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ABSTRACT. A combination of!>N{ 1%}, 31P{15N}, and3P{1°F} 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 On the basis of the observed narr&#® resonance line widths
(EPSP) synthase catalyzes the reversible condensation of(5), both S3P and Glp are ordered in the binding site.

shikimate-3-phosphate (S3P) and phosphoenolpyruvate (PEP) ap extended rather than bent conformation of Glp in the
to form EPSP in the synthesis of aromatic amino acids in gpgp synthase binding site means that the -S3IP
plants and microorganisms)( This reaction is inhibited by - ;o mpjination in the ternary complex is not a close mimic of
the commercial herbicidl-(phosphonomethylglycine (gly- e S3p-PEP tetrahedral intermediat® (However, various

phosate or Glp), HQPCHZNHCHZCOOH’ which, in the covalently linked, shikimate-based bisubstrate inhibitors
presence of S3P, binds to EPSP synthase and formsastabI?SBBls) are close mimics8f. The nanomolar binding

ternary complex Z). A crystal structure of the ternary affinities of these li .- ;

. ; gands suggest the possibility of salt-bridge
compltexgaj beefn pubtl_|shed re_centtkytmastgsﬁo'\évsﬂ?gl n d matches with the surrounding lysine and arginine side chains.
an extended conformation proximate 1o >3 bo pand g crystal structures have been reported for these complexes.
S3P are negatively charged and are stabilized in the binding—, . .

: . . L . _ “This paper reports the results of REDOR experiments
site by the side chains of a histidine, three lysines, and five performed on a trifluoromethyl-substituted SBBI (CF
arglmne.s. ~ SBBI) complexed to PN,JArg—EPSP synthase. The RE-

Rotational-echo double-resonance (REDOR) NMR experi- poR results show that the arginines do not form salt bridges
ments have also been performed on the ternary complex ofiy the phosphate groups of €FSBBI. This result is not

EPSP synthasel{-6). The results of these experiments are .,njstent with the notion that a function of the enzyme is

in agreement W|th.the X—rgy crystal structure, except for the {5 stabilize the transition state.

positions of the side chains of some of the arginines near

the binding site §). In particular, RED_QR un_amb|guously EXPERIMENTAL PROCEDURES

shows a closer approach of the guanidino nitrogens and the

phosphate of S3P, the carboxyl of Glp, and especially the | abeled EPSP Synthas#ild-type Escherichia colEPSP

phosphonate of Glpg] than is seen by the X-ray analysis. synthase was overexpressed inEarcoli strain auxotrophic

for arginine (ATTC 23790) to increase the incorporation of
t This work was supported by NIH Grant EB01964. L-arginine-guanidind5N2 (Cambridge Isotope _Laboratories,
* To whom correspondence should be addressed. Phone: 314-935-Andover, MA) into the enzyme. The expression systén (

68?3\./ Fa;]x: 113-335-448}1. E-mail: schaefer@wuchem.wustl.edu. was made by transformation of ATTC 23790 with

asnington university.

s Binghamton University. pMONS5537. The transformed cells were stored as frozen
'Current address: Department of Pathology and Immunology, glyCGrOl stocks. A COlony of these cells was selected from a

Washington University School of Medicine, St. Louis, MO 63110. 37 °C, 18-h agar plate made with Luria-Bertani media
! Abbreviations: AS & — S, whereS and & are rotational-echo containing ampicillin at 20@g/mL (LB/AMP). The colony

double-resonance signal intensities with and without dephasing pulses, . ) .

respectively; EPSP, 5-enolpyruvylshikimate-3-phosphate; ®lp, ~ Was transferred to 6 mL of liquid LB/AMP and incubated

(phosphonomethyl)glycine; HEPES;[2-hydroxyethyl]piperazineN'- overnight in an orbital shaking incubator at 225 rpm and 37

[2-ethanesulfonic] acid; PEG, poly(ethylene glycol); PEP, phosphoe- o These cells were used to inoculate two 250-mL flasks

nolpyruvate; REDOR, rotational-echo double resonance; SBBI, shikimate- o . .

based bisubstrate inhibitor; S3P, shikimate-3-phosphate;SBBI, each containing 50 mL of unlabeled defined growth medium.

trifluoromethylketat-SBBI. At mid-log phase (Oly = 1.2), 10-mL aliquots of this
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FIGURE 1: 15N{1°F} (left), 3PE5N} (middle), and®P{1%} (right) REDOR dephasingA§'S,) for the complex of CE—SBBI (inset) with

[**N2]JArg—EPSP synthase. The REDOR differences are shown at the top of the figure and the full echoes, at the boft4¥H!%Fhe
dephased-echo spectrui§ s 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.

growth were used to inoculate 10 1000-mL flasks each (structureR-5 in ref 8; see inset of Figure 1) inhibitor of
containing 400 mL of the same defined medium. The bacteria EPSP synthaseK(.p, = 32 nM, ref7) in a lyophilization
from the 1000-mL flasks were pelleted at mid-log phase. flask. The final step in catalysis by EPSP synthase is the
Each pellet was resuspended in 400 mL of a defined mediumrelease of products (EPSP and HP%). The presence of

containingL-arginine-guanidind®N,. The resuspended cells,

the Ck; group of the SBBI and the resulting unavailability

returned to the 1000-mL flasks, were incubated, as before,of a transferable proton block the final step. The enzyme
30 min (to OQyo = 1.6) before EPSP synthase overexpres- and inhibitor were incubated for 30 min at°€, each at

sion was induced by addition of nalidixic acid at Z&/mL.

101 uM, at a final volume of 30 mL. The lyophilization

Incubation continued for 9.5 h before the cells were pelleted buffer was 2 mM MOPS, 1 mM DTE, 1% (w/v) PEG 8000,
and frozen. Protein purification was as described previously and 20 mM trehalose at pH 7.24. After the incubation at 4

(5). The yield of the purified enzyme was 105 mg/L of the

labeled medium.

The unlabeled defined medium contained 12.8 mg/mj- Na

HPO,-7H,0, 3 mg/mL KHPO,, 0.5 mg/mL NaCl, 77.8/
mL thiamine-HCI, 6 ug/mL FeC}, 100u«g/mL ampicillin,
4 mg/mLb-glucose, 1 mg/mL NGCI, 0.44ug/mL ZnSQ-
7H,0, 0.78ug/mL N&MoO,-2H,0, 0.892ug/mL CuSQ:-
5H,0, 0.22ug/mL HzBOs, 0.56 ug/mL MnSQ-H,0, 0.78
ug/mL CoCh-6H,0, 2 mM MgSQ, 100uM CaCl, 225ug/
mL c-alanine, 37.5g/mL L-arginine, 100ug/mL L-aspar-
agine, 1254g/mL L-aspartate, 37.ag/mL L-cysteine, 100
ug/mL L-glutamic acid, 10Qug/mL L-glutamine, 250ug/
mL glycine, 37.5ug/mL L-histidine, 125:g/mL L-isoleucine,
250 ug/mL vL-leucine, 100ug/mL L-lysine, 75 ug/mL
L-methionine, 75ug/mL L-phenylalanine, 10Qg/mL L-
proline, 125ug/mL L-serine, 16Qig/mL L-threonine, 1Geg/
mL L-tryptophan, 75ug/mL L-tyrosine, and 16Qug/mL

L-valine. The medium was adjusted to pH 7 after the

dropwise addition of MgS@and CaCJ. These salts were

°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 from80 to—30 °C to prevent sample
melt-back before completion of the lyophilization at room
temperature9).

Dipolar Recoupling.REDOR was used to restore the
dipolar coupling between heteronuclear pairs of spins that
is removed by magic-angle spinninglj. REDOR experi-
ments are always done in two parts, once with rotor-
synchronized dephasing pulse€d @nd once without %).

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 AS= & — ) for the observed spin in the
two parts of the REDOR experiment is directly related to
the corresponding distance to the dephasing sgi). (
REDOR has found an application in the characterization of

added last, at 98% of the final volume. The labeled defined binding sites of proteins4( 5, 13) and in the analysis of

medium was similar except that it contained 14&mL
L-[guanidino!®N;]arginine instead of unlabeladarginine,
50 ug/mL L-cysteine, and 5@:g/mL L-histidine. Isotopic

enrichment was 85% as determined by solid-state NMR spin

counts b, 10).
Lyophilization of the ComplexA 140-mg aliquot of the
labeled enzyme was complexed 1:1 with the;€EBBI

heterogeneous biological materials such as amyloid plaques
(14), membrane protein helical bundle&5( 16), insect
cuticle (L7), bacterial cell walls 18), and spider silk 19).

Data Acquisition.REDOR NMR was performed using
4-frequency transmission-line prob&X)( having a 14-mm
long, 9-mm inside-diameter analytical coil and a Chemag-
netics/Varian stator and spinner housing. Lyophilized samples
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Ficure 2: 31P{19F} REDOR dephasingASS) for the complex
of CR—SBBI of Figure 1 with [°N,JArg—EPSP synthase. Ex-

perimental dephasing (for the sum of the ring and nonring phosphate

31p signal intensity) is represented [@)( Initial-distance estimates
for modeling came from an RMSD best fit assuming a nonring
phosphatélP to CF; distance of 3.8 A and varying (i) the ring-
phosphaté!P to CR distance and (ii) the percentage contribution
to the total signal intensity by the ring-phosph#te (initially 50%).
The calculation ) is for the geometry of the model in Figure 4.
The nonring phosphate to GHlistance is 8.3 A. After 56 rotor

cycles, the best-fit ring-phosphate percentage increased to 70%.

This change in relative contributions WSS, for the ring and
nonring phosphates indicates a difference in*feecho lifetimes.
Magic-angle spinning was at 5 kHz.

were contained in Chemagnetics/Varian 7.5-mm outside-
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Ficure 3: (Top) Sum of van der Waals and Coulombic energies
of CR—SBBI as a function of the rotation about the oxygen-
tetrahedral carbon bond of the inhibitor (see bottom inset). (Middle)
31pA9F distance from the center of the €Rriangle to the
phosphorus of the shikimate ring as a function of the same rotation

diameter zirconia rotors. The rotors were spun at 5000 Hz angle. (Bottom) CE—SBBI.

with the speed under active control to withih2 Hz.

Experiments with**F 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. Ther-pulse lengths were 14s for 15N, 3P, and
9. The accuracy of distance measurements usffg
dephasing pulses was confirmed using@r, °>N-, and'°F-
labeled peptideQl). Standard XY-8 phase cyclin@?) was
used for all pulses. Protercarbon cross-polarization trans-
fers were made in 2 ms at 50 kHz. Proton dipolar decoupling
was 100 kHz during data acquisition. TH® chemical-shift

scale was referenced relative to external phosphocreatine an

the >N chemical-shift scale, to external ammonium sulfate.
Molecular Modeling.The closed REDOR structure and
REDOR-refined X-ray structure6)f of liganded EPSP

synthase (with Phel72 replaced by Trpl72, F172W) were

used to build the models of the EPSP synthaSE;—SBBI
binary complex using Insight Il 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 betwe&® and°F of

the ligand and selected arginine residues of the enzyme
restrained to the ranges measured by REDOR. The structur

was minimized so that the derivative of the total energy was
less than 1 kcal mot A—2%,

RESULTS AND DISCUSSION

Proximity of Arginines and C§f The N full-echo
spectrum of CE—SBBI—[**N,]JArg—EPSP synthase (bottom

left of Figure 1) has just two peaks: a majtiN-labeled
guanidino-nitrogen peak near 50 ppm (arising from 21
arginine residues) and a minor natural-abundad¢@eptide
peak at 95 ppm. Th&N spin count §, 10) of the full-echo
spectrum corresponds to approximately 85% isotopic
enrichment for the guanidino nitrogens. THBI{1°F} AY

S 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 A
from the—CF;, 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 th#@ A from the Ck
moiety of the bound SBBI. This is a lower limit based on

ahe 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 foAS), then the distance to the
nearest nitrogen will increase. (This point will be discussed
in more detail in the modeling section, below.)

Two 3P Chemical ShiftsThe 8-T 3'P{'°F} REDOR
difference AS) of CR—SBBI—[*N,]JArg—EPSP synthase
represents about half of the total intensity of the full-echo
signal &), and the dephased ech®) fepresents the other
half (right of Figure 1). There is about a 1-ppm shift
difference betweeAS andS (dotted line of Figure 1). The

%onring phosphate is just three bonds away from the CF

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 o and the ring phosphate, to the lower-field
component. The nonringP line width is more than 200 Hz
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Ficure 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 tos€E5BBI 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 obréfthe 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), restraineé®®ythend

31p15N distances determined by the REDOR results of Figure 1 (left) and Table 1, respectively.

Table 1: 3'P{!*N} REDOR DephasingASSy) for Complexes of Table 2: 3¥P-['5N,JArg—EPSP Synthase Distances (in A) for the
[**N2]JArg—EPSP Syntha8ewvith Either S3P and Glp or GFSBBI CR—SBBI Models of Figure 5
number of rotor cyclés REDOR model (black) REDOR-refined X-ray (gray)
31p observed 32 48 64 nitrogen nonring P ring P nonring P ring P

Glp (54%?%°N)° phosphonate 0.48 0.71 0.75 R27 NH1 11.4 8.5 11.2 8.6
Glp(85%*°N)d phosphonate 0.73 0.94 0.97 NH2 10.7 8.0 10.7 9.2
CR;—SBBI (obsy nonring phosphate 0.30 0.43 0.60 R100 NH1 6.8 5.4 7.8 5.2
CR:—SBBI (calc}fnonring phosphate 0.13 0.27 0.43 NH2 6.0 7.4 9.2 7.4
S3P (54%°N)° phosphate 0.03 0.08 0.14 R120 NH1 6.7 15.1 12.3 13.8
S3P (85%°N)¢ phosphate 0.06 0.14 0.23 NH2 8.5 16.9 10.6 121
CF:—SBBI (obsy ring phosphate 0.10 0.15 0.20 R124 NH1 4.8 10.6 4.9 9.1
CR—SBBI (calcyring phosphate 0.05 0.11 0.18 NH2 5.7 12.4 5.5 7.4

215N isotopic enrichment of the guanidino nitrogens was 54% for R344 ,m:lzl 8851 8957 764? 1192
the EPSP synthase used for the complex with S3P and Glp and 85%R386 NH1 11’ 0 11' 4 9 4 13' 5
for the complex with CE—SBBI. ® Magic-angle spinning was at 5000 NH2 1.6 121 10 '1 13.0
Hz. ¢ Observed dephasing from re§and6. ¢ Dephasing expected for .
85% 15N isotopic enrichment of arginine guanidino nitrogefighis 2PDB code for initial coordinates 1Q01PDB code for initial

paper.! On the basis of the REDOR model of Figure 4 and Table 1. coordinates 1Q0J.

at 81 MHz, which suggests some conformational heterogene-(40.05). After 64 T, the dephasing for the S3P part of the
ity in the CR—SBBI binding site §). A weak, broad, low- CR;—SBBI complex and S3P in the S3#&Ip—EPSP syn-
field shoulder orSand$ is due to®'P that is not assigned. thase ternary complex are about the same (Table 1),
The3'P{%F} ASS, jumps to about 0.5 after only 8 rotor indicating similar positioning relative to nearby arginines.
cycles and then increases slowly with an increasing evolution However, this is not the situation for the nonring phosphate
time after 8 T (Figure 2). The initial dephasing is due to 3'P of the CE—SBBI complex. The observed dephasing after
the proximity of the nonring phosphate to the fG¥foup. 32 and 48 T for the nonring®'P is less than half of the
The slower increase in dephasing after &flises from the  dephasing for the GIPIP in the S3P-Glp—[**N,]JArg—EPSP
weak coupling of the distant ring-phosphdte and corre- synthase ternary complex, after adjustment'fdt isotopic
sponds to a distance of approximately 8.3 A to the.QThis enrichment (Table 1). Thus, the nonring phosphate in the
distance is consistent with the calculated estimates of theCR—SBBI complex cannot be close to any of the five or
van der Waals and Coulombic energy for the SBBI as a six arginine side chains that line the binding site.
function of the rotation about the oxygen-tetrahedral carbon  Model of the Binding SiteThe strong3P-*N dipolar
bond of the SBBI (Figure 3, torsion angle &f12(). coupling for the phosphonate of S3BIp—[**N,]JArg—EPSP
Proximity of Arginines and'P. Ring and nonring phos-  synthase is the result of an effective salt bridge with R100
phate signals have a combin&8{ >N} ASS, of about 20% (6). R124 is also close by. The relatively wedR-'*N dipolar
after 48 rotor cycles (center of Figure 1). Because the centercoupling for the nonring phosphate of EFSBBI—['5N]-
of the AS spectrum is shifted slightly upfield, there is more Arg—EPSP synthase means that the PEP-like component of
dephasing for the nonring{P than for the ring*P. Using the SBBI has shifted away from R100 and R124. A
spectral deconvolution based on the shifts and line widths molecular dynamics simulation (with energy minimization;
determined by thé'P{'°F} dephasing, we estimateSS, = see ref6 for details) indicates that the nonring phosphate
0.15 for the nonring phosphate and 0.25 for the ring has shifted toward R386 (Figure 4). This simulation was
phosphate after 48, with 5-kHz spinning (Table 1). The  based on the assumption that the binding site for the EPSP
deconvolution is difficult, and the errors are substantial synthase complex with S3FGIp (6) is a reasonable starting
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Ficure 5: Stereoviews of two different models of the £FSBBI complex. The model of the binding site of EPSP synthase complexed to
CF;—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 & fef the starting coordinates and restrained by the
19F-15N and3P-15N distances determined by the REDOR results of Figure 1 (left) and Table 1, respectively. FHe@#s in this view

of the models are at the lower right, in the vicinity of Arg386. The distributions offtRé°N distances for both models (Table 2) are
consistent with the experimental REDOR dephasing of Figure 1 (middle).

transition state reached by
Eyring mechanical free energy

lattice expansion lattice contraction
to new shape
enthalpically driven
Ls -
T~ Jattice I:I
substrates | |

release
of

products D

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.

point to model the complex with GFSBBI. The simulation ~ Table 2 (the shortest is 4.8 A), and the calcula¥&y 1N}
was restrained by (i) the condition that no distance betweendephasing (which is in acceptable agreement with the
the CR (center of the fluorine triangle) and'N label can experimental) is given in Table 1. The intraligand distance
be less than 9 A; (i) the condition that no distance between restraints are also reasonably well-satisfied by the REDOR
the nonring3'P and a'*N label can be less than 5 A; and model of Figure 4, which has a rotational torsional angle
(iii) the intraligand ring and nonring'P—CF; distances are  (see Figure 3) of 104
8.1 and 3.8 A, respectively. The first two distance restraints  On the basis of the distances of Table 2, neither R386 nor
are based on the REDOR results of Figure 1 and Table 1,any of the other binding-site arginines has closed around the
and the intraligand distance restraints are based on the resultaonring phosphate of GFSBBI. This sort of positioning
of Figure 2. is consistent with the observed we'dk-'N dipolar coupling
The%F-*N restraint is met by the arrangement of arginines of the Ck; group (left of Figure 1). Even if the histidine and
shown in the REDOR model (black) in Figure 4. The shortest the three lysines of the binding site maintain close contact,
distance from!*N to a Ck is 8.8 A. The total calculated the CE—SBBI finds itself in a spacious catalytic center. The
15N{°F} dephasing for all 6 arginines (of 21) is 1%, which binding by EPSP synthase of the SBBI is therefore quali-
matches the observed value. Wheli&!®N distance lower  tatively different from that for S3PGlIp, in which all charged
limit of 8 A was used, the total calculatéiN{ °F} dephasing groups of the ligands are matched by charged side chains of
was 3%. All of the argininé'P-15N distances are given in  the protein §, 6).
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The binding-site arragement shown in Figure 4 is just one generous gift of the GF~SBBI and for several helpful
of many similar geometries that are allowed by the REDOR discussions of the activity of this class of inhibitors of EPSP
distance restraints. Another is shown in Figure 5 (in gray), synthase.

with 31PN distances given in Table 2. Regardless of the

details, the loose fit of all of these structures in the binding REFERENCES

site agrees with the observed lack of dependence of the
binding affinity of Ck—SBBI on the stereochemistry of the
ligand @). We attribute the nanomolar-binding affinity of 2.
the negatively charged GFSBBI to a combination of
favorable polar enthalpic interactions with multiple positively 3
charged lysyl and arginyl side chains, together with a reduced
entropic penalty on binding2B). 4

Expanded Conformational State¥/e believe that the
loose fit of the enzymesubstrate complex in Figure 4 is 3.
consistent with the description of enzyme catalysis via
stabilization of a bisubstratpre-transition state 24). The
first step in enzyme catalysis is generally taken as the
formation of an ordered intermediate in the binding site in 7.
which the two substrates have been brought together, electron
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