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ABSTRACT. The crystallographic structure of tbealaninep-alanine ligase of thddIB gene ofEscherichia

coli complexed with ap-Ala-p-a-hydroxybutyrate phosphonate and the structure of the Y216F mutant
ligase complexed with @-Ala-p-Ala phosphinate have been determined to 2.2 and 1.9 A resolution,
respectively, and refined t& factors of 0.156 and 0.158. In each complex the inhibitor has reacted with
ATP to produce ADP and a tight-binding phosphorylated transition state intermediate. Comparison of
these two structures with the known crystal structure of the phosphinate intermediate of the wild-type
ligase shows no major conformational changes, Bf&ctors indicate differences in mobility of loops
covering the binding site. The weaker inhibition of the Y216F mutant by both inhibitors is thought to be
due in part to the loss of an interloop hydrogen bond. A similar mechanism may account for poor inhibition
of VanA, the homologous-Ala:p-lactate ligase produced by vancomycin-resistant enterococci.

Until the mid-1980s, the inhibition of bacterial cell wall terminalp-alanine substrate was thought to be important in
synthesis withg-lactams and glycopeptides had generally the mechanism of peptide formation. Because this tyrosine
been a successful form of antibiotic therapy. However, an is absent in an ester-producing form of theligase (VanA)
increasing bacterial resistancefdactams is compromising  unigue to vancomycin-resistant enterococci (Dutka-Malen et
their effectiveness (Knox, 1995; Spratt, 1994), and the al., 1990), the Y216F mutant of the wild-type ddIB ligase
discovery in 1988 of resistance to glycopeptides is causing was produced (Shi & Walsh, 1995) and found to have gained
additional concern (Arthur & Courvalin, 1993; Leclerqg et the p-Ala:p-lactate ligase activity characteristic of VanA,
al., 1988; Walsh, 1993). Therefore, other enzymic targets although at lower catalytic efficiency (Park et al., 1996). Both
in the cell wall synthetic pathway are being sought. Among VanA and the Y216F ddIB mutant make predominantly
these enzymes is-alaninep-alanine ligasedp-ligaset EC D-Ala-D-lactate at pHs less than 7 anéhla-p-Ala at higher
6.3.2.4), long known to be the target of the effective but pHs.
somewhat toxio-cycloserine (Neuhaus & Hammes, 1981, Here we report the crystallographic structure of a transition
Neuhaus & Lynch, 1964). Thep-ligase is also inhibited  state complex of the Y216F mutant of the-ligase with
by a series of boronic acids (Duncan et al., 1989), phosphinic phosphorylated phosphinafe(Y216F/1), allowing an as-
acids (Duncan & Walsh, 1988; Parsons et al., 1988), and sessment of the role of Tyr216 in ligand specificity and
phosphonic acids (Chakravarty et al., 1989; Ellsworth et al., binding. Also reported is the structure determination of a
1996). Its catalytic properties were established with the help complex of the wild-typepp-ligase with phosphorylated
of kinetics (Mullins et al., 1990; Neuhaus & Hammes, 1981) phosphonat@ (WT/2), an analog in which the group in the

and NMR spectroscopy (McDermott et al., 1990). Reacting HNS CHs HNS CHa
with ATP and the slow-binding phosphinatethe enzyme e e
produces ADP and a phosphorylated transition state inter- o-_,',=o 0’—L=o
mediate with sufficient stability to allow crystallographic | |

CH, (o]
analysis from which a catalytic mechanism was proposed § |
for the formation of the dipeptide (Fan et al., 1994). The y C/CF{COO_ G SN

involvement of Tyr216 with the amino group of the carboxy- ; oo

2
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~ ® Abbreviations: bo-ligase,p-alaninep-alanine ligase (ADP form- EXPERIMENTAL PROCEDURES

ing); WT/1, Wll_d-typeDD-Ilgas_,e complex_ed with ADP and phospho- - . .
rylated phosphinat&; WT/2, wild-typepo-ligase complexed with ADP Crystallographic Methods Thepp-ligase of theEscheri-
and phasphorylated phosphonateY216F/1, Y216F mutant obo- chia coli ddiBgene, purified as described (Zawadzke et al
ligase with ADP and phosphorylated phosphinkt®anA, p-alanine: T . "
p-lactate ligase of vancomycin-resistant enterococci; rms, root of the 1991), was cocrystallized with 5 mM ATP and 5 nivAla-

mean square. D-a-hydroxybutyrate phosphona2drom 60% (v/v) saturated
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Table 1: X-ray Data for the Three Complexes

Table 2: Crystallographic Refinement Results

WT/2 Y216F/1 WT/2 WT/2 Y216F/1 WT/2
a(A) 98.6 99.8 99.3 resolution (A) 1522 1519 1523
b (A) 51.0 51.7 51.4 no. of reflections usedq > 30(F)] 7591 12800 9776
c(A) 51.2 51.7 51.2 R factor (%) 15.6 15.8 17.2
min (A) 2.2 1.9 2.3 Reree factor® (%) 20.4 23.4 17.4
observations 34347 77769 83021 meanB factor (4?)
unique reflections 10991 15352 11014 protein 9.0 12.9 11.6
% of possible 75 75 90 inhibitor 5.7 6.5 10.5
avl/o(l) 8.8 14.2 141 water 23.3 22.0 27.1
Reym(1)? 0.067 0.053 0.057 all atoms 10.3 13.6 13.2
: rms deviations from ideality (protein)
el ) 2ds 222 2 Moo )
unique reflections 3959 5290 2843 bondangles(deg) =~ 11 16 17
% of possible 55 53 73 rms deviations from ideality (inhibitor)
avilo(l) 16 44 6.8 bond lengths (A) 0.015 0.034 0.008
' ' ) bond angles (deg) 14 2.2 2.0
Reyn(1)P 0.38 0.20 0.22 9

aFrom Fan et al. (1994f.Weighted rmsR factor onl (Howard et
al., 1987). The space group for all complexe$52;2.

ammonium sulfate in 25 mM MES buffer with 2 mM MggCl
and 2 mM NaN at pH 6.5. Diamond-shaped crystals up to
0.55 mmx 0.3 mmx 0.1 mm grew at room temperature
over a few weeks. The space group of the crysta®i;2
with Z = 4, and cell dimensions are given in Table 1. These

2From Fan et al. (1994}.Calculated with 10% of the reflections
selected with X-PLOR.

for data withF > 30(F) from 15t0 2.2 A. The fre® factor

for this model, evaluated with 10% of the data selected with
X-PLOR (Brunger, 1990, 1992), was 0.204. Refinement
results for WT/2 are compared in Table 2 with those
published for the WT/1 complex (Fan et al., 1994).

crystals are almost isomorphous with the complex containing  Refinement of the Y216F/1 Complekhe structure of the

D-Ala-p-Ala phosphinatel (Fan et al., 1994). Cocrystals
with the p-Ala-pD-lactate phosphonate could not be grown.
The Y216F mutanbp-ligase (Shi & Walsh, 1995) was
crystallized (without seeding with wild-type crystals) with
5 mM ATP and 5 mM1 from 50% (v/v) saturated
ammonium sulfate.

All diffraction data were collected at 223 °C on a
Siemens area X-ray detector (532 512) with a Rigaku
RU200 rotating anode X-ray generator operating at 38 kV
and 180 mA with graphite-monochromatized Cu Kadia-
tion. Thew scan width was 02 and the count time was

Y216F mutant ofE. coli bp-ligase complexed witih was
solved by the molecular replacement method using a search
model of 305 residues of the WT/1 complex with the
exclusion of all atoms of residue Tyr216. The rotation
search, PC refinement, and translation search were carried
out with X-PLOR (Brunger, 1990). With@data from 15

to 4 A, the search produced one peak of 19 standard
deviations above the background. The crystallographic
factor for the molecular replacement solution was 0.32 for
the 2342 reflections from 15 to 4 A. This initial model was
refined using X-PLOR, in which the initial temperature for

180 s per frame. Data reduction and scaling were done withthe cooling procedure varied from 3000 to 500 K. When

XENGEN (Howard et al., 1987).
RESULTS

Refinement of the WT/2 Complexhe initial protein
model for the WT/2 complex was constructed from the
coordinates of the WT/1 complex [Protein Data Bank entry
2DLN (Fan et al., 1994)]. The ligand-free model was refined
with PROLSQ (Konnert & Hendrickson, 1980). Electron
density mapping and fitting were carried out with CHAIN

(Sack, 1988) and FRODO (Jones, 1985). When the standard

R factor for the protein model reached 0.26, difference maps
with coefficients|Fo compiet — |Feproteil Were calculated using
the phases generated from this interim model. ADP was
then fitted to density, followed by stepwise addition of some
150 water molecules. PROLSQ refinement of this interme-
diate model brought th factor down to 0.19. At this stage,
the difference map showed clear density for the phospho-
rylated form of phosphonat2 After the intermediate was
fitted into the density, refinement was finalized with the
addition of more water molecules to the model, which

eventually contained ADP, the phosphorylated phosphonate,

263 water molecules, and three Mgions. (The WT/1
model contained only two M{ ions; here, the third Mg
ion better accounts for density at water position 401 in WT/
1.) The WT/2 model resulted in a fin& factor of 0.155

the standardr factor for the refinement of this 305-residue
model reached 0.25, difference maps with coefficients
|Fo,compled — |Fcproteid Showed density of a phenylalanine at
position 216. After Phe216, ADP, and phosphorylated
phosphinatel were fitted into the density, the standaiRd
factor reached 0.21. The refinement was completed with
stepwise addition of two Mg ions and 250 water molecules
to the model. Crystallographic and fré&efactors for 3r
data from 15 to 1.9 A resolution are 0.158 and 0.234,
respectively (Table 2).

For both refinements, plots of the dependenc® &ctor
on resolution (Luzzati, 1952) show that the estimated error
in coordinates is about 0.2 A. Non-glycine outliers in the
Ramachandran plot are residues Thr2 and Alal59 in WT/2
and Asp3 and Asp128 in the mutant. In each structure the
oLH region of the plot contains Serl50 and Serl51,
important residues in a small loop near the ligand binding
sites (see below)cis-Prolines occur at positions 140, 186,
and 240.

Common Features of the ComplexeBlectron density
maps (Figure 1) clearly show that in each complex the
y-phosphate of ATP has been transferred to the inhibitor.
Table 3 lists dihedral angles in the phosphoryl intermediates
and compares them with those seen earlier in WT/1 (Fan et
al., 1994).
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Ficure 1: Stereoview of the difference electron density of phosphorylated inhibitors (a, top) phosphon@@/2, (b, middle) phosphinate

1in the mutant complex Y216F/1, and (c, bottom) phosphidatethe wild-type complex WT/1 (Fan et al., 1994). Coefficients used were

Fo — F¢, and the inhibitors were omitted from the phase calculation. In each map the contour level. i®@&uced by CHAIN (Sack,
1988).

The 306-residueb-ligase consists of three+ domains interloop hydrogen bonds possibly break and re-form during
with a folding motif (Figure 2) common to other ADP- each catalytic cycleB factors of these loops and comparison
forming C—N bond ligases such as glutathione synthetase of loop positions in the three complexes are given in Tables
(Fan et al., 1995; Hibi et al., 1996; Hiratake et al., 1994), 4 and 5, respectively.

succinyl-CoA synthetase (Murzin, 1996), and biotin car- | jgand/Enzyme InteractionsDistances between the tran-
boxylase (Artymiuk et al., 1996). The ATP binding site is  sition state intermediates and groups in the binding site are
between thg-sheets of the central and C-terminal domains, given in Table 6. An important electrostatic bond in all
and the inhibitor site is between the central and N-terminal complexes (distance Al) exists between tkammonium
domains. The tight binding of both ligands is reflected in group of the N-terminab-alanine and the carboxylic acid
their meanB factors being less than that of the polypeptide group of the Glu15 side chain (Figure 5). Ser281 and the
(Table 2). Figure 3 shows how deeply the ligands are buried backbone amide group of Leu282 bind the C-terminal
in the complex. Only 2% of the ligands’ surface is accessible carboxylic acid group. The oxygen atom of the terminal

to a probe of 1.4 A radius. Three loops (@86, 147152,

and 205-221) cover the ligand binding sites (Figure 4). The
loops are connected by a hydrogen-bonded triad Glul5
Serl50-Tyr216. To allow entry and exit of ligands, the

phosphoryl bond forms two weak hydrogen bonds with the
oxyanion pocket of the ligase, formed with the backbone
NH of Gly276 and an amino group of Arg255 (distances E1
and E2).
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Table 3: Selected Dihedral Angles (deg) in the Three Intermediates

NH%’“‘M NHS-"'&‘\Z
05 P403 05 p403
Y—0” N\ \pz—-o/ \
Obé j)f C%—SQ’?] 064 (|)7> 0\4_56-'0_1
/%, 4 o,
6 6
3
phosphinate intermediate phosphonate intermediate
WT/2 Y216F/1 WT/1
N—-C1-P1-04 —37 —28 —30
N—-C1-P1-X —152 —153 —156
C2-C1-P1-X 70 71 73
C1-P1-04-P2 —41 —61 —47
C1-P1-X—-C4 —174 —165 —167 . . .
03-P1-04—P2 —160 —179 —160 Ficure 2: View of theDD-Ilgase with ADP and the phOSphOI’y|ated
P1-X—C4—C5 104 80 85 inhibitor. The threen+j domains are shown with the N-terminal
P1—X—C4—C6 —139 —153 —153 domain at the right. Tyr216 is seen on the large 2231 loop.
P1-04—P2—-05 76 99 94 Figure produced with RIBBONS (Carson, 1987).
P1-04—P2-06 -36 -13 -18
X—C4-C5-01 18 38 37 .
X—C4—C6—C7 —121 Lys97, Lys144, and Lys215. Strong hydrogen bonding of
C6—-C4—-C5-01 —98 -89 —-88 the ribose ring with Glu187 and hydrophobic interactions
Cr—C6-C4-Cs —4 of the adenine ring with W182, F209, and M259 aid the

positioning of the nucleotide. In all three complexes the
Interactions of ADP with the ligase (Table 7) include conformation of the ADP isnti gauche X = 31—41°, with
electrostatic links from thew- and S-phosphate groups to  a 3-endoribose ring pucker.

Ficure 3: (a, top) van der Waals surface of the WT/2 complex, viewed from the left side of Figure 2. (b, bottom) A cut through the
complex demonstrating the deep burial of ADP and phosphdhatée three loops discussed in the text cover the right side.
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Ficure 4: (a, top) Stereoview of the WT/2 complex showing the three loops discussed in the text6 {&d), 147152 (green), and
205-221 (blue). Drawn by MOLSCRIPT (Kraulis, 1991). (b, bottom) Overlay of three complexes (WT is dashed) showing the three loops
near the ligands. The hydrogen-bonded triad Gtu$br156-Tyr216 is shown in the WT complexes. Plotted with FRODO (Jones, 1985).

Table 4: AverageB Factors (&) of Loops near Binding Site

WT/2 Y216F/1 WT/1
loop 13-16 7.2 8.3 7.9
loop 147-152 5.8 10.1 4.5
loop 205-221 9.2 13.3 11.6
all protein 9.0 12.9 11.6

Table 5: Atomic Deviations (rms, A) after Pairwise Superposifions
WT/1-WT/2 WT/1-Y216F/1 WT/2-Y216F/1

loop 13-16 0.32 0.26 0.35
loop 147152 0.36 0.45 0.60
loop 205-221 0.39 0.82 0.85
intermediate 0.32 0.26 0.33
ADP 0.34 0.73 0.72
Ca atoms 0.30 0.42 0.50
all protein 0.47 0.80 0.85

a All atoms in complex used in superposition.

DISCUSSION

Comparison of the Two WT Complexesifferences in
size and character of inhibitors and 2 produce little

crystallographic difference in their complexes with the wild-
type ligase; the rms deviation between equivatemmarbon
atoms is only 0.3 A (Table 5). The three loops over the
ADP and inhibitor binding sites (Figure 4) do not differ
significantly in position from one wild-type complex to
another, and all loops show about the same rms differences
(0.3-0.4 A, all atoms). These differences are somewhat
smaller than for all atoms throughout the protein (0.5 A),
possibly because of interloop hydrogen bonding (Glu15
Serl56-Tyr216) and the attractive interactions between the
loops and the intermediate. In like manner, when the
mobility of the loops is estimated via their averdgjéactors,

two of the three loops show less mobility than the whole
molecule (Table 4).

Comparison of WT and Y216F Mutanwith the loss of
the hydrogen bond from Tyr216 to Serl50, the loops in
Y216F/1 are expected to exhibit largifactors relative to
those in the two WT complexes (Table 4). Differences in
atom positions are generally larger when the mutant complex
is compared with either WT complex than when one WT
complex is compared with the other (Table 5). Especially
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Ficure 5: Phosphorylated inhibitor in the binding site of the WT/2 complex. Hydrogen bonds are dashedoMgbridging ADP and
the inhibitor are shown. The NH group of Gly276 helps to form an oxyanion pocket with Arg255. Drawn by MOLSCRIPT (Kraulis, 1991).

Table 6: Distances (A) between Intermediates and Binding Site
Residues

El5 y—0---. B, E68
~ ..-0 W DI}
KSISO Al \“01 W Dy S274
H L2 ,
Q LI L HN
“‘\ ,,0 --------- Me-. 12 NH3* \
\ CH
AMP—p i i T oy aN 26
L o, 0T Mg- Mzo/f\ o—P==g.""
2N o / ..
\ K2 . e X E2 7"~ H,N R255
+ LS >\,/0__.
“_(_ ______ 11 Y - ‘\\ F1 w
Y216 H .- o B
" < of T,
K215 s281 H N—
Ny / L1282
WT/2 Y216F/1 WT/1
distance(X = O, Y = CHs) (X = CHp, Y = CHa) (X = CH,, Y = CHa)
Al 2.7 3.0 2.8
A2 2.4 2.8 2.6
B 3.3 2.8 3.4
C1 2.9 3.2 2.5
C2 2.8 2.9 3.1
D1 3.2 3.0 2.4
D2 2.5 2.6 2.6
El 3.0 3.0 3.2
E2 2.9 3.0 3.1
F1 3.0 2.5 2.4
F2 2.6 3.1 2.8
G 2.2 2.6 2.3
J1 3.3 3.5
J2 2.9 2.8
K1 2.5 3.0 2.8
K2 3.2 3.0 2.8
L1 2.4 2.0 2.3
L2 2.2 2.0 2.3
M1 2.4 2.2 2.6
M2 2.0 2.0 1.9

in these cases, the 26221 loop is displaced more than the
two smaller loops.

Table 7: Distances (A) between ADP and Binding Site Residues

ElS(»fO K144
gy

o\\ i Bl \115\;/ K97
A THy N H
N . HN
N c
7 !
N\)\\§‘3 . ) o/ M
=N 0 (|)’ i b
o o H
210 NH-==-=--conen \”P/ \P//—(')"' L 8
K H 0 |
h lo) Q
! .': H \F
o . /G |
=20 A
>/Els7 HBN\Kils
distance WT/2 Y216F/1 WT/1
A 2.5 2.8 31
Bl 35 2.8 3.1
B2 35 3.2 31
C 2.5 2.9 3.0
D 3.2 3.0 3.0
E 2.6 2.8 2.8
F 3.2 3.0 2.8
G 2.1 2.4 2.4
J 24 2.8 2.5
K 3.0 3.2 3.1
L 2.8 3.3 3.3
M 3.3 2.7 2.6

etal., 1988). The presence of a displaceable water molecule
at the bottom of the binding site (Figure 5) allows the enzyme
to accept side chains larger than methyl on the C-terminal
a-carbon atom. Accordingly, inhibition constants for leucyl
and phenyl analogs in the ddIA, ddIB, and VanA ligases are
lower or equal to those for methyl and ethyl analogs
(Ellsworth et al., 1996).

Atoms in phosphorylate@ are within 0.3 A (rms) of
corresponding atoms ih, comparable to the fit of the two

Binding of Phosphinate and Phosphonate Intermediates sets ofa-carbon atoms in the WT polypeptide. All hydrogen-
to WT Ligase. The larger ethyl substituent on the phospho- bonding and electrostatic interactions with the binding site
nate2 is easily accommodated without significant distortion are generally equivalent for the two intermediates (Table 6),
of the binding site (Table 5), in agreement with the broad with strong bonding to amino and carboxy termini and to
specificity for hydrophobic side chains at this site (Parsons the phosphoryl group via Mg cations and Lys215. The
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Table 8: Relative Reversible Inhibition Consta#ts(nM) interloop hydmgen bond .prOdljlceS incrgasgq mobility and
results in weaker interaction with these inhibitors.

Relation to VanA and Other Depsipeptide Ligasdhe
alteredpp-ligase (VanA) produced by vancomycin-resistant
enterococci has both depsipeptide- and peptide-forming
activities, with optimunp-Ala-p-hydroybutyrate activity near
pH 6 andp-Ala-p-Ala activity near pH 9 (Park et al., 1996),
as does the Y216F ddIB mutant examined here. The crystal
hydrogen bonds to the terminatH® bond in the oxyanion  structure of VanA is not yet known, but it has been proposed
hole are rather weak in each complex(9 A). These bonds  that the 30% identity in primary sequence between VanA
would presumably be stronger during formation of the and the wild-type ddIBop-ligase extends to the level of
Michaelis complex, because in the unphosphorylated inhibi- tertiary structure (Fan et al., 1994). Important residues
tor the oxyanion state of the terminal oxygen atom is more assumed to be common to the inhibitor binding site of the
prevalent. two ligases are Glul5, Ser150, Ser281, and Arg255 (Figure

Of the three loops closing over the phosphorylated 5). Because sequence alignment in the important-229
intermediate (Figure 4), the largest loop has the highestloop remains unclear for VanA, the identity of the “gate”

analog WT Y216F VanA

D-Ala[POCHgJp-Alal 3323 780001900 4100
b-Ala[PO,-O]p-HBuL 2 13 2700¢ 650° 6800

a From Shi and Walsh (1995).From Ellsworth et al. (1996). From
Park et al. (1996).

averageB factor. This loop has a slightly lowd factor in residue at 216 near the second substrate is not certain. An

WT/2, as does the bound intermedi@eperhaps because examination of sequences in the 2080 loop of eight other

of increased hydrophobic binding to the ethyl group. pp-ligases from both vancomycin-sensitive and vancomycin-
The relative values of th8 factors for intermediates resistant bacteria (Park et al., 1996) shows a strong correla-

and2 in the WT ligase (10.5 and 5.7%correlate well with tion of tyrosine at the position equivalent to 216 in
the length of most hydrogen bonds and electrostatic bondsvancomycin-sensitive organisms and phenylalanine in van-
(Table 6). It is not possible to correlate this information comycin-resistant organisms. This Y/F switch correlates
with K; values for reversible inhibition (Table 8) because of with peptide/depsipeptide ligase activity in this particular set
the wide range of published values of tke The 4-fold of sequences (Park et al., 1996). However, the enterococcal
tighter binding of the phosphinate shown by one study VanA ligase contains neither tyrosine nor phenylalanine near
(Ellsworth et al., 1996) might arise from the weak CD this position of the loop.
hydrogen bond from the methylene group to the hydroxyl Interestingly, the Y216F ddIB mutant, described above,
of Tyr216. This argument is weakened by the fact that the has a low level of depsipeptide-forming activity, about
homologous ddIA ligase, which contains an equivalent 5-10% of that of VanA. This depsipeptide activity is
tyrosine, exhibits much tighter binding (40-fold) for the significantly higher than that shown by the wild-type ligase
phosphinate. The VanA ligase, apparently without a tyrosine and, moreover, has a pH profile more similar to that of VanA
in this loop, shows little discrimination and very weak (Park et al., 1996). Thus, itis likely that tite coli Y216F
binding for both inhibitors. By a similar analysis of binding  ddIB ligase will be a good model structurally and mecha-
constants, Ellsworth et al. (1996) have argued that the relativenistically for both soil organisms (lactobacilli, leuconostoc)
binding of phosphinate and phosphonate inhibitors to this and opportunistic pathogens (enterococci) that possess van-
and other enzymes has little dependence on active sitecomycin-resistant phenotypes that derive from the ability to
interactions, depending instead on relative differences inincorprate p-Ala-p-lactate in place ofp-Ala-p-Ala into
inhibitor solvation. This hypothesis agrees with the fact that peptidoglycan termini. It is not yet obvious how a Y/F
we observe in the crystal structures of these three complexesswitch permits selective activation pflactate in competition
no significant differences in the conformation of the binding with p-alanine in the active site of many ligases.
site.
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