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ABSTRACT: A combination of15N{19F}, 31P{15N}, and31P{19F} rotational-echo double-resonance NMR
has been used to characterize the conformation of a bound trifluoromethylketal, shikimate-based bisubstrate
inhibitor of 5-enolpyruvylshikimate-3-phosphate synthase. The solid-state NMR experiments were
performed on the complex formed in solution and then lyophilized at low temperatures in the presence of
stabilizing lyoprotectants. The results of these experiments indicate that none of the side chains of the six
arginines that surround the active site forms a compact salt bridge with the phosphate groups of the
bound inhibitor.

The 46-kDa enzyme 5-enolpyruvylshikimate-3-phosphate
(EPSP)1 synthase catalyzes the reversible condensation of
shikimate-3-phosphate (S3P) and phosphoenolpyruvate (PEP)
to form EPSP in the synthesis of aromatic amino acids in
plants and microorganisms (1). This reaction is inhibited by
the commercial herbicideN-(phosphonomethyl)glycine (gly-
phosate or Glp), HO3PCH2NHCH2COOH, which, in the
presence of S3P, binds to EPSP synthase and forms a stable,
ternary complex (2). A crystal structure of the ternary
complex has been published recently (3) that shows Glp in
an extended conformation proximate to S3P. Both Glp and
S3P are negatively charged and are stabilized in the binding
site by the side chains of a histidine, three lysines, and five
arginines.

Rotational-echo double-resonance (REDOR) NMR experi-
ments have also been performed on the ternary complex of
EPSP synthase (4-6). The results of these experiments are
in agreement with the X-ray crystal structure, except for the
positions of the side chains of some of the arginines near
the binding site (6). In particular, REDOR unambiguously
shows a closer approach of the guanidino nitrogens and the
phosphate of S3P, the carboxyl of Glp, and especially the
phosphonate of Glp (6) than is seen by the X-ray analysis.

On the basis of the observed narrow31P resonance line widths
(5), both S3P and Glp are ordered in the binding site.

An extended rather than bent conformation of Glp in the
EPSP synthase binding site means that the S3P-Glp
combination in the ternary complex is not a close mimic of
the S3P-PEP tetrahedral intermediate (7). However, various
covalently linked, shikimate-based bisubstrate inhibitors
(SBBIs) are close mimics (8). The nanomolar binding
affinities of these ligands suggest the possibility of salt-bridge
matches with the surrounding lysine and arginine side chains.
No crystal structures have been reported for these complexes.
This paper reports the results of REDOR experiments
performed on a trifluoromethyl-substituted SBBI (CF3-
SBBI) complexed to [15N2]Arg-EPSP synthase. The RE-
DOR results show that the arginines do not form salt bridges
to the phosphate groups of CF3-SBBI. This result is not
consistent with the notion that a function of the enzyme is
to stabilize the transition state.

EXPERIMENTAL PROCEDURES

Labeled EPSP Synthase.Wild-typeEscherichia coliEPSP
synthase was overexpressed in anE. coli strain auxotrophic
for arginine (ATTC 23790) to increase the incorporation of
L-arginine-guanidino-15N2 (Cambridge Isotope Laboratories,
Andover, MA) into the enzyme. The expression system (6)
was made by transformation of ATTC 23790 with
pMON5537. The transformed cells were stored as frozen
glycerol stocks. A colony of these cells was selected from a
37 °C, 18-h agar plate made with Luria-Bertani media
containing ampicillin at 200µg/mL (LB/AMP). The colony
was transferred to 6 mL of liquid LB/AMP and incubated
overnight in an orbital shaking incubator at 225 rpm and 37
°C. These cells were used to inoculate two 250-mL flasks
each containing 50 mL of unlabeled defined growth medium.
At mid-log phase (OD600 ) 1.2), 10-mL aliquots of this
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growth were used to inoculate 10 1000-mL flasks each
containing 400 mL of the same defined medium. The bacteria
from the 1000-mL flasks were pelleted at mid-log phase.
Each pellet was resuspended in 400 mL of a defined medium
containingL-arginine-guanidino-15N2. The resuspended cells,
returned to the 1000-mL flasks, were incubated, as before,
30 min (to OD600 ) 1.6) before EPSP synthase overexpres-
sion was induced by addition of nalidixic acid at 75µg/mL.
Incubation continued for 9.5 h before the cells were pelleted
and frozen. Protein purification was as described previously
(5). The yield of the purified enzyme was 105 mg/L of the
labeled medium.

The unlabeled defined medium contained 12.8 mg/mL Na2-
HPO4‚7H2O, 3 mg/mL KH2PO4, 0.5 mg/mL NaCl, 77.8µg/
mL thiamine-HCl, 6 µg/mL FeCl3, 100µg/mL ampicillin,
4 mg/mL D-glucose, 1 mg/mL NH4Cl, 0.44µg/mL ZnSO4‚
7H2O, 0.78µg/mL Na2MoO4‚2H2O, 0.892µg/mL CuSO4‚
5H2O, 0.22µg/mL H3BO3, 0.56µg/mL MnSO4‚H2O, 0.78
µg/mL CoCl2‚6H2O, 2 mM MgSO4, 100µM CaCl2, 225µg/
mL L-alanine, 37.5µg/mL L-arginine, 100µg/mL L-aspar-
agine, 125µg/mL L-aspartate, 37.5µg/mL L-cysteine, 100
µg/mL L-glutamic acid, 100µg/mL L-glutamine, 250µg/
mL glycine, 37.5µg/mL L-histidine, 125µg/mL L-isoleucine,
250 µg/mL L-leucine, 100 µg/mL L-lysine, 75 µg/mL
L-methionine, 75µg/mL L-phenylalanine, 100µg/mL L-
proline, 125µg/mL L-serine, 160µg/mL L-threonine, 16µg/
mL L-tryptophan, 75µg/mL L-tyrosine, and 160µg/mL
L-valine. The medium was adjusted to pH 7 after the
dropwise addition of MgSO4 and CaCl2. These salts were
added last, at 98% of the final volume. The labeled defined
medium was similar except that it contained 115µg/mL
L-[guanidino-15N2]arginine instead of unlabeledL-arginine,
50 µg/mL L-cysteine, and 50µg/mL L-histidine. Isotopic
enrichment was 85% as determined by solid-state NMR spin
counts (5, 10).

Lyophilization of the Complex.A 140-mg aliquot of the
labeled enzyme was complexed 1:1 with the CF3-SBBI

(structureR-5 in ref 8; see inset of Figure 1) inhibitor of
EPSP synthase (Ki,app ) 32 nM, ref 7) in a lyophilization
flask. The final step in catalysis by EPSP synthase is the
release of products (EPSP and HPO4

-2). The presence of
the CF3 group of the SBBI and the resulting unavailability
of a transferable proton block the final step. The enzyme
and inhibitor were incubated for 30 min at 4°C, each at
101 µM, at a final volume of 30 mL. The lyophilization
buffer was 2 mM MOPS, 1 mM DTE, 1% (w/v) PEG 8000,
and 20 mM trehalose at pH 7.24. After the incubation at 4
°C, the flask was gradually cooled until the sample reached
-7 °C. After ice-crystal formation was apparent, the sample
was further cooled to-30 and -70 °C before it was
lyophilized. The NMR sample was lyophilized at reduced
temperatures ranging from-80 to-30 °C to prevent sample
melt-back before completion of the lyophilization at room
temperature (9).

Dipolar Recoupling.REDOR was used to restore the
dipolar coupling between heteronuclear pairs of spins that
is removed by magic-angle spinning (11). REDOR experi-
ments are always done in two parts, once with rotor-
synchronized dephasing pulses (S) and once without (S0).
The dephasing pulses change the sign of the heteronuclear
dipolar coupling, and this interferes with the spatial averaging
resulting from the motion of the rotor. The difference in
signal intensity (∆S ) S0 - S) for the observed spin in the
two parts of the REDOR experiment is directly related to
the corresponding distance to the dephasing spin (12).
REDOR has found an application in the characterization of
binding sites of proteins (4, 5, 13) and in the analysis of
heterogeneous biological materials such as amyloid plaques
(14), membrane protein helical bundles (15, 16), insect
cuticle (17), bacterial cell walls (18), and spider silk (19).

Data Acquisition.REDOR NMR was performed using
4-frequency transmission-line probes (20) having a 14-mm
long, 9-mm inside-diameter analytical coil and a Chemag-
netics/Varian stator and spinner housing. Lyophilized samples

FIGURE 1: 15N{19F} (left), 31P(15N} (middle), and31P{19F} (right) REDOR dephasing (∆S/S0) for the complex of CF3-SBBI (inset) with
[15N2]Arg-EPSP synthase. The REDOR differences are shown at the top of the figure and the full echoes, at the bottom. The31P{19F}
dephased-echo spectrum (S) is also shown (right). The spectra on the left resulted from the accumulation of 375 072 scans, those in the
middle, 54 900 scans, and those on the right, 22 096 scans. Magic-angle spinning was at 5 kHz.
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were contained in Chemagnetics/Varian 7.5-mm outside-
diameter zirconia rotors. The rotors were spun at 5000 Hz
with the speed under active control to within(2 Hz.
Experiments with19F dephasing were done using a 4.7-T
magnet (200 MHz for protons); all other experiments were
done using a 7.05-T magnet (300 MHz for protons). The
200-MHz spectrometer was controlled by a Tecmag pulse
programmer and the 300-MHz spectrometer, by a Chemag-
netics console. Radio frequency pulses were produced by
Kalmus, ENI, and American Microwave Technology power
amplifiers. Theπ-pulse lengths were 10µs for 15N, 31P, and
19F. The accuracy of distance measurements using19F-
dephasing pulses was confirmed using a13C-, 15N-, and19F-
labeled peptide (21). Standard XY-8 phase cycling (22) was
used for all pulses. Proton-carbon cross-polarization trans-
fers were made in 2 ms at 50 kHz. Proton dipolar decoupling
was 100 kHz during data acquisition. The31P chemical-shift
scale was referenced relative to external phosphocreatine and
the15N chemical-shift scale, to external ammonium sulfate.

Molecular Modeling.The closed REDOR structure and
REDOR-refined X-ray structure (6) of liganded EPSP
synthase (with Phe172 replaced by Trp172, F172W) were
used to build the models of the EPSP synthase-CF3-SBBI
binary complex using Insight II software (Accelrys, Inc., San
Diego, CA). A sequence of dynamics steps was applied
(using consistent valence force fields and algorithms from
Accelrys, Inc.) with the distances between31P and19F of
the ligand and selected arginine residues of the enzyme
restrained to the ranges measured by REDOR. The structure
was minimized so that the derivative of the total energy was
less than 1 kcal mol-1 Å-1.

RESULTS AND DISCUSSION

Proximity of Arginines and CF3. The 15N full-echo
spectrum of CF3-SBBI-[15N2]Arg-EPSP synthase (bottom

left of Figure 1) has just two peaks: a major15N-labeled
guanidino-nitrogen peak near 50 ppm (arising from 21
arginine residues) and a minor natural-abundance15N peptide
peak at 95 ppm. The15N spin count (5, 10) of the full-echo
spectrum corresponds to approximately 85%15N isotopic
enrichment for the guanidino nitrogens. The15N{19F} ∆S/
S0 of this complex (left of Figure 1) is about 1% after 12.8
ms of dipolar evolution (64 rotor cycles with magic-angle
spinning at 5 kHz). If just one arginine was less than 5 Å
from the-CF3, the observed dephasing would be about 5%
(total dephasing for 1 of 21 arginines). A 1% value means
that the guanidino nitrogens of the nearest binding-site
arginine side chain must be more than 7 Å from the CF3
moiety of the bound SBBI. This is a lower limit based on
the assumption that the nearest neighbor is responsible for
all of the dephasing. If more arginine nitrogens contribute
to the dephasing (which seems likely considering the
complicated line shape for∆S), then the distance to the
nearest nitrogen will increase. (This point will be discussed
in more detail in the modeling section, below.)

Two 31P Chemical Shifts.The 8-Tr
31P{19F} REDOR

difference (∆S) of CF3-SBBI-[15N2]Arg-EPSP synthase
represents about half of the total intensity of the full-echo
signal (S0), and the dephased echo (S) represents the other
half (right of Figure 1). There is about a 1-ppm shift
difference between∆SandS (dotted line of Figure 1). The
nonring phosphate is just three bonds away from the CF3

group (compared to seven bonds for the ring phosphate),
and its signal is therefore necessarily the first to dephase
under a dipolar evolution as short as 8 rotor cycles. Thus,
the nonring phosphate is assigned to the higher-field
component ofS0 and the ring phosphate, to the lower-field
component. The nonring31P line width is more than 200 Hz

FIGURE 2: 31P{19F} REDOR dephasing (∆S/S0) for the complex
of CF3-SBBI of Figure 1 with [15N2]Arg-EPSP synthase. Ex-
perimental dephasing (for the sum of the ring and nonring phosphate
31P signal intensity) is represented by (b). Initial-distance estimates
for modeling came from an RMSD best fit assuming a nonring
phosphate31P to CF3 distance of 3.8 Å and varying (i) the ring-
phosphate31P to CF3 distance and (ii) the percentage contribution
to the total signal intensity by the ring-phosphate31P (initially 50%).
The calculation (s) is for the geometry of the model in Figure 4.
The nonring phosphate to CF3 distance is 8.3 Å. After 56 rotor
cycles, the best-fit ring-phosphate percentage increased to 70%.
This change in relative contributions to∆S/S0 for the ring and
nonring phosphates indicates a difference in the31P echo lifetimes.
Magic-angle spinning was at 5 kHz.

FIGURE 3: (Top) Sum of van der Waals and Coulombic energies
of CF3-SBBI as a function of the rotation about the oxygen-
tetrahedral carbon bond of the inhibitor (see bottom inset). (Middle)
31P-19F distance from the center of the CF3 triangle to the
phosphorus of the shikimate ring as a function of the same rotation
angle. (Bottom) CF3-SBBI.
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at 81 MHz, which suggests some conformational heterogene-
ity in the CF3-SBBI binding site (5). A weak, broad, low-
field shoulder onSandS0 is due to31P that is not assigned.

The 31P{19F} ∆S/S0 jumps to about 0.5 after only 8 rotor
cycles and then increases slowly with an increasing evolution
time after 8 Tr (Figure 2). The initial dephasing is due to
the proximity of the nonring phosphate to the CF3 group.
The slower increase in dephasing after 8 Tr arises from the
weak coupling of the distant ring-phosphate31P and corre-
sponds to a distance of approximately 8.3 Å to the CF3. This
distance is consistent with the calculated estimates of the
van der Waals and Coulombic energy for the SBBI as a
function of the rotation about the oxygen-tetrahedral carbon
bond of the SBBI (Figure 3, torsion angle of(120°).

Proximity of Arginines and31P. Ring and nonring phos-
phate signals have a combined31P{15N} ∆S/S0 of about 20%
after 48 rotor cycles (center of Figure 1). Because the center
of the∆Sspectrum is shifted slightly upfield, there is more
dephasing for the nonring31P than for the ring31P. Using
spectral deconvolution based on the shifts and line widths
determined by the31P{19F} dephasing, we estimate∆S/S0 )
0.15 for the nonring phosphate and 0.25 for the ring
phosphate after 48 Tr with 5-kHz spinning (Table 1). The
deconvolution is difficult, and the errors are substantial

((0.05). After 64 Tr, the dephasing for the S3P part of the
CF3-SBBI complex and S3P in the S3P-Glp-EPSP syn-
thase ternary complex are about the same (Table 1),
indicating similar positioning relative to nearby arginines.
However, this is not the situation for the nonring phosphate
31P of the CF3-SBBI complex. The observed dephasing after
32 and 48 Tr for the nonring31P is less than half of the
dephasing for the Glp31P in the S3P-Glp-[15N2]Arg-EPSP
synthase ternary complex, after adjustment for15N isotopic
enrichment (Table 1). Thus, the nonring phosphate in the
CF3-SBBI complex cannot be close to any of the five or
six arginine side chains that line the binding site.

Model of the Binding Site.The strong31P-15N dipolar
coupling for the phosphonate of S3P-Glp-[15N2]Arg-EPSP
synthase is the result of an effective salt bridge with R100
(6). R124 is also close by. The relatively weak31P-15N dipolar
coupling for the nonring phosphate of CF3-SBBI-[15N2]-
Arg-EPSP synthase means that the PEP-like component of
the SBBI has shifted away from R100 and R124. A
molecular dynamics simulation (with energy minimization;
see ref6 for details) indicates that the nonring phosphate
has shifted toward R386 (Figure 4). This simulation was
based on the assumption that the binding site for the EPSP
synthase complex with S3P-Glp (6) is a reasonable starting

FIGURE 4: Stereoviews of the models of two different complexes. The REDOR model of the binding site of EPSP synthase complexed to
S3P and Glp is shown in gray and that to CF3-SBBI of Figure 1, in black. The P atoms are the large spheres; no hydrogens are displayed.
Only the positions of the six arginines of EPSP synthase lining the binding site are shown. The shikimate rings are overlayed. The coordinates
of the model in gray were obtained from the REDOR model of ref6. The coordinates of the model in black were obtained from a molecular
dynamics simulation and energy minimization (with the model in gray providing the starting coordinates), restrained by the19F-15N and
31P-15N distances determined by the REDOR results of Figure 1 (left) and Table 1, respectively.

Table 1: 31P{15N} REDOR Dephasing (∆S/S0) for Complexes of
[15N2]Arg-EPSP Synthasea with Either S3P and Glp or CF3-SBBI

number of rotor cyclesb

31P observed 32 48 64

Glp (54%15N)c phosphonate 0.48 0.71 0.75
Glp(85%15N)d phosphonate 0.73 0.94 0.97
CF3-SBBI (obs)e nonring phosphate 0.30 0.43 0.60
CF3-SBBI (calc)e,f nonring phosphate 0.13 0.27 0.43
S3P (54%15N)c phosphate 0.03 0.08 0.14
S3P (85%15N)d phosphate 0.06 0.14 0.23
CF3-SBBI (obs)e ring phosphate 0.10 0.15 0.20
CF3-SBBI (calc)e,f ring phosphate 0.05 0.11 0.18

a 15N isotopic enrichment of the guanidino nitrogens was 54% for
the EPSP synthase used for the complex with S3P and Glp and 85%
for the complex with CF3-SBBI. b Magic-angle spinning was at 5000
Hz. c Observed dephasing from refs5 and6. d Dephasing expected for
85% 15N isotopic enrichment of arginine guanidino nitrogens.e This
paper.f On the basis of the REDOR model of Figure 4 and Table 1.

Table 2: 31P-[15N2]Arg-EPSP Synthase Distances (in Å) for the
CF3-SBBI Models of Figure 5

REDOR model (black)a REDOR-refined X-ray (gray)b

nitrogen nonring P ring P nonring P ring P

R27 NH1 11.4 8.5 11.2 8.6
NH2 10.7 8.0 10.7 9.2

R100 NH1 6.8 5.4 7.8 5.2
NH2 6.0 7.4 9.2 7.4

R120 NH1 6.7 15.1 12.3 13.8
NH2 8.5 16.9 10.6 12.1

R124 NH1 4.8 10.6 4.9 9.1
NH2 5.7 12.4 5.5 7.4

R344 NH1 8.1 9.7 6.9 9.6
NH2 8.5 8.5 7.4 11.4

R386 NH1 11.0 11.4 9.4 13.5
NH2 11.6 12.1 10.1 13.0

a PDB code for initial coordinates 1Q0I.b PDB code for initial
coordinates 1Q0J.
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point to model the complex with CF3-SBBI. The simulation
was restrained by (i) the condition that no distance between
the CF3 (center of the fluorine triangle) and a15N label can
be less than 9 Å; (ii) the condition that no distance between
the nonring31P and a15N label can be less than 5 Å; and
(iii) the intraligand ring and nonring31P-CF3 distances are
8.1 and 3.8 Å, respectively. The first two distance restraints
are based on the REDOR results of Figure 1 and Table 1,
and the intraligand distance restraints are based on the results
of Figure 2.

The19F-15N restraint is met by the arrangement of arginines
shown in the REDOR model (black) in Figure 4. The shortest
distance from15N to a CF3 is 8.8 Å. The total calculated
15N{19F} dephasing for all 6 arginines (of 21) is 1%, which
matches the observed value. When a19F-15N distance lower
limit of 8 Å was used, the total calculated15N{19F} dephasing
was 3%. All of the arginine31P-15N distances are given in

Table 2 (the shortest is 4.8 Å), and the calculated31P{15N}
dephasing (which is in acceptable agreement with the
experimental) is given in Table 1. The intraligand distance
restraints are also reasonably well-satisfied by the REDOR
model of Figure 4, which has a rotational torsional angle
(see Figure 3) of 104°.

On the basis of the distances of Table 2, neither R386 nor
any of the other binding-site arginines has closed around the
nonring phosphate of CF3-SBBI. This sort of positioning
is consistent with the observed weak19F-15N dipolar coupling
of the CF3 group (left of Figure 1). Even if the histidine and
the three lysines of the binding site maintain close contact,
the CF3-SBBI finds itself in a spacious catalytic center. The
binding by EPSP synthase of the SBBI is therefore quali-
tatively different from that for S3P-Glp, in which all charged
groups of the ligands are matched by charged side chains of
the protein (5, 6).

FIGURE 5: Stereoviews of two different models of the CF3-SBBI complex. The model of the binding site of EPSP synthase complexed to
CF3-SBBI in black is the same as that shown in Figure 4 (also in black). The model in gray was obtained from a molecular dynamics
simulation and energy minimization using the REDOR-refined X-ray structure of ref6 for the starting coordinates and restrained by the
19F-15N and31P-15N distances determined by the REDOR results of Figure 1 (left) and Table 1, respectively. The CF3 groups in this view
of the models are at the lower right, in the vicinity of Arg386. The distributions of the31P-15N distances for both models (Table 2) are
consistent with the experimental REDOR dephasing of Figure 1 (middle).

FIGURE 6: Schematic representation of bisubstrate enzyme catalysis. The pretransition state is on the left, the transition state is in the
center, and the final products are on the right. The gray line indicates the total energy of the system.
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The binding-site arragement shown in Figure 4 is just one
of many similar geometries that are allowed by the REDOR
distance restraints. Another is shown in Figure 5 (in gray),
with 31P-15N distances given in Table 2. Regardless of the
details, the loose fit of all of these structures in the binding
site agrees with the observed lack of dependence of the
binding affinity of CF3-SBBI on the stereochemistry of the
ligand (8). We attribute the nanomolar-binding affinity of
the negatively charged CF3-SBBI to a combination of
favorable polar enthalpic interactions with multiple positively
charged lysyl and arginyl side chains, together with a reduced
entropic penalty on binding (23).

Expanded Conformational States.We believe that the
loose fit of the enzyme-substrate complex in Figure 4 is
consistent with the description of enzyme catalysis via
stabilization of a bisubstratepre-transition state (24). The
first step in enzyme catalysis is generally taken as the
formation of an ordered intermediate in the binding site in
which the two substrates have been brought together, electron
density has been rearranged, but no new bonds have yet been
formed (25). A matrix fluctuation leads to a compression of
the binding site (26) and the beginnings of a new bond
formation (27). This compressed, pretransition state is
stabilized by strong through-space enthalpic attractions
between the substrates and the protein side chains. It is the
most tightly bound state in the reaction sequence but not
the state with the lowest energy or highest binding affinity
(25). (The phrase “tightly bound” in this context means
accurately positioned in a single conformation with little or
no local motion.) The enthalpic attractions are reduced during
an expansion to the true transition state (Figure 6). This
expansion is facilitated by mechanical free energy (26). From
this view, the function of the enzyme is to provide the free
energy to get the complex over the transition-state barrier,
not to stabilize the transition state. The expansion of the
binding site can involve entropic contributions to the free
energy from distant parts of the protein matrix because of
the cooperativity of packing within a folded protein. Increases
in backbone mobility distant from the binding site have been
discussed recently in terms of the observed distributions of
X-ray Debye-Waller factors (28) and the observed increases
of main-chain15N Overhauser enhancements (29).

Despite the high affinity of the binding site for the SBBI,
the bisubstrate inhibitor is not tightly bound and its complex
with EPSP synthase is therefore dissimilar from the pretran-
sition state. We reach this conclusion based on the broad
31P line widths (site heterogeneity) and weak through-space
19F-15N and31P-15N dipolar couplings detected by REDOR
for the arginines surrounding the SBBI (no salt bridges). The
exact relation between this SBBI-enzyme complex and the
true bisubstrate-enzyme transition state is not entirely clear,
although we believe that both the complex and transition
state have expanded conformations similar to those of Figures
4 and 5.
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