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Abstractz Studies using alternate substtates, inhibitor product mimics and new derivatives of 4,Sdideoxy- 

shildmate&phosphate (ddS3p) are repctmd which indicate that the 3phosphate group contributes slgnitkautly to 

substrate and inhibitor tecognition at the shildmate 3phosphate (S3P) site and that faulomte ethers will function 

as suitable 3-phosphate replacements for substrate and inhibitor binding to the S3P site of this enzyme. 

The enzyme EPSP (5-enolpyruvoyl&ikimate-3-phosphate) synthase (EPSPS, EC. 2.5.1.19) has 

generated comidemble iutuest as a target for new inhibitor design since it functions as the biological target for the 

WulWXially mxmsful herbicide, glyphosate.2 EPSPS catalyzes au unusual transfer reaction of the carboxy- 

vinyl portiou of phosphoeuolpyruvate (PRP) regiospecilically to the 5OH of S3P forming RPSP aud inorganic 

phosphate (Pi).3 The enzyme exhibits a random kinetic tneChanku+ through a siuglei kiMtiUiIly cOmpeteIt 

tightly bout@ temhedral intemxdiate, 1 (Scheme I). Several shikimate analogs of 1 have been pxqwed which 

function as highly potent EPSPS inhibitots.7@ In a search for a simplified inhibitor class that would be more 

synthetically accessibk and have greater stability, it was kportant to defiue which of the various fuuctional groups 

in 1 contributed to its extremely tight interaction with enzyme. Secoudly. we sought to define what, if any. 

fuuctional gmup teplacements would be tolerated to maintain these favorable binding interactions. Here we teport 

the results of our efforts to chamcmize the contributions of the 3-phosphate group to binding in S3P. A series of 

ddS3P analogs are also reported which identify a fmakmate ether as a novel replacement for this 3-phosphate. 

Based on these results, a 3-malonate ether analog of S3P was pqared which demonstrated enzymatic turnover to 

an BPSP-like product. 
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The unique chemical transformation catalyzed by EPSPS suggests that this enzyme has evolved to 

recognize multiply charged anions very spe&caRy. PresmnabIy, cat@& occuts with solvent exclusion to 

prevent the facile hydrolysis of PEP to pyruvate. to.11 L@IKI binding exp&ments using fluorescence12 and 

microcalorimeuy’3iMbcatethat~tmolecular morgakation of the active site occurs during catalysis and 

inhibiter binding. The specifk mcognition of substrates must provide the energy required for morganiration of 

this protein. Each of the 4- and S-hydtoxyl groups in S3P contribute about l-2 Kcah’mol in binding energy to 

EPSPS,14 suggesting that each hydmxyl group contributes at least one hydrogen bond to the enzyme active site. 

The nascent ability of phosphates to form a double salt bridge with active site residues implies that recognition of 

the S3P 3-phosphate center should contribute significantly more binding energy.*5 Recent x-ray crystallographic 

analyses of enzyme-bound phosphate-containing substrates demonstrate that phosphates often also contribute 

multiple hydrogen bonds to their substrate tecognition sites.16 

In onier to investigate the contribution of the 3-phosphate group to the binding energy of S3P. we prepared 

several shikkue analogs for direct comparison with their 3-phosphate counterparts (Table 1). The EPSP analog, 

EPS 2, was readily synthesized from comme~My available shikimic acid 3 using literature methods.17 The 

shikimate S-glycolate derivatives 4,5 were also synthesixed and were evaluated for their EPSPS inhibition 

properties using standard enzyme kinetic assays.4 As summari xed in Table 1, the glycolate 4 inhibited EPSPS 
competitively with respect to S3P with a Ki of 1.5 f 0.3 @vJ, in good agreement with the previously measured IQ 

of EPSP (1.0 f 0.01 JLM).*~ This suggests that a hybridization change from t$ to sp6 at the carboxyvinyl center 

has only a slight effect on the ovemll recognition at the S3P site. However, while EPSP binding to enzyme 

Table 1. Inhibition of E. coli RPSP Synthase by 9rikimates.a 

2 3 

1Csr~ a 90 mM ICSO > 90 mM 

c& / OI 0 0 
II 

Ho\” 0-q” HO‘"' ~ 0 
q-0” 

6” 6” 

6 6 
IQ > 90 mM I& > 90 mM 

“SW 

EPSP 

I& = 0.18 mM 
& = 1.0 pM 

SSP ICSO = 0.10 mM 
Kd = 7.0 FM Kl = 1.5 PM 

aIcm =the concentmtion ofinhibitorrequimd to provide 50% inhibition with S3P and PEP 

concentrations fixed at 100 @l in 100 mh4 HEPEWKOH, SO mM KU, pH 7.0 at 30 Qc. 
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inducesaclearfl uomscence change.12 no compamble change in fl uorescence was detected using 4 alone with 

enxyme. Therefore, this subtle change in hybrldixatlon may prevent access to some key interaction with the EPSPS 

active site. 

None of the compounds lacking the 3-phosphate displayed any significant inhibition of the E. coli enzyme 
using a kinetic assay with an IQ-J detection limit of 90 mM. Comparison of analogs 2,3,5 with their phosphor- 

ylated coumerpar& wmistently m that the 3phosphate enhances &kimate binding by at least three 

orders of magnitude. Moreover, the pmsence of the S-glycolate functionality in 5 does not compensate for loss of 

this fphosphate group, nor will the addition of more extended anionic groups at this Qosition, as seen in 6. 

These results indicate that the 3-phosphate group is exceedingly important for shWnate recognition and provides 

several KcalAnol in binding energy to the system. Consequently, this 3-phosphate may have more than just a 

simple double salt bridge lntemcdon with EPSPS at the S3P binding site. 

While sh&imic acid 3 displays a relatively weak affinity for enzyrae, it will function as an EPSPS substrate 

exhibiting slow turnover to 2, although very high enxyw concenaations are requind. A separate species with a 

shorterntentiontimthaneithcrS3ParPEPbutalon~retcntiontimecomparedto3is~yd~byanion 

exchange chromatogmphy (Figure 1). Labeling with either [ I-t4c]PEP or w-14C+shiklmic acid demonstrates 

that all ten carbon atoms are present in this new species. Interestingly, no comparable mrnover of either quinic 

acid, methyl &ikimaG or dehydro&&& acid19 with [1-14CjFW accurs under these conditiom. Sufficient 

EPS product can be easily isolated using micromdar enzyme concentrations This material is essentially identical 

Shikimate 

EPS 

PEP 

Figure 1: Elution profile of shikbwc (3.8 min), EPS (10.0 min) and PEP (18.9 min) using anion-exchange 

why on an AX-100 column eludng with a phosphate gradlent buffer a) 50 mM potassium phosphate 

atpHaSforSrninthenb)linear~tfrom5~11minuntil(X4Mpocassiumphosphateisreached.UV 

detection is used at 220 nm. 
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by IH-NMR, ~~C-NMR, IIPIC and MS to the known synthetic materiall7 and by HPLC with the product derived 

f?om dephosphorylation of HPSP with alkaline phosphatase. 

A detailed kinetic evaluation of this EPS mrnover prooess has recently been completed4 which provides a 

morequantitative asserWetltusinglrc~andK,measuremen ts.The~forZwasdeterminedtobe24mMwith 

a kcat of 0.2 set-I. The comsponding Knr for S3P using this E. coli enzyme42tl is 4 l.tM with a kcat of 57 see-1. 

Thus, removal of the 3-phosphate from S3P significantly affects both recognition and turnover rate. The ratio, 

k&K,,,, is often used as an estimate of the relative accessibility of the transition state during catalysis. A 

comparison of the kc&Kru values for each of these substrates indicates that the 3-phosphate assists shildmate 

catalysis by nearly a million fold, or more than 8 Kcal/mol! This 3-phosphate moiety is therefore critical for 

catalysis and access to the optimtmr transition state leading to 1. Consequently, any loss of this hydrolytically 

labik allylic 3-phosphate greatly diminishes the potency of any potential bisubstrate inhibitor which mimics 1. 

A variety ofphosphonate functlonalities have been described previously as potential isosteric and/or 

isoelectronicphosphate mimics.21 In order to identify suitable 3-phosphate replacement groups with increased 

stability, a series of new racemic 4,5dideoxy-S3P analogs S-13 wem prepared to probe the effects of ionization, 

pKa and hydrogen bonding on EPSPS recognition as well as the overall spatial requirements for the S3P site. 

These compounds were again evaluated as EPSPS inhibitors under comparable conditions versus the known 

racemic 4,5dideoxys3Plt 7, as summarized in Table 2. Of the variety of groups introduced at the 3position. 

only the 3-malonate ether exhibited EPSPS inhibition comparable to 7. Simple phosphonatebased replacements 

were clearly ineffective. The vinyl phosphonates 10,ll displayed essentially no inhibitory activity. Interestingly, 

neither the carbon linked phosphonate 8 nor the malonate 13 were inhibitors, which suggests that an important 

enxyme intemcdon may occur with the bridglng oxygen in the 3-phosphate group of S3P. 

Table 2 Inhibition of E. coli EPSP Synthase by 4,5-Dideoxy-shikimate 3-phosphate Analogs.8 

NaO-,!Xow 
HO 7 

I& = 7.5 mM ICs > 90 mM ICSO > 90 mM ICSO > 90 mM 

ICgJ > 90 mM ICSO = 15 mM It& > 90 mM 

a1cm =the concentrationofinhibitorrequimdtoprovide50$6inhibitionwith S3PandPEP 

concentrations fixed at 100 p&I in 100 mM HEPEWKOH, 50 mM KU, pH 7.0 at 30 “c. 
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Presently we know of no other enzyme system where the malonate ether group functions so effectively 

as a phosphate mimic. TXis result is smprking given the overall larger spatial requirement for recognition of this 

group. Modeling expakemsz suggest that a malonate ether occupies nearly twenty percent mom volume than a 

phosphate group. If this malonate ether group can be recognized at the S3P site, then it should be possible to 

observe substrate turnover with a comparably substituted S3P derivative. Indeed, the 3-malonate derivative, S3M 

16 can be readily pmpared from the known2 shikimate epoxy alcohol 14 via interme&ate 15 (Scheme II). 

Isolated S3M has been chawtekd by ESMS and 1H NMR. The measured pKa’s for S3M (pKa2 = 4.0; pKa3 = 

5.3) compare very favorably with those meawred for S3P (pKa2 = 4.1; pKa3 = 6.4). Lii 3, S3M (40 mM) will 

form the product, EPSM 17 in the presence of [l%!lPEP ( 5 p&l) and micromolar (50 PM) concentrations of 

enzyme. product conversion is again easily monitored by anion exchange chromatography. Sufficient unlabeled 

material can also be isolated using excess PEP to be fully character&d by ‘H NMR. Thus, the 3-malonate 

substituent will support productive turnover and permit access to an EPSPS transition state during catalysis. 

scheme II. 

EPSM 
17 

In this study we have demonstrated that an undefftanding of the major functlonalities contributing to 

substrate binding can provide unique insight into the design of new inhibitors. For EPSPS, the 3-phosphate group 

in S3P plays a critical role for substrate recognition and catalysis as well as access to potent mechanism-based 

inhibitors.Tumover experiments using shikimate as a substrate versus S3P indicate that this J-phosphate 

facilll shikimate catalysis by nearly a million fold. Stwtural analogs of the tetrahedral inwmediate display at 

best only weak intera&on with FSSPS in the absence of the 3-phosphate group. The presence of polar 

substituents at the 5-position cannot compensate for the loss of this critkal3-phosphate. Thus, access to the 

enzymaricaN&ma&lbindingoplimallytothe @@ah&al intemwdiate is induced when this 3-phosphate moiety 

is present. The susceptibility of this crucial 3-phosphate functk&ity to hydrolytic and/or enzymatic cleavage 

presents a major limitation for expresskn of in viva activity for potent, mechanism-based EPSPS inhibitors. A 

sew% for more stable fphosphate @acements using 4.5-dide4~y-S3P analogs uncovered 3-malonate ethers as a 

unique phosphate mimic in this system. Fifforts are currently underway to further exploit this functionality in more 

complex EPSPS inhibitor design and synthesis. 
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