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ABSTRACT: Enolpyruvylshikimate 3-phosphate synthase (EPSP synthase, AroA) catalyzes the sixth step
in aromatic amino acid biosynthesis. It forms EPSP from shikimate 3-phosphate (S3P) and phospho-
enolpyruvate (PEP) in an addition/elimination reaction that proceeds through a tetrahedral intermediate.
In spite of numerous mechanistic studies, the catalytic roles of specific amino acid residues remain an
open question. Recent experimental evidence for cationic intermediates or cationic transition states, and
a consideration of the catalytic imperative, have guided this study on the catalytic roles of Lys22 (K22),
Asp313 (D313), and Glu341 (E341). Steady-state and pre-steady-state kinetics and protein stability studies
showed that mutations of D313 and E341 caused k., to decrease up to 30 000-fold and 76 000-fold,
respectively, while the effects on Ky were modest, never more than 40-fold. Thus, both are identified as
catalytic residues. In an active site that is overwhelmingly positively charged, the D313 and E341 side
chains are positioned to form an “electrostatic sandwich” around the positive charge at C2 in cationic
intermediates/transition states, stabilizing them and thereby promoting catalysis. Mutation of K22 showed
large effects on Ky s3p (100-fold), Ky pep (>760-fold), and up to 120-fold on kcy. Thus, K22 had roles in
both substrate-binding and transition-state stabilization. These results support the identification of E341
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and K22 as general acid/base catalytic residues.

The reaction catalyzed by enolpyruvyl shikimate 3-phos-
phate synthase (AroA, also called EPSP synthase) has been
extensively characterized and >30 crystal structures have
been solved; however, the catalytic roles of individual amino
acid residues remain an open question. Identifying their roles
is essential to understanding how AroA catalyzes its reaction
and eventually to designing AroA inhibitors."

AroA is a carboxyvinyl transferase that forms enolpyruvyl
shikimate 3-phosphate (EPSP) and phosphate (P;) from
shikimate 3-phosphate (S3P) and phosphoenolpyruvate
(PEP) (Figure 1) as part of the shikimate biosynthetic
pathway in bacteria, plants, and some parasites (/, 2).
AroA is a potential antibacterial target, as knockout strains
are avirulent (3, 4). In plants, it is the target of the herbicide
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glyphosate (5). Its only homologue, MurA, is also a
carboxyvinyl transferase and is part of the peptidoglycan
biosynthetic pathway in bacteria. It is the target of the
antibiotic fosfomycin (6).

The AroA and MurA reactions involve an addition step
to form a tetrahedral intermediate (THI) followed by an
elimination step to form the enolpyruvyl product (1, 7, §).
AroA accelerates THI breakdown >103-fold relative to
nonenzymatic breakdown (9). We recently showed that AroA
is capable of stabilizing the EPSP cation in the active site
(Figure 1) (10), and that it must activate the enolpyruvyl
group for the reaction to occur. It was not possible to
distinguish whether the elimination step normally involves
a discrete EPSP cationic intermediate or a highly cationic
E2 transition state with P; departure leading deprotonation,
but, in either case, a cationic transition state will be formed.
For simplicity, we refer to cationic intermediates throughout
this report with the understanding that addition and/or
elimination may be concerted. Factors that stabilize the
putative cationic intermediates will also stabilize concerted,
highly cationic transition states. Solvent tritium exchange at
PEP C3 in the presence of the substrate analogue 4,5-
dideoxyshikimate 3-phosphate indicates that AroA can also
stabilize the PEP cation in the addition step (//), indicating
that both steps require enolpyruvyl activation and proceed
through cationic transition states.
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FIGURE 1: The AroA-catalyzed reaction, showing the noncovalent THI and EPSP cationic intermediate.
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FIGURE 2: Acid—base catalytic residues proposed in various studies. Solid lines represent the forward reaction to EPSP + P;, dotted lines
the reverse reaction, and the thick line indicates a step operating in both forward and reverse reactions. (a) Mizyed et al. (/2), (b) Eschenburg
et al. (22), and (c) An et al. (23). General base catalysis by D313 was also proposed by Park et al. (24).

THI partitioning experiments identified residues K22 and
E341 as acid/base catalytic residues (/2) (Figure 2a). With
[1-'“C]THI as the substrate, AroA favors the forward reaction
to EPSP + P; over the reverse reaction to S3P + PEP in a ratio
of 3:1 (12, 13). If a particular amino acid stabilizes the transition
state for only the forward reaction, then mutating it will cause
THI partitioning to shift completely to the reverse reaction and
vice versa. All 18 amino acid side chains within 5 A of the
reactive atoms in the THI were mutated, but none caused
significant shifts in partitioning, indicating that the catalytic
residues that promote THI breakdown are the same in the
forward and reverse reactions. THI partitioning was consistent
with either D313 or E341 deprotonating C3, but only E341
would give the correct overall stereochemistry for the
reaction (/4—19). This would imply that E341 is also the
general acid catalyst that protonates C3 in the addition step.
K22 was proposed to deprotonate S3P O5’H in the addition
step and to protonate the phosphate bridging oxygen in the
elimination step. This is consistent with experimental (9) and
computational (20) studies which show that phosphate
elimination is promoted only by protonation of the bridging
oxygen, not the nonbridging oxygens. It is also consistent
with the experimentally estimated pK, of 7.6 for K22, 3 pH
units below an unperturbed Lys side chain (27). This places
over half of K22 in the neutral form at physiological pH, as
required for K22 to act as a general base in THI formation.

Other mechanisms have been proposed using some
combination of K22, D313, and E341 as acid/base catalytic

residues. One proposal was based on two remarkable THI-
containing crystal structures, AroA(D313A)+THI and the
equivalent MurA mutant, MurA(D305A) - THI (22). K22 was
proposed to be both the acid and base catalyst in the addition
step, protonating PEP C3 and deprotonating S3P O5'H
(Figure 2b), while D313 was proposed to be the general base
catalyst in the elimination step, deprotonating C3 via O4’H
(Figure 2b). Other mechanisms have D313 deprotonating S3P
O5’H in the addition step (23, 24) and E341 protonating C3
(23), while substrate-assisted catalysis promotes the elimina-
tion step, with phosphate deprotonating C3 (Figure 2¢) (17, 23).
We have examined mutations to the proposed catalytic
residues in light of the competing mechanistic proposals. Some
AroA mutations have been reported previously to decrease
specific activity (12, 21, 22, 25—32), but detailed kinetic
characterization has generally been lacking. Our steady-state
kinetic analysis revealed that K22’s greatest contribution is to
substrate binding, while D313 and E341 are primarily catalytic
residues. This is consistent with E341’s proposed role as an
acid/base catalyst. In addition, E341 and D313 are proposed to
form an “electrostatic sandwich” to stabilize the cationic
intermediates of THI formation and breakdown.

EXPERIMENTAL PROCEDURES

Enzymes and Substrates. Recombinant wild-type Escheri-
chia coli AroA, His-tagged AroA (AroAys), and AroA mutants
were produced as described previously (/2), except that AroAyg
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was overexpressed at 18 °C, rather than 37 °C. The active site
concentration of AroAys was determined, as previously, by
titration of Trp fluorescence with S3P in the presence of excess
glyphosate (12, 33). The lower expression temperature caused
no change in AroAge’s kinetic constants, but it did result in a
higher percentage of active protein after purification, increasing
from 40—50% to as high as 80%. Active site titrations with
mutant proteins were not successful because of the decreased
affinity for S3P and were not routinely performed. Instead, the
protein concentration was used for calculating kinetic constants.
The modest effects of the mutations on protein stability (see
below) suggest that the percentage of active protein would be
similar between AroAye and the mutant proteins. New mutants
were produced using the same Quikchange-like strategy as
before (/2). Shikimate 3-phophate (S3P) was produced as
described previously (72).

Steady State Kinetics. Some reaction rates were determined
as described previously using [**P]PEP and ion exchange
TLC to detect [**P]P; formation (/2). However, this method
gave artifactually high rates for low-activity mutants where
high protein concentrations were needed, so reaction rates
were routinely determined from P; product formation using
the Malachite Green/ammonium molybdate (MG/AM) assay
(34, 35) in 96 well microtiter plates with 1/2 area wells. MG/
AM solution contained 0.063% Malachite Green, 0.1%
Tween 20, and 2.1% ammonium molybdate in 2 M HCI.
Reactions were started by adding 15—25 uL of reaction
buffer containing enzyme and one substrate held at a fixed
concentration to an equal volume of reaction buffer contain-
ing the variable substrate. Reaction starting times were
staggered so that all reactions finished within 10 min of each
other, at which time 50 uL of MG/AM solution was added.
After 90 s, 10 uL. of 34% sodium citrate was added, and
Ageo was measured 30 min later. The assay is nonlinear at
very low [P;], presumably due to incomplete P; complexation
by the MG/AM reagent; thus, K,HPO, (typically ca. 5 uM)
was added to the MG/AM solution to ensure that incremental
P; produced by AroA would be in the linear range.

Rates were measured with one substrate concentration held
fixed, generally [S3P] = 3 mM or [PEP] = 8 mM. The other
substrate concentration was varied from 0.1 to 10 x Ky,
though in some cases it was not possible to reach 10 x Ky
before contaminating P; in the S3P or PEP (generally ~1%)
saturated the MG/AM assay. In all cases, there was no P;
formation if either substrate was absent, indicating that the
observed activity did not arise from contaminating phos-
phatases, and that the AroA mutants did not hydrolyze PEP
in the absence of S3P.> Wild-type AroA reactions were in
50 mM Tris-HCI, pH 7.5, 100 mM KCl, 1 mM EDTA, and
1 mM DTT at 25 °C, as were some AroAyg reactions. Other
AroAye rate assays and all the mutant rate measurements
were under the same conditions, except with 50 mM KCl,
as noted in the Results section. At least four independent
[S] versus vy/[E]y profiles were combined when determining
the steady-state kinetic constants.

The AroA kinetic mechanism is random sequential with
synergistic substrate binding (36, 37). In this study, because
one substrate was always kept fixed at a high concentration,
it was possible to neglect substrate synergism and fit the rate
data to eq 1:
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k., [S3P][PEP]
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(kea/ Kn)szp and (ke./Ky)pep values were fitted directly to eq
2 rather than from the individual k. and Ky values.
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Thermal Denaturation. Thermal denaturation of AroAys
was irreversible, so true melting temperatures could not be
determined. Using fast heating rates (10 °C/min) to minimize
precipitation, apparent melting temperatures were measured
from the decrease in intrinsic Trp fluorescence as a function
of temperature. AroAye (1 M) or mutants in 50 mM Tris-
HCI, pH 7.5, I mM EDTA, 100 mM KCI, and 1 mM DTT
were placed in a fluorescence cuvette and heated from 20 to
80 °C with A, = 280 nm and A, = 338 nm.

Acrylamide Fluorescence Quenching. The solvent acces-
sibility and flexibility of the active site were assessed using
acrylamide quenching of the intrinsic Trp fluorescence.
Conditions were the same as for thermal denaturation, with
spectra collected at 20 °C and 0.5 or 1 uM protein. Aliquots
of 10 M acrylamide were titrated into the enzyme solution
up to ~1 M acrylamide. The Stern—Volmer constant, Kgy,
was determined by fitting the fluorescence versus [acryla-
mide] data directly to eq 3 (38):

F A
FO = (1 + Ky [acrylamide])e"l*imide] 3)

where Fj is the initial fluorescence, F is fluorescence at a
given [acrylamide], Kgy is the Stern—Volmer constant, the
collisional component of quenching, and V is the static
quenching component.

Active Site Model. A model of the AroA active site was
generated from the E. coli AroA(D313A)-THI crystal
structure (PDB code: 1Q36) (22) and Streptococcus pneu-
moniae AroA+F-THI (1RF4) (24) (see Figure 6). The model
consists of the THI and side chains from 1Q36, except for

2 In principle, P; could have been formed by PEP hydrolysis in the
presence of S3P or THI breakdown to {S3P + pyruvate + P;}.
However, previous partitioning studies showed that using [1-'*C]THI
as a substrate produced [1-"*C]PEP and [1-"“C]EPSP, but no [1-"C]pyru-
vate (/2). This was true for AroAgs, K22A, K22R, D313A, D313N,
H385A, E341A, and E341Q. If THI breaks down normally, then the
principle of microscopic reversibility requires that THI formation must
be able to occur in the forward reaction. If mutant AroAs did produce
{S3P + pyruvate + P;} at very low rates instead of {EPSP + P;}, then
it would simply indicate that the normal reaction was even slower than
the observed rate and the conclusion that those residues are catalytically
important would not be affected. As described below, AroA’s main
catalytic imperative is to form a PEP cation intermediate or a highly
cationic transition state. If a hypothetical mutant stabilized a PEP cation
with wild-type efficiency, but used a water nucleophile (forming
pyruvate) instead of using S3P (forming EPSP), then the enzyme’s
catalytic ability would be considered uncompromised and the defect
would be in S3P binding or localization. Conversely, to the extent that
P; production is slowed, the mutant enzymes are catalytically compro-
mised even if pyruvate were to be formed.
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Table 1: Steady-State Kinetic Parameters for Wild-Type AroA and Hise-Tagged Protein AroApye”

(kea! Knp)ssp (kea Knp)pep
keat (s71) M™"-s7h M5 Kyissp (M) Kyiper (M) Ksy M7
AroAg (50 mM KCI) 3241 1.8 (£0.4) x 10°  8(+2) x 10° 1.8(£0.4) x 105 4.0(x09) x 10°° 49+02
AroA (100 mM KCI) 13+1 15(£0.2) x 10° 9 (1) x 10° 1.1 (£0.2) x 104 15 (£0.3) x 1074
AroA (100 mM KCI) 1441 9.6(£0.9) x 10° 8.6 (£0.8) x 10* 1.4 (£0.2) x 107 1.6 (£0.2) x 107

“ Reactions were performed in 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, and 1 mM DTT at 25 °C and either 50 or 100 mM KCI. Reaction rates were
followed by the Malachite Green/ammonium molybdate assay for P; formation for AroAys in 50 mM KCI or by anion exchange TLC following
conversion of [**P]PEP to [**P]phosphate for the other reactions, as described previously (12).

D313, which is from 1RF4 (D312 in S. pneumoniae AroA).
The structures were very similar to each other, except for
the D313A mutation in 1Q36 and movement of the E340
side chain (equivalent to E341 in E. coli) in 1RF4 in response
to the electronegative fluorine atom in the F-THI. The active
sites were superimposed using the residues D49, R100, R124,
Q168, K340, R344, H385, R386 and the THI from 1Q36,
and, for 1RF4, the residues D47, R96, R120, K339, R343,
H384, R385 and the F-THI, except for the fluorine atom.
The root-mean-squared difference in all atom positions was
0.7 A. AroA-bound PEP was modeled into the same structure
by superimposing the carboxylate and phosphate of PEP with
the THI, while the EPSP model was built by superimposing
the carboxylate and O5” of the S3P moiety.

RESULTS

Kinetic Constants. Steady-state kinetic constants for wild-
type recombinant E. coli AroA and AroA with a C-terminal
Hise tag, AroAye, were essentially identical (Table 1, Figure
3). Decreasing KCI from 100 to 50 mM increased k., and
decreased Ky;. Steady-state kinetic constants were determined
for each mutant protein (Table 2, Figure 4), except Ky pep
could not be determined for K22A. The [PEP] versus v,
profile was linear up to the highest [PEP] tested, 30 mM
(data not shown), so only a lower limit could be estimated
of Ky pep >30 mM. The lack of curvature also meant that
ke could not be determined, but (keu/Ky)pep Was 9 M~ 1es™1
Given the (kc,/Km)pep value and Ky ppp >30 mM, the lower
limit of k. would be >0.3 s~!. Thus, the effect of the
mutation on k¢, was <120-fold, and for Ky pgp it was >760-
fold. The effect of the K22R mutation was smaller, 10-fold
on kg, and 60-fold on Ky pgp.

Thermal Denaturation and Fluorescence Quenching. Ther-
mal denaturation of AroApe and mutants was irreversible,
and the proteins precipitated. The range of apparent melting
temperatures was small, from 59 °C for D313A to 63 °C
for K22R, compared with 61 °C for AroAye.

Acrylamide quenching of Trp fluorescence was also used
to probe protein stability and flexibility (38). Trp337 is in
the protein core near the active site and is presumably the
residue whose fluorescence decreases upon S3P binding
(12, 33). Acrylamide quenches fluorescence if it makes
contact with electronically excited Trp. The concentration
dependence of quenching reflects the protein’s flexibility in
allowing acrylamide to diffuse into the protein core. Acry-
lamide quenching is reported as Kgy, with higher values
indicating higher flexibility (38). Ksy was 5.1 M~! for
AroAyg and from 4.7 M~! for D313A to 6.8 M~! for E341Q
(Table 2). Other proteins have shown >3-fold ranges in Ksy
(39); therefore, the small range observed here again indicates
that mutations had modest effects on AroA’s active site.
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FIGURE 3: Steady-state kinetics for AroAy and D313L, the mutant
with the largest decrease in k.,/Ky values, showing Hanes plots
and (inset) vy versus [S]. (a) AroApe, variable S3P, (b) AroApe,
variable PEP, (c) D313L, variable S3P, and (d) D313L, variable
[PEP]. Rate data were fitted to eq 1 with kcy, Ky pep, and Ky ssp all
fitted simultaneously. Fixed substrate concentrations were [S3P]
=3 x 103 M and [PEP] = 8 x 107> M.
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Presteady State Burst. One of the proposed mechanisms
(Figure 2b) would predict a pre-steady-state burst of THI
formation in the D313A mutant (see Discussion) (22). THI
formation would be detected as P; in the MG/AM colori-
metric assay because the THI is unstable under the acidic
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Table 2: Steady-State Kinetic Parameters and Stern—Volmer Constants for AroA Mutants®”

AroAys (kead Kn)ssp (ke Kni)pep

mutant keat (571 M™'+s7h M™'-s7h Kyi.s3p (M) Kyipep (M) Ksy M7
K22A¢ >0.3 — 942 2.0 (£0.7) x 1073 >0.03 5.1+0.1
K22R 3.0£0.2 1.6 (£0.2) x 10* 1.2 (£0.2) x 10° 1.9 (£0.3) x 107 2.5(£0.5) x 1073 6.0 £0.1
D313A 1.2 (£0.1) x 1073 6+2 441 2.1(£0.7) x 1074 2.8 (+£0.9) x 107 47+0.1
D313N 1.8 (£0.1) x 1073 942 10+2 2.0 (£0.6) x 107* 1.9 (£0.5) x 107 55+0.1
D313L 1.1 (£0.1) x 1073 1.6 0.2 0.7+0.1 7 (£1) x 107* 1.6 (£0.3) x 1073 58+0.1
D313C 0.026 + 0.003 68 + 14 20+ 4 4(£1) x 107* 1.3 (£0.4) x 1073 6.3+0.7
E341A¢ 42 (£04) x 1074 542 943 1.0 (£0.4) x 107* 5(£2) x 107 6.1 +£0.2
E341Q 1.1 (£0.1) x 107* 27+ 11 1.34+0.5 4 (£2) x 107 9 (+4) x 107* 6.8+ 0.1
E341C¢ 3.6 (+0.2) x 1073 44 + 11 21 +7 8 (£2) x 107 1.7 (£0.6) x 107* 58+0.1
E341M 1.7 (£0.1) x 1073 50+ 13 09+0.1 3.5(+0.9) x 107 1.9 (£0.3) x 1073 51+03
H385A 0.41 £ 0.06 4 (£1) x 103 3 (£1) x 10? 9 (£3) x 107? 1.5 (£0.7) x 1073 5.1£0.1

“Reactions were as in Table 1 with 50 mM KCI and with P; product detection with Malachite Green/ammonium molybdate. * Errors are the standard
errors of the measured or fitted values. © Ky pgp Was too high to measure. A plot of [PEP] vs vy was straight, up to the highest [PEP] tested, 30 mM,
indicating that Ky pgp was >30 mM. As a result, only (k../Kw)pep could be determined. Because the kinetic constants for S3P and PEP are interrelated by
eq 1, this means that ke, and (kea/Kwm)ssp also cannot be determined. Ky ssp was estimated from the one substrate Michaelis—Menten equation (vy =
kel SIEV([S] + Kw)), ignoring [PEP]. Given (keo/Kv)per = 9 M~ '+s™! and Kypep >0.03 M, it is possible to set a lower limit of k., >0.3 s™'. ¢ Given
the small changes in Ky values for E341A and E341C, it is possible that the observed activity was due to contaminating wild-type AroA. Thus, the
reported values of k., and k.,/Ky would represent the upper limits of mutant activities, and they could be much lower.
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FIGURE 4: Catalytic impairment of mutations to K22, D313, E341,
and H385. Values of k., and Ky are plotted relative to wild-type
AroAge.

quenching conditions, breaking down to S3P, pyruvate, and
P; with #;, ~1 s (9). No pre-steady-state burst was observed
with D313A (Figure 5).

DISCUSSION

Catalytic Imperative. The exact catalytic roles of AroA
active site residues have been elusive. Determining their
function requires consideration of the reaction’s catalytic
imperative, that is, which parts of the reaction require the
greatest transition-state stabilization. AroA activates the
enolpyruvyl group to form either cationic intermediates or
highly cationic transition states in the addition and elimina-
tion steps (10, 11). Protonating C3 of PEP or EPSP is highly
unfavorable, requiring >15 kcal/mol (40, 41). Once a cation
is formed, nucleophilic attack will be almost barrierless
(42—45). Thus, in THI formation, the greater catalytic impera-
tive is in protonating C3. In THI breakdown, forming the
cationic intermediate will be the difficult step, with C—O bond
cleavage potentially catalyzed by stabilizing the cationic center
at C2 and by protonating O5’ for S3P departure or the bridging
oxygen for P; departure (9, 20). Deprotonating C3 of a cationic
intermediate will be thermodynamically favorable (4/) and
kinetically facile (40), requiring little catalytic power.

The catalytic imperative for THI breakdown is smaller than
for its formation, as shown by the rates of the corresponding

150

125 |

8

[Pi] (uM)

8

0 30 60 920 120
time (min)
FIGURE 5: No pre-steady-state burst with D313A. The rate of P;
formation was measured with 20 uM D313A, 3 mM S3P, and
varying PEP concentrations. THI would be detected as P; formation,
as it is unstable in the acidic MG/AM assay solution used to detect
Pi, with hp ~1s.

nonenzymatic reactions. EPSP hydrolysis and THI break-
down both proceed through an EPSP cationic intermediate,
but with rate constants of 7.7 x 107% s™! (J0) and 4.8 x
107* 571 (9), respectively, at pH 7.5 and 25 °C. The 6200-
fold difference in rate constants represents 5.2 kcal/mol
higher activation energy for EPSP hydrolysis. PEP break-
down under these conditions occurs through P—O bond
cleavage with a rate constant of 1 x 1078 s7! (46), meaning
that C—O bond cleavage through C3 protonation is even
more unfavorable. Thus, the catalytic imperative for forming
the PEP cation is even higher than for the EPSP cation. The
greater catalytic imperative in both the forward and reverse
reactions is THI formation, rather than THI breakdown.

For wild-type AroA, the transition-state energies for each step
are roughly equivalent, with the activation energy for PEP
binding being slightly higher than for THI formation (/3). Thus,
AroA exerts its greatest catalytic power in THI formation,
lowering the activation energy for the most chemically chal-
lenging step to below that for substrate binding.

Acid/Base Catalytic Residues. Based on THI partitioning
experiments, we proposed previously that K22 was the general
acid/base catalyst acting at O5” and the phosphate oxygen, and
that E341 was the general acid/base catalyst to protonate/
deprotonate C3 (Figure 2a) (/2). K22 is well located to interact
with both the O5’H and phosphate oxygen atoms (Figure 6a).
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(a)
E341 E341

(b)

distance to C2(A)

PEP_THI _EPSP

D31305 3.7 35 27

E£341 E3410s 32 37 42

D31

FIGURE 6: AroA -ligand interactions. C2 is indicated by an asterisk.
(a) Interaction of K22 Ne (blue) with O5” and phosphate oxygens
of the THI (light-green). (b) C2 migration from PEP (cyan) to THI
(green) to EPSP (yellow). The models of AroA with PEP, THI,
and EPSP are described in the Experimental Procedures.

Both D313 and E341 were plausible candidate acid/base
catalysts; however, numerous studies on the absolute and
relative stereochemistries of AroA and MurA indicate anti
addition with protonation on the si face of PEP (/4—19), which
would require that E341 be the acid catalyst.

Another recent mechanistic proposal was based on the
AroA(D313A)+THI and MurA(D305A)«THI crystal struc-
tures (Figure 2b). K22 was proposed to both protonate C3
and deprotonate O5’H in the addition step, while D313 was
proposed to be a base in the elimination step, using O4'H as
a proton relay to deprotonate C3 (22). No general acid
catalyst was identified for the elimination step. Several lines
of evidence argue against this mechanism. It would create
the opposite stereochemistry of that observed experimentally
(14—19); K22 is poorly positioned to protonate C3 (Figure
6a), and THI partitioning experiments do not support this
mechanism. With THI as the substrate, K22 mutations should
have abolished S3P + PEP formation, while D313 mutations
should have prevented EPSP + P; formation. In both cases,
there was no significant change in THI partitioning (/2). A
corollary to D313 being a general base catalyst and essential
for P; elimination is that THI would accumulate in the D313A
mutant’s active site, giving a pre-steady-state burst of THI
formation (22). However, this was not observed for the
D313A mutant (Figure 5). Thus, on the basis of the poor
positioning of K22 to protonate C3, the incorrect stereo-
chemistry, THI partitioning results, and the lack of a pre-
steady-state burst in D313A, this mechanism does not
account well for the observed behavior of AroA.

The observation of THI bound with AroA(D313A) in the
crystal structure is not necessarily surprising. At equilibrium
in solution, the species bound in the wild-type AroA active
site are 4% {S3P + PEP}, 33% THI, and 61% {EPSP +
P;} (). Thus, it would require only a modest shift in
enzyme—substrate interaction energies to cause the THI to
become the dominant species in the crystal.
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Another proposed mechanism had E341 protonating C3
and D313 deprotonating O5’H in the addition step (23). In
this proposal, phosphate promotes its own departure by
deprotonating C3. Deprotonation of C3 by phosphate is in
itself reasonable, but the overall mechanism does not match
the THI partitioning results. The D313A and E341A muta-
tions both caused >25 000-fold decreases in k., which should
have resulted in the THI partitioning completely forward to
EPSP + P;, which was not observed. Also, protonation of a
nonbridging phosphate oxygen would not catalyze P; depar-
ture; only protonation of the bridging oxygen will do
so (9, 20).

Lys22. The K22A mutation caused a >760-fold increase
in Ky pep and a >100-fold increase in Ky s3p, indicating an
important role in binding both substrates. The exact effect
on kg, is not known, but could be as much as 120-fold. K22
Ne is well located to interact with both O5” and the phosphate
bridging oxygen (Figure 6a). Although the effect on kcy is
modest compared to some acid/base catalytic residues, other
cases of modest catalytic contributions are known (48, 49).
General base catalysis may not be important in THI forma-
tion because of the extreme reactivity of the presumed PEP
cationic intermediate. Neutral O5"H would be able to attack
without prior deprotonation, and, therefore, removing the
base that deprotonates O5’H would have a relatively modest
effect on catalysis.

In THI breakdown, both cationic intermediate stabilization
and general acid catalysis may contribute to catalysis. General
acid catalysis by K22 would activate the O5'H and P; leaving
groups for departure, and, indeed, this may account for the
observed effect on k., upon mutation. The smaller activation
energy for THI breakdown than formation and the catalytic
effect of electrostatic stabilization of the cationic intermedi-
ates may combine to decrease the need for general acid
catalysis in the elimination step.

The K22R mutation had only a 10-fold effect on kcy,
presumably reflecting electrostatic stabilization of the anionic
leaving groups in THI breakdown or possibly general acid
catalysis by the guanidinium group. Arg is generally a poor
general acid catalyst, with an unperturbed pK, = 12.5.
However, that is lower than S3P’s O5’H (pK, ~17) and
similar to PO~ (pK, ~12.3), and the Arg side chain in K22R
is located in an environment that lowers the Lys pK, by 3
pH units (27), so general acid catalysis, though unlikely,
cannot be completely ruled out.

Carboxylate Mutations. Mutations to both D313 and E341
caused large decreases in k., and small increases in Ky,
which indicates that both residues are crucial to catalysis.

Asp313. D313 mutations decreased k., up to 30 000-fold,
but increased Ky values no more than 40-fold. Neither Asn,
which is isosteric and polar, nor Leu, which is roughly
isosteric and nonpolar, could replace Asp. The k., effect on
D313C was smaller, 1200-fold. Cys is ionizable and could
potentially act as an acid/base catalyst, or the thiolate form
could stabilize cationic intermediates electrostatically. At pH
7.5, Cys would be 16% in the anion form assuming an
unperturbed pK, = 8.3. This would account for the higher
catalytic activity for D313C than for D313A.

Glu341. E341 mutations decreased k., up to 76 000-fold,
while Ky values increased by less than 20-fold. None of the
other side chains tested significantly rescued the E341A
mutation, including Gln which is isosteric and polar, Met
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D313-CO0™--%----"00C—E341

FIGURE 7: Electrostatic sandwich in (top) cartoon and stereo
representations (bottom) of the EPSP cation model. C2 is indicated
by an asterisk. PEP and EPSP are good models for the structures
of the corresponding cations; the C2—C3 bonds lengthen by ~0.3
A and the C2—05/C2—02 bonds shorten by ~0.3 A in the cation
forms, but the overall geometry is essentially identical.

which is roughly isosteric and nonpolar, and Cys which is
ionizable but has a shorter side chain than Glu. The effects
on Ky s3p were modest, 2- to 5-fold. The effects on Ky pgp
with the shorter side chain mutants were also modest, 1.2-
fold for E341A and 4-fold for E341C. This implies little or
no direct interaction between E341 and the substrate PEP.
The effects on Ky pep Were larger for the other mutants, 22-
fold for E341Q and 49-fold for E341M. This indicates some
unfavorable interactions with PEP, possibly as a consequence
of changes in the side chain conformation. The effect of the
H385A mutation is consistent with that interpretation. H385
is positioned to form a 2.7 A hydrogen bond with E341 and
to orient the carboxylate group. It had a 37-fold effect on
Kwmpep, similar to E341Q and E341M, even though it does
not make direct contact with the substrates.

In some proposed mechanisms, including ours, E341 acts
as an acid/base catalyst, while it has no specific role in other
proposals. E341 is positioned in most crystal structures to
both act as an acid/base catalyst and stabilize cationic
intermediates (Figure 6b,7), though in the AroA-F-THI
crystal structure it moves away from the electronegative
fluorine atom of the F-THI (24).

Electrostatic Sandwich. D313 and E341 are positioned on
either side of the positive charge in the proposed cationic
intermediates, forming an “electrostatic sandwich” (Figure
7). With the EPSP cation, the P; product may also be
positioned to form part of the electrostatic sandwich (Figure
7). AroA’s active site consists of many cationic side chains
and a small number of carboxylate side chains. Binding S3P
(charge = —3) and PEP (charge = —3) in the active site
requires overcoming significant electrostatic repulsion to
bring the negative charges into close proximity. The effect
of ionic strength is consistent with most enzyme—substrate
contacts being ionic; decreasing KCI from 100 mM to 50
mM increased k., 2.4-fold and decreased Ky ~5-fold (Table
1). Lower ionic strength decreases dielectric screening and
increases the strength of electrostatic interactions, tightening
substrate binding and increasing charge stabilization in the
cationic intermediates.

The D313 and E341 carboxylate groups bracket the
putative cationic center (Figure 7). D313 and E341 are
conspicuously outnumbered by the surrounding cationic side
chains in the active site, but well located to stabilize a
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positive charge at C2. As the enolpyruvyl group is trans-
formed from PEP to the THI and then to EPSP, C2 migrates
by ~1 A. In all these structures, both carboxylate residues
are close enough to stabilize a charge at C2, particularly
given the 1/r distance dependence that makes electrostatic
interactions effective over longer distances than hydrogen
bonding or van der Waals interactions. The observed
distances are based on a rigid active site; however, AroA
crystal structures show domain-scale motions upon ligand
binding, plus conformational changes in the loop containing
E341 (24, 50—52) and E341 side chain movements (24, 53).
Trp fluorescence changes upon ligand binding also point
toward conformation changes (33, 54, 55), as do hydrogen—
deuterium exchange studies (56). Thus, while the observed
C2---carboxylate distances are already reasonable, it is likely
that further conformational changes would occur during
catalysis to optimize these interactions.

The departing P; product may also stabilize the EPSP
cation electrostatically. P; increases catalysis 10°-fold in the
reverse reaction, as determined from the k., values for AroA-
catalyzed EPSP hydrolysis versus the normal reverse reaction
of EPSP + P; to S3P and PEP (10, 54), though its exact
electrostatic contribution would be difficult to distinguish
from the conformational change induced upon P; binding (54)
or differences in transition state structure.

Electrostatic stabilization by D313 is consistent with the
fact that neither the Asn nor Leu mutants rescued D313A’s
activity, but that Cys showed a slight improvement relative
to Ala. Cys is ionizable, and, although the sulfur atom of
the thiolate form would be further from C2 than Asp 00, it
could potentially stabilize the cationic center. If D313 is
providing electrostatic stabilization, then the equivalent
residue in MurA, D305, would be expected to play the same
catalytic role. This is supported by the MurA(C115S)-EP-
UDPGIcNAc-P; crystal structure, where D305 OO was
positioned 3.1 A from C2 (47). This structure is also
consistent with a role for P; in an electrostatic sandwich,
which has a C2+++O distance of 3.3 A. There is no strict
counterpart for E341 in MurA; CI115 was previously
proposed as a general acid/base catalyst that would play the
same role as E341 (57), but more recent evidence suggests
a role in product dissociation (47).

CONCLUSIONS

Previous studies on AroA’s mechanism, including our own
(12), have tended to focus on acid/base catalytic residues.
However, the large catalytic imperative to activate the
enolpyruvyl group to form a cation intermediate or cationic
transition states, and the large catalytic roles for D313 and
E341, point to electrostatic stabilization of positive charge
at C2 as an important catalytic strategy. The experimental
evidence is also consistent with our previous proposal that
E341 is an acid/base catalytic residue that protonates C3 in
the addition step and deprotonates it in the elimination step.
Thus, we propose a dual acid/base and electrostatic catalysis
role for E341. The largest effect of the K22A mutation was
on substrate binding, particularly PEP. The effect on
catalysis, as reflected by k., was perhaps smaller than
expected; however, a consideration of the catalytic imperative
for THI formation suggests that a general base catalyst at
that step may not be crucial.
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