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The shikimate pathway enzyme 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS) is the target of the broad spectrum
herbicide glyphosate. The genetic engineering of EPSPS led to
the introduction of glyphosate-resistant crops worldwide. The
genetically engineered corn lines NK603 and GA21 carry dis-
tinct EPSPS enzymes. CP4EPSPS, expressed inNK603 corn and
transgenic soybean, cotton, and canola, belongs to class II
EPSPS, glyphosate-insensitive variants of this enzyme isolated
from certain Gram-positive bacteria. GA21 corn, on the other
hand, was created by point mutations of class I EPSPS, such as
the enzymes from Zea mays or Escherichia coli, which are sen-
sitive to low glyphosate concentrations. The structural basis of
the glyphosate resistance resulting from these point mutations
has remained obscure. We studied the kinetic and structural
effects of the T97I/P101S double mutation, the molecular basis
for GA21 corn, using EPSPS from E. coli. The T97I/P101S
enzyme is essentially insensitive to glyphosate (Ki � 2.4mM) but
maintains high affinity for the substrate phosphoenolpyruvate
(PEP) (Km � 0.1 mM). The crystal structure at 1.7-Å resolution
revealed that the dual mutation causes a shift of residue Gly96
toward the glyphosate binding site, impairing efficient binding
of glyphosate, while the side chain of Ile97 points away from the
substrate binding site, facilitating PEP utilization. The single
site T97I mutation renders the enzyme sensitive to glyphosate
and causes a substantial decrease in the affinity for PEP. Thus,
only the concomitant mutations of Thr97 and Pro101 induce the
conformational changes necessary to produce catalytically effi-
cient, glyphosate-resistant class I EPSPS.

Glyphosate (N-phosphonomethylglycine) is a potent inhibi-
tor of the shikimate pathway in plants, specifically targeting

the enzyme 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS,3 EC 2.5.1.19) (1). Glyphosate-based formulations
exhibit broad spectrumherbicidal activitywithminimal human
and environmental toxicity (2, 3). The safety and efficacy of
glyphosate, together with the existence of genetically modified,
glyphosate-resistant crop varieties (4, 5), have combined to
make glyphosate themost usedherbicide in theworld. Enzymes
of the shikimate pathway are also regarded as attractive antimi-
crobial targets (6–9).
EPSPS catalyzes the transfer of the enolpyruvyl moiety of

phosphoenolpyruvate (PEP) to the 5-hydroxy position of shiki-
mate-3-phosphate (S3P) (Fig. 1). Binding of the first substrate,
S3P, to the enzyme triggers a global conformational change
from an “open” to a “closed” conformation. PEP and glyphosate
bind in the active site, formed at the interface between the N-
and C-terminal globular domains. Glyphosate inhibition is
competitive with respect to PEP (10, 11), and structural studies
confirmed that glyphosate occupies the PEP-binding site
(12–15).
EPSPS from different organisms have been divided into two

classes according to intrinsic glyphosate sensitivity: in Class I
enzymes, found in all plants and in bacteria such as Escherichia
coli and Salmonella typhimurium, catalytic activity is inhibited
at low micromolar concentrations of glyphosate (16). Class II
enzymes, found in bacterial species, including Staphylococcus
aureus, Streptococcus pneumoniae, and Agrobacterium sp.
strain CP4, are distinguished by their ability to sustain efficient
catalysis in the presence of high glyphosate concentrations (5,
15–18).
Glyphosate insensitivity has been achieved in Class I EPSPS

enzymes through natural selection, directed evolution, and
site-directedmutagenesis. As suggested by the fact that glypho-
sate and PEP bind to the same site, EPSPS mutants with sub-
stantially decreased affinity for the inhibitor glyphosate typi-
cally also exhibited decreased affinity for the substrate PEP (16,
19). Single-site mutations such as T42M (20), G96A (21–23),
and P101S (24–26) were found to be advantageous but insuffi-
cient for commercial glyphosate-resistant crops. Multisite
mutations withmore favorable properties were sought and dis-
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covered, including Petunia hybrida EPSPS mutants G101A/
G137D and G101A/P158S (19), the E. coli EPSPS mutant
G96A/A183T (27, 28), and the Zea mays EPSPS mutant TI02I/
P106S (29–31). The T102I/P106S double mutant EPSPS (cor-
responding to T97I/P101S in E. coli; abbreviated as TIPS
EPSPS) had particularly favorable characteristics. The TIPS
mutations were introduced into the endogenous EPSPS
enzyme of Z. mays (field corn, GA21 event) to produce the first
commercial varieties of glyphosate-resistant maize. The Class
II EPSPS from Agrobacterium sp. strain CP4 was eventually
utilized to create transgenic glyphosate-resistant crops (NK603
corn event).
The distinct properties of the CP4 EPSPS have been recently

elucidated (15). For the TIPS enzyme, however, the structural
basis of glyphosate resistance was unknown. Here, we utilized
EPSPS fromE. coli as amodel of the plant enzyme to investigate
the kinetic and structural properties of the single-site T97I and
the double-site TIPS mutant enzymes. The implications for
glyphosate resistance with respect to genetic engineering and
the likelihood of spontaneous mutations are discussed.

EXPERIMENTAL PROCEDURES

Chemicals and reagents were purchased from Sigma
unless otherwise noted. S3P was synthesized and purified as

described previously (18). The pET-24d vector (Novagen)
containing the open reading frame of EPSPS from E. coli was
used as a template for the mutations. Single-site T97I muta-
tions were introduced in the wild-type EPSPS and in the
P101S mutant EPSPS using the QuikChange II mutagenesis
kit (Stratagene) and appropriate primers (MWG Biotech).
The single mutant T97I and double mutant TIPS EPSPS
enzymes were overexpressed in BL21(DE3)-competent cells
(Novagen) and purified as previously described (22). After
the final purification step, the enzymes were concentrated in
50 mM Tris, 1 mM dithiothreitol, and 1 mM EDTA using
Centricon-30 devices (Millipore Corp., Billerica, MA) and
stored at �80 °C. Protein concentration was determined
using Coomassie reagent (Pierce) with bovine serum albu-
min as a standard.
Enzyme Kinetics—The enzymatic activities of WT, P101S,

T97I, and TIPS EPSPS were measured by determining the
amount of inorganic phosphate produced in the forward
reaction with S3P and PEP as substrates in 96-well plates on
a Spectra-Max 340PC plate reader (Molecular Devices,
Sunnyvale, CA). Each 60-�l reaction mixture contained 50
mM HEPES (pH 7.5), 100 mM KCl, 2 mM dithiothreitol, and
S3P, PEP, and glyphosate concentrations as indicated. The
reactions were initiated by addition of enzyme and were

stopped by addition of the ammo-
nium molybdate-malachite green
reagent (32). Change in absorb-
ance at 650 nm was measured, and
product formation was deter-
mined by comparison to inorganic
phosphate standards. Enzymatic
activity is expressed as micro-
moles of phosphate produced per
minute of reaction per milligram
of enzyme (units/mg).FIGURE 1. Reaction catalyzed by EPSPS.

TABLE 1
Summary of data collection and structure refinement
Values in parentheses refer to the highest resolution shell.

T97I�S3P T97I�S3P�glyphosate TIPS�S3P TIPS�S3P�glyphosate
Data collection
Space group P212121 P212121 P212121 P212121
Unit cell dimensions a � 57.7 Å, b � 85.1 Å,

c � 87.5 Å; � � � � � � 90°
a � 57.6 Å, b � 85.4 Å,

c � 87.8 Å; � � � � � � 90°
a � 57.5 Å, b � 84.7 Å,

c � 87.1 Å; � � � � � � 90°
a � 57.9 Å, b � 85.0 Å,

c � 87.7 Å; � � � � � � 90°
Resolution range 20–1.75 (1.8–1.75) 20–1.7 (1.75–1.7) 20–1.7 (1.8–1.7) 20–1.7 (1.8–1.7)
Unique reflections 44,045 (3515) 47,887 (3678) 47,294 (7239) 46,727 (6865)
Completeness (%) 99.8 (100) 99.1 (92.2) 99.6 (98.2) 96.7 (91.4)
I/�I 19.2 (7.3) 24.4 (11.3) 30.4 (12.5) 19.3 (10.0)
Rmerge (%)a 5.4 (15.0) 3.7 (9.7) 2.9 (7.7) 4.2 (9.4)

Structure refinement
Protein atoms 3,233 3,233 3,232 3,232
Average B-factor (Å2) 14.4 13.4 14.3 13.2
Ligand atoms 16 26 16 26
Average B-factor (Å2) 16.3 13.2 (S3P) 13.4 (glyphosate) 17.5 12.7 (S3P) 21.4 (glyphosate)
Solvent molecules 383 506 524 500
Average B-factor (Å2) 23.1 25.6 26.5 25.8
r.m.s.d.b bonds (Å) 0.01 0.01 0.011 0.011
r.m.s.d. angles (°) 1.6 1.6 1.6 1.6
Rcryst (%)c 16.4 15.6 16.3 15.9
Rfree (%)d 18.4 18.1 20.3 19.0

a Rmerge � 100 � �h�i�Ihi � Ih�/�hiIhi, where h is unique reflection indices.
b r.m.s.d. � root mean square deviation from ideal values.
c Rcryst � 100 � ��Fobs � Fmodel�/�Fobs, where Fobs and Fmodel are observed and calculated structure factor amplitudes, respectively.
d Rfree isRcryst calculated for randomly chosen unique reflections, whichwere excluded from the refinement (1190 forT97I�S3P, 1198 forT97I�S3P�glyphosate, 1183 forTIPS�S3P,
and 1169 for TIPS�S3P�glyphosate).
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The Km and Vmax values were determined by fitting data to
the Michaelis-Menten equation. The Ki values were deter-
mined by fitting data to Equation 1,

Km(obs) � �Km

Ki
���I� � Km (Eq. 1)

where Km(obs) is theMichaelis constant for PEP in the presence
of glyphosate, [I] is the glyphosate concentration, and Km is the
Michaelis constant for PEP in the absence of glyphosate. The
IC50 values for EPSPS inhibition were determined by fitting
data to Equation 2,

A �
1

1 � ��I�/IC50�
n (Eq. 2)

where A is the relative activity remaining in the presence of
glyphosate, [I] is the concentration of glyphosate, and n is the
Hill slope.
Crystallography—The T97I and TIPS mutant EPSPS were

crystallized at 19 °C by the hanging drop, vapor-diffusion
method in the presence of 5 mM S3P, with or without 5 mM
glyphosate, using the sodium formate crystallization conditions
described previously (22). The protein concentration in each
casewas 37.5mg/ml, or 810�M,maintaining a ligand-to-recep-
tor molar ratio of 	6:1. X-ray diffraction data were recorded at
�180 °C using the rotationmethod on single flash-frozen crys-
tals (detector: Rigaku HTC image plate; X-rays: CuK�, focused
bymirror optics; Generator: RigakuMicro-Max 007-HF (MSC,

FIGURE 2. Inhibition of mutant and wild-type EPSPS by glyphosate. IC50
values of glyphosate inhibition were determined for EPSPS WT (F), P101S (E),
T97I (Œ), and TIPS (‚) at saturating concentrations of S3P (1 mM) and PEP
concentrations equal to the respective Km values. Data were fit to Equation 2
yielding the IC50 values shown in Table 2. The data for the determination of
the respective Ki values is shown in the supplemental material (Figs. S1–S6).

FIGURE 3. Location of Thr97 and Pro101 in the structure of wild-type EPSPS
from E. coli. EPSPS is composed of two globular domains that close upon
binding of S3P and glyphosate. The two ligands (shown in yellow and green,
respectively) are located in the interdomain cleft of the closed enzyme state.
Displayed in maroon is the �-helix in the N-terminal domain containing resi-
dues Thr97 and Pro101 (shown in “blue”).

FIGURE 4. Structure determination of the TIPS and T97I mutant EPSPS.
Displayed is the electron density at 1.7-Å resolution, contoured at 3�, derived
from 1Fo � 1Fc Fourier syntheses omitting residues 96 –97 and 101 during
simulated annealing refinement of the S3P�glyphosate-bound structures of
the T97I (left) and TIPS (right) enzymes.

TABLE 2
Kinetic characteristics of mutant and wild-type EPSPS

EPSPS Km (PEP) Km (S3P) Vmax kcat/Km (PEP) kcat/Km (S3P) IC50 Ki

�M �M units/mg M�1s�1 M�1 s�1 �M �M

WT 45 
 5 48 
 5 57 
 1 9.3 � 105 9.1 � 105 1.6 
 0.03 0.3 
 0.07
P101S 71 
 7 71 
 6 23 
 0.5 2.5 � 105 2.4 � 105 12 
 0.5 3.0 
 0.3
T97I 380 
 21 77 
 3 12 
 0.1 2.3 � 104 1.2 � 105 330 
 10 90 
 6
TIPS 100 
 6 71 
 6 7 
 0.2 5.7 � 104 7.4 � 104 6600 
 190 2420 
 87
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The Woodlands, TX)). The data
were reduced with XDS (33). The
program package CNS (34) was
employed for phasing and refine-
ment. Model building was per-
formed with O (35). The structures
were solved by molecular replace-
ment using E. coli WT EPSPS (Pro-
tein Data Bank code 1G6S) (12)
stripped of solvent molecules, ions,
and ligands as the starting model.
Refinement cycles were performed
using data to the highest resolution
with no sigma cut-off applied. Sev-
eral rounds of minimization, simu-
lated annealing (2500 K starting
temperature), and restrained indi-
vidual B-factor refinement were
carried out. Data collection and
refinement statistics are summa-
rized in Table 1. Figs. were drawn
with PyMOL,4 MolScript (37), Bob-
Script (38), and Raster3D (39).

RESULTS AND DISCUSSION

Amino acids 90–104 are strictly
conserved in class I EPSPS from
bacteria and plants (supplemental
Table S1). We introduced the dou-
ble mutation T97I/P101S (TIPS),
the basis for glyphosate-resistant
GA21 corn, and the single muta-
tion T97I into E. coli EPSPS and

studied the mutant enzymes by steady-state kinetics and
crystallography.
Enzyme Kinetics—The TIPS and T97I mutant enzymes were

found to be catalytically active, and the enzymatic reactions
displayed normal saturation kinetics. The kinetic constants of
thewild-type (WT) and the P101S enzymes (12, 26) were re-de-
termined in parallel to facilitate accurate comparisons. TheWT
EPSPS was the most active enzyme, with Vmax values of 	57
units/mg and kcat/Km values of close to 106 M�1 s�1 for both
substrates (Table 2 and supplemental Figs. S1–S6). The activity
of the single-site mutant enzymes T97I and P101S were
decreased 5- and 2.5-fold, respectively, and the activity of TIPS
EPSPSwas decreasednearly 9-fold. The substrate binding affin-
ities, as reflected by the respective Km values, was only slightly
decreased for the P101S and TIPS enzymes, but the T97I
mutant showed nearly 9-fold increase inKm for PEP. Compared
with the WT enzyme, the catalytic efficiencies with respect to
PEP utilizationwere decreased 40- and 16-fold for the T97I and
TIPS enzymes, respectively. Unlike WT EPSPS, which is very
sensitive to glyphosate (Ki� 0.3�M), theTIPS enzyme tolerates
high glyphosate concentrations (Ki � 2.4 mM) (Fig. 2). By con-
trast, the P101S and T97I enzymes are still inhibited by moder-
ate concentrations of glyphosate, withKi values of 3 and 90 �M,

4 W. L. DeLano (2003) PyMOL, DeLano Scientific, San Carlos, CA.

FIGURE 5. The glyphosate binding sites of T97I and TIPS EPSPS (stereo views). Top: glyphosate (shown in
green) bound to T97I EPSPS reveals potential steric clashes with the C� atom of Gly96 (d � 3.13 Å) and with the side
chain of Glu341 (d � 2.93 Å) (red dotted lines). Bottom: in TIPS EPSPS these clashes are more pronounced (Gly96: d �
3.02 Å; Glu341: d � 2.82 Å) and additional unfavorable interactions occur between glyphosate and S3P (d � 3.02 Å)
and the C� atom of Arg386 (d � 3.11 Å). S3P is shown in yellow. The helix harboring residues 97–101 is indicated in
orange. Black dotted lines indicate polar interactions. The cyan spheres denote water molecules.

FIGURE 6. Impact of the mutations on the glyphosate molecule. For WT
EPSPS, the average B-factor of glyphosate (F; 7.7 Å2) is smaller than the average
main-chain B-factor (10.0 Å2), reflecting the tight binding of the inhibitor. When
bound to the T97I (Œ) or the TIPS (f) enzyme the B-factors are substantially
increased, indicating the weaker binding potential as a result of these mutations.
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respectively. Apparently, neither
single-site mutation, T97I or P101S,
is sufficient to enable glyphosate
resistance and maintain high affin-
ity for the substrate PEP. Only the
simultaneous mutation of both res-
idues renders the enzyme both
insensitive to glyphosate and cata-
lytically efficient.
We next asked if analogs of the

tetrahedral reaction intermediates,
the most potent inhibitors of WT
EPSPS described to date (40–42),
would still act as potent inhibitors of
the TIPS enzyme. The TIPS and
WT enzymes showed nearly equal
sensitivity to the inhibitors tested
(supplemental Fig. S7). These find-
ings support the hypothesis that
inhibitors with more global cover-
age of the active site are not as
affected by mutations that cause
resistance to glyphosate (42).
Protein Crystallography—To bet-

ter understand the effect of the
mutations on the catalytic efficiency
and inhibition by glyphosate, the
T97I and TIPS enzymes were
co-crystallized with S3P alone and
in complex with S3P and glypho-
sate; the resulting 1.7-Å resolution
structures (Table 1) were compared
with those of the WT (12) and
P101S (26) enzymes. Thr97 and
Pro101 are constituents of an�-helix
in the N-terminal globular domain
of EPSPS (Fig. 3). Neither of these
two residues is directly involved in
glyphosate binding. Pro101 is 	9 Å
distant from glyphosate and the
hydroxyl group of Thr97 interacts
with the phosphonate moiety of
glyphosate only through a bridging
water molecule.
The altered amino acids are well

defined in the respective electron
density maps (Fig. 4). Glyphosate is
bound in the same site and confor-
mation as observed in the WT
enzyme; however, potential steric
clashes with the C� atom of Gly96
occur in both mutant enzymes (Fig.
5). This leads to additional unfavor-
able interactions between the
glyphosate molecule and other
active site residues, particularly in
the TIPS enzyme. The reduced
binding potential of glyphosate in

FIGURE 7. Structural differences of the mutant enzymes. Plotted are the r.m.s.d. values of all 427 C� atoms
of the TIPS enzyme (solid line) and the T97I enzyme (dotted line) after superposition with WT EPSPS (PDB code
1G6S). The inset shows the r.m.s.d. values for the C� atoms of residues 93–105. Superposition was performed
with LSQkab of the CCP4 program suite (48, 36); the average r.m.s.d. value for TIPS and WT is 0.138 Å; for T97I
and WT the average r.m.s.d value is 0.097 Å.

FIGURE 8. Mutation-induced structural changes in EPSPS (stereo views). Top: EPSPS in complex with S3P. In
the WT enzyme binary complex (shown in orange) Thr97 is in hydrogen bonding distance (2.8 Å) to the amide
side chain of Asn96. In the T97I enzyme binary complex (maroon) the presence of the Pro101 ring holds Ile97 in
place, and its side chain moves only slightly. In the TIPS enzyme binary complex (cyan) Ser101 allows larger
conformational freedom for Ile97, and the isoleucine side chain swings away from Asn26. Bottom: EPSPS in
complex with S3P and glyphosate bound. In the ternary complex, the mutations cause a shift of the C� atom of
Gly96 toward the phosphonate moiety of glyphosate, seen most drastically in the TIPS enzyme (cyan), thereby
narrowing the inhibitor binding site. The view is 	90° clockwise from the top.
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the respectivemutant enzymes is reflected by an increase in the
crystallographicB-factors (higherB-factor values reflect higher
flexibility) (Fig. 6).Notably, theB-factors of S3P are only slightly
increased for both mutant enzymes (supplemental Fig. S8).
Thus, the crystallographic data seem to reveal the structural
basis for the kinetic properties of these enzymes.
The overall structures of the T97I and TIPS enzymes are

nearly identical to that ofWTEPSPS; however, large rootmean
square deviation (r.m.s.d.) differences, up to 1 Å for the TIPS
enzyme, occur in the main chain around residues 96–98 (Fig.
7). In theWT and P101S enzymes, the hydroxyl group of Thr97
is hydrogen-bonded with the side chain of Asn26 (Fig. 8). Upon
mutation to isoleucine, the disruption of this polar interaction
and the resulting repulsive forces between the Ile97 and Asn26
side chains impose changes in the backbone torsion angles of
residues 96–98 (supplemental Table S2). In the T97I enzyme,
the presence of the Pro101 ring holds the carbonyl oxygen of
Ile97 in place, thereby constraining its rotational freedom. In the
TIPS enzyme, in contrast, the additional Ser101 substitution
allows themain chain of Ile97 to relax and the Ile97 side chain to
move away from the glyphosate/PEP site. As a result, Gly96 is
rearranged such that its C� atom shifts toward the glyphosate
binding site, thereby shortening the distance to the inhibitor’s
phosphonatemoiety and effectively narrowing the binding site.
Because glyphosate and PEP share the same binding site, one

would expect intuitively that the TIPS enzyme to be less effi-
cient in the utilization of PEP, yet only the single mutation
drastically reduces the affinity for PEP. Because we cannot
obtain the true ternary complexes with S3P and PEP bound to
the EPSPS active site, we determined the respective EPSPS�S3P
binary complexes to which PEP would bind during catalysis
(Fig. 8). Even in the absence of glyphosate, the geometric con-
straints in the T97I enzyme lock the Ile97 side chain in close
distance to the putative PEP site, likely to exert repulsive forces
on the charged, polar PEP molecule during binding and/or
catalysis. By contrast, Ile97 in the TIPS binary complex rotates
even further away from thePEP site than in the ternary complex
with glyphosate bound. Overall, it appears that the mutation-
induced shifts of Gly96 predominantly impact the inhibitory
potential of glyphosate, whereas the conformation of Ile97 influ-
ences the catalytic efficiency of the EPSPS enzyme.

CONCLUSIONS

The TIPS EPSPS enzyme shows high levels of glyphosate
resistancewhilemaintaining high affinity for its substrates, PEP
and S3P. The single-site T97I enzyme is less sensitive to inhibi-
tion by glyphosate; moreover, in the absence of the compensat-
ing P101Smutation, it exhibits drastically decreased affinity for
PEP. These phenomena can be attributed to specific structural
changes in the active site. The glyphosate resistance exhibited
by the TIPS enzyme is on the same order of magnitude as that
observed for the class II EPSPS enzymes from S. aureus andCP4
EPSPS (15, 18). To date, TIPS EPSPS represents the only Class I
enzyme with both high glyphosate resistance and unaltered
affinity for PEP. The only other highly glyphosate-resistant
class I mutant enzyme is G96A EPSPS from E. coli andK. pneu-
moniae, but this mutation causes a very large decrease in affin-
ity for PEP (Km � 2.8 mM (22)). Mutations of the residue cor-

responding to Pro101 of E. coli EPSPS have been reported in a
number of field-evolved glyphosate-resistant weeds (43–46).
By contrast, mutations of Thr97 have never been observed. In
fact, BLAST (47) analysis revealed that this residue is strictly
conserved in aroA genes; notably, only EPSPS from Chlamydia
species contain an isoleucine at the equivalent position. The
decreased catalytic efficiency of the T97I mutant EPSPS with
respect to utilization of PEP may explain why it has not been
observed in glyphosate-resistant weeds and probably why it has
not been exploited for the genetic engineering of crops.
Although the TIPS enzyme is significantly less catalytically effi-
cient than the wild-type enzyme, its high affinity for PEP appar-
ently enables crops with this gene to have sufficient EPSPS
activity to produce crop yields that are commercially competi-
tive. Spontaneous double mutations of Thr97 and Pro101 in
wild-type EPSPS are unlikely to occur. However, under the
selective pressure caused by the presence of high glyphosate
concentrations, it may be favorable for plants or bacteria with
already established Pro101 mutations to acquire the additional
mutation of Thr97, which would confer a very high level of
resistance.
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34. Brünger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P.,

Grosse-Kunstleve, R.W., Jiang, J. S., Kuszewski, J., Nilges,M., Pannu,N. S.,

Read, R. J., Rice, L. M., Simonson, T., and GL, W. (1998) Acta Crystallogr.
Sect. D Biol. Crystallogr. 54, 905–921

35. Jones, T. A., Zou, J. Y., Cowan, S. W., and Kjeldgaard (1991) Acta Crystal-
logr. Sect. B Struct. Sci. 47, 110–119

36. Collaborative Computational Project 4 (1994) Acta Crystallogr. Sect. D
Biol. Crystallogr. 50, 760–763

37. Kraulis, P. J. (1991) J. Appl. Crystallogr. 24, 946–950
38. Esnouf, R. M. (1997) J. Mol. Graphics Model. 15, 132–134
39. Merrit, E. A., and Bacon, D. J. (1997)Methods Enzymol. 277, 505–524
40. Alberg, D. G., Lauhon, C. T., Nyfeler, R., Fassler, A., and Bartlett, P. A.

(1992) J. Am. Chem. Soc. 114, 3535–3546
41. Priestman, M. A., Healy, M. L., Becker, A., Alberg, D. G., Bartlett, P. A.,

Lushington, G. H., and Schonbrunn, E. (2005) Biochemistry 44,
3241–3248

42. Funke, T., Healy-Fried, M. L., Han, H., Alberg, D. G., Bartlett, P. A., and
Schonbrunn, E. (2007) Biochemistry 46, 13344–13351

43. Yu, Q., Cairns, A., and Powles, S. (2007) Planta 225, 499–513
44. Baerson, S. R., Rodriguez, D. J., Tran, M., Feng, Y., Biest, N. A., and Dill,

G. M. (2002) Plant Physiol. 129, 1265–1275
45. Powles, S. B., and Preston, C. (2006)Weed Technol. 20, 282–289
46. Perez-Jones, A., Park, K.-W., Polge, N., Colquhoun, J., Mallory-Smith,

C. A. (2007) Planta 226, 395–404
47. Altschul, S. F., Gish,W.,Miller,W.,Myers, E.W., and Lipman, D. J. (1990)

J. Mol. Biol. 215, 403–410
48. Kabsch, W. (1976) Acta Crystallogr. Sect. A 32, 922–923

Glyphosate Resistance of TIPS EPSPS

9860 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 15 • APRIL 10, 2009


