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ABSTRACT: The interaction of 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, 4,5-dideoxyshikimate 
3-phosphate (ddS3P), and [2-13C]- and [3-13C]pho~phoen~lpyruvate (PEP) has been examined by 13C N M R  
spectroscopy. Although no resonances due to a dead-end intermediate complex could be detected, an enzyme 
active site specific formation of pyruvate was observed. The interaction of EPSP synthase with shikimate 
3-phosphate (S3P) and [2-13C]- or [3-13C]PEP has been examined by 13C N M R  spectroscopy. With 
[2-13C]PEP, in addition to the resonances due to [2-13C]PEP and [8-13C]EPSP, new resonances appeared 
a t  164.8, 110.9, and 107.2 ppm. The resonance a t  164.8 ppm has been assigned to  enzyme-bound EPSP. 
The resonance a t  110.9 ppm has been assigned to C-8 of an enzyme-free tetrahedral intermediate of the 
sort originally proposed by Levin and Sprinson [Levin, J. G., & Sprinson, D. B. (1964) J .  Biol. Chem. 239, 
1142-1 1501 and recently independently observed by Anderson et al. [Anderson, K. S., Sikorski, J. A., Benesi, 
A. J., & Johnson, K. A. (1988) J .  A m .  Chem. SOC. 110, 6577-65791. The resonance a t  107.2 ppm has 
been assigned to an enzyme-bound intermediate whose structure is closely related to that of the tetrahedral 
intermediate. With [3-13C]PEP, new resonances appeared at 88.9, 26.2, 25.5, and 24.5 ppm. The resonance 
a t  88.9 ppm has been assigned to enzyme-bound EPSP. The resonance a t  26.2 ppm, which was found to 
correlate with 1.48 ppm by isotope-edited multiple quantum coherence 'H N M R  spectroscopy, has been 
assigned to the methyl group of 4-hydroxy-4-methylketoglutarate. The resonance a t  25.5 ppm, which was 
found to correlate with a 'H resonance a t  1.16 ppm, could be substantially reduced by preincubating the 
enzyme with the inhibitor glyphosate and could be isolated free from the protein by ultrafiltration. This 
has been interpreted in terms of the same enzyme-free tetrahedral intermediate that gave rise to the resonance 
a t  110.9 ppm with [2-13C]PEP and proposed by Levin and Sprinson. N o  'H correlation has been detected 
for the 13C resonance at 24.5 ppm due to its large line width (100 Hz), but it has been interpreted as arising 
from the same enzyme-bound intermediate which gave rise to the resonance a t  107.2 ppm with [2-13C]PEP. 

5-Enolpyruvylshikimate-3-phosphate (EPSP)' synthase (EC 
2.5.1.19) catalyzes the penultimate step in the biosynthetic 
pathway in plants and bacteria that leads to chorismic acid, 
the common precursor for the three aromatic amino acids 
phenylalanine, tyrosine, and tryptophan. EPSP (4) is formed 
from shikimate 3-phosphate (S3P, 1) and phosphoenolpyruvate 
(PEP, 2) (see Scheme I). The enzyme as isolated from higher 
plants and bacteria (Lewendon & Coggins, 1983; Mousdale 
& Coggins, 1984) is a monomer with molecular weight (M, )  
of 46000 of known sequence (Duncan et al., 1984a). The 
cloned Escherichia coli gene has been used to generate an 
overproducing strain by Duncan et al. (1984b) and Rogers et 
al. (1983), and the bacterial enzyme is available in milligram 
quantities. Furthermore, EPSP synthase is the primary site 
of action of the herbicide glyphosate, or N-(phosphono- 
methy1)glycine. This is a broad-spectrum postemergence 
herbicide with worldwide applications in agriculture and 
horticulture. 

Although EPSP synthase has been the subject of detailed 
investigation, there remain many important questions as to 
its mechanism. Early work by Sprinson and eo-workers 
(Bondinell et al., 1971) established that incubation of the 
enzyme with S3P and PEP in tritiated water gave tritium- 
labeled E S P .  This was seen as evidence for an unprecedented 

Supported by the Research Corporation Trust, Dow Agricultural Co. 
( U S A . ) ,  and the Science & Engineering Research Council. 

* Author to whom correspondence should be addressed at the Bio- 
chemistry/Biophysics Program, Washington State University, Pullman, 
WA 99164. 

reaction of PEP involving an addition-elimination mechanism, 
in which nucleophilic attack at C-2 with concomitant pro- 
tonation at C-3 yields a transient intermediate from which the 
phosphate is eliminated. Elegant work by the group of 
Knowles (Grimshaw et al., 1982, 1984) with regiospecifically 
deuterated PEP confirmed that C-3 of the enolpyruvyl moiety 
transiently becomes a methyl group, whose rotation is rapid 
with respect to the steps leading to and from its formation. 
Tracer studies by Bondinell et al. (1971) suggested that the 
ester oxygen attached to C-2 of PEP is recovered quantitatively 
in inorganic phosphate and not in EPSP. In addition, work 
by Anton et al. (1983) showed that the bridging oxygen of 
[lsO]PEP is not scrambled in the complex of 4,Sdideoxy- 
shikimate 3-phosphate (ddS3P) and EPSP synthase. Thus it 
appears that EPSP synthase catalyzes the transfer of an en- 
olpyruvyl moiety with C-0 cleavage in the presence of S3P, 
but there is no such cleavage in the presence of ddS3P. 
Furthermore, the nature of the nucleophile that is proposed 
to attack at C-2 of PEP is open to question. Anton et al. 
(1983) have shown that incubation of ddS3P and PEP with 
EPSP synthase in tritiated water resulted in incorporation of 

Abbreviations: COSY, correlated spectroscopy; ddS3P, 4,5-di- 
deoxyshikimic acid 3-phosphate; EPSP, 5-enolpyruvylshikimic acid 3- 
phosphate; glyphosate, N(phosphonomethy1)glycine; HMKG, 4- 
hydroxy-4-methylketoglutarate (or parapyruvate); HMQC, heteronuclear 
multiple quantum coherence; LW, line width; S3P, shikimic acid 3- 
phosphate; PEP, phosphoenolpyruvate; Pi, inorganic phosphate; PNPP, 
p-nitrophenyl phosphate; UDP-NAG, uridine-5'-diphospho-5-(N- 
acetyl-2-amino-2-deoxyglucose). 

0006-2960/89/0428-7985$01 SO10 0 1989 American Chemical Society 



Accelerated Publications 1986 

Scheme I 

Biochemistry, Vol. 28, No. 20, 1989 

Mechanism A ("Shlkimate Nucleophile") 

Mechanism B ("Enzyme Nucleophile") 

+ Pi 
2-0,"' 

_1 OH 

(4) 

t 

:B-Em 

*-0,PO" 
OH 

:X-Em 

tritium into PEP, thereby suggesting that the 5-hydroxyl of 
S3P is not the nucleophile. The only other known enzyme that 
catalyzes the transfer of a PEP moiety in an ostensibly similar 
manner is UDP-NAG-pyruvyl transferase, which substitutes 
the UDP-NAG unit for the phosphate group of PEP (Strom- 
inger, 1958). This reaction has been shown (Cassidy & Ka- 
han, 1973; Zemell & Anwar, 1975) to involve an enzyme 
nucleophile, since treatment of the enzyme with [14C]PEP 
resulted in protein labeled with radioactivity. The label was 
released upon treatment with UDP-NAG. 

Two contrasting mechanisms have been proposed for the 
EPSP synthase reaction, according to what is thought to be 
the nucleophilic group that attacks C-2 of PEP. While both 
require the transient formation of an intermediate with a 
methyl group at C-3 and with tetrahedral geometry at the C-2 
position, the "shikimate nucleophile" mechanism (Levin & 
Sprinson, 1964; Grimshaw et al., 1982) requires attack on C-2 
by the 5-hydroxyl of S3P (Scheme IA) while the "enzyme 
nucleophile" mechanism (Ganem, 1978; Anton et al., 1983) 
requires attack on C-2 by a nucleophilic group on the enzyme 
(Scheme IB). Evidence for the shikimate nucleophile mech- 
anism has been provided by the work of Bondinell et al. and 
Grimshaw et al. already described. The involvement of a 
concerted reaction with a carbocation-like transition state has 
also been proposed (Grimshaw et al., 1982). Evidence for the 
enzyme nucleophile mechanism has been provided by Anton 
et al. (1983), and the precedence of UDP-NAG-pyruvyl 
transferase has been presented (Ganem, 1978) in support of 
this mechanism. However, recent work by Anderson et al. 
(1 988a,b) has provided evidence for the shikimate nucleophile 
mechanism, by isolation and characterization of an enzyme- 
free species under rapid chemical quench conditions whose 
structure is consistent with that of 3. It should, however, be 
noted that the mechanism of EPSP synthase cannot be con- 
sidered to be settled until the enzyme-bound species has been 
detected and characterized, since intermediate 3 could be 
formed from intermediate 6 as a result of nucleophilic attack 
by inorganic phosphate. Thus to date, the conflict between 
these two mechanisms has not been resolved completely. 

In this paper we examine the complexes derived from 4 3 -  
dideoxy-S3P, S3P, [I3C]PEP, and EPSP synthase, using 13C 

and isotope-edited 'H NMR spectroscopy. 

MATERIALS AND METHODS 
Chemicals and Enzymes. All chemicals and enzymes, in- 

cluding PEP, NADH, ADP, lysozyme, lactate dehydrogenase, 
and pyruvate kinase, were purchased from Sigma (Poole, U.K.) 
except where stated otherwise. Deoxyribonuclease was pur- 
chased from Boehringer-Mannheim. S3P was purified from 
cultures of Klebsiella pneumoniae according to known methods 
(Bondinell et al., 1971) with slight modifications. 4,5-Di- 
deoxyshikimate 3-phosphate was synthesized according to the 
method of Anton et al. (1983). Potassium [2-13C]- and [3- 
13C]phosphoenolpyruvate and sodium [3-13C]pyruvate were 
purchased from MSD Isotopes (Canada). All enzyme ma- 
nipulations other than assays were carried out at 4 OC. 

Growth of Cells. E. coli AB2829/pKD501, a generous gift 
from Prof. J. R. Coggins, was grown with aeration to late 
logarithmic phase in an LH 2000 25-L fermenter in minimal 
salts medium (Vogel & Bonner, 1956) containing 0.4% (w/v) 
glucose and 1 mM thiamin hydrochloride. The cells were 
concentrated to ca. 2 L with a Sartorius Sartocon I1 tangen- 
tial-flow concentrator and harvested by centrifugation in a 
Beckmann 52-21 centrifuge. Cells were stored for periods of 
up to 2 months at -70 OC. 

Enzyme Assay and Protein Determination. EPSP synthase 
activity was routinely assayed for release of phosphate (Van 
Veldhoven & Mannaerts, 1987) or in the reverse direction by 
method 1 of Lewendon and Coggins (1983). Protein was 
determined by the method of Bradford (1976). 

Assay of Phosphatase Activity. Phosphatase activity was 
measured in the water-jacketted cell holder of a Pye-Unicam 
PU-8800 double-beam UV/visible spectrophotometer, by 
monitoring the hydrolysis of p-nitrophenyl phosphate (PNPP, 
20 pL, 100 mg mL-') at 405 nm in buffer (700 pL, 0.4 mM 
ZnSO,, 10 mM MgSO,, 100 mM acetate, pH 7.0) in the 
presence of enzyme (20-50 pL, 18 pM). 

Enzyme Purification. EPSP synthase was purified by a 
modification of established methods (Duncan et al., 1984; 
Padgette et al., 1987), as outlined elsewhere (Appleyard et 
al., 1989). Enzyme preparations were found to retain up to 
95% of enzymatic activity for several weeks at 4 OC and for 
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FIGURE 1: 'H-Decoupled I3C NMR spectra of EPSP synthase plus 
ddS3P and [2-I3C]PEP. (a) EPSP synthase (1.4 mM), 20 mM 
Tris-HCI, pH 7.6,0.4 mM DTT, 0.4 mM EDTA, 10 mM KF, and 
10 mM ddS3P in 450 pL; (b) same plus [2-"C]PEP (50 pL, 200 mM 
in 100 mM Tris-HC1, pH 8.0), final concentration = 20 mM; (c) 
difference spectrum, (b) - (a). All spectra were obtained with the 
following: number of Scans = 46000, recycle time = 1.3 s, pulse width 
= 6 p s ,  size = 32K data points, and FID's Fourier transformed with 
line broadening = 20 Hz. 

several months if frozen rapidly in liquid nitrogen and stored 
at  -70 "C. 

N M R  Spectroscopy. High-field Fourier transform (FT) 
NMR studies of EPSP synthase were performed on a Bruker 
AM-500 (1 1.75 T, 500 MHz 'H) NMR spectrometer with 
home-built modifications for indirect-detection experiments. 
Deuterium was used for locking the field. Chemical shifts were 
referenced externally to samples of similar dielectric constant: 
'H  NMR spectra to sodium 3-(trimethyl~ilyl)[2,2,3,3-~H~]- 
propanoate ([2H]TSP) in D 2 0  buffer (6, = 0.00 ppm) and 
13C NMR spectra to dioxane in D 2 0  buffer (6, = 67.4 ppm). 
Sample temperature was maintained with a Bruker VT- 1000 
variable-temperature control unit, using boil-off liquid nitrogen. 
All samples containing EPSP synthase were maintained at 278 
K. Heteronuclear NMR was carried out with single-frequency 
Bruker probes, with the exception of 'H indirect detection, 
which was carried out with a home-built probe (with 13C 
outside decoupling coil). Proton decoupling was achieved by 
gated broad-band irradiation, Waltz- 16 being used to minimize 
dielectric heating. 

Sample Preparation. The purified EPSP synthase was 
thawed and washed by cycles of dilution and concentration 
by ultrafiltration to ca. 0.45 mL with either (i) 10 mM 
Tris-HC1, 0.4 mM DTT, and 0.4 mM EDTA, in 10% (v/v) 
D20/H20,  pH 7.8, or (ii) 100 mM potassium phosphate, 0.4 
mM DTT and 0.4 mM EDTA, in 10% (v/v) D20 /H20 ,  pH 
7.8. 

RESULTS 
N M R  Studies of EPSP Synthase with 4,5-Dideoxy-S3P 

and [2-I3c]PEP. At the time we started this research, the 
kinetic profile for EPSP synthase had not been determined. 
It was therefore appropriate to initiate our attempt to detect 
the enzyme-intermediate complex by NMR spectroscopy by 
using ddS3P and [I3C]PEP to generate a dead-end complex, 
as postulated by Anton et al. (1983). Figure 1 shows the 
proton-decoupled I3C NMR spectra of (a) EPSP synthase (1.4 
mM) and ddS3P (10 mM) and (b) the same plus [2-13C]PEP 
(20 mM) and (c) the difference spectrum, (b) - (a). In ad- 
dition to the broad natural abundance 13C resonances from 
the enzyme [methyl, methylene, and methine groups at 20-70 
ppm, aromatic groups at  120-140 ppm, and carbonyls at 
170-185 ppm (Roberts & Jardetsky, 1981)], Figure l a  ex- 
hibits additional sharper resonances from ddS3P [see Anton 
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FIGURE 2: 'H-Decoupled I3C NMR spectra of EPSP synthase plus 
ddS3P and [3-I3C]PEP. (a) EPSP synthase (1.4 mM), 20 mM 
Tris-HC1, pH 7.6, 0.4 mM DTT, 0.4 mM EDTA, 10 mM KF, and 
10 mM ddS3P in 450 pL; (b) same plus [3-13C]PEP (20 pL, 244 mM 
in 100 mM Tris-HC1, pH 8.0), final concentration = 10 mM; (c) 
difference spectrum, (b) - (a). All spectra were obtained with the 
following: number of scans = 22 000, recycle time = 1.1 s, pulse width 
= 6 ps, size = 32K data points, and FID's Fourier transformed with 
line broadening = 20 Hz. 

et al. (1983)], DTT (reduced, 75.6 ppm; oxidized, 72.5 ppm), 
Tris buffer (64.7 ppm), and EDTA (60.5 and 62.5 ppm). The 
difference spectrum Figure IC shows resonances due to natural 
abundance C-3 of [2-13C]PEP [103.7 ppm (doublet)], due to 
C-2 of [2-I3C]PEP (152.4 ppm), and due to [2-13C]pyruvate 
(208.2 ppm). The resonance at  74.7 ppm (LW = 28 Hz) is 
due to C-4 of the aldol product of pyruvate, 4-hydroxy-4- 
methylketoglutarate (HMKG), or parapyruvate. This is 
known to form in neutral solutions of pyruvate (Montgomery 
& Webb, 1956). It has been synthesized (De Jong, 1901) and 
the 13C NMR spectrum completely assigned [C-1, 169.0 ppm; 
C-2, 203.6 ppm; (2-3, 48.5 ppm; C-4, 73.4 ppm; C-4 methyl, 
26.1 ppm; C-5, 181.7 ppm (Dr. N. E. Mackenzie, personal 
communication)]. It should be noted that C-2 of HMKG is 
not detected, which is due to the fact that the recycle time is 
sufficiently short to result in partial saturation of the carbonyl 
resonances. 

The resonance at  148.5 ppm (LW = 32 Hz) has not been 
assigned. However, it is clear from the line width (Malthouse, 
1986) that this species is not enzyme bound. On occasions 
when the sample was stored for more than 24 h, an additional 
resonance at 97.5 ppm was detected, which was assigned to 
hydrated ((2-2 gem-diol) pyruvate. The control experiment 
(data not shown) in which EPSP synthase and [2-I3C]PEP 
were examined by 'H-decoupled 13C NMR spectroscopy under 
identical conditions in the absence of ddS3P confirmed that 
ddS3P is required for pyruvate formation. However, this 
pyruvate formation is slow, since the intensity of the resonances 
increases gradually over the course of several days. 

NMR Studies of EPSP Synthase with 4,5-Dideoxy-S3P 
and [3-13C]PEP. Figure 2 shows the proton-decoupled I3C 
NMR spectra of (a) EPSP synthase (1.4 mM) and S3P (10 
mM) and (b) the same plus [3-I3C]PEP (10 mM) and (c) the 
difference spectrum, (b) - (a). Apart from the resonance due 
to [3-I3C]PEP and a small resonance due to Tris buffer, no 
additional resonances are detectable. Although resonances 
consistent with pyruvate are not detected, this can be explained 
by the fact that this sample required a relatively short accu- 



7988 

mulation time and was therefore relatively fresh. However, 
when the sample was examined by the intrinsically more 
sensitive technique of indirect-detection 'H NMR (vide infra), 
the methyl resonance of pyruvate was readily detectable (data 
not shown). 

From these experiments, it is clear that PEP is hydrolyzed 
to pyruvate in the presence of the EPSP synthase preparation. 
This phosphatase activity might arise from contaminating 
nonspecific phosphatase enzymes. Alternatively, it might be 
a nonspecific general protein effect of the E S P  synthase itself. 
The most interesting possibility is that hydrolysis arises from 
a mechanistically relevant interaction of PEP with the active 
site of the EPSP synthase. Experiments were performed to 
determine whether the EPSP synthase active site has phos- 
phatase activity. p-Nitrophenyl phosphate (PNPP) is a good 
substrate for phosphatases in general, and its hydrolysis is 
easily monitored spectrophotometrically. It was found that 
when EPSP synthase (1 8 pM) is added to a solution of PNPP 
(10 mM), after a lag period, PNPP hydrolysis occurs at a rate 
of 0.4 pmol/min. This result merely confirms that the enzyme 
preparation has a nonspecific phosphatase activity. If this 
activity is associated with the active site of EPSP synthase, 
it should be possible to block it by the addition of S3P and 
glyphosate. It was found that in the presence of 0.8 mM S3P 
and 1 mM glyphosate the phosphatase activity is reduced by 
80%. In another experiment it was found that an equivalent 
concentration of bovine serum albumin produced no significant 
hydrolysis of PNPP. Finally, the phosphatase activity of the 
EPSP synthase preparation was shown not to be inhibited by 
potassium fluoride. Potassium fluoride is a classical inhibitor 
of phosphatase enzymes. Therefore, all the evidence points 
to an active site specific phosphatase activity of EPSP synthase 
which has not been described previously. Anton et al. (1983) 
failed to observe the formation of pyruvate by EPSP synthase 
in the presence of PEP and ddS3P, although they were not 
using the same enzyme concentrations as was employed in 
these experiments. 

N M R  Studies of EPSP Synthase with S3P and [2-13q-  
PEP. Recently, elegant work by Anderson et al. (1988a) has 
established the complete kinetic profile for EPSP synthase. 
This work suggests, but does not prove, that only one, sur- 
prisingly stable, intermediate forms on the reaction pathway. 
Since the enzyme is freely reversible (with an equilibrium 
constant of 180 in the forward direction), the implication from 
Anderson's work is that with enzyme in the presence of a 
sufficiently high concentration of inorganic phosphate ap- 
proximately equal concentrations of S3P/PEP and EPSP may 
be generated. Under these equilibrium conditions, a large 
fraction (up to 40%) of the enzyme-bound species is present 
as the intermediate. The amount of enzyme-bound interme- 
diate that can be generated is thus limited by the amount of 
enzyme available. Figure 3 shows the proton-decoupled 13C 
NMR spectra of (a) EPSP synthase (3.4 mM) and the same 
(b) plus S3P (12 mM) and [2-13C]PEP (12 mM) and (c) the 
difference spectrum, (b) - (a). In addition to the natural 
abundance 13C resonances from the enzyme as before, Figure 
3a exhibits sharp resonances from S3P (C-1, 137.9 ppm; C-2, 
133.9 ppm; C-3, 74.9 ppm; C-4, 72.1 ppm; C-570.6 ppm; C-6, 
34.6 ppm). Upon addition of [2-I3C]PEP, resonances appear 
from EPSP (C-3, 76.7 ppm; C-4, 75.5 ppm; C-5, 73.3 ppm; 
C-6, 3 1.8 ppm), and apart from subtraction artifacts in the 
protein aliphatic region, additional resonances occur at 107.2, 
110.9, 152.4, 156.4, 164.8, and 208.2 ppm. Furthermore, the 
resonance at 110.9 ppm was found to increase in intensity with 
time at the expense of the resonance at 107.2 ppm. 
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FIGURE 3: 'H-Decoupled I3C NMR spectra of EPSP synthase plus 
S3P and [2-I3C]PEP. (a) EPSP synthase (3.4 mM), 100 mM po- 
tassium phosphate, pH 7.6, 0.4 mM DTT, and 12 mM S3P in 450 
WL; (b) same plus [2-13C]PEP (21 pL of 267 mM in 100 mM 
Tris-HCI, pH 8.0), final concentration = 12 mM; (c) difference 
spectrum, (b) - (a). All spectra were obtained with the following: 
number of scans = 43 000, recycle time = 1.1 s, pulse width = 8 ys, 
size = 32K data points, and FID's Fourier transformed with line 
broadening = 20 Hz. 

The assignment of these latter resonances was made by 
saturation-transfer experiments (ForsCn & Hoffman, 1963; 
Robinson et al., 1984), in which selected resonances are sub- 
jected to a frequency-selective 180' pulse with the DANTE 
pulse train (Morris & Freeman, 1978), and the intensity of 
the remaining resonances is monitored relative to an off-res- 
onance control. Irradiation at  156.4 ppm ([8-13C]EPSP) re- 
sulted in a large attenuation of the resonance at  164.8 ppm. 
Conversely, when the resonance at 152.4 ppm was irradiated, 
the resonance at 107.2 ppm was greatly reduced in intensity. 
The relationship between the resonances at 164.8 and 107.2 
ppm was confirmed when each resonance was selectively ir- 
radiated in turn, and irradiation of one resulted in a large 
attenuation of the other resonance. Finally, the relationship 
between the resonances at 110.9 ppm and at 107.2 ppm was 
confirmed by attenuation of the resonance at 110.9 ppm upon 
irradiation at 107.2 ppm. This latter result needs to be re- 
garded with caution, since, although every effort was made 
to ensure that the side lobes of the DANTE irradiation at  
107.2 ppm did not coincide with the resonance at  110.9 ppm, 
some spillover saturation is possible. To further confirm the 
assignment of the resonance at  110.9 ppm, the same sample 
was examined as a lyophilized powder by I3C CP-MAS 2D 
spin-diffusion spectroscopy (data not shown), and a chemical 
exchange crosspeak between the resonances at 156.4 ppm (free 
EPSP) and 110.9 ppm was observed. This type of spectroscopy 
can only work in the solid state, in which the exchange rates 
are sufficiently slow. The assignments are summarized in 
Table I. Attempts to use 31P NMR spectroscopy to detect 
the phosphate resonance of the group attached to C-8 of the 
intermediate have failed to date. Presumably this is due to 
the large anisotropy of 31P, which in the presence of the enzyme 
would give rise to very large line widths. No 2Jcp splitting of 
the resonance at either 110.9 or 107.2 ppm is observed, since 
the line widths of both these resonances exceed the expected 
coupling constants t2JCp - 8 Hz). 

N M R  Studies of EPSP Synthase with S3P and [3-l3C]- 
PEP. Figure 4 shows the proton-decoupled 13C NMR spectra 
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Table I: Assignments for EPSP Synthase-S3P-[2-I3C]- or [ 3-I3C]PEP Complex 

with [2-I3C]PEP with [3-"C]PEP 

6, (ppm) (Hz) assignment 6C (ppm) 6H (ppm) '3c I H  assignment 
chemical shift LW (Hz) chemical shift, LW 

107.2 100 C-8 enzyme-bound intermediate 24.5 ? 100 ? C-9 enzyme-bound intermediate 
110.9 30 C-8 enzyme-free intermediate 25.5 1.16 50 10 C-9 enzyme-free intermediate 
152.4 30 C-2 enzyme-free intermediate 26.2 1.48 30 5 4-methyl-HMKG 
156.4 30 C-8 enzyme-free EPSP 28.4 1.05 30 5 C-3 hydrated pyruvate 
164.8 130 C-8 enzyme-bound EPSP 29.4 1.95 40 5 C-3 pyruvate 
208.2 30 C-2 pyruvate 88.9 240 C-9 enzyme-bound EPSP 

95.1 30 C-9 enzyme-free EPSP 
103.2 30 C-3 enzyme-free PEP 

/ 1 1 1 1 1  

220 200 180 160 140 120 Ibo S'O & 40 20 b 
ppm 

FIGURE 4: 'H-Decoupled I3C N M R  spectra of EPSP synthase plus 
S3P and [3-I3C]PEP. (a) EPSP synthase (1.1 mM), 100 m M  po- 
tassium phosphate, pH 7.6,0.4 mM DTT, and 4 m M  S3P in 450 pL; 
(b) same plus [3-I3C]PEP (8 pL, 244 mM in 100 mM Tris-HCI, pH 
8.0), final concentration = 4 mM; (c) difference spectrum, (b) - (a). 
All spectra were obtained with the following: number of scans = 
46000, recycle time = 1.1 s, pulse width = 8 w, size = 32K data points, 
and FID's Fourier transformed with line broadening = 20 Hz. 

of (a) EPSP synthase (1.7 mM) and S3P (10 mM) and (b) 
the same plus [3-13C]PEP (10 mM) and (c) the difference 
spectrum, (b) - (a). in addition to the natural abundance 13C 
resonances from the enzyme as before, Figure 4a exhibits sharp 
resonances from S3P (vide supra). Upon addition of [3- 
I3C]PEP, additional resonances appear due to EPSP (vide 
supra) and at 24.5,25.5, 26.2, 28.3, 29.4,88.9,95.7, and 103.2 
ppm. The resonances at 25.5, 26.2, 28.3, and 29.4 ppm have 
been assigned by 'H NMR spectroscopy (vide infra). On 
occasions when the sample is left for several days, the reso- 
nance at 25.5 ppm was found to increase at the expense of the 
resonance at 24.5 ppm and then decrease as the resonance at 
26.2 ppm increased. 

The relationship between the resonances at 103.2 ([3- 
I3C]PEP), 95.7 ([9-I3C]EPSP), 88.9, and 24.5 ppm was ex- 
amined by saturation-transfer experiments. By analogy with 
the [2-I3C]PEP experiments, irradiation at 95.7 ppm resulted 
in a large attenuation of the intensity of the resonance at 88.9 
ppm. Conversely, when the resonance at 103.2 ppm was ir- 
radiated, the resonance at 24.5 ppm was greatly attenuated. 
The relationship between the resonances at 88.9 and 24.5 ppm 
was confirmed when each resonance was selectively irradiated 
in turn, and irradiation of one resulted in a large attenuation 
of the other resonance. Irradiation of the resonance at 24.5 
ppm resulted in attenuation of the resonance at 25.5 ppm, 
although, as in the case of the saturation-transfer experiments 
with [2-I3C]PEP at 107.2 and 110.9 ppm, this latter result 

3'5 $0 2 5  2 0  1 5  I O  U S  ou  

FIGURE 5: Isotope-edited IH(l3CJ N M R  spectra of EPSP synthase 
plus S3P and [3-I3C]PEP. (a) EPSP synthase (1.1 mM), 100 mM 
potassium phosphate, H 7.6,0.4 m M  DTT, and 4 mM S3P in 450 

pH 8.0), final concentration = 4 mM; (c) pure [3-13C]pyruvate (20 
m M  in 100 mM potassium phosphate, pH 7.6). All spectra were 
obtained with the following: number of scans = 1280, recycle time 
= 2.82 s, pulse width ( 'H) = 18 ps, pulse width (13C) = 22 ps ,  size 
= 8K data points, and F IDs  Fourier transformed with line broadening 
= 1 Hz. 

QPm 

pL; (b) same plus [3-' P CIPEP (8 pL, 244 mM in 100 m M  Tris-HCI, 

needs to be viewed with caution. The assignments are sum- 
marized in Table I. 

Isotope-Edited NMR Studies of EPSP Synthase with S3P 
and [3-I3c]PEP. One of the perennial problems in solution- 
state I3C NMR of enzyme-substrate or enzyme-intermediate 
complexes is separating the resonances of the isotopically 
enriched substrate or intermediate from the natural abundance 
I3C background of the protein. This is particularly true where 
the detection of an intermediate containing a methyl group 
is concerned, as has been shown in the preceding section. 
Although two resonances have been detected in the region of 
the 13C NMR spectrum consistent with methyl groups po- 
tentially arising from the postulated intermediate, there is a 
possibility that slight changes in the natural abundance I3C 
spectrum of the protein could give rise to such resonances. 
Indirect detection of an isotope-edited 'H NMR spectrum has 
been used recently with great success in detecting isotopically 
enriched species bound to an enzyme (Fesik et al., 1988) and 
an enriched protein itself (Westler et al., 1988). We have used 
the method introduced by Muller (1979) as modified by Ca- 
vanaugh and Keeler (1988) (with a further slight modification) 
for the detection of zero and double quantum coherences in 
both one and two dimensions. Figure 5 shows the indirect 
isotope-edited heteronuclear multiple quantum coherence 
(HMQC) 'H NMR spectra of (a) EPSP synthase (1.1 mM) 
and S3P (4 mM), (b) the same plus [3-I3C]PEP (4 mM), and 
(c) pure [3-I3C]pyruvate. 

The protein 'H resonances are essentially removed (Figure 
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FIGURE 6 :  2D HMQC isotope-edited IH(l3C) COSY spectrum of 
EPSP synthase plus S3P and [3-"C]PEP. EPSP synthase (1.4 mM), 
100 mM potassium hosphate, pH 7.6,0.4 mM DTT, and 4 mM S3P 

pH 8.0), final concentration = 4 mM. The spectrum was obtained 
with the following: number of scans = 1280, recycle time = 2.82 s, 
pulse width ('H) = 18 ps, pulse width (I3C) = 22 p s ,  size = 1K X 
2K data points, and FID's Fourier transformed with a sine-bell 
weighting function (shifted by n/3 in the F2 domain and n/6 in the 
F I  domain). 

in 450 pL plus [3-I ! CIPEP (8 pL, 244 mM in 100 mM Tris-HC1, 

5a), and four resonances are detectable at 1.05, 1.16, 1.95, 
and 3.31 ppm. Note that this experiment does not employ 
broad-band 13C decoupling, so the 'H resonances appear as 
antiphase doublets. By comparison with [3-I3C]pyruvate 
(Figure 5c), the resonances centered at 1.05 and at 1.95 ppm 
can be assigned as given in Table I .  The additional resonance 
at 3.31 ppm (LW = 5 Hz) has not been assigned. As the 
sample aged, it was found that the resonance at  1.16 ppm 
increased to a maximum and then decreased as a resonance 
at 1.48 ppm appeared. This latter resonance also increased 
in intensity as a function of the decrease of the resonance at 
1.95 ppm. When a sample of [3-I3C]pyruvate was aged for 
several days, in addition to the resonances shown in Figure 
5c, an additional resonance at  1.48 ppm became prominant. 
In a separate experiment (data not shown), it was confirmed 
that negligible pyruvate formation occurred with EPSP syn- 
thase and [3-I3C]PEP in the absence of S3P and that the two 
additional resonances were also absent. That approximately 
equal concentrations of [3-I3C]PEP and [9-13C]EPSP were 
present in the sample was confirmed by 'H-decoupled I3C 
NMR spectroscopy. In another experiment, EPSP synthase 
was preincubated with S3P and glyphmate (0.5 enzyme equiv). 
Subsequent incubation with additional S3P and [3-I3C]PEP 
and examination by isotope-edited IH NMR spectroscopy 
showed no loss of intensity of the resonance at 3.31 ppm but 
considerable depletion of intensity at 1.16 ppm. 

Figure 6 shows the 2D HMQC double-difference reverse 
correlated spectrum of EPSP synthase-S3P-[3-I3C]PEP 
complex. In this sample, the resonances in the proton domain 
occur at 1.05, 1.16, 1.48, and 1.95 ppm. The correlations with 
I3C resonances are given in Table I. In a separate experiment, 
a sample of EPSP synthase-S3P-[3-I3C]PEP complex was 
subjected to ultrafiltration, and the enzyme-free filtrate was 
examined by 2D HMQC double-difference COSY. Only the 
resonance at 1.16 ppm (correlating with the I3C resonance at 
25.5 ppm) was detectable. 

DISCUSSION 
Origin of Pyruvate Formation. The formation of pyruvate 

from PEP in our incubations with EPSP synthase in the 

presence of ddS3P might arise from a nonspecific phosphatase 
activity (Le., P-O cleavage) or an active site mediated activity 
(i.e., C-0 cleavage). Anton et al. (1983) reported that free 
pyruvate did not form in their incubation of PEP with EPSP 
synthase and ddS3P. The intermediate (3) detected by An- 
derson et al. (1988a,b) (as in Scheme IA) has been shown to 
be converted to pyruvate in both acid and base-however, these 
workers did not study the formation of the intermediate under 
physiological conditions. Under our conditions, high-field I3C 
NMR has been valuable in identifying a novel phosphatase 
activity which appears to be associated with EPSP synthase 
activity. The fact that previous workers in the field failed to 
detect this can be attributed to the fact that in our experiments 
EPSP synthase is present at high protein concentrations (1-3 
mM). The essential control NMR experiment in which a 
similar sample of protein was examined in the absence of 
ddS3P, and failed to show pyruvate production, establishes 
that the formation of pyruvate arises from EPSP synthase 
activity itself. This was further confirmed in an independent 
assay of phosphatase activity with the substrate PNPP, which 
showed that S3P/glyphosate afforded some protection against 
phosphatase activity. While the hydrolysis of PNPP tends to 
point to a nonspecific phosphatase activity, the possibility 
remains that the phosphatase activity, located in the active 
site, may also play a role in the formation of EPSP from PEP. 
Further experiments using I8O labeling will be carried out to 
establish the precise origin of pyruvate formation. 

Interpretation of Unassigned Resonances. The unassigned 
resonance at 148.5 ppm in the 13C NMR spectra of the EPSP 
synthase4dS3P-[2-l3C]PEP complex is consistent with a fully 
substituted vinylic carbon as in C-2 of PEP, again free from 
the enzyme. A more precise characterization of this resonance 
is under way. 

The absence of any additional resonances in the I3C NMR 
spectra of EPSP synthase-ddS3P-[3-13C]PEP complex sug- 
gests that there is no significant accumulation of an inter- 
mediate (5, Scheme IB) such as proposed by Anton et al. This 
is consistent with the observation by these workers that tritium 
was incorporated into PEP in the presence of ddS3P at very 
low levels relative to V,,,,,. It is possible that the tritium 
incorporation may be explained in terms of a specific EPSP 
synthase catalyzed equilibrium between PEP and pyruvate in 
the presence of ddS3P. 

Use of saturation-transfer experiments have allowed the 
interpretation of the unassigned resonances in the I3C NMR 
spectra of the EPSP synthase-S3P-[2-I3C]PEP complex. The 
resonance at 164.8 ppm is consistent with enzyme-bound [8- 
13C]EPSP, presumably in the form of the E-EPSP-Pi complex 
as proposed by Anderson et al. (1988a). The resonance at  
107.2 ppm is consistent with an enzyme-bound intermediate 
which is tetrahedral at C-8 and is attached to two oxygens and 
a carboxylate (cf. C-2 of pyruvate hydrate, aC = 97.5 ppm). 
This chemical shift is also to be compared with 101.7 ppm 
reported by Anderson et al. (1988b) for C-8 of intermediate 
3. The line width is consistent with either covalent attachment 
to the protein or slow exchange of an electrostatically bound 
species with enzyme-bound EPSP. However, the fact that no 
intermediates were detected in the experiments with ddS3P 
suggests that covalent attachment of the intermediate to the 
protein is highly unlikely. The resonance at 110.9 ppm is 
consistent with an enzyme-free (on the basis of line width) 
intermediate of a structure also similar to that of 3. 

The unassigned resonances in the 13C NMR spectra of 
EPSP ~ynthase-S3P-[3-~~C]PEP complex have also been in- 
terpreted on the basis of saturation-transfer experiments in 
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conjunction with HMQC double-difference IH N M R  spec- 
troscopy. The resonance at 88.9 ppm is consistent with en- 
zyme-bound [9-I3C]EPSP, and the resonance at 26.2 ppm is 
consistent with the 4-methyl group of HMKG, since it cor- 
relates with 1.48 ppm in the 'H domain, and this latter res- 
onance has been detected and assigned in aged samples of 
[3-13C]pyruvate. The resonance at 25.5 ppm correlates with 
a IH resonance at 1.16 ppm. The former shift is consistent 
with an intermediate structure involving a methyl group at- 
tached to a quaternary carbon (cf. C-3 of pyruvate hydrate, 
aC = 28.3 ppm), and the latter shift is to be compared with 
1.25 ppm (corrected for differences in referencing) observed 
by Anderson et al. (1988b) for intermediate 3. Since this 
species has also been isolated free from the protein in this 
laboratory, it is likely that it corresponds to intermediate 3. 
Similar conclusions were reached in independent work by 
Anderson et al. (1988b), which was published when our re- 
search was at an advanced stage. However, their study isolated 
and characterized a species that arose from quenching the 
EPSP synthase reaction in neat triethylamine, which therefore 
represents an indirect and physiologically questionable ex- 
periment. Furthermore, it is conceivable that the resonance 
at 25.5 ppm may correlate with that observed at 110.9 ppm 
in the same complex with [2-13C]PEP. Experiments to test 
this hypothesis are in progress. 

Finally, the resonance at 24.5 ppm remains to be assigned. 
Unfortunately, it has not been possible to obtain a 'H corre- 
lation for this resonance. The I3C line width (100 Hz) suggests 
a 'H line width > 100 Hz or a T2 which is shorter than the 
1 / 2 J  delay required for transfer of multiple quantum coher- 
ences. This is borne out by the results summarized in Figures 
5 and 6, in which no such crosspeaks are detectable. Attempts 
to use difference decoupling, in which IH difference spectra 
are obtained with and without single-frequency 13C decoupling, 
produced ambiguous results. However, the 13C line width 
suggests that the species giving rise to this resonance may 
correlate with the broad resonance observed at 107.2 ppm in 
the same complex with [2-13C]PEP. It is, we believe, consistent 
with an enzyme-bound (or slowly exchanging) intermediate. 

Structure of the Intermediate. The data reported in this 
paper do not yet permit a complete definition of the structure 
of the enzyme-intermediate complexes of EPSP synthase that 
we have detected by 13C NMR spectroscopy. It is clear 
however that the 5-hydroxyl of S3P is required for their de- 
tection. Furthermore, two species have been detected, both 
of which have structures closely allied to that of intermediate 
3 and that isolated by Anderson et al. The line width of the 
resonance from one of these species is relatively narrow in the 
presence of the enzyme and in the presence of a broader 
resonance of closely similar chemical shift and, furthermore, 
increases in intensity with time at the expense of the broader 
resonance. This implies that under these conditions there is 
a large difference in on and off rates, and the enzyme-free 
intermediate dissociates slowly from the enzyme and does not 
reassociate. Experiments are currently under way to establish 
the complete structures of the two intermediates and their rates 
of interconversion. 
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helpful suggestion regarding presentation of data. 
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