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Abstract

EPSP synthase (EPSPS) catalyzes the addition of shikimate-3-phosphate (S3P) and phosphoenolpyruvate (PEP) to form a tetrahedral
intermediate (T1) that is converted to 5-enolpyruvylshikimate-3-phosphate (EPSP) and inorganic phosphate. A semiempirical molecular
modeling study of the EPSPS active site containing the TI was implemented for the assignment of the protonation states of four basic
residues, Lys22, Lys340, His385, and Lys411, based on the evaluation of 16 different protonation states and comparison of the resulting
energy minimized heavy atoms coordinates with available X-ray crystallographic data of the D313A mutant of EPSPS. The results,
employing both gas phase and continuum solvent models, are indicative that after the TI formation the histidine residue is most probably
in neutral form (N°®-protonated) and the lysine residues are in protonated form, which suggests that none of the presently proposed
assignments of aminoacid residues involved in the reaction mechanism could be completely correct. The protonated state of Lys22 in
the presence of the TI supports the proposal that this residue is a general acid catalyst for TI breakdown. Modeling of the native enzyme
active site suggests that Asp313 residue has only minor effects on the definition of the TI position inside the active site. Hydrogen-bonds
distances suggest that, in order to act as a base, Asp313 needs the intermediacy of a hydroxyl group of the TI for effecting the attack on

the TT methyl group in the elimination step leading to EPSP, as suggested previously in the literature.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The biosynthesis of 5-enolpyruvylshikimate-3-phos-
phate (EPSP) from the substrates shikimate-3-phosphate
(S3P) and phosphoenolpyruvate (PEP), an essential reac-
tion toward the biosynthesis of aromatic compounds in
bacteria, fungi, algae, higher plants, and apicomplexan
parasites, is catalyzed by the enzyme EPSP synthase
(EPSPS), also called AroA [1]. Because this biosynthetic
route is absent from mammals, this reaction is an attractive
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target for the development of antimicrobial and herbicide
compounds. The widely used weed control agent glyphos-
ate (N-(phosphonomethyl)glycine)) is a competitive inhibi-
tor of EPSPS [2], which acts by forming a non-covalent but
stable ternary complex with the enzyme and S3P [3].
Rational inhibitor design could benefit from a detailed
understanding of the EPSPS catalyzed reaction mecha-
nism, which have implications in crop production and
human health. Although a reaction mechanism involving
an intermediate species covalently bound to the enzyme
has been proposed [4,5], several experimental results sup-
port the presently accepted addition—elimination mecha-
nism with a tetrahedral intermediate (TI) composed by
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the two substrates covalently linked to each other [6-8]
(Fig. 1), especially the TI trapping in the D313A mutant
of Escherichia coli EPSPS followed by a detailed depiction
of the co-crystallized structure [9].

Many efforts have been implemented for the assignment
of the aminoacid residues involved in the proton transfers
in the reaction mechanism. Kinetic studies on site-directed
mutants [10], partitioning analysis [11], solid state NMR
[12], and X-ray crystallography studies of the complex of
EPSPS with S3P and glyphosate [3] and of the mutant
EPSPS containing the TI [9] are examples of experimental
techniques employed to identify the catalytically most
important residues, but some conclusions from these stud-
ies remain controversial. For example, Berti and co-work-
ers concluded that there are no aminoacid residues that
catalyze solely addition or elimination and that Glu341
(in neutral form) was the proton donor in the intermediate
formation and the proton acceptor in the elimination of the
intermediate, while Lys22 was the proton acceptor from
S3P in the first step and a general acid catalyst for phos-
phate elimination in the second step [11]. The location of
Lys22 is suitable for protonating the bridging phosphate
oxygen in the THI PEP moiety, which was demonstrated
to be an effective catalytic strategy to promote THI break-
down in non-enzymatic model reactions [13]. On the other
hand, Schénbrunn and co-workers suggested that Lys22
was able to accomplish the two proton transfers required
for the addition, first as a base abstracting the H atom of
S3P, later as an acid protonating the C3 atom of PEP;
Asp313 was proposed as the base for proton abstraction
from the reaction intermediate because the overall addi-
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tion—elimination reaction is halted after the addition step
as a consequence of its mutation to an alanine residue [9].

This controversy may be clarified by the definition of the
protonation state of the enzymatic active site residues. The
crystallographic structure of the TI-containing EPSPS is
known from the work of Eschenburg et al., but hydrogen
atoms positions cannot be usually determined by an
X-ray diffraction technique. The pK, of basic residues, such
as lysine and histidine, could be influenced by the adjacent
microenvironment, including the presence of neighboring
acidic and/or charged residues, and residues containing
polarizable electron-rich groups, such as the rings of aro-
matic residues. In the absence of experimental information,
computational methods can be explored for estimation of
protonation states as it was shown, for example, by the
use of a molecular mechanics method by Signorini et al.
for the prediction of the protonation state of histidine res-
idues buried in the protein core [14], and by Gonzilez-Nilo
et al., who have determined by means of DFT and FEP
calculations the protonation state of lysine residues of the
phosphoenolpyruvate carboxykinase active site [15].

The use of EPSPS-catalyzed reaction mechanisms as a
tool for the rational design of new herbicide leads is clearly
dependent on the correct definition of the protonation state
of active site basic residues. In the present work, we
describe a semiempirical molecular modeling study for
the assignment of the protonation states of all basic resi-
dues in the EPSPS active site containing the reaction inter-
mediate, based on the evaluation of the different
protonation possibilities and comparison of the resulting
energy minimized heavy atom positions with those
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Fig. 1. Possible mechanism of EPSP synthase catalyzed reaction.
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observed in the X-ray crystallographic structure of E. coli
D313A mutant of EPSPS [9]. These results are comple-
mented by a study of the influence of protonation state
on the TI-containing native EPSPS active site.

2. Methodology

In order to choose the best semiempirical method for the
calculations, we carried out a preliminary study on a
hydrogen-bonded complex between methylamine and
methylphosphate, as a simple model of the interaction
between the lysine side chain and the TI phosphate groups.
The geometries were optimized with AM1 [16] and PM3
[17,18] Hamiltonians and also at the ab initio HF/6-
311+G™ level with Spartan’02 for Linux (Wavefunction,
Inc.). In the AM1 minimum energy structure, a bifurcated
conformation with each of the hydrogen atoms of the
methylamine amino group making hydrogen-bonds with
an oxygen atom of the methylphosphate molecule was
obtained, a result that does not correspond to the ab initio
minimum, which contains only one, shorter, hydrogen-
bond between the amino and the phosphate groups. On
the other hand, the optimized PM3 geometry was very sim-
ilar to the ab initio minimum, in accordance with literature
results, which showed that PM3 correctly predicts the
structure of many types of intermolecular hydrogen-bonds
[19-22].

As a simple test of the PM3 method reliability for eval-
uation of the protonation states of histidine and lysine res-
idues in a protein environment, modeling results were
compared with available neutron diffraction results of
two selected proteins: D-xylose isomerase at 2.2 A resolu-
tion (entry 2GVE of the Protein Data Bank, PDB) [23]
and B-trypsin at 1.8 A resolution (entry INTP of the
PDB) [24]. The neutron scattering properties provide a
method for locating hydrogen atoms by introducing deute-
rium into the protein and for identifying which hydrogen
atoms are readily replaced by deuterium and the extent
of this replacement. Neutron diffraction data at ~2 A res-
olution can unambiguously define hydrogen atom posi-
tions. Input files for the semiempirical calculations were
prepared from the PDB files by selection of aminoacid res-
idues and water molecules in close contact with three refer-
ence aminoacid residues: the D-xylose isomerase Lys149
residue, and B-trypsin His40 and His57 residues. Atomic
coordinates were selected with the Rasmol 2.6 program
[25]; conversion of the selected PDB files to the internal
coordinates Mopac input files and addition of hydrogen
atoms were implemented by means of the Babel 1.6 pro-
gram [26]. Calculations were done with the Mopac 6.0
[27] program and the results obtained with the PM3
method, discussed in the next section, compared well with
the experimental data.

The EPSPS protonation state study was based on entry
1Q36 (PDB), which describes the X-ray structure of the tet-
rahedral reaction intermediate state of D313A mutant of
E. coli EPSPS [9]. According to the partitioning analysis

implemented by Myzied et al., at least eight mutations of
EPSPS residues caused a >1000-fold decrease in specific
activity, demonstrating that a large number of residues
are important for transition state stabilization, characteriz-
ing an “ensemble catalysis”, in contrast to some enzymes
where a single amino acid can be responsible for the cata-
lytic enhancement [11]. The selected working models were
composed by the residues and water molecules with at least
one atom located inside a 6 A radius sphere around the co-
crystallized TI, which encompass all residues and water
molecules making direct contacts with it: Lys22, Ser23,
Val24, Arg27, Asp49, Asn94, Ala95, Gly96, Thr97,
Ala98, Argl00, Metl21, Argl24, Vall68, Ser169, Serl70,
GIn171, Thr174, Val196, Ser197, Tyr200, 11e203, Thr204,
Pro312, Asp313, Met316, Asn336, Lys340, Glu34l,
Arg344, Asp384, His385, Arg386, Lys411, Thr4l2, and
eight water molecules. We think that a quantum-mechani-
cal model is the most adequate one to describe the complex
interactions in the EPSPS selected active site, since it con-
tains a number of potentially charged and polarizable spe-
cies in close contact. Because there is a great number of
atoms in the structure and various structures to evaluate,
we chose for the calculations the semiempirical molecular
orbital method with the linear scaling approach [28], which
enables fast quantum calculations on systems composed of
many hundreds of atoms. We have recently used the same
procedure for the investigation of enzymatic mechanisms
associated to a pesticide mechanism of action [29] and pes-
ticide lead development [30].

All EPSPS model optimizations were carried out in the
“gas phase” with PM3, as implemented in the Mopac2002
program [Fujitsu, Inc.] for Linux. After coordinates selec-
tion and conversion to Mopac input files, the resulting files
were edited for addition of hydrogen atoms to the water
oxygen atoms after a careful analysis in order to establish
as many hydrogen-bonds as possible with the nearest
hydrogen-bond acceptor atoms. All different combinations
of protonation states of the four basic residues, His385,
Lys22, Lys340, and Lys411, were finally prepared by suit-
able edition of the input files, resulting in 16 initial geome-
tries, all containing more than 650 atoms. Arginine
residues were considered in protonated form and aspartic
acid and glutamic acid residues and the THI phosphate
and carboxylate groups were considered in unprotonated
form in all models. Solvent effects were accounted for
implicitly by means of the conductor-like screening model
(COSMO) [31] available in Mopac2002. Geometries were
optimized with the Eigenvector Following routine to a gra-
dient norm <1.0 kcal/(A or rad).

3. Results and discussion

3.1. Comparison of neutron diffraction data and PM3
modeling results

Tables 1 and 2 present the comparison of the PM3 mod-
eling results with the neutron diffraction data for lysine and
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Table 1
Comparison of PM3 optimized structure and neutron diffraction data (PDB code 2GEV)

N
_____ H
v (HHN
Asn107
Lys149
Distance® Experimental® Protonated Lys149 Neutral Lys149 Neutral Lys149 Neutral Lys149
a 2.58 2.77 5.85 3.58 3.94
2.98 2.74 3.69 4.65 2.82
c 2.99 2.79 2.85 3.83 3.42
# Distances are presented in Angstrom.
b Ref. [23].
Table 2

Comparison of PM3 optimized structure and neutron diffraction data (PDB code INTP)

T Asp102

MIP o
e o /
o b a ,,O P\\o

© (H)\N/\ NH o°

His57

o

Distance®  Experimental®  Protonated H57  Neutral H57 (N¥)  Neutral H57 ( Nﬁ) Protonated H40  Neutral H40 (N¥)  Neutral H40 (N?)
a 2.63 2.72 3.35 4.37

b 248 2.69 3.064 2.80

c 2.67 — — — 2.84 2.89 3.89

d 2.59 — — — 2.76 2.74 3.31

# Distances are presented in Angstrom.
® Ref. [24].

histidine residues. In both experimental structures, we
selected residues buried in the protein core because they
are in a more similar environment to that of the EPSPS
active site. The 2GEV Lys149 residue was chosen because
it is near both neutral and charged residues. As can be
observed in Table 1, the modeled distances between the
side chain nitrogen atom and the hydrogen-bond acceptor
atoms are much more closer to the experimental ones when
the nitrogen atom is in the protonated form than when it is
in the neutral form. The conclusion based on the modeling
results is that the Lys149 residue should be in the proton-
ated form, in accordance with the number of protons
observed in the neutron diffraction structure.

Two histidine residues were selected from the 1NPT
structure, His40, which is close to neutral residues, and
His57, which is near anionic species, a carboxylate and a
phosphate group. Three histidine possible states were con-
sidered: two neutral forms with either the N® or N° nitro-

gen atom protonated, and one positively charged form
with both N® and N° atoms protonated. In the case of
His57, there is a better resemblance between the modeled
and the experimental distances when the residue is in cat-
ionic form. Once again, the PM3 modeling protonation
state prevision agrees with the neutron diffraction data.
However, for the His40 residue, both the cationic form
(which is the correct state according to the neutron diffrac-
tion structure) and the neutral form with a hydrogen atom
attached to the N* atom lead to results similar to the exper-
imental distances, so it was not possible to define unambig-
uously the protonation state of this residue by the modeling
procedure.

3.2. EPSPS active site protonation state

The different protonation stares evaluated during the
modeling procedure are summarized in Table 3.
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Table 3
Protonation states of key structural features considered for comparison of
EPSPS modeled and experimental structures

Model His385 Lys22 Lys340 Lys4l11
EPSPS1 Protonated Neutral Neutral Neutral
EPSPS2 Neutral Neutral Neutral Neutral
EPSPS3 Neutral Neutral Neutral Protonated
EPSPS4 Protonated Neutral Neutral Protonated
EPSPS5 Protonated Protonated Neutral Neutral
EPSPS6 Neutral Protonated Neutral Neutral
EPSPS7 Neutral Protonated Neutral Protonated
EPSPS8 Protonated Protonated Neutral Protonated
EPSPS9 Protonated Neutral Protonated Neutral
EPSPS10 Neutral Neutral Protonated Neutral
EPSPS11 Neutral Neutral Protonated Protonated
EPSPS12 Protonated Neutral Protonated Protonated
EPSPS13 Protonated Protonated Protonated Neutral
EPSPS14 Neutral Protonated Protonated Neutral
EPSPS15 Neutral Protonated Protonated Protonated
EPSPS16 Protonated Protonated Protonated Protonated
Table 4

As a criterion for identification of the most adequate
description of the protonation states, some key structural
features were chosen for comparison with the experimental
values. The structural features explored for determination
of the protonation state of His385 were the distance
between its N° atom and the O atom of Thr412, and the
distance between the His385 N® atom and one of carboxyl-
ate oxygen atoms of Glu341 side chain. As can be observed
in Table 4, this distance to the OY atom of Thr412 is too
short in the models where the N°® atom was protonated;
the models that better reproduce the experimental distance
are those containing His385 in the neutral form. In fact,
when unprotonated, the His385 N° atom is a hydrogen-
bond acceptor from Thr412, but in the protonated form
it is a hydrogen-bond donator to Thr412 O" atom. As
can be seen by the mean values presented on Table 4, of
all analyzed structural features, this one has the least differ-
ence between the protonated and the unprotonated models.

Key structural features considered for comparison of EPSPS modeled and experimental structures

o \J\%‘L Glu341
©

cd; Lysz2
] | 0 L Hisses
tetrahedral 6. v dy
intermediate ng NHz(H) ':\"_I LL"»
Lo T
20,p0™ % 0POS® <\
TS0.d; /4 H CH; :d, (H)N
"\ /g C_)H ' v d1
7‘%1 (H)H;N NH,(H) '
Asn336 A\{JJV HO
Lys340 an CH,
Lys411
My
Thr412
Model? d]b dz d3 d4 d5 dﬁ
1 2.72 2.45 3.91 2.82 3.80 3.81
2 2.80 2.54 3.46 342 3.58 3.74
3 2.76 2.68 2.72 2.82 3.80 4.10
4 2.69 2.61 2.70 2.82 3.68 4.13
5 2.71 2.45 3.78 3.53 3.48 2.81
6 2.78 2.59 4.08 348 3.50 2.79
7 2.75 2.68 2.71 2.83 3.66 2.81
8 2.70 2.61 2.69 2.81 3.54 2.81
9 2.70 2.47 4.06 2.66 2.76 3.93
10 2.78 2.57 4.15 2.66 2.77 3.81
11 2.76 2.70 2.72 2.65 2.76 4.16
12 2.67 2.62 2.71 2.64 2.75 3.96
13 2.71 2.48 4.03 2.66 2.75 2.80
14 2.77 2.58 4.08 2.66 2.76 2.80
15 2.74 2.70 2.72 2.65 2.74 2.82
16 2.69 2.63 2.70 2.66 2.73 2.82
Mean protonated 2.70 2.54 2.71 2.66 2.75 2.81
Mean unprotonated 2.77 2.74 3.94 3.07 3.63 3.96
15w° 2.78 2.68 2.64 2.72 2.71 2.76
Experimental 2.80 2.71 2.88 2.62 2.89 2.66

& Bold-italic entries correspond to protonated (cationic) residues.
® Distances are presented in Angstrom.
¢ Model 15 optimized with the COSMO water continuum model.
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This result combined with the previous comparison with
INPT His40 diffraction data makes doubtful the conclu-
sion about the actual protonation state of this residue.
The difference between the protonated and the unprotonat-
ed models is greater for the distance between His385 and
Glu341 and is indicative of an unprotonated residue. It
must also be remembered that one of the residues adjacent
to His385 is an arginine residue (Arg386), which should be
protonated due to its strongly basic guanidine side chain.
This situation is expected to result in an unfavorable envi-
ronment for a protonated histidine residue because of the
electrostatic repulsion between the positive-charged side
chains of both residues. In fact, it was observed that the
conformation of the side chain of Arg386 is better repre-
sented in the models where His485 is in neutral form, as
is exemplified in Fig. 2. Based on this analysis, we propose
that the more probable protonation state of His385 is a
neutral state with a protonated N® atom.

In the EPSPS X-ray crystal structure, the side chain of
Lys411 is close to the phosphate group of the TI PEP moi-
ety, which is indicative of a hydrogen-bond between these
groups. Although the hydrogen-bonding interaction
between the N° atom of the protonated lysine and the
phosphate oxygen is somewhat overestimated by PM3
(Table 4), the calculated distance is much more closer to
the experimental value than in the models where Lys411
is in neutral form, where the distances are too long in com-
parison to the experimental value, indicating that this res-
idue should be in the protonated form when the enzyme
contains the TIL.

There are four potential hydrogen-bond acceptors in the
surroundings of Lys340 N atom: the hydroxyl group con-
nected to C4 (N%(Lys340)-O(hydroxyl) distance: 3.04 A),
the phosphate group attached to C3 (N%(Lys340)-O(phos-

His385

Fig. 2. Superposition of 1Q36 X-ray structure [9], and optimized models
15 (unprotonated His385 residue) and 16 (protonated His385 residue).
Hydrogen atoms were omitted to improve clarity. Color code: green, C
(1Q36); magenta, C (model 15); cyan, C (model 16); red, O; blue, N;
orange, P; yellow, S.

phate) distance: 2.62 A), a water molecule (N5(Lys340)—
O(H,0104) distance: 3.06 A), and, finally, the carbonyl
group of the Asn336 side chain (N5(Lys340)-O%Asn336)
distance: 2.90 A). The two smaller distances were chosen as
the structural features for comparison between calculated
and theoretical data. The analysis of both distances lead to
consistent results (Table 4), which are indicative that the
models unprotonated at Lys340 are not able to adequately
represent the experimental structure at this point, leading
to longer N%Lys340)-O(phosphate) and N&(Lys340)—
0°(Asn336) distances than the experimental ones.

From the analysis of the crystallographic data, hydro-
gen-bonding interactions are expected between the Lys22
N® atom and a carboxylate oxygen atom of the TI PEP
moiety. Based on the analysis of this structural feature, it
can be observed that in all models where the Lys22 residue
is unprotonated, the distance is too long in comparison to
the experimental data (Table 4). The overall analysis indi-
cates that model 15 is the model that most adequately fits
to all evaluated structural features, which corresponds to
an active site holding a neutral histidine residue and three
protonated lysine residues (Fig. 3). In order to eliminate
the possibility of this result as an artifact of the “gas phase”
modeling, this same model was energy minimized with the
COSMO water continuum model. As can be seen in Table
4 (model 15w), the results are in qualitative accordance
with the “gas phase” results, leading to the same conclu-
sion about the protonation state of the basic aminoacid
residues.

3.3. Evaluating the effect of the protonation state in the
native EPSPS active site

How the predicted protonation state would influence the
native active site? To answer this question we substituted

Fig. 3. 3D representation of optimized model 15, showing the protonation
state of the basic residues evaluated in this work. The labeled carbon
atoms refer to C2 and C3 atoms of the PEP moiety. Color code: green, C;
white, H; red, O; blue, N; orange, P.
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aspartate for the mutant Ala313 residue in model 15 and
also in model 16, because of the low difference between
the modeled structures containing the neutral and the cat-
ionic His385 residue, and reoptimized both structures.
First, by comparison of the optimized structures of the
native models 15 and 16, it could be observed that the pro-
tonation state of His385 has a negligible effect on the final
position of the TT inside the native active site. Second, after
comparison with the previous structures of the mutant
models, it could be observed that there were only small dis-
placements of the TI inside the active site in both models.
This result, somewhat unexpected because of the aspartate
longer and negatively charged side chain, indicates that
Asp313 does not influence the orientation of the TI inside
the active site. The distance between the closest carboxylate
oxygen atom of Asp313 and the TI methyl carbon atom is
relatively long, 3.74 A in model 15 and 3.79 A in model 16.
As pointed out by Eschenburg et al., this distance is appar-
ently too long for a direct attack of the carboxylate group
on the T methyl group, which suggests the intermediacy of
another group, such as the hydroxyl group attached to C4
[9]. In fact, the carboxylate oxygen atom of Asp313 is
accepting a hydrogen-bond from this hydroxyl group in
the optimized models 15 and 16, with distances between
the hydroxyl and the carboxylate oxygen atoms of 2.73 A
and 2.71 A, respectively.

4. Conclusion

The presently modeled structures enabled the analysis of
the TI interactions inside the EPSPS active site, including
the positions of all hydrogen atoms, which could not be
observed in the original D313A mutant enzyme structure.
From the current modeling results, it can be concluded that
after the TI formation in the enzyme active site, the His385
residue is most probably in neutral form and Lys22,
Lys340, and Lys411 residues are in protonated form. By
the study of acid-catalyzed EPSP hydrolysis, Clark and
Berti have shown that EPSP was most reactive in its fully
deprotonated form [32]. It is expected that EPSPS takes
advantage from this fact by means of a strongly stabilizing
environment for negative-charged species, which is in
accordance with our modeling results indicating an active
site containing three protonated lysine residues (besides
three assumed protonated arginine residues).

The modeling of the native active site suggests that the
protonation state of the His385 residue has only a minor
effect on the TI position inside the active site. Asp313 is
also unimportant for definition of the TI position inside
the active site, which is probably determined by the strong
interactions between the positive side chains of the lysine
and arginine residues and the negative charged groups of
the TI. Although there are alternative proposals in the lit-
erature [33], this residue was unequivocally showed by the
results from Eschenburg et al. to be the base in the elimina-
tion step. Founded on a homology model of the native
enzyme, Eschenburg et al. proposed that Asp313 should

first abstract a proton from the 4-OH of S3P; then, the
resulting oxyanion would abstract a proton from the C-3
of the PEP moiety [9]. The atomic distances observed in
our models are in accordance with this proposal.

This result implicates an anti elimination process,
because Asp313 is located on the opposite side of the leav-
ing phosphate group. Biochemical analyses of the EPSPS
reaction have provided strong evidence that addition and
elimination proceed with opposite stereochemistry [34—
36], so the addition of the S3P 5-OH group to C2 and of
the proton to C3 of PEP should proceed in syn fashion.
According to Eschenburg et al., the only acidic residue that
is located on the same PEP face as the S3P 5-OH group is
Lys22, in protonated form. Consequently, this residue
should be neutral after the TI formation, which is in dis-
agreement with our modeling results. More importantly,
the Lys22 N° atom is located near to the PEP C2 atom
and not to C3 (see Fig. 3). Our results indicate that the
Lys22 residue is in fact protonated, which is in accordance
with the proposal that Lys22 could be a general acid cata-
lyst for the TI breakdown [11,13]. In fact, besides partici-
pating in a hydrogen-bonding interaction with the
carboxylate group of the TI PEP moiety (see Table 4),
the Lys22 N® atom also forms a strong hydrogen-bond
with an oxygen atom of the leaving phosphate group
(N%(Lys22)-O(phosphate) distance: 2.75 A) in model 15.
This hydrogen-bond could help the phosphate departure
from the TT or the proton could be transferred to the leav-
ing group, leading to a cationic intermediate (or cationic
transition state).

Which residue could be the proton donor to PEP during
an addition step in syn fashion? In our modeled structures,
Lys340 is the nearest residue to the PEP methyl group that
is on the same PEP face as the S3P 5-OH. A significant
reduction in the EPSPS specific activity was observed as
a consequence of the mutation of this residue to alanine
[11]. However, there are two problems with this proposal:
the distance between the Lys340 N¢ atom and the methyl
C atom is too long (4.34 A in the native model 15), and,
similar to Lys22, our results indicate that Lys340 is in pro-
tonated state after the TI formation. Nonetheless, differ-
ently from Lys22, the Lys340 N® atom can become very
close to the PEP C3 atom by simple rotations of the side
chain C-C bonds. It is possible that after donating a pro-
ton to PEP, the Lys340 side chain has changed its confor-
mation as a consequence of attractions by some of the
nearest groups, such as the hydroxyl group connected to
C4, the phosphate group attached to C3, a water molecule,
and/or the carbonyl group of the Asn336 side chain. Is it
also possible that some of these interactions resulted in a
transfer of a proton to Lys340 after the TI formation, lead-
ing to the protonated state indicated by our modeling
results?

In order to evaluate the participation of these residues in
the reaction mechanism, a detailed and comparative study
of the energetics of the catalyzed and uncatalyzed reactions
is necessary. The results from this study will be presented
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elsewhere. It must be remembered that our conclusions are
based on experimental results that reflect a specific moment
of the EPSP formation mechanism and that the proton-
ation state could change when the enzyme is, for example,
inhibited by glyphosate. Additional calculations will also
be implemented for the study of the influence of the pro-
tonation state on the inhibition reaction.
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