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ABSTRACT. AroA (EPSP synthase) catalyzes carboxyvinyl transfer through addition of shikimate 3-phosphate
(S3P) to phosphenopyruvate (PEP) to form a tetrahedral intermediate (THI), followed by phosphate
elimination to giveenobpyruvylshikimate 3-phosphate (EPSP). A novel approach, partitioning analysis,
was used to elucidate the roles of catalytic residues in each step of the reaction. Partitioning analysis
involved trapping and purifying [14C]THI, degrading it with AroA, and quantitating the products. Wild-

type AroA gave a partitioning factof(PEP)= 0.25+ 0.02 at pH 7.5, wher§ PEP)= [[1-1“C]PEP]/
([[1-“C]PEP] + [[1-1*C]EPSP]). Eighteen mutations were made to 14 amino acids to discover which
residues preferentially catalyzed either the addition or the elimination step. Mutating a residue catalyzing
one step (e.g., addition) should charf{feEP) to favor the opposite step (e.g., elimination). No mutants
caused large changesfiPEP), with experimental values from 0.07 to 0.41. This implied that there are
no side chains that catalyze only addition or elimination, which further implied that the same residues are
general acid/base catalysts in both forward and reverse THI breakdown. Only Lys22 (protonating S3P
hydroxyl or phosphate) and Glu341 (deprotonating C3 of PEP) are correctly situated in the active site. In
the overall reaction, Lys22 would act as a general base during addition, while Glu341 would act as a
general acid. Almost half of the mutations (eight of 18) caused @00-fold decrease in specific activity,
demonstrating that a large number of residues are important for transition state stabilization, “ensemble
catalysis”, in contrast to some enzymes where a single amino acid can be responsible for &fokd 10
catalytic enhancement.

The enzymes AroAand MurA have been studied exten- coor POH deloy
sively because of their novel catalytic mechanisms and their f
potential as targets for antimicrobial agents. They are the:oapoJLCOO. ~0yp0" Y YOH 00" OJLCOO»
only two enzymes known to catalyze carboxyvinyl transfer PEP OH oH
reactions (Figure 1). AroA is part of the shikimate pathway shikimatc(essgg;nosphate 3";{53;;;;‘;’;2‘;";8;?

that produces the aromatic amino acids and most other
aromatic compounds in bacteria, plants, and apicomplgxa ( FIGURE 1: Reaction catalyzed by AroA.
MurA is part of the peptidoglycan biosynthesis pathway in
bacteria. Both are targets of commercially important inhibi-
tors. EPSP synthase, the plant ortholog of AroA, is the target
of glyphosate N-(phosphonomethyl)glycine), the active
ingredient in the herbicide Roundugd)( while MurA is
inhibited by the antibiotic fosfomycin2j.

Both enzymes have been the subject of numerous mecha-
nistic investigations. In a seminal series of papers, Anderson
and Johnson3~7) demonstrated that carboxyvinyl transfer
proceeds through an addition/elimination pathway that passes
through a noncovalent tetrahedral intermediate (THI). MurA
was later shown to follow the same reaction pathw@y (
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C-terminal extension terminating with HjisEPSP ,enobyruvylshiki- . - . e .
mate 3-phosphate: EP-UDP-GlcNAmobyruvyluridine diphosphate 1N EScherichia coli AroA through partitioning analysis.

N-acetyl-glucosamine; MurA, EP-UDP-GIcNAc synthase; F-THI, Putative catalytic residues were identified in enzyme
3-fluoro-derivative of the MurA THI; IPTG, isopropys-p-thiogalac- substrate and enzyniehibitor cocrystal structuresi(, 13—

topyranoside; PEP, phospinmopyruvate; Pi, inorganic phosphate; S3P, i
shikimate 3-phosphate; THI, tetrahedral intermediate; TS, transition 19) and mutated. The AroA THI was trapped, purified, and

state; UDP-GIcNAC, uridine diphosphateacetylglucosamineAAGH, reacted with either wild-type AroA or one of 18 mutants,
change in the free energy of activation relative to ArgA and the product distribution was examined to determine the
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effects on the forward and reverse reactions. THI partitions by SDS/PAGE. The identity of AroA was confirmed by
back to S3P+ PEP or forward to EPSR phosphate ina  DNA sequencing and mass spectromeiy ) = 48 546,
ratio of 1:3 with wild-type AroA. In mutants, changes in  Mows)= 48 562). Protein concentration was determined using
transition state (TS) stabilization of the addition or elimina- e;30= 3.55 x 10* M~* cm™%, which was determined by the
tion steps would be reflected by changes in partitioning. method of Edelhoch23, 24). The concentration of active
These changes would show which step of the reaction wasAroAps was determined by fluorescence titration using S3P
promoted by a given amino acid residue. To the best of our and glyphosate25) and used to calculatie../Kyv for THI
knowledge, this partitioning analysis approach with a rein- breakdown.
troduced catalytic intermediate has not been used before. Mutant AroAss. Single site mutants of Arof were
Complete free energy profiles of several enzymes have beercreated using the same mutagenesis strategy as above (see
elucidated (e.g., see refs 20, and 21). These profiles  Supporting Information). Protein expression was as with
describe all internal equilibria and partitioning factors for AroAys, except that protein expression was induced at 18
each step of the reaction but require large, sometimes heroic’C for 40 h instead of 37C. Purification was as for Arogs,
efforts to determine. The ability to synthesize and purify but using pre-packed 1 mL HiTrap Chelating-Sepharose
AroA THI, albeit only ca. 50 nmol per synthesis, allowed (Amersham Biosciences) columns. Centrifuged cell lysate
us to examine the roles of amino acids more directly by (5—25 mL) was applied to the column, which was washed
partitioning analysis. with 25 column volumes of wash buffer to remove all wild-
Perhaps surprisingly, no mutation caused large changedlype AroA before elution. The identity of each mutant was
in partitioning despite often large decreases in specific confirmed by DNA sequencing and mass spectrometry (see
activity. This is evidence that the general acid and general Supporting Information). The wild-type value efs was
base catalysts in THI breakdown are the same residues forused as there were no mutants of aromatic or Cys residues.

the forward and reverse reactions. The proteins were-99% pure as determined by SDS/PAGE.
Because of decreased glyphosate affinity in many mutants,
EXPERIMENTAL PROCEDURES active site concentrations could not be obtained. All specific

activities are therefore reported in units gfifol min)
Wild-Type AroA Recombinante. coli AroA was PCR mg L.

amplified fromE. coli strain DH%x and ligated into pET24d Shikimate 3-Phosphat&hikimate 3-phosphate was syn-
(Novagen, Inc.), replacing thecol-BamHIfragment. The  thesized as described previousdg), except purification was
insert was sequenced and found to be identical to a Genbankyerformed using DEAE-Sephadex and elution with 30 mM
entry, accession AE000193 in the region of 238824. The to 1 M ammonium formate, pH 8.0.
AroA-containing plasmid was transformed irio coli strain [1-14C]PEP. A 100L solution containing [14C]pyruvate
BL21*(DE3) (Invitrogen). Wild-type AroA was expressed (37 mM, 104Ci) was incubated overnight with 3.7 mM
and purified as described previousB2j, except cells were  ATp 50 mM potassium phosphate, 10 mM Mg® mM
lysed in a French Press after addition of 2@fmL DNAase KCI, pH 7.5, 10 U inorganic pyrophosphatase, and 0.3 U
and RNAase and 2g/mL phenylmethylsulfonyl fluoride. pyruvate phosphate dikinase (a gift from D. Dunaway-
The final purification step used Q-Sepharose (Amersham pjariano, University of New Mexico). PEP was purified using
Biosciences) rather than Mono-Q. All steps were performed 5 1 mL Q-Sepharose HP (Amersham Biosciences) anion

at 0-4 °C. The identity of AroA was confirmed by DNA  gychange column, with a gradient from 100 to 500 mMNH
sequencing and mass spectromelflyic) = 46 096,M(obs) HCOs, pH 10.

= 46 104).

His-Tagged AroA (Arods). AroAys contained a 22 amino coo
acid C-terminal extension terminating with klisreated by
a frame-shift mutation that removed the stop codon and =
brought the C-terminal extension of the pET24d vector into “04P cs
register. Mutagenesis was done using a Quikchange-like ozt r~  TO5H H
strategy (Stratagene) (see Supporting Information). AsoA
was expressed as AroA, but the lysis buffer did not contain c2_ _O1
EDTA. It was affinity purified using a 30 mL Chelating-
Sepharose (Amersham Biosciences) column charged with or
NiSO,. Pelleted cells were resuspended in ice-cold lysis
buffer, and all subsequent steps were performed-at TC. [33P]PEP. [**P]PEP was synthesized as described previ-
After lysis and centrifugation, 20 mL of cell lysate was ously 7). It was purified by C18 reverse phase chroma-
applied to the column at a flow rate of 1 mL/min, followed tography, with PEP and pyruvate coeluting in 50 mM
by a wash with ca. 50 mL of wash buffer (50 mM THCI, triethylammonium acetate, pH 6.0, 1 mL/min, then stepping
pH 7.5, 20 mM imidazole, 300 mM NacCl) until A returned to 20% MeOH to elute ATP. It was further purified with
to zero. AroAss was eluted by stepping to the elution buffer Hitrap-Q (Amersham Biosciences) anion exchange chroma-
(as wash buffer, but 500 mM imidazole). The buffer was tography, in 106-500 mM NH;-HCO;, pH 10.
exchanged by ultrafiltration to 50 mM HEPES, 50 mM KCl, Rate Assays®P-Based AssayReaction rates were mea-
pH 7.0, and the protein was concentrated to ca. 1 mM (48 sured by separation o®P]PEP from §¥P]phosphate by anion
mg/mL). Commercial protease inhibitor cocktail was added, exchange thin-layer chromatography on polyethyleneimine
and AroAys was stored on ice. The concentrated protein cellulose, wih 2 M sodium acetate, pH 5.0 as solve28)(
precipitated if frozen. The protein was98% pure as judged and detection of radioactivity by storage phosphor autora-
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diography. Specific activities were determined with 3 mM
S3P and 8 mM PEP in 50 mM TrdCI, pH 7.5, 100 mM
KCI, at 25 °C, with 400-600 cpm of33P per time point,
enzyme concentrations of 40 nM to 40/, and reaction
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times of 20 min to 6 h. These substrate concentrations arecure 2: Kinetic mechanism of AroA. The mechanism and

near-saturating for wild-type enzymkjs were not deter-
mined for mutants. Rates were also determined by following

microscopic rate constants used are from5;egxcept fork,g and
k_g (see text). E= AroA and other abbreviations are as defined in

the appearance of phosphate using the spectrophotometrighe text.

Malachite Green assap9).

THI SynthesisAroA THI was synthesized by quenching
an equilibrated reaction mixture with base, similarly to
previous experiments( 7), but with harsher conditions to
denature AroAes. A 100 uL reaction mixture contained 1
mM enzyme, 1 mM S3P, 0.5 mM PEP, 50 mM potassium
phosphate, pH 7.5, and 6:0.2uCi of [1-1“C]PEP. Enzyme

was added last, incubated for 2 min at room temperature,

and then quenched by quickly adding the reaction mixture
to 20 uL of 2 N KOH/50 uL (KOH-saturated 2-propanol).
This was extracted with 25Q.L of CHCls, vortexed
vigorously for 30 s, and centrifuged at 16 @dfor 1 min,

and the (small) aqueous layer was pipetted from the top. The

CHCl; layer and large overlaying layer of precipitated protein
were extracted with 20QL of 0.4 N KOH/100uL (KOH-
saturated 2-propanol). After vortexing and centrifuging, this
was combined with the first aqueous fraction. The combined
aqueous fractions were extracted2times with 25Q:L of
CHCls, until no more protein precipitate formed at the

aqueous/organic interface. The aqueous layer was then

diluted to 2 mL with water and purified on a Mono-Q anion
exchange column (5% 50 mm, Amersham Biosciences) with
a gradient of 50 mMd 1 M EN-HCI, pH 9.0, over 20
min, at 0.5 mL/min, with A4odetection. Approximate elution
times were pyruvate, 11 min; S3P, 18 min; PEP, 21.5 min;
EPSP, 23 min; and THI, 28 min. Purified THI was stored at
0 °C.

Partitioning ExperimentsFor most partitioning experi-
ments, purified THI containing ca. 1500 cpm*E (typically
125uL) was added to enzyme and buffer to a final volume
of 1900uL of 50 mM Tris'HCI, 50 mM KCI, 50 mM EgN-
HCI, pH 7.5, at 25°C. Because of the high pH of the THI
buffer (pH 9.0), TrisHCI buffer at pH 7.0 was used to
achieve pH 7.5. Enzyme concentrations of 175 pM (Ai9A
to 15 nM were used to degrade THI. KOH was added to 0.1
N to stop the reaction. HPLC was as for THI synthesis, and

mM concentration: pH< 6.2, sodium citrate; pH 6:49.4,
Bis-Trispropane; pH 9511.0, glycine; pH>11.0, KOH,;
also TrisHCI at pH 7.5.

Nonenzymatic THI breakdown, which would form {4C]-
pyruvate, was negligible during all partitioning experiments.
At low pH, as the rate of nonenzymatic breakdown increased,
[AroAne] was raised to ensure the enzymatic reaction was
dominant.

AroA-THI Model. A model of the AroATHI complex was
created based on the X-ray crystal structures of ARZR
glyphosate (PDB 1G6S) and MurA-THI (PDB 1A2N).
F-THI contains a fluoro substituent on the methyl group (C3).
Superposition of ¢s of the AroA and MurA structures gave
an rms deviation of 3.2 A and nearly superimposed ligand
atoms, with 0.8 A between the reactive hydroxyls for S3P
(O5'H) and UDP-GIcNAc (O3H). The THI was generated
by bonding S3P Obl to the C2 atom of the fluoro-THI,
deleting the fluorine atom, then performing a molecular
mechanical optimization using the Merck mmff@&D) force
field, as implemented in MOE (Chemical Computing Group
Inc.). Two water molecules in the active site were retained
in the model. As this model was only meant as a guide for
identifying potential catalytic residues, no further optimiza-
tions were performed. An all-atom superposition of the
protein structures of the original AroA structure (1G6S) with
the %ptimized AroATHI structure gave an rms deviation of
0.6 A.

Numerical Simulation of Partitionind3ecause all enzyme-
bound intermediates are partially equilibrated in the published
kinetic mechanismg), it was necessary to perform numerical
simulations to provide a basis for interpretiff@EP). The
program KinTekSim (KinTek Corp.), an implementation of
Kinsim (31), was used. The previously reported mechanism
and microscopic rate constant (vere used, with uncom-

1 mL fractions were collected, centered on the retention time plexed THI added (Figure 2). The valueskog andk-g are

of each peak, then 10 mL of scintillation fluid was added
(Liguiscint, National Diagnostics), andC was counted 2
x 5 min. Blanks consisting of elution buffer with the same

unknown, except thdt; s = 5 x 10/ M~1 s7%, the reported
value ofk.a{Km. They have no effect on partitioning because
they do not discriminate between the forward and the reverse

composition were subtracted. The high salt concentration in reactions. Simulations usdds = 6.5 x 18 Mt s7! (=

the elution buffer caused &1% decrease in counting
efficiency. The radioactivity in pyruvate (diagnostic of
nonenzymatic THI breakdown), PEP, EPSP, and THI were
determined. The fraction of PEP formed from THI was
calculated:f(PEP)= [[1-1“C]PEP]/([[1+‘C]PEP]+ [[1-1‘C]-
EPSP]).

The pH-dependence of partitioning with Argéwas also

ki1, the rate of S3P associatiok),s = 13 s* (to give Keaf

Km equal to the previously reported value), with 400 pM
AroA and 2 uM THI. Transition state or intermediate
energies were changed by adjusting the relevant microscopic
rate constants. For example, to increase the TS energy for
the elimination reaction by 1.3 kcal/md,, andk_, were
decreased 10-fold. The equilibrium ordered kinetic mecha-

examined using the same procedure as above. The addedism in the numerical simulations is somewhat incorrect in
buffer generally had a higher or lower pH than the desired that more recent kinetic investigations support a random
final pH to compensate for the buffering capacity ofNEt kinetic mechanism with highly synergistic substrate binding
HCI from the THI buffer. The pH was determined using test (refs 32 and 33 and unpublished results). However, under
mixtures containing the same buffer composition as the the low [THI] conditions used here, the first dissociation of
reaction mixtures. The following buffers were used, at 50 a substrate or product molecule is essentially irreversible,
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10 Table 1: Partitioning Factors and Specific Activity for Wild Type
1 and Mutant AroAs
0.8 %
specific activity conser- MurA
s ((umol min—1) vation equiv-
[ ] —1\c i
= 06 enzymeé f(PEPY mg) in AroAs? alent
R AroA 0.24+0.001 (2) 242
=" (wild type)
Z 049 AroAH6 0.25+0.02(8)  20+2
= K22A 0.10+ 0.03 (2) 0.1+ 0.01 100 K22
02 . K22R 0.11£0.02 (2)  0.72:0.20
: D49A 0.25£0.01(2) 9.8401)x104 100 D49
N94A 0.41+0.01 (2) 11+ 1 87 none
00 ngOM 8'2& 8.81 % 0.04% 8.0;)3 - 13)90 Rgzuo
L j y y y y y R124A . .01 4.7 .5) x 1 R1
0 10 2 _30 40 %0 60 Q171A 0.10+ 0.02 (2) 0.40+ 0.11 99 none
Time (s) Y200F 0.13+0.01 (2) 0.24+ 0.08 58 none
FiIGURE 3: Enzymatic THI breakdown by Arod. [THIJi/[THI]o D313A 0.27+£0.02(2)  0.10+0.02 96 D305
= fraction of THI remaining at time= i. [1-1“C]THI was 97% D313N 0.20+:0.03(2) 1.2£0.7)x 1073
pure att = 0. [AroAyg] = 200 pM, [THI] ~ 2 uM, 50 mM Tris: Egigﬁ %-Zaﬁ 8-8; Egg 0063731: 8-3?0 gg 2010195
HCI, 50 mM KCI, and 50 mM EN-HCI, pH 7.5. Eaiio ot oo Pt ot 10
] ] R344K 0.07£0.002 (2) 7.64£1.2)x 103 97 R331
and the exact random versus ordered mechanism will not R344m 0.224+ 0.007 (2) 3.94 0.9)x 1073
affect the partitioning results. H385A 0.30+0.01 (2) 0.02Qk 0.001 96  L370
R386M 0.23:0.01(2) 3.840.9)x103 100 R371
RESULTS K411A 0.29+ 0.01 (2) 2.5+0.3 63 R397

a All side chain mutants contain the same C-terminalgttig as
EnzymesWild type E. coli AroA, AroAs (containing a AroAye. Y f(PEP) = [[1-2C]PEP]/([[1*C]PEP] + [[1-“C]EPSP]).
C-terminal Hig), and 18 mutants of Arof were cloned, Values are reported with standard errors, except Agciad E341A,
expressed, and purified, and their identities were confirmed ‘é"g;re th?.ge were enougl‘h,\ilndege”d.e”t dewr;‘“i“ations tzca'cu""ge th’fe
. . o confidence interval. Numbers in parentheses are the number o
by I_:),NA sequencing and_ m'ass spectrometry. Yields of most independent measuremertfkeaction cc?nditions: 3 mM S3P, 8 mM
purified mutants were within 10% of Arog (ca. 30 mg/L  pgp, 50 mM TrisHCI, pH 7.5, 100 mM KCI, 25°C. Errors are the
of culture), except for D49A (200-fold reduction), R100M standard error in the fits to product-time plots. Specific activities
(400-fold), Y200F (350-fold), and R386M (1300-fold). Low were calculated based on total protein concentrafi@tercentage of
protein yields likely indicated lower stability because (i) 89 aligned AroA/EPSP synthase sequences containing the indicated
expression and purification conditions were the same for all 2o acid at that position. The average conservation of the most
p N puri ; : common amino acid at any given position was 49% (alignment not
mutants, (i) purification did not depend on correct folding, shown).On the basis of the sequence alignment and spatial superposi-
and (iii) the only sequence differences between mutants andtion of E. coli AroA structures (PDB 1G6S, 1G6T) aifitd coli MurA
AroAps were one codon substitutions. (1A2N, 1UAE). " Spatially equivalent residues that are not aligned with

.. e . . each other in the amino acid sequence and are contributed by different
Affinity purification with the His tag ensured that parts of the polypeptide chain: AroA_R100, MurA_R91; AroA_E341,

constitutively expressed wild-type AroA was effectively mura_C115; AroA_R344, and MurA_R331. Position of the MurA_R91
removed, as demonstrated by the fact that several mutantside chain had poor overlap with AroA_R100 and was variable between

had very low specific activity. For the two mutants with very different MurA structures (IUAE and 1A2N). All remaining pairs of

low specific activity (D313N, 16 000-fold reduction, D49A, _reS|dues were b_oth spatially superimposed and aligned with each other

21 000-fold), the activity assay involved monitoring the in the amino acid sequence.

conversion of ¥P]PEP to $°P]phosphate for umt6 h at up

to 40uM enzyme. PEP is stable under these conditions, but S *) and only slightly slower than EPSP (2 10° M~* s™%)

microscopic amounts of contaminating enzymes (e.g., wild- or S3P (6.5x 10® M~ s™%) binding ), indicating that the

type AroA or phosphatases) could account for the observed THI is a kinetically competent intermediat8)( The propor-

rate. Thus, for these two highly inactive enzymes, the tion of PEP formed in the reactioffPEP), at pH 7.5 was

reported specific activities represent an upper limit of the 0.254 0.02. It was similar with wild-type AroAf(PEP)=

true values. 0.24 + 0.001. At pH 7.0,f(PEP): 0.17 (see below) in
THI Synthesis and BreakdowfiHI was synthesized in ~ €xcellent agreement witlfPEP)~ 0.19 (Figure 2 from ref

yields of 5-10% relative to [PEP] (i.e., 2:55% relative to  6), as well ad(PEP) calculated from the reported microscopic

[AroAyg]). Isolated THI was shown to be 97% pure by rate constant(PEP)= 0.17 {).

HPLC, using UV absorbance and in-line radioactivity = Experimental Rateswild-type AroA gave kinetic con-

detection (data not shown). AroA-catalyzed THI breakdown Stants similar to those reported previously (data not shown),

fit well to a first-order decay, with a fitted value &f./Ky and AroAys was almost identical to wild-type AroA (Table

= 1.4 +0.1) x 108 M~* 571 (Figure 3). This provides an 1 and unpublished data). We found activity in all mutants

estimate of the lower limit ofke/Ky? and is in good  (Table 1). Mutants at some of the same positions as reported

agreement with the previously reported value ok5107 here have been described previousd¢41), and several

M~1st(6). This is faster than PEP binding (1:510" M1 were described as completely inactive. There were three main

differences from previous studies that may have increased

5 ! . o our ability to detect activity. (i) All mutant proteins were

activTit';'(ff"lﬁé‘*i’,}tiﬁg"{‘H“,’?ﬁ Eﬁpif )[('Tna,l]t’etlﬁfgf 'tﬁg‘stffd?c’;,}?j \,S\,%i?g ' expressed at 18C rather than 37C. This was done after

be higher than the calculated value. initial attempts to express K22A at 37C yielded no
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measurable activity, as observed previously with petunia

EPSP synthase39). (ii) Unexpectedly, the C-terminal 040+ - reverse
extension of AroAs appeared to stabilize the protein. I (toward S3P & PEP)
Previously, wild-type AroA was denatured and precipitated 0.30+ L
with 0.2 N NaOH and CHGI(4). However, AroAys required - iU m M//%/// , M///Z%//—
0.4 N KOH/(33% KOH-saturated 2-propanol) and CkICI &' 0.20+
It was active at pH 13 and retained activity after brief = - forward
exposure to pH 14. Because of this stabilization, mutants  o0.10] Il ] (toward EPSP & phosphate)
may have retained activity where they would otherwise have -
been unable to fold. If this is true, the specific activities of oo0L—(  ti i i (i i  p i i
mutants reported here would reflect changes in enzyme fg 3 é g3 2 $583833 < 3 § 2 z :
substrate interactions to a greater extent than protein stability. fx¥xxozgiocs83vanurgeees
(iii) The **P-assay made it possible to routinely use much 1
higher substrate concentrations (8 mM S3P, 3 mM PEP) than
in previous mutagenesis studie{-38). Given the strong Lo
positive cooperativity of substrate bindingd, it was hoped é 001
that this would allow detection of even very weak activity. 5
Also, relatively high ionic strength,= 0.15, was maintained 8 1e3
because substrate binding is ionic strength-dependent (ref ¢
42 and unpublished data). S 1E-4

Specific activities were determined with 8 mM S3P, 3 mM «
PEP, 50 mM TrisHCI, pH 7.5, 100 mM KClI, at 25C. [y o T R
Changes in specific activity may reflect changeig or 2 é 99283t Se3333% 3883

keaf Ky Or some combination of both. They reflect changes

; i ati ; Ny i Ficure 4: Characterization of AroA mutants. (a) Partitioning factors
in TS stabilization, even if the exact meaning in terms of  “" f fype and mutant AroAS(PEP)= [[1-“C]PEP]/([14C]-

steady-state kinetic parameters is ambiguous. PEP]+ [[1-14C]EPSPY)). Bars show the rangef(fPEP) (i.e., average
THI Breakdown and PartitioningOn the basis of the + standard error or 95% confidence interval as applicable) (see

concentration of mutant enzymes required to catalyze Table 1). The hatched bar shof(®EP) for AroAse. (b) Specific

breakdown of most of the THI within 2 min, the rates of activities of mutants relative to Argé.

THI breakdown for all mutants were within a factor of 100

of AroAe. (The rate was measured only for Argd) This 1.0 —A— fEPSP)
was despite decreases in specific activity of up to 21 000- _ —@— f(PEP)
fold for the overall reaction. This difference in behaviors § 0'8f N
between the THI and the overall reactions is not surprising: L6l

(i) THI breakdown is probably at least partially diffusion 5 L

rate-limited, based on the very largg/Ky, 1.4 x 1B M1 E 04 L

s L If the reaction is diffusion rate-limited, the chemical steps %

o
N

are not kinetically significant, and decreases in the rates of
the chemical steps will be attenuated or even unobservable.
(i) The THI is very much less stable than the substrates or 0.0
products; thus, the mechanistic imperatives for its breakdown

are smaller, and even cgtz_alytically_ impaired mutants can g e 5 pH-dependence of partitioning®(—f(PEP) and £&)—
degrade THI with good efficiency. (iii) There are two routes fEpPSP). The pH-dependence of both data sets fit to a single
to THI breakdown. If the forward rate decreased, there would ionization with K, = 6.97 £ 0.06. Values of(PEP) and(EPSP)

be an increased flux through the reverse reaction and vicewere derived from the same experimental data.

versa. (iv) The AroA structure consists of two domains with
a flexible hinge, with S3P interacting predominantly with
the N-terminal domaih(43) and PEP interacting predomi-
nantly with the C-terminal domain. In contrast, THI contains
all the atoms of S3P and PEP and can interact with both
domains. This may help to form the active site with correctly
positioned amino acids when interdomain contacts have bee
affected by mutations.

dependence d{PEP) fitted well to a single ionization with
pKa = 6.97 + 0.06.

Numerical Simulation of Partitioning Experimente-
cause no step in the kinetic mechanism was cleanly rate-
limiting or irreversible and all enzyme-bound species are
r,oartially equilibrated with each other (Figure 2), it was
necessary to perform numerical simulations to interpret
B partitioning experiments. Systematically varying microscopic

Partitioning factorsf(PEP) for AroA, AroAs, and all  yate constants showed that the system behaves intuitively.
mutants were determined (Tabl_e 1, Figure 4). Partitioning That is, there was a change in partitioning only when there
was pH-independent at pH 8, with f(PEP)= 0.33+£ 0.02 a5 a differential change in the TS energies in one branch
(Figure 5). At low pH,f(PEP) decreased so that there was of the reaction (i.e., forward or backward from the THI). If
no detectable PEP formation below pH 6.0. The pH- Ts energies were increased equally in both branches, the
rate decreased, but partitioning remained unchanged. Chang-

3 N-terminal domain: residues 2239. C-terminal domain: residues  INg the energies of enzyme-bound species did not affect
1-21 and 246-427. partitioning unless there was a corresponding change in TS
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0 HJL_H)A H HJL_H)A bfeforeha_nd whether general aC|_d or general base catalysis
b —— 3P ) S3P. ] of a particular step will be effective.
0. ©" ycoo AH '/Oo\ cgo 0" "coo Mutant AroAs.In an effort to identify residues involved
S3P-OH -o’P\;- O\p\co in TS stabilization, all 14 amino acid side chains within 5 A
B \“HA o O o of a reactive atom from the THI in the AroAHI model
PEP + S3P THI EPSP + phosphate were m_utated. (A reactive atom was defined as an atom
| | originating from PEP, plus S3P QpIn all, 18 mutations
addition step | | were made.

elimination step

_ _ _ Most of the mutations caused significant decreases in
FIGURE|61 _L\i/lecf:janlsm 0{ ng bre?kldO_WH,T ;hOWlngt_ POt_en]E'a| | specific activity, with eight out of 18 having a1000-fold
general acid and general base catalysis. The reaction is freely

reversible. The protonation states of phosphate and carboxylate are?ecrease’ .bUt none caused extremely large decreases. Thus,
not known. he catalytic power of AroA resides in a large number of

residues, an example of “ensemble catalysis”. The concept

energies. Because of partial equilibration between all enzyme-Of €nsemble catalysis is especially appropriate when con-
bound species, an incremental change in a microscopic ratesidering thg roles of the general _amd/general base catalysts.
constant gave a smaller change in partitioning. For example, The catalytic enhancements attributed to Lys22 and Glu341
a 10-fold decrease in TS stabilization in the elimination step are modest as compared with values of up tb4t@ributed
resulted in a 2.5-fold shift iff(PEP) from 0.17 to 0.42.  toother acid/base catalys#], emphasizing the cumulative
Similarly, a 10-fold decrease in TS stabilization in the contributions of the other amino acids in the active site (see

addition step resulted in a 2.3-fold shiftiPEP) from 0.17 ~ below).

to 0.08. Partitioning AnalysisThe goal of partitioning analysis was
to distinguish the contributions of individual amino acids to
DISCUSSION TS stabilization of either the addition or the elimination step.

Previous mutagenesis studies identified certain amino acids
Mechanistic Imperatie of Carboxyinyl Transfer.AroA in AroA (34, 35, 37, 38, 40) and MurA (14, 48, 49) as

and MurA catalyze carboxyvinyl transfer through an addition/ important, but activity assays could not differentiate between
elimination pathway, passing through a tetrahedral intermedi- effects on addition versus elimination.

ate. A number of proton transfers are required that are subject possible values off(PEP) range from 0 (THI goes

to general acid and general base catalysis (Figure 6). Additioncompletely forward to EPSP and phosphate) to 1 (back to
requires protonation of C3 of PEP and deprotonation of S3P S3p and PEP). The most striking result of the partitioning
OSH. Elimination requires deprotonation of C3 and proto- experiments was the lack of very large effects, with all values
nation of phosphate. THI breakdown in either direction is petweerf(PEP)= 0.07 and 0.41, as compared with 0.25 for
an elimination reaction, where either S3P'®6r phosphate  AroA.s. From numerical simulations, this range represents
is protonated, and C3 is deprotonated. differential changes in microscopic rate constants-ab-
Enzymatic general acid/base catalysis often supptiés and ~4-fold, respectively. Mutations to residues acting as
kcal/mol of TS stabilization 44) (i.e., >10*fold rate general acid or base catalysts would have been expected to
enhancement) with rate enhancements as high &$olD significantly slow one step or the other, causing large changes
reported 45). However, the effectiveness of acid/base in f(PEP).
catalysis in a particular step will depend on the exact The question arises, then, whether large changes in
mechanism. For example, in anyAy mechanisrh (46, 47) microscopic rate constants could be detected if they occurred.
where addition is concerted, with simultaneous protonation There are three pieces of evidence that they would be. (i)
at C3 and nucleophilic attack at C2, both general acid and With AroAs, at pH < 6, there was no detectable 4c]-
general base catalysis will be effective. However, for a PEP formation (i.e.f(PEP)= 0).° This shift occurred in a
stepwise A + Ay mechanism forming a discrete cationic pH range where it has been shown previously that there is
intermediate, general base catalysis may not be requiredonly modest catalytic impairmem@, 41, 50). (i) The largest
because the cationic intermediate will be so electrophilic that shift in partitioning in the backward direction occurred with
it would react with S3P OBl without prior deprotonation.  mutant N94A, f(PEP) = 0.41, which had the smallest
Conversely, for a stepwise A+ Ay mechanism, initial decrease in specific activity of any mutant, 1.8-fold. (iii) The
nucleophilic attack forms a discrete anionic intermediate, and largest shift in partitioning in the forward direction was
C3 would become so basic that little acid catalysis would R344K, f(PEP)= 0.07. Its specific activity was within a
be required. The same considerations apply for the elimina-factor of 2 of R344M, which had a partitioning factor close
tion step, which could have aNDy (E2), Dy + Dy (E1), or to wild type, f(PEP)= 0.22. Presumably, the Lys side chain
Dy + Dn (E1cB) mechanism. Reverse THI breakdown is of R344K forms an interaction not present with Arg or Met.
also an elimination. Given the uncertainties regarding the Thus, in three instances, relatively large changes in partition-
mechanisms in each direction, it is difficult to know ing accompanied modest changes in specific activity, giving
good confidence that if a mutation had caused large changes

4In IUPAC nomenclature, each elementary step of the reaction is
indicated. Thus, AA4 corresponds to a concerted addition of a 5The source of this shift if(PEP) is unknown. As the fittedka
nucleophile and a proton, respectively. A plug)(sign indicates a was similar to that expected for a phosphate monoester, it would be
stepwise reaction where a discrete intermediate is formed between thereasonable, a priori, to assume that phosphate protonation made it a
elementary steps (e.g.,vAt Ay and Ay + Ay). For elimination better leaving group. However, recent results on nonenzymatic THI
reactions, the corresponding elementary steps are bond dissociationshreakdown showed no rate dependence on the protonation state of
thus: DyDu, Dy + Dy, or Dy + D. nonbridging phosphate oxygens (unpublished data).
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FiGure 7: (a) Active site residues of the AreAHI model complex. THI carbon atoms are yellow, and side chain carbons are colored
according to effect of mutation difPEP): gray-no effect, greerf(PEP)=< 0.20, and cyarrf(PEP)> 0.29. Potential hydrogen bonds are
shown with dotted lines. The model was based on AroA and MurA cocrystal structures with inhibitor and/or substrate ligands (see text).
(b) Schematic diagram of AroAHI contacts. Amino acid colors are as for panel a. Dashed lines indicate contacts within 5 A, the basis
for selecting residues to mutate.

in TS stabilization in only the forward or reverse reaction, as general acid in both the forward and reverse breakdown
large changes if{fPEP) would have been observed. of THI.

Structure and PartitioningThere was a trend fd{PEP) (i) Is Acid Catalysis Necessaryf general, leaving group
to correlate with location within the active site (Figure 7). departure is acid catalyzed, and there are many examples of
Two of three mutants with decreas&®EP) make contact  acid catalysis of leaving group departure through protonation
with the S3P portion of the THI, while the mutants with of ether and acetab() oxygens. Phosphate departure through
increased(PEP) make contact with, or are close to, the PEP C—O bond cleavage in nhonenzymatic breakdown of AroA
portion. This spatial distribution is especially striking because and MurA THIs is general acid catalyzed (unpublished data
it involves residues from both the N-terminal (N94A) and and ref6), as well as in other phosphatés?). There is little
the C-terminal (E341A, H385A, K411A) domains and side direct evidence for general acid catalysis in AroA; however,
chains not in direct contact with the THI (N94A, H385A). the observed acid catalysis in nonenzymatic THI breakdown
This suggests that the shiftsfifPEP) arise from changes in  shows that it is probable.
protein structure and/or that the THI moves within the active (i) General Acid Catalyst Among Mutated Residues?
site during catalysis. If, for example, EPSP interacts more Every amino acid withi 5 A of areactive atom in the AroA
strongly than the THI with residues 94, 341, 385, and 386 THI model was mutated, including side chains not in direct
and if this stronger interaction is at least partly developed in contact with the THI. It is highly unlikely that a general acid
the transition state, the effect of mutations would be to catalyst could exist but not be one of the mutated side chains.
destabilize the transition state for elimination and cause (i) One General Acid Catalyst for Both Leang Groups?
f(PEP) to increase. Conversely, if S3P interacts more strongly If one amino acid residue were acting as general acid in both
with residues 171 and 200 in reverse THI breakdown, the forward and the reverse reactions, then the effects of
mutations could cause a decreas§REP). K22A and K22R  mutation onf(PEP) would be modest, as the reaction in both
had lowf(PEP)s, but it is not clear whether this is due to directions would be affected roughly equally. One candidate
location or other factors (see below). for this role is Lys22.

General Acid Catalysis of THI Breakdown. Effects of  Invariance of f(PEP) at High pHMore evidence for a
Mutations on f(PEP)THI breakdown would be expected to  single general acid catalyst came from the fact tfREP)
be general acid catalyzed to promote leaving group departurewas constant between pH 8 and 11.7 (Figure 5). The
The lack of large changes f(PEP) could indicate (i) general invariance with pH is consistent with a single acid catalyst.
acid catalysis is not required for leaving group departure (S3P If only one catalyst is present, then the rate will slow as it
O5H or phosphate), (ii) the general acid catalyst was not becomes deprotonated at high pH, f{BEP) will not change
among the mutated residues, or (iii) the same residue actsbecause both steps will be affected equally. Unchanging



Catalytic Residues of AroA

f(PEP) at high pH is consistent with one amino acid acting
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Glu341 is nearly superposed with MurA_C115 in AroA

as general acid catalyst for both S3P and phosphate departurand MurA structures despite the fact that these residues occur

in THI breakdown.

Lys22 as a General Acid Catalydtys22 is a candidate
general acid catalyst in THI breakdown. In the Ar&SP
glyphosate, AroAS3Pphosphatdormate, and AroATHI
structures, Lys22 Nwas in contact with S3P, at least one

in different domains of the proteins. Cys115\8as within
0.8 A of Glu341 G in the superposed structures of AroA
S3Pglyphosate 18) and MurA-fosfomycirUDP-GICNAc
(17). E. coliMurA_C115 is the proposed general acid/base
catalyst that protonates and deprotonates PEP3C31.

oxygen of the phosph(on)ate, and a carboxylate oxygen of Asp replaces Cysl115 in nine of the 48 known MurA

glyphosate, formate, or THI (Figure 7). Lys22 was situated
to donate a proton to either the Q& the phosphate in the
THI.

In the overall reaction, it would be a general base during
addition deprotonating S3P @ and then a general acid
during elimination protonating the departing phosphate with
little or no side chain movement. In K22A and K22REP)
= 0.1, which may be rationalized by noting that S3P D5
is a worse leaving group because of its highi€y, mneaning

sequences, demonstrating that a carboxylate is functional in
this position. In the AroATHI model, Glu341 could interact
with the THI through a nonbridging phosphate oxygen
(do--0 = 2.8 A) and/or C3do...c = 4.2 A). The distance to
C3 is large and the phosphatearboxyl(ate) contact is
poorly oriented, but this is not a serious problem given the
accuracy of the AroATHI model and the likelihood of
motions during catalysis.

Two mutations were made to this residue, E341A and

that S3P departure would be affected more than phosphateE341Q. There was a modest increas§REP) to 0.34 with

in the mutants. The 2.5-fold decreasd(iREP) represents a
~10-fold differential decrease in TS stabilization of S3P
departure.

Three lines of evidence (small effect of mutation on
f(PEP), invariance d{PEP) at high pH, appropriate location)
point toward Lys22 being the general acid catalyst in THI
breakdown in both directions. The specific activity of K22A

E341A, while E341Q was the same as Ar@AThe specific
activities decreased 280- and 9000-fold, respectively, with
AAG* = 3.3 and 5.3 kcal/mol. The decrease in specific
activity from E341A to E341Q could have arisen from two
sources. (i) If water partly replaced the function of Glu in
E341A, it would be displaced in E341Q, which is isosteric
with Glu, preventing water from binding while being unable

decreased 120-fold, a relatively modest change, but notto act as a general base itself. (ii) It is also possible that the
unprecedentedly so. This represents an increase in free energgarboxamide—NH, of GIn could introduce unfavorable

of activation, AAG*, of 2.8 kcal/mol. Modest catalytic

interactions not present in ArgA or E341A.

enhancements have been observed with other enzymatic The possibility has been advanced that the THI phosphate

general acid catalyst$38, 54). The catalytic enhancement

possible by Lys22 will depend on the exact mechanism. A
mechanism involving formation of a discrete cationic
intermediate may require little or no general acid catalysis,

could catalyze its own elimination by acting as a general
base to deprotonate C3 of the THL11lj. Such a syn

elimination is reasonable a priori; one of the phosphate
oxygens can be positioned in van der Waals’ contact of a

as discussed above. The large number of positively chargedC3 proton. However, it could not catalyze S3P departure

side chains in the active site could provide significant
electrostatic stabilization of leaving group departure.
If Lys22 is a general acid catalyst in THI breakdown, this

because proton abstraction would be orthogonal to the scissile
C—0 bond, slowing the reaction by as much ad°f6ld
because of stereoelectronic effec&),(61). If phosphate

implies it will act as a general base catalyst to deprotonate catalyzed its own departure, another amino acid would have

S3P OBH. The estimated kg, of Lys22, 7.6 b5), is lower
than a normal Lys side chain Kg ~ 10.5), ensuring that
there is a significant concentration of the neutral form at
physiological pH to act as a general base.

to act as a general base for S3P departure, which would have
been evident from an experiment§PEP) becoming 0
because removing this base catalyst would cause partitioning
to shift completely in the forward direction.

Ensemble catalysis implies that the enzyme is still capable There are no other good candidates for the role of general

of significant TS stabilization even in the absence of the acid
catalyst. K22R had higher specific activity than K22A,

acid/base catalyst. In AroAHI, Asp313 had a carboxylate
oxygen located within 3.5 A of C3, and the behavior of the

presumably because Arg can provide some electrostaticD313A and D313N mutants was very similar to the Glu341

stabilization to compensate for the loss of Lys.
General Base Catalysis of THI BreakdowrHI break-
down requires deprotonation of C3, making it subject to

mutants. However, if it were a general acid/base catalyst,
the absolute stereochemistry of protonation/deprotonation
would be incorrect, with proton addition to ther@face of

general base catalysis. We have identified Glu341 as aPEP rather than 2k
candidate general base catalyst, as proposed previously based Dual Role AcidBase CatalystsBoth Lys22 and Glu341

on the AroA X-ray crystal structurel8). In the addition step
of the overall reaction, it would act as the general acid to
protonate C3.

The stereochemistries of the AroAG—58) and MurA
(11, 12, 59) reactions have been characterized extensively.
Glu341 is correctly located to catalyze the required anti
addition (with proton transfer to the €-face of PEP)
followed by syn elimination. The opposite stereochemistries
of addition and elimination (anti/syn) makes it possible for

are proposed to act as both acid and base catalysts in different
steps of the reaction. It is common for single residues to act
as both acid and base in a single catalytic cydlé 62,
63). In this regard, the proposed dual roles of Lys22 and
Glu341 is consistent with the mechanisms of many, or most,
enzymes.

Mutations to Phosphate-Binding ResiduBsveral of the
mutated amino acids were close to the THI phosphate:
Asp49, Arg100, Arg124, and Lys411. Except for K411A (3-

a single amino acid to protonate PEP and deprotonate thefold), these mutations caused large decreases in specific

THI.

activity, but none caused large changed(PEP) in either
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direction. This was the expected effect based on our recent Lys22 is 100% conserved in both AroA and MurA
results showing that the protonation state of the nonbridging sequences. In the MurA structures, the relative disposition

phosphate oxygens of the THI do not affect rate of nonen-

zymatic THI breakdown (unpublished data).

Arg100 does not make direct contact with the THI in the
model structure, implying a role in protein stability or
conformation, consistent with the 400-fold reduction in the
yield of purified protein. D49A was the most deleterious
mutation, with a 21 000-fold decrease in specific activity.
Asp49 is invariant in both AroA and MurA sequences. It

of Lys22 and ligands was different. Whereas AroA_K22 N
was within hydrogen bonding distance of both S3P @%B—

3.0 A) and the phosphate oxygen 02 (2.9 A), the distance
to O3' of UDP-GIcNAc in MurA was 4.452 A.
MurA_D305, the analogue of AroA_D313, has been pro-
posed to be the base catalyst that deprotonatésiOthe
addition step 48), the role that we propose is fulfilled by
AroA_K22. Given the differences in the position of Lys22

does not make direct contact with the phosphate but mayin AroA and MurA, it is conceivable that it, along with

interact with the nonbridging oxygens through a water
molecule. This water is present in the Ar@@8Pglyphosate
and AroAS3Pphosphate structures, as well as MurA-
fosfomycinUDP-GIcNAc and MurAF-THI. The exact role

of Asp49 is not clear. It may act through its water-mediated
interaction with the phosphate or indirectly by controlling
protein stability or conformation. The yield of purified D49A
was 0.5% of AroAs, suggesting that it may be important
for protein stability.

Other Mutants.GIn171 and Tyr200 appear to interact
primarily with the S3P portion of the THI, as reflected in
the change ifi(PEP) upon mutation. In both cases, the effect
on specific activity was relatively small, 50- and 80-fold,
respectively.

Mutants close to the O1 carboxylate oxygens, R344K/M,
H385A, and R386M, had reduced specific activities by
1000-5000-fold. Previous studies reported that H385A
retained 1% of wild-type activity, while H385N and H385Q
had 6 and 25% of wild-type activity, respective§Q( 41).
The reason for the discrepancy in specific activities is not
clear, but the higher activity of H385Q shows that the acid/

Asp313(305), plays different roles in the catalytic mecha-
nisms of AroA and MurA despite their similar locations in
the active site.

CONCLUSIONS

The catalytic mechanism d&. coli AroA was examined
through partitioning analysis and the specific activity of a
large number of site specific mutants. Partitioning analysis
(i.e., determining the fate of purified THI added back to
AroAne and its mutants) provided evidence for one amino
acid residue, Lys22, acting as the general acid catalyst of
THI breakdown in both the forward and the reverse reactions,
while Glu341 acts as the general base. Thus, in the addition
step of the overall forward reaction, Lys22 would act as a
general base catalyst to deprotonate S3HH®@Hile Glu341
would act as general acid to protonate C3 of PEP.

Of the 18 mutations examined, eight resulted>ih000-
fold decreases in specific activity, demonstrating that a large
number of amino acid residues contribute to catalysis. This
suggests that AroA acts by ensemble catalysis, with a large
number of amino acids contributing to catalysis but no single

base properties of His385 are not essential for catalysis. Theamino acid being absolutely required. The relatively modest

guanidino group of Arg386 was not well-oriented to interact
with the THI C1 carboxylate in the AroAHI model;
however, this likely represents a shortcoming of the model
as it is ideally oriented in the crystal structures.

catalytic enhancements attributable to the proposed general
acid and general base catalysts emphasizes the contribution
of a large number of amino acids in TS stabilization.
Ensemble catalysis makes it more difficult to predict the

AroA_D313 was advanced previously as a general baseexact mechanisms of the addition and elimination steps or

catalyst for THI formation18), as was the analogous residue
MurA_ D305 @8). Its location would preclude protonating

the structures of the transition states. TS analysis using
multiple kinetic isotope effects will provide detailed experi-

phosphate in the elimination step, so the lack of large effect mental TS structures, yielding new insights into the mech-

on f(PEP) in D313A or D313N argues against it being the

general base catalyst. The effects of mutations at Asp313

were similar to Glu341, with specific activity decreasing by

anism of AroA.
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