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ABSTRACT: The enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) catalyzes the penultimate
step of the shikimate pathway and is the target of the broad-spectrum herbicide glyphosate. Since the
functionality of the shikimate pathway is vital not only for plants but also for microorganisms, EPSPS is
considered a prospective target for the development of novel antibiotics. We have kinetically analyzed
and determined the crystal structures ofEscherichia coliEPSPS inhibited by (R)- and (S)-configured
phosphonate analogues of the tetrahedral reaction intermediate. Both diastereomers are competitive inhibitors
with respect to the substrates of the EPSPS reaction, shikimate-3-phosphate (S3P) and phosphoenolpyruvate
(PEP). Remarkably, the (S)-phosphonate (KiS3P ) 750 nM), whose configuration corresponds to that of
the genuine tetrahedral intermediate, is a much weaker inhibitor than the (R)-phosphonate analogue (KiS3P

) 16 nM). The crystal structures of EPSPS liganded with the (S)- and (R)-phosphonates, at 1.5 and 1.9
Å resolution, respectively, revealed that binding of the (R)-phosphonate induces conformational changes
of the strictly conserved residues Arg124 and Glu341 within the active site. This appears to give rise to
substantial structural alterations in the amino-terminal globular domain of the enzyme. By contrast, binding
of the (S)-phosphonate renders the enzyme structure unchanged. Thus, EPSPS may facilitate the tight
binding of structurally diverse ligands through conformational flexibility. Molecular docking calculations
did not explain why the (R)-phosphonate is the better inhibitor. Therefore, we propose that the structural
events during the open-closed transition of EPSPS are altered as a result of inhibitor action.

5-enolpyruvylshikimate-3-phosphate synthase (EPSPS; EC
2.5.1.19) is the sixth enzyme of the shikimate pathway, which
is essential for the synthesis of aromatic amino acids and of
almost all other aromatic compounds in plants, fungi, and
microoroganisms (1-3), including apicomplexan parasites
(4). EPSPS has been extensively studied over the last three
decades, since it was identified as the target of glyphosate,
the active ingredient of Monsanto’s broad-spectrum herbicide
Roundup (5). Because the shikimate pathway is absent from
mammals but essential for the pathogenesis of a number of
microorganisms, enzymes of this pathway have received
considerable attention recently as potential antimicrobial
targets (6-8). The following findings in particular, indicate
the importance of functional EPSPS for microbial survival:
(i) deletion of thearoA gene, which encodes EPSPS, causes
Streptomyces pneumoniaestrains andBordetella bronchisep-

tica to be attenuated for virulence (6, 9), (ii) the growth of
Mycobacteriumdepends on the functionality of the shikimate
pathway (10), and (iii) glyphosate restricts the growth of
Thermotoga gondii(4). Recently, it has been suggested that
the shikimate pathway also presents an attractive target for
malaria chemotherapy because shikimate analogues have
been shown to inhibit the growth ofPlasmodium falciparum
(11).

EPSPS catalyzes the transfer of the enolpyruvyl moiety
of phosphoenol pyruvate (PEP)1 to the 5-hydroxyl of
shikimate-3-phosphate (S3P) (Figure 1). The reaction is
chemically unusual, since it proceeds via C-O bond cleavage
of PEP rather than via P-O bond cleavage as is the case in
most PEP-utilizing enzymes. The overall enolpyruvyl transfer
reaction is an addition-elimination process in which the PEP
molecule is covalently added to a target hydroxyl, forming
a tetrahedral intermediate (TI) (12, 13) before inorganic
phosphate (Pi) is released to yield the enolpyruvyl product.
The only other enzyme known to catalyze enolpyruvyl
transfer is MurA, the first enzyme of bacterial cell wall
biosynthesis, which is the target of the broad-spectrum
antibiotic fosfomycin. Structural studies ofEscherichia coli
EPSPS revealed that the enzyme exists in an open, unli-
ganded state (14) and a closed, S3P-liganded state (15) or
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TI-liganded state (16), indicating that the enolpyruvyl transfer
reaction follows an induced-fit mechanism. The second
substrate, PEP, and the inhibitor glyphosate bind to the closed
state of the enzyme, adjacent to the target hydroxyl group
of S3P (15). Recent work onS. pneumoniaeEPSPS has
confirmed these distinct structural features (17).

Several inhibitors of EPSPS have been reported in the
literature. All of these were ground-state, reaction intermedi-
ate-state, or glyphosate analogues. While these inhibitors
have been characterized kinetically, atomic structure infor-
mation of inhibited EPSPS is still limited to the dead-end
complex with glyphosate (15, 17). The most potent EPSPS
inhibitors discovered to date are analogues of the TI. Among
these are the (R)- and (S)-phosphonate TI analogues (Figure
2), which were kinetically characterized for the reverse
reaction of EPSPS fromPetunia hybrida(18, 19). Because
the (R)-diastereomer was the more potent inhibitor, it was
concluded at that time that the configuration at the C atom
of PEP in the genuine TI is (R). However, recent crystal-
lographic and chemical studies demonstrated that the genuine
TI of the EPSPS reaction is (S)-configured (16, 20). Further
analysis of these TI analogues by stopped-flow fluorescence
kinetics revealed that the off rates of the interaction of the
genuine TI and both phosphonate analogues withE. coli
EPSPS were similar, while the on rates differed drastically
(21). These authors suggested that the slow onset of binding
of the analogues might reflect significant structural changes
to accommodate both analogues in binding to the enzyme.
Thus, the rationale for the potent inhibition of EPSPS by
the (R)-phosphonate TI analogue has remained obscure.

Here, we have determined the high-resolution structures
of the (R)- and (S)-phosphonate TI analogues in complex
with E. coli EPSPS. While the interaction of the (S)-

phosphonate with EPSPS is similar to that observed for the
genuine TI and the ternary complex with S3P and glyphosate,
the (R)-phosphonate induces substantial conformational
changes in the enzyme. Thus, the potent inhibition of EPSPS
by the (R)-phosphonate appears to be the result of the
enzyme’s conformational flexibility to accommodate inhibi-
tor binding. Such structural changes have never been
observed with liganded EPSPS and are not predictable with
molecular docking programs. The implications from these
studies for the design of novel inhibitors targeting EPSPS
are discussed.

MATERIALS AND METHODS

S3P (triethylammonium salt) was synthesized from shikimic
acid by use of recombinant archaeal shikimate kinase (22),
and purified via anion-exchange chromatography on Q-
Sepharose. Syntheses of the (R)- and (S)-phosphonate TI
analogues were reported previously (18, 19). PEP (potassium
salt) and all other chemicals were purchased from Sigma
(St. Louis, MO) unless otherwise noted. The Pierce (Rock-
ford, IL) Coomassie reagent with bovine serum albumin as
a standard was used to determine protein concentrations.

OVerexpression and Purification of EPSPS. E. coliEPSPS
in a pET 24d vector (Novagen, Madison, WI) was trans-
formed and overexpressed in BL21 DE3 competent cells
(Stratagene, La Jolla, CA). EPSPS was purified at 4°C with
an ÄKTA fast protein liquid chromatography (FPLC) system
(Amersham Biosciences, Piscataway, NJ) by hydrophobic
exchange on phenyl-Sepharose [1-0 M (NH4)2SO4] and
anion exchange on Q-Sepharose (0-0.4 M KCl). The buffer
was 50 mM Tris-HCl, pH 7.8, including 1 mM dithiothreitol
(DTT) and 1 mM ethylenediaminetetraacetic acid (EDTA).
Purified enzyme was desalted, concentrated to 100 mg/mL,
and stored at-80 °C.

Inhibition Kinetics.The activity of EPSPS was assayed
in 100 µL of 50 mM HEPES-NaOH, pH 7.0, and 2 mM
DTT at 20 °C by determining the amount of inorganic
phosphate produced in the reaction (23). The reaction was
started by addition of EPSPS. The enzyme was allowed to
react for 3 min before the Lanzetta reagent (800µL) was
added, thereby stopping the reaction. Color development was
stopped after 5 min by addition of 100µL of 34% (w/v)
sodium citrate. Change in optical density was measured at
660 nm and the amount of inorganic phosphate was
determined by comparison to phosphate standards. Enzyme
activity is expressed as micromoles of phosphate produced
per minute of reaction time per milligram of enzyme (units
per milligram). The final concentration of enzyme in the
assay mixture was about 22 nM for all assays. Data
evaluation was performed with SigmaPlot (SPSS Science,
Chicago, IL).

FIGURE 1: Reaction catalyzed by EPSPS.

FIGURE 2: Configuration of the genuine tetrahedral reaction
intermediate (TI) and the phosphonate TI analogues probed in this
work.
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IC50 values were determined by fitting data to

whereV is the initial velocity,Vmax is the maximum velocity,
Vmin is the minimum velocity, [I] is the phosphonate inhibitor
concentration, andn is the Hill slope.

For determination of theKi values, enzyme activities at
increasing S3P, PEP, and inhibitor concentrations were
recorded, and the data were fit to the Michaelis-Menten
equation:

whereV is the initial velocity,Vmax is the maximum velocity,
Km(obs) is the observed Michaelis constant, and [S] is the
substrate concentration.

TheKi values for the (S)- and (R)-phosphonate analogues
were determined by linear regression of the replot of the
Km(obs) values versus the concentration of the inhibitor [I]:

whereKm is the true Michaelis constant andKi is the inhi-
bition constant. Possible time-dependent inhibition was ac-
counted for by assaying EPSPS preincubated with the inhibi-
tors prior to starting the reaction by the addition of substrates.

Crystallography.For crystallization, EPSPS was concen-
trated to 100 mg/mL on Centricon 30 devices (Amicon) at
4 °C. Crystals were grown at 19°C in hanging droplets from
2.5 M sodium formate solutions in the presence of 10 mM
(S)- or (R)-phosphonate analogue. Diffraction data were
recorded at-180°C by the rotation method on single flash-

frozen crystals of EPSPS liganded with the (S)- or (R)-
phosphonate analogue [detector, R-axis IV2+ image plate;
X-rays, Cu KR, focused by mirror optics; generator, Rigaku
RU300 (MSC, The Woodlands, TX)]. The data were reduced
with XDS (24). The program package CNS (25) was
employed for phasing and refinement; model building was
performed with O (26). The structures were solved by
molecular replacement with wild-type EPSPS [PDB code
1G6S (15)] stripped of solvent molecules, ions, and ligands
as search model. Refinement was performed by use of data
to highest resolution with noσ cutoff applied. Several rounds
(nine for R-EPSPS and eight for S-EPSPS) of minimization,
simulated annealing (2500 K starting temperature) and
restrained individualB-factor refinement were carried out.
The (S)- and (R)-phosphonate analogues were modeled
unambiguously into the electron density map (Figure 6). Data
collection and refinement statistics are summarized in Table
1. Figures 7 and 8 were drawn with Molscript and Raster3D
(27, 28), Figure 6 with Bobscript (29) and Raster3D.

Molecular Docking.In silico docking experiments have
been carried out to evaluate the relative energetics of the
three ligands of interest, the genuine tetrahedral intermediate
and its (R)- and (S)-phosphonate analogues, binding to
different observed conformations of the EPSPS receptor.
Specifically, they were docked, via AutoDock (30), to
receptor models constructed from crystal structures corre-
sponding to the EPSPS‚TI (16), EPSPS‚(S)-phosphonate (this
work), and EPSPS‚(R)-phosphonate (this work) complexes.
Partial atomic charges for both the ligand and receptor
models were generated according to the Gasteiger-Marsili
formalism (31). Since the ligand carboxy moieties are
observed to couple directly with arginine forks (each oxygen
bound to an equivalent H-bond donor), we assumed charge
delocalization across the oxygens (formal charge of-0.5
for each) when setting up the charge calculation. However,
localized charges were used for ligand phosphate/phospho-
nate groups (two oxygens with formal-1 charges, one

Table 1: Summary of Data Collection and Structure Refinementa

data set EPSPS‚(S)-phosphonate EPSPS‚(R)-phosphonate

space group P212121 P212121

unit cell dimensions (Å) a ) 57.7,b ) 85.2,c ) 87.5 a ) 57.2,b ) 84.5,c ) 99.2
angles (deg) R ) â ) γ ) 90 R ) â ) γ ) 90
molecules/asymmetric unit 1 1
protein atoms 3232 3232
alternate atom positions 46 45
ligand atoms 25 25
solvent molecules 568 468
formate ions 12 7
rmsdb bonds (Å) 0.009 0.007
rmsd angles (deg) 1.56 1.46
resolution range (Å) 10.0-1.5 (1.6-1.5) 10.0-1.9 (2.0-1.9)
measured reflections 450 255 (66 502) 219 201 (29 717)
unique reflections 66 430 (11 149) 33 201 (4569)
completeness (%) 95.3 (92.1) 96.6 (94.9)
I/σI 18.3 (7.1) 16.6 (8.0)
Rmrgd-F

c (%) 4.8 (14.3) 5.6 (1.43)
Rmeas

c (%) 6.5 (27.3) 8.9 (27.1)
Rcryst

d (%) 16.8 16.3
Rfree

e (%) 19.5 20.7
a Values in parentheses refer to the highest resolution shell.b Rmsd, root-mean-square deviation from ideal values.c RmeasandRmrgd-F as defined

by Diederichs and Karplus (28) are quality measures of the individual intensity observations and the reduced structure factor amplitudes, respectively.
d Rcryst ) 100 Σ|Fobs - Fmodel|/ΣFobs, whereFobs and Fmodel are observed and calculated structure factor amplitudes.e Rfree is Rcryst calculated for
randomly chosen unique reflections that were excluded from the refinement [1329 for EPSPS‚(S)-phosphonate and 1162 for EPSPS‚(R)-phosphonate,
respectively].

V ) Vmin +
Vmax - Vmin

1 + ( [I]
IC50

)n
(1)

V )
Vmax[S]

Km(obs)+ [S]
(2)

Km(obs)) (Km

Ki
)[I] + Km (3)
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oxygen formally neutral) to accommodate inequivalently
polarizing environments for different oxygen orientations.

RESULTS AND DISCUSSION

Inhibition Kinetics. Both the (R)- and (S)-phosphonate
analogues of the genuine TI are rapidly reversible inhibitors
of the forward reaction ofE. coli EPSPS; incubation of the
enzyme with either analogue does not result in time-
dependent inhibition (data not shown). The IC50 values are
0.11 µM for the (R)-phosphonate and 20µM for the (S)-
phosphonate under saturating substrate concentrations (Figure
3). We have analyzed the steady-state inhibition kinetics of
these TI analogues on the forward reaction of the enzyme.
As expected from their structural similarity to the genuine
TI (Figure 2), both diastereomers are competitive inhibitors
with respect to S3P and PEP (Figures 4 and 5). TheKi values
of the (R)-phosphonate are 16 nM and 24 nM for S3P and
PEP, respectively. TheKi values of the (S)-phosphonate are
0.75 µM and 2.9µM for S3P and PEP, respectively. The
Ki(S3P) values of both analogues are similar to theKi values
with respect to EPSP when EPSPS was assayed in the
backward reaction (18). Thus, the (R)-phosphonate is the
second most potent inhibitor of the EPSPS reaction reported
to date [the (R)-difluoromethyl TI analogue inhibits EPSPS
with a Ki of 4 nM (19)]. Remarkably, it is also a much
stronger inhibitor than the (S)-phosphonate.

The action of these diastereomers was previously inves-
tigated by stopped-flow intrinsic fluorescence experiments,
revealing that both analogues bind 2-4 orders of magnitude
more slowly and perhaps more weakly to the enzyme as
compared to the genuine TI (21). While the off rates of the
interaction of EPSPS with the genuine TI and both analogues
were similar, the on rate was ca. 300 times smaller with the
(R)-phosphonate and ca. 18 000 times smaller with the (S)
isomer. Recently, the absolute configuration of the genuine
TI was assigned (S), by chemical (20) and crystallographic
(16) studies. Thus, one intuitively would expect the (S)-
phosphonate analogue to be the better inhibitor. Therefore,
we determined the crystal structures of EPSPS bound with
these analogues.

Enzyme-Inhibitor Complexes.The EPSPS‚(S)-phospho-
nate (S-EPSPS) and EPSPS‚(R)-phosphonate (R-EPSPS)
structures were determined at 1.5 and 1.9 Å resolution,
respectively (Table 1). The electron density around either
ligand bound to the active site was unambiguous (Figure 6).

The overall S-EPSPS structure is not changed when com-
pared with the structure of the genuine TI state (Figure 7).
With the exception of Glu341, which adopts a slightly
different conformation to accommodate the carboxyl group
of the (S)-phosphonate, all the residues around the PEP
binding site remain essentially unchanged. Moreover, the
hydrogen-bonding interaction pattern of the (S)-phosphonate
with these residues is almost identical to that of the genuine
TI, except for the missing interaction with Arg386, a strictly
conserved residue in EPSPS. On the other hand, the (S)-
phosphonate gains one hydrogen bond through interaction
with the imidazole ring of His385, which is not the case for
the genuine TI.

By contrast, gross changes in the enzyme structure occur
as a result of binding of the (R)-phosphonate to EPSPS. In
the active site, the side chains of residues Arg124 and
Glu341, both strictly conserved in all EPSPS, undergo drastic
conformational changes (Figure 7). The Glu341 side chain
turns down as a result of steric clashes between its carboxyl
group and one of the oxygen atoms of the phosphono group
of the ligand. The Arg124 side chain appears to collapse
because of the lack of negatively charged oxygen atoms to
interact with. In all EPSPS structures known to date, the
guanidinium group of Arg124 is involved in electrostatic
interactions, namely, with the phosphonate group of gly-
phosate (15), the phosphate group of the genuine TI (16),
and the phosphonate group of the (S)-phosphonate (Figure
7). These salt bridges appear to stabilize the Arg124 side
chain, as reflected by the low temperature factors of 9-14
Å2 in the aforementioned structures. By contrast, the tem-
perature factor of the Arg124 guanidinium group in the
R-EPSPS structure is about 40 Å2, indicating a high degree

FIGURE 3: IC50 determination of the phosphonate TI analogues.
EPSPS was assayed with 2.5 mM S3P and 2.5 mM PEP and
increasing concentrations of the (R)- (b) or the (S)-phosphonate
(9). Data were fit to eq 1, yielding IC50 values of 0.11( 0.002
µM for the (R)-phosphonate and 20( 1.1 µM for the (S)-
phosphonate.

FIGURE 4: Steady-state kinetics of EPSPS inhibition by the (S)-
phosphonate TI analogue. (A) Lineweaver-Burk presentation of
EPSPS activity as a function of S3P and increasing (S)-phosphonate
concentrations: 0 (b), 0.5 ([), 1 (1), 2.5 (2), and 5µM (9). The
concentration of PEP was 2.5 mM. Data were fit to eq 2. (B) Replot
of the observedKms obtained from panel A as a function of (S)-
phosphonate concentration. Data were fit to eq 3, yielding aKi of
0.75 ( 0.03 µM. (C) Lineweaver-Burk presentation of EPSPS
activity as a function of PEP and increasing (S)-phosphonate
concentrations: 0 (b), 1 ([), 2.5 (1), 5 (2), and 10µM (9). The
concentration of S3P was 2.5 mM. Data were fit to eq 2. (D) Replot
of the observedKms obtained from panel C as a function of (S)-
phosphonate concentration. Data were fit to eq 3, yielding aKi of
2.9 ( 0.12 µM.
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of flexibility, although the electron density of this residue is
clearly visible. Apparently the carboxyl group of the ligand
in the R-EPSPS complex is too far away from the guani-
dinium moiety of Arg124 to establish a salt bridge. It appears

that this leads to the conformational change of the Arg124
side chain. The (R)-phosphonate-induced structural changes
of Arg124 appear to extend to global changes in the
N-terminal domain of EPSPS (the upper globular domain in
Figure 8). It is unlikely that the conformational change of
Glu341 contributes to these global changes as well, because
its neighboring residues are not affected and because Glu341
belongs to the C-terminal domain (the bottom domain).
Particularly affected is the region spanning residues 81-
126, in which the backbone shifts by up to 2 Å (Figure 8).
Some of the residues within this region undergo drastic
conformational changes as well, for example, Asn94 and
Arg120. Overall, the R-EPSPS exists in a slightly more open
state than the S-EPSPS.

Why Is the “Wrong” Diastereomer the Better Inhibitor?
Notably, neither the micro- nor the macroconformational
changes induced by the (R)-phosphonate are observed with
any of the other known liganded EPSPS structures. On the
other hand, the (S)-phosphonate exerts essentially the same
binding pattern in the active site as the genuine TI or the
ternary complex with S3P and glyphosate. As envisioned
(21), the “wrong” configuration of the TI analogue fits the
active site, indeed. Apparently this is made possible because
of structural changes within and around the active site,
possibly necessary to accommodate the bulky phosphonate
group in the binding pocket reserved for the carboxyl group
of PEP. Molecular docking with the EPSPS‚TI complex (16;
PDB entry 1Q36) as the sole receptor structure revealed
binding potentials in the order TI> (S)-phosphonate> (R)-
phosphonate (Table 2). This order of binding and the binding
energies remain the same when the S-EPSPS structure serves
as receptor. Remarkably, binding of the TI to the R-EPSPS
structure is less favored than that of both phosphonate
analogues. On the other hand, all ligands, including the (R)-
phosphonate, appear to bind more weakly to the R-EPSPS
structure than to the other receptors, probably caused by the
missing Arg124 and Glu341 side chains as binding partners
(Figure 7). None of these calculations result in higher binding
energies for the (R)-phosphonate as compared to the (S)-
phosphonate. Thus, the mere knowledge of the interaction
of these analogues with active-site residues appears to be
insufficient to explain the high inhibitory potency of the (R)-
phosphonate. Therefore, it is likely that the structural events
that lead the formation of the active site are altered.

There is evidence that the transition from an open
(unliganded) to a closed (substrate-liganded) EPSPS state is
triggered by S3P and not by PEP (15-17). Similarly, the
mechanistic and structural homologous enzyme MurA in-
teracts with UNAG in its open form, which results in global
structural changes leading to a closed form (16, 32-36). For
both enzymes, domain closure results in accumulation of
positively charged side chains, originating from the N- and
C-terminal globular domains (Figures 7 and 8), to which the
anionic PEP molecule would bind, adjacent to the target
hydroxyl of S3P or UNAG. This induced-fit mechanism
requires the existence of a collision complex between S3P
and the open enzyme form (Figure 9), possibly located at
the N-terminal domain (37), but being substantially different
from the active-site architecture. Given that entry and exit
routes for S3P or EPSP do not exist in the closed enzyme
state, it is likely that EPSPS has to undergo the open-closed
transition with each catalytic cycle (Figure 9). Likewise, the

FIGURE 5: Steady-state kinetics of EPSPS inhibition by the (R)-
phosphonate TI analogue.(A) Lineweaver-Burk presentation of
EPSPS activity as a function of S3P and increasing (R)-phosphonate
concentrations: 0 (b), 0.005 ([), 0.01 (1), 0.025 (2), and 0.050
µM (9). The concentration of PEP was 2.5 mM. Data were fit to
eq 2.(B) Replot of the observedKms obtained from panel A as a
function of (R)-phosphonate concentration. Data were fit to eq 3,
yielding a Ki of 0.016 ( 0.001 µM. (C) Lineweaver-Burk
presentation of EPSPS activity as a function of PEP and increasing
(R)-phosphonate concentrations: 0 (b), 0.01 ([), 0.025 (1), 0.05
(2), and 0.1µM (9). The concentration of S3P was 2.5 mM. Data
were fit to eq 2.(D) Replot of the observedKms obtained from
panel C as a function of (R)-phosphonate concentration. Data were
fit to eq 3, yielding aKi of 0.024( 0.001µM.

FIGURE 6: Crystallography of the phosphonate TI analogues bound
to EPSPS. Displayed are the electron densities derived from 2Fo
- Fc Fourier syntheses after the last refinement cycle, contoured
at 1σ, for the (S)-phosphonate at 1.5 Å resolution (top) and the
(R)-phosphonate at 1.9 Å resolution (bottom).

Inhibitor-Induced Changes in EPSPS Biochemistry, Vol. 44, No. 9, 20053245



TI or the phosphonate analogues will bind to the open
enzyme form, inducing the transition to the closed state, and
these molecules would only dissociate from the enzyme upon
opening. Thus, the stopped-flow data utilizing intrinsic
fluorescence changes (21) do not merely reflectkon andkoff

of the dissociation constant,Kd(TI), but also the unimolecular
rate constants,k3

/ and k4
/, of the open-closed transition

(Figure 9). In fact, Anderson and Johnson (21) observed
complex biphasic kinetics with both analogues but not with
the genuine TI, which was interpreted as “a rate-limiting

isomerization of the enzyme analog complex”. Such isomer-
ization would be reflected by an altered ratio ofk3

/ andk4
/

of Figure 9. Neither analogue is a slow-binding inhibitor,
which is in accordance with the unchanged off-rates observed
by Anderson and Johnson (21). If we assume that the rate-
limiting steps of the interaction of the analogues with the
enzyme indeed arek3

/ and k4
/ (and not k1

/ or k2
/ that

determine theKd), and furthermore that the off-rate (k4
/) is

unchanged, it would bek3
/ that varies as a function of the

TI analogue structure. Consequently, theKi is probably more

FIGURE 7: Comparison of the binding patterns for the genuine TI and the phosphonate analogues in EPSPS around the PEP site. Top
stereopair: Genuine TI in the D313A EPSPS (17). Middle stereopair: (S)-Phosphonate in the wild-type EPSPS. Bottom stereopair: (R)-
Phosphonate in the wild-type EPSPS. Polar or charged interactions are denoted by dashed lines. The models are color-coded according to
atom types: carbon atoms of the respective ligands are shown in yellow, carbon atoms of the surrounding enzyme residues in gray, nitrogen
atoms in blue, oxygen atoms in red, and phosphorus atoms in magenta. Turquoise balls designate water molecules.
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accurately defined as (k2
/ + k3

/)/k1
/, in which the rate of the

open-closed transition,k3
/, may determine the tightness of

ligand binding.
In the absence of structural data about the nature of the

collision complex, we can only hypothesize that the phos-
phonate group in the (R)-isomer, positioned at the carboxyl
site of the genuine TI, compensates for the “wrong”
configuration, in that it triggers the open-closed transition
more efficiently than the (S)-isomer. Because S3P alone
induces the open-closed transition (15), the key element of
the structural changes induced by both TI analogues is likely
to be the S3P moiety. It is possible, however, that the
attached PEP-like moieties influence this transition, presum-
ably through electrostatic interactions of the carboxyl and
phosphonate groups with enzyme residues that are important
for the induced-fit mechanism but yet to be identified.

CONCLUSIONS

While atomic structures of medicinally important proteins
are being determined at an ever-increasing rate, the transla-
tion of this information to the design of new drugs is often

not as straightforward as was envisioned. For example, the
structure of EPSPS in its dead-end complex with glyphosate
was considered a breakthrough in the rational design of
inhibitors for this enzyme (7). However, the results from this
work demonstrate that the active site of EPSPS undergoes
structural changes upon inhibitor binding on a scale that
cannot be predicted by conventional computational methods.
On the basis of the potent inhibition of EPSPS by the (R)-
phosphonate TI analogue, it appears that this enzyme may
facilitate the tight binding of structurally diverse ligands
through conformational flexibility of its active site, and
possibly altered kinetics of the open-closed transition. Thus,
molecular docking with the presently known EPSPS struc-
tures is an incomplete approach to the design of novel
inhibitors. As a consequence, more experimental data on the
structure and dynamics of various EPSPS-ligand complexes
are needed to more effectively apply structure-based drug
design of this enzyme in the future.

FIGURE 8: Global structural changes induced by the binding of
the (R)-phosphonate TI analogue to EPSPS. Top: Stereopair of
the CR trace of EPSPS liganded with the (S)- and (R)-phosphonates
(light gray and darker gray, respectively). The backbone structure
remains unchanged for the bottom globular domain and most parts
of the upper domain. Only the region spanning residues 81-126
shifts upon the conformational change of Arg124 (blue) S-EPSPS;
pink ) R-EPSPS). Shown in yellow is the (S)-phosphonate bound
to the active site of S-EPSPS. Bottom: Root-mean-square deviation
(rmsd) of the CR positions of R-EPSPS backbone with respect to
that of S-EPSPS.

Table 2: Docking Free Energiesa for TI and the (R)- and
(S)-Phosphonate Analogues into EPSPS

EPSPS‚TIb S-EPSPSc R-EPSPSd

TI -19.25 -19.18 -15.43
(S)-phosphonate -18.29 -18.48 -17.01
(R)-phosphonate -17.89 -17.85 -17.04
a Docking free energies are given in kilocalories per mole.b Receptor

) PDB entry 1Q36 (16). c Receptor) PDB entry 1X8R (this work).
d Receptor) PDB entry 1X8T (this work).

FIGURE 9: Proposed catalytic cycle for EPSPS. In the forward
reaction, the unliganded, open form of EPSPS reacts with S3P (S1)
to build up a rapidly reversible collision complex (ES1

open), char-
acterized byKd(S1). The collision complex undergoes a structural
transition to the closed form (ES1

closed), characterized by the uni-
molecular rate constantsk3 andk4. The second substrate, PEP (S2),
binds to the closed state, characterized byKd(S2), followed by the
chemical reaction to yield the tetrahedral intermediate (ETI

closed).
The subsequent elimination step yields the products, EPSP (P1) and
inorganic phosphate (P2). Phosphate release, characterized byKd(P2),
precedes the closed-open transition, the latter characterized by the
unimolecular rate constantsk3′ andk4′, to allow release of EPSP,
characterized byKd(P1). The pathway displayed diagonally across
the cycle is that of the TI or phosphonate analogues interacting with
the open enzyme, which is determined by a dissociation constant
Kd(TI) and the rate constantsk3

/ andk4
/. The unchanged off rates

observed in the stopped-flow experiments by Anderson and Johnson
(21) probably reflectk4

/. This catalytic cycle is applicable to MurA,
the other known enolpyruvyl transferase, too. Crystal structures of
the following enzyme states are known (listed with PDB accession
numbers): Eopen[EPSPS, 1EPS and 1RF5 (14, 17); MurA, 1NAW,
1EJC, and 1EJD (32, 35)]; ES1

closed [EPSPS, 1G6T (15); MurA,
Schönbrunn, unpublished); ETI [EPSPS, 1Q36 (16); MurA, 1Q3G
(16)]; EP1:P2

closed[MurA, 1RYW (38)]; EP1
closed[EPSPS, Scho¨nbrunn,

unpublished]. To date, the inhibited enzymes [EPSPS‚S3P‚
glyphosate, 1G6S and 1RF6 (15, 17); MurA‚UNAG‚fosfomycin,
1UAE (33)] may best represent the respective ES1:S2states.
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