Table 1. Summary of crystallographic information.

Free enzyme CoA complex

Space group c2 P2,
Maximum resolution (A) 2.7 2.7
Number of observations 533,916 168,936
Remerge (%)* 7.6 (18.1) 5.2(11.6)
Resolution range for refinement 30-27A 30-27A
Number of reflections 113,103 59,546
Completeness (%) 94.5 93.2

R factor (%) 7 22.6(29.9) 22.6 (29.6)
Free R factor (%) 26.2 (34.8) 27.9(334)
rms deviation in bond lengths (A) 0.009 0.009
rms deviation in bond angles (°) 1.4 1.4
*Rmerge = Eh S[fl],,‘- - (I,,)D’Eh %I,,,. The numbers in parentheses are for the highest resolution shell.

R =3 [Fg — F, 03 Fg.

(Fig. 3A). Leu'7% is unlikely to contact the
substrate directly as it is about 8 A from the
thiol group of CoA (Fig. 3A). Thus, mutagen-
esis and structural information suggest that the
herbicides target the active site of CT.

Our kinetic experiments showed that the
herbicide haloxyfop is a competitive inhibitor
of yeast CT with respect to the substrate malo-
nyl-CoA (Fig. 3C), which is consistent with
herbicide binding at the active site. The inhibi-
tion of yeast CT by haloxyfop is very weak,
with an inhibition constant (K;) of about 0.5
mM (Fig. 3C). The herbicide is a poor inhibitor
of the L1705I mutant of yeast CT as well (table
S1)(19). These observations, together with
those on the apicoplast ACC of Toxoplasma
gondii (21), indicate that there are additional
structural determinants for the binding of these
compounds to the active site of CT.

Based on the structural, biochemical, and
mutagenesis observations, it may be possible
that part of the herbicide is bound in the
cavity between the two domains in the active
site (Fig. 3A). This cavity extends from the
thiol group of CoA to the side chains of
Leu!7% and Ser!7® and is mostly hydropho-
bic in nature. The proximity of the inhibitor
to Leu!”% is consistent with its importance in
determining the herbicide sensitivity of plant
ACCs. The carboxyl group of the inhibitor
may mimic the carboxyl group in the malo-
nyl-CoA substrate of the enzyme.

The successful development of inhibitors
against the active site of the CT domain of plant
ACCs holds promise for the development of
inhibitors against other CT domains, especially
that of human ACC2. The control of herbicide
sensitivity by a single amino acid in the wheat
enzyme demonstrates that it could also be pos-
sible to identify highly selective inhibitors of
mammalian enzymes. For example, inhibitors
that target human ACC2 while having only mi-
nor effects on ACC1 may prove beneficial for
controlling body weight (8). Our structural
information about the CT domain provides a
starting point for understanding the catalysis
by this enzyme as well as for designing and
optimizing its inhibitors.
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The Pentacovalent Phosphorus
Intermediate of a Phosphoryl
Transfer Reaction

Sushmita D. Lahiri," Guofeng Zhang,?
Debra Dunaway-Mariano,?* Karen N. Allen'*

Enzymes provide enormous rate enhancements, unmatched by any other type
of catalyst. The stabilization of high-energy states along the reaction coordinate
is the crux of the catalytic power of enzymes. We report the atomic-resolution
structure of a high-energy reaction intermediate stabilized in the active site of
an enzyme. Crystallization of phosphorylated B-phosphoglucomutase in the
presence of the Mg(ll) cofactor and either of the substrates glucose 1-phosphate
or glucose 6-phosphate produced crystals of the enzyme-Mg(ll)-glucose 1,6-
(bis)phosphate complex, which diffracted x-rays to 1.2 and 1.4 angstroms,
respectively. The structure reveals a stabilized pentacovalent phosphorane
formed in the phosphoryl transfer from the C(1)O of glucose 1,6-(bis)phosphate

to the nucleophilic Asp8 carboxylate.

The unique ability of enzymes to synchronize
multiple interactions at specific sites with reac-
tants, intermediates, and products defines the
reaction pathway and is the source of the enor-
mous rate acceleration accomplished by en-
zymes (107- to 10'°-fold) (/-9). The study of
the reaction pathway as it proceeds within the
protein walls continues to be the focal point of
bioorganic chemistry. Kinetic investigations of

enzyme catalysis on natural substrates and the
study of unreactive mimics of the ground state
and transition state have contributed greatly to
our understanding of the steric and electronic
structures of reaction coordinate species (10—
15). An actual image of each chemical species
formed is, however, the ultimate goal.

X-ray crystallography is the conduit to
such images (16, 17). If a chemical species is
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long-lived within the crystalline enzyme,
structure determination is possible. Indeed,
structures of enzymes bound to the thermo-
dynamically favored product are common, as
are structures of enzymes bound with inhib-
itors modeled after the substrate or transition
state. In some cases, the protonation state or
structure of a catalytic residue has been al-
tered to inhibit a specific reaction step and
thus to accumulate a targeted intermediate for
structure determination (/8—20). In rare cas-
es, time-resolved crystallography has been
successfully used to obtain the structure of an
intermediate stabilized by cryotemperature
(21-23) or accumulated on the millisecond
time scale after the triggering of a photolabile
substrate (24).

Enzyme reaction intermediates can be divid-
ed into two classes: those of high intrinsic ener-
gy resulting from incomplete bonding (such as
high-energy radicals, cations, and anions) or
from hyperbonding (such as phosphoranes), and
those of low intrinsic energy (such as carbon or
phosphate esters and anhydrides, carbino-
lamines, imines, or enamines) (25). Although it
has been theorized that the active site environ-
ment can stabilize enzyme-generated intermedi-
ates of high intrinsic energy, until now such
species have not been accessed by x-ray crys-
tallography. Here, we report the structure of a
pentacoordinate oxyphosphorane intermediate
formed in the isomerization of [-glucose
1-phosphate (G1P) to B-glucose 6-phosphate
(G6P) catalyzed by B-phosphoglucomutase ([3-
PGM) from Lactococcus lactis (26). The hyper-
bonded oxyphosphorane species observed in
this structure is intrinsically unstable. It has no
counterpart in solution chemistry, where alkyla-
tion of the oxygen substituents is necessary for
oxyphosphorane stabilization (27).

Phosphoglucomutases use an active-site
nucleophilic residue to mediate the transfer of
a phosphoryl group between the C(6)O and
C(1)O positions in hexose phosphates (28—
33). The active form of the mutase is phos-
phorylated on the nucleophilic side-chain car-
boxylate of Asp8 (Fig. 1). The phosphoryl

'Department of Physiology and Biophysics, Boston
University School of Medicine, Boston, MA 02118—
2394, USA. 2Department of Chemistry, University of
New Mexico, Albuquerque, NM 87131, USA.

*To whom correspondence should be addressed. E-
mail: allen@med-xtal.bu.edu (K.N.A.); dd39@unm.edu

group is transferred to the free hydroxyl of
the hexose phosphate substrate to form the
hexose 1,6-(bis)phosphate. Reorientation,
followed by phosphoryl transfer from the
hexose 1,6-(bis)phosphate to the enzyme cat-
alytic group, produces the hexose phosphate
product (34).

In this study, crystals of native and sel-
enomethionine (SeMet)—substituted B-PGM
equilibrated with Mg(Il) and either G1P or
G6P were grown and subjected to structural
analysis (Table 1). Details of sample prepa-
ration, crystallization, and structure determi-
nation are given in (35). Both structures,
solved at 1.2 and 1.4 A resolution, respec-
tively (1.7 A for the SeMet form), revealed
the enzyme-Mg(Il)-glucose 1,6-(bis)phos-
phate (B-G1,6-P) intermediate complex (the
intermediate of the first phosphoryl transfer
step) (Fig. 1). The intramolecular orientation
of the two protein domains comprising the
B-PGM-intermediate complex makes the ac-
tive-site solvent inaccessible relative to the
unliganded phosphorylated enzyme-Mg(II)
complex. Because the conditions used previ-
ously to crystallize the phosphorylated en-
zyme-Mg(Il) complex (32) and those of the
enzyme-Mg(I1)-B-G1,6-P complexes in this
study were identical, the possibility that the
crystal environment governs the conforma-
tion can be excluded. Therefore, the confor-
mational change (fig. S1) can be attributed to
the presence of the bound ligand and the
observed conformational dynamics are asso-
ciated with the catalytic cycle. In addition,
the nature of the crystal contacts in the
B-G1,6-P intermediate complex would not be
expected to differentially stabilize any one
liganded form over another, although the
close packing would disallow the open con-
formation in this crystal form. Thus, the ob-
served intermediate is not selected by the
crystal packing.

The close contacts that occur between the
Mg(II) cofactor, the B-G1,6-P ligand, and the
enzyme active site are pictured in Fig. 2A and
are diagrammed in Fig. 2B (see also fig. S3).
The most striking feature of this picture is the
C(1)phosphorus. It is pentavalent, with the
Asp8 OD1 and hexose C(1)O occupying api-
cal positions, and the three P(1) oxygen at-
oms occupying equatorial positions of a tri-
gonal bipyramid. The conclusion that the
moiety covalently bound to the C1 position of

group is supported by the fact that the elec-
tron density at a high contour level covers
only the Mg(ll) ion, the C(6)-phosphate
phosphorus, and the C(1)-phosphate phos-
phorus (each with a similar number of elec-
trons). Also, no ions such as borate, nitrate, or
vanadate that might mimic the pentavalent
geometry were present in the purification or
crystallization buffers.

The electron density in the region of the
C(1) phosphorus contrasts with that in the
region of the tetravalent, tetrahedral C(6)
phosphorus (Fig. 2, C and D, and fig. S2A).
At 1.2 A resolution, the bond lengths and
geometries of tetravalent and pentavalent
phosphorus moieties can easily be distin-
guished, as inversion matrix calculations (36)
of the data show that the accuracy of the bond
lengths is +0.11 A and that of the bond
angles is =3°. In addition, because the reso-
lution of the structure allows free-atom re-
finement of all ligands without geometric
restraints, no model bias was imposed on the
structure. The precise position of the C(1)
phosphorus is defined by the electron density
contoured at a high level (130) (Fig. 2A). The
electron density at phosphorus is not ellipti-
cal, and the occupancy of all atoms in the
pentavalent phosphorane is 1.0, which to-
gether indicate that the observed structure
does not represent an average of the struc-
tures of the phosphorylated Asp and the phos-
phorylated C(1)O species. The population of
any other enzyme-bound species at =12%
would be discernable in the electron density
map. The position of phosphorus was further
confirmed by calculating an anomalous dif-
ference electron density map [see supporting
online material text and fig. S2B]. The map
gives a clear electron density peak at the
C(1)P phosphorus position with density con-
toured at 3o. In addition, the B factors of the
individual atoms of the 3-G1,6-P intermedi-
ate (average 9.4 A?) are similar to those of
the main chain of the protein (average 12.0
A?) (see table S1 for individual atoms). The
atoms corresponding to the pentavalent oxy-
phosphorane at C(1) have thermal motion
similar to those in the tetravalent phosphate at
C(6) and the glucose chain. Also, the carbox-
yl group of Asp8 is immobilized to a similar
extent with an average B factor for the side
chain of 9.1 A2,

The comparison of the bond lengths and
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Fig. 1. The scheme for the reaction catalyzed by 3-PGM. The C(1) and C(6) positions on the hexose ring are labeled.
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group and the pentavalent C(1)phosphate
group reveals distinct differences. The bond
lengths and angles (Fig. 2, B and D) of the
C(6) phosphate group observed in this
structure conform to those observed in the
crystal structures of phosphate monoesters
(37). The C(1) phosphate bond lengths and
bond angles (Fig. 2, B and C) more closely
match those observed in the small-molecule
crystal structures of the stable, fully alky-

A

www.sciencemag.org SCIENCE VOL 299 28 MARCH 2003

27 .HO | N

lated pentavalent oxyphosphoranes [such as
(RO),P] (37, 38) in which the three shorter,
stronger equatorial bonds assume sp? hy-
bridization and the two longer, weaker api-
cal bonds assume linear p(z)d(z2) hybrid-
ization. The lengths of the apical bonds in
the enzyme-bound oxyphosphorane (calcu-
lated bond order 0.24 to 0.45) appear to be
longer than those observed in the crystal
structures of fully alkylated oxyphos-

REPORTS

phoranes (39). This difference may be as-
cribed to the control that the enzyme exerts
over the positions of the apical substituents,
one of which is the active-site aspartate and
the other of which is the hexose ligand,
anchored to the active site by hydrogen
bonds. Overall, the results are consistent
with the visualization of an intermediate
species of high intrinsic energy, as it is
stabilized in the active site of the enzyme.

Fig. 2. The B-G1,6-P intermediate in the active
site of 3-PGM from the 1.2 A resolution structure.
(A) A stereo image in which the enzyme residues
(gray) and B-G1,6-P intermediate (yellow) are
shown as ball-and-stick models, with the com-
posite-omit 2Fo-Fc electron density map con-
toured at 20 (gray cages) or 130 (green cages).
(B) Schematic of interactions between the
3-G1,6-P intermediate and 3-PGM with all hy-
drogen bonds (<4 A) depicted as dashed lines
and labeled with bond length. Water molecules
are shown as blue spheres. (C) View of the geom-
etry at the pentavalent phosphorane intermediate
formed between the C(1) phosphate of 3-G1,6-P
(vellow) and the nucleophilic Asp8 (gray) with the
composite-omit 2Fo-Fc electron density map con-
toured at 4o (blue cages) and 20 (gray cages). At 1.2
A resolution, there is no connectivity in the electron
density between the apical oxygen atoms and
phosphorus because the resolution is higher (1.2
A) than the length of the apical bonds (=2.0 A).
The bond lengths are 1.7 A for P(1)-O~, 2.0 A for
P-OC(1) and 2.1 A for P-OD1 Asp8, and bond
angles are 89°, 117° to 124°, and 174° versus the
idealized angles of 90°, 120°, and 180° for the
trigonal bipyramid. The geometry is comparable to
that of pentavalent oxyphosphoranes with equa-
torial bond lengths of 1.57 to 1.63 A, apical bond
lengths of 1.66 to 1.76 A, and angles of about 88°
to 92°, 116° to 125°, and 176°. (D) View of the
geometry at the C(6) phosphate of 3-G1,6-P (yel-
low) with the composite-omit 2Fo-Fc electron den-
sity map contoured at 4o (blue cages) and 2 (gray
cages). The bond lengths and angles are 1.5 A for
P(6)-O~ and 1.6 A for P-OC(6), and 101° to
109°, which are comparable to those of phos-
phate monoesters at 1.5 and 1.6 A; 103° to
115°.
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How is the stabilization of the oxyphos-
phorane integral to catalysis? The backside,
in-line (174° £ 3° angle) arrangement of the
Asp8 ODI1 nucleophile and C(1)O leaving
group, conforms to the trajectory expected
for the reaction coordinate of an associative
nucleophilic substitution reaction at phos-
phorus (40). Although they are intrinsically
unstable (417), ionized pentavalent oxypho-
sphoranes have been implicated as interme-
diates in both solution and enzyme-cata-
lyzed phosphoryl transfer reactions (38, 40,

42-44). Until now, the direct observation
of such an intermediate has eluded chem-
ists. In this case, the numerous stabilizing
interactions provided by the B-PGM active
site shift the energetics of the phosphate <>
oxyphosphorane equilibrium in favor of the
latter. First, because the entropy is mini-
mized in the enzyme- substrate complex
[i.e., the Asp8 OD?2 is anchored by Mg(Il)
and Lysl145, and the 6-phosphoglucose
moiety is immobilized by 20 hydrogen
bonds (45)] (Fig. 2B), formation of the

Table 1. Summarized data collection and refinement statistics.* MAD, multiwavelength anomalous

diffraction.
SeMet MAD data sets Native data sets
Data set
\, (edge) N, (peak) A5 (remote) G1P G6P
Unit cell (A) a = 36.93,b = 543, c = 10477 a=370,b= a=373b=
543, c = 542, ¢c =
104.5 104.4
Space group P2.2.2, P2,2.2,
X-ray source BNL X4A APS 14-BMC
Wavelength (A) 0.97935 0.97902 0.96866 0.90000 0.90000
Resolution range o — 1.7 o —17 w - 17 - 1.2 ® - 14
(A)
Total/unique 315,535/24,283 300,234/24,294 306,703/24,426 699,466/66,304 983,130/66,302
reflections
Completeness 91.6 (64.2) 91.1(64.7) 93.2 (69.1) 86.9 (54.4) 98.0 (88.1)
(%)
o () 17.9(5.5) 17.6 (5.4) 18.6 (5.6) 32.7 (12.4) 34.9(15.7)
Rt (%) 0.069(0.18)  0.073(0.18)  0.064(0.15)  0.043(0.08)  0.073(0.13)
f'/f" (&) -11.8/5.8 -9.5/6.2 -3.5/5.4
Figure of merit{ 0.4
to 1.7 A
Solvent content  33.5%
Number of atoms per asymmetric unit
Protein 1744 1744
Magnesium 1 1
Bisphosphate 20 20
Water 521 402
Average B factors (A?)
Wilson plot 8.8 13.4
Amino acid 12.0 11.7
residues
Mg?* jons (1 6.6 8.2
total)
Bisphosphate 9.4 9.5
Water 15.2 14.6
Refinement statistics
Program SHELX§ CNS
Refinement Anisotropic Isotropic
Resolution (A) 20-1.2 100-1.4
No. of reflections (working/test) 50,842/5756  37,054/4163
Roorll/Rerec (%) 14.08/17.9 17.02/19.44
RMS deviations from ideal
Bond length (A) 0.009 0.005
Angles (degrees) 112 1.19
Dihedral angle 20.5 215
Ramachandran plot#
Most favorable (%) 97.5 93.2
Additionally allowed (%) 2.4 6.8
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*Values for the outermost shell (1.76 to 1.7 A for SeMet, 1.22 to 1.20 A for the G1P data set, and 1.45 to 1.40 for the
G6P data set) are shown in parentheses. T Rnerge = 2kt Zil T 7M™ 111 2 g 5 1y, i 1, where <[> is the
mean intensity of the multiple /,,, ; observations for symmetry-related reflections. }Reported by SOLVE. §in
the final stages of refinement of the G1P structure, the program SHELXL-97 (36) was used to perform free-atom
refinement of all ligands and anisotropic B-factor refinement with 10 cycles of conjugate gradient minimization in each
stage. IRwork = ZnitlFobs = Feate! 7 Zngt Fops!- TReree = Zpit s7Fobs = Feate! 1 Zpit |Fopsls Where the test set T
includes 10% of the data. #Defined by PROCHECK (48).

calc

oxyphosphorane is not accompanied by the
large entropy loss that accompanies the
bimolecular solution reaction. Second, the
enthalpic cost imposed by the weak apical
bonds is compensated for by the formation
of several strong hydrogen bonds to the two
apical oxygen atoms of the trigonal-bipyra-
midal phosphorus (the A115 backbone NH,
S114 OH, K145 &-NH,*, V9 amide NH,
and D10 amide NH). Using molecular mod-
eling (46) to convert the trigonal-bipyrami-
dal geometry at phosphorus to an idealized
tetrahedral geometry increases the length of
hydrogen bonds between the enzyme and
the phosphoryl equatorial oxygens by 0.2 A
and increases the distance between the
phosphorus and the Asp8 OD1 from 2.1 to
2.6 A [too long for covalent bond formation
yet close enough to be considered a “near-
attack” conformation (47)]. Thus, the tran-
sition from the tetrahedral phosphorus of
the phosphate monoester to the trigonal-
bipyramidal phosphorus of the oxyphos-
phorane is accompanied by an increase in
stabilization by the enzyme.

The equilibrium mixture generated from the
incubation of the phosphorylated enzyme with
G1P or the G6P is expected to consist of the
phosphorylated enzyme bound to G1P or G6P
in equilibrium with the unphosphorylated en-
zyme bound to 3-G1,6-P. If stabilized reaction
intermediates were to populate this mixture,
they might consist of the enzyme complexes of
the oxyphosphoranes resulting from the addi-
tion of G6P C(1)OH or GIP C(6)OH to the
phosphorus of the aspartylphosphate group.
The crystallization of the equilibrated mixture
at 18°C, followed by x-ray structure determina-
tion at cryotemperature, captured the enzyme
complex of one such oxyphosphorane interme-
diate. Thus, the image shown in Fig. 2 is un-
equivocal, direct visual evidence of enzyme
catalysis by way of intermediate stabilization.
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Role of Mobile DNA in the
Evolution of Vancomycin-Resistant
Enterococcus faecalis
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The complete genome sequence of Enterococcus faecalis V583, a vancomycin-
resistant clinical isolate, revealed that more than a quarter of the genome
consists of probable mobile or foreign DNA. One of the predicted mobile
elements is a previously unknown vanB vancomycin-resistance conjugative
transposon. Three plasmids were identified, including two pheromone-sensing
conjugative plasmids, one encoding a previously undescribed pheromone in-
hibitor. The apparent propensity for the incorporation of mobile elements
probably contributed to the rapid acquisition and dissemination of drug resis-

tance in the enterococci.

The Gram-positive bacterium Enterococcus
faecalis is a natural inhabitant of the mam-
malian gastrointestinal tract and is com-
monly found in soil, sewage, water, and
food, frequently through fecal contamina-
tion (/). E. faecalis can withstand oxidative
stress, desiccation, and extremes of temper-
ature and pH, and it has high endogenous
resistance to salinity, bile acids, detergents,
and antimicrobials (7).

E. faecalis is an opportunistic pathogen
that is a major cause of urinary tract infec-
tions, bacteremia, and infective endocarditis
(2). The intrinsic resistance of E. faecalis to
many antibiotics and its acquisition of resis-
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tance to other antimicrobial agents, particu-
larly vancomycin, which is used to treat se-
rious infections by drug-resistant Gram-
positive pathogens, has led to the emergence
of E. faecalis as a nosocomial pathogen that
is refractory to most therapeutic options (3).
Recent reports of the long-predicted emer-
gence of vancomycin-resistant Staphylococ-
cus aureus clinical isolates from transfer of
enterococcal genes is a serious health care
concern (4). Here we report the complete
genome sequence of E. faecalis strain V583
(5), the first vancomycin-resistant clinical
isolate reported in the United States (6). The
genome sequence provides insight into the
pathogenesis and biology of E. faecalis, the
role of mobile elements in genome evolution,
and the transfer of vancomycin resistance.
A total of 3337 predicted protein-encod-
ing open reading frames (ORFs) were identi-
fied on the chromosome and three plasmids
of E. faecalis V583 (Table 1; fig. S1) (7).
Over a quarter of the E. faecalis V583 ge-
nome consists of mobile and/or exogenously
acquired DNA, including seven probable in-
tegrated phage regions, 38 insertion elements
(IS), multiple conjugative and composite
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