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Phosphate Analogues as Probes of the Catalytic Mechanisms of MurA and AroA,
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ABSTRACT. The role in catalysis of phosphate with AroA (enolpyruvyl shikimate 3-phosphate synthase)
and MurA (enolpyruvyl UDP-GIcNAc synthase) was probed using phosphate analogues and an AroA
mutant. Phosphate, the second reaction product, increases the reactivity of the enolpyruvyl products (EP-
OR’s) ~1(P-fold in the reverse reaction, forming phosphoenolpyruvate and R-OH (shikimate 3-phosphate
or UDP-GIcNACc). Phosphate is intrinsically unreactive with EP-OR, raising the question of how AroA
and MurA promote EP-OR reactivity. Eleven phosphate analogues were examined. All those with tetrahedral
geometries bound with AroA, except sulfate, while no nontetrahedral analogues did. Arsenate, vanadate,
and fluorophosphate caused reactions of AroA and MurA with EP-OR’s, yielding pyruvate and R-OH.
TheirkeafKm values relative to phosphate were similar for both enzymes, ca. 100-fold worse for arsensate,
200-fold worse for vanadate, and 5000-fold worse for fluorophosphate, implying similar interactions with
both enzymes. Examination of the arsenate-promoted reactions usitid]EP-OR'’s,?H,0, and H*®O

provided evidence of an arseno-tetrahedral intermediate, analogous to the natural tetrahedral intermediate,
proceeding to arsenoenolpyruvate, which spontaneously broke down to pyruvate and arsenate. The only
physicochemical property that appeared to be essential for reactivity of the analogues was the presence
of a proton. Titration of the intrinsic tryptophan fluorescence of the weakly active AroA mutant, Asp313Ala
(D313A), demonstrated a fluorescence decrease upon enolpyruvyl shikimate 3-phosphate (EPSP) binding,
and a further decrease upon binding of phosphate or arsenate to AroA_EEFSR, suggesting a further
conformational change. We are hopeful that understanding enzghwsphate interactions will make it
possible to design inhibitors that can use the high endogenous phosphate concentration in bacteria to
enhance inhibitor binding.

AroA! (EPSP synthase)l(2) and MurA (UDP-GIcNAc Scheme 1
enolpyruvyl transferaseB(4) catalyze carboxyvinyl transfer. 1.) MurA
The enolpyruvyl products, EP-OR, of the forward reaction 2~)‘2\froA o
are EPSP and EP-UDP-GIcNAc (Scheme 1). AroA is part  -op_ J\WO_ + ROH =—— R\O)H(o- + Ho—l'f—o-
of the shikimate pathway leading to aromatic compounds in © o
bacteria, parasites, and plants and is the target of glyphosate,
a herbicide B, 6). MurA catalyzes the first committed step PEP EP-OR Pi
in peptidoglycan biosynthesis and is the target of fosfomycin,

fo) o

an antibiotic 7—9). They are homologoud.(, 11) and have pH oo
been the subject of numerous mechanistic and structural g oy = 1.)H§Q Q 2
studies {, 2, 8, 10—45). Nonetheless, important mechanistic A 03P OH
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L Abbreviations: AroA, 5-enolpyruvyl shikimate 3-phosphate syn-  The reactions proceed via an additieglimination path-
thase; AroAs, AroA containing a C-terminal Hissequence; DTT,  way through a noncovalent tetrahedral intermediate, TH] (

5-enolpyruvyl shikimate 3-phosphate; EP-UDP-GIcNAc, enolpyruvyl ) ( ) P

uridine diphosphd\-acetylglucosamineKa, , equilibrium dissociation =~ aPpear to pose Sign.iﬁcam catalytic ChalllengeS' yet they
constant of the enzyme with ligand L; KIE, kinetic isotope effect; LDH, ~proceed smoothly, witlk.,: values of 57 st (AroA) (46)
lactate dehydrogenase; MurA, UDP-GICNAc enolpyruvyl transferase; and 4 s* (MurA) (28) in the forward reaction and 13’5
NADH, nicotinamide adenine dinucleotide; NPA, natural population ; ; ;

analysis; PEP, phosphoenolpyruvate; S3P, shikimate 3-phosphate; THI,(ArOA) (19) in the reverse reactlon' In the first st_ep of both
tetrahedral intermediate; UDP-GIcNAc, uridine diphosphddacetyl- the forward and reverse reactions, the nonbasit af&m

glucosamine; TS, transition state. must be protonated and nucleophilic attack by a poor
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Scheme 2 Tris-HCI (pH 7.5) was added 40M sodium arsenate. After
HBH HA B H.3 H HA 2 h, the reaction mixture was separated by anion exchange
a jJ/\_/ CHs ;”/;/ chromatography (Mono-Q, 1 mL column volume, Amersham
PPN, = R_ == R_ % Biosciences) with a buffer containing 10 mM Nl (pH
07/ ~07x ~co0 0~/ ~coo o coor )
0 )1' N _o Hg 1 10.0) and a gradient from 10 to 500 mM KCl over 15 column
R—OH AH ‘/_O/P\ﬁ_ _B/ Ng=0 volumes with a flow rate of 0.5 mL/min and dual-wavelength
~—B © ' o \o- absorbance detection at 260 and 240 nm for all reactions.
PEP + R-OH THI EP-OR + Pi Standards eluted at the following times: UDP-GIcNAc at

11.5 min, PEP at 16.2 min, EP-UDP-GIcNAc at 20.0 min,
S3P at 13.4 min, and EPSP at 22.5 min. Concentrations were
calculated from peak areas, with a relative molar absorptivity
ratio of 0.01:1:1 for the PEP/UDP-GIcNAc/EP-UDP-GIcNAc
mixture at 260 nm and 1:0.59:2.1 for the PEP/S3P/EPSP
reaction is fast in the presence of S3P or UDP-GIcNAG. In mixture at 240 nm. Control experiments without arsenate,

both cases, either phosphate or R-OH is required to promoteand without enzyme or arsenate, were performed under the

. : ; same conditions.
protonation at C3and/or activate the nucleophile. . - .
To probe the role of phosphate in catalysis, we studied Radioaciity AssaySodium arsenate (200M) was added

r_1. _ H
the reverse reactions of AroA and MurA in the presence of 1 0-33«M [1'-*CJEP-OR (27 mCi/mmol), 2@M enzyme,

phosphate analogues. Phosphate analogues have often be@ﬁ‘d 50 mM Tris-HCI.(pH 7.5)ina volu_me of 10@.. The
used as mechanistic probes for both® bond-cleaving reaction mixture was incubated for 30 min, and products were

7— - -cleavi - separated as described above; howeyer, fraction_s were
enzymes 47-55) and C-O bond-cleaving enzymeS§ collected every 45 s, and the amount4g in each fraction

nucleophile, either a hydroxyl or a phosphate, must occur.
The mechanism of these steps is not known. MurA and AroA
hydrolyze EP-OR’s slowly in the absence of phosphate, with
akeatvalue of~5 x 104 s71 (15). Similarly, in the forward

reaction, PEP is hydrolyzed slowly, if at all, but the correct

62). ) T .
We found that many phosphate analogues bound to AroA, was determined by scintillation countlng. ,
but only HAsQ?", H,VO,~, and FPG could promote Lactate Dehydrogenase (LDH) Reactidra confirm that

catalysis, causing breakdown of EP-OR to pyruvate and the presumed pyruvate product was being formed, LDH was
used in a spectrophotometric assay to reduce pyruvate to

R-OH. The same three phosphate analogues activated MurA ; .
phosp g lactate. EP-OR breakdown reactions were set up with 0.4

The arsenate-promoted reaction was studied in detail and :
D mM EP-OR, 2 mM sodium arsenate, Q1 enzyme, and

evidence found for arseno-tetrahedral intermediates (arseno- 0 mM Tris-HCl (bH 7.5) i I £ 500L. After 30
THIs), similar to the natural reaction. Fluorescence titrations 5 ) m h rS-H% (pH 7.5) in ahv%umtcej 0h5 p. - ATter d
indicated that AroA undergoes conformational changes upon M!n: the reaction was quenched and the mixture extracte

binding of phosphate or arsenate to the ABRSP complex, ~ With 3 x 500uL of CHCI;. A 10 uL aliquot was analyzed
g orphosp P by HPLC to ensure EP-OR breakdown was complete. To

EXPERIMENTAL PROCEDURES the remaining reaction solution was added 0.1 mM NADH
General to a total volume of 1 mL in a cuvette. LDH (1 unit) was
i i 1
H,'#0 was from Cambridge Isotope Laboratories, &#{ ir?]q(fc(iégnd%“o was monitored, with @éso of 6220 M-

water and [:1“C]pyruvate were from American Radiolabeled
Chemicals. Other reagents were biotech or reagent gradeKinetics of EP-OR Breakdown
from Sigma-Aldrich or Bioshop Canada (Burlington, ON).
Shikimate 3-phosphate (S3P), EPSP and EP-UDP-GIcNAc
recombinan&scherichia coliMurA, AroAes (AroA bearing

a C-terminal His sequence), and the ArgA Asp313Ala
(D313A) mutant were prepared as described previous3y (
45). The His tag sequence has been shown to have a

To estimatek../Ku for phosphate analogues, enzymes were
'incubated with EP-OR at concentrations much greater than
theKy and at phosphate analogue concentrations lower than
the Ky. Initial velocities ¢o) were measured, and apparent
keafKm Values were calculated using eq 1:

negligible effect on AroA’s kinetic behavior. vy = ko{Ky[analogue][EEP-OR] 1)
[3'-*H]EP-OR
A 200 uL solution containing 10 mM UDP-GIcNAC or Both enzymes were assumed to follow a sequential bi-bi

S3P, 10 mM PEP, 50 mM Tris-HCI (pH 7.5), anduM mechanism with random _substr_ate binding with the p_hpsphate
MurA or AroA was prepared in®H,O (200 xCi) and analoguesi9, 46). Reaction mixtures (100L) containing
incubated at room temperature for 12 h. After the reaction 3334M EP-UDP-GICcNAc or 75Q«M EPSP, 8.5:M MurA

was quenched with 200 mM KOH and the mixture extracted O 344M AroA, and 75-150 uM phosphate analogues in
with 3 x 200uL of CHCIs to precipitate and remove protein, 20 MM Tris-HCl (pH 7.5) were incubated for up to 80 min.
the product was separated by anion exchange on a Q_The products were thelj separated by anion exchangg
Sepharose column (20 mL column volume, Amersham thomatography as_descnbed above, and peaks were quanti-
Biosciences) with a gradient of 100 to 700 mM MCO; fied. For some reactions, 6-2 uM [1'-*C]EPSP was added,
(pH 10.0) over 60 min, at 2 mL/min; 99% of the unreacted and radioactivity in pyruvate and EPSP was measured.

and lyophilized by adding & 3 mL of water. Breakdown

Arsenate/Enzyme-Catalyzed EP-OR Breakdown Hydrolysis in H0. Arsenate-promoted enzymatic EP-
HPLC Analysis of Productd.o a 200uL reaction mixture OR hydrolysis was performed in,MO to determine the site
containing 75QuM EP-OR and 8.5«M enzyme in 50 mM of nucleophilic attack by water. AroA (48@M) or MurA
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(34 uM) was added to a reaction mixture containing 0.5 mM calculated using eq 2:
EP-OR and 0.25 mM sodium arsenate ind860of H,'80 at
pH 7.5 in a volume of 10@L. After 5—28 min, the reaction fCH) = lnia + 2004
was quenched with CHglextraction and the mixture 201, + g+ 100)
analyzed immediately by mass spectrometry. Control experi-
ments were performed either without EP-OR or enzyme or wherel, is the intensity of the peak at a given'z value.
in Hy'®O. The?H exchange rate,, was calculated from a plot 6@H)
Tritium ReleaseThe formation of arseno-THI was tested versus time at low extents of reaction and was compared
by detecting any *H]water released upon FH]EP-OR with kin, the fractional extent of EP-OR breakdown, under
breakdown. In MurA-catalyzed reactions, 12 mM EP-UDP- the same conditions. Parallel reactions were run without the
GIcNAc containing 500 cpm of [$H]EP-UDP-GIcNAc, 20 phosphate analogues, and tkg and kx, values were
mM sodium arsenate, 40M MurA, 14 mM NADH, and corrected for exchange and EP-OR hydrolysis without the
0.05 mg/mL LDH was incubated in 50 mM Tris-HCI (pH analogue.
7.5). Pyruvate was converted to lactate with LDH to prevent o
3H exchange with solvent. A control experiment without Fluorescence Titrations
arsenate was carried out in parallel. The reactions were Equilibrium dissociation constant&{.) for binding of
guenched after 15 min with 120 mM HCI and the mixtures phosphate analogues to Argéwere determined using steady
extracted with 3x 200uL of CHCIz. The aqueous solution  state fluorescence titrations & 2 mLquartz cuvette at 25
was then diluted to 4 mL and evenly divided into two °C, with alex of 280 nm and &en, of 360 nm. Aliquots of
scintillation vials. One vial was lyophilized, followed by 0.5-10uL of ligand (phosphate or an analogue) were added
repeated lyophilization and addition of regular water. Ra- to 0.5 or 1uM enzyme in 50 mM Tris-HCI (pH 7.5) and 1
dioactivity in each vial was counted for 8 10 min, and mM DTT, and the fluorescence was read for6®.5 s and
radioactivity loss in the lyophilized vial was determined. averaged. Ligand was added until no further fluorescence
AroA was tested in the same way, with reaction mixtures change was observed. The temperature of each sample was
containing 1.6 mM EPSP with 500 cpm of {8H]EPSP and  equilibrated in the spectrofluorometer for 20 min before the
100 uM AroA, and reactions were quenched after 6 min.  beginning of each titration. After correction for dilution,
fluorescence intensity was plotted versus total ligand con-
Enolpyrwyl °H Exchange with Seknt centration, [L], and fitted to eq 3:

()

Hydron exchange at C3was studied by carrying out F=F,—
reactions in’H,O. For arsenate/l\/!l_JrA reactions, EP_—UDP- (Elo+ [ +Kqy) — «/([E]o+ [L] + Ky )? — 4[E][L]
GIlcNAc and arsenate were lyophilized and then redissolved (F, — Fiy) >
in 2H,0, followed by addition of MurA and a volatile buffer, [E]
NH4HCOs (pH 7.5). Final concentrations were as follows: 0 3)
225uM EP-UDP-GIcNAc, 8 mM sodium arsenate, %M
MurA, 50 mM NHHCGO; (in 200 uL of 95% 2H,0). The whereF was the observed fluorescence intensity o [Egs
reaction was quenched with 50% MPH at 50% completion,  the total enzyme concentratioRy and Fi; were the fitted
as monitored by HPLC, and the mixture extracted with fluorescence intensities at zero and infinite [L], respectively,
CHCl,, and then the aqueous layer was repeatedly lyophilizedand Kqy, was the fitted equilibrium ligand dissociation
and redissolved in ¥D at least five times before being constant.
dissolved in a 50% MeOH/2.5% formic acid solution and  Thiophosphate and monomethyl phosphate binding was
analyzed by negative ion electrospray mass spectrometry.competitive with EPSP, which was also studied by fluores-
Vanadate/MurA reactions were carried out in the same way cence titrations. Thiophosphate (8.3 mM) or monomethyl
except using 22M EP-UDP-GIcNAc, 2 mM vanadate, phosphate (11:5115 mM) was equilibrated with Arods
and 0.4uM MurA. for 30 min in the spectrofluorometer to achieve a constant

2H exchange was studied similarly for AroA-catalyzed temperature and then titrated with EPSP as described above.
reactions using 37%M EPSP, 25333 uM phosphate ~ The apparenKqepspwas fitted at each analogue concentra-
analogue, and 5:315 uM AroA in 50 mM NH4HCO; (pH tion, andKg anaioguefor each analogue was fitted to eq 4:
7.5) in 200uL of 95%2H,0. Reactions were quenched with
50% NH,OH for 1 min to 12 h. Sample preparation and mass Kq epskapparenty=
spectrometry were as for the MurA reactions. Reaction with Kaepskl T [analogueKy anaiogud (4)
any contaminating phosphate was suppressed by adding 50
uM KCI, 50 uM MgCl,, 300 uM ADP, and 0.2 unit of RESULTS
pyruvate kinase (PK) to synthesize ATP from any PEP  Eleven phosphate analogues were tested (Table 1); three
formed from phosphate by AroA. Contaminating phosphate were able to promote EP-OR breakdown to pyruvate and
concentrations were very low and did not interfere with the R-OH: arsenate (HAs"), vanadate (lWO,~), and mono-

2H,0 exchange experiments. fluorophosphate (FP®).
°H incorporation was detected by negative ion mass o ) o
spectrometry as the change in the intensity ofrtie n, n Equilibrium Dissociation Constants
+ 1, andn + 2 peaks for EPSPn(= 323) or EP-UDP- Equilibrium dissociation constantsy, for phosphate and

GIcNAc (n = 676). After correction for natural abundance some analogues were determined by direct fluorescence
isotopes, the fractional extent #f incorporationf(?H), was titration with AroAys, Hiss-taggedE. coli AroA (Figure 1la
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Table 1: Interactions of Phosphate and Phosphate Analogues with MurA and AroA

HPO2~ HAsO4?~ HVO,4~ FPO?~ SO~ WOZ  MePQO? MeOPQ?~ HSPQ?~

MurA keafKnv — (2.0+£0.5)x 100 1504+ 30 90+ 40 3.3+ 0.6 nd nae neo* ne¢ noe

(M-1shyp
MurA specificity 1 130 220 6000
ratio?
MUrA Key/Kexn® 0.67+0.04 0.12+0.05 nd nd°
AroA KeafKm (4.5+0.9)x 10 77+ 15 20+ 4 1.2+ 0.2 nd nd° nd® nd® nd°
(M -1 Sfl)b
AroA specificity 1 60 220 3800
ratio?

ArOA Ke/Kixe® 14401 04401 _ _
AroA Kq (mM) 4.8+ 0.5 544 0.6 0.4+ 0.2 0.6+0.2 9 17+5" 148410 23+2/22+ 2" 0.214+0.01
bond length ( 1.50 1.66 1.68 1.49 (PF 1.48 1.77 1.50 1.52 1.51 (/5

bond, 1.65) bond, 2.13)
[dianion]/ 2 4 0.03 500 x 10° 600 0.6 16 50

[monoanionf

a|n addition, AlR~, HCO;~, and NQ~ were tested, but none interacted detectably with MurA or Ardld./Kwy for reaction to R-OH+ PEP
(with phosphate) or R-OH- pyruvate (with analoguesy.Not detectableka/Ku < 0.04 Mt s71). 9 (Kead K )phosphat{Keal Km)analogue € KexlKexn IS the
rate of?H incorporation ke, divided by the rate of EP-OR breakdow., in the presence of a phosphate analogue, corrected for exchange and
breakdown in the absence of the analogue. Under the reaction condkipmsthout each phosphate analogue was 17% (AroA/HAs)) 46%
(AroA/H2VO47), 47% (MUrA/HAsSQ?"), and 40% (MurA/HVO,") of ke in the presence of the analogli&w.vo, for vanadate-promoted EPSP
hydrolysis.9 No detectable fluorescence change up to 100 Klwo, was determined from inhibition of the Are#-catalyzed reaction of EPSP

and phosphate, assuming that inhibition was competitive with respect to phosphate. the variation irkq gpspas determined by fluorescence
titration, with variable [MeOPg&¥~] or [HPSQ27]. The Trp fluorescence change due to HRSMinding was too small for direct determination of
Kanpsa. | Bond length between the central atom and the charged oxygen (from Cambridge Structural Ddtdbasflianion]/[monoanion] ratio
was calculated from i, using the HenderserHasselbach equation, an&p values from refs64—67.

a b
( )1_00 1.00 AroA, . D313A ( )
3 8 0.981
(8] [8]
£ 0.99- s
@ ? EPSP
o 2 0.96-
S S
iT 0.984 T ,
B B 0.944 HAsO,~
N N
g g
0.97
= = 400 |
0.92 2-
z° 2 HPO,
0.96 . . , 0.90 . . o frmre
0 10 20 30 0 2 4 6 5 10 15 20
- - 2- 2-.
[HPO42]or [HASO42](mM) [EPSP] (M) [HPO, EORA[;'ASO" ]
m

FicurE 1: (a) Fluorescence titrations of binding of HAgO and HPQ?~ to 0.5uM AroA . Solid lines indicate calculated curves from
fitting fluorescence data to eq 3 (Table 1). (b) Fluorescence titrations @fNd.BroAs_D313A with EPSP®) followed by HPQ?~ (@)
in the same sample. HAS®O (M) was titrated into AroAs_D313AEPSP in a separate experiment. Solid lines indicate calculated curves

from fitting fluorescence data to eq 3.

and Table 1). Ligands that bind AroA, including EPSP and

Trp fluorescence nonspecifically, giving the same titration

{S3Pt+glyphosatg, cause a decrease in Trp fluorescence that curve with AroAys as with N-acetyltryptophan. Tungstate

has been correlated with the two AroA domains moving
closer together and closing down the active sité, 26).
KaepspWith AroApys was 1.6+ 0.1 uM, compared with 1
uM with wild-type AroA (14). Kqnpo, (4.8 mM) was similar

to values measured previously with wild-type AroA, which
range from 0.7 mM J) to 14 mM (9) under various
conditions, an&y = 4.4 mM (19). The fluorescence change
caused by thiophosphate, HSPQ was too small to
determineKq nspq by direct fluorescence titration. Instead,
Ka.epskapparent) was determined by fluorescence titration
in the presence of varying HSBO concentrations, and the
value ofKgnspg (0.21 mM) was found by fitting to eq. 4,
as in previous reports (Figure 233). With monomethyl
phosphate, MeOP£, Kqmeorq Values were determined by
direct fluorescence titration and by application of eq 4, giving

inhibited the reverse AroA reaction (EPSPphosphate—~
S3P+ PEP), andKwo, was found to be 17 mM (Table 1),
which was taken a¥qwo, Vanadate, bWO,~, absorbed
significantly atdey, 280 nm, preventing fluorescence titra-
tions. InsteadKw u,vo,, 0.4 mM, for the vanadate-promoted
reaction was reported.

Several approaches were used in an attempt to detect
sulfate binding or reactivity, given the fact that it should be
one of the closest analogues of phosphate. There was no
detectable binding to AroA by fluorescence titration with
up to 100 mM sulfate. At 120 mM, it did not inhibit the
reverse AroA reaction or EPSP hydrolysis by AroA alone,
and it did not promote solverdtH exchange irfH,0.

Fluorescence Titrations with ArgA D313A

values of 22 and 23 mM, respectively. Fluorescence titrations AroAns_D313A, a mutant with extremely low activity,

could not be used with tungstate, WQwhich quenched

experienced a decrease in fluorescence intensity similar to
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(@) : (b)
1.00+ _ 1.00+, _°
2, g
g ¥ g S N g .
c A0 g c 3N g
[0] ] e [] ® v <
g & 52 g feovs g
o et o 4 o o ov 2 4
5 0.984 SVAA . < 3 0.98- . oo, <
o e O 0 w e 7 a o
- $ a2 o 0 50 1(_)0 150 200 o] ° v A 0 1 2 2
o A O [MeOPOsz](mM) I v a 5 [HSOPO, ] (mM)
N o s o, N H oY, s 4
= S & o © %9 A A a
E096! & e " €096 3 RIS g :
S .ovv “aafm o S | 3 8 Yo v %
b4 o A g p4 o
NWRFFow , v F @ o oo, . .
0 4 8 12 16 20 0 4 8 12 16 20
[EPSP] (uM) [EPSP] (uM)

FiIGURE 2: Estimation oKy meopg andKq nspq from Ky epséapparent). (a) Fluorescence titration i AroA e with EPSP in the presence
of varying amounts of MeOP£: (@) 0, (O) 11.5, () 23, (») 115, and [0) 184 mM. The inset showq epsapparent) vs [MeOP£].

(b) Fluorescence titration of AM AroA s with EPSP in the presence of varying amounts of thiophosphate, (fSP(@®) 0 (same data
as part a),©) 0.5, (v) 1, and and 4) 2 mM. The inset show&, epsg¢apparent) vs [HSP£]. The reason for the smaller decrease in

fluorescence at higher HSBO concentrations is not clear but may be related to the fact that EFSRfinding on its own caused a
negligible change in AroA fluorescence.

that of AroAus when titrated with EPSP or phosphate, with Scheme 3

Kq values of 0.6+ 0.1 uM (Figure 1b) and 4.2t 0.5 mM HPOZ 20,p. JL

(data not shown), respectively. Titration of ArgAD313A & JL . 0" “C00" +R-OH

EPSP with phosphate revealed a second fluorescence change, 0”7 oo @_ ;\ + HASO,Z

with a Kgppg, of 2.7 + 0.1 mM (Figure 1b). Fluorescence ¢ 07°co0" +R-OH

titration of AroAys_D313AEPSP with arsenate gave a » )

Kapasa, Of 9 + 1 mM (Figure 1b). conditions, that is, an at least%ld (AroA) to 5 x 10°-

fold (MurA) decrease.
Phosphate and Analogue Binding Site EP-OR Breakdown Products

As both EPSP and EP-UDP-GIcNAc contain phosphate  ag arsenate was the most effective analogue at promoting
ester functional groups, itis possible that inorganic phosphategp_oR preakdown, its reaction was characterized in detail.

or analogues bound in those site in preference to the CorreCtArsenate-promoted enzymatic EP-OR degradation yielded

phosphate binding.site. Al_t_hough it i; not possible to pyruvate, arsenate, and R-OH (UDP-GIcNAc or S3P)
rigorously exclude this possibility, results with ArgAD313A (Scheme 3). The EP-OR’s were not significantly degraded

indicate that phosphate bound in its correct site. ASp313 iS the presence of enzyme alone under these conditions. The
located in the active site, but not close to either the inorganic p .o akdown products were identified as follows. Arsenate-

phosphate or phosphate monoester binding sites. Titratingpromoted EP-OR breakdown resulted in a new peak in anion
AroAys_D313A with phosphate gave a fluorescence decrease

- ) ) ; exchange chromatograms with the same elution times and
similar in magnitude to that with Aro4s, and a slightly lower

Azed/Anao ratios as UDP-GIcNAc (with MurA) (Figure 3) or
Kanpg (4.2 mM). In the presence ofM EPSP (18 epsy, S3P (with AroA), as well as the expected values by mass
there was a slight decreaselgpq, t0 2.7 mM, consistent

o o~ O spectrometry (data not shown). Reaction with-iffC]EP-
with tighter phosphate binding in the presence of EPSP, asgr gave a radioactive peak that coeluted with standard

observed preyio_uslyl@). T_h.us, EPSP diq not interfer_e with pyruvate. Degrading 100M EPSP or EP-UDP-GIcNAC in

_phosphate bmdmg, proyldmg some evidence that it bound )¢ presence of arsenate and AroA or MurA yieldedios

in the correct site even in the absence of EPSP. uM pyruvate, as detected by reaction with NADH and LDH.
. 3 . ) )

Kinetics of EP-OR Breakdown Incubating [1-“C]pyruvate with R-OH, arsenate, and en

zyme Yyielded no detectable EP-OR, indicating that the
The specificity constantsa/Ky) for EP-OR breakdown  reaction was effectively irreversible.

were determined from the initial reaction velocities with .
different phosphate analogues (Table 1). It was possible toMechanism of Arsenate-Promoted EP-OR Breakdown
estimate Kca/Kwm)anaogue USINg €q 1 because phosphate  Because several different reaction pathways could lead to
analogue concentrations were less tKaRnaogue While EP- pyruvate formation in the arsenate-promoted reactions,
OR concentrations were much greater thagp-or (750uM isotope labeling experiments using-fBIJEP-OR,?H,0, and
EPSP and 333M EP-UDP-GIcNAC); cf.Kgqepsp= 0.6 uM H,'80 were used to probe the reaction (Tables 1 and 2 and
(this study) andg ep-ubp-cicnac ~ 1 M (21). Compared to  Figures 4 and 5). With [3®H]EP-OR,*H would be released
thek:a/Knm value with phosphate../Ky with both enzymes  if C3’ were protonated, and then deprotonated, as during THI
decreased roughly 100-fold for arsenate, 200-fold for vana- formation and breakdown, or reversible formation of a
date, and 5000-fold for fluorophosphate. For the analoguesputative oxacarbenium ion, but not if water directly attacked
that did not promote hydrolysis, we can estimate an upper EP-OR or the oxacarbenium ion while arsenate acted as a
limit on ke/Km of 0.04 Mt s based on the lack of bystander (Figure 4). Incorporation &fl from 2H,O into
detectable EP-OR breakdowri 1%) under the experimental EP-OR’s would demonstrate reversible formation of arseno-
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Ficure 3: EP-UDP-GIcNAc breakdown products. Anion exchange
chromatograms of reaction mixtures at 2 h.4£a)o in the absence
(black line) and presence (blue line) of HAZQ. (b) 14C in 1 min
fractions in the absenced] and presencea) of HAsO,2~. For
panel a, the reaction mixture contained 780 EP-UDP-GIcNAc,
8.5uM MurA, and 50 mM Tris-HCI (pH 7.5) with or without 40
uM HAsO42~. The peak marked with an asterisk was UDP-
MurNAc, a peptidoglycan biosynthesis intermediate present in all
MurA preparations43). For panel b, the reaction mixture contained
0.33uM [1'-1C]EP-UDP-GIcNAc, 2QuM MurA, and 50 mM Tris-
HCI (pH 7.5) with or without 20QtM HAsO4?~. The small amount

of [1'-1“C]PEP arises from the covalent PEP adduct present in all
MurA preparationsZ1, 43) and could be suppressed by the addition
of pyruvate kinase and ADP.

THI and/or an oxacarbenium ion intermediate (Figure 4).
As arsenate esters are unstable in water and underg®As
bond cleavage5, 68), incorporation of'®0 into arsenate

Zhang and Berti

Table 2. Release oH from [3'-3H]EP-OR’s in Arsenate-Promoted
Reactions

f(H loss}
enzyme, reactant  with HAs®  without HAsQ?~ Af(®*H lossy
AroA, [3'-*H]JEPSP  0.36+ 0.03 0.13+ 0.02 0.23+ 0.05
MurA, [3'-H]EP- 0.23+ 0.02 0.01+ 0.03 0.22+ 0.05

UDP-GIcNAc

af(*H loss) is the fraction of the totaH lost from the reaction
mixture upon lyophilization, which corresponds to the losgtbfrom
[3'-*H]EP-OR into water:f(*H 10SS)= (®*Hno-iyoph — *Hiyoph)/*Hno-Iyoph-
b Af(*H loss)= f(®H loss with HAsQ?") — f(®H loss without HASG?").

be 0.33. A modest kinetic isotope effect (KIE) on hydrogen
extraction would account for the discrepancy from the
expected value, though a largjg KIE might reasonably be
expected. Indeed, a solveht KIE of almost 2 was observed
previously for the AroA reaction at pH 6.25 (though there
is no direct evidence that the observed KIE reflected
protonation and/or deprotonation of the methyl growg, (
70). Assuming a large KIE on deprotonation, repeated
protonation and/or deprotonation at'G@ould be required

to account for the observed release’dfinto solution.®H
loss is consistent with (i) arseno-THI formation followed by
R-OH elimination to form arsenoenolpyruvate (Figure 4),
(i) reversible formation of arseno-THI, or (iii) reversible
formation of an oxacarbenium ion intermediate. If the newly
formed methyl group rotates during the intermediate’s
lifetime, the catalytic acid can abstraid.

Solvent?H exchange into the C®osition was measured
aske/kixn, the ratio oPH exchangek.,, to EP-OR breakdown,
kxn. With AroA and arsenateke/kxn was 1.7 (Table 1),
implying either (i) reversible arseno-THI formation or (ii)
reversible oxacarbenium ion intermediate formation before
nucleophilic addition of HAsG~ (Table 1). Both possibili-
ties are consistent with release %f from [3'-3H]EPSP.

AroAl/arsenate reactions run inHO resulted in incor-
poration of*®0 into arsenate (Figure 5b), indicating at least
that arseno-THI and likely arsenoenolpyruvate (Figure 4)

would demonstrate whether arsenate was participating in thewere formed, followed by nonenzymatic breakdown of the

reaction or was merely a bystander.

AroA Reactionsln arsenate/AroA reactions, [BH]EPSP
breakdown releasetH into solution (Table 2). Complete
hydrolysis gave an observed fractional losgttfAf(°H loss),
of 0.23, indicating that at some point the EP-OR methylene

was protonated, rotationally equilibrated, and then deproto-

nated. Assuming no isotope effect on deprotonation and full
rotational equilibration of the C#H group, one-third ofH
would be expected to be removed; i.Af(*H loss) would

arsenate ester through A® bond cleavagesg, 61). There
was little 180 exchange in the absence of EPSP (Figure 5a).
Repeated trips through the catalytic cycle formed HAs-
160,180,?~ and HAZ%0'%05%>", even though the reaction had
not gone to completion. Dissociation and nonenzymatic
breakdown of the arseno-THI would account for the observed
incorporation of'80; however, given the extremely high
affinity of AroA for the normal THI, its demonstrated ability
to deprotonate C3and the fact that elimination of S3P is

(CHPH)A
243
R-OH HJJ/\HIH
205As
o, 2HA Hog A WoN 50" oo \Hzto
H - H 3HQH H arsenoenol- 2173 213
j: i( Eyruvats non- R-OH CHPHPH) [ o) C(H2H*H),
R o R. - o R j\ enzymatic
) ~0 O'O COO” (o} CoO” NADH HO COOr
2-
2 0 2 0 “asOy% Oshs~rg0,,
HAsO,> HAsO4*~ arseno-THI H,'80
EP-OR + arsenate (oxacarbenium ion non-
intermediate) enzymatic

FiGure 4: Isotope labeling experiments for arsenate-promoted reactions showing sources and potential fates of isotopic labels. Note that
in any given experiment, only one isotopic label was used. Product pyruvate was reduced to lactate with LDH/NADH to prevent nonenzymatic
hydron exchange. Spontaned exchange into pyruvate was fast and therefore not useful diagnostically.
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(C) I (b) (c) (d) the arsenate-promoted reaction. TH® results were con-
n=0 S|_stent with arsenate being a bystgnder in the rgacn_on, ie.,
direct water attack on EP-OR or its oxacarbenium ion, or
with breakdown of the arsenoenolpyruvate product through
C—0 bond cleavage in an enzyme-catalyzed step. We note
that the relativek.o/Ky values for arsenate, vanadate, and

"=n1=2 fluorophosphate (Table 1) were similar with AroA and
‘ n=3 MurA, implying similar reaction pathways for both enzymes.
| n=4 .
Nonetheless, these data do not allow an unambiguous
130 %0 130 AR 0 1o 150 assignment of mechanism for the MurA reaction.
m/z m/z m/z m/z DISCUSS'ON

FIGURE 5: Arsenate'®O exchange in arsenate-promoted EP-OR ) ) ) i ;
hydrolysis in 86% HEO. (a) AroA + HAsOZ-, with incubation AroA- and MurA-catalyzed EP-OR hydrolysis is slow in

for 18 min. (b) AroA+ HASO2~ + EPSP, after 18 min. EpSp e absence of phosphate, wit values of (4.7+ 0.5) x
was 70% hydrolyzed. (c) MurA- HAsO2~, with incubation for 5 10* and (4.2+ 0.4) x 10 s™%, respectively, compared
min. (d) MurA + HAsO,2~ + EP-UDP-GIcNAc, after 28 min. EP-  with a literature value of 4.% 1074 s for AroA (15). The
UDP-GIcNAc was 70% hydrolyzed. Asterisks denote contaminants. ~1-fold increase in rates upon phosphate binding does not
] . . arise from the inherent reactivity of phosphate with the
.th.e same reacthn W|th arseno-THI as W|th the normal THl, eno|pyruvy| group but rather from the enzymes using b|nd|ng
it is much more ||k6|y that AroA forms arsenoenOIDyruvate. energy to promote reactivity_ Phosphate is a modest nucleo-
Nonenzymatic breakdown of arsenoenolpyruvate through phile, weaker than or similar to acetafg2{-74). Arsenate
As—O bond cleavage will then giv&O incorporation. and vanadate are 6- and 900-fold more nucleophilic, respec-
MurA ReactionsThe results withi®H and?H labeling in tively, than phosphate in the dianion for@sj but had 100-
the arsenate-promoted MurA reactions were similar to thoseand 200-fold lowerk..{Ky Vvalues, respectively, in AroA
for AroA reactions (Tables 1 and 2), indicating that' ©8 reactions. Thus, nucleophilicity was not the determining
EP-UDP-GIcNAc was protonated, rotationally equilibrated, factor for reactivity with AroA and MurA. Phosphate
and then deprotonated. The fractional losstef 0.22, was desolvation upon binding in the active site would be expected
very similar to that of AroA, 0.23. SolveRH exchange, as  to increase its nucleophilicity, though it is not clear how
measured b¥e/kixn, Was slower than that of AroA but was much, given its highly polar binding site3%, 76). Desol-
still significant. vation may drive conformational change and thus the
Incubation of MurA and arsenate in,#O caused exten-  observed fluorescence decrease associated with phosphate
sive exchange (Figure 5c), indicating that arsenate was boundinding.
in an environment that rendered it more reactive. MurA  There is no good evidence for or against nucleophile
contains a good nucleophile in the active site, Cys115, activation, but there is good evidence for enolpyruvyl
located near the phosphate b|nd|ng Site, that could Conceiv_activation. In the forward r_eaCtion, AroA CataIyZEd_S()lvent
ably interact with arsenate. Addition of 5a0 EP-UDP-  “H exchange at Cf PEP in the presence of 4,5-dideoxy-
[EP-UDP-GICNAC]> Kq ep-unp-cienae, MUTA was saturated Presumably?H exchange must occur through an oxacarbe-
with EP-UDP-GIcNAc, and®0 exchange in the MurA nium ion. In the reverse reaction, AroA forms EPSP ketal

HAsO.2 +EP-UDP-GIcNAC complex was much slower than in the enzyme active site, evidence that it activates the
in the MurA-HAsO,?~ complex. The lack of significartfO enolpyruvyl group, forming an oxacarbenium ion, or a highly

incorporation as EP-UDP-GICNAGC breakdown proceeded to oxacarbenium ion-like transition state for hydroxyl addition
70% completion could indicate that arsenate was not .(77)'2 SqlventZH exchange into EP-OR observed in this study
participating in the breakdown reaction, i.e., that it was a 'S consistent with reversible oxacarbenium ion formation,

tit is also consistent with reversible THI (or THI analogue)
bystander, or that the presumed arsenoenolpyruvate produc¥Ju . ; )
was degraded through another pathway. This could include ormation. The fact that there was little d!fference between
an arsenolactoyl adductl) analogous to the commonl Kaeg, In the absence of EP-OR akGh,eo, in the presence
b d oh %1 lactovl addupi %3 MurA-catal dy of EP-OR (@9) implies that the enzymes are able to convert
\(/)vast::\lztt;ckoia %2((:)1‘()};r2engen’(olp));r3:/atgr l\-/ICL?r: yhzaes a all of the phosphate binding energy into TS stabilization in

. the reverse reaction. Similarly, there was little difference in
nanomolaKy pepin the presence of UDP-GICNA@Q), and Kawpo in the presence and absence of EP-OR with

it hydrolyzes PEP in the absence of UDP-GIcNAc, albeit AroAns_Asp313Ala.

slowly. Thus, it is plausible that MurA-catalyzed arse- Phosphate Analogues: Binding and EP-OR Aation.
noenolpyruvate breakdown accounted for the lack®of The same three phosphate analogues promoted EP-OR
Incorporation. breakdown with both AroA and MurA, with similar relative
specificity constants, i.e.,K&/Kw)npo,/ (KealKm)anatogue OF

CHs approximately 100 for arsenate, 200 for vanadate, and 5000

#03As-0¢ "COO" for fluorophosphate (Table 1). This similarity implies similar
MurA interactions of the phosphate analogues with both enzymes
1 and similar catalytic mechanisms.

Comparison of the physicochemical properties of each

Thus, the mechanism of arsenate-promoted EP-UDP-analogue with their ability to bind and/or promote EP-OR
GIcNAc hydrolysis was ambiguous. TREl and®H results
demonstrated that MurA protonates and deprotonatémC3 2M. E. Clark and P. J. Berti, unpublished data.
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breakdown shed light on the factors that are important for logues was the presence of at least one proton. If we assume
catalysis. None of the nontetrahedral phosphate analogueshat a proton is required for reactivity, then the [dianion]/
(AIF4~,® HCO;, or NOy") interacted detectably with either  [monoanion] ratio for SG¥—, 3 x 1(°, would ensure that it
enzyme, while all tetrahedral analogues bound to AroA, is unreactive. The ratio with FR&, 500, would ensure its
except for sulfate (see below). Thus, tetrahedral geometryreactivity was low, despite otherwise very similar sizes,
was important but not sufficient for binding. Size was not shapes, and charge distributions for it and phosphate. With
an important factor for binding of the analogue alone, though WO,?~, presumably the combination of larger size and
binding of the largest two analogues, monomethyl phosphateunfavorable [dianion]/[monoanion] ratio, 600, made it un-
and thiophosphate, was competitive with EPSP. reactive. The role of a proton in the mechanism is not clear.

The overall charge in each phosphate analogue did notPresumably, general acid catalysis is required for elimination
correlate with binding or reactivity. At the reaction pH, 7.5, 0f R-OH from the THI; however, the proposed catalytic
the dianion form is dominant in phosphate and two reactive residue, Lys22 39, 44), would not necessarily require a
phosphate analogues, arsenate and fluorophosphate, angroton from the phosphate analogue. Even given its unusually
several nonreactive ones. The monoanion form was dominanfow pKa, 7.6 80), a significant fraction of Lys22 dNwould
in one reactive analogue, vanadate, and one unreactivedlready be protonated in the free enzyme. In one proposed
analogue, methylphosphonic acid. Thus, there was no ap-mechanism, phosphate deprotonate$ @3he THI in the
parent correlation between either binding or reactivity and €limination step of the forward reactio88). In the reverse
the overall charge on the phosphate analogues. Similarly,reaction, phosphate would have to supply a proton to C3
there was no apparent correlation with the charges onThe requirement for a proton in phosphate analogues is
individual deprotonated oxygen atoms, calculated at the DFT consistent with this mechanism, though we have previously

level, which varied across a small range, frerd.9 to—1.3 proposed that AroA_Glu341 deprotonates, @t phosphate
(data not shown). (44). In AroA crystal structuresi(l, 39), there are no side

Sulfate was the only tetrahedral phosphate analogue thahains apparent that could directly accept a hydrogen bond
did not bind to AroAs. That this discrimination should occur ~ 7oM phosphate; however, a crystallographically conserved

is not surprising; sulfate is the only analogue that was tested'Vater would allow a bridged hydrogen bond to AroA_Asp49.
that occurs in significant physiological concentrations, with ASP49 has been shown to be important for catalysis and is
intracellular concentrations in bacteria-e100uM (78). The ~ Completely conserved in AroA and MurA sequencéé)(
discrimination mechanism is not obvious given its similarity ~ Mechanism of Arsenate-Promoted EP-OR Breakddwe.
to phosphate in tetrahedral geometry, size, and overall charge’®O, *H, and?H labeling experiments demonstrated that the
The major difference between HFO and SQ* is the lack arsenate-promoted AroA reaction proceeded through an
of proton on sulfate at physiological pH. The lack of a proton arseno-THI intermediate analogous to the normal catalytic
on SQ? has been proposed as the main way that someintermediate. ThéH and?H results demonstrated that AroA
proteins distinguish between sulfate and phosphe The is able to protonate and deprotonate the methylene carbon,
hard or soft character of phosphate versus sulfate has als&C3. Incorporation of®0O into arsenate demonstrated that it
been proposed as a mechanism of distinguishing betweerwas involved in the chemical steps of the reaction, and not
them. With AroA, neither factor is likely to be definitive; merely a bystander. This implies at least arseno-THI
tungstate bound to AroA despite having no proton at intermediate formation, but more likely aresenoenolpyruvate
physiological pH, and arsenate was reactive despite beingformation, because arseno-THI formation would not itself
even softer than sulfate. Rather, a combination of factors lead to breakdown of EP-OR to pyruvate and R-OH. For
appears to combine to discriminate against sulfate. the MurA reaction, there was good evidence for activation
Kawo, With AroA was similar to that with the active of the methylene carbon, but the'PD experiments did not

phosphate analogues, but tungstate did not promote EP-OF8uUpport direct participation of arsenate, though it cannot be
breakdown and did not cause solvértexchange irtH,O ruled out.
(Table 1). This demonstrated that binding and catalysis were Conformational Changes upon Ligand Bindithgaddition
independent events. The lack of reactivity was likely due to to Kgq,, fluorescence titrations provided information about
a combination of the lack of a proton at physiological pH conformational changes. The crystal structures of both MurA
(see below) and the large size, as reflected in theQ\bond and AroA demonstrate conformational changes upon binding
lengths of 1.77 A, 0.27 A longer than the-P bonds in substrates, intermediates, products, and some inhib26rs (
phosphate. Although there is no evidence that tungstate81). With AroA, the conformational change is a rigid-body
binding was competitive with EPSP, a small displacement rotation of the N- and C-terminal domains relative to each
of the enolpyruvyl group within the active site would be other, with little change in the structure of either domain.
enough to prevent catalysis. Ligand binding causes the two domains to move closer

What factors were important in the three phosphate together {1), and this movement has been associated with
analogues that promoted EP-OR breakdown? Of the phos-the Trp fluorescence change.
phate analogues that were not so large that they displaced In this study, phosphate and several analogues caused the
EPSP (MeOPg~ and HSP@") or possessed a hydrophobic  fluorescence changes in tryptophan associated with confor-
group that caused extremely weak binding (MeP{) one mational change. Fluorescence titrations with AgA>313A
factor that distinguished reactive (e.g., HA%Cand HVO/") demonstrated that EPSP bound with a similar affinity to
from nonreactive (e.g., S® and WQ?") phosphate ana-  AroAe. This was somewhat surprising, as crystal structures

indicated a potential 2:63.0 A hydrogen bond between
3 AlF4~ solutions are actually a mixture of AJF, AlF;, and AlR- D313 and O of S3P (1, 82), fluoro-THI (83), and

(OH),. The lack of an effect on the enzymes implies that none interacted Phosphonate analogues of the THBAY WhiCh_ W_0U|d be
appreciably with the enzymes. expected to promote S3P and EPSP binding. In the
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AroA_D313A-THI structure, the position of the A313
backbone was unchanged, as wasH)4ndicating that the

fluorophosphate were able to promote EP-OR breakdown,
with arsenate being the most effective. Examination of the
same hydrogen bond would be possible in the ADAl arsenate-promoted AroA reaction indicated that it proceeds
complex. The lack of an effect oKgepspis consistent,  through the normal reaction pathway, forming an arseno-
however, with the observation that the D313A mutation has tetrahedral intermediate. The isotope labeling experiments
little effect onKy sspor Kv,pen €ven though it decreasks: gave ambiguous results with the arsenate-promoted MurA
dramatically’ Titration of the AroAs;_D313AEPSP com-  reaction. Fluorescence titrations of EPSP and phosphate
plex with phosphate resulted in a further decrease in pinding to a mutant AroA, Asp313Ala, demonstrated a
fluorescence. This provides evidence that AroA undergoes conformational change upon EPSP binding, followed by a

an additional conformational change upon phosphate binding,further change upon phosphate binding.

consistent with the idea that phosphate induces a change in

the AroA-EPSP complex to activate the enolpyruvyl group. ACKNOWLEDGMENT

Titration of the AroAs_ D131AEPSP complex with arsenate
also caused a fluorescence change (Figure 1b).
Oxacarbenium lon€Enzymatic protonation of the EP-OR
group would yield an oxacarbenium ion, the same intermedi-
ate that formed during acid-catalyzed EPSP hydrolysis, where
C3 protonation is rate-limiting&5). Protonation of carbon 1
bases is difficult both thermodynamically and kinetically,
with a large intrinsic barrier to proton transfe85 86).
Assuming that the g, of C3 is less than—4, protonation at
physiological pH would be disfavored by15 kcal/mol.
Nonetheless, AroA and MurA accomplish this protonation

smoothly, as well as protonating G& PEP in the forward 3.

reaction. SolvemH exchange observed in this study in both
the AroA and MurA reactions is further evidence for
enolpyruvyl group activation. However, this impressive

catalytic power is not expressed as soon as EP-OR enters 4.

the active site; it is increased10P-fold upon phosphate
binding.

Implications for Inhibitor DesignMurA and AroA are
potential antibiotic targets. The effectiveness of the existing

inhibitors, fosfomycin, an antibiotic, and glyphosate, a &

herbicide, is limited by the fact that their anionic phosphonate
groups prevent spontaneous transport across bacterial cell -
membranes. Fosfomycin is actively imported by sugar
phosphate transporters in susceptible bact@yi@7). Bacteria
that do not misrecognize fosfomycin as a phosphorylated
sugar are fosfomycin-resistant. Glyphosate is not an antibi-
otic, although it inhibits many bacterial AroAs, presumably 9
because it is unable to cross the cell membranes. By
understanding enzymeghosphate interactions in detail, we
may be able to design phosphonate-free inhibitors which take
advantage of the naturally high intracellular phosphate
concentrations inE. coli, 20 mM (88), to achieve tight

binding. The fact that phosphate (and some analogues) causes!1.

the enzymes to activate the enolpyruvyl group by stabilizing
an inherently unstable oxacarbenium ion implies that binding
of good oxacarbenium mimics will be greatly enhanced by

simultaneous binding of endogenous phosphate, without the 12.

requirement of transporting an anionic functional group
across the cell membrane as part of the inhibitor.

13.
2 AN TN
2- -
2 OSP/L\ 0P H{ CO0
fosfomycin glyphosate

14.

CONCLUSIONS

Eleven different phosphate analogues were used to study 15

the reverse reactions of AroA and MurA with EP-OR. Many
bound with the enzymes, but only arsenate, vanadate, and N

4P. Chindemi and P. J. Berti, unpublished results.

We thank Dr. Paul Loncke for help with computations
and Paul Chindemi for determinint@u u,vo,
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