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Three ring-contracted mimics of shikimate-3-phosphate, formed from the triols by shikimate kinase, were evaluated as substrates of the next

enzyme in the pathway, EPSP synthase. The cyclopentylidene analogue (  +)-2P was converted enzymatically to the enolpyruvyl derivative,
thus demonstrating the second step of an artificial biosynthetic sequence.

The shikimate-chorismate pathway constitutes the gatewayideneacetate isomefisand 2 holds the carboxy and three
through which the biosynthesis of nearly all aromatic hydroxyl groups in a relationship similar to that of shikimate
compounds in nature must pdssltimately leading to 35% itself. Indeed, shikimate kinase (E.C.2.7.1.71) phosphorylates
or more of dry plant matterThe enzymes in this pathway cyclopentylidenesl and 2, as well as cyclopenten®, to

are unigue to plants and microorganisms and thus areafford the five-membered ring analogues of shikimate-3-
important targets for herbicide and antibiotic developnient. phosphate (S3P)1P, 2P, and3P.

However, the development of substrate analogues and

inhibitors of these enzymes is challenging because their HO.C COH
substrates are small, densely functionalized molecules that 7 \
seem to offer little opportunity for structural variation. We RO o RO OH
were thus intrigued by the possibility that isomeric templates CO.H o SH
with a similar three-dimensional display of functionality 1 2
could be devised as alternative substrates or inhibitors for ) Q (f1-P (# 2P
the shikimate pathway enzymes. RO o OH R :rH
We reported previously the synthesis and evaluation of Shikimic Acid R = POy
the five-membered ring compounds-4 as novel ring- (R=H) HO,C COoH
contracted analogues of shikimdtdlolecular modeling S3P
suggested that the scaffold represented by the cyclopentyl- (R=POs") RO- OH  HO- -
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shikimate kinase, we were naturally curious to see if the
phosphorylated produci$®—3P can serve as alternative sub-

strates for the subsequent enzyme in the pathway, 5-enol- COz
pyruvylshikimate-3-phosphate (EPSP) synthase (E.C.2.5.1.19). \
EPSP synthase catalyzes the transfer of a carboxyvinyl group ~04PO- @ OH  =0P0” COy
from phosphoenolpyruvate (PEP) to the 5-OH group of S3P o
(Scheme 1%.Such unusual chemistry and the fact that it is (+) 2P PEP
| EPSP
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the target of action for the commercially important herbicide
glyphosaté have made EPSP synthase a long-standing
subject of mechanistic investigatidrisnd inhibitor desigi®
When the cyclopentylidene-phosphate deriva@re(17
umol) was treated with PEP (3@mol) andE. coli EPSP
synthase (1 unit) in deuterated water, the carboxyvinyl
transfer reaction proceeded with a half-life of approximately
28 h to give the ring-contracted EPSP analogie2-P as
the product (Figure 13 This reaction is ca. 50 times slower

than the conversion of S3P to EPSP under similar conditions.

However, no equivalent reactions were observed for cyclo-
pentylidene-phosphaid® or cyclopentene-phospha3e after
30 days of incubation under similar conditions.
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Figure 1. EPSP synthase catalyzes the transfer of a carboxyvinyl
group from PEP to the 4-OH group of cyclopentylidene-phosphate
2P to afford the ring-contracted EPSP analogbB-2-P. The

Although only one of the S3P analogues appears to be aprogress of the reaction is readily observed in the NMR
substrate for EPSP synthase, all of them catalyze the H/Dspectrum.
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the presence of the enzyme. Exchange occurs fastest with
the alternative substrateP and slowest with the cyclo-
pentene-phosphaf&P? In this regard, ring-contracted ana-
logues1P and 3P are similar to 4,5-dideoxy-S3P, which
although incapable of reacting with PEP, also catalyzes
exchange of the methylene protdfisthe proton exchange
induced by 4,5-dideoxy-S3P was first interpreted as evidence
for a protonated PEPenzyme complex and against direct
formation of the tetrahedral S3fPEP adduct! The un-
equivocal establishment of the latter mecharfisaguires
another interpretation for the observation that nonreacting
substrate analogues can enable the enzyme-catalyzed proton
exchange. The catalytic site of EPSP synthase is only
assembled as a result of a significant conformational change
induced by the binding of S3P Appropriate positioning of
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the active site residues may be all that is required to enablethetic” sequence in which contraction from a six- to a five-
reversible protonation and proton exchange of PEP. The membered ring is tolerated. The next step in the pathway,

unreactive ring-contracted analogud¢zand3P may simply
share with 4,5-dideoxy-S3P an ability to induce this con-
formational change.

anti-1,4-elimination of phosphate from EPSP catalyzed by
chorismate synthase, is not possible starting with the alterna-

tive framework ofEP-2-P. It will be interesting to see if

The five-membered ring analogues of shikimate, S3P, andthis analogue binds as a competitive inhibitor or if other,
EPSP represent the first examples of alternative substratesnore novel transformations result.

for the shikimate-chorismate pathway in which the ring size
has been altered.Their activities toward shikimate kinase

and EPSP synthase establish a two-step unnatural “biosyn-

(8) A solution of 6 mg of phosphaigr)-2-P (0.017 mmol) and 6 mg of

PEP (0.03 mmol, 1.76 equiv) was incubated at room temperature with 1

unit of E. coli EPSP synthase in 1 mL of deuterated NaH®@&,CO; buffer
(100 mM, pH= 9.6). Another 0.8 unit of EPSP synthase was added after
25 h, and after an additional 4 d, the mixture was subjected to anion
exchange chromatography (DEAE Sephadex A-25, DM NEtHTHCO;~
buffer, pH = 8.5). After lyophilization and'H NMR analysis, product-
containing fractions were pooled to gii#-2-P (3 mg, 55% isolated yield)
as the bis-triethylammonium disodium salt. NMR chemical shifts are
referenced as followstH, H,O (4.80 ppm)&1P, internal trimethyl phosphate
(3.086 ppm)H NMR (D20) 6 1.28 (t, 18,0 = 7.5) (E&NH™), 2.87 (dm,
1,J=20), 3.20 (q, 12) = 7.5) (EENH™), 3.40 (ddm, 1) = 20, 6.3), 4.37
(dm, 1,3 = 4.5), 4.48 (dm, 1J = 7.0), 4.68—4.69 (m, 0.3), 5.13 (ddm, 1,
J =10, 4.2), 5.26—5.29 (m, 0.3), 6.08 (m, 1) (Note: low integration for
the=CH, hydrogens reflects H/D exchange during the enzymatic conver-
sion). 13C NMR (D;0) ¢ 8.1 (E&NH™'), 32.6, 46.6 (EINH'), 72.7, 77.6
(d), 78.3, 119.3, 153.4, 153.5 (d), 154.2 (d), 170.4, 173RNMR (D;0)
0 0.89.

(9) With excess PEP and S3P analogue concentrations-e13.0nM,
the rates of exchange mmol/h/unit enzyme were approximately 2R),
0.3 (1P), and 0.153P).
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the tetrahedral adduct versus a stepwise process involving a protonated PEP
intermediate is subtle, in essence hinging on whether the enzyme provides

a negatively charged group capable of stabilizing the cation.
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