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ABSTRACT: Proton transfer to carbon represents a signifi-
cant catalytic challenge because of the large intrinsic energetic
barrier and the frequently unfavorable thermodynamics.
Multiple kinetic isotope effects (KIEs) were measured for
acid-catalyzed hydrolysis of the enol ether functionality of
enolpyruvylshikimate 3-phosphate (EPSP) as a nonenzymatic
analog of the EPSP synthase (AroA) reaction. The large
solvent deuterium KIE demonstrated that protonating C3 was
the rate-limiting step, and the lack of solvent hydron exchange into EPSP demonstrated that protonation was irreversible. The
reaction mechanism was stepwise, with C3, the methylene carbon, being protonated to form a discrete oxacarbenium ion
intermediate before water attack at the cationic center, that is, an AH

‡*AN (or AH
‡ + AN) mechanism. The calculated 3-14C and

3,3-2H2 KIEs varied as a function of the extent of proton transfer at the transition state, as reflected in the C3−H+ bond order,
nC3−H+. The calculated 3-14C KIE was a function primarily of C3 coupling with the movement of the transferring proton, as
reflected in the reaction coordinate contribution (lightν‡/heavyν‡), rather than of changes in bonding. Coupling was strongest in
early and late transition states, where the reaction coordinate frequency was lower. The other calculated 14C and 18O KIEs were
more sensitive to interactions with counterions and solvation in the model structures than nC3−H+. The KIEs revealed a
moderately late transition state with significant oxacarbenium ion character and with a C3−H+ bond order ≈0.6.

■ INTRODUCTION

Protonation and deprotonation of carbon bases and acids
represents a significant challenge to both enzymatic and
nonbiological catalysts. There is a large intrinsic barrier not
encountered in proton transfer between electronegative atoms,
and the free energies of forming carbon-centered cations or
anions are frequently unfavorable.1 Proton transfer to and from
carbon atoms represents a major catalytic challenge for
important classes of enzymatic reactions, including terpene
cyclases,2 enolases,3 and epimerases/racemases.4 The most
difficult catalytic stepthe catalytic imperativefor the
carboxyvinyl transferases AroA (EPSP synthase)5−11 and
MurA12 is protonating the methylene carbon of an enol ether
functionality.
Enol ether protonation is general acid-catalyzed, and

increased free energy of protonation tends to correlate with
later transition states (TSs), i.e., with greater bond order to the
carbon base, as expected from the Hammond postulate.13−15 It
also tends to correlate with smaller primary deuterium kinetic
isotope effects (KIEs). The reaction is catalyzed by carboxylic
acids in preference to H3O

+, even at modest buffer
concentrations.16−18 The position of the transition state can
by roughly estimated from the Brønsted exponent values, α.
For many carboxylic acid-catalyzed vinyl ether hydrolyses, α =
0.6−0.7,16,17,19,20 though it is slightly lower for positively
charged amino acids such as glycine.16 This can be taken as a

rough measure of the extent of bond formation to the carbon
acid, though there is evidence that α overestimates the extent of
proton transfer by at least 0.1.21 Thus, based on α values, the
transition states would be expected to be roughly balanced (i.e.,
bond orders from the general acid to the transferring proton
and the transferring proton to the carbon base are equal) or
slightly late. Recent experimental and computational studies on
enol ether hydrolysis have focused on product isotope effects
(PIEs) of α-methoxystyrenes.18,22,23 The PIEs on this
homologous series of reactants revealed that there was no
quantum tunneling during proton transfer and that the
transition state was roughly balanced.18,22 A computational
study of the primary deuterium KIEs on the same compounds
supported the conclusion that tunneling was a minor factor in
lowering the free energy barriers to reaction, though tunneling
corrections were needed for the best accuracy in KIE
calculations.23 It also showed that the extent of proton transfer
in computational TS structures was strongly dependent on the
free energy of the reaction, showing a Hammond shift as
expected; that is, less favorable reactions had later transition
states.
In order to better understand AroA catalysis, we have

performed TS analysis on the acid-catalyzed hydrolysis of
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enolpyruvylshikimate 3-phosphate (EPSP) as an analog of the
enzymatic reaction. In the AroA-catalyzed reaction the catalytic
imperative is protonating the methylene carbon of phosphoe-
nolpyruvate (PEP), or EPSP in the reverse reaction.6−11 The
EPSP cation then undergoes nucleophilic addition by
phosphate (Pi), to form a tetrahedral intermediate (THI),
and ultimately shikimate 3-phosphate (S3P) and PEP. Likewise,
the catalytic imperative for acid-catalyzed hydrolysis is
protonating the methylene carbon (Scheme 1). Understanding
the nonenzymatic mechanism helps illuminate catalysis, as
enzymatic catalysis reflects an interplay between a substrate’s
intrinsic reactivity and catalytic strategies to lower the activation
energy.
In this study, we used multiple KIEs to determine the TS

structure.24−26 KIEs are the most direct and detailed
experimental approach to TS structure determination. Each
KIE consists of a “structural contribution” and a “reaction
coordinate contribution”, also called the temperature inde-
pendent factor.27 The reaction coordinate contribution arises
from the normal vibrational mode with an imaginary frequency
(sometimes written as a negative frequency) which describes
atoms’ movements through the transition state from reactants
to products. Its contribution to the KIE is the ratio of reaction
coordinate frequencies, lightν‡/heavyν‡, and it is ≥1.27,28 It can be
separated numerically from the “structural contribution”, which
reflects changes in bond strengths. A bond becoming weaker at
the transition state will give a normal structural contribution,
i.e., lightk/heavyk > 1. If the bond becomes stronger, the structural
contribution will be inverse, i.e., lightk/heavyk < 1. The structural
contribution is generally dominated by the zero point energy
(ZPE) term, with further contributions from vibrationally
excited states (EXC) and the change in mass and moments of
inertia, as reflected in the vibrational product (VP).29 The
structural contribution is temperature dependent and is given
by ZPE × EXC × VP. The overall KIE is KIE = (lightν‡/
heavyν‡)(ZPE × EXC × VP).28,30 If a tunneling correction is
used, it is included as a separate term, e.g., QBell.

31,32

In this study we describe the TS analysis of acid-catalyzed
EPSP hydrolysis, while the accompanying publication describes
AroA-catalyzed EPSP hydrolysis.33

■ MATERIALS AND METHODS
General. All reagents were purchased from Sigma-Aldrich or

Bioshop Canada (Burlington, ON), except as noted. [1-14C]Pyruvate
was from GE Healthcare; [2-14C]- and [3-14C]pyruvate were from
American Radiolabeled Chemicals (St. Louis, MO). [γ-33P]- and
[γ-32P]ATP were from Perkin-Elmer, and 2H2O was from Cambridge
Isotope Laboratories. His-tagged E. coli AroA was prepared and
assayed as described previously.7,10 S3P was prepared as described
previously.10

ppsA. A plasmid for expressing phosphoenolpyruvate synthetase
(ppsA) was a gift from Dr. David Jakeman (Dalhousie University).
ppsA was overexpressed as described previously34 and partially
purified. Cell debris from ammonium sulfate at 40% saturation was
removed by centrifugation, at 11,000g for 15 min, then ammonium
sulfate was increased to 50% saturation, and the precipitated ppsA was

collected by centrifugation. It was redissolved in 50 mM Tris·Cl, pH
6.8, 1 mM DTT, and 1.5 mM NaN3. The protein concentration was
determined with the Bradford assay.35

EPSP Synthesis. Unlabeled EPSP was synthesized using 1 μM
AroA, 1 mM S3P, and 2 mM PEP in 50 mM K·HEPES, pH 7.0, with
overnight incubation at 37 °C, and purified as described previously.8

Radiolabeled EPSP. [1-14C]-, [2-14C]-, and [3-14C]EPSP were
synthesized from S3P and [1-14C]-, [2-14C]-, or [3-14C]pyruvate using
ppsA and AroA (Scheme 2). The reactions contained 10 mM pyruvate

(10 μCi 14C), 12 mM S3P, 15 mM ATP, 15 mg/mL ppsA, and 1 μM
AroA in 50 mM Tris·Cl, pH 7.5, 5 mM KCl, and 10 mM MgCl2, with
the pH adjusted to ≈7.5 with KOH before the enzymes were added
and incubated at 37 °C overnight. Reactions typically reached ≈80%
completion.

[32P]- and [33P]EPSP were synthesized from shikimic acid and
[γ-32P]- or [γ-33P]ATP using shikimate kinase36 (AroK) and AroA
(Scheme 2). Reactions contained 0.7 mM shikimic acid, 0.7 mM PEP,
0.15 mM [γ-32P]- or [γ-33P]ATP (25 μCi), 70 nM AroA, and 7 μL/mL
AroK in 50 mM Tris·Cl, pH 7.5, 3 mM KCl, 0.7 mM MgCl2, and 2
mM sodium tungstate, with the pH adjusted to ≥7.5 with KOH before
the enzymes were added. Low reactant concentrations were used to
avoid ADP product inhibition. Reactions typically reached ≈70%
completion after overnight incubation at 37 °C.

[33P,5′-18O]EPSP synthesis was the same as [33P]EPSP, except
using [5-18O]shikimic acid, which was synthesized as described
previously.37 A reaction with nonradioactive ATP was run in parallel,
and mass spectrometry was used to determine that the 18O enrichment
was 55%. The observed KIEs were corrected for the extent of labeling.

[33P,3,3-2H2]EPSP was synthesized from [33P]EPSP by equilibrating
it in D2O with 1 μM AroA and 5 mM potassium phosphate, pD 7.5, at
37 °C. One solvent deuteron is incorporated in each catalytic cycle.
Allowing the reaction to equilibrate overnight resulted in quantitative
EPSP deuteration. Mass spectrometry of a parallel reaction using
unlabeled EPSP showed 97% 2H incorporation.

[33P,1,1-18O2]EPSP was synthesized from [33P]S3P and [18O5]PEP.
[33P]S3P was synthesized using 20 mM shikimic acid, 10 mM PEP, 2
mM [γ-33P]ATP (25 μCi), 100 μL/mL of partially purified AroK, and
60 U/mL pyruvate kinase in 50 mM Tris·Cl, pH 7.5, 50 mM KCl, 10
mM MgCl2, and 25 mM sodium tungstate. [33P]S3P was purified
under the same conditions as EPSP,8 and solvent was removed by
lyophilization. [18O5]PEP was synthesized by oxygen atom exchange of
90 mM PEP in H2

18O, catalyzed by 1.5 M H2SO4 at 95 °C for 30 min,
and then neutralized with KOH. [18O5]PEP was reacted with [33P]S3P
to produce [33P,1,1-18O2]EPSP, as described above. Mass spectrometry
of parallel reactions using unlabeled S3P showed 83−91% 18O
incorporation in different reactions. KIEs were corrected for the extent
of labeling.

EPSP Hydrolysis. Acid-catalyzed EPSP hydrolysis was performed
with 500 μM EPSP in 50 mM ammonium acetate, pH 5.4, at 90 °C.
The extent of EPSP hydrolysis was measured by anion exchange

Scheme 1

Scheme 2
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chromatography (Mono Q, 5 mm × 50 mm, GE Healthcare) of a 150
μL reaction aliquot under the same conditions as EPSP purification,
using the ε240 ratio for S3P/PEP/EPSP of 0.59:1.0:2.1.9 The hydrolytic
rate constant, khyd, was then calculated.
Solvent Deuterium KIEs (SDKIEs). In order to avoid

complications from isotope effects on the pKa values of EPSP’s
ionizable groups, the acid-catalyzed SDKIE was determined at pL 2, in
a plateau region of the pH profile.8 Reactions contained 500 μM EPSP
in 50 mM glycine, pL 2.0 at 52 °C, using the same HPLC assay as
above.
Solvent Proton Incorporation. Solvent proton incorporation was

monitored to test whether C3 protonation was the first irreversible
step in EPSP hydrolysis. Solvent 1H incorporation into [3,3-2H2]EPSP
was monitored because the large SDKIE = 6.7 (see Results) would
have biased the reaction against detecting 2H incorporation into
unlabeled EPSP. [3,3-2H2]EPSP (5 mM) in 50 mM glycine, pH 2.0,
was reacted for 60 min at 52 °C. Negative-ion electrospray ionization
mass spectra (ESI-MS) of residual EPSP were used to detect hydron
exchange. Reaction aliquots (5 μL) were diluted into 500 μL of
50:48:2 MeOH/H2O/formic acid, and mass spectra were collected.
[3,3-2H2]EPSP gave m/z = 325, while one or two 1H exchanges

produced m/z = 324 or 323 peaks, respectively. The fractional extent
of 1H incorporation, f(1H), was calculated as follows:

=
+

+ +
f

I I
I I I

( H)
(2 )

2( )
1 323 324

323 324 325 (1)

where In represents the integration of each EPSP peak in the mass
spectrum. After correcting for the m/z = 324 ion at t = 0 due to
incomplete labeling, the rate of 1H incorporation (kex) was fitted to a
first order rate equation.

Competitive KIE Measurement. Competitive KIEs were
determined by measuring the change in isotope ratios between
unreacted EPSP (0% reaction) and residual EPSP at ∼50% reaction.
For 14C KIEs, 32P was used as a reporter on 12C at the position of
interest, and the ratio ri =

32P/14C was measured. For 2H and 18O
KIEs, 33P reported on the isotope of interest, and 32P reported on 1H
or 16O. In that case, ri =

32P/33P. The higher energy β-particles emitted
by 32P can be distinguished from 33P and 14C by liquid scintillation
counting.38

EPSP (0.25 μCi of each radiolabel) was repurified by C18 reverse
phase HPLC (3.9 mm × 150 mm column) using isocratic elution in 50
mM ammonium acetate, pH 6, 44 mM KCl, and 2.5 mM
tetrabutylammonium sulfate (TBAS), and a flow rate of 1 mL/min.

Figure 1. Computational models for IE calculations. Compound 1 is a generic model, with the suffix indicating the reactant (EP), transition state
(TS), or oxacarbenium ion (oxac). For compounds 2−13, only the TS models for C3 protonation are shown, though the corresponding EP
structures and those oxac structures which were stable were also optimized (Tables S1−S4). For compounds 14−24, EP and some oxac structures
were optimized. When used in the text and tables, the suffix scrf indicates continuum solvation (see Material and Methods). Solvating waters in
compound 13 were calculated at a lower level of theory using ONIOM methodology (see Material and Methods). Compounds 25−28 were for
concerted protonation and water addition, i.e., an ANAH mechanism. Cartesian coordinates for structures in this figure appear in the Supporting
Information (Table S5).
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The ∼2 mL fraction containing EPSP was adjusted to pH 5.40 ± 0.03
with HCl. One-third of the volume was taken as the unreacted sample
(0% reaction), while the rest was incubated at 90 °C for 50 min to
reach ∼50% completion. The 0% and 50% samples were injected
separately on a Mono Q anion exchange column and eluted with a
gradient of 100−500 mM KCl in 10 mM NH4Cl, pH 10.0, at 0.5 mL/
min over 26 min. The complete peaks of pyruvate (4−11 min), S3P
(11−16 min), EPSP ketal (16−18 min),8 and EPSP (18−26 min)
were collected. The liquid weight of each fraction was adjusted to
equal that of the EPSP peak using buffer with the same composition as
where EPSP eluted, i.e., 300 mM KCl, 10 mM NH4Cl, pH 10.0. Each
peak was split equally into two scintillation vials and neutralized with
100 μL of 0.5 M potassium phosphate, pH 6.0, before 20 mL of
Liquiscint (National Diagnostics) was added. A blank and a 32P
standard were prepared with an appropriate weight of elution buffer.
Each vial was counted for 10 min repeatedly, until the 95% confidence
interval of the observed KIE was <0.005.
The extent of reaction, f, was calculated using eq 2:

= + +

+ + +

f (cpm cpm cpm )

/(cpm cpm cpm cpm )

pyruvate S3P ketal

pyruvate S3P ketal EPSP (2)

where cpmx is the radioactivity from all radionuclides in the
chromatographic peak for each species. KIEs were calculated from
the isotope ratios, ri, in EPSP at 0% and 50% reaction using eq 3:39
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where r0 and rf are the isotope ratios at the beginning and at extent f of
the reaction, respectively.
In control experiments, complete radioisotope chromatograms of

14C- and 32P-containing reaction mixtures at 0% and 50% reaction
were collected in 250 μL fractions to confirm that only the expected
products were observed. The effect of chromatography on the isotope
ratio, ri, was also checked. A mixture of [14C]- and [32P]EPSP was
repurified as above. The entire EPSP peak was collected, and half (#1)
was diluted into 20 mL of scintillation fluid while the other half (#2)
was rechromatographed again and the EPSP peak collected again. The
isotope ratios, ri, were measured in each sample and found to be equal;
r#1/r#2 = 0.998 ± 0.003.
Electronic Structure Calculations. KIEs and EIEs were

calculated from quantum mechanically optimized structures based
on a generic methylenolpyruvate (1) model (see Figure 1). For
compounds 1−13, the reactant, transition state, and oxacarbenium ion
structures were optimized wherever possible, though some structures
(e.g., 1-oxac) were not computationally stable. For compounds 14−
24, only reactant and oxacarbenium ion models were optimized.
Compounds 25−28 were models of concerted protonation and water
addition.
Quantum mechanical calculations were performed using hybrid

density functional theory (DFT) with Becke’s exchange functional,40

Perdew and Wang’s correlation functional,41 and a 6-31+G** basis set
(B3PW91/6-31+G**) with Gaussian 03 or 09.42

Solvent effects were modeled in some structures with a conductor-
like polarizable continuum model (CPCM),43 using a dielectric
constant equal to water’s, and UA0 atomic radii. An extra sphere was
placed on the proton being transferred, and SCRF frequency
calculations used numerical differentiation.44 The ONIOM approach
was used for some explicit solvating waters, modeled at the RHF/3-
21+G level of theory.45 The diffuse function, “+”, prevented the water
molecules from attacking C2 of the transition state and oxacarbenium
ion models. Frequency calculations were done to ensure that
optimized structures had no imaginary frequencies and TS structures
had one, except as noted below.
The calculated IEs and structures were tested for sensitivity to the

computational method using the MP2/aug-cc-pVDZ level of theory,

i.e., second-order Møller−Plesset theory with Dunning’s correlation
consistent aug-cc-pVDZ basis set, and PBE0/aug-cc-pVDZ, i.e., the
Perdew−Burke−Ernzerhof generalized gradient approximation DFT
method. These methods were used for the 17-EP/6-TS pair and the
14-EP/10-TS pair (see Figure 1).

Stepwise (AH*AN or AH + AN) Transition States. Most TS
structures were found by standard TS optimizations using the QST3
keyword.46

Structure 11-TS did not fully converge. Multiple TS optimizations
from different starting points converged toward a unique structure, but
displacements in the solvating guanidinium molecule remained too
large. An imaginary frequency of 11i cm−1 corresponding to rotation of
guanidinium and the C1 carboxyl was below the normal 50i cm−1

cutoff for QUIVER (see below) and, therefore, neglected. The same
problems were encountered with 11-TS-scrf and 10-TS-scrf. The H+−
OA and C3−H+ bond lengths of these structures were scanned in
0.005 Å steps until a saddle point with a single imaginary frequency
was found.

Concerted ANAH Transition States. Conventional optimizations
failed to find any transition states for concerted water addition; rather,
it was necessary to use a search scheme based on a reduced potential
energy surface.47 An initial guess of the transition state was generated
using a one-dimensional scan with the H+−OA distance; then, the
Bofill update TS searching scheme confined to a two-dimensional
reduced potential energy surface was used (see ref 47). The two
coordinates used were the H+−OA and C3−H+ distances. Each step of
the procedure required a constrained minimization using the
MODRED keyword in Gaussian. When the optimization was
converged, an additional TS optimization was performed using the
OPT(EIGENTEST,CALCALL) keywords to ensure that the system
had only one imaginary frequency.

EIE and KIE Calculation. QUIVER48 was used to calculate
reduced isotopic partition functions (Q) at 363 K. The Cartesian force
constants were scaled by 0.9139 (= 0.9562).49 Equilibrium isotope
effects (EIEs) were calculated using eq 4:

= Q QEIE /initial final (4)

and KIEs were calculated using eq 5:

ν ν= × ×‡ ‡ ‡Q Q QKIE /initial
light heavy

Bell (5)

where Q‡ is the partition function calculated with the 3N − 7 normal
modes of the transition state, lightν‡ and heavyν‡ are the imaginary
frequencies, and QBell is the Bell tunneling correction (eq 6):31,32
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/ 2
sin( / 2)

B
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Tunneling corrections are important in calculating heavy atom
KIEs, particularly when the KIE is >1.01,50 even when the contribution
from tunneling is known to be small.23 The match between
frequencies generated by QUIVER from the Cartesian force constants
and the scaled Gaussian 03/09 frequencies was checked routinely.
They did not match in ONIOM models, for unknown reasons. The
3-14C and 3,3-2H2 KIEs for 13-TS-oniom were therefore calculated
directly from isotopically substituted frequency calculations in
Gaussian 03.

Because calculated KIEs are determined equally by the reactant and
TS models, KIEs were calculated using matching pairs of reactant and
TS molecules, i.e., with the same counterion and solvation (Tables
S1−S3). The effects of different reactant models were tested for
several TS models and were found to be modest (Table S1). Different
models for solvation around C3 were tested. Reactant models were
tested that had no solvation around C3 (e.g., 14-EP), a carboxylic acid
(e.g., 10-EP), or water in place of hydronium ion (e.g., 16-EP).
Attempts to optimize reactant models containing hydronium ion were
unsuccessful, as it was too reactive. The effects on the calculated 3-14C
KIEs were negligible, and they were modest for 3,3-2H2 KIEs.
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■ RESULTS
Solvent Deuterium KIE (SDKIE). SDKIEs of EPSP

hydrolysis were determined noncompetitively from the ratio
of reaction rates in H2O and D2O. The observed SDKIE,
SDKIEobserved, was large and normal, 6.7 ± 0.3 in 50 mM
glycine buffer at pL 2.0 at 52 °C. As noncompetitive KIEs
reflect the rate-limiting step, this demonstrated that C3
protonation was rate-limiting.
Exchange Rate and First Irreversible Step. It was

necessary to identify the first irreversible step for EPSP
hydrolysis because competitive KIEs, where both isotopic labels
are present in the same reaction, reflect the first irreversible step
of a reaction (as well as any partially irreversible steps before
the first fully irreversible step).26,51,52 This was done by
comparing the rate constant for EPSP hydrolysis (khyd = 1 ×
10−4 s−1)8 with solvent proton exchange into EPSP (kex), as
measured by mass spectrometry. Solvent 1H exchange into
[3,3-2H2]EPSP, kex, was near the limit of detection and
appeared negative in one experiment. The ratio kex/khyd was
0.01 ± 0.06, with the highest observed value being 0.04. Thus,
C3 protonation was irreversible, and it was either the first
irreversible step or occurred after the first irreversible step.
Protonation of the vinyl ether group of α-methoxystyrene was
also irreversible.18

Competitive KIEs. Competitive KIEs were measured for
every atom in the carboxyvinyl part of EPSP using 32P/33P as a
reporter label (Table 1, Scheme 3). The KIE on a remote 32P

label would be expected to be vanishingly small and was
confirmed to be unity for AroA-catalyzed EPSP hydrolysis (see
accompanying publication).33 The 95% confidence intervals are
reported for the experimental KIEs. The variability in the 1-14C,
3,3-2H2, and 5′-18O KIEs was larger than expected and larger
than the corresponding KIEs for the AroA-catalyzed reaction.

The reason for this is not clear, though a similar trend was
observed previously for noncatalyzed versus enzymatic NAD+

hydrolysis, possibly implicating the harsher nonenzymatic
reaction conditions as a source of variability.39,53

Stepwise AH
‡*AN or AH

‡ + AN TS Structures. Computational
models and KIEs were calculated for a series of models based
on enolpyruvyl methane (1-EP, Figures 1 and 2, Table 1).

Models of the reactant, 1-EP, transition state, 1-TS, and
oxacarbenium ion, 1-oxac, were optimized at the B3PW91/6-
31+G** level, as used previously.51,54−56 The oxacarbenium
ion 1-oxac was computationally unstable; it formed an α-
lactone, 29, as previously observed for the oxacarbenium ion of
sialic acid, 30.57 As a result, obtaining computational
oxacarbenium ion and TS structures required one or more of
the following: a counterion at the C1 carboxylate, protonation
of the C1 carboxyl group, explicit water solvation, or continuum
solvation (Figure 1). These all affected the calculated KIEs,
particularly for the “bottom” half of the molecule: C1, O1, C2,
and O5′ (see below). Models 24-EP-scrf and 24-oxac-scrf had
calculated EIEs that were indistinguishable from those of the
smaller models (Table S2), but 24-oxac-scrf was prone to
intramolecular deprotonation of C3 or hydroxyl addition to C2.
These side reactions made optimization of larger oxacarbenium
ion and TS models impractical.
Models 17-EP, 14-EP, 2-TS, and 10-TS were also optimized

at the PBE0/aug-cc-pVDZ and MP2/aug-cc-pVDZ levels to

Table 1. Experimental KIEs for EPSP Hydrolysis, Plus
Calculated KIEs at 363 K for 7-TS-scrf

calcd KIEs

isotopic label exptl KIEa,b 7-TS-scrf

1-14C 1.010 ± 0.007 (4) 1.004
2-14C 1.003 ± 0.003 (3) 1.005
3-14C 1.009 ± 0.005 (4) 1.011
5′-18O 0.978 ± 0.009 (10) 0.997
1,1-18O2 1.001 ± 0.004 (5) 1.001
3,3-2H2 1.002 ± 0.010 (6) 1.040

aError is the 95% confidence interval. Number of independent trials
given in parentheses. b14C KIEs were measured using a mixture of 14C-
and [32P]EPSP. 32P acted as a reporter on 12C at the position of
interest. 18O and 2H KIEs were measured by incorporating 33P as a
reporter radionuclide (e.g., [5′-18O,33P]EPSP) and were corrected for
the extent of 18O or 2H enrichment (see Materials and Methods).

Scheme 3

Figure 2. Calculated KIEs (left) and reaction coordinate contributions,
lightν‡/heavyν‡ (right) at 363 K for (a) 3-14C and (b) 3,3-2H2, plus (c)
the reaction coordinate frequencies (ν‡). In parts a and b, the black
horizontal lines represent the experimental KIE (solid line) and the
95% confidence interval (dotted lines). The dashed colored lines are
intended only as visual aids. Other calculated KIEs are shown in Figure
S1.
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test the sensitivity of the models to the computational method.
The structures and calculated KIEs from the three methods
were very similar, and the results of the PBE0 and MP2
calculations were included in all analyses. When DFT and MP2
methods fail, it tends to be for different reasons (see ref 44), so
the consistency of the results obtained here supports the
reliability of the calculations.
Computational TS structures were solved with different

combinations of acid catalyst, counterion, and solvating waters.
They were performed in vacuo or with continuum solvation.
Structure 7-TS-scrf, as well as 10-TS and 11-TS-scrf, yielded
calculated KIEs generally close to the experimental values, but
not close enough to constitute prima facie evidence for its
correctness. Instead, it was necessary to establish correlations
between TS structures and calculated KIEs to validate this
match. Computational TS structures were defined in terms of
the Pauling bond order58 of the C3−H+ bond being formed,
nC3−H+, and ranged from 0.26 (2-TS-scrf) to 0.77 (11-TS). All
the early calculated TS structures (nC3−H+ < 0.44) had
hydronium as the acid catalyst, while all but one of the
transition states with nC3−H+ > 0.49 had weaker, carboxylic acid
catalysts. Any interaction of the C1 carboxylate with water, Li+,
guanidinium, or protonation decreased electron donation from
the C1 carboxylate group to C2, destabilizing the cationic
center at C2. This tended to cause a Hammond shift, resulting
in later transition states.
The reaction coordinate was predominantly a linear transfer

of H+ from OA to C3 (Figure 3, Movie S1). There were varying
amounts of coupling of other atoms to this motion in different
TS structures, as reflected in the vibrational vectors (Figure 3)
and in the reaction coordinate contributions (lightν‡/heavyν‡) to
individual calculated KIEs (Table S1). Reaction coordinate
frequencies, ν‡, were higher for balanced transition states and
lower for early and late TS structures (Figure 2c), as expected.
There was a tight correlation between nC3−H+ and the bond

order between H+ and the acid catalyst, nH+‑OA (Figure 4). ΣnH+
was essentially independent of model chemistry, as PBE0 and
MP2 calculations yielded TS structures with ΣnH+ values that
were indistinguishable from B3PW91. Computational transition
states of α-methoxystyrene protonation (31) had similar ΣnH+
values of 0.82 ± 0.01 (calculated from bond lengths in Table 1
of ref 23).

Concerted ANAH TS Structures. Computational TS
structures were found for concerted addition of water across
the C2−C3 double bond, using acetic acid (25-TS, 27-TS) or
formic acid (26-TS, 28-TS) as the general acid catalyst. The
structures were highly oxacarbenium ion-like, with significant
C3−H+ bond formation, nC3−H+ = 0.67 to 0.82, and very long
C2−ONu bond lengths, with nC2−ONu = 0.0001−0.04. This was
expected, given our previous experimental results, which
indicated that nucleophilic attack at C2 requires that C3
protonation be well advanced.8

The calculated 3-14C and 3,3-2H2 KIEs for the ANAH
transition states did not match the experimental values
(Table S3). Specifically, the calculated 3-14C KIEs were very
small and often inverse, in the range 0.997−1.003. This was the
result, in part, of the small reaction coordinate contribution
(lightν‡/heavyν‡ = 1.001−1.002), which was due, in turn, to the
reaction coordinate being dominated by nucleophile motion
rather than proton transfer (Figure 3d). The calculated 3,3-2H2
KIEs were in the range 0.90−0.94 (see Table S3). This was due
to a large inverse structural contribution to the 3,3-2H2 KIE due

Figure 3. Reaction coordinate movements for A‡
H*AN/A

‡
H + AN

transition states: (a) early (2-TS-scrf), (b) balanced (3-TS), and (c)
late (11-TS) TS models. (d) ANAH 28-TS model. The blue vectors
illustrate the direction and magnitude of each atom’s movement in the
reaction coordinate (i.e., the normal coordinate with the imaginary
frequency). The magnitudes of the vectors are comparable within each
image but not between images. Animated reaction coordinates are
available as Movies S1a, S1b, and S1c for the A‡

H*AN/A
‡
H + AN

transition states.

Figure 4. Total bond order to the transferring proton (ΣnH+) and
H+−OA bond order (nH+‑OA) as a function of C3−H+ bond order
(nC3−H+) in computational TS structures.
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to increased steric crowding and increased bond bending force
constants as the sp2-hybridized C3 is rehybridized toward sp3.59

■ DISCUSSION
Acid-catalyzed hydrolysis of EPSP is the nonenzymatic
analogue of the reaction catalyzed by AroA. AroA must
protonate the nonbasic methylene carbon atom of PEP in the
forward reaction, or EPSP in the reverse reaction, in order to
form the tetrahedral intermediate. We showed previously that
the rate enhancement of at least 5 × 108-fold associated with
this protonation is sufficient on its own to account for AroA’s
observed overall rate enhancement of ∼109-fold.8 In the
accompanying publication, we performed TS analysis on AroA-
catalyzed EPSP hydrolysis.33

Possible Mechanisms. EPSP hydrolysis could begin with
(i) C3 protonation in an AH*AN or AH + AN mechanism,60−62

(ii) concerted C3 protonation and nucleophilic attack at C2 in
an ANAH mechanism, or (iii) unactivated nucleophilic attack at
C2 (AN*AH) (Figure 5). We showed previously that

unactivated nucleophilic attack on an enolpyruvyl group does
not occur,8 and the calculated EIEs for anion formation were
not consistent with the experimental KIEs (Table S4), so the
last possibility is eliminated. The first irreversible step could then
be i or ii as above. Alternatively, it could be (iv) irreversible
nucleophilic addition at C2 following reversible C3 protonation
or (v) S3P departure from the tetrahedral intermediate (Figure
5). The fact that C3 protonation was irreversible eliminated the
last two possibilities. The large SDKIE showed that C3
protonation was rate-limiting as well as irreversible.
The first irreversible step therefore involved C3 protonation,

and the competitive KIEs therefore reflected either (i) C3
protonation to form the EPSP cation intermediate in an
AH

‡*AN or AH
‡ + AN mechanism60 or (ii) concerted water

addition in an ANAH mechanism to form the protonated
tetrahedral intermediate. The calculated 3-14C and 3,3-2H2 KIEs
for ANAH transition states were outside the range of the
experimental values (Table S3), which therefore supports a
stepwise AH

‡*AN or AH
‡ + AN mechanism.

The mechanism is AH
‡*AN if the EPSP cation is too reactive

to diffusionally equilibrate with solvent; otherwise, it is AH
‡ +

AN. KIEs provide no information on this step, as it occurs after
the first irreversible step, but there is some evidence that the
EPSP cation is too short-lived to diffusionally equilibrate with
solvent: (i) The product distribution in AroA tetrahedral
intermediate breakdown was determined af ter the rate limiting
step by Pi’s protonation state in the EPSP cation·Pi ion pair
complex, arguing that the complex was too reactive to
diffusionally equilibrate with solvent.11 (ii) The oxacarbenium
ion of sialic acid (30) is too reactive to fully equilibrate with
solvent.62 Nevertheless, several oxacarbenium ions lacking an α-
carboxyl group have sufficiently long lifetimes to potentially
allow diffusional equilibration with solvent,63 so the same is
possible with the EPSP cation. Thus, the evidence favors an
AH

‡*AN mechanism, though AH
‡ + AN is also possible.

The fact that C3 protonation was irreversible was consistent
with most other enol ether protonations,18,65,66 though partially
reversible protonation has been observed.67 This showed that
the energetic barrier to proton transfer at a carbon atom, even a
highly acidic one (pKa < −4 for EPSP cation),68 is greater than
the almost barrierless nucleophilic addition to oxacarbenium
ions.65,69 In a previous study, nonenzymatic breakdown of the
AroA THI proceeded through Pi departure to form an EPSP
cation·Pi ion pair.11 There was some EPSP formation,
indicating EPSP cation deprotonation; however, that was in
the context of the EPSP cation·Pi ion pair complex. Presumably
Pi was acting as a general base catalyst and/or stabilizing the
EPSP cation against nucleophilic attack, increasing its lifetime
enough to make C3 deprotonation competitive.11 In the
current study, with no Pi present, there was no observable
deprotonation of the EPSP cation.

KIE Interpretation. Solving a TS structure typically
involves quantum mechanical optimization of reactant and TS
models, then using vibrational frequencies to calculate KIEs.
Vibrational frequencies from hybrid DFT methods generally
accurately reflect the molecular structure,49,70 and KIEs are a
simple analytical function of vibrational frequencies;25,48,71,72

therefore, KIEs accurately reflect the underlying reactant and
TS structures (with the possible exception of primary KIEs in
proton transfer; see below). Thus, when the calculated KIEs for
a TS structure closely match the experimental values, this is
considered to be the experimental transition state. It is
generally possible to find a computational TS model with an
excellent match to the experimental KIEs, particularly for heavy
atoms labels,25,32,50,72,73 though the errors on 2H KIEs tend to
be larger.50 Conversely, when the calculated KIEs do not match
the experimental values well, this is a sign that the
computational models do not fully reflect reality, rather than
there being a problem with the KIE calculation itself.
In the current study, structure 7-TS-scrf provided a

reasonable match to the experimental KIEs (as did 10-TS
and 11-TS-scrf), but the calculated KIEs from many TS models
were needed to establish structure-KIE relationships and
interpret the experimental KIEs.
Computational modeling of primary hydron KIEs requires

more advanced methods than employed in this study. For
example, there were significant numerical contributions to the

Figure 5. Reaction space for the first step(s) of EPSP hydrolysis. In
this More O’Ferrall−Jencks plot,64 the ordinate represents the bond
order to the incoming proton (nC3−H+), while the abscissa represents
the bond order to the incoming water nucleophile (nC2−O). If the
reaction were stepwise AH

‡*AN, then the experimental KIEs would
reflect oxacarbenium ion formation, whereas with a concerted AHAN
mechanism they would reflect formation of the protonated hemiketal
intermediate. From the protonated hemiketal intermediate, the
ultimate products are S3P and pyruvate. The steps are the same in
AroA-catalyzed EPSP hydrolysis.
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primary 2H KIE from anharmonicity and tunneling effects in a
computational study of 31 protonation, even though only a
minor fraction of the reaction involved tunneling.23 This was
true even though the TS structures themselves were well
modeled at B3LYP/6-31+G**, a similar level of theory to that
used here. In addition, primary 2H KIEs often do not generally
distinguish well between competing TS models.14,74 Thus, in
the following discussion, the SDKIE is analyzed qualitatively
while the other KIEs are analyzed computationally.
Solvent Deuterium KIE. SDKIEobserved for EPSP hydrolysis

was 6.7 ± 0.3. Large SDKIEs correlate with early transition
states, and the observed SDKIE was larger than most literature
SDKIEs for vinyl ether hydrolyses;13,14,20,75 however, it is
necessary to convert the observed SDKIE to the intrinsic value
before comparing it with literature values. Factors affecting the
SDKIE include the following: (i) an EIE on ionization of the
EPSP C1 carboxyl, (ii) an EIE on ionization of the general acid
catalyst, glycine, and (iii) the nature of the general acid catalyst.
The first two factors can be accounted for numerically:

= × ×SDKIE SDKIE EIE EIEobserved intrinsic C1 glycine (7)

The carboxylate form of the EPSP C1 carboxyl group is
2250-fold more reactive than the carboxylic acid,8 so reaction
through the carboxylate form will predominate even at pL 2.0.
Because carboxyl group pKa values increase in D2O,

76 there will
be a higher proportion of the carboxylate form in H2O than
D2O, giving rise to EIEC1. Given pKa = 3.77 for EPSP C168 and
assuming a typical value of ΔpKa = 0.4576 gives EIEC1 = 2.8,77

this treatment is similar to the “preionization mechanism”
proposed by Kresge et al.68 Conversely, a larger fraction of the
glycine catalyst will be in the reactive carboxyl form in D2O
than in H2O. Given pKa = 2.34 and ΔpKa = 0.45 gives EIEglycine
= 0.8. Incorporating the EIEC1 and EIEglycine values into eq 7
gives SDKIEintrinsic = 3.0. In comparison, the SDKIEobserved for
H3O

+-catalyzed EPSP hydrolysis at pL 2 was 5.7.68 Applying
the same correction for EIEC1 gives SDKIEintrinsic = 2.1.
The third factor is the nature of the acid catalyst, for which

there is no simple numerical conversion. L3O
+-catalysis

systematically gives lower SDKIEs than carboxylic acid catalysis,
largely due to the inverse secondary KIE on the nontransferred
L-O bonds in L3O

+.20,75 SDKIEs for L3O
+-catalyzed vinyl ether

hydrolyses range from 1.3 to 4.2.13,14,20 SDKIEs for carboxylic
acid-catalyzed reactions include 6.8 for formic acid-catalyzed
ethyl vinyl ether hydrolysis, cf. 2.9 for L3O

+-catalysis,75 and 5.0
for acetic acid-catalyzed prostacylin hydrolysis, cf. 3.0 for L3O

+-
catalysis.78 The SDKIEintrinsic of 3.0 for EPSP hydrolysis was
lower than the other carboxylic acid-catalyzed SDKIEs,
suggesting a later transition state. As carboxylic-acid catalyzed
vinyl ether hydrolysis would be expected to be roughly
balanced or slightly late, based on Brønsted α values (see
Introduction), this suggests a similar or later transition state for
EPSP hydrolysis, bearing in mind the previous caveats about
the difficulty of quantitative interpretation of SDKIEs.
Quantum tunneling has been observed in other hydrogen

(H+, H•, H−) transfer reactions,79 but there was no evidence for
quantum tunneling in α-methoxystyrene (31) protonation,
based on the temperature dependence and the ratio of
preexponential terms in an Arrhenius analysis, with AH/AD
being unity,18,22 or in other vinyl ether hydrolyses.75 A
computational study on the same molecules found small
tunneling contributions for balanced transition states, which
decreased for late transition states and was completely

negligible for TS structures with bond orders for the forming
C−H bond ≥0.65.23

3-14C KIEs. The calculated 3-14C and 3,3-2H2 KIEs varied
systematically as a function of the extent of proton transfer, as
reflected in the nC3−H+ value. Calculated KIEs were maximal for
early and late TS structures and a minimum for balanced
transition states, where nC3−H+ ≈ 0.5 (Figure 2). The 3-14C KIE
correlated with the reaction coordinate contribution, lightν‡/
heavyν‡, while the “structural contribution”, ZPE × EXC × VP,
was essentially independent of nC3−H+. The reaction coordinate
contribution was in turn inversely correlated with the reaction
coordinate frequency, ν‡ (compare Figure 2a, c), with lower
frequencies being correlated with larger lightν‡/ heavyν‡ values.
The source of this correlation becomes apparent when

examining the normal mode corresponding to the imaginary
frequencies (Figure 3). The earliest transition state was 2-TS-
scrf, with nC3−H+ = 0.26. The reaction coordinate consisted
mostly of the in-flight proton (H+) approaching C3. C3 moved
slightly toward the H+ and the H3s moved away as C3
rehybridized from sp2 to sp3 (Figure 3a, Movie S1a). In other
words, movements of C3 and H+ were coupled in the normal
vibrational mode defining the reaction coordinate. This was
typical of early TS structures. The coupling decreased in more
balanced TS structures. 3-TS, with nC3−H+ = 0.49, was typical of
balanced TS structures. There was essentially no coupling of
C3 with H+ (Figure 3b, Movie S1b). In late TS structures
(nC3−H+ > 0.58), with their lower imaginary frequencies, C3
motion once again became coupled with H+, though C3 moved
away from the in-flight proton. Because the H+ vector was
larger than C3′s, H+ “caught up” to C3, and nC3−H+ increased as
H+ moved toward C3 in the reaction coordinate. This was
typical of the late TS structures, with 11-TS representing the
extreme case, with nC3−H+ = 0.77 (Figure 3c, Movie S1c). The
reason for C3 moving away from the in-flight proton was not
clear, but it was a consistent feature of late TS structures. At the
extremes of early and late TS structures, the reaction coordinate
frequency was as low as 121i cm−1 (11-TS), and the reaction
coordinate contribution to the 3-14C KIEs was as high as
lightν‡/heavyν‡ = 1.018 (2-TS-scrf). In more balanced TS
structures, ν‡ ≈ 1200i cm−1, and the reaction coordinate
contribution to the 3-14C KIEs were as low as 1.001 (2-TS).
Presumably in the balanced TS structures, the reaction
coordinate frequency was too high for the heavy C3 atom to
couple with H+ through the weak C3−H+ bond that was being
formed. Coupling of C3 with H+ motion in the early and late
TS structures led to large reaction coordinate contributions to
the calculated 3-14C KIEs.

3,3-2H2KIE. The calculated 3,3-2H2 KIEs were relatively
constant for early TS models, up to nC3−H+ = 0.37 (Figure 2b).
These early TS models had reaction coordinates where C3
moved toward H+ (Figure 3a). Beginning at nC3−H+ = 0.44, the
reaction coordinate had little C3 motion toward H+ (Figure
3b), and there was a roughly linear relationship between nC3−H+
and calculated 3,3-2H2 KIEs (Figure 2b). The reaction
coordinate contributions increased in later transition states,
reflecting coupling of the H3’s motion with H+, while the
structural contribution was generally inverse, reflecting the loss
of out-of-plane bending modes from the reactant’s planar, sp2-
hybridized C3 atom, and increased constraints in bending
modes as C3 was rehybridized toward sp3.59 The scatter in
calculated values was relatively large (Figure 2b), consistent
with previous observations that, even in cases where calculated
heavy atom KIEs match the experimental values very well, there
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was greater variation in calculated 2H and 3H KIEs.50,55,56 The
source of this variability is not known, but it could be due to
contributions from anharmonicity, multidimensional tunneling,
or variational TS effects.
Most of the calculated 3,3-2H2 KIEs for early TS models

matched the experimental value, 1.002, relatively well, and
though there was significant scatter in later TS models, the
trend line matched the experimental value at nC3−H+ = 0.61.
The calculated 3,3-2H2 KIE = 1.04 for 7-TS-scrf (nC3−H+ =
0.61) was above the trend line, but given the greater reliability
of calculated heavy atom KIEs, which matched the experimental
values well, they were given more weight in choosing a TS
model. The high 3,3-2H2 KIE for 7-TS-scrf arose from a less
inverse structural contribution, though the structure around H3
(e.g., nC3−H3, bond angles) was not noticeably different from
those of similar TS models (e.g., 10-TS, nC3−H+ = 0.62, 3,3-2H2
KIE = 0.955, or 11-TS-scrf, nC3−H+ = 0.65, 3,3-2H2 KIE =
1.008).
5′-18O KIEs. Oxacarbenium ion-like TS structures will have

inverse 5′-18O KIEs, as the lone pair electrons of O5′ form a π-
bond with C2. The experimental 5′-18O KIE was inverse: 0.978
± 0.009. The 95% confidence interval was large, even after 10
independent KIE measurements, but it was clearly inverse.
The oxacarbenium ion-like transition states in glycoside

hydrolyses generally give inverse ring 18O KIEs, as the cationic
center at the anomeric carbon is stabilized by π-bonding from
the ring oxygen. They are generally in the range of 0.98−
0.99,26,39,53,80 and in the cases where experimental and
calculated KIEs have been compared, there has been a good
match.39,53 The most relevant comparison for EPSP hydrolysis
is sialoside hydrolysis, where there is a carboxyl group adjacent
to the cationic center (30). The ring 18O KIE for hydrolysis was
0.975.81 The 18O KIE for EPSP hydrolysis would be expected
to be broadly similar to those for glycoside hydrolysis, as the
experimental value, 0.978, was.
The calculated 18O KIEs were mostly inverse, ranging from

0.992 to 1.002 (Table S1). The sole normal KIE, 1.002, was
due to an unusually large reaction coordinate contribution
(lightν‡/heavyν‡ = 1.005). The calculated EIEs for oxacarbenium
ion formation, 0.986−0.996 (Table S2), were more inverse
than the KIEs, as expected given that there is no reaction
coordinate contribution in EIEs, and the oxacarbenium ion is
fully developed. The less-inverse-than-expected IEs appear to
arise from the fact that the calculated O5′−C2 bond order,
nO5′‑C2, increased less than nC2−C3 decreased as the C2−C3
double bond became a single bond. The average increase in
nO5′‑C2 was only 47% of the decrease in nC2−C3 (Figure S2),
whereas in models of glycoside hydrolyses increases in bonding
to the ring oxygen at least equal the loss of the glycoside
bond.39,53,55 In this respect, the computational model of EPSP
hydrolysis did not fully match the experimental values.
Other KIEs. There was no discernible correlation between

nC3−H+ and the other calculated 14C KIEs; i.e., 1-14C, 2-14C
(Figure S1). Given the reliable relationship between structure
and calculated KIEs discussed above, this indicates that the
structures of the “bottom” half of the models were determined
largely by interactions with the general acid, counterions,
solvating waters, or by continuum solvation, and they were only
weakly affected by nC3−H+. There were some correlations
between, for example, the 1-14C and 1,1-18O2 KIEs and the
1-14C and 2-14C KIEs, as these atoms were bonded together,
but none between these KIEs and the 3-14C or 3,3-2H2 KIEs
(data not shown). There was a weak correlation between

nC3−H+ and 1,1-18O2 KIEs (Figure S1). Calculated 1,1-18O2
KIEs increased at high nC3−H+ values due to the C2 cationic
center becoming more electron withdrawing, which in turn
increased nC1−C2 and decreased nC1−O1. The effect was weak,
with all but two of the calculated values falling within the
confidence interval of the experimental 1,1-18O2 KIE. Even
though there was no systematic correlation for these calculated
KIEs, the match of 7-TS-scrf KIEs with the experimental values
was reasonable.

■ EXPERIMENTAL TS STRUCTURE

The best overall match of calculated to experimental KIEs was
for model 7-TS-scrf, a moderately late transition state with
nC3−H+ = 0.61. The calculated 3-14C KIEs best matched the
experimental value of 1.009 ± 0.005 for moderately early and
late TS structures (nC3−H+ = 0.37 and 0.64, respectively), with
the calculated KIEs for balanced transition states dropping
below the experimental KIE’s 95% confidence interval. The
best matches of calculated to the experimental 3,3-2H2 KIE of
1.002 ± 0.010 were for very early TS models, and for nC3−H+ ≈
0.6. Other evidence supports a moderately late transition state.
The SDKIEintrinsic value was lower than the maximum literature
values, indicating a slightly later transition state. The
experimental 5′-18O KIE was inverse and large, 0.978 ±
0.009, similar to the value of 0.975 for a sialyl glycoside
hydrolysis reaction, for which the KIEs indicated a highly
oxacarbenium ion-like transition state.81 The general acid
catalyst in 7-TS-scrf was a carboxylic acid, consistent with the
fact that, under the experimental conditions in this study, the
general acid catalyst was acetic acid rather than H3O

+.18,68 All
computational models with early transition states (nC3−H+ <
0.44) had hydronium ion as the acid catalyst, while all but one
of the transition states with nC3−H+ > 0.49 had a carboxylic acid
catalyst, again supporting a moderately late transition state.
This conclusion is supported by the calculated KIEs for 7-

TS-scrf. While there was no systematic relationship between
nC3−H+ and the calculated 1-14C and 2-14C KIEs, there was a
good match between the calculated 14C KIEs for 7-TS-scrf
(nC3−H+ = 0.61) and the experimental KIEs (Table 1), except
that the calculated 5′-18O KIE was less inverse than expected, as
discussed above. The calculated 1-14C KIE was within
experimental error of the experimental value. The trend line
for calculated 3,3-2H2 KIEs matched the experimental value at
nC3−H+ = 0.61. The calculated KIEs for 10-TS (nC3−H+ = 0.62)
and 11-TS-scrf (nC3−H+ = 0.65) were also in reasonable
agreement with the experimental values. Together these
calculated KIEs demonstrate a moderately late experimental
TS structure, with nC3−H+ ≈ 0.6.

■ CONCLUSIONS

TS analysis of acid-catalyzed EPSP hydrolysis demonstrated
that it had a transition state with significant oxacarbenium ion
character and a stepwise AH

‡*AN mechanism. That is, the
reaction proceeded through rate-limiting and irreversible
protonation at C3 to form an oxacarbenium ion intermediate.
The rate-limiting nature of proton transfer was demonstrated
by the large solvent deuterium KIE, while the lack of solvent
hydron incorporation into EPSP showed that C3 protonation
was irreversible. The primary 3-14C KIE correlated with the
extent of proton transfer at the transition state, as did the
secondary 3,3-2H2 KIEs to a lesser extent. The 3-14C KIE was
dominated by the reaction coordinate contribution,
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lightν‡/heavyν‡, which reflected coupling of C3 with the
transferring proton, H+, in the reaction coordinate. The
experimental KIEs indicated a slightly late transition state,
with a C3−H+ bond order, nC3−H+ ≈0.6. The inverse
experimental 5′-18O KIE supported an oxacarbenium ion-like
transition state. The calculated KIEs in the “bottom” half of the
model compounds, i.e., 1-14C, 2-14C, and 1,1-18O2, were
dominated by interactions with the counterions and solvation
in the computational models, and they did not correlate with
the extent of proton transfer, nC3−H+. Nonetheless, there was a
good match of the calculated KIEs for model 7-TS-scrf with the
experimental KIEs. This transition state reveals the intrinsic
reactivity of EPSP, and comparison with the AroA-catalyzed
reaction illustrates how the enzyme interacts with this reactivity
to catalyze its reaction.33
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