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ABSTRACT: The shikimate pathway enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSP synthase
or EPSPS) is best known as the target of the herbicide glyphosate. EPSPS is also considered an attractive
target for the development of novel antibiotics since the pathogenicity of many microorganisms depends
on the functionality of the shikimate pathway. Here, we have investigated the inhibitory potency of stable
fluorinated or phosphonate-based analogues of the tetrahedral reaction intermediate (TI) in a parallel study
utilizing class I (glyphosate-sensitive) and class II (glyphosate-tolerant) EPSPS. The (R)-difluoromethyl
and (R)-phosphonate analogues of the TI are the most potent inhibitors of EPSPS described to date.
However, we found that class II EPSPS are up to 400 times less sensitive to inhibition by these TI analogues.
X-ray crystallographic data revealed that the conformational changes of active site residues observed
upon inhibitor binding to the representative class I EPSPS fromEscherichia colido not occur in the
prototypical class II enzyme fromAgrobacteriumsp. strain CP4. It appears that because the active sites
of class II EPSPS do not possess the flexibility to accommodate these TI analogues, the analogues
themselves undergo conformational changes, resulting in less favorable inhibitory properties. Since
pathogenic microorganisms such asStaphylococcus aureusutilize class II EPSPS, we conclude that the
rational design of novel EPSPS inhibitors with potential as broad-spectrum antibiotics should be based
on the active site structures of class II EPSP synthases.

The enzyme 5-enolpyruvylshikimate-3-phosphate synthase
(EPSP synthase or EPSPS;1 EC 2.5.1.19) catalyzes the sixth
step of the shikimate pathway. The product of the shikimate
pathway, chorismate, serves as a starting material for the
biosynthesis of essential compounds including the aromatic
amino acids and cofactors such as ubiquinone, vitamin K,
and folate in plants, fungi, and microorganisms (1-3), while
mammals obtain necessary aromatic compounds from their
diets. A variety of evidence suggests that EPSPS and other
shikimate pathway enzymes represent enticing drug targets.
The deletion of the gene encoding EPSPS has been shown

to result in attenuated virulence inStaphylococcus aureus,
Streptococcus pneumoniae, and Bordetella bronchiseptica
(4-6). Many organisms, includingMycobacterium tuber-
culosis, Pseudamonas aeruginosa, Vibrio cholerae, and
Yersinia pestis, require the production of chorismate-derived
siderophores for pathogenicity (7, 8). Further, glyphosate has
been shown to inhibit the in vitro growth of apicomplexan
parasites includingToxoplasma gondii, Plasmodium falci-
parum, andCryptosporidium parVum (9).

As the molecular target of glyphosate (the active ingredient
in Roundup herbicide), EPSPS has been the subject of
extensive investigation (10, 11). While glyphosate has proven
to be a potent inhibitor of EPSPS from plants andEscherichia
coli, several glyphosate-tolerant forms of EPSPS have been
identified (12-16). Glyphosate-tolerant EPSPS isolated from
organisms includingS. aureus, S. pneumoniae, Pseudomonas
sp. strain PG2982, andAgrobacteriumsp. strain CP4 are
termed class II enzymes, while the plant andE. coli enzymes
are considered class I enzymes (16-18). The molecular basis
for glyphosate tolerance in the prototypical class II enzyme
Agrobacteriumsp. strain CP4 EPSPS has been elucidated
recently (19).

Although glyphosate restricts the growth of apicomplexan
parasites, its antibiotic properties are poor, and pathogens
such asS. pneumoniaeandS. aureushave class II EPSPS
which present unsuitable targets for glyphosate (16, 17).
Thus, the effective targeting of microbial EPSPS requires
new strategies toward the design of novel inhibitors. In
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particular, detailed atomic-level information is needed about
inhibitors other than glyphosate.

EPSPS transfers the enolpyruvyl moiety of phospho-
enolpyruvate (PEP) to the 5′-oxygen atom of shikimate
3-phosphate (S3P). The reaction proceeds through a tetra-
hedral reaction intermediate (TI) in which the two substrates
are covalently linked (Figure 1a). Crystallographic and
chemical studies usingE. coli EPSPS demonstrated the 2-(S)-
configuration of the TI (20, 21). The mode of action of
glyphosate on EPSPS is well understood (22, 23), but
intensive efforts to find a molecule better than glyphosate
at inhibiting class I EPSPS have largely failed; only a few
analogues of the TI have been identified as more potent
inhibitors (11, 24, 25). The molecular modes of action of
the (R)- and (S)-phosphonate TI analogues (RP-TI and SP-
TI, respectively) onE. coli EPSPS were determined recently
by X-ray crystallography and indicated that this enzyme may
facilitate the tight binding of such inhibitors through con-
formational flexibility (25). Notably, inhibition studies on
EPSPS have only been performed using class I enzymes (11,
24). Here, we have investigated the molecular modes of
action of RP-TI, SP-TI, and the (R)-difluoromethyl TI
analogue (2F-TI) (Figure 1b) using class II EPSPSs from
bothS. aureusandAgrobacteriumsp. strain CP4 in parallel
with the class I EPSPS fromE. coli. The results demonstrate
that class II EPSPS are generally less susceptible to inhibition
by these TI analogues. Crystallographic studies illuminate
the basis for this discriminant inhibition.

EXPERIMENTAL PROCEDURES

Materials.S3P (triethylammonium salt) was synthesized
and purified as previously described (25). Syntheses of the
TI analogues (2F-TI, RP-TI, and SP-TI) were reported
previously (24). PEP (potassium salt) and all other chemicals
were purchased from Sigma (St. Louis, MO) unless otherwise
noted. The Pierce (Rockford, IL) Coomassie Plus reagent
with bovine serum albumin as a standard was used to
determine protein concentrations. Wild typeE. coli EPSPS
(15), Agrobacteriumsp. strain CP4 EPSPS (wild type and
Ala100Gly mutant) (19), and wild-typeS. aureusEPSPS (16)
were overexpressed and purified as previously described.

Inhibition Kinetics.The kinetic properties of the EPSPS
were examined using the malachite green phosphate-release

assay (26). The protocol for kinetic assays has been changed
slightly from that described previously (25) to facilitate
higher throughput. Assays were conducted in 60µL of 50
mM Na-HEPES, pH 7.5, 100 mM KCl, and 2 mM DTT,
using 96-well microtiter plates. The reaction was started by
the addition of enzyme, incubated at 25°C, and stopped by
addition of 140µL of malachite green reagent after 20 min
(S. aureusEPSPS) or 30 min (E. coli, wild-type CP4, and
Ala100Gly CP4 EPSPS). After allowance of 10 min for color
development, the change in optical density at 650 nm was
measured with a SpectraMax 340PC plate reader (Molecular
Devices, Sunnyvale, CA). The amount of product was
determined by comparison to phosphate standards, and the
enzyme activity is expressed as micromoles of phosphate
produced per minute of reaction time per milligram of
enzyme. The final concentration of the EPSPS was 1.4 nM
for E. coli, 3.2 nM for both the wild-type CP4 and the
Ala100Gly CP4, and 13 nM forS. aureus. To ensure that
the results were directly comparable, the kinetic constants
for E. coli EPSPS inhibition by RP-TI and SP-TI were
redetermined using the plate-based assay.

Enzymatic activities at increasing S3P and varied inhibitor
concentrations were recorded, and the data were fit to the
Michaelis-Menten equation.Ki values for 2F-TI, RP-TI, and
SP-TI were determined by linear regression of the replot of
the Km(obsd) values versus the concentration of the inhibitor
[I], where Km(obsd) is the observed Michaelis constant in the
presence of inhibitor,Km is the true Michaelis constant, and
Ki is the inhibition constant (eq 1). Data evaluation for all
kinetic experiments was performed with SigmaPlot (SPSS
Science, Chicago, IL).

Crystallography.Highly purified enzymes were concen-
trated using Centricon 30 devices (Millipore, Billerica, MA)
at 4 °C. Crystals were grown at 19°C using the hanging-
drop vapor diffusion method.E. coli EPSPS was crystallized
in the presence of 10 mM 2F-TI using sodium formate
crystallization conditions as previously described (23). Wild-
type CP4 and Ala100Gly CP4 EPSPS were crystallized in
the presence of 5 mM 2F-TI or 5 mM RP-TI using

FIGURE 1: (A) Reaction catalyzed by EPSPS.(B) TI analogues studied in this work.

Km(obsd)) (Km

Ki
)[I] + Km (1)
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ammonium sulfate crystallization conditions as previously
described (19). X-ray diffraction data were recorded at
-180 °C using the rotation method on single flash-frozen
crystals [detector,R-axis IV++ image plate; X-rays, Cu KR,
focused by mirror optics; generator, Rigaku RU300 (MSC,
The Woodlands, TX)]. The data were reduced with XDS
(27) or HKL2000 (28). The program package CNS (29) was
employed for phasing and refinement; model building was
performed with O (30). The structures were solved by
molecular replacement using wild-typeE. coli EPSPS (PDB
code 1G6S;23) or wild-type CP4 EPSPS (PDB code 2GG6;
19) stripped of solvent molecules, ions, and ligands as search
models. Refinement was performed using data to highest
resolution with noσ cutoff applied. Several rounds of
minimization, simulated annealing (2500 K starting temper-
ature), and restrained individualB-factor refinement were
carried out. Data collection and refinement statistics are
summarized in Table 1. Figures 2-6 were drawn with
Molscript (31), Bobscript (32), and Raster3D (33).

RESULTS AND DISCUSSION

Inhibition Kinetics.Steady-state kinetics employing the
forward reaction with S3P and PEP as substrates were used
to analyze the inhibitory actions of 2F-TI, RP-TI, and SP-
TI on three enzymes: the class I EPSPS fromE. coli and
the class II EPSPS from bothS. aureusandAgrobacterium
sp. strain CP4. The data indicated that 2F-TI, RP-TI, and
SP-TI are competitive inhibitors of the EPSPS reaction,
irrespective of the enzyme’s genetic origin (see Supporting
Information Figures S1-S3). A very potent inhibitor ofE.
coli EPSPS (Ki ) 7.8 nM), 2F-TI exhibits 4-fold and 8-fold
decreased potency againstS. aureusand CP4 EPSPS,
respectively (Table 2). This trend is considerably more
pronounced for EPSPS inhibition by the phosphonate dia-
stereomers. RP-TI is a very potent inhibitor ofE. coli EPSPS
(Ki ) 3.9 nM); however, it exhibits 120-fold and 460-fold
less potency againstS. aureusand CP4 EPSPS, respectively.
SP-TI, a moderate inhibitor of theE. coli enzyme (Ki ) 760

nM), is 16 times less active against theS. aureusenzyme
(Ki ) 11µM) and essentially lacks inhibitory potency against
the CP4 enzyme (Ki ) 76µM). While glyphosate sensitivity
of the CP4 enzyme can be restored through a single-site
mutation in the active site (Ala100GlyCP4; 19), the inhibition
constants of the TI analogues are essentially the same for
the Ala100GlyCP4mutant as for wild-type CP4 EPSPS (data
not shown). These findings indicate that class II enzymes
such asS. aureusor CP4 EPSPS exhibit not only tolerance
toward glyphosate but also considerably less susceptibility
to inhibition by analogues of the TI.

Molecular Modes of Action. The structure of the TI was
previously determined in complex with a mutantE. coli
EPSPS enzyme (Asp313Ala) (Figure 2) (20). In theE. coli
and CP4 wild-type enzymes, the side chain of this aspartate
(Asp313E.coli/Asp326CP4) establishes hydrogen bonds to the
4-OH and 5-OH of S3P, but is not part of the glyphosate or
PEP binding site (19, 23). For the TI analogues studied here
and in our previous work (25), this side chain is too far away
(>3.2 Å) and improperly oriented to interact efficiently with
the moieties mimicking the PEP portion of the TI. Therefore,
it is unlikely to influence the conformation of the TI, and
thus, we refer to this conformation of the molecule as the
“genuine” TI of theE. coli enzyme.

Interactions with 2F-TI.The E. coli and CP4 enzymes
were cocrystallized with 2F-TI, and the structures were
determined at 1.6 and 1.8 Å resolution, respectively (Table
1, Figures 2 and 4). The electron-dense difluoro moiety of
2F-TI induces a large conformational change of the side chain
of Glu341 inE. coli EPSPS, but the conformation of 2F-TI
and its interactions with active site residues are otherwise
similar to those observed for the genuine TI (Figure 2). In

Table 1: Summary of Data Collection and Structure Refinementa

data set E. coli‚2F-TI CP4‚2F-TI CP4‚RP-TI CP4 (A100G)‚2F-TI

space group P212121 P21 P21 P21

unit cell dimensions a ) 58.2 Å,b ) 85.1 Å,
c ) 87.6 Å,
R ) â ) γ ) 90°

a ) 63.4 Å,b ) 45.0 Å,
c ) 77.6 Å,R ) γ ) 90°,
â ) 106.1°

a ) 63.0 Å,b ) 45.0 Å,
c ) 77.3 Å,R ) γ ) 90°,
â ) 106.3°

a ) 62.8 Å,b ) 44.9 Å,
c ) 77.1 Å,R ) γ ) 90°,
â ) 106.4°

protein atoms avB factor (Å2) 3232 3260 3260 3259
13.2 7.8 7.4 17.0

ligand atoms avB factor (Å2) 28 28 25 28
10.8 8.5 13.7 16.4

solvent molecules avB factor (Å2) 443 483 506 447
25.1 21.0 20.5 28.0

rmsdb (bonds) (Å) 0.011 0.011 0.011 0.011
rmsd (angles) (deg) 1.57 1.58 1.60 1.59
resolution range 15-1.6 (1.7-1.6) 10-1.8 (1.9-1.8) 15-1.6 (1.65-1.6) 15-1.77 (1.83-1.77)
no. of unique reflns 55458 (8807) 39118 (5810) 54614 (4686) 39870 (3885)
completeness (%) 95.4 (92.5) 99.6 (99.8) 98.9 (97.3) 98.2 (96.3)
I/σ(I) 24.4 (10.6) 13.0 (5.1) 14.7 (7.2) 26.0 (4.0)
Rmerge

c (%) 3.5 (8.8) 10.0 (19.7) 6.9 (12.5) 6.4 (35.6)
Rcryst

d (%) 16.6 15.3 15.7 15.6
Rfree

e (%) 19.1 19.4 17.9 18.5
a Values in parentheses refer to the highest resolution shell.b rmsd) root-mean-square deviation from ideal values.c Rmerge ) 100[∑h∑i|Ihi -

Ih|/∑hiIhi], whereh are unique reflection indices.d Rcryst ) 100[∑|Fo - Fmodel|/∑Fo], whereFo andFmodel are observed and calculated structure factor
amplitudes.e Rfree is Rcryst calculated for randomly chosen unique reflections, which were excluded from the refinement (1109 forE. coli‚2F-TI,
1173 for CP4‚2F-TI, 1093 for CP4‚RP-TI, and 1175 for CP4(A100G)‚2F-TI).

Table 2: Ki Values (nM) for the Inhibition of EPSPS by TI
Analogues

2F-TI RP-TI SP-TI

E. coli 7.8( 0.5 3.9( 0.6 760( 200
CP4 63( 15 1800( 600 76000( 9000
S. aureus 30 ( 6 450( 70 11000( 2000
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contrast, upon binding to the CP4 enzyme, the side chain of
Glu354CP4()Glu341E.coli) shifts only slightly away from 2F-
TI, while the analogue itself undergoes a substantial con-
formational change, particularly around theC2-phosphate
moiety (Figure 2). We tested whether this conformational
change of the 2F-TI molecule in the CP4 enzyme is caused
by the presence of Ala100CP4()Gly96E.coli), known to induce
structural changes in the glyphosate molecule (19). The X-ray
structure of the Ala100Gly mutant CP4 enzyme in complex
with 2F-TI revealed the same inhibitor conformation as
observed with wild-type CP4 EPSPS (Figure S4). The side
chain of Thr101CP4 protrudes into the site occupied by the
phosphate group of 2F-TI when bound to theE. coli enzyme,

and it thus appears that Thr101CP4, not Ala100CP4, is
responsible for the rotation of the 2F-TI phosphate group in
the CP4 enzyme. InE. coli EPSPS, the corresponding
residue, Thr97E.coli, is located further away from the phos-
phate group due to differentφ/ψ angles of the polypeptide
backbone and does not have interactions with the inhibitor.

Interactions with RP-TI and SP-TI. The crystal structures
reported recently ofE. coli EPSPS liganded with RP-TI and
SP-TI (25) were included in this work for comparison. While
the interaction of SP-TI with EPSPS was found to be similar
to that of the genuine TI (Figure 5), the “wrong” diastereomer
but much better inhibitor, RP-TI, induced substantial con-
formational changes in the enzyme’s backbone and of active

FIGURE 2: Interaction of 2F-TI with EPSPS (stereoview). Top: Genuine TI (shown in yellow) bound toE. coli EPSPS (PDB code 1Q36;
20). Middle: 2F-TI binding toE. coli EPSPS induces a large conformational change of E341. Bottom: 2F-TI binding to CP4 EPSPS
induces only a slight conformational change of E354 ()E341E.coli). The residues shown in green display the conformations found in the
respective binary complexes with S3P. Black dotted lines indicate polar interactions. The cyan spheres denote water molecules.
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site residues. It was concluded that the enzyme’s conforma-
tional flexibility enables efficient inhibitor binding.

Here, the CP4 enzyme was cocrystallized with RP-TI, and
the structure was determined at 1.6 Å resolution (Table 1,
Figures 3 and 4). In contrast to theE. coli enzyme, the
structure of the CP4 enzyme remains essentially unaltered
compared to the S3P-liganded CP4. In particular, the large
conformational changes of the strictly conserved residues
Glu354CP4 ()Glu341E.coli) and Arg128CP4 ()Arg124E.coli)
observed in theE. coli EPSPS‚RPTI complex do not occur
in the CP4 EPSPS‚RPTI structure. The Glu354CP4side chain
moves only slightly upon inhibitor binding, leaving an
oxygen atom of the phosphonate group of RP-TI in close

proximity to the carboxyl group of Glu354 (2.1 Å to the
carboxyl oxygen and 3.0 Å to the carboxyl carbon atom);
this could give rise to a steric clash, resulting in decreased
binding efficiency. The guanidinium group of Arg128CP4

establishes a salt bridge with the carboxyl group of the
inhibitor, an electrostatic interaction that does not exist in
theE. coli EPSPS‚RPTI complex. The Glu354 and Arg128
interactions with the inhibitor reflect the rigidity of the active
site of CP4 EPSPS relative to theE. coli enzyme and
apparently result in significant conformational change in the
inhibitor molecule (Figure 3). Thermal denaturation studies
indeed demonstrated that the CP4 enzyme is considerably
more stable than theE. coli enzyme (19).

FIGURE 3: Interaction of RP-TI with EPSPS (stereoview). Top: RP-TI (shown in yellow) binding toE. coli EPSPS induces large
conformational changes of the strictly conserved residues E341 and R124 (PDB code 1X8T;25). Bottom: RP-TI binding to CP4 EPSPS
induces only a slight conformational change of E354 ()E341E.coli), and R128 ()R124E.coli) remains unaltered. The conformation of the
RP-TI molecule is slightly different from that observed in theE. coli enzyme. The residues shown in green display the conformations found
in the respective binary complexes with S3P. Black dotted lines indicate polar interactions; the red dotted lines in the CP4 enzyme indicate
a steric clash between the RP-TI phosphonate moiety and Glu354. The cyan spheres denote water molecules.

FIGURE 4: Structure determination of TI analogues bound to EPSPS. Displayed are the electron densities of the inhibitors, derived fromFo
- Fc Fourier syntheses and contoured at 3σ, omitting the model of 2F-TI inE. coli (left, 1.6 Å), 2F-TI in CP4 (middle, 1.8 Å), and RP-TI
in CP4 (right, 1.6 Å) EPSPS after the last refinement cycle.
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Several cocrystallization trials of the CP4 enzyme liganded
with SP-TI failed, presumably due to its poor binding affinity
(Ki ) 76 µM). Manual docking of the SP-TI molecule from
theE. coli enzyme (PDB code 1X8R) into the closed forms
of the CP4 enzyme (i.e., the S3P-, 2F-TI-, and RP-TI-
liganded structures) indicates that the distance between
Arg128CP4and the inhibitor’s phosphonate group is too large
(>3.8 Å) to establish the (2.8 Å) salt bridge observed in the
E. coli enzyme (Figure 5). In addition, the docking results
indicate that the interaction between the carboxyl group of
SP-TI and His385E.coli (2.9 Å) in theE. coli enzyme does
not exist in the CP4 enzyme (distance 3.8 Å). The decreased
electrostatic interactions between SP-TI and the CP4 enzyme
may account for the decreased binding affinity of this
inhibitor for CP4 EPSPS.

Alberg et al. determined that both 2F-TI (Ki ) 4 nM) and
RP-TI (Ki ) 15 nM) are nanomolar-range inhibitors of
Petunia hybridaEPSPS, and Priestman et al. determined that
RP-TI exhibits similar potency againstE. coli EPSPS (Ki )
16 nM), demonstrating that select TI analogues constitute
the most potent inhibitors of the EPSPS reaction (11, 24,
25). Molecular docking calculations based on the crystallo-
graphically determined structures of EPSPS‚TI analogue
complexes did not explain why RP-TI (the “wrong” diaste-
reomer) is a much better inhibitor of EPSPS than SP-TI (25).
Using the here-determined structures, we performed molec-
ular docking studies, but the results were inconclusive and
did not explain the differences in inhibitory potential of 2F-

TI and RP-TI on theE. coli and CP4 enzymes, and these
studies are therefore not included in this work. It appears
that, for EPSPS, knowledge of the binding pattern of the TI
analogues in the dead-end complexes is insufficient to explain
the observed values for inhibitory potency. We conclude that
the crystallographically determined structures reflect only part
of the EPSPS interaction with inhibitors such as these TI
analogues and thus do not reveal the complete molecular
mode of inhibitor action.

It is known that the reaction of EPSPS follows an induced-
fit mechanism (19, 23); S3P binding induces global confor-
mational changes from an open (ligand-free) to a closed
(liganded) state. Like S3P, TI analogues initially will bind
to the open state of the enzyme to form a “collision complex”
(Figure 6), and the formation of the “dead-end inhibitor
complex” will be completed upon the enzyme’s transition
to the closed state. For inhibition ofE. coli EPSPS by RP-
TI, it was proposed that events during these global structural
changes may be altered as a result of the enzyme’s initial
interaction with the inhibitor (25). Furthermore, a change in
the unimolecular rate constants that govern the open-closed
transition to the dead-end complex would affect the inhibition
constant,Ki. Here, we propose that the differential inhibition
observed for theE. coli, S. aureus, and CP4 EPSPS may be
due to alteration of the open-closed transition of these
enzymes during catalysis and/or upon interaction with TI
analogues. For example, the differences in the positions of
the phosphonate/phosphate moieties of the TI analogues may

FIGURE 5: Interaction of the SP-TI with EPSPS (stereoview). Top: SP-TI (shown in yellow) binding toE. coli EPSPS is similar to that
observed for the genuine TI (PDB code 1X8R;25). Bottom: Manual docking of the SP-TI molecule into the active site of CP4 indicates
a loss of electrostatic interactions between the inhibitor molecule and residues Arg128 and His404. Black dotted lines indicate polar interactions.
The cyan spheres denote water molecules.
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influence the rate of the enzyme’s conformational change
to the closed, catalytically active state. Ligand binding to
receptors has been shown to be strongly influenced by
phosphate moieties, as demonstrated recently for triose
phosphate isomerase and orotidine 5′-monophosphate de-
carboxylase (35, 36). This hypothesis cannot be tested by
steady-state kinetics and crystallography alone, but requires
sophisticated kinetic experiments. The gross conformational
changes that the enzyme undergoes have led to unreliable
results from docking experiments, and this, together with
the confined space and highly charged nature of the active
site, has impeded the development of second-generation
EPSPS inhibitors.

It is likely that the collision complexes of the respective
inhibitors with bothE. coli and CP4 EPSPS are formed with
the low-energy states of the TI analogues. Presumably, these
low-energy inhibitor conformations are preserved during the
structural changes of theE. coli enzyme because large side
chain and even backbone conformational changes effectively
accommodate inhibitor binding. In contrast, the CP4 enzyme
appears to be less flexible, and as a result, the TI analogues
themselves must undergo structural changes. Notably, it was
reported that glyphosate binds to the CP4 enzyme in a
condensed, high-energy conformation that exhibits poor
inhibitory properties (19). We therefore performed ab initio
energy calculations of the different TI analogue conformers
with GAMESS (34) (data not shown). Although the confor-
mations of 2F-TI and RP-TI when bound to CP4 were
predicted to be higher in energy than the conformers bound
to theE. coli enzyme, the energy differences did not explain
the differences in inhibitory properties.

CONCLUSIONS

Previous studies with EPSPS inhibitors other than gly-
phosate have utilized class I enzymes fromE. coli or P.
hybrida. It was assumed that reaction intermediate analogues
would inhibit class II enzymes to the same or similar degree

compared to class I enzymes. Our results reveal, however,
that the class II EPSPS from CP4 andS. aureusare
considerably less sensitive thanE. coli EPSPS to inhibition
by these TI analogues. These findings imply that the genuine
tetrahedral intermediate states of class I and II enzyme
reactions may differ considerably in conformation and
energy. Such phenomena are typically not taken into account
in designing TI analogues, because it is assumed that
intermediate species adopt the same conformational states
during the reaction, irrespective of the enzyme’s genetic
origin. Accumulated evidence demonstrates that many bacte-
rial, fungal, and apicomplexan pathogens depend on EPSPS
for pathogenicity and survival. Our studies indicate that such
microorganisms are likely to exhibit tolerance to inhibitors
developed on the basis of the well-understood kinetic and
structural properties ofE. coli EPSPS. Consequently, future
efforts toward the discovery and design of EPSPS inhibitors
with potential as broad-spectrum antibiotics should be
performed using class II enzymes from pathogenic organ-
isms.
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the enzyme after alignment of the N-terminal (top) globular domains of the open state and the closed states. It was previously suggested
that S3P (and analogues thereof) would initially bind to the N-terminal domain of EPSPS (35).
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