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ABSTRACT. The conversion of dTDP-glucose into dTDP-4-keto-6-deoxyglucodesiherichia coldTDP-
glucose 4,6-dehydratase (4,6-dehydratase) takes place in the active site in three steps: dehydrogenation
to dTDP-4-ketoglucose, dehydration to dTDP-4-ketoglucose-5,6-ene, and rereduction of C6 to the methyl

group. The 4,6-dehydratase makes use of tightly b
the substrate, activating it for the dehydration step.
enolization of the dTDP-4-ketoglucose intermediate,

ound NA®the coenzyme for transiently oxidizing
Dehydration may occur by either of two mechanisms,
followed by elimination [as propoggeliotinations

by Gerlt, J. A., and Gassman, P. G. (1992)Am. Chem. Soc. 1145928-5934], or a concerted 5,6-
elimination of water from the intermediate. To assign one of these two mechanisms, a simultaneous kinetic
characterization of glucosyl C%{/?H) solvent hydrogen and CBOH/80H) solvent oxygen exchange

was performed using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. The
reaction of the wild-type enzyme is shown to proceed through a concerted dehydration mechanism.
Interestingly, mutation of Asp135, the acid catalyst, to Asn or Ala alters the mechanism, allowing enolization

to occur to varying extents. While aspartic acid 13

5 is the acid catalyst for dehydration in the wild-type

enzyme, the differential enolization capabilities of D135N and D135A dehydratases suggest an additional
role for this residue. We postulate that the switch from a concerted to stepwise dehydration mechanism

observed in the aspartic acid variants is due to the
in the active site.

dTDP-glucose 4,6-dehydratdgeatalyzes the conversion
of dTDP-glucose into dTDP-4-keto-6-deoxyglucose. The
homodimericEscherichia coli4,6-dehydratase (RffG) con-
tains one irreversibly bound NADper subunit and catalyzes
a net redox neutral reaction through a mechanism that
includes four chemically distinct species (Scheme 1). The
first step, 4-dehydrogenation of substrate, is a critical
activating step fop3-elimination of water between C5 and
C6. In the absence of activation by the adjacent ketone group,
deprotonation at C5 (&, > 40) would be impossible under
any conceivable conditions in an enzymatic active site. While
the 4-keto functionality acidifies the C5 proton, bringing its
pKa into the range of 1819 (1), it also creates additional
possibilities for the catalytic mechanism of dehydration. In
particular, water elimination might proceed more quickly by
enolization to an enol (or enolate) intermediate, as depicted
in Scheme 2, than by concerted elimination. In Schemes 1
and 2 NAD, NADH, and all dTDP sugars remain bound to
the active site throughout the course of a single turnover.
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1 Abbreviations: BSA, bovine serum albumin; 4,6-dehydratase,
dTDP-glucose 4,6-dehydratase; dTDP-glucose, thymidiagSospho-
a-D-glucose; dTDP-glucoséy, dTDP-[1,2,3,4,5,6,8H7]glucose; DTT,
dithiothreitol; MALDI-TOF MS, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry; NAD nicotinamide
adenine dinucleotide (oxidized); NADH, nicotinamide adenine dinucle-
otide (reduced); Tris, tris(hydroxymethyl)aminomethane; wt, wild type.

2dTDP a-p-glucose 4,6-hydro-lyase, EC 4.2.1.46.
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Concerted Water Elimination

In enzyme-catalyzedx-$ elimination reactions where
activation by the carbonyl functionality may not be sufficient,
enol formation with concertedi-proton abstraction and
stabilization of the enolate has been proposed to explain the
observed rate enhancemers Certainly such a mechanism
presents additional opportunities for enzymatic catalysis, such
as protonation of the enolate oxygen, or electrostatic catalysis
of the enolate formation. Mechanisms for the 4,6-dehydratase
that include an enol/enolate have appeared consistently in
the literature, the earliest by Gabriel and Lindquidt &nd
the most recent by Allard and co-worked.(

A recent study has shown that the 4,6-dehydratase active
site contains a base, Glul36, and an acid, Asp135, that
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Stepwise Elimination

catalyze dehydratiorb}. While the elimination of water has [8O]Water.A 1 mL sample of ffO]water (~80% enriched
been shown to proceed wilynstereochemistry with respect and containing HCI) was generously provided by W. W.
to the C5(H) and C6(OH)6), no information has been Cleland. The HCIl was removed first by adding dry Tris base
published that would help to distinguish between the until the solution was weakly alkaline and then by performing
concerted and stepwise mechanisms for dehydration outlineda two-bulb distillation. To determine the ratio ¥ to 10,
in Schemes 1 and 2. It is important for the precise approximately 0.5 mg of P€was quenched in 40L of
understanding of the function of 4,6-dehydratase that the the 180-enriched water. The resulting HCIl was neutralized
mechanistic relevance of enolization be determined. with an excess of solid imidazole, and fi8 NMR spectrum
During the 4,6-dehydratase-catalyzed conversion of sub-was obtained in 50@L of D,0O. The relative abundance of
strate to product, there is complete exchange of the C5(H) %0 and*O in phosphate was determined by integrating the
with solvent hydrogen3, 7). To accomplish this, Glu136 five peaks of the phosphate signal [centered at 2.1 ppm; 0.021
must exchange rapidly with solvent prior to the reprotonation ppm separation1Q); the peaks, from downfield to upfield,
of C5, which occurs in the reduction of the dTDP-4-keto- correspond to 64 atoms of!80 in phosphate] with the
glucose-5,6-ene by NADH (Scheme 1). This C5(H/D) program Peakfit (SPSS Inc.). The percentage enrichment of
exchange has also been observed in the absence of nep was found to be 78%.
catalysis. In our recent pre-steady-state analysis of wt 4,6-
dehydratasé€B), using dTDP-glucosel, as the substrate, we
observed the transient formation of C5-exchanged substrateDTT 1 mg/mL BSA (fraction V), 10 mM ammonium
(dTDP-glucoseds). It became apparent that C5(H/D) and C6- acetate, FOJwater, and 1.8, 24.7, or 14M wt, D135A,

(**OH/*80H) substrate exchange reactions could be used as )
tools to detect the involvement of an enolate intermediate ©" D135N 4,6-dehydratase, respectively. All of the reagents

in the chemistry of water elimination. If water elimination (€XCept for the FOlwater) were carefully adjusted to pH

occurs in concert with C5(H) abstraction, then the rates of /-2 Prior to mixing. Each tube contained minimal amounts
deuterium exchange at C5 and@]water exchange at C6 ©f components dissolved in natural abundanc® Hhat
should be identical. However, if an enol/enolate intermediate coNtribute to the ultimate isotopic dilution 8. The final
forms to any significant extent prior to water elimination, Percentage of‘fO]water in the wt, D135A, and D135N
one would expect the rate of solvent hydrogen exchange fromréaction mixtures was 72% in each case. Reactions were
C5 to exceed thé§O]water exchange from C6. In this study initiated at 18°C by addition of enzyme. For analysis,
we present the kinetic analysis of C5 solvent hydrogen (D/ MALDI-TOF MS samples were prepared by quenching 10
H) and C6{°0OH/®0H) solvent oxygen exchange into uL aliquots of each reaction, at various times, in 1Q0of
substrate catalyzed by wt 4,6-dehydratase and two Asp13570 °C ethanol §). Precipitated protein was removed by
variants (D135N and D135A dehydratases). In addition to centrifugation, and the ethanolic supernatant was concen-
being the acid catalyst for dehydration, active site residue trated to dryness in a speed-vac concentrator (Savant) at room
Aspl35 has been found to be an important controlling temperature. The dried residue was dissolvedh 6f H,O
determinant for enolization. and subjected to MALDI-TOF mass spectrometric analysis.

Data ProcessingMass spectral peak areas were obtained
EXPERIMENTAL PROCEDURES using the program Peakfit (SPSS). The substrate dTDP-

Methods and Materialswt. D135N. and D135A 4.6- glucosed; (monoisotopic mass 571.2, detected in the nega-

dehydratases were prepared using the affinity purification 1€ ion mode [M— H] at 570.2) displayed an isotopic
system and procedure outlined previougy. Synthesis and envelope consisting of four peaks with 2.3% of the area at
purification of dTDPe--p-glucosed; and analysis of samples Mz = 569.2, 72.1% at/z = 570.2, 17.8% atnz = 571.2,

by MALDI-TOF MS were performed as described previously and 7.8% am/z = 572.2 (errors are-+0.1%). The 569.2

(8). Mass spectra were collected on a PE-Biosystems Peak was present because the gluahsesed in the synthesis
Voyager-DE MALDI-TOF mass spectrometer, equipped with 0f dTDP-glucosed; contained only 98% deuterium enrich-
delayed extraction, in negative reflectron mode. Enzyme andment; the 571.2 and 572.2 peaks were due to the natural
nucleotide sugar concentrations were determined using UV/abundance ofC throughout the molecule. Identical isotopic
visible measurements with a Shimadzu UV-1601PC dual envelopes are assumed for the C5(D) and'@Hi{) ex-
beam spectrophotometer and the extinction coefficients changed dTDP-glucose species. The relative amounts of each
81000 Mt cm™ for enzyme and 10200 M cm™! for of the four possible exchanged substrate species (dTDP-[6-
thymidine nucleotides, both at pH 7.0 and 2D. 160]glucosed;, dTDP-[6+%0]glucosed;, dTDP-[6+60]glu-

Exchange Reaction$hree 10Q:L reaction mixtures were
assembled, each containing 1 mM dTDP-glucdget mM
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Ficure 1: Representative mass spectral data for time courses of exchange. Data are exchange reactions catalyzed by wt, D135N, and
D135A 4,6-dehydratases. Raw MALDI-TOF mass spectra of timed and quenched samples from exchange reactions with wt, D135N, and
D135A are displayed with the time coordinate listed to the right of each spectrum. The massmémge569-572) shows all of the

various isotopically exchanged forms of dTDP-glucose present in these reactions. The formation of dTDP-4-keto-6-deoxid(iense-

only form of product generated in these reactions) was monitoredzat 551 and is not shown in these spectra. The time zero spectrum

is shown with the D135N reaction and is identical for all three reactions (this gives the isotopic envelope for the dTDPejlsitzotiag

material). Spectral data are corrected in two ways to give the subsequent progress curves. First, the overlapping isotopic envelopes are
deconvoluted to yield the quantity of each isotopically exchanged form of substrate. Second, the quantities of dTDRgL&68eand
dTDP-glucoseds-C6'80 are adjusted to correct for only 72%0 solvent enrichment in each reaction. Both corrections are detailed in
Experimental Procedures. The species¥at569 accumulating with time in the wt and D135N reactions is due to the presence df@8%

in the [80]H,O and appears at the expense of the specieszb71. In the wt reaction, correction f8fO in [80]H,O, as described in
Experimental Procedures, eliminates this species. In the reaction of D135A#56€9 species arises mainly from faster exchange of the

C5(D) than the C6(OH) owing to the stepwise mechanism followed by the mutated enzyme.

coseds, and dTDP-[6'%0]glucosees) were obtained from  masses. The concentration of each species in a given sample
the solution to the system of four algebraic expressions: was then calculated using the total areas for the isotopic
envelope of product (major peak atz = 551.2) and
(1) area of 569.2 peak 72.1% (dTDP- deconvoluted substrate species normalized to the starting
[6-160]glucosed6)—|—2.3% (dTDP-[GEGO]qucoseeg) concentration of 1 mM. Assuming an insignificafiO
isotope effect for the C6(OH) exchange reaction, it is possible
(2) area of 570.2 peak 17.8% (dTDP- to correct for: p[f:ljrtial s%\éggﬂio en(raié:qmentaT(zj rr:jalb<e thhis
1 correction, the [dTDP-[6%0]glucosesds] was divided by the
[6- GO]qucosed6)+72.1% (dTDP- fraction of 80 in each reaction (0.72 in each case as
[6-"°0]glucosed,) + 2.3% (dTDP-[6:°0]glucoses,) measured above), and the increase was subtracted from the
experimentally observed [dTDP-[60]glucoseels).

(3) area of 571.2 peak 7.8% (dTDP-
[6-'°O]glucosed,) + 17.8% (dTDP-

[6-'°O]glucosed,) + 72.1% (dTDP-

RESULTS

The rates of glucosyl C5(D) solvent hydrogen and C6-
(OH) solvent oxygen exchange into the substrate were

[6-'®0]glucosed,) + 2.3% (dTDP-[6:°0]glucosed,) simultaneously determined by mass spectrometric charac-
terization during the multiple turnover conversion of dTDP-
(4) area of 572.2 peak 7.8% (dTDP- glucosed; to product by wt, D135N, and D135A 4,6-

16, dehydratase, in®0-enriched water. Representative mass
[6-"Olglucosed;) + 17.8% (dTDP- spectra, showing the complete set of substrate peaks for wt
[6-'%0]glucosedy) + 72.1% (dTDP-[6:°0]glucosed,) and D135A reactions, are presented in Figure 1. It is obvious
from these raw data that different exchange properties are

As little or no signal was detectable mtz = 568.2, 573.2, manifested in the reactions of wt and D135A dehydratases.
574.2, and 575.2 expressions were not derived for theseThe relative abundance of substrate and product molecules
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Ficure 2: Progress curves for exchange of substrate C5(D) and
C6(OH) by wt, D135N, and D135A 4,6-dehydratase. The concen-
trations of dTDP-glucose;-C6'0 (d), dTDP-glucoseds-C61%0

(®), dTDP-glucoseds-C6'%0 (@), and dTDP-4-keto-6-deoxyglu-
coseds (A) are plotted at various times for wt, D135N, and D135A
exchange reactions. dTDP-glucake€6'®0 did not accumulate in
any of the reactions. Curves for each species in each reaction wer
derived as data were fitted to a minimal kinetic mechanism using
the program Dynafit11).

was determined by integration of the MS data, deconvolution
of overlapping isotopic envelopes, and correction for frac-
tional 180 enrichment, as described in Experimental Proce-
dures. The resulting data were plotted in Figure 2 for all

Hegeman et al.

mechanisms. Biological reactions with carbocationic inter-
mediates are not observed, except in cases of allylic
stabilization of the carbocation, as in polyterpene cyclases,
and glycosyl transfer reactions through oxocarbenium ion
intermediates.

The major qualitative difference among the three progress
curves in Figure 2 is the rate of formation and accumulation
of substrate with the C5 solvent hydrogen exchanged that
has not also acquire®O, that is, dTDP-[6°0]glucoseés.

The reaction of wt dehydratase shows no accumulation of
dTDP-[6+%0]glucosees, only the transient accumulation of
doubly exchanged substrate (dTDP!f®]glucoses). In
contrast, the reaction of D135A dehydratase shows a rapid
burst of C5 solvent hydrogen exchanged substrate (dTDP-
[6-1%0]glucosess) preceding the slower transient formation

of doubly exchanged substrate (dTDPf®]glucoseds).
Unlike the wt enzyme, the D135N dehydratase allows some
singly exchanged substrate to accumulate but does not show
the same rapid burst of proton exchange catalyzed by D135A.

To enable quantitative interpretation of our exchange
results, all three sets of progress curves were fitted to a
comprehensive minimal kinetic model shown in Figure 3.
In this model dTDP-glucosd; may be depleted through one
or both of two irreversible steps. The firs) leads directly
to C5 solvent hydrogen exchanged substrate (dTDP($-
glucoseds) and requires dehydrogenation to the 4-ketone,
5-enolization, enzymebase solvent hydrogen exchange, and
re-formation of substrate. The secotkg) (eads to a common
intermediate|, which must be the dTDP-4-ketoglucose-5,6-
ene as it lacks both the C5(H) and the C6(OH) but is capable
of reacting with water in the active site in reverting to the
substrate. Because the reaction was carried odt@jWater,
re-formation of substrate frorh can only generate dTDP-
[6-180]glucoseds. This process was modeled as a reversible
step ks, ks). The reincorporation offO into I, yielding the
other two substrate forms (dTDP-[89]glucosed; and
dTDP-[6+%0]glucosesl), is disallowed because of isotopic
dilution of 180. These steps were modeled as irreversible
(ks, ks). The same rate constamkt)was used for the forward
reaction of both C5 protonated substrates, as experimental
error will be of the same or larger magnitude as tf@
isotope effect. Transformation binto product was modeled
with an irreversible stepkg).

At first glance, analysis of the reaction might appear to
be subject to simplification by steady-state approximations.
Because substrate is in excess of enzyme (1 mM dTDP-[6-
eleo]glucoseeb; wt, D135A, and D135N are 1-84.7 uM)
and the isotopically exchanged forms of substrate (dTDP-
[6-180]glucoseds and dTDP-[6%¥0]glucosess) are diluted
into a large pool of dTDP-[6%0]glucosesl;, the reaction
can only be accurately described using a series of differential
equations. As the reaction progresses, the product and
substrate will compete for the enzyme. For these reasons
substrate and product binding stegs,(kotr) were included

three reactions. These time courses show the depletion ofin the differential kinetic model. AlthougtKp for the

dTDP-glucosed;, production of dTDP-4-keto-6-deoxyglu-
cosees, and the transient formation of dTDP-{&]glucose-

substrate has not been determined, its value can be estimated
from other constants. ThKy is 5 uM (9). The substrate

ds. As expected, none of the reactions showed accumulationanalogue dTDP-xylose binds wt 4,6-dehydratase wikpa

of dTDP-[6+80]glucosed;, which would only form if
elimination occurred by way of a primary carbocation
intermediate. Biological elimination reactions usually occur
by Elcb or concerted (E2-like) mechanisms and not by E1

of 7 uM, and the product binds with lép of 25uM (5). For
the purposes of modeling the exchange reactions the value
of Kp for the substrate was assumed to beuM Equilib-
rium binding was also assumed wity, being fixed at
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Ficure 3: Kinetic mechanism for the action of 4,6-dehydratase. This is the minimal kinetic mechanism used to fit all three data sets shown
in Figure 2. Steps indicated Iky, ks, andks are irreversible because of infinite dilution of exchanged'®fiHand H'%0 into solvent H'8O.

Listed m/z values are for the monoanionic (M H) nucleotide sugar species as detected during negative ion mode MALDI-TOF mass
spectrometric analysis. Intermedidtés included in this model to provide appropriate connectivity between detectable nucleotide sugar
species. From previous studie®),(l will predominantly be dTDP-4-ketoglucose-5,6-ene, but since enzyme concentrations are very low
compared to dTDP-glucose,is undetectable.

1000000 M s71 (approximatelyk.a/Ky = 820000 M1 s™%; HO.

9) andky at 10 s (consistent withKp ~10 «M). Binding A OH

isotope effects were assumed to be insignificant for the ==0

present purposes, and identikg andk. values were used dTDP-O syn elimination
for all three substrate species. Values kgrand ko were

1000000 M?! st and 10 s* for wt and 100000 M* st Asp135-CO HJOH

and 1 s?! for D135N and D135A. The fitting program, P 2 j

Dynafit (11), did not converge with slowek,, and k. for Glu136-CO,

wt or fasterk,, andkos for the reaction of D135N. The data

for D135A were fitted with either set dd,, and ke values "
with negligible effects on the fitted parameters. The progress OH
curve fits are shown as solid and dashed lines in Figure 4, dTDP- C_)T-IT-O- elimination
and the kinetic parameters derived from these fits are listed cannot occur
in Table 1. HJo

The failure of dTDP-glucosds-C6'0 to accumulate in GIu136-COz'/‘§ %0

the wt progress curves makes it impossible to derive a value ) _ _
for k;, indicating thatk; < ks. The large differences in rate Ficure 4: Effects of C5-C6 bond rotomeric configuration on

. chemistry. Newman projections through the-€&%6 bond show
constants between wt and the Aspl35 variants are nOtthe importance of rotomeric conformation to elimination chemistry.

apparent i_n Figure _2 becaus_e of differences in €NZyMe |y panel A, the configuration is optimal for the concertegh
concentration and time domains. In each case the majorelimination. In panel B, elimination cannot occur as a result of

contributor to overall rate limitation in product formation is  insufficient orbital overlap; deprotonation of C5 results in delo-

k.. The published decrements gy for D135N and D135A calization of the nascent carbanion into the adjacent ketone
. : functionality (enolization).

compared with wk., (124- and 223-fold, respectively) are

consistent with the 50- and 107-fold decreases observed for Both water elimination and enolization are initiated by

kz, requiring only an additional 2-fold contribution from other C5H/D abstraction. To judge the extent of the effects of the

steps. All of the other constants in the Aspl35 variant mutation of Asp135 on dehydration, it is valuable to compare

reactions have suffered major decrements, the largest beinghe sum of the rate constants for enolizatidn) (and

for ks in the reaction of D135A, which is nearly 5000-fold concerted eliminationkg) to the wtks. Quite remarkablyk;

below the wt value. The value & for D135N dehydratase  + ks (listed in Table 1) values are very similar for the D135A

is only 400-fold below the wt value. and D135N dehydratases and are 370-fold lower adar
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Table 1: Kinetic Parameters Derived from Steady-State Exchange (€ Product generated in.D (3, 7). While one might be
Progress Curvés concerned that the eliminated water molecule could be

retained in the wt active site, the absence of accumulating
dTDP-[6+%0]glucoseds in the wt profile shows that water

wt rate (s') DI135Arate (s?) D135N rate (s%)
Ky —b 0.0053 ¢-0.0006) 0.0004+0.0001)

ke 2.1 @08) 0.000440.0002) 0.0054£0.0008) is readily relegsed from the active_ sitg. S

ks 1.5 (+0.7) 0.0022 40.0003)  0.004+0.0009) The essential facts about the kinetics of the elimination
ke 0.13@0.01) 0.000840.0003) 0.001+0.0003) reaction are as follows: (a) The solvent exchanges of C5-
:27 e g-ﬁfgoé())l) 8-88;;‘{;8-8883% 8'8822&:8608882)) (D) for H and C6(OH) for8OH in the substrate occur at the
ki/(ki + kg)? 0.0 0.9 ¢0.2) 0.07 ¢0.02) same rate. No difference can be detected. The simplest

Rate constants were obtained using the kinetic mechanism sho ninterpretation of this fact is that the dehydration proceeds in
a Wi I usl Ineti I W :
in Figure 3 and the fitting program Dynafit{). ® The rate constark a concerted step, as shown in Scheme 1. (b) A more complex

in wt consistently approached a meaninglessly small number with a interpretation would be that the elimination is stepwise as
large error as the other rate constants converged. This step could bén Scheme 2, where the rate constant for elimination of C6-
removed from the kinetic mechanism used to fit the wt data without (OH) from the enol(ate) is larger that the rate constant for
e o R gk semton e e raim”  Snolate) formation. Thn, no enolate) would accumulate
dTDP-glucosed; tha?enolizes rzgther than eliminating water. as previously reported], and the SOlvent exchange of C5-
(D) would occur before reverse addition of water to the
] dTDP-4-ketoglucose-5,6-ene. According to this interpreta-
wt dehydratase. Obviously the 360-fold decrease may notjon g slowing of the elimination step in Scheme 2 would
fully reflect the extent of the drop in rate of water elimination, 0w the buildup of dTDP-4-ketoglucose, and its enolization
asks refers to thg net forward .rate thrqugh the fully (ev_ersible and solvent exchange of C5(D) would then be observed. One
4-dehydrogenation and the irreversibtéJJwater elimina-  \yay to slow the second step is to abolish the elimination
tion. The ratio ofk, andk; + ks (values listed in Table 1)  through the substitution of dTDBxylose for dTDP-glucose.
describes the partitioning between enolization and concerted|, garlier studiesq, 9) we examined the reaction of dTDP-
elimination. This coefficient indicates the fraction of dTDP- p-xylose and solvent exchange of C5(H). dTBRylose at
[6-1%0]glucosed, that is depleted by enolization. For D135A, ihe active site rapidly undergoes the dehydogenation by
D135N, and wt 4,6-dehydratase these values are 0.9, 0.07\aAD+ (k=1 s to 73% dTDP-4-ketoxylose and NADH
and 0.0, respectively. The Iarge differences in these fractions ¢ equilibrium. Thus, the C5(H) is activated for enolization,
from D135N to D135A despite similar values &f + ks pyt the pseudointermediate cannot undergo either the overall
clearly indicate that the increased occurrence of enolization reaction or the elimination of water. Despite the fact that
is not simply due to removal of acid catalysis but must have {he pseudointermediate builds to 73% in the active site, wild-
a more fundamental mechanistic basis. This issue will be type 4,6-dehydratase catalyzes the C5(H,D) exchange with
dealt with extensively below. a rate constant of only 0.001’sand for D135A 0.002 .
DISCUSSION IThese exchange rate constants are many 9rders of magnitude
ower thankgy for the overall reaction (578) and many
The primary objective of this study is to determine whether orders of magnitude slower than the rehydration and reduc-
wt 4,6-dehydratase catalyzes the dehydration of dTDP-4-tion of dTDP-4-ketoglucose-5,6-enk € 3 s1) to dTDP-
ketoglucose to dTDP-4-ketoglucose-5,6-ene through a step-glucose 8). The essential absence of solvent exchange cannot
wise (Scheme 2), or concerted (Scheme 1), elimination of be attributed to a forward commitment in this case. The
water. By simultaneous kinetic analysis of C5(D) solvent simplest interpretation of all the results is that abstraction
hydrogen and C6(OH) solvent oxygen exchange into sub- of the C5(H,D) from dTDP-4-ketoglucose is mechanistically
strate, dehydration appears to proceed through the concertedonnected to the elimination of C6(OH).
elimination mechanism. Interestingly, variants of active site It is difficult to envision a scenario where net C5(H)
amino acid residue Asp135 alter the dehydration mechanismexchange from the enzyme active site occurs rapidly from
so that elimination occurs through the stepwise mechanism.the 4,6-dehydratase/dTDP-4-ketoglucose-5,6-ene complex
The D135N and D135A dehydratases display distinctly but several orders of magnitude more slowly from the 4,6-
different partitioning between concerted elimination and dehydratase/dTDP-4-ketoglucose-5-enol(ate) complex. Under
stepwise elimination pathways, albeit at much slower rates, this scenario the wt reaction would appear to be concerted,
allowing sensible speculation on the physical basis for the with equal C5(H) and C6(OH) exchange rates, but could
control of this partitioning (below). proceed by either stepwise or concerted mechanisms. In this
Clearly our mechanistic interpretations of concurrent scenario Glu136-COOH exchanges rapidly with solvent in
exchange of C5(D) and C6(OH) rely on the exchange of the intermediate with dTDP-4-ketoglucose-5,6-ene but not
protons and the release of water molecules from the enzymein the intermediate with dTDP-4-ketoglucose-5-enol(ate).
active site at rates exceeding that of elimination chemistry. While one might imagine that the two enzyme intermediate
The direct observation of concerted and stepwise mechanismsomplexes could have radically different exchange properties,
in wt and variant dehydratases, respectively, demonstrateghis extreme case seems unlikely once the significantly slower
the rapidity with which protons and oxygen exchange with reactions of the Asp135 variants are examined. The D135N
solvent, at least within the context of the slower reactions reaction proceeds with nearly identical C5(H) and C6(OH)
of Aspl35 variants. For the much faster wt-catalyzed exchange rates, meaning that the slow exchange from the
exchange reaction, we know that in the overall reaction the enol(ate) complex is significantly (another 2 orders of
C5(H) exchanges much faster than turnokegs (5 s3) magnitude) slower than was needed to make a stepwise wt
because of the 100% incorporation of deuterium at C5 in reaction appear concerted, yet D135A allows rapid solvent
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Scheme 3 [ki/(ki + ks)]. The lower rates of substrate depletion for the
HO-Tyr160? two Asp135 variants (370-fold slower than that for wt) may
To %O’H be largely due to the removal of the acid catalyst for
H, H dehydration. It is possible that the lower rates are caused by
Con . \p! Cz\OH the partial incapacitation of Glu136, which will become a
H ~ / weaker base once the adjacent Asp135 acid functionality is
M HaC H  HC removed.

o} L
o< o_.o By functioning in concert, Asp135 and Glul36 catalyze

water elimination in a manner that does not necessitate
formation of a high energy intermediate. Removal of either
the acid or base would force the reaction through a higher

T+ oFf
hydrogen exchange from the same complex. This scenarioS"ergy transition state _and_ would slow the rate_assms
s made larger. Enolization leads to the higher energy

is more complex and less reasonable than the concerted SN . . o
mechanism, given the large differences in 4 6-dehydratase/carban'on'c intermediate with delocalization of the nascent
dTDP-4-ket’()qucose-5 6-ene vs 4 6-dehyd,ratase/dTDP-4-negative charge at C5 into the 4-keto functionality. In the
ketoglucose-5-enol(ate) exchange rates needed to explain th@ction of.the wt 4,6-o!ehydrata§e, yvhere congertgd acid/base
wt and D135N results and the large increase in the 4,6- dehydration catalysis is maintained, enolization cannot

dehydratase/dTDP-4-ketoglucose-5-enol(ate) exchange rat(gontribute further to transition state stabilization and occurs

caused by the D135A variant. too sIovny to be observed in the presence of the more
Available facts do not support a stepwise mechanism but energetically favorable cgncerted rgacUory )

are consistent with a concerted mechanism. Deletion of the The large observed difference in partitioning between

acid catalyst in D135N and especially D135A dramatically €nolization and concerted elimination by D135N and D135A

lowers the rate and, as is typical in such studies with forces one to consider how small structural differences

enzymes, allows a different, in this case, stepwise, mecha-between these variants might guide the reaction through one

nism to take over. or the other pathway. One way that the different partitioning
Both Asp135 variants show significantly lower values of May be explained is by invoking an increase in rotational
all five rate constantsk, ks, ks, ke, andks, relative to wt. freedom about the C5C6 bond resulting from alterations

The circular dichroism spectra of wt, D135N, and D135A N hydrogen-bonding potential as Asp135 is changed to
are indistinguishable, so significant changes in secondary@SParagine and alanine. The stereochemical course of the
structure are not responsible for the lower valu@s One ~ dehydration reaction has been shown tcse as depicted
would expectk, ks, ks, andks to be affected by changes in I @ Newman projection in Figure 44). Itis reasonable to
catalysis of dehydration and thus be susceptible to variationProPose that Asp135, as the acid catalyst for water elimina-
of Asp135 and/or Glu136. It is perhaps less obvious why fion, also donates a hydrogen bond to the C6(OH). This
variation of Asp135 would affedt;, as this constant solely ~ hydrogen-bonding interaction may be important in preventing
governs the rate for the irreversible reduction of the the C6(OH) from assuming rotational conformations that are
intermediate dTDP-4-keto-glucose-5,6-eet@ the product ~ Suboptimal for elimination, as would be the case as the C6-
dTDP-4-keto-6-deoxyglucose. Thel00-fold lower value ~ (OH) approaches a position orthogonal to the C5(H) (Figure
of k; indicates that mutation of Asp135 is somehow harming 4B)- Loss of control over rotational freedom would likely
the catalysis of rereduction. One possibility is that the Asp135 favor enolization, as productive orbital overlap for elimina-
variants are altering the ability of Glu136 to function as the tion would be less frequent at best and disfavored at worst.
acid catalyst. With the alteration of Asp135, acid catalysis AS depicted in Figure 5, wt and D135N are capable of
of water elimination may be accomplished by another active @sserting this rotational control through hydrogen-bonding
site amino acid residue, potentially Glu136. This scenario interactions, while D135A is not. It is also possible that
would leave Glu136 in the wrong protonation state (depro- honproductive C5C6 bond rotational conformers are ex-
tonated) for the reduction step. Conceivably, both base andcluded by steric means, although given Asp135’s role in acid
acid catalysis by Glu136 could occur by the mechanism catalysis, hydrogen bonding is probably also involved.
shown in Scheme 3. Given the observed rapidity of solvent  Other 4,6-dehydratases, like GDP-mannose 4,6-dehy-
hydrogen exchange from Glu136, prototrophic rate limitation dratase and CDP-glucose 4,6-dehydratase, might contain
for the following step is unlikelyg). Alternatively, one might ~ analogous active site amino acid configurations to promote
expect significant changes in the acid/base properties ofconcerted acid/base catalysis of dehydration and to control
Glul36 to result from the removal of the adjacent Asp135 C5—C6 bond rotation. The crystal structure of GDP-mannose
carboxylic acid functionality. These two residues probably 4,6-dehydratase (PDB 1DB3) shows a glutamate residue,
function together in the active site to promote net catalysis analogous to Glul136, that has been identified as the base
efficiently. The Asp135 variants may also have other effects that deprotonates C5, but a serine residue is in place of
on the reduction step that we cannot yet describe in detail. Asp135 (12). It is possible that some other residue may
Differences between the kinetics and means of substrateprovide acid catalysis, although it is hard to speculate what
depletion by wt, D135N, and D135A suggest multiple that residue might be given that the structure does not contain
functions for Asp135. While both D135N and D135A show GDP-mannose. Amino acid sequence alignments show that
similar rates of substrate depletida ¢ ks), D135A, D135N, conserved lysine and aspartate residues from the CDP-
and wt 4,6-dehydratases show large differences in theglucose 4,6-dehydratase correspond to the Glul36 and
partitioning between enolization and concerted dehydration Asp135 from dTDP-glucose 4,6-dehydratase, although no
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Wt HO.

100% Elimination

DI35N

7% Enolization
93% Elimination

H

Z( [Asn135

D135A

............. 90% Enolization
H H-Acid?  10% Elimination

\,O N, Loss of Optimal
Rotational Conformation
for Syn-Elimination
[Glu136]
HyC—|Ala135

Ficure 5: Enolization and concerted water elimination in wt,
D135N, and D135A. Three panels postulate mechanistic explana-
tions for the observed exchange results of wt, D135N, and D135A.
The partitioning between enolization and elimination is indicated

in each panel. Dotted arrows represent a less frequent electronic

motion. In the wt reaction a hydrogen bond locks the C6(OH) into
position for a concerted acid/base-catalysgd elimination. The
D135N variant can still provide a hydrogen-bonding interaction
with the C6(OH), but it cannot function as an acid catalyst. As a
result the elimination is slowed, but enolization only occurs during
7% of substrate depletion. The D135A variant is incapable of both
hydrogen bonding and acid catalytic functions, and thus the reaction
is slowed, and enolization occurs 90% of the time.

structural data are available to confirm these assignments

(13).

Gerlt and Gassman described concerted acid/base catalysis

of enolization as a means of explaining rapid catalytic
turnover of5-elimination reactions despite larg&pgaps
between the substratecarbon acids and the active site bases
(2). Kinetic isotope effect studies of enoyl-CoA hydratase
(crotonase) indicate that it catalyzes a concerted hydration
at the S-position of ana- unsaturated thioestet 4, 15).
Enoyl-CoA hydratase has other similarities to 4,6-dehy-
dratase in that it employs two carboxylic acid amino acid
active site residues, Glul44 and Glul64 (analogous to

Hegeman et al.

Glul36 and Aspl135, respectively, in 4,6-dehydratase), for
acid/base catalysis of a concertgghhydration (L6). Gerlt

and Gassman concede that concerted acid/base catalysis of
SB-elimination reactions would resolve similaKpdiscrep-
ancies in dehydration reactions without necessitating the
formation of an enol intermediat®)( Concerted acid/base
catalysis of either elimination or enolization may be em-
ployed in enzyme-catalyzed reactions to decrease energy
barriers in cases where larg&pdifferences exist between
active site residues and substrates.
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