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Abstract The shikimate pathway enzyme 5-enolpyruvyl shikim-
ate-3-phosphate synthase (EPSP synthase) has received atten-
tion in the past because it is the target of the broad-spectrum
herbicide glyphosate. The natural substrate of EPSP synthase
is shikimate-3-phosphate. However, this enzyme can also utilize
shikimate as substrate. Remarkably, this reaction is insensitive
to inhibition by glyphosate. Crystallographic analysis of EPSP
synthase from Escherichia coli, in complex with shikimate/gly-
phosate at 1.5 A resolution, revealed that binding of shikimate
induces changes around the backbone of the active site, which
in turn impact the efficient binding of glyphosate. The implica-
tions from these findings with respect to the design of novel gly-
phosate-insensitive EPSP synthase enzymes are discussed.

© 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

The shikimate pathway is found in all microorganisms,
plants and fungi. This pathway is essential for the biosynthesis
of chorismate, the precursor for aromatic amino acids and aro-
matic secondary metabolites [1-3]. Shikimate kinase catalyzes
the fifth step in the pathway converting shikimate to shikim-
ate-3-phosphate (S3P) (Fig. 1). The enolpyruvyl moiety of
phosphoenolpyruvate (PEP) is then transferred to the 5-hydro-
xyl group of S3P, yielding 5-enolpyruvylshikimate-3-phos-
phate (EPSP). This reaction is catalyzed by 5-enolpyruvyl
shikimate-3-phosphate  synthase (EPSP synthase; EC
2.5.1.19). The final step in the shikimate pathway is the conver-
sion of EPSP to chorismate by chorismate synthase. EPSP syn-
thase is the target of glyphosate, the active ingredient of
Monsanto’s broad-spectrum herbicide Roundup® [4]. The shi-
kimate pathway has attracted attention not only because it is
vital for plants, but for pathogenic microorganisms such as
Mpycobacteria [5] and apicomplexan parasites [6,7] as well. In
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particular, it was reported that glyphosate inhibits the growth
of Plasmodium falciparum, the causative agent of malaria [7].

The reaction of EPSP synthase with S3P and PEP and the
inhibition of this reaction by glyphosate have been extensively
studied during the past 30 years. Glyphosate is a reversible
inhibitor of EPSP synthase that binds adjacent to S3P in the
PEP-binding site, thereby mimicking an intermediate state of
the ternary enzyme-substrates complex [8]. However, little is
known about the molecular basis for the extremely selective ac-
tion of this inhibitor on EPSP synthase, which has been
responsible for its enormous success as an herbicide world-
wide. Resistance to glyphosate can be achieved by mutations
of the target enzyme, for example by mutating non-conserved
residues around the glyphosate-binding site. The molecular
mechanism of one such mutation causing resistance to gly-
phosate, Gly96Ala, was elucidated recently [9]. Other EPSP
synthase mutant enzymes insensitive to glyphosate have been
reported, either engineered or from natural sources, but have
not been investigated in molecular detail [10].

Recently, it has been reported that shikimate serves as an
alternative substrate for EPSP synthase [11,12], and that inhi-
bition of this reaction by glyphosate was drastically reduced
when compared with the potent inhibition of the reaction with
S3P as substrate. This finding prompted us to study the reac-
tion of EPSP synthase from E. coli with shikimate and gly-
phosate in more detail, using steady-state kinetics and
protein crystallography. The implications from these studies
on the molecular mechanism of inhibition and resistance of
EPSP synthase with respect to glyphosate are discussed.

2. Materials and methods

E. coli EPSPS was overexpressed and purified as described previ-
ously [9,13]. S3P (triethylammonium salt) was synthesized from shiki-
mic acid using recombinant archaeal shikimate kinase [14], and
purified via anion exchange chromatography on Q-sepharose resin.
PEP (potassium salt) and all other chemicals were purchased from Sig-
ma (St. Louis, MO) unless otherwise noted. The Pierce (Rockford, IL)
coomassie reagent with bovine serum albumin as a standard was used
to determine protein concentrations.

2.1. Kinetic assays

The activity of EPSP synthase was calculated by determining the
amount of inorganic phosphate produced in the reaction [15]. Enzyme
activity is expressed as pmol phosphate produced/min of reaction time/
mg of EPSP synthase (U/mg). The final concentration of EPSP syn-
thase was 22 nM for all assays utilizing S3P and 1.1 uM for all assays
utilizing shikimate, except when assayed with carbonate (220 nM). The
reaction of EPSP synthase with either shikimate or S3P as substrate
was assayed in 100 pl of 500 mM MES pH 5.5 including 2 mM DTT
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Fig. 1. Conversion of shikimate to chorismate in the shikimate pathway.

in the absence or presence of 100 mM NaHCOj; or 100 mM KCI. pH
5.5 was chosen because this was the apparent optimum of the reaction
with shikimate as substrate; the pH optimum with S3P as substrate is
around 6.5 (data not shown). The high buffer concentration was
needed to compensate for the acidity of the high shikimate concentra-
tions used in the assays. To determine the concentration of carbonate
required for optimal EPSP synthase activity with shikimate as a sub-
strate, assays were carried out in 100 ul of 500 mM Tris, pH
8.0 + 2 mM DTT with increasing concentrations of carbonate to favor
the reaction of carbonate and carbon dioxide towards the formation of
the carbonate anion. To minimize the amount of carbonate converted
to carbon dioxide, NaHCO; was added just prior to the reaction start.
The range of substrate concentrations used to determine the steady-
state kinetic parameters in the reaction of EPSP synthase with S3P
was 0.01, 0.025, 0.050, 0.1, 0.25, 0.5, 1 and 2 mM for S3P and PEP;
the shikimate concentration range was 1, 2.5, 5, 10, 25, 50, 100, and
250 mM, and the corresponding PEP concentration range was 0.1,
0.25, 0.5, 1, 5 and 10 mM. Data were fit to the Michaelis—Menten
equation using the program SigmaPlot (SPSS Science, Chicago, 1L,
USA) The ICsy value for EPSP synthase inhibition by glyphosate
was determined by fitting data to

Vmax - Vmin
i n

I+ (Icsr)>

where v is the initial velocity, V. is the maximum velocity, Vi, is the

minimum velocity, [/] is the concentration of glyphosate and 7 is the
Hill slope.

v="Vnn+ (1)

2.2. Crystallography

EPSP synthase in 50 mM Tris~HCI pH 8.0 and 2 mM DTT was con-
centrated to approximately 75 mg/ml using Centricon 30 devices (Ami-
con) at 4 °C and was crystallized in the presence of 10 mM shikimate,
or with 10 mM shikimate and 30 mM glyphosate at 19 °C from 2 M
sodium formate. Diffraction data were recorded at —180 °C using
the rotation method on single flash-frozen crystals [Detector: R-axis
IV*" image plate detector (MSC, The Woodlands, TX, USA) X-rays:
Cu Ka, focused by mirror optics (MSC); generator: Rigaku RU300
(MSC)]. The data were reduced with XDS [16]. For phasing and refine-
ment the program package CNS [17] was used. Model building was
performed with O [18]. Data statistics are reported in Table 2.

3. Results and discussion

During their studies on the steady-state kinetics of the EPSP
synthase reaction with S3P, Gruys et al. [11] observed that this

enzyme could utilize shikimate as substrate, too. They also re-
ported that this reaction is insensitive to glyphosate, a potent
inhibitor of EPSP synthase when reacting with its natural sub-
strate, S3P. With crystallization conditions for EPSP synthase
in hand, we explored this reaction of EPSP synthase through a
more thorough characterization.

3.1. Enzyme kinetics

First, we determined the kinetic parameters of the reaction of
EPSP synthase with either shikimate or S3P as substrate (Table
1). The reaction of shikimate and PEP to enolpyruvyl shikim-
ate has a pH optimum of 5.5-6.0, whereas the pH optimum for
the conversion of S3P to enolpyruvyl shikimate-3-phosphate is
between 6.0 and 6.5 under the high buffer concentrations used
in this study (data not shown, see Section 2). The data display
similar trends as those reported by Gruys et al. [11]. Larger dif-
ferences were observed for the kinetic constants of the reaction
with S3P and PEP, which are likely due to the different assay
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Fig. 2. Glyphosate-insensitivity of the EPSP synthase reaction with
shikimate. Displayed are the ICs, value determinations for glyphosate
when EPSP synthase was assayed with 250 mM shikimate (saturating),
1.0 mM PEP (=K,) and 100 mM carbonate (®) or with 1 mM S3P
(saturating) and 0.1 mM PEP (=K),) (A). Data were fit to Eq. (1)
yielding the ICsy values shown in Table 1.

Table 1

Kinetic parameters for the reactions of EPSP synthase with S3P or shikimate

Substrate (Sl) Km (Sl) Vmax (Sl) kcal/Km (Sl) Km (PEP) Vmax (PEP) kcal/Km (PEP) ICSO (Glp)
(mM) (U/mg) M ts7h (mM) (U/mg) M ts7h (mM)

S3P 0.09+0.005 53%3.0 45%10°£0.25%x10° 0.10£0.004 58+2.3 45x%10°+0.18x 105  0.006 + 0.0001

Shikimate + HCO; 47 %2.9 68+0.15 1.1x10°+0.07x10*> 0.86+0.05 6.0+0.09 54x10°+033x10° 1.7%0.11

Shikimate + CI~ 31+4.1 124004 25%x10'+028x10' 1.1%0.12 1.0 £0.03 8.4x10% +1.2x 10? 1.2+0.13




M. A. Priestman et al. | FEBS Letters 579 (2005) 5773-5780

conditions employed. Gruys et al. assayed EPSP synthase in
200 mM HEPES pH 7 at 30 °C and determined the kinetic
constants using a radioactive assay, whereas we assayed the
enzyme in 500 mM MES pH 5.5 at 20 °C and determined the
kinetic constants using a colorimetric assay.

The K, for shikimate is over 500 times higher than the K,
for S3P, and the K, for PEP is about 8 times higher with shi-
kimate as substrate. Glyphosate action on the enzyme with shi-
kimate as substrate displays significantly weaker inhibition,
with an ICsy value 280 times higher than with S3P (Fig. 2).
However, it was not recognized previously that the activity
of EPSP synthase, when utilizing shikimate as a substrate, is
greatly influenced by the presence of specific anions (Fig. 3),
but is not affected by cations (data not shown). With shikimate
as substrate, the activity was enhanced over 300-fold in the
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presence of carbonate (6.8 U/mg) versus no anion (0.02 U/
mg). The binding of carbonate to the enzyme is saturable, with
17 mM carbonate required for half-maximal activity of the
reaction with shikimate (Fig. 3). Formate and chloride ions
also affected the enzymatic activity, although to a lesser degree
(0.91 and 0.98 U/mg, respectively). Notably, with S3P as sub-
strate, neither anions nor cations exerted any effect on the
activity of EPSP synthase under the experimental conditions
employed herein.

3.2. Crystallographic analysis

EPSP synthase crystallizes in the presence of shikimate
using the same crystallization conditions as with S3P, in the
same space group, with similar unit cell dimensions (Table
2). The structure at 1.5 A resolution revealed that the en-
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Fig. 3. Effect of anions on the reaction of EPSP synthase with shikimate. (A) Enzymatic activity as a function of anion tested; the enzyme was
assayed with 10 mM PEP, 250 mM shikimate and 100 mM of the respective ion. (B) Enzymatic activity as a function of carbonate assayed with
10 mM PEP, 250 mM shikimate and increasing concentrations of carbonate. Data were fit to the Michaelis—Menten equation yielding a Ky value of

17 £ 3.4 mM for carbonate.

Table 2
Summary of data data set collection and structure refinement®

Data set EPSPS-shikimate

EPSPS-shikimate—glyphosate

Space group

Unit cell dimensions (A)
Molecules/asymmetric unit 1
Protein atoms
Alternate atom positions 67
Ligand atoms
Solvent molecules
Formate ions
Rmsd® bonds (A) 0.01

Rmsd angles (°) 1.56

Resolution range (A) 15.0-1.5 (1.6-1.5)
Measured reflections 448895 (72668)
Unique reflections 65778 (10915)
Completeness (%0) 93.8 (89.7)

ligl 19.3 (8.4)

P2,2:2,

Rmrgd-FC (%) 4.4 (1 17)
Runenss (%) 6.1 (23.7)
Reryst” (%) 16.1
Rfreec (0/0) 18.3

a=58.1,b=85.0,c=87.6, a = f=y=90°
3232, average B-factor 14.5 (Az)
12, average B-factor 11.2 (Az)

498, average B-factor 25.7 (A )
17, average B-factor 27.0 (A?)

P2,2,2;

a=57.7,b=849, c=87.5 a=p=y=90°
1

3232, average B-factor 13.7 (Az)
68

22, average B-factor 12.8 (A )
611, average B-factor 27.7 (A?)
9, average B-factor 25.3 (Az)
0.01

1.59

15.0-1.55 (1.6-1.55)

414858 (27431)

62861 (5490)

99.7 (97.4)

20.0 (6.5)

4.9 (15.3)

6.6 (29.1)

15.6

18.8

“Values in parentheses refer to the highest resolution shell.
®rmsd, root mean square deviation from ideal values.

“Rineas and Riyroq.F as defined by Diederichs and Karplus [22] are quality measures of the individual intensity observations and the reduced structure

factor amplitudes, respectively.

ClRcrysl =100 X Y |Fobs — Finodell/D_ Fobss Where Fops and Foger are observed and calculated structure factor amplitudes.
Rirees Reryst calculated for randomly chosen unique reflections, which were excluded from the refinement (1316 for EPSPS:shikimate and 1258 for

EPSPS:shikimate:glyphosate, respectively).
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Fig. 4. The active site of EPSP synthase in its binary complex with S3P or shikimate (stereo views). (Top): S3P bound to EPSP synthase (PDB
1G6T). (Bottom): Shikimate bound to EPSP synthase (this work, PDB 2AA9). Shikimate and S3P are shown in yellow, formate ions in green, water

molecules in cyan. Dashed lines indicate hydrogen bonding interactions.

zyme-shikimate complex exists in the closed state (Fig. 4).
Thus, shikimate induces the same transition from an unli-
ganded, open state to a liganded, closed state as seen with
S3P [8]. This suggests that the phosphate group of S3P is
not required per se for the induced-fit mechanism of the en-
zyme. At present, however, we cannot exclude changes in the
rate constants of the open—closed transition upon binding of
either substrate or anions. It should be noted that we have
refined and evaluated three structures each of the binary
and ternary complexes with shikimate/glyphosate bound to
EPSP synthase to ensure the findings presented below. The
structures with highest resolution were chosen as representa-
tive models. In addition, we have compared these structures
not only with the published E. coli EPSP synthase binary
and ternary complexes [§8] but also with the corresponding
structures from sub-atomic resolution data (Becker &
Schonbrunn, unpublished).

Shikimate is bound to the active site in the same orientation
as S3P, the target hydroxyl group (5-OH) pointing towards the
glyphosate/PEP-binding site (Fig. 4). The space around the 3-
phosphate group of S3P (opposite to the target hydroxyl
group) is occupied by two formate ions that stem from the
crystallization solution. Presumably, this is the site to which
other anions like chloride or carbonate may bind under the
conditions used for the kinetic studies (Fig. 3). Several at-
tempts to clearly identify the nature of the anion binding site(s)
by co-crystallization of the enzyme with shikimate in the pres-

ence of up to 100 mM carbonate or chloride failed, probably
due to the much higher formate concentration (>2 M) present
during crystallization. Notably, formate also stimulates the
activity of this reaction (Fig. 3). Thus, ions like formate, chlo-
ride, or carbonate may compete for binding to the same site
that is normally occupied by the phosphate group of S3P,
when EPSP synthase is allowed to react with shikimate. This

Table 3
Bonding interactions between EPSP synthase and S3P or shikimate
Atom of S3P or Enzyme residue  Distance  Distance
shikimate (A) S3P  (A) shikimate
Ol: ring position 3 Q171 NE2 3.83 2.94
K340 NZ 4.02 3.00
02: ring position 4 D313 OD2 2.77 2.73
K340 NZ 3.02 2.66
O3: ring position 5 K22 NZ 3.02 3.10
D313 OD1 2.61 2.65
04: carbonyl R27 NH1 2.77 2.74
OS5: carbonyl S23 OG 2.62 2.73
R27 NH2 2.82 2.84
06: phosphate S170 N 2.73 na
S170 OG 2.53 na
O7: phosphate S197 OG 2.62 na
N336 ND2 2.89 na
K340 NZ 2.87 na
08: phosphate S169 OG 2.64 na
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would explain why the reaction of EPSP synthase with S3P as
substrate is independent of the anions studied herein. Presum-
ably, anions bound to this site keep shikimate in place by
bridging the backbone of the active site (Serl69, Serl70,
Ser197) with the 3-hydroxyl group through multiple hydrogen
bonding interactions (Fig. 4).

The hydrogen-bonding network between the functional
groups common to shikimate and S3P with active site residues
remains essentially unchanged in the respective binary com-
plexes, as judged from the donor—acceptor distances (Table
3, Fig. 4). From this picture of a receptor (EPSP synthase bin-
ary complex) and a ligand (glyphosate), one intuitively would
conclude that the inhibitory action of glyphosate should be
similar in potency for the reactions with either S3P or shikim-
ate, which contradicts the kinetic data (Table 1, Fig. 2). How-
ever, closer inspection of the shikimate—glyphosate complex
reveals an increased number of clash distances between gly-
phosate and enzyme residues such as Gly96, Asp313 and
Glu341, as compared to the S3P-glyphosate complex (Fig. 5,
Table 4). Furthermore, glyphosate appears to bind less tightly
in complex with shikimate, as is evident from the increased
temperature factors (Fig. 6). The mid-region of the glyphosate
molecule around the amide nitrogen is particularly flexible,
with B-factors twice as high as seen in the dead-end complex
with S3P. In addition, the entire glyphosate-binding site ap-
pears to be less rigid when compared with the genuine dead-
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end complex, as judged from the B-factor distribution among
glyphosate’s binding partners (data not shown).

The increased motion of the glyphosate molecule when
reacting with the enzyme-shikimate complex can be attributed
to a disruption of the precise interaction pattern between gly-
phosate and enzyme residues, as realized in the EPSP synthase
complex with S3P. The positions of shikimate/glyphosate or
S3P/glyphosate in the active site are essentially identical, as
judged from F,—F, Fourier syntheses of the crystallographic
data of the respective binary and ternary complexes, which
were computed to eliminate potential model bias (data not
shown). It appears that shikimate does not shift in the active
site with respect to S3P, despite the missing phosphate group.
Instead, the major difference electron density peaks (crite-
rion > 3o0) of the two ternary complexes are present in the en-
zyme itself, around residues Vall68 and Ser197, the region
interacting with the phosphate group of S3P. Additional differ-
ence electron density is present around residue Glu341, which
interacts with the amide nitrogen of glyphosate. This is also
evident from the root mean square deviation of the respective
main chain atoms (Fig. 7).

Glyphosate binding to the enzyme with S3P is accompanied
by a slight shift of Glu341 away from S3P. However, when gly-
phosate binds to the enzyme-shikimate complex, the position
of Glu341 remains unchanged, which appears to cause unfa-
vorable steric interactions between the side chain carboxyl

Fig. 5. The active site of EPSP synthase in its ternary complex with S3P/glyphosate or shikimate/glyphosate (stereo views). (Top): S3P and
glyphosate bound to EPSP synthase (PDB 1G6S). (Bottom): Shikimate and glyphosate bound to EPSP synthase (this work, PDB 2AAY). Shikimate
and S3P are shown in yellow, glyphosate in orange, formate ions are in green, water molecules in cyan. Black dashed lines indicate hydrogen bonding

interactions; red dashed lines indicate clash distances.
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Table 4
Bonding interactions between EPSP synthase and glyphosate®
Atom of glyphosate Enzyme S3p Shikimate
residue structure  structure
Ol: phosphate K22 NH, 2.90 2.80
O2: phosphate R124 NH1 2.85 2.79
Q171 NE2 2.88 2.68
G96Co 3.20 3.08
0O3: phosphate N9%4 O 3.11 3.09
GI96N 2.84 2.87
R124 NH2 2.86 2.90
K411 NZ 2.94 2.93
04: carbonyl K22NZ 2.92 2.90
R386 NH1 3.10 3.09
Ring position 5 3.08 3.08
OS5: carbonyl R344 NH2 2.97 2.89
R344 NH2 2.84 2.84
R386 NE 2.61 2.56
NI E341 OEl 3.28 3.02
E341 OE2 2.87 2.74
Ring position 5 2.82 2.72
Cl E341 OEl 3.47 3.18
C2 E341 OEl 2.96 2.70
E341 OE2 3.18 3.01
Ring position 5 311 2.95
C3 Ring position 5 3.25 3.15

“Italicized values indicate clash distances.

group and carbon atoms of glyphosate (Table 4, Fig. 5).
Apparently, the interaction of EPSP synthase with shikimate
leaves the enzyme in a state not allowing the small conforma-

o4 0,

S 4

Bfactor (% of average main chain B-factor)

P1 01 02 03 c1 N1 c2 Cc3 04 05
Glyphosate atom

Fig. 6. Flexibility of glyphosate when bound to the EPSP synthase-shi-
kimate complex. Displayed are the B-factor distributions of glyphosate
atoms in the ternary complex of EPSP synthase with S3P (@) or
shikimate (A). For a more accurate comparison, the relative B-factor
values of glyphosate atoms in the ternary complex of EPSP synthase
with S3P (@) or shikimate (A) are displayed with respect to the average
B-factor of all enzyme main chain atoms. The average B-factor of all
main chain atoms of EPSP synthase in complex with S3P and
glyphosate is 10 A2 of all glyphosate atoms 7.7 A2 The average B-
factor of all main chain atoms of EPSP synthase in complex with
shikimate and glyphosate is 12.3 A2 of all glyphosate atoms 14.9 A2
The dotted lines denote the average B-factor of the respective
glyphosate molecules.
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tional changes to accommodate the binding of glyphosate or
PEP. As a consequence, it must be the region around the phos-
phate group of S3P, the backbone of the active site, located
opposite to glyphosate and more than 11 A distant from
Glu341, which influences the glyphosate/PEP-binding site.
The subtle changes of the glyphosate binding site in the en-
zyme-shikimate complex may be attributed to alterations
within a hydrophobic pocket comprising the strictly conserved
residue Pro125 and residues Vall68/Val339, the latter two res-
idues being semi-conserved, but hydrophobic in nature
throughout the known EPSP synthase sequences (Fig. 7). In
particular, the main chain around Vall68 undergoes a substan-
tial structural change upon binding of shikimate and glyphos-
ate, causing the disruption of the hydrophobic forces within
this pocket. This appears to result in a shift of the backbone
around residues 339-344. Thus, this hydrophobic pocket
may be important for the integrity of the PEP/glyphosate bind-
ing site, such that the small, but necessary, adjustments of key
active site residues upon ligand binding can occur.

4. Conclusions

Large structural changes in and around the active site have
been reported previously for the potent inhibition of EPSP
synthase by the (R)-phosphonate tetrahedral reaction interme-
diate analog, suggesting that this enzyme is capable of accom-
modating structurally diverse ligands [19]. On the other hand,
the data presented herein demonstrate that even slight altera-
tions within the active site render the enzyme insensitive to gly-
phosate. These differences lie within the nature of the
respective enzyme-ligand interactions. While reaction interme-
diate analogs induce the transition from the open to the closed
state of EPSP synthase to form a binary dead-end complex,
glyphosate exerts its inhibitory action through binding to the
binary substrate complex to form a ternary dead-end complex
[8,19]. Thus, the major conformational changes in the enzyme
have already occurred before glyphosate enters the active site,
which leaves only the narrow PEP-binding site for structural
adjustments. It seems that the necessary subtle structural
changes to accommodate glyphosate are impaired when the en-
zyme reacts with shikimate instead of S3P.

This finding may be valuable for the design of EPSP synthase
enzymes that are insensitive towards glyphosate. To date, only
two sites in the enzyme have attracted major attention with re-
spect to glyphosate resistance, Gly96 and Pro101. The molecu-
lar basis for the glyphosate insensitivity of the Gly96Ala
mutant enzyme is mere steric hindrance, caused by the addi-
tional methyl group protruding into the glyphosate-binding site
[9]. Not surprisingly, this mutation also severely impairs the uti-
lization of PEP. Pro101 mutant enzymes have been reported to
be less sensitive towards glyphosate, while the K, for PEP is
only slightly increased [20,21]. As is the case for the Gly96Ala
mutant enzyme, mutations of Pro101 possibly impact the bind-
ing site around the phosphonate moiety of glyphosate. The
data of this work suggest that mutations in the vicinity of the
binding site for the phosphate group of S3P, in particular of
the hydrophobic pocket built up by Prol25/Vall68/Val339,
may cause alterations of the glyphosate-binding site, such that
the overall interaction pattern of enzyme residues with glyphos-
ate is compromised. Clearly, however, the challenge remains to
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Fig. 7. Structural changes in EPSP synthase upon interaction with shikimate and glyphosate. (Top) Comparison of the root mean square deviations
(rmsd) of the Ca-atoms of EPSP synthase liganded with S3P or S3P/glyphosate (black line; average rmsd = 0.1 A) and that of EPSP synthase
liganded with shikimate or shikimate/glyphosate (dotted line; average rmsd = 0.13 A). Note the high rmsd around residues Vall68 and Ser197, which
are not present for the enzyme liganded with S3P. (Bottom) Stereo view of the hydrophobic pocket built up by Prol25/Vall68/Val339 and its
alteration upon binding of shikimate and glyphosate to the enzyme. EPSP synthase residues in the complex with S3P and glyphosate are shown in
yellow; residues in the complex with shikimate and glyphosate in cyan. S3P and glyphosate are displayed in grey, hydrogen bonding interactions as

black dotted lines and hydrophobic forces as green dotted lines.

design glyphosate-insensitive mutant enzymes that retain cata-
lytic efficiency at the same time.
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