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ABSTRACT. Escherichia colip-Ala-p-Ala ligase (Ddl) and the vancomycin resistance-conferring protein
VanA are homologues, but VanA has gained the ability to activalactate p-Lac) and make the
depsipeptid®-Ala-p-Lac as well a®-Ala-p-Ala. This depsipeptide ligase activity of VanA is its crucial
catalytic function necessary for phenotypic vancomycin resistance. We report here théE.tioae

DdIB active-site mutants that we made previously based on X-ray structure/function predictions have
gained interesting new ligase activities. Y216, S150, and E15 form a hydrogen-bonding triad that orients
an w-loop to close over the active site and also to orient substrat;. Mutants Y216F and S150A

have gained depsipeptide-Ala-D-Lac, D-Ala-D-hydroxybutyrate) ligase activity with dipeptide/depsipeptide
partition ratios that mimic the pH behavior of VanA. E15Q has negligible depsipeptide synthetase activity
but now uniquely activates-Lac as the electrophilic rather than the nucleophilic partner for condensation
with p-Ala to make a regioisomerip-Lach-Ala, an amide rather than an ester product. These results
provide insights into the active-site architecture of the ligases and the subsites for recognitiadtaofs

D-Lac and predict the Y216F substitution will impaHAla-p-Lac synthetase activity to DdIs from Gram-
positive bacteria with intrinsic resistance to vancomycin.

As the glycopeptide antibiotic vancomycin has come into links reduces tensile strength and leaves the bacterium
widespread use as a front-line agent in the treatment of Gram-susceptible to osmotic lysis. The vancomycin affinity for
positive bacterial infections, clinically significant resistance N-acylD-Ala-p-Lac is 1000-fold less that fd¥-acyl-b-Ala-
has arisen in enterococcal strains (Wright & Walsh, 1992; p-Ala (Bugg et al., 1991a,b), accounting for the 1000-fold
Arthur & Courvalin, 1993; Walsh, 1993). Inducible, high- difference in minimal inhibitory concentrations observed in
level resistance has been associated with five garme®R resistant and sensitive entercocci (Arthur & Courvalin, 1993).

-S -H, -A, and X, on a transposable element (Arthur etal.,  \ye have focused on the similarities and differences
1993), which encode a two-component regulatory system petween theEscherichia coli ddiBencodedp-Ala-p-Ala
(VanS and -R) (Arthur & Courvalin, 1992; Wright et al., |igase (DdIB, eq 1) and the 26% homologous VanA that can
1993; Holman et al., 1994) and three enzymes (VanH, -A, activate botip-Lac andp-Ala as nucleophiles to yield both
and -X) (Dutka-Malen et al., 1990; Bugg'et al., 1991a3b; depsipeptide-Ala-p-Lac and dipeptide-Ala-p-Ala (eq 2).

Wu etal., 1995 that provide for the formation and selective 1o understand how the ester bond in the depsipeptide product
accumulation of the depsipeptideAla-p-Lac' in the cyto- is formed by VanA, we have obtained a crystal structure of
plasmic phase of peptidoglycan biosynthesisAla-b-Lac £ ¢oli DdIB complexed with ADP and a phosphinophos-
is incorporated in place of the-Ala-p-Ala, produced by the  phate transition-state analog (Fan et al., 1994) which has
chromosomab-Ala-p-Ala ligase, in cell wall intermediates  jgentified several active-site residues. We subsequently
to yield a muramyl tetrapeptide ester terminatin@idla-  mytated several of these amino acids to assess predicted
p-Lac rather than a muramyl pentapeptide terminating in fnction in the various stages of the Ddl-catalyzed dipeptide-
D-Ala-p-Ala (Bugg etal., 1991a,b; Handwerger et al., 1992). torming reaction, including a trio of residues, Y216, S150,
Vancomycin binds to such peptidoglycan termini and anq E15, that form a hydrogen-bonded network, schematized
prevents subsequent transpeptidative cross-linking that yieldsy, Figure 1. The hydrogen bonds of this triad connect a
cross-linked peptidoglycan. Reduction in cell wall cross- 1 qpile w-loop containing Y216, via S150, and E15 to the
binding of the o-amino group of the first molecule of

t This work was supported in part by NIH Grant GM 49338. substratep-Ala (p-Ala;) as it undergoes activation as the
* Author to thm cor_respondence should be addressed. acyl phosphatep-alanyl phosphate, Three mutants that
¢ Abstract published idvance ACS Abstractsuly 15, 1996. interrupt or modulate the hydrogen-bond network, Y216F
1 Abbreviations: pb-Lac, p-lactate; AgO, acetic anhydride; CHES, . . Lo !
2-(N-cyclohexylamino)ethanesulfonic acid; DdtAla-p-Ala ligase;pL- S150A, and E15Q oE. coli DdIB, all retained significant
Hbut, oL-hydroxybutyrate; DMAP, N,N-dimethylamino)pyridine; EDTA, Ddl activity (Shi & Walsh, 1995) withk., values ranging
ethylenediaminetetraacetic acid; EtOAc, ethyl acetate; HERE; from 38% to 110% of wild type, althougK, values for

hydroxyethyl)piperazineethanesulfonic acid; HOBJO, 1-hydroxy- :
benzotriazole hydrate; LDH,-lactate dehydrogenase: MES, 1-( both the first and secormtAla substrates were elevateet2

morpholino)ethanesulfonic acid; NADH, reduced nicotinamide adenine Orders of magnitude from the wild-typién values of 1.2
dinucleotide; NMM,N-methylmorpholine; PEP, phosphoenolpyruvate; uM (p-Ala;) and 1.1 mM f-Alay).

PK, pyruvate kinase; PyBOP, benzotriazol-1-yloxytripyrrolidinophos- . .

phonium hexafluorophosphate; TLC, thin-layer chromatography: Tris, ~ IN this study we have analyzed these thEeecoli DdIB
tris(hydroxymethyl)aminomethane hydrochloride. mutants further and found that two of the mutants, Y216F
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(Molecular Dynamics, Sunnyvale, CA). Because radiola-

beledp-['C]Ala-b-[**C]Ala dipeptide contains two radioac-
\_}150 .0 tive labels, the observed values were divided by 2 to calculate
Hy N ((He3 the amount of product formed.
OSP\H ,,,,, (V18 Enzyme Assay by Coupled ADP Releatke ADP release
\NH; g o— F’\o - coupled assay (Daub et al., 1988) was also used to measure
K215 the kinetic parameters of DdIB and VanA enzymes. The
% reaction mixture was composed of buffer (see below), 10
w_mop\ Y216 0@0,,,,H mM KCI, 10 mM MgC!z, 10 mM ATP, 2.5 mM PEP, 0.15
! 0.2 mM NADH, 50 units/mL LDH, 50 units/mL PKp-Ala,
Los2 fszsn andp-Lac. The assay was initiated by adding enzymes at
37 °C and monitored at 340 nm.
FiGURe 1: Schematic diagram of the residues arounddha, Enzyme Actiity Dependent on pH A composite buffer

andp-Ala; site of DdIB complexed with ADP and phosphinophos- System containing MES, HEPES, Tris, and CHES (50 mM
phate, a transition-state analog. Dashed lines indicate hydrogen-each) was used for reactions in which pH range studies were
bond or electrostatic interactions. conducted (Figures 3 and 4; in Figure 7, wild-type result).
In all other cases, either MES, HEPES, Tris, or CHES buffer
at 100 mM was used for pH-65.5, 7.5-7.9, 8.3-8.6, and

9.2, respectively. In the ADP coupled assay, saturating
amounts of LDH and PK were determined and included in
each pH condition.

Kinetic Analysis The kinetic analysis was carried out as
described previously (Neuhaus, 1962a,b; Segel, 1975; Zawadz-
ke et al., 1991). The basic equation feAla-p-Ala ligase
DdIB (eq 5 or eq 6 in its reciprocal form) was derived on the basis

D-Ala + D-Ala + ATP — D-Ala;-D-Ala; + ADP + P; @ of the steady-state kinetics for two identical substrate
molecules ob-Ala (eq 4):

and S150A, have gained VanA-type activity, the ability to
make significant quantities of depsipeptide producila-
pD-Lac andp-Ala-b-hydroxybutyrate (Hbut) (eq 2b). The
third E. coli DdI mutant, E15Q, has gained a novel activity.
It too can now activate®-Lac but as an electrophilic, not
nucleophilic, substrate to make the regioisomérac-n-Ala,

a novel amide product (eq 3b).

VanA, DdIB Y216F, and S150A
an 2, p-Alag-D-Ala, + ADP + P,

-Ala + p-Lac + ATP K K Kot
R R E+S—=ES+S=ES—E+P (4
E150Q DdIB a_ _ V2l S]
D-Ala + D-Lac + ATP —<—> o-AauDAlse T ADP T @) V= " 2 )
—= D-Lac-D-Ala + ADP + P, KK, + K, [S] + [S]
MATERIALS AND METHODS 1_1 ‘o Ky 1 Lo KKz 1 ©)
Materials ATP, b-Ala, bL-Hbut, p-Lac, phosphoenolpyru- V' Viax  Viax [S] Vinax [S]?
vate (PEP), 2-(N-morpholino)ethanesulfonic acid (MES), )
2-(N-cyclohexylamino)ethanesulfonic acid (CHE®;(2- In a case oK, < [S], eq 7 was used instead of eq 6 because

hydroxyethyl)piperazineethanesulfonic acid (HEPES), tris- the last term becomes very small compared to the second
(hydroxymethyl)aminomethane hydrochloride (Tris), and t€rm.
p-alanyl benzyl ester were purchased from Sigma. Reduced
nicotinamide adenine dinucleotide (NADH), L-lactate de- 1_ 1 Ko 1 )
hydrogenase (LDH), and pyruvate kinase (PK) were from V' Viax  Viax[S]
Boehringer Mannheim Biochemicals-[*“C]Ala andp-['“C]-
Lac were from American Radiolabeled Chemicals Inc. (St.  For p-Ala-p-Lac ligase activity, eqs 9 and 10 were used,
Louis, MO) and thin-layer chromatography (TLC) cellulose based on eq 8, where; &nd $ are p-Ala and p-Lac,
sheets were from Kodak. respectively. b-Ala-p-Lac ligase activities were measured
Cell Culture and Protein Purification Cell culture and by ADP release coupled assay. Because that method cannot
purification of wild-type DdIB, Y216F, S150A, E15Q, and discriminatep-Ala-p-Lac ligase activity fronp-Ala-p-Ala
VanA were performed as described previously (Shi & Walsh, ligase activity (paths a and b in eq 2), the following
1995). corrections were employed. The velocity value obtained
Enzyme Assay by TLCThe assay mixture included 0.2 from observed activity minus-Ala-p-Ala ligase activity in
mM p-[1-14C]Ala (0.1 mCi/mL, 55uCi/umol), buffer (see the absence ob-Lac was regarded as-Ala-D-Lac ligase
below), 10 mM KCI, 10 mM MgCJ, 10 mM ATP, additional activity if p-Ala-p-Ala ligase activity is less than 10% of
unlabeledb-Ala, andp-Lac orpL-Hbut with enzyme {10 the maximum observed activity (e.g., at pH 6.0 of S150A
uM) which was incubated at room temperature for various and Y216F in Table 1 and Figure 6 and at pH 6.0, 6.5, and
times. Three microliters of each sample was analyzed on a7.5 of VanA in Table 1 and Figure 7). If the-Ala-p-Ala
TLC cellulose plate as described previously (Bugg et al., flux exceeds 10%, the-Ala-p-Lac ligase flux (path b of eq
1991a,b). To quantitate the amount of each product, the 2) was obtained from total activity minusAla-p-Ala ligase
dried TLC plate was exposed to Storage Phosphor Screeractivity multiplied by an inhibition factor measured at each
system (Molecular Dynamics, Sunnyvale, CA) and the concentration ob-Lac. In the presence of high amounts of
resulting image was analyzed by Image Quant program p-Ala, equal toKp, for b-Ala,, at pH 7.5 in the case of S150A




10466 Biochemistry, Vol. 35, No. 32, 1996 Park et al.

and Y216F and at pH 8.3 in VanA, the flux ofAla-p-Ala Scheme 1

ligase activity greatly exceeds theAla-p-Lac activity flux oy A0, pyridine O
by raw values of 980/3.4 (S150A), 630/4.2 (Y216F), and o ~coona ~ OMAP  Aco” “GOOH
900/67 (VanA) (see Table 1). Thus flux via the bottom arm I

(path b) of eq 2 is minuscule amotLac, as a lowVpax oy oHy HOBT-H, 0, PyBOP oy O
substrate, acts as an inhibitor of total flux (data not shown). aco™~coon * *Hsn""ScooBn — WM~ AcO” > C—N~" COOBn
We have used the percent inhibition of fluxteAla-b-Ala I 6 "

at a given concentration @fLac to correct what otherwise Gy O CHy  CHg

would be an underestimate of flux teAla-p-Lac from ADP Ao C__N"~coopn 1o HO~ G N~ CO0H
formation rates. For example, the corrections were about o H 0°C o H

6% at pH 6.0 and 17% at pH 7.5 both for S150A (at pH 7.5, 1
keat adjustment from apparent 2.9 minto 3.4 min') and
for Y216F (at pH 7.5k.oradjustment from apparent 36 min concentrated. The product was purified with Sephadex G-10
to 42 mimY). The corrections for VanA are5% except at chromatography using water as eluent to give 150 mg of
pH 8.3, where correction from an apparégy of 58 mimr? the final producb-Lac-p-Ala (91%). *H NMR, field = 500
to 67 mirmr® resulted. The corrections also applykg and MHz (D,O, HOD = 4.67 ppm)d 4.307 (1 H, quartet) =
keafkm €stimates. 7.0 Hz), 4.195 (1 H, quarte, = 7.0 Hz), 1.334 (3 H, dJ

= 7.0 Hz), and 1.258 (3 H, dl = 7.0 Hz).

®) HPLC, NMR, and Mass SpectrometnA DdIB E15Q
reaction mixture (5 mL) contained 100 mM Tris, pH 8.3,
10 mM KCI, 3 mM ATP, 25 mMb-Lac, 0.2 mMp-Ala,

Kl K2 kcat
E+S=—ES +S,—ESS,—E+P

V= VimalSi[S2] 9) and 1uM enzyme. After reaction for6 h at 30°C, 0.2
KK, + Ky [S,] + [S11[S,] mM p-Ala, 1 uM enzyme, and 7 mM ATP were further
added and the mixture was incubated for an additional 16 h.
1 1 K, 1 KK, 1 The mixture was applied to a 0.1% trifluoroacetic acid-
Vin + T (10) equilibrated HPLC reversed-phase columag(@50 x 21.5
V Vmax Vmax [SZ] Vmax [Sl] [82] ° .

mm, Bio-Rad). Isocratic elution with the same solvent
) _ ) system at a speed of 8 mL/min eluted a peak whose retention
Synthesis of AuthentieLac-p-Ala. Sodiump-lactate (376 time corresponds to that of authentid.ac-o-Ala (24 min).
mg, 3.36 mmol) was acetylated with acetic anhydrideAc  \when the purified product was coinjected with authentic
15 mL), pyridine (15 mL), and a catalytic amount of,{- p-Lac-p-Ala into HPLC, only a single peak was observed.
dimethylamino)pyridine (DMAP) at room temperature. The The peak was collected, dried, and dissolved i®Bor *H
reaction was monitored by TLC with ethyl acetate (EtOAC)  NMR (Varian VXR-5005) analysis. The enzymatic product
hexane (4:1) and a phosphomolybdic acid stain solution. 5 well as a mixture containing both the enzymatic product
After 6 h, the reaction solution was evaporated to give a dry ang authentio-Lac-b-Ala had the saméH NMR signals
residue which was partitioned between EtOAc and 0.1 M a5 aythentio-Lac-b-Ala. The purified product was also
HCI. The organic phase was washed three times with 0.1 3nalyzed by positive electrospray mass spectrometry (am-
M HCI and four times with saturated NaCl, dried over monja CI-MS) at Harvard Microchemistry Facility: unit
anhydrous MgS@ and concentrated. The product (com- mass calculated for ¢l ,NO, (M + HY) 162, found 162;
poundl) was used in the next step without further purifica- cajculated for GH1gN.O4 (M + NH,™) 179, found 179.

tion. Protein Quantitation Protein concentrations were deter-

Compound! (3.36 mmol), p-alanyl benzyl ester ¢ mined by the method of Bradford with bovine serum albumin
toluenesulfonate salt, 1.18 g, 3.36 mmol), 1-hydroxybenzo- as standard (Bradford, 1976)

triazole hydrate (HOBTH,0, 499 mg, 3.69 mmol), benzo-

triazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate resyLTS

(PyBOP, 1.92 g, 3.69 mmol), and-methylmorpholine

(NMM, 0.85 mL, 7.72 mmol) were dissolved in DMF (2 E. coli DdIB Mutants Y216F and S150A k& Gained

mL) and dichloromethane (25 mL) with stirring. The Depsipeptide Ligase Acity. The initial determination that

solution was stirred at room temperature overnight. After VanA had the ability to activate-hydroxy acids such as

the solvent was removed by rotary evaporation under high p-Lac andp-Hbut and couple them to-Ala (eq 2) utilized

vacuum, the residue was redissolved in EtOAc. The resulting p-[1“C]Ala as labeled substrate and a TLC assay to separate

solution was washed with 0.5 MBQ,, saturated NaHC§) labeled substrate, dipeptide, and depsipeptide products (Bugg

and saturated NaCl, dried over anhydrous Mg3(Dd freed et al., 1991a,b). We have regularly use¢ibut, available

of solvent. The resulting residue was chromatographed oncommercially a®L-Hbut, because of superior resolution, in

a silica gel column with EtOAehexane (1:2) to give 817  comparison tm-[*“C]Ala-p-Lac, of thep-[**C]Ala-p-Hbut

mg of the productl (83%). from p-[*“C]Ala-p-[**C]Ala. The autoradiogram of Figure
An aqueous solution of LIOH was added dropwise to a 2 shows the unanticipated result that Y216F and S150A

solution containing compound (300 mg, 1.02 mmol) in mutants ofE. coli DdIB form p-['*C]Ala-p-Hbut and behave

methanot-H,0 (3:1, 20 mL) at °C. From TLC analysis like VanA-type catalysts under conditions where wild-type

[with CHCl;—methanol (1:1) or 1-propanehcetate-H,O DdIB makes onlyp-Ala-p-Ala. As shown in Figure 2, VanA

(10:1:2)], the reaction was complete within 30 min. Am- makes predominantly the depsipeptide product (eq 2) under

berlite IRC-50 [H] resin was added to adjust the solution these pH conditions (pH 7.8), while DdIB Y216F and S150A

to pH 4, the resin was filtered off, and the filtrate was make both dipeptide and depsipeptide products.
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FIGURE 2: Enzymatic analysis of DdIB wild-type (Wt) and mutant
proteins and VanA by TLC methods. The reaction mixtures (pH
7.8) including 0.2 mMp-[**C]Ala and 50 mM pL-Hbut (see
Materials and Methods for concentrations of other compounds) were
incubated at room temperature for 16 h. The products were
visualized by autoradiography after TLC.

-D-Hbut-D-Ala
-D-Lac
-D-Ala-D-Hbut
-D-Ala-D-Ala

-D-Ala

A. E coli DdIB Y216F
55 60 65 70 75 80 85 9.0 95 10.0

i1 HITIT

B. E coli DB Wild-type
55 6.0 65 7.0 75

-D-Ala-D-Hbut

-D-Ala-D-Ala

-D-Ala-D-Hbut

-D-Ala-D-Ala

Ficure 3: Product partitioning data af-Ala-p-Ala andp-Ala-p-

Hbut ligase activities of (A) DdIB Y216F and (B) wild-type DdIB
enzymes at different pHs. Reaction and TLC were performed as
in Figure 2. The numbers 5:8.0.0 are the pH values of each
incubation.

pH-Dependent Partitioning between Dipeptide and Dep-
sipeptide Formation Figure 3 shows autoradiograms for the
Y216F DdIB mutant that established a clear pH-dependent
partitioning between the preferred depsipeptide product at
low pH and the dipeptide product at high pH. This product
switching was quantitated over the pH range-518 for
Y216F, S150A, VanA, and wild-typ&. coli DdIB and is
displayed in Figure 4, panels-D, respectively. In this
set of experimentsy-[**C]Ala was held at 0.2 mM for the
DdIB (10 mM for VanA) andoL-Hbut at 50 mM (10 mM
for VanA) to maximize the chance forHbut to outcompete
D-Ala; and observe the depsipeptide catalytic capacity.

VanA (and related VanB; Meziane-Cherif et al., 1994) has
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Ficure 4: Partitioning ofp-Ala-p-Ala (open circles) ana-Ala-
p-Hbut (closed circles) ligase activities of Y216F (A), S150A (B),
and wild-type DdIB (D) and of VanA (C) at different pHs. The
reactions were carried out as in Figure 2 except panel C, in which
10 mM bL-Hbut and 10 mMb-Ala were used in order to visualize
the partitioning clearly. After TLC, the amounts of product were
evaluated as described in Materials and Methods.

from undetectable levels at pH 6, to about 50% at pH-7.5
8, to be the sole product by pH 10.
Given the profiles of DdIB Y216F and S150A, we were
led to explore the pH-dependent ability of wild-tygecoli
DdIB to generate any detectalieAla-p-Hbut depsipeptide
at the low pH extreme. Figures 3B and 4D reveal that indeed
wild-type DdIB possesses the intrinsic, albeit weak, ability
to make depsipeptide in the range pH-5&5. At pH 6
depsipeptide is about 6% of the flux; at pH 5.5, about 10%.
For comparison, VanA makes only depsipeptide at these pHs.
At pH 7.0 DdIB makes 2%-Ala-p-Hbut while VanA makes
almost 100% under the same conditions (data not shown)
for about a 50-fold depsipeptide/dipeptide ratio difference.
Dependence of Depsipeptide/Dipeptide Partitioning on
D-Hbut To assess the recognition ofHbut vsp-Ala (pb-
Ala,, eq 2) as the nucleophilic cosubstrate for Y216F and
S150A DdIB mutants, the dependence of dipeptide/depsipep-
tide product onp-Hbut concentration was also evaluated.
Figure 5 shows TLC-derived rate data for Y216F at pH 6,

been the only case heretofore of an ATP-dependent dep-wherep-Ala-p-Hbut is the sole product, and at pH 7.5, where

sipeptide ligase. Figure 4C shows that under the given
conditions VanA produces a 1:1 ratio ofAla-p-Hbut/b-
Ala-p-Ala at pH 7.5. At more acidic pH, the depsipeptide
predominates such that at pH 6, the corresponding optimum
for its formation, it is the sole product. The pH optimum
for dipeptidep-Ala-b-Ala formation by VanA is pH 9 where
there is still about 20% depsipeptide formation.

The VanA-like pH-dependent product partitioning of
dipeptide/depsipeptide was followed by both Y216F and
S150A mutants oE. coli DdIB as seen in Figure 4A,B.
Again at pH 6 thep-Ala-p-Hbut depsipeptide is the sole
product. The amount of depsipeptide falls in both absolute
and relative terms, again with a midpoint of pH 7.5, for both
Y216F and S150A (at substrate concentrations of 0.2 mM
p-Ala and 50 mMbL-Hbut). Theb-Ala-b-Ala fraction rises

D-Ala-p-Hbutb-Ala-p-Ala is 1/1. An initial estimate of E&3
for b-Hbut is 20-40 mM from such data.

Catalytic Efficiency for Dipeptides Depsipeptide Forma-
tion. The TLC experiments described to this point were
designed to maximize detection of depsipeptide production
capacity by utilizing the fact thad{, for p-Ala; in wild-type
DdIB is ca. 1000-fold lower thaKy, for b-Ala, (3 uM vs 2
mM at pH 7.5; see Table 1), permitting use of a concentration
(0.2 mM) of b-Ala that populated the-Ala; subsite but left
thep-Ala, subsite available for competition betweei\la,
andp-Hbut orp-Lac. To obtain a more quantitative measure
of VanA and the DdIB mutants to discriminate among these
competitions at the-Ala, subsite, we turned to a continuous
spectrophotometric assay, coupling ADP production via
pyruvate kinase and-Lac dehydrogenase to NADH forma-
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Rate (1/min)

pL-Hbut (mM)

FIGURE 5: D-Ala-p-Ala (open symbols) and-Ala-p-Hbut (closed
symbols) ligase activities of Y216F DdIB. The reactions were
performed as in Figure 2 at pH 6 (circles) and 7.5 (triangles) with
varying concentrations abL-Hbut. After TLC, the amounts of
product were evaluated as described in Materials and Methods.

Table 1: Kinetic Parameters of DdIB and VanA Protéins
Kmlb szc kcat kca{KmZ
protein activity pH (mM) (mM) (min7Y) (MM~1min™)
DdIBWt A-AY 6.0 0.11 8.0 710 89
7.5 0.003 2.0 880 440
9.2 0.004 1.1 1600 1500
S150A A-Ad 6.0 6.2 140 200 1.4
75 0.85 80 980 12
9.2 0.26 44 1100 26
A-Le 6.0 NDO 1.6 1.4 0.87
7.5 ND 2.2 34 1.5
A-H9 6.0 ND 5.3 1.1 0.21
Y216F A-AY 6.0 0.26 150 450 3.0
75 0.33 16 630 39
9.2 017 4.8 1200 260
A-L® 6.0 ND 51 7.8 15
7.5 ND 27 42 1.6
A-H9 6.0 ND 8.9 5.3 0.60
7.5 ND 40 6.2 0.16
VanA A-AY 64 ND >100 ND 0.14
7.5 0.10 >1000 940 1.7
79 037 260 940 3.6
8.3 0.31 69 900 13
8.6 0.67 74 1000 14
9.2 021 47 1100 24
A-L®e 6.0 4.9 1.3 39 30
6.5 1.9 1.1 40 38
75 0.23 0.88 45 51
8.3 ND 1.5 67 45
E15Q A-Ad 6.0 11 82 200 2.4
75 051 74 820 11
9.2 051 65 1100 17

aMeasured by ADP coupled assay excgpt Ky, for p-Ala;. ¢ Kp,
for p-Ala; or p-Lac orp-Hbut activity at subsite 2 b-Ala-p-Ala ligase.
e p-Ala-D-Lac ligase; see Materials and Methods for calculatibhtD,
not determined? p-Ala-b-Hbut ligase, measured by TLC methddhe
highest concentration af-Ala used.

tion to obtain initial ratesK, values fomm-Ala, or b-hydroxy
acids Kmz in Table 1), andk. values. The data of Figure
6 show the dependence of ADP productionmhac by E.
coli DdIB Y216F at two different pHs, 6 and 7.5. In each
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FIGURE 6: D-Ala-D-Ala andp-Ala-b-Lac ligase activities of Y216F

at pH 6.0 (triangles) and pH 7.5 (circles). The reaction mixture
contains 0.25 mMb-Ala and varying concentrations ofLac. The
activities were measured at 3C by ADP coupled assayp-Ala-
D-Lac ligase activities (open symbols) were calculated as in
Materials and Methods from observed activities (closed symbols),
with correction from reductions in flux to-Ala-p-Ala asp-lactate
shunts intermediate by path b of eq 2 as described in Materials
and Methods.

Comparable studies with wild-typE. coli DdIB (Table
1) showk for dipeptide formation varies only 2-fold from
pH 6 to 9.2 (710 to 1600 mirt), while Ky (D-Alay) is some
30—40-fold higher at lower pH.Kq, becomes 48-fold
worse, at lower pH, leading to lea/Km, variation of 16-
fold over the pH range. For the Y216F mutant at pH 7.5,
recognition of the nucleophilic substratesila, andbp-Lac,
the Km2 values forp-Ala (16 mM) andp-Lac (27 mM) are
about equivalent, whilek. values favor dipeptide over
depsipeptide by 18-fold (630 mi#42 mir?) for a catalytic
efficiency difference, kealKmz, Of ~15/1 for dipeptide/
depsipeptide product. At pH 6.0, theAla, K, worsens
9-fold, where theK, for p-Lac improved 5-folcf, the keat
ratio still favors dipeptide by 50/1 but noky./Km, of 3/1.5
shows that, at acidic pH, Y216F has only 2-fold greater
catalytic efficiency in dipeptide than depsipeptide synthesis.

The S150A DdIB enzyme at pH 7.5 has a 50-fold lower
Kmz for b-Lac thanp-Ala (2.2 mM/80 mM). As with Y216F,
k.t favors dipeptide synthesis (980 mirvs 3 mirr?) to yield
a kealKmz catalytic efficiency ratio of 8/1 for dipeptide/
depsipeptide. A comparison of DdIB S150A with the VanA
enzyme (at pH 8.3) shows a very simil&, discrimination
in favor of p-Lac (1.5 mM/69 mM). Again, thé, data
show that even VanA has a highey; for dipeptide formation
over depsipeptide (900 mit67 min ). By kealKm: ratio,
though, VanA is a better depsipeptide than dipeptide syn-
thetase by a ratio of 3.5/1 (45 mN¥min~Y/13 mM min-?).
Analysis of the pH dependence of lok.{/K,) for VanA
vs DdIB, Figure 7, shows that the VanA depsipeptide ligase
catalytic efficiency is invariant over pH-8 while its
dipeptide ligasek../Kn increases with a slope of 1. The
DdIB data on Figure 7 show a similar pH trend but less
clearly defined.

instance, the filled symbols represent the observed activity The E15Q Ecoli DdIB Mutant Can Actiate b-Hydroxy
and the open symbols are the values corrected for flux to Acids as Electrophilic SubstratesVhen the E15CE. coli

D-Ala-pD-Ala as noted in the Kinetic Analysis section under

Materials and Methods. Double-reciprocal plots (not shown)

yield ke values, 8 mint at pH 6 and 42 min* at pH 7.5,
andK, values Km; (for p-Lac), of 5 mM and 27 mM, listed
in Table 12

DdIB was analyzed in the TLC assay with[“C]Ala and

2We have not devised an assay to determine whett@ic competes
with p-Ala;. However, we do not see amyLac-D-Lac product (see
footnote 3).
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Ficure 7: pH dependence af-Ala-p-Ala ligase activity (open
triangles) of wild-type DdIB and af-Ala-D-Ala ligase (open circles)
and p-Ala-p-Lac ligase (closed circles) activities of VanA. The
reactions were analyzed by ADP coupled assay. oFAla-b-Lac
ligase activity of VanA, a saturating amount mfAla (20 mM at
pH 6.0, 10 MM at pH 6.5, 2 mM at pH 7.5, and 1 mM at pH 8.3)
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Ficure 8: Partitioning ofp-Ala-p-Ala (open circles) ana-Lac-
p-Ala (closed circles) ligase activities of E15Q at different pHs.
The reaction was carried out as in Figure 2 except 50 mlac
was used in place afL-Hbut. After TLC, the amounts of product
were evaluated as described in Materials and Methods.

cosubstrate to yield-Ala-p-Lac in competition wittp-Ala-

was included in the reaction mixture. The observed values were p_Ala product (eq 2). In a bacterial cell also expressing

corrected from reductions in flux m-Ala-p-Ala asp-lactate shunts

intermediate by path b of eq 2 as described in Materials and

Methods.

pL-Hbut (orp-Lac in other experiments), a new radioactive
product spot of higher mobility was detected as shown in
Figure 2. Given that the new product was pefla-p-Ala

or p-Ala-b-Hbut by TLC mobility, yet it required ATP, E15Q
enzyme, and-Hbut for its formation, it seemed highly likely
that the new product wasHbut-b-Ala, an amide rather than

VanX, ab-Ala-p-Ala dipeptidase (Wu et al., 1995), only
D-Ala-p-Lac accumulates and is carried forward for ligation
with a UDP-muramyl tripeptide. The muramyl tetrapeptide
esters so generated are incorporated at peptidoglycan termini
and show three log units lower affinity for vancomycin
binding.

With the solution of the three-dimensional structureeof
coli DdIB by X-ray crystallography of an enzymé&DP—
phosphinophosphate analog complex (Fan et al., 1994), we

an ester. Subsequent characterization was performed inaye been able to identify active-site residues and to test

experiments using-Lac rather tharp-Hbut to compare a
Cs substrate rather than a, @ydroxy acid to a € amino
acid. Authentico-Lac-p-Ala was synthesized to produce a
standard which migrated on TLC and HPLC identically with

predicted function by mutagenesis (Shi & Walsh, 1995).
Prime among the questions has been what distinguishes Ddl
(dipeptide synthetase) and VanA (depsipeptide synthetase).
We previously noted a triad of Y216, S150, and E15 (Figure

the E15Q reaction product. More convincingly, a large-scale 1) that may help to stabilize the flexibie-loop closure over
E15Q incubation gave the novel amide product that had the e active site and to bring K215, adjacent to Y216 on the

characteristic'H NMR signals (data not shown) of the
authentico-Lac-p-Ala regioisomer (eq 3b). Only the E15Q

loop, into the correct distance and orientation to facilitate
y-PQ; transfer from ATP to the bourmtAla; COO™ to yield

mutant has the capacity to make this novel amide and by {he p-alanyl-PQ acyl phosphate intermediate. E15 is in

TLC analysis it makes no detectable ester produéta-p-
Hbut. It does still produce-Ala-p-Ala in competition with
D-LacD-Ala (eq 3a). The pH dependence of E15Q, shown
in Figure 8, is distinct from the common pattern of VanA,
S150A DdIB, and Y216F DdIB (Figure 4) in having no
significant alternate product activity at low pH. At a
substrate concentration of 0.2 miAla and 50 mMp-Lac,

the p-Lach-Ala and p-Ala-b-Ala products rise in parallel
from pH 5.5 to 6.5. Them-Ala-b-Ala production plateaus
while p-Lac-p-Ala rises until pH 8 and plateaus with a
partition ratio of about 2/1 in favor of the novel amide
product. Total product formation as a function of added
D-Lac is constant at pH 6 but still increases at pH 9 up to
100 mM b-Lac, indicating a low affinity for hydroxy acid
(data not shown).

DISCUSSION

A key molecular switch that underlies the shift from

vancomycin sensitivity to vancomycin resistance in Gram-

positive bacteria is the expression of VanA (Bugg et al.,

hydrogen-bonding distance to theNHst of p-Ala;, sug-
gesting an additional substrate-orienting role of this hydrogen-
bonded triad. The E15 and S150 residues of DdIB are
conserved at equivalent loci in VanA, but Y216 is replaced
by a K216 equivalent (in DdIB numbering). When we
looked at Y216K and Y216F mutants of DdIB, they still
retained dipeptide ligase activity.

In the work reported here, we have more closely examined
Y216F and found a substantial gain of VanA-type depsipep-
tide ligase activity. Likewise, the S150A mutant had such
ester synthetase activity. The E15Q mutant did not have
ester synthetase activity but it had actually gained yet another
variant activity,b-Lac-D-Ala synthetase activity. A close
scrutiny of wild-typeE. coli DdIB at acidic pH now revealed
that it too has a very low but intrinsic depsipeptide ligase
activity unmasked at pH values below 7.0. Thus, VanA,
Y216F, and S150A Ddl mutants and even wild-tyjecoli
DdIB can all be analyzed in one reaction manifold. They
all showp-Ala-b-Hbut (orp-Ala-p-Lac) depsipeptide ligase
activity with an acid pH optimum. In VanA the pH optimum

1991a,b; Messer & Reynolds, 1992), an enzyme homologueis 6 with a broad tail out to basic pH such that under the

of the b-Ala-p-Ala dipeptide-forming ligase family, which
has gained the capacity to activaid_ac as nucleophilic

experimental conditions of Figure 4 (10 mdAAla and 10
mM p-Hbut) 20% of the reaction flux at pH 9 is still to make
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depsipeptide. Inturn, VanA makes néAla-p-Ala dipeptide
at pH 6, but formation of that product is optimized at pH 9,
where it is 80% of the flux. For comparison, wild-type DdIB

makes no detectable depsipeptide at pH 7.5 and above. Flux

is only detectable at lower pH, and at pH 6 no more than
3—10% of the catalytic flux is through the lower arm of the
partition in eq 11. There will be no physiological signifi-
cance to this minor catalytic capacity of DdIB, but it may

have profound mechanistic consequences in understanding

how a Ddl could evolve to a VanA.

L
) .o + —
Coo “ NHg* HaN"Scoo-  HaN H coo

HN” "coo o
Zfogpo\ﬂ)\ —<
o +H3NJ\”70J\COO
o)

H.O'J\C
Hints to that end are provided by the dramatically more

+P; (11)

00~

Park et al.

Table 2: Sequence ComparisonwfLoop Regions of DdI
Proteing

vanco-

protein sequence mycin

2100 215 220 205
FYDYDAKYINNTIEMQT
FYAYDTKYIDEDGAKVV
FYDYEAKYLSDETQYEC
WYSYENKYSTESTTTLQ

WYDYNNKFVDASGMVFE
FYDYNNKFVDASGVVFE
FYDYNNMFVDASGVTFE
WYDYNNKFVDNSAVHFE

sensitive
sensitive
sensitive
sensitive

En. fecaie D

Forody DA

E.ondd DXIIB

L. Incbmennr Bh43ES Dd]
resistant
resistant
resistant
resistant

1, penfuses CIFHSTR T
L4, salivaniss CIFED3LENT Dl
La, planfarem CIFATDY [l
Lov. CIPERDT Dl
FFDFEEKYQLISATITV

“Wank resistant

2 Elisha & Courvalin (1995)® Amino acid residue numbering based
on E. coli DdIB.

Gram-positives, all of which have F216 and are presumed
to have depsipeptide ligase capacity since their peptidoglycan
intermediates have-Ala-p-Lac termini (Billot-Klein et al.,

robust depsipeptide ligase activities that have been gained1994; Handwerger et al., 1994). Y216F mutants in Ddls

by the two single mutants ofE. coli DdIB, Y216F and

could be a signature fop-Ala-p-Lac synthetase activity.

S150A, mutants that each disrupt the hydrogen-bonding triadVanC has a Y216 and makes a peptidoglycan intermediate

of Y216—S150-E15. Disruption of the triad rather than a
specific gain of function in Y216F or S150A may be the
key event, since VanA has S150 and E15 but a K rather
thanaY at 216. The pH profiles of Y216F and S150A DdIB
mutants closely mirror that of VanA in the pH-dependent
partitioning of flux through the upper and lower arms of eq
11 and a crossover pH of =B under conditions as
described in Figure 4.

The data both in Table 1 and in Figure 7 show that the
dipeptide ligase activities of both Ddl and VanA are sensitive
to pH, with logke.a/Kn2 rising as pH increases. The pH 7.5
vs pH 6 (or pH 6.4 for VanA)k:./Km2 comparisons show
catalytic efficiency increases of 5-, 8-, 12-, and 12-fold for
Ddl wt, S150A, Y216F, and VanA, respectively. This trend
may reflect a disfavored productive binding ofAla, at
lower pH where its required nucleophilic amino group will
be as the NK species. By contrast, the |dga/Km for

depsipeptide ligase activity vs pH is much less pronounced

for VanA (Table 1 and Figure 7) and for Y216F and S150A
mutants of Ddl (Table 1). The pH-related changes in
partitioning that favom-Ala-b-lac formation at lower pH
may thus largely be controlled by changes in the protonation
state ofb-Ala, vsp-Lac. In Y216F, S150A, and even VanA,
the k. data of Table 1 show that-Ala, addition is always
faster thanp-Lac addition, by factors of 15, 290, and 20,

respectively, suggesting that the chemical step of cosubstrate

nucleophilic capture of the acyl phosphate (eq 11) may be
rate-determining and reflect the intrinsic nucleophilicity
differences of RNH vs ROH. This will require a rapid
kinetic method to sort out rate- and product-determining
steps, including features that yiefg,, values favoring-Lac
over p-Ala; by ratios of 25-50/1.

A separate correlation regarding the importance of Y216
vs F216 E. coli DdIB numbering) in dipeptide vs depsipep-

tide ligase capability is noted by sequence comparisons in

Table 2. BothE. coli DdIA and DdIB are dipeptide-only
ligases, whileE. faecalisandL. leichmanniiare vancomycin-
sensitive organisms (Ruoff et al., 1988), implying that their
Ddls will not have the capacity to make depsipeptides. All
these four examples have a Y216. The next four Ddl

containing the terminal dipeptide-Ala-p-Ser (Reynolds et
al., 1994), nob-Ala-b-Lac.

While Y216F and S150A make the esteAla-b-Lac, they
do not make the other regioisomeric product, the amide
D-LacD-Ala, but uniquely E15Q does (eq 3) while failing
to make ester. That is, while-Lac andp-Ala, compete for
capture ofb-alanyl-P (eq 11) in VanA, Y216F, S150A, and
even (very poorly) in wild-type DdIB, it i®-Lac andp-Ala;
that compete in E15Q. Now this competition mAla
subsite 1 yields two alternate acyl phosphates, the normal
p-alanyl-P and the hydroxyacylphosphatéac-P, ao-Lac
now competes as the electrophilic, not the nucleophilic,
partner in the condensation. OryAla is bound produc-
tively in subsite 2 (eq 1.
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This reversal of regiospecificity is understandable given the
X-ray prediction that thes-COO™ of E15 is in hydrogen-
bonding distance to the-NHs" of p-Ala;. Replacement of
they-COO of E15 by they-CONH, of Q15 would maintain
hydrogen-bonding but not the charge attraction for thegNH
of p-Ala;. Instead the HO ob-Lac could be relatively
favored for coordination to Q15 as hypothesized in eq 13.

8 In fact, there is a very slow but reatLac-driven ATPase activity
found only in the E15Q mutant, at 1®the kea/Km2 for p-Ala-p-Ala
(11 mMt min~ vs 0.01 mM* min~), but we have not been able to

sequences from PCR analyses are from vancomycin-resistantietecto-Lac-b-Lac product.
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Wild-type E15Q
S150 E15 S150 Qis
o
(0} >_/\
~o-H —-o-w\ vs /\O—H——--NlH
e H

HoN HO
'OIO 'oIo (13)

In summary, mutations in a hydrogen-bonding triad of
active-site residues af-Ala-p-Ala ligase on the one hand
relax selectivity with gain of function to activate thg &nd
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