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Density functional calculations (B3LYP/6-31+G(d,p)) were carried out to investigate the mechanism of the anti-1,4-elimination of phosphate
from 5-enolpyruvylshikimate-3-phosphate 1 that is catalyzed by chorismate synthase. Of particular interest was the functional role of the
reduced flavin cofactor.

The shikimic acid biosynthetic pathway generates a diverse The mechanism of the chorismate synthase reaction has
array of aromatic amino acids and other metabolites in attracted much interedt® Of the various possibilities, a
bacteria, fungi, and higher plarit€horismate synthase, the concerted E2 or nonconcerted Elch elimination involving
seventh enzyme of the main pathway, catalyzesathid deprotonation at C6 would likely require a strong base. An
1,4-elimination of phosphate from 5-enolpyruvylshikimate- E1 mechanism is disfavored because phosphate monoesters,
3-phosphaté (EPSP) to generate chorismic a@&idScheme  which are anionic at physiological pH, make comparatively
1), an important branch point metabolite. While several poor leaving grougsand because phosphorolysis would be
retarded by the electron-withdrawingr€&nductive effect at
C4in1. Moreover, all known chorismate synthases require
a reduced flavin (FMNKE) for catalysis, and none of the
mechanisms yet propounded adequately explains the role of

HOPOLZ ) the flavin.
Recent studies favor a radical mechanism, based on the
JL L )k observance of (i) a transient flavin intermediatg.¢ = 400
: 0  COy
OH

Scheme 1

nm) detected in single turnover experimeh(i) a stabilized
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enzyme-bound flavin semiquinone radical formed in the
presence of the inhibitoBR-6-fluoro-EPSF3,° and (iii) a
significant secondaryg-deuterium isotope effect using

the Lee, Yang, and Parr (LYP) correlation functional, denoted
B3LYP.1213 In both calculations, the C3-phosphate group
in DHCCP forms a strong hydrogen bond with tha-C4-

[4-2H]-EPSP° Here we describe density functional calcula- hydroxyl group, which would be expected to promote
tions for the chorismate synthase reaction that shed light onphosphorolysis. Additional H-bonding between the phosphate
the various mechanistic proposals and on the functional roleand the C1-carboxyl group gives rise to a bidentate interac-
of the reduced flavin. tion (ca. 6-8 kcal/mol eacHy that also favors phosphoroly-

Optimized geometries (B3LYP/6-31+G(d,p)) were cal- sis. The interactions are more pronounced in the phosphate
culated forcis-3,4-dihydroxycyclohexene-1-carboxylic acid- anion (Figure 1b), which forms a stronger, closer H-bond
3-phosphate (DHCCP, Figure 1a) and the correspondingbetween the phosphate oxygen and the carboxylic acid group,
along with a somewhat shorter C3—0 bond length. Coun-
terparts to these gas-phase interactions may be provided by
chorismate synthase active site residues.

To investigate the E1lcb process, deprotonation at C6 was
modeled using DHCCP, and the structure of the resulting
anion was optimized (Figure 2). The relatively low calculated

Figure 2. Optimized geometry for DHCCP anion.

proton affinity*® (PA) of the corresponding anion (307.2 kcal/
mol) is lower than that of BPO,~ (330.8 kcal/mol) and is
comparable to that of the phosphate monoanion (Figure 1b,
313.8 kcal/mal), indicating that the C6 hydrogen is unusually
acidic and may require only a weak base for deprotonation.

(11) DHCCP lacks the C5-enolpyruvate side chain of EPSP, which is
anti to both the phosphate and hydroxyl groupslimnd would not be
expected to exert any stabilizing H-bonding effects. Moreover, the absence
of the ether side chain should result in only minor conformational effects
on the carbocyclic ring.
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Figure 1.
Optimized geometry for DHCCP phosphate anion.

(a) Optimized geometry for neutral DHCCP. (b)

phosphate monoanion (Figure 1b) as a m&dek 1 using
the Becke three-parameter hybrid functional combined with
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Consistent with that finding, the enzyme-catalyzed elimina-

tion of (6R)-[6-°H]-EPSP displayed a small kinetic isotope

effect of ~1.13, which has since been attributed to a

secondary effect at C6 on C3—0 bond breakage.
Surprisingly, the C3-O bond spontaneously cleaves during

optimization of the C6-anion of DHCCP (€0 separation

= 3.73 A, Figure 2). Consistent with this observation the

stabilized by numerous H-bonding interactions with both the
C1 carboxylic acid and the C4 hydroxyl group, thereby
reducing the negative charge on the departing phosp@ate (
—0.43 e) and lowering the C—0O dissociation barrier.

Of particular interest in the radical mechanism is the
structure of the transient flavin intermediate. Formed before
the substrate is consumed and decaying late in the catalytic

delocalized “carbanion” (Figure 2) is 6.7 kcal/moiverin cycle, the intermediate has been attributed to a charge-transfer
energy than its isomeric phosphate anion (Figure 1b) as acomplex, proton-transfer event, or protein conformational
consequence of several anionic hydrogen bonds. Moreoverchange before either €3 or C6-H bond cleavagé.To

the charge distribution (calculated by Natural Bond Orbital shed light on this question, the energy minimum of the
Analysig?) in the fully optimized anion indicates loss of a supermolecule formed between DHCCP and FMNkas
strongly H-bonded phosphate group carrying 85% of the computed.

negative charge, as well as alkene-like-@6 and C2-C3 The structure of a partially optimized reactant complex at
bond lengths resembling the incipient dieheThe absence  B3LYP/6-31G(d) (Figure 4} indicates a sandwich-like

of a measurable activation barrier is unusual for an Elcb

1,4-elimination, where the breaking—®& bond is unacti- _
vated.

All radical mechanisms proposed for the conversion of
to 2 begin with one-electron transfer from FMNHo EPSP,
followed by loss of phosphate to form an allylically stabilized
radical intermediaté.To probe that process, the structure of
the first-formed EPSP radical anion was modeled using
DHCCP and optimized using the UB3LYP/6-81G(d,p)
method (Figure 3). The “plus” basis better describes the

COzH

H,04PO""

Figure 4. Partially optimized DHCCPFMNH~ complex (B3LYP/
6-31G(d)).

structure in which the carbocyclic ring of DHCCP is lodged
between the flavin and the departing, heavily complexed
phosphate group. The complex is stabilized by favorable
hydrogen bonding between the N10-hydroxyethyl group of
the flavin and the Cl-carboxyl group of DHCCP. An
additional bonding interaction is evident between the break-
ing C6—H bond and N1 of the deprotonated flavin, which
can project one electron pair to serve as the base iaritie
elimination leading to chorismate. The distances between N1
of the flavin and C6 in DHCCP as well as between C4 in
the flavin and C2 in DHCCP were both fixed to 3.25 A.

Figure 3. Optimized geometry for DHCCP radical anion.

(16) The 2'0OH of the ribityl side chain of FMNHwas modeled as a
f-hydroxyethyl group. The geometry was optimized initially at B3LYP/3-
. . L . 21G** until the forces but not displacements were fully converged. The
oxygen lone pairs of the anion, and the polarization function distances between N1 of the FMNHnd C6 in DHCCP as well as beAtween
on all hydrogen atoms more accurately treats the hydrogenC4 in the flavin and C2 in DHCCP were both fixed to 3.25 A, and
ydrog . - y y 9 optimization was continued at B3LYP/6-31G(d) (Figure 4) until the forces
bonds. Interestingly, the energy-minimized structure of the again converged. Further optimization at this level of theory resulted in
DHCCP radical anion undergoes €0 bond rupture to the loss of the sandwich-like structure and formation of a covalent bond between
; ; . - C4A of the flavin and C1 of DHCCP. This competition between H-bonding
allylic radlcgl and phosphate anion (e_e) bond d|stance and covalent bonding might be resolved using a larger basis set, which is
3.65 A). As in the C6-anion, the departing phosphate is also not currently practical for a system of this size.
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Figure 5. Fully optimized DHCCP-FMNH™ transition structure
for C6 deprotonation (B3LYP/6-31G(d)).

The calculated charge distribution in the minimized
superstructure is also mechanistically illuminating. Nearly

thus leading irreversibly to the flavin semiquinone, which
has been documented experimentally.

Besides being consistent with reported experimental find-
ings, the calculations presented in Figureslead to three
nonobvious conclusions about the chorismate synthase reac-
tion. First, significant chelation effects are evident in the
substrate (Figure 1A), which likely accelerate the elimination
reaction. Second, the transition state shows that partial
electron transfer from the flavin to bound EPSP actually
induces phosphorolysis (charge on thg?B,~ fragment is
—0.83 e), while also stabilizing the incipient electron
deficiency at C3 (Figure 4). Third, calculated PA values
(Figure 2) indicate increasing acidity at C6 as the-CB
bond breaks, with concomitant transfer of #rgi-hydrogen
at C6 to N1 of the flavin (Figure 5).

Thus the flavin cofactor plays a pivotal role in phospho-
rolysis, charge stabilization, electron transfer, and deproto-
nation in the chorismate synthase reaction. The findings
presented here may also shed light on the mechanism of
isopentenyl pyrophosphate isomerase, another recently re-
ported, redox-neutral flavin-dependent enzyme that likely
involves some of the same cofactor functidhs.
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75% of the net anionic charge resides on the substrate (almospana, IL and Lexington, KY for computer time.
equally distributed between the leaving phosphate group and

the remainder of DHCCP) with about 25% on the flavin,
which would be consistent with an initial, transient, EPSP/
FMNH™ charge-transfer complex (report&g.x = 400 nm)
leading to charge transfer-induced-O bond dissociation

Supporting Information Available: Total energies (au)
of selected fully optimized neutral and anion compounds,
as well as total energies, Cartesian coordinates, and NBO
charge distributions for the structures shown in the figures.

and concomitant deprotonation at C6. Partial electron transferThis material is available free of charge via the Internet at

from the flavin would explain why no intermediate flavin

semiquinone has been detected spectroscopically in enzy-

matic reactions wittl.

The transition structure (Figure 5) for deprotonation at C6
is an early TS (first-order saddle poititfor proton transfer
to N1 and displays a short-strong hydrogen bond between
the HPQ,~ anion and C1-carboxyl (2.47 A-€0 distance).
In addition, the structure rationalizes results observed with
inhibitor 3, since the absence of 8R-hydrogen makes
concomitant electron transfer and deprotonation impossible,
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(17) B3LYP/3-21G(d,p) full optimization and a frequency calculation
were performed initially. The visualization of imaginary frequeney=
—940 cnt 1) confirmed a TS for proton transfer. The TS was then fully
optimized at B3LYP/6-31G(d) with a single point calculation at the B3LYP/
6-31+G(d,p) level. The estimated classical activation barrier is about 7 kcal/
mol at the B3LYP/3-21G(d,p) and 11 kcal/mol at the B3LYP/6+&(d,p)//
B3LYP/6-31G(d) level.
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