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ABSTRACT

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 gateway
through which the biosynthesis of nearly all aromatic
compounds in nature must pass,1 ultimately leading to 35%
or more of dry plant matter.2 The enzymes in this pathway
are unique to plants and microorganisms and thus are
important targets for herbicide and antibiotic development.3

However, the development of substrate analogues and
inhibitors of these enzymes is challenging because their
substrates are small, densely functionalized molecules that
seem to offer little opportunity for structural variation. We
were thus intrigued by the possibility that isomeric templates
with a similar three-dimensional display of functionality
could be devised as alternative substrates or inhibitors for
the shikimate pathway enzymes.

We reported previously the synthesis and evaluation of
the five-membered ring compounds1-4 as novel ring-
contracted analogues of shikimate.4 Molecular modeling
suggested that the scaffold represented by the cyclopentyl-

ideneacetate isomers1 and 2 holds the carboxy and three
hydroxyl groups in a relationship similar to that of shikimate
itself. Indeed, shikimate kinase (E.C.2.7.1.71) phosphorylates
cyclopentylidenes1 and 2, as well as cyclopentene3, to
afford the five-membered ring analogues of shikimate-3-
phosphate (S3P):1P, 2P, and3P.

In view of the fact that three of the four ring-contracted
shikimate analogues proved to be alternative substrates for
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shikimate kinase, we were naturally curious to see if the
phosphorylated products1P-3Pcan serve as alternative sub-
strates for the subsequent enzyme in the pathway, 5-enol-
pyruvylshikimate-3-phosphate (EPSP) synthase (E.C.2.5.1.19).
EPSP synthase catalyzes the transfer of a carboxyvinyl group
from phosphoenolpyruvate (PEP) to the 5-OH group of S3P
(Scheme 1).5 Such unusual chemistry and the fact that it is

the target of action for the commercially important herbicide
glyphosate6 have made EPSP synthase a long-standing
subject of mechanistic investigations5,7 and inhibitor design.3a,b

When the cyclopentylidene-phosphate derivative2P (17
µmol) was treated with PEP (30µmol) 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 analogueEP-2-P as
the product (Figure 1).8 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-phosphate1Por cyclopentene-phosphate3Pafter
30 days of incubation under similar conditions.

Although only one of the S3P analogues appears to be a
substrate for EPSP synthase, all of them catalyze the H/D
exchange between methylene protons of PEP and D2O in

the presence of the enzyme. Exchange occurs fastest with
the alternative substrate2P and slowest with the cyclo-
pentene-phosphate3P.9 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 protons.10 The proton exchange
induced by 4,5-dideoxy-S3P was first interpreted as evidence
for a protonated PEP-enzyme complex and against direct
formation of the tetrahedral S3P-PEP adduct.11 The un-
equivocal establishment of the latter mechanism7 requires
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.12 Appropriate positioning of
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Scheme 1. EPSP Synthase Catalyzes the Transfer of a
Carboxyvinyl Group fromPEP to the 5-OH Group ofS3P

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 analogueEP-2-P. The
progress of the reaction is readily observed in the1H NMR
spectrum.
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the active site residues may be all that is required to enable
reversible protonation and proton exchange of PEP. The
unreactive ring-contracted analogues1Pand3Pmay simply
share with 4,5-dideoxy-S3P an ability to induce this con-
formational change.

The five-membered ring analogues of shikimate, S3P, and
EPSP represent the first examples of alternative substrates
for the shikimate-chorismate pathway in which the ring size
has been altered.13 Their activities toward shikimate kinase
and EPSP synthase establish a two-step unnatural “biosyn-

thetic” sequence in which contraction from a six- to a five-
membered ring is tolerated. The next step in the pathway,
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
this analogue binds as a competitive inhibitor or if other,
more novel transformations result.
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buffer, pH ) 8.5). After lyophilization and1H NMR analysis, product-
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