedanC2
mutations.c VanC2vA mutations.




VanA p,b-Ligase Mutants Biochemistry, Vol. 38, No. 42, 19994011

round of PCR, the sequence upstream and downstreaml50 mL of buffer A containing 20 mM imidazole. The His
coding for the stretch of amino acid to be swapped was protein eluted with buffer B with a gradient of 2@50 mM
amplified separately using pIADL54 or pVanC2 as template imidazole over 50 mL). Fractions (5 mL each) containing
and the sense/antisense primer pairs 2031/1sl-C and 2sl-Cthe recombinant Hisprotein were analyzed for purity by
1028 (plADL54) or 2099/1sl-A and 2sl-A/1099 (pVanC2), SDS—polyacrylamide gel electrophoresis with the pure
respectively (Table 1). The resulting PCR-amplified DNA fractions pooled. Except for the-loop swap proteins and
fragments were gel purified and subjected to a second roundtheir mutants which were directly aliquoted and frozen as
of PCR using the 2031/1028 [VamAC2(S)] or 2099/1099  described below, the pooled fractions were dialyzed for two
[VanC2wA(S)] primer pair. The purified SOE-amplified changes4 h each, again® L of buffer B (50 mM Hepes,

DNA fragment was subcloned into plADL54 at tBanH| pH 7.5, 150 mM KCl and 1 mM EDTA). After dialysis, the
and EcdRl restriction sites creating plasmid plADL118 protein samples were centrifuged 20 min at 95§)0fbn-

[VanAwC2(s)] or into pVanC2 at th&sBl and BanHI centrated to 28 mg/mL with a Centriprep 30 concentrator
restriction sites creating plasmid plIADL121 [Van@&(S)]. (Amicon), aliquoted, and flash frozen in liquid nitrogen for

For the larger version of the-loop exchange of VanC2  storage at-80 °C. The yield of pure Higprotein obtained
replacing the one in the VanA protein [Vanf2(L), see from 1 L culture of inducecE. coli BL21(DES3) cells was
Figure 8B], the first round of PCR was conducted as ~20—50 mg, (except for mutants VamfC2(L)/H320Y/
described above using the sense/antisense primer pairs 20314325R/R251A and VanAC2(L)/H320Y/A325R/K260A, 5
1bl-C1 and 2bl-C1/1028 (plADL54). The two PCR products mg; and mutants VanG2A(L)/H320Y/A325R/R251A/
were reamplified using the primer pairs 2031/1bl-C2 and 2bl- K260A and VanAvC2(S)/Y247F, 10 mg).

C2/1028, respectively. The resulting PCR-amplified DNA  Protein Quantitation and SDSPolyacrylamide Gel Elec-
fragments were gel purified and subjected to a third round trophoresis.Concentration of pure protein was determined
of PCR using the 2031/1028 primer pair. The purified SOE- by UV—vis spectroscopy and extinction coefficientgsh =
amplified DNA fragment was subcloned into plADL54 at 34 380 Mcm* for VanA and VanA mutants except F241Y,
the BanHI and EccRI restriction sites creating plasmid  eg0= 35870 M1 cmL; epg0= 41 370 M1 cm1 for VanC2
pIADL119 [VanAwC2(L)]. For the larger version of the and VanC2 mutants,go= 35870 Mt cm? for VanAwC2-
w-loop swap of VanA replacing the one of the VanC2 protein (S) and VanAyC2(S) mutants except Y247E;g = 34 380
[VanC2wA(L), see Figure 8B], the first round of PCR was M™!cm™; exg0 = 34 380 Mt cm™? for VanAwC2(L); €250
conducted as described above using the sense/antisense 39 880 Mt cm™?! for VanC2wA(S), VanC2A(L), and
primer pairs 2099/1bl-A3 and 2bl-A3/1099 and plasmid VanC2vA(L) mutants except mutants containing the H320Y
pIADL121 as template. The resulting PCR-amplified DNA mutation,ego, 41 370 Mt cm™1] were calculated based on
fragments were gel-purified and subjected to a second rounda modification of the Edelhoch metho@7 28). Proteins

of PCR using the 2099/1099 primer pair. The purified SOE- were separated by SBD$olyacrylamide gel electrophoresis
amplified DNA fragment was subcloned into pvVanC2 at the using a discontinuous Tris/glycine buffe29) with 10%
BanHI and BsBl restriction sites creating plasmid pl- acrylamide resolving gels and 5% acrylamide stacking gels
ADL122 [VanC2wA(L)]. containing 0.1% SDS.

Overproduction of Hig-Proteins.One colony of freshly Enzyme Assay by Coupled ADP ReleaStady-state
transformeckE. coli strain BL21(DE3) was dispersed in 200 kinetic constants for the-Ala-p-X activities were determined
uL of Luria Broth (LB) medium by vortexing, plated onto a  using a spectrophotometric assay monitored at 340 nm where
kanamycin (50 mg/mL; for plasmids plIADL54, plADL118, the production of ADP is coupled to the oxidation of NADH
and plADL119) or ampicilin (100 mg/mL; for plasmids through pyruvate kinase andlactate dehydrogenasaq).
pVanC2, plADL121 and plIADL122) LB medium agar plate The reaction condition 100 mM Hepes, pH 7.5, 10 mM KCI
(100 x 15 mm) and grown overnight at 3. The lawn of and 10 mM MgC} (buffer C), 10 mM ATP, 2.5 mM
cells was resuspended in LB medium (3 mL) and used to phosphoenolpyruvate, 0.£39.2 mM NADH, 50 units/mL
inoculae 1 L of LB medium supplemented with 50 mg/mL  L-lactate dehydrogenase, 50 units/mL pyruvate kinase, and
kanamycin or 100 mg/mL ampicilin. The inoculum was bp-Ala at 37°C was used except for the assay performed at
grown at 37°C to an ORgy of 1.0, at which point, isopropyl-  multiple pHs (between 6.5 and 8.9) where the 100 mM Hepes
1-thio3-p-galactopyranoside was added to a final concentra- was replaced for a composite buffer system containing Mes,
tion of 1 mM. After 4 h ofinduction at 37°C or 30°C, the Hepes, Tris, and Ches (50 mM each). For assays at pH over
cells were harvested by centrifugation and used immediately8.20, 100 units/mL pyruvate kinase andactate dehydro-

or stored at-80 °C. genase were used. For tlieloop swap proteins (VanhC2
Purification of Hig-Proteins. All steps were performed  and VanCaA), the assay was performed at 30. Kinetic
at 4 °C unless otherwise noted. Cell pelletsrfrdl L of parameters were determined using the e&8 previously

culture [expect for K246A VanAC2(S) for whih 3 L was described 31—34). To obtain thek., and Ky, values for
used] were resuspended (2 mL/g of wet cells) in buffer A thep-Ala-p-Ala activities (eq 1), the enzymes were incubated
(50 mM sodium phosphate, pH 8.0, 300 mM NacCl, 10%- in the above buffer in the presence of increasing concentra-
(v/v) glycerol, and 2.5 mM imidazole) and disrupted twice tions of b-Ala (lowest concentration used 20 mM¥u;

in a French pressure cell (18 000 psi). Cellular debris was was calculated (eq 2) from activity measured at low
removed by centrifugation (95000 20 min), and the  concentration ob-Ala (0.5—-3 mM). The p-Ala-p-lactate
supernatant collected was diluted to 20 mL with buffer A. activities were measured in the presence of 0.8 pi¥la

The supernatant was applied to an Ni-NTA superflow column and corrected for the backgrounéAla-p-Ala activity. The

(8 mL, 1.0 mL/min flow rate) previously equilibrated with  apparenKy, obtained fom-lactate was corrected using the
buffer A, washed with 28 mL of buffer A and then with eq 3 and &y for p-Ala of 0.57 mM. All otherp-Ala-p-X
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activities were measured in the presence of 4 or 10mMa preferential recognition of the-hydroxyl of p-lactate over

and corrected for the backgroundAla-p-Ala activity. The the a-ammonium ofp-Ala at subsite 2. Two distinctions

kinetic parameters were determined using the eq 3 and thebetweenp-lactate andp-Ala are the K, values of the

Kwm1 values from above. For the substrabesk-Ala andpL- ionizablea-hydroxyl (~14) anda-ammonium (9.87) groups

Fs-Ala, the compounds were considered to be an equimolarand the different charge states of the predominant species

mixture ofp- andL-isomers, and the-isomer was assumed in the pH range 69 (lactate a monoanionp-Ala a

to be neither a substrate nor an inhibitor for the enzyme aszwitterion) where the depsipeptide and dipeptide activities

shown forL-Ala (VLH, IADL and CTW unpublished results).  of b-Ala-p-X ligases are measure@8). We have previously
shown that the catalytic efficiency of VanA far-Ala-b-

v = 1IN0t (Kyo/Viax < V[S]) Ky <[S] (1) Ala but notp-Ala-p-lactate formation is dependent on pH

(39). This pH dependence is much more pronounced in the

[S] x (Mo = INVpa) = Kol Vinax T [SIKmiKna/Vimax (2)  case of VanA than DdIB39). We have here extended the

1 = 1Ny + KoV X VST 4 KK Vo X \s/;ur(ijgu ;)fp:_r:s VanA kinetics fob-Ala-p-Ala formation at
S x H[S)] (3) Table 2 reveals that the catalytic efficiendy.(Kwz) for

_ ) p-Ala-p-Ala production increased by 22-fold over a span of

Coupling Assay by TLO'he ratio ofo-Ala-p-Alato ADP 1 55 pH units (from 7.25 to 8.80). We did not evaluate the
produced by the enzymes was determined using buffer Cy,,, values fom-Ala, at the various pHs in this study, since
containing 10 mMo-[*P]ATP (0.5xCi/mol) and 100 MM previous work has shown that thiéw: values remain
p-[**C]Ala (0.3 uCijumol) at room temperature. For three nchanged within the pH range of 79.2 39). The kea
time points, the reaction mixtures were analyzed on TLC yjyes were constant within the pH range examined. This
cellulose plates to separateAla and p-Ala-p-Ala (8, 39) result is in contrast to that for DdIB where thegy values
and on TLC cellulose-polyethyleneimine plates to separate jncreased and-Ala, Ky, values decreased slightly with
ATP and ADP using 0.75 M potassium phosphate, pH 3.5, jncreasing pH 39). Therefore, the effect of the pH on the
for development3g). The amount ob-Ala-p-Ala and ADP  catalytic activity of VanA is reflected in a change k.
formed was quantified using a phosphoimager (BAS-1000 yajyes only (27-fold from pH 7.25 to 8.80) (Figure 4A and
Fujix) and corrected for nonenzymatic activity. The ratio of Tgp|e 2).
D-Ala—D-hydr_oxybutyrate to ADP produced was determined  p plot of the log of (1Kyz) vs pH when compared with
as above using-[*P]JATP (0.05.Ci/mol), 0.5 mMp-[*C]- the log of the mole fraction of the free amine mfAla vs
Ala (55 uCifumol), and 100 mMpL-hydroxybutyrate. pH indicates a direct dependence of thg, values on the

Separation ob-Ala-D-Fx-Ala by TLC.For production of - yge fraction of free amine present in solution (Figure 4B)
D-Ala-p-Fi-Ala, 100 mM Mes, pH 6.0, 10 mM KCI, 10mM 414 suggests that the deprotonated gNidrm of p-Ala is
MgCl;, 10 mM ATP, 0.5 mMp-[*“C]Ala (0.3 uCi/umol), predominantly (perhaps exclusively) recognized at subsite

and either 50 m\bL-Fs-Ala, 25 mM b-Fx-Ala, or 50 mM 2 of VanA and subject to catalysis. With the assumption that
bL-Fi-Ala were incubated with VanA at room temperature oy the free base form ob-Ala, binds productively,

for 1 h.p-Ala-p-Ala was formed similarly using Hepes, pH  ¢orrection of the overalb-Ala concentration for the con-
8.0, or Mes, pH 6.0, buffer without-F-Ala present. The  centration of its free amine form at the various pHs revealed
reaction mixtures were analyzed on TLC silica plates to Kuz values that are pH independent in the pH range 7.25
separat@-Ala, b-Ala-D-Ala, andp-Ala-b-Fr-Ala using 25% g 8o (varies between 0.55 and 0.89 mM, average of 0.66
1 M ammonium acetate in 2-propanol for developm@&M.( M, Table 2). One might argue that amino acid side chains
The p-[*C]Ala containing spots were visualized using a tjtrating within the pH range examined may also contribute

phosphoimager. Th& values forp-Ala, p-Ala-b-Fi-Ala, to the change in the observisg, values; howeven-lactate
D-Ala-D-F>-Ala, andp-Ala-p-Fs-Ala were 0.23, 0.26, 0.38,  anq p-Fs-Ala (see section below), whosehydroxyl and
and 0.50, respectivelp-Ala-b-Ala migrated less thabp-Ala, o-ammonium, respectively, do not change charge states in
but overlapped the-Ala spot. the pH range examined show pH independent (pH-8.5)

RESULTS Kwz values (Table 2) 39). These results suggest that a
putative change in the protonation state of the active site of
pH Profile Study ofb-Ala-p-Ala Activity of VanA.The VanA does not significantly affect the binding of the

D-Ala-p-lactate ligases, unlike the-Ala-p-Ala and p-Ala- uncharged 2-NKand 2-OH forms ob-Ala and p-lactate.
D-Ser ligases, can catalyze the formation of both the ester pH-Rate Profile ob-Ala-p-Fy-Ala Activity of VanA Using
(p-Ala-D-lactate) and peptide linkage-@Ala-p-Ala or p-Ala- Fluorinated p-Ala Derivatives as Substrates for Subsite 2.

D-Ser). For VanA, the catalysis of ester formation is strongly Given the differential recognition and processing of the
favored over peptide formation, despite the 17-fold greater monoanionim-lactate versus zwitterionio-Ala, by VanA,
turnover number for peptidé, of 550 mim?) vs depsipep-  we turned ta-Ala analogues with a markedly loweKpto
tide (ke.ar Of 32 min %) formation (Table 4). This selectivity  evaluate catalytic efficiency when a higher mole fraction of
in catalysis at physiological pH{7.5) is ensured by &300- the uncharged amino group is present at pHs between 6.5
fold higher affinity of VanA forp-lactate Ku, of 0.69 mM) and 8.5:p-F-Ala (pK,, 8.35),0-F-Ala (pK,, 7.25), and-Fs-
compared tm-Ala, (Kyz of 210 mM). Similar kinetics for  Ala (pK, 5.85) @0). When tested as a substitute for both
peptide and ester linkage formation is also observed for thep-Ala; and p-Ala,, p-Fz-Ala and b-F,-Ala were very poor
LmDdI2 p-Ala-p-lactate ligase 7). Thus, to achieve ca- substrates, ano-F-Ala was a slightly better substrate (data
talysis of their physiological ester product, thé\la-p-lactate not shown). On the other hand, if enountfla is added to
ligases have evolved a differential mechanism that allows saturate the high affinityku,, 0.57 mM)b-Ala; site, then
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Table 2: Kinetic Parameters of VanA at Various pH Ala and Fluorinated Derivative af-Ala?

Kmz° Keat Keal Kmz Fraction of Kwmz corrected Kwz corrected average

substrate pH (mM) (min—1) (min~YmM) aming (mMm)d (mM)
p-Ala 7.25 270 610 2.3 0.0024 0.65

7.50 210 550 2.6 0.0043 0.89

7.70 82 540 6.6 0.0067 0.55

7.90 61 530 8.7 0.0106 0.65

8.15 30 510 17 0.0187 0.56

8.35 20 500 25 0.0293 0.59

8.55 14 510 36 0.0510 0.71

8.80 10 480 51 0.0872 0.87 0.66
D-F-Alasf 6.45 160 620 3.9 0.012 2.0

6.85 69 580 8.4 0.031 2.1

7.30 26 510 19 0.082 2.1

7.50 20 490 25 0.124 2.5

7.55 16 480 30 0.137 2.2

7.80 9.6 470 49 0.220 2.1

8.00 7.2 470 65 0.309 2.2

8.30 4.6 440 96 0.471 2.2

8.50 3.9 410 110 0.586 2.3 2.2
p-F-Ala 6.50 21 470 22 0.151 3.2

7.00 7.0 485 69 0.360 2.5

7.50 4.0 600 150 0.640 2.6

8.05 34 635 180 0.863 2.9

8.50 3.3 450 140 0.947 31 2.9
D-Fz-Alasf 6.00 17 530 32 0.817 14

7.05 13 520 40 0.941 12

7.50 12 510 43 0.978 12

8.00 12 510 43 0.993 12

8.50 13 440 39 0.998 13 12

aMeasured by ADP coupled assay (see Materials and MethbHg) at subsite 2Ky for p-Ala at subsite 1 does not change significan89)[.
¢ Molar fraction of the free amine form of the substrate at a given pH [calculated basd¢,08.87 p-Ala), 8.35 p-F-Ala), 7.25 p-F,-Ala), and
5.85 p-Fs-Ala) (40)]. 9 Ky corrected for the concentration of the free amine form of the substrate at a givéMiure of b- andL-enantiomer,
assumed to be an equimolar ratieAla is not a substrate nor a inhibitor (result not showmy.concentration of 4 mMVb-Ala were used to

saturated the subsite 1.

the rate of coupled ATP hydrolysis increases for all the
fluorinatedp-Ala substrates (Table 2) asAla-D-Fx-Ala (x
= 1, 2, and 3) is produced. Separation of the reaction
mixtures by TLC using-[**C]Ala revealed new radioactive
spots that were only formed in the presence-&-Ala and
migrated faster than'{C]p-Ala-b-Ala confirming that the
expected-Ala-b-F-Ala products are formed (Figure 5).
When p-F-Ala was used as a substitute forAlay, the
catalytic efficiency ke.ofKmz) remained dependent on the pH
but in a less pronounced manner than feAla (Table 2),
and at pH 7.5 th&y, values were 210 mM fap-Ala, versus
20 mM for p-F-Ala. The pH dependency of the catalytic
efficiency was even further diminished wherF,-Ala was
used as a substitute forAla, (Ky b-F,-Ala of 4 mM at pH
7.5) and almost absent far-Fs-Ala from pH 6.5 to 8.5.
Similar to that for p-Ala-p-Ala activity, the changes in
catalytic efficiency with pH in the mono/di/trifluoroalanine
series were due to changes K, not ke (Table 2 and
Figure 6A). For all three fluorinated-Ala analogues, the
change in the observedd, again parallels the mole fraction
of the free amine as calculated from their respectikgsp
and is consistent with VanA using only the free base form

fluorine atoms is not significant enough for nucleophilic
attack on the activated-alanyl phosphate intermediate to
become rate limiting (Scheme 1).

pH Profile Study ob-Ala-p-Ala Activity of LmDdI2.The
p-Ala-p-Ala activity of LmDdI2, a representative of the other
p-Ala-D-lactate ligase subfamily (Figure 3), was also ana-
lyzed at various pH values to see if a similar mechanism of
charge rejection of the protonated formmfila, was used
to favor p-Ala-p-lactate synthesis. However, whepAla-
D-Ala activity was assayed, it was not possible to approach
saturation in order to obtaiky, values even at pHs as high
as 8.5, and data collection was complicated by an observed
increase in theKy; value for p-Ala; with pH (data not
shown). Wherm-F;-Ala was tested as a substitute fpAla,
to see if the enzyme prefers the free amine form-aimino
acid, again saturation was not reachedksg values could
not be determined (data not shown). Although, the possibility
that the fluorine atoms significantly increase #g of b-Fs-
Ala cannot be excluded, LmDdI2 seems to bind poorly both
the deprotonated and protonated formoeAla,.

pH Profile of VanA forp-Ala-db-X Dipeptide Formation.

of the substrate at subsite 2 for catalysis (Table 2 and FigureWe have previously shown that VanA preferamino acids

6B). Correction of the fluorinated-Ala concentration for
the concentration of its free amine form in solution reveals
aKwy of 2.2 mM forp-F-Ala, 2.9 mM forp-F,-Ala, and 12
mM for p-Fs-Ala, all of which are pH independent. Given
invariant k.o values for all the fluorinated analogues and
D-Ala over a range of 41§, units, it would appear that the
reduction in the nucleophilicity of the amine group by the

with larger side chains than the methyl groupoefla at
subsite 2 85). However, these determinations were per-
formed at only one pH, and this apparent preference could
be partially due to the difference in th&pof the amines of

the different amino acids. When tbeamino acicb-Ser (K,

of the amine group, 9.15) was evaluated as substitute for
D-Ala, (pK, 9.87) for dipeptide formation at various pHs,
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FiGURE 4: pH profile of p-Ala and p-Ser Ky, values for VanA. FIGURE 6: pH profile of fluorinated>-Ala Kw. values for VanA.

(A) p-Ala Ky, values (dashed line and closed circlesBerKy, (A) Fluorinatedp-Ala Ky, values (dashed lines and closed symbols)
values (dashed line and closed squares) and percent of the moléind percent of the mole fraction of free amine substrate (solid lines
fraction of free amine fob-Ala (solid line and open circles) and ~ @nd open symbols) as a function of pH. Circleds-Ala; squares,
p-Ser (solid line and open squares) as a function of pH. (B) Direct D-Fz-Ala; triangles p-Fs-Ala. (B) Direct correlation of log of Ky,
correlation of log of 1Ky, for b-Ala andp-Ser with the log of the ~ (dashed lines) with the log of the mole fraction of free amine
mole fraction of free amine fop-Ala andp-Ser. substrate (solid lines).
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synthesis ovep-Ala-b-Ser synthesis32). This result may

be in accord with the dendrogram in Figure 3. The closest
related subfamily to VanA is the VanC subfamily, likely to
have evolved from a common ancestor. Furthermore, the
residues just outside of the putatixweloop are very similar
(see below, and Figure 1D and 8B) and one of the
determinants fop-Ser recognition by VanC2 shown to be
Arg322 37) is also conserved in the VanA subfamily. When
the decrease dky. again correlated with the increase of the corresponding conserved arginine residue in VanA
pH and the fraction of the deprotonated form, suggesting (Arg317) was mutated to methionine, the catalytic efficiency
that the protonated form is also rejected at the subsite 2dropped drastically for alb-Ala-p-X activities, indicating
(Table 3 and Figure 4). Interestingly, the predictag for that this residue is indeed crucial in maintaining the active
the deprotonated form af-Ser (0.62 mM) is similar to that  site (Table 4).

of p-Ala (0.66 mM). For example, at pH7.5, the apparent Since VanA appears to bind the deprotonated from of
~5-fold lowerKy; of b-Ser vsp-Ala can be ascribed to the  p-Ala, andbp-Ser with equal affinity as well as tleehydroxy
commensurately higher mole faction of thSer free amine  acid cognate ob-Ala, p-lactate, thex-hydroxy acid cognate

at this pH. Thus, VanA is equally capable of binding the of b-Ser,b-glyceric acid, was tested as a substrate. However,
free amine forms ob-Ala, andp-Ser. This is in contrastto  no p-Ala-b-glyceric acid depsipeptide formation was detect-
DdIB, which has a 20-fold preference far-Ala-p-Ala able by either TLC or ADP coupled assay.

= o
.0 -Ala-D-
H@ﬁ/\g T§o D-Ala-D-lactate

1 2 3 4 5 6

Ficure 5: TLC of b-Ala-b-Fy-Ala products formed by VanA. Lane
1, o-[*C]Ala standard. Lane 2-[**C]Ala incubated with VanA
at pH 8.0 to formp-Ala-p-Ala. Lane 3, same as lane 2 except at
pH 6.0. Lanes 46, VanA incubated at pH 6.0 witb-[*“C]Ala
and eithepL-F;-Ala (lane 4),p-F,-Ala (lane 5), omL-Fs-Ala (lane

6) to form the respective-Ala-p-F-Ala products. TLC conditions
as described in Materials and Methods.
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Table 3: Kinetic Parameters of VanA at Various pH teSep

Knz? Keat Keal Kz Kwmz corrected Kwmz corrected average
substrate pH (mM) (min—?1) (min~YmM) fraction of aminé (mMm)d (mM)
D-Sef 6.80 120 71 0.59 0.0044 0.53
7.00 78 78 1.02 0.0070 0.55
7.15 71 139 2.0 0.0099 0.70
7.35 40 80 2.0 0.0156 0.62
7.45 35 160 4.6 0.0196 0.69
7.65 18 73 4.1 0.0307 0.56
7.85 14 147 11 0.0477 0.67 0.62

aMeasured by ADP coupled assay (see Materials and MethbHs) at subsite 2y for pb-Ala at subsite 1 does not change significan89){.
¢ Molar fraction of the free amine form of the substrate at a given pH [calculated basédt, af .15 @8)]. ¢ Ky corrected for the concentration
of the free amine form of the substrate at a given pMixture of b- andL-enantiomer, assume an equimolar ratiégsomer is not a substrate nor
a inhibitor (result not shown).A concentration of 4 mMb-Ala were used to saturated the subsite 1.

Table 4: Kinetic Parameters of VanA Mutant Proteins feAla-p-Ala andp-Ala-p-lactate Formatioh

D-Ala-D-Ala formation p-Ala-D-lactate formation
Kwz® Kwmz2® Keat Keal Kz Kwm Keat KealKm
protein (mM) (mM) (minY) (min~t mM™Y) (mM) (min™Y) (min~tmM~Y)

VanA 0.40 160 500 3.1 0.69 35 51
His-VanAd 0.57 210 550 2.6 0.68 32 47
His-K50A 0.75 170 490 2.9 0.81 31 38
His-C52A 0.88 175 480 2.7 0.66 29 44
His-E60A 0.82 165 380 2.3 0.53 27 51
His-S70A 1.0 200 370 1.9 0.64 19 30
His-D72A 70 nd nd 0.047 nd nd nd
His-H76A 0.76 155 300 1.9 0.79 21 27
His-E230A 1.0 125 430 3.4 0.68 30 44
His-D232A 0.82 nd nd 0.049 nd nd 0.0062
His-Q233A 2.0 300 520 1.7 0.51 23 45
His-F241A 2.1 nd nd 0.49 f
His-F241Y 1.1 210 460 2.2 1.7 36 21
His-R242A 1.2 62 530 8.5 0.69 27 39
His-H244A 1.4 87 540 6.2 53 16 0.30
His-R242A/H244A 0.66 69 580 8.4 60 12 0.20
His-Q245A 1.6 270 580 2.1 6.3 30 4.8
His-E246A 1.9 160 490 3.1 5.5 34 6.2
His-P249A 1.5 220 660 3.0 2.8 44 16
His-E250A 1.3 160 550 3.4 1.1 35 32
His-K251A 0.87 230 610 2.7 1.7 38 22
His-S253A 1.3 130 490 3.8 1.6 41 25
His-E254A 1.1 150 520 3.5 0.70 36 51
His-N255A 3.4 290 510 1.8 2.7 40 15
His-R317M >200 nd nd 0.016 nd nd nd

aMeasured by ADP coupled assay at pH 7.5 (Materials and MethbHg).at subsite 1¢ Ky at subsite 29 Hiss-tagged VanA protein Not
detectable/determinetiNot measured? Highest concentration tested.

Selection and Production of VanA Mutants. addition VanB protein with those 38 residues deleted gave only
to the divergence of primary sequence of the VanA and VanB insoluble protein so the hypothesis that these residues are
Ddl family from the other four Ddl families in the»-loop not essential for catalytic activity could not be tested
region, there was also a difference at the N-terminus, an(I.A.D.L. and C.T.W. unpublished results). When six con-
insertion of approximately 33 residues that led us to examine served residues (VanA superfamily) in this region of VanA,
that region as well as the 26 residue stretch from 230 to 255Lys50, Cys52, Glu60, Ser70, Asp72, and His76 were singly
in the putativew-loop region of the VanA enzyme (Figure mutated to alanine, five were without effect. The D72A
1, panels B and D). To facilitate purification of the VanA mutant had almost a 200-fold increasekim for b-Ala and
mutants, all were expressed asdtmgged proteins, allowing  a corresponding loss in catalytic efficiench4Kwm). The
single-step affinity purification after overproduction in the basis of this defect is not yet understood.

E. coli host strain. The kinetic parameters measured for Of the 26 residues in VanA encompassing sequence that
purified wild-type Hig—VanA enzyme were identical to is predicted to lead into, include, and lead out of a loop
VanA without the Hig-tag at the N-terminus (Table 4), so (Figure 1D) corresponding to the cruciafloop of Ddls, 14

all the kinetic parameters listed in Table 4 are for the mutant were selected for mutagenesis to alanine as listed in Table
proteins as Hig—VanA fusions. 4. The basis for selection was either any side chain with a

When VanA and VanB ligases are compared and mappedfunctional group (aspartate, glutamate, histidine, lysine,
onto the X-ray structure d. coli DdIB as a predictive model  arginine, and serine) or a phenylalanine, or a glutamine,
(Swen G. Hyberts, personal communication) using the asparagine, or proline because of possible hydrogen-bonding
program consensudl), there is a 38 residue insert, Cys50  or structure-disrupting effects. All 14 mutants were obtained
Glu87, that is not present in DdIB. Efforts to overproduce a in pure form and evaluated for catalytic efficiencies compared
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Table 5: Kinetic Parameters of VanA Mutant Proteins at Various pHbféata?

Kmz® Keat Keal Kmz fraction of Kwmz corrected Kwmz corrected average
protein pH (mM) (min~1) (min~¥YmM) aming (mMm)d (mM)

His-R242A 6.90 180 570 3.2 0.0011

7.15 120 590 4.9 0.0019

7.40 72 520 7.2 0.0034

7.50 62 530 8.5 0.0043

7.65 44 540 12 0.0060

7.80 36 500 14 0.0084

8.00 26 540 20 0.0133

8.25 20 510 26 0.0234

8.40 14 510 36 0.0328

8.60 10 500 50 0.0510 ha na
His-H244A 7.00 260 630 24 0.0013

7.25 160 630 3.9 0.0024

7.40 100 620 6.2 0.0034

7.50 84 600 7.1 0.0043

7.60 81 640 7.9 0.0053

7.75 54 650 12 0.0084

8.00 37 640 17 0.0133

8.15 26 640 25 0.0187

8.35 20 660 33 0.0293

8.60 12 640 53 0.0510 na na
His-H244A/R242A 7.00 190 590 3.1 0.0013

7.25 110 550 5.0 0.0024

7.40 87 550 7.2 0.0034

7.50 69 580 8.4 0.0043

7.65 51 560 11 0.0060

7.75 48 570 12 0.0084

8.00 28 590 21 0.0133

8.20 19 560 29 0.0209

8.40 16 570 36 0.0328 na na
His-K251A 7.25 240 610 25 0.0024 0.58

7.50 230 610 2.7 0.0043 0.99

7.75 75 610 8.1 0.0084 0.63 0.67

8.00 45 450 10 0.0133 0.60

8.15 33 510 15 0.0187 0.62

8.35 21 500 24 0.0293 0.62

8.60 13 580 45 0.0510 0.66

8.85 7.9 610 77 0.0872 0.69

aMeasured by ADP coupled assay (see Materials and MethbHsg) at subsite 2Ky for p-Ala at subsite 1 does not change significan89){.
¢Molar fraction of the free amine form of the substrate at a given pH [calculated baselo0f §.87 (-Ala) (38)]. ¢ Ky corrected for the
concentration of the free amine form of the substrate at a giverf ptikture of b- andL-enantiomer, assumed to be an equimolar ratidja is
not a substrate nor a inhibitor (result not showmot applicable.

to wild-type, both forp-Ala-b-Ala dipeptide and-Ala-b- The p-Ala-p-Ala activity was down by 300-fold, while the
lactate depsipeptide ligase activity. D-Ala-b-F3-Ala was down by 3000-fold compared to wild-
Only two of the 14 mutations affected dipeptide ligase type, suggesting Asp232 is not a specific determinant for
activity, consistent with the expectation that this is a largely p-Ala-bp-lactate activity. The Asp232 residue and the residues
unstructured region of the enzyme. The two mutations that just around it are also highly conserved in the VanC
alterk.o/Kuz are F241A and D232A. The F241A is lowered subfamily, the closest homologue to the VanA subfamily,
only 6-fold. In a follow on F241A, the dipeptide catalytic but not in other subfamiles (see below and Figures 1D and
efficiency of F241Y is back within wild-type VanA levels 8B). To explore the role of this residue further, the corre-
and the depsipeptide ligase catalytic efficiency remains the sponding D241A mutation was also made in VanC2. When
same as wild-type VanA. Thus, Phe241 is not comparable tested as a-Ala-p-Ser ligase, D241A VanC2 had a 66-fold
to F261Y in the LmDdI2w-loop (17). The D232A mutant lower keo: and a 210-fold highep-Ser Ky, than wild-type
is more substantially disabled, with a 60-fold decline in VanC2 for a 14000-fold decrement in catalytic efficiency
catalytic efficiency at pH 7.5. When D232A VanA was (Table 6). On the other hand, the catalytic efficiency of
assessed far-Ala-p-lactate ligase activity, it was dramati- p-Ala-p-Ala formation was only down by 18-fold. This
cally less efficient still: indeed with a 10000-fold drop in aspartate mutation in both VanA and VanC2 has a greater
keal Kz, the depsipeptide ligase is affected about 2 orders effect on the catalytic efficiency for the specific second
of magnitude more than the dipeptide ligase activity of the substratep-lactate orp-Ser.
same active site. To see if Asp232 was a determinant for Two comments about the-Ala-p-Ala ligase activity of
selection/catalysis betweenAla, andp-lactate, we tested the K251A and H244A mutants: first, these two residues,
D-Ala-D-Ala activity assayed at a higher pH (8.55) where a along with Arg242, are the only residues in this stretch with
greater percentage of free amine is preseri%) and also basic side chains that could stabilize phosphoryl transfer, and
D-Ala-b-Fs-Ala formation at pH 7.5¢97% free base form).  there was no alteration of dipeptide ligase activity at pH 7.5
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Table 6: Kinetic Parameters of VanA and Van@2.oop Swap Proteins fop-Ala-p-Ala and b-Ala-p-Ser Formatiof

D-Ala-D-Ala formation

D-Ala-D-Ser formation

KMZb at kcallKMZ KMZ kcat kca{KM
proteirf (mM) (min~Y) (min~*mM1) (mM) (min~Y) (min~tmM~Y)

VanA 220 230 1.0 34 100 3.0
VanAwC2(S) 34 100 3.0 6.3 38 5.9
VanAwC2(L) 42 9.6 0.23 5.6 1.8 0.32
VanAwC2(S).K246A 480 87 0.18 78 35 0.45
VanAwC2(S).Y247F 213 74 0.35 21 40 1.9
VanC2 >100! >44° 0.36 1.0 210 210
VanC2.K255A nd nd nd 16 0.56 0.036
VanC2.D241A >200 >3.5 0.020 210 3.2 0.015
VanC2A(S) >200! >0.92 0.045 >200' >0.84 0.0044
VanC2vA(L) nd nd nd nd nd nd
VanC2wA(L)9 >170¢ >3.3 0.019 3.1 3.7 1.2
VanC2vA(L).K260A9 nd nd nd nd nd nd
VanC2wA(L).R251A9 nd nd nd nd nd nd
VanC2wA(L).K260A.R251A nd nd nd nd nd nd

aMeasured by ADP coupled assay at pH 7.5 (Materials and Methb#s).at subsite 2¢ Hise-tagged proteins! Highest concentration tested.
e Activity at highest concentration testédNot detectabled Contain mutations H320Y and A325R.

on mutation to alanine nor did mutation of K50A or H76A

coupled for b-Ala-b-hydroxybutyrate activity. However,

have any effect. Second, the H244A and R242A mutants attempts to trap enzyme bound or releasedanyl phosphate

are, if anything, perhaps-23-fold better as a dipeptide ligase
at pH 7.5 than wild-type VanA b¥../Kwuz criterion due to

a lower Ky for p-Ala, (see below). This is in substantial
contrast to the catalytic efficiency of H244A but not the
R242A mutant as a-Ala-p-lactate depsipeptide ligase. In

with hydroxylamine to form the stable-Ala hydroxamate
were unsuccessful. It is possible thaAla-p-hydroxybu-
tyrate formation is sufficiently impaired that an active-site
water molecule competes with hydroxybutyratedealanyl
phosphate capture.

several independent preparations, the depsipeptide ligase pH Profile for p-Ala-b-Ala Activity for the VanA Mutants

activity (keafKmz) of H244A VanA was selectively disabled
by 150-fold, predominantly dueta 2 orders of magnitude
worsening of th&y, for b-lactate. The ratio of depsipeptide/
dipeptide ligase activity of H244A VanA compared to the
same catalytic efficiency ratio in wild-type VanA is down
by 300-fold. Alanine scanning of residues immediately

downstream of His244, GIn245, and Glu246 gave noticeable

but smaller selective effects on the catalytic efficiency for
depsipeptide ligation of 1812-fold and 8-fold, respectively,
as though some misorientation in this region had a seconda
effect on the placement/orientation of His244.

Coupling of ATPase to Dipeptide/Depsipeptide Ligase
Activity. The w-loop and N-terminal VanA mutants were

R242A, H244A, K251A, and R242A/H244As shown
above, VanA rejects the protonated form mfAla; as a
mechanism to ensure efficient formationm#la-p-lactate
compared tobp-Ala-p-Ala at physiological conditions. In
contrast, DdIB accepts the protonated formpehla, (39,

44) and since most of the active site is conserved among
the DdI families including the VanA subfamily (Figure 2),
we investigated the possible role of residues with positively
charged side chains in rejecting the protonated form of

ryD-Ala2, in and around the putative correspondiagoop

region of VanA (Figure 1D).
The pH profile of the K251A mutant was found to be

tested to see if ADP formation was coupled one for one to identical to that of the wild-type VanA, indicating that the
dipeptide and depsipeptide formation. In the mechanistically Protonated form ob-Ala, is still efficiently rejected at the
and structurally cognate glutathione synthetase, when a loopactive site (Table 5 and Figure 7). The calculakgd value
that closes over the active was replaced with a short peptidefor the deprotonated form (Njof b-Alaz is 0.67 mM, which
composed of four glycine residues, the amount of the reactive s identical to the wild-type (0.66 mM). After the experiment

y-L-glutamyl4 -cysteinyl phosphate intermediate hydrolyzed
by water increased to two-third€lZ). Similarly, another
member of the ATP grasp superfamily, PurT Gar Trans-

was completed, two othep-Ala-p-lactate ligases from
vancomycin-type producer organisms (DdIN and DdIM) were
cloned and sequenced and revealed a threonine residue

formylase, was found to release formyl phosphate when ainstead of a lysine residue at this locés)further suggesting

residue in itsw-loop was mutated giving G16248). Thus,

that it is not a crucial residue. On the other hand, the R242A

we were hoping to find an uncoupled mutant that produced mutant clearly reveals an altered pH profile (Table 5 and
p-alanyl phosphate but did not proceed to form product to Figure 7). While thek.a: remains unchanged with pH, the

prove the formation of this putative enzyme intermediate.
The ratio ofo-[3?P]JADP to [}“C]p-Ala-p-Ala or [**C]p-Ala-

observed decrease I, for b-Ala with an increase in pH

was about 24-fold less than for the wild-type enzyme or

p-hydroxybutyrate produced was determined by analyzing K251A VanA Kwz at pH 7.5= 62 mM vs 230 mM for
the reaction mixtures using separate TLC systems to wild-type VanA), suggesting a lessened discrimination

gquantitate the ATP converted to ADP and theAla
converted to dipeptide or depsipeptide. Wild-type VanA,
VanC2, and DdIB enzymes were fully coupled with one ADP
formed per dipeptide or depsipeptide. All the VanA mutants
were also coupled except for D232A VanA. This mutant was
coupled forp-Ala-b-Ala activity but only about 1620%

against the use of the protonated fornpeAla as a substrate.
Noticeably, the DdIN and DdIM ligases present a lysine
residue in place of the arginine residue, a conservative
mutation consistent with the importance of the positive
charge at this position for rejecting the charged amino acid
at the subsite 2. The H244A mutant is distinct from wild-
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Ficure 7: pH profile of b-Ala-p-Ala activity by VanA mutants.
(A) p-Ala Ky values (lines with symbols) and percent of the mole
fraction of free amine substrate (solid line without symbols) as a
function of pH. Squares, K251A VanA; triangles, H244A VanA,;
open circles, R242A/H244A VanA, closed circles R242A VanA.
(B) Direct correlation of log of Ky, for wild-type and K215A
VanA with the log of the mole fraction of free amine substrate
(solid line without symbols).

type VanA but does have a steeper slope in lagvi/vs
pH than R242A (Figure 7B). The double mutant R242A/
H244A VanA shows properties equivalent to the R242A
single mutant, with about half the slope in the lo¢d4 vs
pH plots of wild-type VanA. Thus, the cationic side chain
of R242A may contribute but is not the sole determinant of
discrimination against the-Ala, zwitterion. Given that the
Kwmz for the free base form af-Ala, in H244A extrapolates
to less than or equal to 5 mM<@-fold over the 0.66 mM
value in wild-type VanA) while the-lactateKy, is up 100-
fold over wild-type VanA, His244 is a specific determinant
for recognition ofp-lactate.

w-Loop Swapping between VanA and VanB@cause of
the importance of amino acids in theloop for catalysis
by each family ofb-Ala-p-X ligases (histidine and arginine
in the VanA subfamily, and lysine and tyrosine/phenylalanine
in all the others) and because of the striking difference
between the proposed-loop of VanA to that of the other

Lessard et al.

VanC2 DdiB VanA
. . .
' " PR
o« 0 «< 1
"-c,“' . ‘."a-r- ‘, :".-“;'
Pt = '+,- P )=
# %
DdIB 184 GE--EILPSIR--IQPSGTFYDYEAKYL-—--SDETQYFCBA 227
VanC2 231 GND-SLTVGACDAISLVDGFFDFEERYQ----LISAKITVRA 267
VanA 221 GNSAALVVGEVDQIRLQYGIFRIHQEVEPEKGSENAVITVEA 262
*

*
VanA GNSAALVVGEVDQIRLOYGIFRIHQEVEPEKGSENAVITVEA
*

VanAnC2(S) GNSAALVVGEVDQIRLOYGFFDFEERYQ----LISAVITVEA

VanAwC2(L) GNSAALVV DAYSLVDGFFDFEEEY(Q--—-LIS TVPA
VanC2 w-loop

ik
VanC2 GND-SLTVGACDAISLVDGFFDFEEEYQ--—-LISAKITVPA
#

VanC2wA(S) GND-SLTVGACDAISLVDGIFRIHQEVEPEKGSENAKITVEA
VanC2wA(L) GND—ELTVTVPR
VanA u-loop

FIGURE 8: Strategy forw-loop swap mutants. (A) Schematic view
of the putativaw-loops of VanA and VanC2 based on the structure
of DdIB (20) and the corresponding primary sequence of the
putative loops. Highlighted residues are identical in at least two of
the enzymes. Lys215 and Tyr216 which are important for activity
in DdIB and VanC2 are starred and underlined. His244, crucial for
D-Ala-D-lactate activity in VanA, is also starred and underlined.
(B) Sequence of the residues in and adjacent to the putative VanA
w-loop and the sequence of two swap mutants with the portions of
the VanC2 w-loop inserted into VanA in bold. The primary
sequence in and adjacent to the Van@Zoop is also listed
followed by the sequence of swap mutants with the portion of the
putative VanAw-loop inserted into VanC2 in bold. Lys255 and
Tyr256 in the VanC2w-loop and His244 in the putative VanA
w-loop are underlined and starred.

corresponding amino acids from theloop of the other
enzyme (Figure 8B).

(a) Portions of VanC2w-Loop Inserted into a VanA
TemplateThe amino acids 246255 of VanA were replaced
by 249-260 of VanC2 to generate the small VanC2 loop
swapped into VanA [VanAC2(S)] (Figure 8B). When tested
at pH 7.5 and 6.0, no detectalléAla-p-lactate was formed
by this swap mutant, suggesting that the putativimop of
VanA is necessary for depsipeptide function. On the other
hand, this mutant had improved dipeptide ligase activity over
wild-type VanA (Table 6). TheKy, for p-Ala is reduced
from 210 mM for the wild-type VanA enzyme at pH 7.5 to
34 mM for the swap mutant. However, thgy is reduced
2-fold, resulting in a 3-fold improvement in catalytic
efficiency. Similarly, theKy, for p-Ser is reduced from 34
to 6.3 mM at pH 7.5, which is close to the 1 mi4,, value
for wild-type His—VanC2, and the catalytic efficiency is

family members, we attempted to establish whether the improved 2-fold.
w-loops are necessary and sufficient to determine the activity A larger portion of the VanC2v-loop (239-262) was

profile of each ligase. We chose to swap thdoops of

substituted for 236257 VanA [VanAvC2(L)] (Figure 8B).

VanC2 and VanA because the primary sequence justThis mutant also failed to form-Ala-p-lactate but had an

upstream and downstream of theloop of the VanA
subfamily is more homologous to the VanC subfamily than

improved dipeptideKy, of 42 mM for p-Ala and 5.6 mM
for b-Ser (Table 6), a similar result to the smaller loop swap

any other subfamily including the critical aspartate residue version [VanAvC2(S)]. However, thek.: values for this

described earlier (Figures 1D and 8). ThusJoop swap
mutants of VanA and VanC2 were constructed with different
amounts of thew-loop from one enzyme replaced by the

mutant were lowered an additional 10-fold compared to the
previous swap mutant possibly due to improper orientation
or positioning of the substituted amino acids. When stored
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at 4°C, this mutant started to precipitate after several days, for b-Ser of 3.1 mM, which is comparable to wild-type

indicating reduced stability of this enzyme so no further
studies were conducted.
By replacing the putativev-loop of VanA by that of

VanC2 (1 mMKy.); however, thek.os was down 56-fold.

The ability of two of the swap mutants to retair-52%
of the wild-type VanC2p-Ala-p-Ala activity (Table 6) is

VanC2, both the lysine residue proposed to stabilize the somewhat unexpected because Lys255 is no longer present

phosphoryl transfer transition state (Lys215 in Dd) and
the tyrosine residue (Tyr216 in DdIB,7) were imported
(Figure 1D and 2). To see if the corresponding lysine
(Lys246) in the hybridv-loop of VanAwC2(S) has a similar
role, this residue was mutated to alanine in Var@2(S)
and wild-type VanC2. The K255A VanC2 mutant had no
detectablen-Ala-p-Ala ligase activity and had a 375-fold
lower k.ot and a 16-fold higheKy, as ap-Ala-p-Ser ligase
(Keaf Kmz down 6100-fold), suggesting that Lys255 is indeed

to stabilize phosphoryl transfer. In addition, a previously
reported swap mutant with the-loop of DdIB (208-217)
replaced by that of VanA (237246) only retained 0.03%

of the wild-type DdIB activity 21). To determine whether
Arg251 or Lys260, which are not essential for VanA activity
(corresponding to the Arg242 and Lys251 in VanA), are able
to substitute for Lys255 in VanC2, the single and double
R251A and K260A mutants in H320Y/A325R Van@2a-

(L) were constructed. These mutants had no detectable

necessary for efficient catalysis (Table 6). The corresponding activity, perhaps either because the lysine or arginine residues

Lys246 VanAvC2(S) mutation also affectd€, by 14- and
13-fold for p-Ala, andp-Ser, respectively, possibly because
of a disruption in the structure of the-loop. However, the
K246A VanAwC2(S) mutant surprisingly retained the same
rate of catalysis as VanAC2(S) (87 vs 100 mint). This

result implies that the VanA template of the swap mutant is

are necessary for activity or the enzymes were not properly
folded.

DISCUSSION

A central molecular determinant of the VanA and VanB

using another mechanism to stabilize phosphoryl transfer andclinical phenotypes in vancomycin-resistant enterococci is
suggests that the mechanism used by VanA resides outsidéhe ability of VanA but not the homologous DdIB or VanC2

the w-loop primary structure.
The loss of depsipeptide ligase activity in the Van®@2-

D-,D-ligases to activate-lactate selectively over-Ala, or
p-Ser to capture the-Ala-OPQ?~ intermediate in the ligase

(S) swap mutant was further investigated by constructing active sites. Analysis of the gain of function depsipeptide
the Y247F mutant, which corresponds to the Y216F DdIB ligase activity of VanA (and VanB) devolves to assessing

mutant that gained sonmeAla-p-lactate ligase activityl(7).
Y247F VanAwC2(S) had a similak.: as VanAvC2(S) for
p-Ala-p-Ala andbp-Ala-p-Ser formation, but failed to regain
depsipeptide activity at either pH 6.0 or 7.5 (Table 6). This
result corresponds to the failure of Y256F VanC2 to form
p-Ala-p-lactate 87) and supports a different mechanism for

the structural basis of functional discrimination of thex-
hydroxy acid vso-a-amino acid. Here we have focused on
two approaches: (1) analysis of the pH dependence of
D-lactate vsp-Ala, Ky, values and (2) mutagenesis of the
region in VanA corresponding to the-loop region in DdIB

and VanC2. To make the normal dipeptide prodnéila-

ut”izing D-lactate as a substrate by VanA Compared to D-Ala, the p-Ala-p-X Iigases have to activate two identical

LmDdI2 and Y216F DdIB.
(b) Portions of VanAw-Loop Inserted into a VanC2

p-Ala molecules and differentiate them in reactivity, one as
the N-terminal electrophile, the second as the C-terminal

TemplateLoop swap mutants were also done in the reverse hucleophile in the peptide-bond-forming step-Ala; is

direction by replacing thev-loop of VanC2 with that of
VanA to see if the putative-loop of VanA is sufficient for
depsipeptide activity. The small loop version of VanA
swapped into VanC2 [Van@2A(S)] consisted of residues
240-255 of VanA substituted for residues 24960 of

targeted to be the electrophile by binding in a subsite of the
ligase active site in proximity to thg-phosphoryl group of
bound ATP. An active-site lysine side chain (Lys215 in
DdIB) and a Md@" ion coordinate the anionic substrates,
shield charge, and facilitate BO transfer to yield the mixed

VanC2 (Figure 8B). For the large swap mutant, amino acids acyl-phosphoric anhydride-alanyl-phosphate, with the

230-255 of VanA replaced 239260 of VanC2 [VanCaA-
(L)] (Figure 8B). Two additional mutants were introduced
into the VanCa&A(L) swap mutant, H320Y and A325R, that

carboxyl fromp-Ala; now activated for transfer to nucleo-
philes. Then, the secongalanine,p-Ala,, has to be bound
and deprotonated at the cationic NHgroup to yield the

were designed to convert residues in VanC2 predicted to befree base Nbiform that can function as the electron-rich

in contact with thew-loop to those of VanA in case these

nucleophile in the peptide-bond-forming step, the capture

residues were needed for favorable interactions with the Of D-Ala-OPQ?*~ (Scheme 1). We had previously suggested

introduced VanAw-loop. These loop swap mutants failed
to useb-lactate,b-hydroxybutyrate, ob-glyceric acid for

that E. coli DdIB might select the free base form ofAla,
directly for binding, but the pH dependence of th&\la,

depsipeptide formation, indicating that other residues are Kmz (17) did not support that interpretation as noted by recent

required for depsipeptide activity.
For VanC2A(S), the p-Ala-p-Ala and p-Ala-p-Ser

calculations 44) with only an 8-fold change im-Ala, Ky,
over the pH range 6:09.2 39). On the other hand, our

activities did not saturate and were reduced 8- and 4800-0bservations on the pH dependence ofth&la, Ku. value

fold in catalytic efficiency, respectively, compared to wild-
type VanC2 (Table 6). In contrast, Van@A(L) had no

for the VanA ligase 17) indicated a steeper slope and that
observation has been substantially extended in the work here

detectable ligase activity. Converting additional residues to On VanA.

the corresponding ones in VanA, giving the H320Y/A325R
VanC2vA(L) mutant, restored some dipeptide ligase activity,

The VanAp-Ala-p-X ligase is a much better depsipeptide
ligase at low pH (e.g., pH66.5) than a dipeptide ligase

indicating that the two extra residues mutated are indeedwhereas at high pH (e.g., pH 8-5.0) the dipeptide product

important for the loop orientation. This mutant hadKg,

is much preferred. The switchover is largelyKa effect,
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driven by the pH dependence of thg, of b-Ala, but not
of p-lactate, with thep-Ala; binding disfavored at low pH.
We report in this paper that VanA, in contrast to DdIB ligase,

Lessard et al.

as good controls for the two impaired mutants and consistent
with this also being an unstructured loop region of the
enzyme. The Asp232 acidic side chain appears to be

increases catalytic efficiency selectively as a dipeptide ligase particularly important for catalysis and could be a residue

in parallel to the mole fraction of the free base fornpefla
in solution. Thus, there is a 27-fold improvementiila,
Kwmz (270 to 10 mM) from pH 7.25 to 8.80. Sin&g,remains

that coordinates an active-site fgor a water molecule
involved in catalysis. There are three basic side chains,
Arg242, His244, and Lys251, which seemed good candidates

essentially constant, this translates into a correspondingfor cationic groups that could provide selective electrostatic

improvement in thek../Ky2 catalytic efficiency ratio. Ex-
trapolating to the limit defined by the<q of the amino group
of alanine [K, of 9.87, 38)], the estimatedy;, of 0.66 mM
for p-Ala, (as monanionic carboxylate) approaches that of
the monoanionicm-lactate (0.69 mM) whose-hydroxyl
group does not titrate in the physiological pH range.

Further validation that VanA gains room to function as a
D-Ala-p-lactate depsipeptide ligase by selectively discrimi-
nating against the predominant zwitterionic formmAla
(pKa of 9.87) for binding productively to the-Ala, subsite
comes from a matching series¥f; vs pH curves fop-Ser
(pKa of 9.15), which show that the GIOH side chain in the
D-X subsite is accommodated and th&t, values again
follow the titration curve of the--ammonium group. When
the CH; side chain ofb-Ala, was changed by substitution
of one, two, or three hydrogens by fluorines, there is very
little effect on size of the side chain but tremendous through
bond inductive effects onkg and now the lower I§, of the
amino groups have the predicted behavior deAla-b-F-
Ala, p-Ala-p-F,-Ala, and p-Ala-p-Fs-Ala formation, by
shifting theKy curves to lower pH. It does not appear that
binding of the uncharged 2-N+Hand 2-OH forms ob-Ala
and p-lactate are affected by putative titrating of key side
chains in the enzyme in this pH range, given the pH
independent behavior &€y, D-Fs-Ala andp-lactate.

It seems very likely then that the VanA and VapBbp-

repulsion to the zwitterionio-Ala, but notp-lactate. Thus,

pH profiles of catalytic efficiency were conducted with the
three mutant VanA ligases, R242A, H244A, and K251A.
The K251A shows a variation of log Hy, vs pH of 0.99,
very close to that of wild-type VanA (0.98) and the log of
the mole fraction of the free amine at the same pH range
6.9-8.8 (0.98). The H244A is a marginally less step (0.82)
while R242A (0.73) shows about half the decreas&n
value vs pH in the range evaluated. The double mutant
R242A/H244A behaved essentially as the single R242A
mutant, providing a second construct with lowered efficiency
at rejecting the zwitterionic form af-Ala,. It would appear
that the cationic side chain of Arg242 in a loop region of
VanA, presumably unstructured in free enzyme, but closing
over bound substrates in ES complexes could provide some
of the rejection of the bulk form ob-Ala, by electrostatic
repulsion. In addition, His244 could participate in the
electrostatic repulsion either directly by repelling the ;\H
form of p-Ala, or indirectly by properly orienting Arg242.
There is still a substantial residuldly, vs pH effect in the
R242A/H244A VanA double mutant, indicating additional
determinants ofb-Ala, zwitterion discrimination remain
uncharacterized. Since the active site of VanA can still
actively reject the Nkt form of p-Ala, at pHs up to 8.8, it

is most likely that another charged residue that does not titrate
in the pH range examined, such as, arginines and lysines,

ligases in VRE have acquired the depsipeptide ligase gainand/or the presence of a nearby metal atom also plays a role

of function activity by active discrimination against the bulk
zwitterionic form ofp-Ala when it is recruited to subsite 2,
allowing p-lactate to compete effectively. Since tkg; for
reaction with the less nucleophilic hydroxyl is 17-fold lower
(32 vs 550 min?) than with the free base form afAla,,
Dp-lactate can win the competition only if it is recognized at
a much lower concentration.

The question then arises how does this discrimination
occur and why does it not happen in the DdIB and VanC
(o-Ala-p-Ser) ligases. To date, we have obtained, via
collaboration with the laboratory of Jim Knox at University
of Connecticut, X-ray structures of the wild-tyge coli DdIB

in rejecting the protonated amine.

The H244A VanA mutant was also intriguing in that it
was selectively disabled as a depsipeptide ligase (150-fold
lower keofKwz) While dipeptide ligase catalytic efficiency
increased 2-fold. The 300-fold selectivity suggests the side
chain of His244 may have a specific activating effect on the
D-lactate reaction. Given thatlactate needs its 2-OH group
to be deprotonated in the depsipeptide-bond-forming transi-
tion state but the free base form ofAla; does not in the
analogous dipeptide-bond-forming transition state, it may be
that His244 can either function as catalytic base or orient a
bound water molecule to assistoractate alkoxide equiva-

and the Y216F mutant ligases but there are no structures forlent generation.

the VanC subfamily or the VanA subfamily of,p-ligases
(20, 46). In the DdIB active site, the-loop region contains
two residues (Lys215 and Tyr216) that are important for
catalytic function. Thev-loop in the Van®-Ala-b-Ser ligase
subfamily and in the_euconsotoc mesenteroidesAla-p-
lactate ligase subfamily is highly homologous, but in the
VanA subfamily, it shows no conservation in residue identity
or residue number and in particular the Lys215 and Tyr216
equivalents were not obvious.

To evaluate potential loop function in VanA, we have

The counterpart of Lys215 iB. coli DdIB (Figure 2), the
cationic side chain that is crucial for catalysis of the
y-phosphoryl transfer step from ATP teAla; to yield the
aminoacyt-phosphate intermediate, is not yet identified.
When the other conserved lysine and arginine residues among
the VanA ligase family, not mutated in this work, are
compared and mapped onto the X-ray structur&otoli
DdIB as a predictive model, none are found close to the
active site. Such a lysine, to shield charge and orient the
transferringy-PG;, is a fixture of kinase and ligase active

mutated 14 residues to alanine in the 26 residue stretch ofsites and it may be that the VanA folds to bring a lysine

230-255, to test any functional side chain in both dipeptide
and depsipeptide ligase activity. Twelve of the 14 alanine
mutants were equally efficient as wild-type VanA, serving

from an unanticipated region of primary sequence into the
active site. It is also possible that an additional (third)
magnesium atom fulfills the lysine role.



VanA p,b-Ligase Mutants

In addition to the point mutations in VanA, we also
constructed putative loop swaps, moving the VarEbop
into the VanA template and the reciprocal VanA loop into
the VanC2 template. The VanC2 loop into the VanA template
was perhaps the more revealing in that this chimeric VanA
ligase had a 6-fold improvement mAla, Ky, (220 mM
down to 34 mM) and als@-SerKy, (34 mM to 6 mM).
Sincekgy dropped 2-fold, this chimeric VanA was a 3-fold
better p-Ala-p-Ala ligase by catalytic efficiency ratio,
suggesting that the functional active-site geometry was intact,
but the discrimination against the zwitteriorneX amino
acids was lessened, as anticipated for a VanC-type ligase.
This result supports the possibility that VanA could have
evolved from a VanC framework. Moreover, all depsipeptide
ligase activity was lost, arguing for the crucial role of the
VanA loop in p-lactate selection. In addition, mutation of
Lys246 in the VanC2v-loop of VanAwC(S) did not effect
the dipeptide ligas&., values; however, the corresponding
mutation in wild-type VanC2 lowered the-Ala-b-Ser Keat
value 375-fold. This result further supports the different
mechanisms used by VanC2 and VanA to stabilize phos-
phoryl transfer. The swap of the Van-loop into the
VanC2 template did not enable depsipeptide ligase activity
so not all the active-site features are reproduced in that
chimera.

In conclusion, theo-,p-ligase subfamilies represented by
Ddl and VanC2 on one hand (dipeptide ligases only) and by
VanA and VanB on the other hand (dipeptide and depsipep-
tide ligases) have evolved to show dramatically diffeigut
values forp-Ala,. E. coli DdIB has aKy, of 2 mM (39)
while VanA has &y, of 210 mM at pH 7.5. This 105-fold
negative selection by VanA reflects discrimination against
productive binding of the zwitterionic form af-Ala,. Since
the free base form represents only about 0.1% of the bulk
p-alanine species at neutral phlb;lactate can compete
effectively for binding and capture of the boundAla;—
OPQ?™ intermediate. When thiy;, for p-Ala, is corrected
for the free base form, it falls to the 6-®.7 mM value seen
for bp-lactate, suggesting equivalent competition of the
monoanionic forms ob-lactate and-Ala,, at which point
the amine is the better nucleophile. The structural basis of
discrimination against the-Ala, zwitterion, peculiar to
VanA and VanB, is still unknown and will probably require
an X-ray structure with bound substrates or transition state
analogues to immobilize the active-site loop, but it is likely
that the cationic side chain of Arg242 in VanA contributes
an electrostatic repulsion m-Ala, zwitterion.
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