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ABSTRACT. The mechanism of the reaction catalyzed b{Z-Prethyl-p-erythritol 4-phosphate (MEP)
synthase fronkEscherichia colihas been studied by steady-state and single-turnover kinetic experiments
for the 1-deoxye-xylulose 5-phosphoric acid (DXP) analogues, 1,1,1-trifluoro-1-demxyiulose
5-phosphoric acid (GFDXP), 1,1-difluoro-1-deoxys-xylulose 5-phosphoric acid (GEDXP), 1-fluoro-
1-deoxyp-xylulose 5-phosphoric acid (CF-DXP), and 1,2-didemxiiexulose 6-phosphate (Et-DXP). £F

DXP, CF-DXP, and Et-DXP were poor inhibitors, most likely because of the increase in steric bulk at
C1 of DXP. The three analogues were also poor substrates for the enzyme. In contrast, CF-DXP was a
good substratek{aC™PXP = 37 4+ 2 571, K,CFPXP = 227 + 25 uM) for MEP synthase when compared

to DXP (KPP = 29+ 1 571, KPXP = 45 4+ 4 uM). A primary deuterium isotope effect was observed
under single-turnover conditions when CF-DXP was incubated w&ff4]NADPH (Hk/Pk = 1.34 +

0.01), whereas no isotope effect was observed upon incubation with DXPSHRHNADPH (Hk/Pk =

1.024 0.02). The reaction did not exhibit burst kinetics for either substrate, indicating that product release
is not rate-limiting. These studies suggest that positive charge does not develop at C2 of DXP during
catalysis. In addition, the isotope effect with CF-DXP ais[ZH]NADPH but not DXP indicates that the
rearrangement step, which precedes hydride transfer, is rate-limiting for DXP but becomes partially rate-
limiting for CF-DXP. Thus, rearrangement appears to be enhanced by substitution of a hydrogen atom in
the methyl group of DXP by fluorine. These observations are consistent with a retro-aldol/aldol mechanism
for the rearrangement during conversion of DXP to MEP.

Isopentenyl diphosphate (IPRnd dimethylallyl diphos-  aldehyde intermediate, @-methyl-o-erythrose 4-phosphate,
phate (DMAPP) are the five-carbon building blocks respon- followed by a NADPH-dependent reduction of the aldehyde
sible for the biosynthesis of more than 30 000 isoprenoid (Figure 1). MEP is ultimately converted to both IPP and
compounds ). The mevalonate pathway proceeding from DMAPP by the action of five enzyme8)( Because DXP is
acetyl-CoA was the accepted route to isoprenoids for severalalso an intermediate in the biosynthesis of vitamin(8)
decades. Recently, an alternative pathway was discoveredand B (10), MEP synthase is the first specific enzyme in
in algae, plant chloroplasts, and most eubactéiebj. The the MEP pathway for isoprenoid biosynthesis.
initial step in this route is the formation of 1-deory-

xylulose 5-phosphoric acid (DXP) by the condensation of 0 OH ” Q HQ &
pyruvate and glyceraldehyde 3-phosphate in a thiamin o NeNNEP Mg _O/'?jOA:)\l
diphosphate-dependent reactiénq). DXP is then converted o /E\f o OH O
to 2-C-methyl-p-erythritol 4-phosphate (MEP) by a two-step
process involving rearrangement of DXP to a putative DXP NADPH“
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1 Abbreviations: AHB, 2-aceto-2-hydroxybutyrate; AL, 2-acetolac- OH OH
tate; ATP, adenosin€-friphosphate; BSA, bovine serum albumin; CF-
DXP, 1-fluoro-1-deoxys-xylulose 5-phosphoric acid; GOXP, 1,1- MEP
difluoro-1-deoxye-xylulose 5-phosphoric acid; GDXP, 1,1,1- Ficure 1: Reversible interconversion of DXP and MEP catalyzed
trifluoro-1-deoxyo-xylulose 5-phosphoric acid; CF-ME(P), @- by MEP synthase.
fluoromethylp-erythritol (4-phosphate); DMAPP, dimethylallyl diphos-
phate; DXP, 1-deoxyp-xylulose 5-phosphate; DXS, 1-deoryxylulose . -
5-phosphate synthase: Et-DXP, 1,2-dideaxpiexulose 6-phosphate Several groups have stud|eq the reactions catalyzed by
(Et-DXP); IPP, isopentenyl diphosphatePrOH, isopropy! alcohol; MEP synthase. The stereochemistry of the rearrangement and
L-Ru5P,L-ribulose-5-phosphate; MEP,2-methyl-p-erythritol 4-phos- reduction steps was reported by Proteau et Bl) @nd

phate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; p i ; ;
NMR, nuclear magnetic resonance; PMSF, phenylmethylsulfonyl Arigoni et al. (12). During the rearrangement, the €64

fluoride; TBADH, Thermoanaerobium brockiilcohol dehydrogenase; ~ carbon-carbon bond in DXP is broken and a new Ca_rbon
TFA, trifluoroacetate. carbon bond formed between C2 and C4 to give the
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Ficure 2: Structures of DXP analogues: (1) £BXP, (2) Ck-
DXP, (3) CF-DXP, and (4) Et-DXP.
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column chromatography was performed using Silicycle silica
grade 60, 236400 mesh, and silica thin-layer chromatog-
raphy (TLC) was performed on Whatman silica gel 0.25 mm
aluminum plates. Silica TLC plates were visualized by a 10%
solution of phosphomolybdic acid in ethanol followed by
heating or by anisaldehyde stain followed by heating. The
optical rotation measurement of CF-ME is reported as the
specific rotation at 25C in g/100 mL. The syntheses of the
DXP analogues were reported elsewhed@).(

MEP Synthase @erexpression and PurificatiorCultures
of E. coli BL21/pATK-IlI-46HB1 (14) grown in LB media
at 37°C containing 0.1 mg/mL ampicillin were induced by

branched-carbon skeleton in MEP. The rearrangement isthe addition of IPTG to a final concentration of 1 mM at an

followed by transfer of thgro-S hydrogen in NADPH to

ODgoo of 0.6. The temperature was lowered to q0, and

there face of the transient aldehyde intermediate to generatethe cultures were allowed to incubate for an additional 5 h
MEP. The reduction and rearrangement steps are reversibldefore harvesting (10 000 rpm, 25 min). A typical 500 mL

(13, 14). The addition of DXP and NADPH t&. coli MEP
synthase is ordered with NADPH binding before DXP.
Crystal structures dE. coli MEP synthase indicate that the
active site consists of a cleft-like structure with a highly
flexible loop that folds over the cleft upon substrate binding
(15-17).

culture produced~2.0 g of wet cell paste. Cells were
sonicated on ice (6 rounds of 10 s, with a 30 s rest period)
in buffer containing 50 mM NaplPO, at pH 8.0, 10 mM
imidazole, 300 mM NacCl, 10 mN8-mercaptoethanol, and

1 mM PMSF. After centrifugation (100@0 25 min), the
supernatant was added to Ni-NTA resin (1 mL/3 mL of crude

(18) and a retro-aldol/aldol rearrangemefB), have been
proposed for the conversion of DXP to MEP. Liu et 819\

stirring (200 rpm) for 1 h. The suspension was then poured
into a column and washed with 10 mL of buffer A (50 mM

and we R0) recently reported the synthesis of a series of Sodium phosphate at pH 8.0, 300 mM NaCl, and 20 mM

fluorinated analogues for DXP. A preliminary evaluation of

imidazole) followed by stepwise elution of the protein with

the steady-state kinetic constants for one of those compounds2 ML each of buffers B (50 mM sodium phosphate at pH
CF-DXP (19), suggested that the retro-aldol/aldol mechanism 8:0, 300 mM NaCl, and 40 mM imidazole), C (50 mM
was operative. We now report a more extensive study, which Sodium phosphate at pH 8.0, 300 mM NaCl, and 100 mM

includes the four DXP analogues shown in Figure 2.

EXPERIMENTAL PROCEDURES

Materials. All reagents were analytical-grade and were
used without further purification unless noted. DXP was
obtained from Echelon Biosciences, Inc. IPTG and NADPH
were from USB. ATP,Cellulomonassp. glycerokinase,
Cryptococcus uniguttulatuglucose dehydrogenase; )¢[1-
H]-p-glucose, and TBADH were obtained from Sigma.
y-[3?P]ATP was obtained from ARC. All other chemicals
were purchased from Aldrich unless otherwise noted.

General MethodsAll nucleotide stock solutions were
made fresh daily. NADPH solutions were made in buffer F
(50 mM HEPES at pH 7.6 and 3 mM Mg4l and the
concentration of the cosubstrate was calculated usipg=
6.22 cntt mM~L. Protein concentrations were measured
using theeygo = 25 710 Mt cm Ymonomer as calculated

imidazole), and D (50 mM sodium phosphate at pH 8.0, 300
mM NacCl, and 250 mM imidazole). Fractions containing
pure protein, as judged by SB®AGE analysis, were
combined and dialyzed against22 L of buffer E (50 mM
sodium phosphate at pH 7.6, 10 nfivmercaptoethanol, and
20% glycerol) fo 3 h each. Recombinant MEP synthase was
then flash frozen and stored &80 °C until used.
Steady-State Kinetic Analysis of DXP and CF-DXP.
Assays were performed at 3T in a total volume of 100
uL, consisting of buffer F, 15M NADPH, and varying
concentrations of either DXP or CF-DXP. The reactions were
initiated by the addition of the enzyme. Serial dilutions of
the enzyme were made into buffer F. Typically, assays
contained 2 nM enzyme. Initial rateg)were measured for
2—10% consumption of NADPH. MichaelidMenten con-
stants were calculated from data determined in duplicate at
6—7 different concentrations of the variable substrate. Kinetic
data were fitted using Grafit 5.0 (Erithacus software).
Single-Turneer Kinetic StudiesSingle-turnover measure-

from VectorNTI. Spectrophotometric assays were performed ments for the slow substrates (&BXP and Et-DXP) were

in 10 mm quartz cuvettes using an Agilent 8453 thi's

performed under identical conditions to those for the steady-

spectrophotometer equipped with a Peltier temperature state studies for DXP and CF-DXP except for the following

control unit. Consumption of NADPH was measured from

the difference of the initial and final absorbance at 340 nm.

concentrations: 50M MEP synthase and 26M NADPH.
The changes in absorbance were corrected using the three-

All assays were run in duplicate. Nuclear magnetic resonancepoint line drop method at 310 and 400 nm. Rate constants

(NMR) spectra were recorded in,O at 500 MHz {H
NMR), 125 MHz ¢3C NMR), or 282 MHz {°F NMR) using

(kb9 were calculated by fitting absorbance versus time
measurements to eq 1, where= absorbance at 340 nrA,

a Varian Inova 500 spectrometer. Chemical shifts were = amplitude of the signak = time, and

referenced to residual HODH NMR, 4.80 ppm), MeOH
(C NMR, 49.0 ppm), and TFA®F NMR, 0.00 ppm). Mass
spectrometry was performed at the University of Utah,

y=Al-e ¥ +C (1)

Chemistry Department, Mass Spectrometry Facility. Silica whereC = the final absorbance. Michaelis constants were
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calculated from eqgs 2 and 3 characterization by NMR spectroscopy. The combined solids
were resuspended in CH{NMeOH (90:10) and applied to
K, afSubstrate] silica gel. Elution with CHG/MeOH (80:20,R: = 0.27)
Kobs = K,,+ [substrate] (2) followed by rotory evaporation to remove the solvent gave
12 a colorless oil'H NMR (ppm, D:O) 8: 3.64-3.73 (m, 3H),
k,+k 3.82-3.89 (m, 2H), 4.57 (AB quartet, 2H] = 46.7, 7.7
1/2—( P ) (3) Hz). 3C NMR (ppm, DO) d: 61.6 (d,J = 6.0 Hz), 61.8
(d,J=2.5Hz), 72.6 (d,J) = 3.5 Hz), 75.4 (dJ = 16.5 Hz),

83.5 (d,J = 170 Hz).*F NMR (ppm, D:O) 6: —159.4 (t,J
where Knax is the maximum rate of product formation, = 46.7 Hz). p]2% +2.5 (€ 0.2, H,0). HRMS (CI, M+ H)
[substrate] is the concentration of the slow substrate ana-nyz calcd for GHFO,, 155.0714; found, 155.0710.

logues, andKl/_z is the substrate analogue concentration Assay for Aldolase Adtity. Glycoaldehyde 2-phosphate
needed to achieve one-half kifax (G2P) was prepared from 3.1 mmol afglycerol 3-phos-
Single-turnover measurements for CF-DXP and DXP were phate (Sigma) and 6.2 mmol of Naj@h 15 mL of H,0.
performed on a KinTek SF-2001 stopped-flow apparatus. A The pH of the solution was adjusted to 6.0 and allowed to
typical reaction used 4L in each syringe (8QL total). stir for 5 h. The reaction was quenched with 3.5 mmol of
One syringe contained buffer F and DXP or CF-DXP. The glycerol, which consumed unreacted periodate. The precipi-
other contained the buffer F, enzyme, and NADPH. The tate was removed by filtration, and the aqueous solution was
measurements were conducted at°87 by following the lyophilized. The solid was dissolved iRPrOH/HO (75:
change in absorbance at 340 nm. All experiments were 25) and chromatographed over cellulose. Fractions containing
performed where [enzyme} [NADPH] and at saturating ~ G2P were collected, lyophilized, and stored-&0 °C. The
levels of substrate~x10 K of DXP or CF-DXP). Doubling 14 NMR spectrum of G2P agreed with a spectrum reported
or halving the amount of enzyme had no effect on the rate. for G2P synthesized by an alternative methag) (
Rate constants and amplitudes were obtained by fitting the [2P]G2P was prepared as follows. To a total reaction

data to eq 1 to determinien, using Grafit 5.0. volume of 1 mL of buffer containing 50 mM CHES and 3

Primary Kinetic Isotope Effects (KIEYS[?H]NADPH mM MgCl, at pH 7.5 was added 126Ci [y-32P]ATP (6000
was prepared by the method of Carrea etzd).(The extent  Ci/mmol), 10 mM glycerol, and 10 units of glycerokinase.
of deuterium incorporation was determined By NMR After 2 h atroom temperature, a 5-fold excess of NalO
spectroscopy and was judged to be 97%. The incorporation(10.7 mg, 50 mM final) was added and the mixture was
of ?H into DXP by MEP synthase was confirmed using the incubated at room temperature for 3 h, at which time 100
method of Proteau et alL). Isotope effects were determined mMm ethylene glycol was added to destroy excess periodate.
for single turnover by the protocol described above. Cold acetone (1 mL) was added, and the mixture was stored

Product StudiesReactions were performed in a thick- at —20 °C overnight. The precipitate was removed by
walled NMR tube. Because of the relative instability of CF- filtration, and the aqueous solution was lyophilized. The solid
DXP in a buffered solutiont{, ~ 5 h), a concentration of  was dissolved if- PrOH/H0O (70:30) and chromatographed
enzyme was chosen so that the reaction was complete withinover cellulose. Fractions containing a single radioactive spot
2 h. A typical sample contained buffer F, 200 mNPrOH, with the samdz; as cold G2P were pooled and concentrated
100 uM NADPH, 4 units of TBADH, 100 nM MEP under vacuum.

synthase, 5 mM CF-DXP, and 1 mM TFA as an internal  |ncubations to detect aldolase activity for hydroxyacetone
standard (0.00 ppm). All of the components except the and G2P were carried out in 50 mM HEPES buffer at pH
enzyme were added to the NMR tube, and'fiferesonances 7. ¢ containing 2«M MEP synthase, 3 mM MgGJ 300uM
for CF-DXP (hydrate and ketone) were recorded. Upon the NADPH, 5 mM cold G2P~0.1 nCi F%P]G2P, and varying
addition of the enzyme, the reaction was monitored by the concentrations of hydroxyacetone in a total reaction volume
appearance of a new triplet-(59.5 ppm relative to TFA)  of 50 4L. At 4 h intervals, 4-6 uL portions of the mixture
and the concomitant disappearance of the peaks for CF-DXPyere spotted on cellulose TLC plates. The plates were
Time points were taker_1 every 5 min for the first 30 min and developed in 68:32 THFA® [0.1% (v/v) TFA] and exposed
then eVery 15 min Unt” the reaction was Comple@(h) by phosphorimaging (M0|ecu|ar Dynamics)‘

Synthesis and Characterization of CF-MEeactions were
conducted at 37C in 100 mM HEPES buffer at pH 7.6 RESULTS
containing 3 mM MgCJ, 150 uM NADPH, 1 M i-PrOH, o ) )
10 units of TBADH, 1.0 mL CF-DXP (28 mM stock), and Ste_a_dy-State Kinetic S_tudles for DXP and CF-DXfial
1.0 mg of MEP synthase in a total volume of 5 mL. The velocities ¢;) for recombmamE_. c_ol| ME_P synthase were
reactions were initiated by addition of CF-DXP and followed Measured at 340 nm by monitoring oxidation of NADPH.
by 19F NMR spectroscopy untit98% of the CF-DXP had Appargnt Michaelis cpnstants for DXP and CF-DXP at a
been consumed. Each reaction gave a single new productSaturating concentration of NADPH were determined from
After 2 h, the pH was adjusted to 8.2 and 20 units of alkaline Plots of specific activity gmol min™* (mg enzyme)'] versus
phosphate was added, followed by incubation at room substrate concentration (Figure 3). The values are listed in
temperature for an additional hour. Protein was removed by Table 1.
ultrafiltration through a YM10 membrane (Millipore), and Corversion of CF-DXP to CF-MEPThe conversion of
the samples were flash-frozen and lyophilized. A total of CF-DXP to CF-MEP (see Scheme 1) was followed!ffy
three runs were necessary to obtain sufficient material for NMR spectroscopy (see Figure 4A). A nucleotide cofactor
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Ficure 3: Rate versus substrate concentration for (A) DXP and
(B) CF-DXP, respectively, at 150M NADPH.

Table 1: Steady-State Kinetic Constants for MEP Synthase in the

ppm), CF-DXP (hydrate;-157.2 ppm), and CF-MEP—(159.2
ppm). The reaction was 98% complete after 2 h. (B) Plot of
product formation versus time. The percentage of CF-MEP was
determined by integration of the intensities of the peaks for the
ketone, hydrate, and product.

Presence of CF-DXP or DXP Scheme 1: Conversion of CF-DXP to CF-MEP

substrate  Kkeat(S7™Y) Km (uM) kealKm (STM™1) x 10P o OH o

CF-DXP 3742  227+25 1.62+ 0.02 B I o T
DXP 29+ 1 45+ 4 6.44+ 0.07 O O/E/\E -o’éfo v
NADPHP 0.5+0.2 OH . OH OH
a K NADPH = 0 54 0.1 at saturating [CF-DXP}. At saturating [DXP] CF-DXP (ketone) CF-MEP

(ref 14). KpNAPPH = 0.45 4 0.15 at saturating [DXP] (ref9).

regeneration systen2) was used to prevent inhibition by

NADP* as the reaction proceeded. At 0, the spectrum . OH 4
for CF-DXP showed well-resolved resonances for the fluo- oo~ OH
romethyl groups in the ketone-(58.6 ppm) and hydrate o AH
(—157.2 ppm) of CF-DXP. Upon addition of MEP synthase, F

the resonances for the ketone and hydrate decreased over 2 CF-DXP (hyrdrate)

h with the concomitant appearance of a new triplet #69.2

ppm for the fluoromethyl group in CF-MEP. The amount of DXP and the hydrate appears to be established more rapidly
CF-MEP produced was determined by dividing the intensity than the conversion of CF-DXP to CF-MEP.

of the new resonance by the sum of the intensities of all Characterization of CF-MEFigure 4A shows the appear-
three. A time course for the reaction is shown in Figure 4B. ance of a new triplet following the addition of MEP synthase
TheF NMR spectrum indicated that CF-MEP is the only to the reaction mixture. A large scale reaction with CF-DXP
product. In addition, the 77:23 ratio of CF-DXP and the (~2 mg)and MEP synthase, using the NADPH regeneration
corresponding hydrate remained constant as the reactiorsystem, gave enough material for analysis by NMR spec-
proceeded to completion. Thus, the equilibrium between CF- troscopy and MS. The product was hydrolyzed with alkaline
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phosphatase to provide the corresponding alcohol. After 2
lyophilization, the tetrol was extracted into chloroform/ A
methanol and purified over silica gel. The exact mass of the
new product by chemical ionization corresponded to the 1.6
calculated value for CF-ME. A°F NMR spectrum of CF- i
ME has a triplet at-159.4 ppm J = 46.7 Hz) characteristic =~ ~
of a fluoromethyl moiety. The fluoromethyl group also gave £ 1.2
a well-resolved AB quartet at 4.57 pprd € 46.7 Hz) in 3

the 'TH NMR spectrum. Integration of the entif&él NMR

spectrum reveals that seven hydrogens are directly attached
to the carbon framework, as expected for CF-ME. H@& A
NMR spectrum also shows the appearance of five resonances,

2
2 0.8

corresponding to the carbon framework of CF-ME (NMR 0.4 -—
spectra for CF-ME can be found in the Supporting Informa- . L e ™
tion). In addition, the specific rotation of CF-MEo([*>

+2.5) has the same sign as ME} +7.0) 24). 0 5 ! ; ! ‘l‘ T s

Single-Turneer and Stopped-Flow StudieBurnover was
not observed for CFDXP, CR-DXP, and Et-DXP under
normal assay conditions. Single-turnover conditions were 5
used with an excess of enzyme, a fixed saturating concentra-
tion of NADPH, and varying concentrations of the DXP
analogues. Under these conditions, all of the DXP analogues
except CB-DXP were alternate substrates. First-order rate
constants were calculated by fitting the data to eq 1 (data
not shown). Michaelis constants were determined from the <
plots of kops Versus substrate concentration for JIFXP
(Figure 5A) and Et-DXP (Figure 5B) at 20M NADPH
(Table 2).

Stopped-flow measurements were used to obtain first-order
rate constants for CF-DXP and DXP under single-turnover
conditions. MEP synthase was used in excess of a fixed
saturating concentration of NADPH. CF-DXP and DXP

[CF2-DXP] mM

kobs (mln

— 0 30 60 90 120 150

concentrations were-10 K, as determined under steady- Time (sec)

state conditions. NADPH, the first substrate to add in the 0 [ l [ l [
ordered binding mechanisr4), was preincubated with the 0 2 4 6
enzyme to avoid hysteresis. Each transient showed single- [Et-DXP] mM

exponential kinetics (see Figure 6) and was fitteq t0 €q 1. Figure 5: Plots ofkoss versus [CE-DXP] (A) and [Et-DXP] (B)
The values oknaxfor CF-DXP and DXP were identical (61  at 37°C for [NADPH] = 20 uM and [MEP synthase¥ 50 uM.

s 1) and were in good agreement with the valueskgf (Inset) Representative single-exponential traces for[0¥P and
obtained under steady-state conditions for both CF-DXP (37 Et-DXP.
s 1) and DXP (29 s?).

Multiple-turnover experiments were performed with excess

Table 2: Kinetic Constants for DXP and the Related Analogues

NADPH to determine if burst kinetics were observed upon k:_nai Ke _ ki‘nlaJK L, ,
rapid mixing of the enzymeNADPH binary complex with ~_Substrate  (min™) (mM)  (MminmM™) kel
saturating levels of CF-DXP or DXP (data not shown). No g;sz-gig ) l;lDeo L 2l\llD 03 N1D1 N1D4 105
i i - .2+ 0. 1+ 0. . Ax
bu(rjsir?f 'I\.‘ADF* {ormdatlcintwastdetfﬂzggﬁenhgr ?ubstratg, CF-DXP 3647+17 0.23+0.03  16x10° 022
and the linear steady-state rate of | oxidation was in g, pwp 534102 154101 35 4.8% 105
agreement with the value féig, obtained under steady-state  pxp 3669+ 37 0.05£0.01  7.3x 10 1.0
conditions. a2 At pH 7.6 and 37C. ® For the slow substrates (¢BXP and Et-

The values oKy, for CF,-DXP and Et-DXP obtained from  pxp), k. was determined from parts A and B of Figure 5. For the
single-turnover experiments were 2.1 and 1.5 mM, respec- fast substrates (CF-DXP and DXP)k#xVvalue was determined from
tively; whereas, the values df,, for CF-DXP and DXP parf[s A and B of Figure & For the slow substrates,a, value was
derived from steady-state conditions were 0.23 and 0.05 mM, g‘;r;;’ egnféogxappI‘;teo?g;]ve{?éfe[aﬁﬂ%ﬂ;ﬁjﬁ&?g;j&% (N:E
respectively (see Table 2). Collectively, these results suggest,tivity was detected.
that product release is not rate-limiting and that the enzyme
does not tolerate a significant increase in steric bulk at C1 have not been successfdl3 14), and in all probability, the
of DXP. aldehyde is not released from the enzyme during turnover.

Kinetic Isotope Effects Using 43HJNADPH with DXP Because the electron-withdrawing effect of fluorine at C1
and CF-DXP.MEP synthase catalyzes two reactions, the of DXP is expected to exert its influence on the first step, it
rearrangement of DXP to an aldehyde and reduction of the is important to determine if rearrangement or hydride transfer
aldehyde to MEP. The assay for the enzyme measures thas rate-limiting. For this purpose, single-turnover rates were
rate of the second step. Previous efforts to trap the aldehydemeasured for & [2H]NADPH to see if a primary deuterium
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Ficure 6: Deuterium kinetic isotope effects observed for DXP (A)
and CF-DXP (B) with (red square542H]NADPH or (blue circle)
NADPH. (A) Plot of Az4o versus time for DXP. Reactions were
initiated by combining 4Q:L of 150 uM MEP synthase, 4&M
NADPH or 4S[?H]JNADPH, 50 mM HEPES at pH 7.6, 3 mM
MgCl, with 40 uL of 1 mM DXP, 50 mM HEPES at pH 7.6, and
3 mM MgCl. (B) Plot of Az versus time for CF-DXP. The
conditions were the same as described for A with the following
exceptions: DXP was replaced with 5.0 mM CF-DXP, and the
concentration of NADPH andS{?H]NADPH was 30uM. The
curves are an average of-8 runs. Note: the path length of the
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monitored by the changes in absorbance at 340 nm as the
nucleotide cofactor was being oxidized. However, a high
background was observed when G2P or hydroxyacetone were
incubated with NADPH in the absence of the enzyme.

A more sensitive assay for aldolase activity was attempted
using P?P]G2P. The radioactive precursor was prepared in
a single pot chemoenzymatically to minimize handling and
exposure. Incubation of MEP synthase with the aldol
substrates and NADPH, followed by thin-layer chromatog-
raphy under conditions that resolved the substrates from MEP
and DXP and autoradiography, showed no spots for forma-
tion of 3?P-labeled DXP or MEP.

DISCUSSION

MEP synthase catalyzes two reactions, the rearrangement
of the linear carbon skeleton in DXP to the branched skeleton
in MEP and the subsequent reduction of the putative
aldehyde formed during the rearrangement (see Figure 1).
Under normal conditions, the addition of substrates is ordered
with NADPH binding before DXP 14) and the aldehyde
intermediate is not released from the active site. There is
precedent for the type of carbon skeletal rearrangement
catalyzed by MEP synthase. 3,4-Dihydroxy-2-butanone
4-phosphate synthase convertsibulose 5-phosphate {
Ru5P) to 3,4-dihydroxy-2-butanone 4-phosphate during
riboflavin biosynthesis 45). Ketol-acid reductoisomerase
catalyzes the conversion of eitheiSzacetolactate (AL) or
(29)-2-aceto-2-hydroxybutyrate (AHB) to K2-2,3-dihy-
droxy-3-isovalerate or 2 3R)-2,3-dihydroxy-3-methylval-
erate, respectively 26). Finally, L-ribulose-5-phosphate
4-epimerase catalyzes the interconversion.-&tu5P and
D-xylulose-5-phosphaten{Xu5P) Q7). The rearrangement
catalyzed by 3,4-dihydroxy-2-butanone 4-phosphate synthase
and ketol-acid reductoisomerase involves either protonation
or coordination of divalent metal to the carbonyl moiety in
the substrate, followed by rearrangement to the electron-
deficient carbonyl carbon2b, 26). The retro-aldol/aldol
rearrangement catalyzed by Ru5P epimerase gives the
rearranged aldol product, but the enzyme does not catalyze
its subsequent reduction. Although the X-ray crystal struc-

observation chamber was 0.5 cm. The amplitudes of the signalstures of MEP synthase, ketol-acid reductoisomerase, and

obtained from fits to eq 1 were 0.041 (NADPH) and 0.045-(4
[2H]NADPH) for CF-DXP and 0.066 (NADPH and ${2H]-

NADPH) for DXP, respectively.

Table 3: Deuterium Isotope Effects for Reduction of CF-DXP and

DXP by 4S[?H]NADPH?2

Hi DK HK/Pk
DXP 3669+ 37 3587+ 42 1.02+ 0.02
CF-DXP 3647+ 17 2728+ 21 1.34£0.01

aAt pH 7.6 and 37°C. ® Values taken from Table 2.

Ru5P epimerase show highly conserved acidic residues in
the active-site pocket and a deep active-site cleft that excludes
the bulk solvent 15, 28, 29), there is no obvious similarity
among the proteins that might provide a clue about the
mechanism of the rearrangement of DXP to MEP (see
Scheme 2). Recently, Tanner et 80 and Cleland et al.

(31, 32) reported very low levels of aldolase activity
(~0.003%) when Ru5P epimerase was incubated with
dihydroxyacetone and G2P. In a related experiment, we
incubated $P]G2P, hydroxyacetone, and NADPH with MEP
synthase but were unsuccessful in an effort to detect aldolase

isotope effect was seen for DXP and CF-DXP. As shown in activity for MEP synthase.

Figure 6A, no isotope effect was observed when DXP was
converted to MEP usingS{?H]NADPH. In contrast, a small
primary kinetic isotope effect was observed for CF-DXP

(Figure 6B). The results are listed in Table 3.

Tests for Aldolase Aclity. We attempted to detect aldolase
activity for MEP synthase by incubation of the enzyme with

Fluorine analogues CF-DXP, @BXP, and Ck-DXP
were designed to probe for the development of charge in
the transition state of the rearrangement step. dtetol
rearrangement requires either protonation or coordination of
divalent metal of the ketone to facilitate carberarbon bond
cleavage. Prior studies have demonstrated that substitution

hydroxyacetone (50 mM) and glycoaldehyde 2-phosphate of hydrogen by fluorine at thg position reduces the basicity
(G2P, 5 mM) in the presence of NADPH. The reaction was of ketones by~2—3 pK units per fluorine substitutior3g).
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Scheme 2: Two Possible Mechanisms Catalyzed by MEP
Synthase: (ayt-Ketol Rearrangement, (b) Retro-aldol/Aldol
Rearrangement (X% H™ or Divalent Metal)
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Therefore, one would expect that protonation or complex-
ation of divalent metal to the corresponding ketone would
become less favored with increasing fluorine substitution.
Typically, the barrier for rearrangements are low and

Fox and Poulter

MEP synthase is sensitive to substitutions that increase the
steric bulk of the methyl group in DXP. Et-DXP was not
turned over at a measurable rate under normal catalytic
conditions, and the 1§ that we measured for the ethyl
analogue was slightly higher than those forz@XP and
CF,-DXP (20). Proteau et al. also reported that Et-DXP was
not a substrate for th&ynechocystisp. enzyme but was
instead a competitive inhibitor against DXP wilF—PXP
~4-fold larger thank,PxP,

We, also, did not observe turnover for £BXP, Cks-
DXP, and Et-DXP under normal catalytic conditions. How-
ever, at high enzyme concentrations under single-turnover
conditions, all of the analogues, except forsBXP, were
alternate substrates. Et-DXP and£»XP were turned over
approximately 700 and 1700 times slower, respectively, than
CF-DXP and DXP. The substantially slower rate observed
for CF-DXP could result from deactivation of the carbonyl
group toward protonation, a rate-limiting conversion of the
hydrate to the ketone, or crowding in the active site that
misaligns the molecule. Of these possibilities, we favor the
latter explanation. For example, the single fluorine in CF-
DXP did not result in a decrease in the rate for its conversion
to CF-MEP. In addition, the rate of dehydration of the CF-
DXP hydrate was substantially faster than the enzyme-
catalyzed rearrangement of CF-DXP to CF-MEP during the
preparative scale reaction. However, Et-DXP, which is not
hydrated and has ng fluorines, is also a poor substrate.
The major factor in the large decreasekin/K for both
CF,-DXP and Et-DXP relative to DXP results frofmax
presumably because the molecule is not properly aligned in
the active site, although an electronic effect from fluorine
substitution is possible.

Of the analogues that we examined, CF-DXP gave the
most revealing information about the mechanism of the
rearrangement step. The valuekgffor DXP and CF-DXP
were virtually identical, andK,,°P*P was only~5 K,,P*.
These observations are consistent with a retro-aldol/aldol
mechanism for the rearrangement step. A similar mechanism

formation of the carbenium ion undergoing rearrangement was recently proposed by Liu et al., who reporkeg™ PX?

is rate-limiting. While the fluorine might accelerate the
rearrangement step, it would retard formation of the oxo-
carbenium ion. In contrast, if the retro-aldol/aldol mechanism
were operative, carbercarbon bond cleavage might be

= 4.5 st andk,P*® = 21.3 s from steady-state measure-
ments for thekE. coli enzyme 19).

However, this evidence in support of a retro-aldol/aldol
mechanism rests on the assumption that rearrangement is at

facilitated because the developing enolate in the retro-aldol least partially rate-limiting during the rearrangement/reduc-

step should be stabilized by fluorine substitution at fhe
position of DXP. When the chemical steps are rate-limiting,

tion of CF-DXP. If reduction were rate-limiting, a primary
kinetic isotope effect should be seen during a single-turnover

the fluorines should decrease the rate of the acid-ketol experiment when &[?H]NADPH was the cosubstrate.
rearrangement and perhaps accelerate the retro-aldol mechBecause we did not see a burst for NADPH oxidation during

anism.
In addition to destabilizing protonation of the ketone
moiety in DXP, fluorine substitution at thposition shifted

our multiple-turnover experiments, we conclude it is unlikely
that product release is rate-limiting. We also did not observe
an isotope effect okmax When MEP synthase was incubated

the ketone/ketone hydrate equilibrium toward hydration. The with DXP and & [?>H]NADPH in the single-turnover experi-
percentage of ketone hydrate increased with increasingment, suggesting that a step prior to hydride transfer,

fluorine substitution in the order CF-DXP (23% hydrate),
CF,-DXP (98% hydrate), and GFDXP (>99.9% hydrate).

presumably rearrangement, was rate-limiting. In contrast, a
similar experiment with CF-DXP gave a small but reproduc-

The di- and trifluorinated analogues were modest inhibitors ible primary isotope effecimax = 1.34). This finding was

of MEP synthase with I6; values in the millimolar range.

Poor binding could reflect the greater proportion of hydrate
in the equilibrium mixture or the increased steric bulk at C1
resulting from replacing the hydrogens with fluorine. While
we were not able to probe the effect of hydration on the
binding of the DXP analogues, it is clear that binding to

particularly interesting because it indicates that hydride
transfer has now become partially rate-limiting. Thus, the
rate of the rearrangement step appears to be accelerated for
CF-DXP relative to the normal substrate. We cannot
determine the magnitude of the rate enhancement from our
studies, although it is probably small. If hydride transfer were



Mechanistic Studies of MEP Synthase

completely rate-limiting, a primary isotope effect ®Hmax 3.

~ 7—10 would be expected assuming a “symmetrical”
transition state and no contributions from tunnelig)( The
observed isotope effect was only-3% of the “classical” 4
maximal value and could be accounted for by a relatively
small increase irkmax for CF-DXP relative to DXP. In
conjunction with the studies reported by Liu and co-workers g
(19), the effect of fluorine substitution in DXP is consistent
with a retro-aldol/aldol mechanism but would not be expected
for an acid-catalyzed--ketol rearrangement.

Recent steady-state kinetic isotope effect studies with 4
[°H]INADPH, 4S[?H]JNADH, and DXP and MEP synthase
from Mycobacterium tuberculosienzyme suggested that
NADPH was “sticky” and that release of at least one of the
products or an enzyme conformational change(s) was 7
partially rate-limiting with NADPH 85). In addition, theM.
tuberculosisenzyme was proposed to utilize a random
mechanism for substrate binding, although a preferred order
of substrate addition, where NADPH precedes DXP, was

not ruled out. 8.

Similar steady-state isotope experiments were not con-
ducted with theE. colienzyme, and we cannot rule out the
possibility that substrate binding and release is slow relative

to chemistry. However, NADPH was preincubated with MEP  10.

synthase during our single-turnover experiments based on
previous reports that th&. coli enzyme obeys a strictly
ordered mechanism with NADPH binding prior to DXE,

thus making the NADPH-binding step invisible. Therefore, 11.

the observed ratekq{.y include enzyme conformational
change(s), rearrangement, and reduction. While we did not

directly probe enzyme conformational change(s) as a rate- 12.

limiting step, it is difficult to see how the substitution of a
single fluorine at the C1 position of DXP would significantly
alter this rate. Therefore, the isotope effect observed in the

presence of CF-DXP and34?H]NADPH most likely reflects 13.

changes in the rate of the rearrangement and/or the reduction
step(s).
In conclusion, MEP synthase catalyzes a rate-limiting

rearrangement of DXP to an aldehyde intermediate, followed 14.

by an NADPH-dependent reduction of the aldehyde to MEP.
When one of the C1 hydrogens of DXP was replaced by
fluorine, kmax for the overall reaction obtained during single-
turnover studies did not change. Kinetic isotope studies with
4S[°HJNADPH indicated that rearrangement was rate-
limiting with DXP, while reduction was patrtially rate-limiting
for CF-DXP. These observations are consistent with a retro-
aldol/aldol mechanism for the reaction.
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