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ABSTRACT. Dihydroorotate dehydrogenase fr@ostridium oroticumwas purified to apparent homogeneity

and found to be a heterotetramer consisting of tw(82 kDa) and twq5 (28 kDa) polypeptides. This

subunit composition, coupled with known cofactor requirements and the ability to transfer electrons from
L-dihydroorotate to NAD, defines theC. oroticumenzyme as a family 1B dihydroorotate dehydrogenase.

The results of steady-state kinetic analyses and isotope exchange studies suggest that this enzyme utilizes
a ping-pong steady-state kinetic mechanism. The-kkl profile is bell-shaped with aky of 6.4 + 0.1

for the ascending limb and 84 0.1 for the descending limb; the pHk.a/Kn profile is similar but
somewhat more complex. Th&pvalues of 6.4 and 8.9 are likely to represent the ionizations of cysteine

and lysine residues in the active site which act as a general base and an electrostatic catalyst, respectively.
At saturating levels of NAD, the isotope effects otV andP(V/Kpno), obtained upon deuteration at both

the G-proR and G-proS positions ofL-dihydroorotate, increase from a value of unity at pt9.0 to

sizable values at low pH due to a high commitment to catalysis at high pH. At 65, the magnitude

of the double isotope effecB®/ andP(V/Kpno), obtained upon additional deuteration at 3 consistent

with a mechanism in which £proS proton transfer and &hydride transfer occur in a single, partially
rate-limiting step.

Dihydroorotate dehydrogenase (DHO dehydrogeh&®; Scheme 1

1.3.1.14,EC 1.3.3.1, EC 1.3.99.11) catalyzes the conversion STEPWISE
of L-DHO (1, Scheme 1) to orotate3( Scheme 1). This
conversion is the fourth step, and the sole redox reaction, in 09 ®

the pyrimidine biosynthetic pathway. The reaction proceeds HN/‘\/LH H'r
with stereospecific abstraction of thes-@roS proton of J\
L-DHO (1, 2), followed by (or concomitant with) &hydride o M Eox
delivery to a tightly bound flavin, resulting in thieans H COr
dehydrogenation of the substrate. The electron acceptor used p 2
to reoxidize the enzyme varies with the enzyme source. We ! f \
have studied theClostridium oroticum(originally named o B o
Zymobacterium oroticujrenzyme which employs NAD(3) Hs B MEC
as the ultimate electron acceptor (eq 1). HN)E("'HR HN)j[

6LniH Eox o coy H~Eneo

(0]
L-DHO+ NAD" =-2- OA + NADH + H" (1) W00 CONCERTED

N
H

3

Sequence analyses have defined two families of DHO two subfamilies. Subfamily 1A includes one of the two
dehydrogenased). Family 2 consists of membrane-bound enzymes fromLactococcus lactiss well as the enzymes
enzymes, including those oEscherichia coliand the from Saccharomyces cerisiaeandTrypanosoma cruzpb).
mitochondria of higher eukaryotes. These enzymes use aThelL. lactisA enzyme, a homodimer with one molecule of
quinone as the ultimate electron acceptor. Family 1 enzymesFMN per subunit, uses fumarate as the ultimate electron
are soluble and cytosolic; they can be further divided into
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acceptor §). Subfamily 1B consists of the enzymes from
Gram-positive bacteria, including the lactisB enzyme 7),

standard. The solution pH was measured afQ@5with an
Orion Model SA 720 pH meter and Radiometer GK2321C
the Bacillus subtilis enzyme 8), and the Enterococcus  combination electrode standardized at pH 7.00 and 4.00 or
faecalisenzyme 9). These prototypical class 1B enzymes 10.00. Melting points were determined using an electrother-
are a3, heterotetramers and utilize a remarkable array of mal digital melting point apparatus and are uncorrected.
prosthetic groups: there are two molecules of FMN, two NMR spectra were recorded on a Bruker AMX-300 NMR
molecules of FAD, four non-heme iron atoms, and four labile spectrometer. For samples in M-dg, the residual methyl
sulfur atoms per heterotetramer. Family 1B enzymes useprotons of M@SO were used as an internal chemical shift
NADT as the ultimate electron acceptor. standard§ = 2.49 ppm). For samples in,D, 3-(trimethyl-

A question of fundamental importance in enzymology is silyl)propanesulfonate was used as an internal chemical shift
how enzymes handle moderately unstable carbanions suctstandard.
as the G-carbanion/enolate afDHO (2, Scheme 1). Scheme Growth of Bacteria. C. oroticurwas grown at pH 7.5 in
1 shows two mechanisms by which DHO dehydrogenase a medium described previousl¢6), which included orotic
could catalyze the oxidation of-DHO: (i) a stepwise acid (4 g/L) to induce the expression of DHO dehydrogenase.
mechanism involving a &£carbanion/enolate intermediate  Medium (500 mL) was inoculated with 2.5 mL of actively
(upper pathway) or (ii) a concerted mechanism that avoids growing culture (freshly prepared medium was used to avoid
this intermediate (lower pathway). Which pathway is utilized precipitation of orotic acid, which otherwise occurred after

depends in part on the thermodynamic stabiliti{fjpof the
carbon acid 10, 11). We recently estimated &Kp~20—21
for the G-proSproton ofL.-DHO in solution (2), whereas
a K, <18.3 is required for the &£carbanion/enolate to be

12 h at room temperature). Flasks were maintained anaero-
bically (90% N, 5% CQ, 5% H,) at 35-37 °C without
shaking, and bacteria were harvested aft&b h of growth.
Typically, 2.5 g of cells (wet weight) was obtained per liter

an intermediate in a stepwise mechanism of catalysis by of culture.

DHO dehydrogenasel@, 12). Thus, the enzyme either
stabilizes the gcarbanion/enolate relative tb (or raises
the K, of an enzymatic general base byl.7 K, units) or
avoids the formation of the unstable carbanion by providing

Purification of DHO Dehydrogenaséll operations were
carried out on ice or at 4C. Cell paste (10 g) was suspended
in 40 mL of 50 mM tris-HCI, pH= 6.8, 5 mML-cysteine,
and 10 mM orotate, and the suspension was incubated in

a one-step, concerted pathway. Comparison of the non-vacuo @) at 25 °C for 30 min. Leupeptin (lug/mL),

enzymatic second-order rate constant for catalysis;qr@S
proton exchange by a buffer ofKg = 7.2 (12) with the
catalytic efficiency of DHO dehydrogenas&.4/Kmpro)
allowed us to estimate a rate enhancementaD for
enzyme-catalyzed £proSproton abstraction if the mecha-
nism is stepwise.

phenylmethanesulfonyl fluoride (0.1 mM), and lysozyme (1
mg/mL) were then added, and the cells were disrupted by
sonication. Cell debris was removed by centrifugation at
2000@ for 90 min, and proteins precipitating from the
supernatant between 50% and 65% saturation with,JNH
SO, (16) were collected. The pellet was dissolved in 4 mL

To distinguish between stepwise and concerted mecha-of 50 mM sodium phosphate buffer, pH 6.5, dialyzed for

nisms for the enzyme-catalyzed reaction, we purified DHO
dehydrogenase fro@. oroticumand used multiple isotope
effects to probe its mechanism. The results are fully

4 h agains2 L of 50 mM sodium phosphate buffer, pH
6.5, and clarified by centrifugation. The dialysate was applied
to a 20 mL column of Q-Sepharose FF (Amersham-

consistent with a concerted mechanism of catalysis and arePharmacia Biotech) equilibrated with 20 mM bis-tris, pH
inconsistent with a stepwise mechanism. The properties of6.5. The column was washed with 60 mL of the same buffer

DHO dehydrogenase fror. oroticumindicate that this

and then eluted with a linear gradient (400 mL) from O to

enzyme belongs to family 1B. A comparison of the present 0.6 M NaCl in 20 mM bis-tris, pH= 6.5; fractions of 5 mL
results with those obtained in earlier studies of the enzymeswere collected. The orange-brown fractions containing DHO

from Crithidia fasciculata(family 1A) (2) and bovine liver
mitochondria (family 2) 13) suggests that the distinct

dehydrogenase, which elutedrad.27 M NaCl, were pooled
(30 mL) and applied directly to a 6.5 mL Bio-Gel HTP

structural properties of the three enzyme families may be hydroxyapatite column (Bio-Rad) equilibrated with 0.3 M

paralleled by distinct catalytic mechanisms.

EXPERIMENTAL PROCEDURES

Materials. All chemicals were of analytical or reagent
grade and were used without further purification unless
otherwise stated. [6'C]Orotic acid (4QuCi/umol) was from
ICN. L.-DHO (Sigma) was recrystallized from water: rap
265-269 °C dec (lit. 266°C) (14). Orotic acid, NAD,
NADH, and pyruvate were from Sigma.,O (99.9 atom %
D), methanold (99.5+ atom % D), sodium methoxide, and
deuterated dimethyl sulfoxide (M®O-ds) were from Ald-
rich. C. oroticumwas obtained from the American Type
Culture Collection. Water was prepared on a four-bowl
Milli-Q water system including an Organex-Q cartridge
(Millipore).

General Method<Protein concentrations were determined
with bicinchoninic acid 15) using bovine serum albumin as

sodium phosphate, pH 5.8. The column was washed with
56 mL of the same buffer, followed by elution with 56 mL
of 0.27 M sodium phosphate, p& 6.3. Fractions of 2.5
mL were collected. The active fractions were pooled and
stored in small aliquots at20 °C. The specific activity of
the purified protein, at saturating concentrations-@HO
and NAD", was 2600 mol of orotate formed mih(mol of
enzyme tetramer} using assay 2 (below). Loss of activity
was <15% over 6 months. Analytical gel filtration of the
enzyme (Results) was carried out on a calibrated Sephacryl-
200 column (Amersham-Pharmacia Biotech).

EnzymesThe same preparation of purified. oroticum
DHO dehydrogenasé\74Ass4 = 4.0) was used for all kinetic
experiments. The enzyme concentration was determined from
€454 = 67.3 mM1 (tetramer) cm?® (16). For the enzymatic
synthesis of compoundsand4—6 (see below), commercial
C. oroticumDHO dehydrogenase (Sigma) was used without
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Ficure 1: Synthesis of-DHO molecules selectively labeled with
deuterium. A denotes enzymatic synthesis ugngroticumDHO
dehydrogenase. B denotes chemical exchange of ¢Heyd@ons
of L-DHO using sodium methoxide in methanol or methathol-

further purification. Rabbit muscle-lactate dehydrogenase
from Sigma (no. L 1254) was used without further purifica-
tion.

Synthesis of DeuteratedDHO Molecules (Figure 1).
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H), 10.08 (s, 1H;—Ns—H), 7.75 (s, 1H,—N;—H), 4.06 (p,
1H, —Cs—H), 2.87 (q, 1H,~Cs-proR—H), 2.54 (g, 1H,—Cs-
proS—H).

(C) L-[6-2H]-DHO (5). The first step for the synthesis of

this molecule was the same as that fobexcept that the
crystallization step was omitted. The residue obtained after
evaporation of solvent was dissolved in 25 mL of methanol
containing 0.235 g of sodium methoxide (0.17 M). The
solution was sonicated f@ h in awater bath sonicator. The
solvent was evaporated and the residue resuspended in 25
mL of 0.17 M HCI and loaded directly on a Dowex
50WX8—400 column (pretreated as described above) to
remove the sodium ions. Fractions 2 (8 mL per fraction)
were pooled, the solvent was evaporated, and the residue
was crystallized from water to yield compoub35% yield,
6 mg): mp 265-268°C dec;*H NMR (Me;SO-ds) 6 13.10
(s, 1H, —CO,—H), 10.08 (s, 1H,—Ns—H), 7.74 (s, 1H,
—N;—H), 2.87 (d, 1H,—Cs-proR—H), 2.54 (d, 1H,—Cs-
proS—H). The NMR spectrum indicated that thg-€H was
>96% deuterated.

(D) L-[5R,5S,6%H3]-DHO (6). The synthesis of was
essentially the same as that for except that methanal-
replaced methanol. Isolation and crystallization as before
yielded 6 (32% yield, 5.5 mg): mp 265268 °C dec;'H
NMR (Me,SO-Us) 6 13.03 (s, 1H-CO,—H), 10.08 (s, 1H,
—Ns3—H), 7.74 (s, 1H,—N;—H). On the basis of the NMR
spectrum, deuterium was enriched at each position as

Procedures were modified from those published previously indicated: G-proR—H (>96%), G-proS—H (>96%), and

2.

(A) L-[5S,6%H,]-DHO (4). Sodium phosphate (0.2 M), pD
= 6.6, 1 mM EDTA, 10 mML-cysteine, 5 mM sodium
orotate, and 3.75 units &@. oroticumDHO dehydrogenase
in a 25 mL reaction in BO were incubated at 25C. After
10 min, NADH (10 mM) was added and the solution
incubated for 11 h at 25C. The reaction mixture was applied
directly to a column of Dowex 1X8400 (Sigma, 20 mL

Ce—H (>97%).

(E) L-[5R,5S%H,]-DHO (7). L-DHO (0.2 g) (Sigma) was
dissolved in 50 mL of methanal-containing 0.47 g of
sodium methoxide (0.17 M) and sonicated 8oh in awater
bath sonicator. After evaporation of solvent, the residue was
dissolved in 25 mL of 0.34 M HCI and loaded directly onto
Dowex 50WX8-400 and purified as described above.
Isolation and crystallization yielded (0.12 g, 60% vyield):

bed volume) and eluted with 70 mM sodium formate adjusted mp 265-268°C dec;'H NMR (Me,SO-dg) 6 13.09 (s, 1H,

to pH = 3.2 with formic acid. [The column had been
previously treated successively with (a) 100 mL of 1 N
NaOH/1 M NacCl, (b) 100 mL of water, (c) 100 mL of 1 N
HCI, (d) 100 mL of water, and (e) 200 mL of 70 mM sodium
formate adjusted to pH= 3.2 with formic acid.] Fractions

—CO;—H), 10.08 (s, 1H—N3—H), 7.75 (d, 1H,—N;—H),
4.04 (d, 1H,—Cs—H). The NMR spectrum indicated that
the G-proR—H and G-proS—H were >97% deuterated.
The 300 MHz*H NMR spectra of samples of deuterated
and nondeuteratadDHO showed no significant peaks other

12—-25 (8 mL per fraction) were pooled and passed through than those expected fromDHO and NMR solvents (not

a column of Dowex 50WX8400 (Sigma, 20 mL bed

volume) and eluted with water to remove the sodium ions.

shown).
Determination of Substrate Concentratior&ock solu-

[The column had been previously treated successively with tions of deuterated and nondeuteratddHO were prepared

(a) 100 mL of 1 N NaOH/1 M NacCl, (b) 100 mL of water,
(c) 100 mL of 1 N HCI, and (d) 200 mL of water.] Fractions

in water, and NaOH was added to give 90% deprotonation
of the G-carboxylic acid (pH~3.5). The concentration of

2—17 (8 mL per fraction) were pooled, and the solvent was L-DHO in stock solutions was determined by completely
evaporated. The residue was crystallized from water to yield oxidizing an aliquot using purifiedC. oroticum DHO

compound4 (35% vyield, 6 mg): mp 265268 °C dec;'H
NMR (Me;SO-0g) 6 13.11 (s, 1H-CO,—H), 10.09 (s, 1H,
—N3—H), 7.75 (s, 1H,—N;—H), 2.86 (s, 1H,—Cs-proR—
H). The NMR spectrum indicated that the-@roS—H and
Ce—H were >96% deuterated.

(B) L-DHO (1). This control molecule was synthesized to

dehydrogenase. Reactions contained 50 mM bis-tris propane/
50 mM phosphate, pH= 8.0, 10 mML-cysteine, 1 mM
EDTA, 2 mM pyruvate, 0.02 unigl rabbit muscle -lactate
dehydrogenase, 4070 nM enzyme, and 0.2 mM NAD
After preincubation for 20 min, the reaction was initiated
by addingL.-DHO to 0.1 mM. The increase in absorbance at

be compared with that obtained from Sigma (see Results).295 nm due to the formation of orotatgso= 4.23 mM

Orotate was reduced bg. oroticumDHO dehydrogenase
as described for compound] except that the solvent was
H.O instead of RO. Purification and crystallization as
described above yieldet (32% yield, 5.5 mg): mp 265
268°C dec;*H NMR (Me;SO-dg) 6 13.10 (s, 1H—~CO,—

cm™1) permitted the determination of the originaeDHO
concentration to within<+3%. Gravimetrically prepared
solutions ofL.-DHO verified the precision of this method.
Enzyme Assay#\ssays were done at Z&. Initial rates
were determined from linear plots of product formation (or
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substrate disappearance) under conditions&%o substrate
conversion.
Assay 1Assay 1, used during purification, monitored the

Argyrou et al.

concentrations of substrates used, indicating that regeneration
of NAD™ was not limiting at any pH. The concentration of
NAD™ was 2 mM in all of the assays. This concentration is

reduction of orotate (reverse of eq 1 above). Enzyme wassaturating at pH 8.0415 x Ky, true Knnap*) at pH 8.0=

preincubated for 10 min in 50 mM MES buffer, pH 6.5,

10 mM L-cysteine, and 2.5 mM orotate, and the reaction
was initiated by addition of NADH to 0.17 mM. Conversion
of NADH to NAD* was monitored at 340 nm.

Assay 2 Assay 2 monitored oxidation afDHO through
the increase in absorbance at 2800 nm due to production
of orotate (the extinction coefficients for orotate at 290, 295,
and 300 nm at 5.& pH =< 8.5 and 25°C were 5.96, 4.23,
and 2.69 mM?! cm?, respectively; the extinction coefficients
for orotate at 300 nm were 2.92, 3.52, and 3.69 higm !
at pH 9.0, 9.5, and 10.0, respectively). An NAlegenerat-
ing system (-lactate dehydrogenase converts NADH to
NAD* during reduction of pyruvate ta-lactate) was

included to make this thermodynamically unfavorable reac-

tion irreversible (see Results). (Note that NABIso absorbs

130uM]. Although theKmnap) may be different at low or
high pH, halving the concentration of NAD(from 2 mM
to 1 mM) at pH= 5.0, 8.0, and 10.0 gave only a710%
decrease in the observed velocities. Thus, NAias close
to saturation across the entire pH profile.

N-Terminal Sequence AnalysiurifiedC. oroticumDHO
dehydrogenase~3 1g) was resolved by SDSPAGE. The
two subunits (see Results) were electrophoretically trans-
ferred to a PVDF membrane (Millipore). The subunits were
located on the blot by staining with Ponceau S, excised, and
subjected to N-terminal sequence analysis in the facility of
the Biological Chemistry Department in The Johns Hopkins
University School of Medicine. Although the N-terminal
sequences for ther (SRLKTEFAGA) and 3 (GKILT-
NVRLS) subunits were not detectably similar to those of

at 290-300 nm, but its concentration does not change during the family 1B enzymes, we note that the extreme N-termini
the assay.) Assays contained 50 mM acetate/50 mM phos-of this enzyme family are not well conserved.

phate (5.0< pH < 7.0) or 50 mM bis-tris propane/50 mM
phosphate (6.6x pH < 10.0), 10 mML-cysteine, 1 mM
EDTA, 2 mM pyruvate, 0.02 unjl rabbit muscle.-lactate
dehydrogenase, DHO dehydrogenase, and NA&N com-
ponents except-DHO were preincubated at 2% for 20
min, and reactions were initiated by addition.eDHO.

Assay 3: Anaerobic Isotope Exchange Experiments.
Anaerobic conditions were attained by repeated (10 times)

evacuation and flushing with nitrogen of a disposable

glovebag. Nitrogen was then bubbled through all buffers and
solutions (except enzyme) for 20 min inside the glovebag.

Assays (5QuL) contained 50 mM bis-tris propane/50 mM
phosphate, pH= 8.0, 10 mML-cysteine, 1 mM EDTA, 1
mM [6-1“C]orotate (0.0kCi/uL), L-DHO (0.5-4 mM), and
100 nM (tetramer) DHO dehydrogenase. After a 20 min
preincubation, the reaction was initiated by addition of
L-DHO. Aliguots of 0.5uL were removed at timed intervals
and spotted onto polyethylenimineellulose-F TLC plates

(EM Science) in which the origins had been pretreated with

1 uL of 0.46 N formic acid and air-dried. The TLC plates
were developed with 0.46 N formic acid, air-dried, and
exposed to a phosphorimaging plate (Fuji) for 1 h. This

chromatographic system afforded excellent separation of

orotate & = 0.1) fromL-DHO (R = 0.5). Initial rates of
radiolabeledL.-DHO formation were calculated from the
linear slopes of plots oftfDHO] against time.

Controls for pH-Rate StudiesTo be certain that the pH

dependence of kinetic parameters (see Results) was not du ) - .
t at which the observed isotope effect is half the value of|E

to a lower amount of active enzyme such as would resul
from the lower concentration of activating thiolate anion at
low pH, L-cysteine (K, = 8.3) andb-cysteine were titrated
at pH = 5.0 and pH= 8.0. The total concentration of
L-cysteine ob-cysteine required for half-maximal activation
(S5 was 2.5 mM at pH= 5.0 and 1.8 mM at pH= 8.0.
Since theS) s values forL-cysteine are similar at pH 5.0
and pH= 8.0, and since all kinetic experiments were done
at 10 mM L-cysteine, the pH dependence of the kinetic

Data Analysis.All fits were done using the Sigmaplot
(version 4.16) linear or nonlinear least-squares curve-fitting
program for the Macintosh.

Reciprocal initial velocities (M) were plotted against
reciprocal substrate concentrationsSjland the data were
fitted to eq 2. The slope K, @PHVma2PP, and theY-intercept
iS INmadP.

IN = K 2PNV + IV, PP

max

()

Data for pH-rate profiles were fitted to eq 3 or 4. Data
showing a decrease in ldgor log V/K at low and high pH
were fitted to eq 3. When lo¥ or log V/K decreased at
both low and high pH but showed a hollow at low pH, the
data were fitted to eq 4. In these equations V or V/K, C
is the pH-independent value of or V/K, H is [H*], and
Ka—Kp represent the dissociation constants for groups on
the enzyme and/or substrates.

logy = log [C/(1 + H/IKg + Kp/H)] 3)
logy = log {C[1 + H/K,J/[1 + (H/Kg)(1 + H/Ky) +
Ko/HI} (4)

For the pH dependence of the primary deuterium kinetic
isotope effect, the data were fitted to eq 5, wherg,dHs
the observed isotope effect at a particular pHplEs the
@H-independent isotope effect at low pH, arkk s the pH

|Egpsa= IE /(1 + 10P P9 + 1/(1+ 107<P")  (5)

RESULTS

C. oroticum DHO Dehydrogenase Is a Family 1B Enzyme.
To obtain large quantities of DHO dehydrogenase for
mechanistic studies, we took advantage of the induction of
enzyme expression that occurs wt@noroticumis cultured

parameters cannot be attributed to the ionization state of thein the presence of orotic acid 7). We developed a simple

activating thiol. Doubling or halving the concentration of

purification procedure (Experimental Procedures) that gave

L-lactate dehydrogenase or pyruvate had no effect on thea high yield of enzyme:~2.8 mg of enzyme was obtained

observed velocities at pH 5.0, 8.0, or 10.0 with the highest

in 13% yield fran 4 L of cultured cells. A 52-fold increase
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2 enzyme is thus consistent with ap, heterotetrameric
103 M. structure, as seen previously for thelactis B enzyme 7)
and the enzymes frof. subtilis (8) andE. faecalis(9). (3)
97 — Highly purified DHO dehydrogenase fro@. oroticumwas
68 — previously shown16) to exhibit the cofactor content that is
45 — now recognized as typical of family 1B enzymes, namely,
two molecules of FMN, two molecules of FAD, four non-
heme iron atoms, and four labile sulfur atoms per mole of
enzyme. This cofactor composition, in conjunction with the
subunit composition demonstrated by our results, indicates
that theC. oroticumenzyme belongs to DHO dehydrogenase
family 1B.
Continuous Assay of Orotate Formation Catalyzed by
DHO Dehydrogenasé&.he equilibrium of the reaction shown
in eq 1 greatly favors reactant$9), making it difficult to
measure initial velocities by following the production of
NADH. As described in Experimental Procedures (Assay 2),
we developed a new assay method in which this problem
was overcome by including an NADBregenerating system
to make the oxidation of-DHO irreversible. Initial velocities
were then conveniently measured by following the increase
in absorbance at 2900 nm associated with orotate
formation. A typical assay time course is shown in Figure
2B. Orotate was formed linearly with time (circles) at a rate
that depended linearly on enzyme concentration (data not
shown). As reported previouslg§, 20, L-cysteine activated
the enzyme strongly (circles versus squares), whersagne
andL-alanine did not (upright and inverted triangles). Besides
0.00 , : , , L-cysteine, other thiols were also activators, including
00 O. . ) . ) 3.0 D-cysteine, 2-mercaptoethanol, dithiothreitol, mercaptoacetic
acid, and glutathionel@, 20; data not shown). The concen-
Time/min tration of L-cysteine required for half-maximal activity at
FiGURE 2: (A) SDS-polyacrylamide gel electrophoretic analysis pH = 8.0 was 1.8 mM (Experimental Procedures). A
of purified C. oroticum DHO dehydrogenase. Lane 1 contains concentration of-cysteine affording near-maximal activity,

protein molecular weight markers; lane 2 containg6f purified . :
C. oroticumDHO dehydrogenase. (B) Typical time courses@or 10 mM, was used in the experiments reported below.

oroticum DHO dehydrogenase showing activation of the enzyme ~ The mechanism by which thiols activate DHO dehydro-
by 10 mM L-cysteine Q) relative to unactivated enzym) but genase has not been definitively demonstrated. However,
not by L-alanine §) or L-serine {). C. oroticumDHO dehydro- earlier work (6, 20) showed that the NAD-dependent DHO
genase (4.7 nM) was preincubated for 20 min in the presence (Ordehydrogenase and NAEBIndependent DHO oxidase activi-

absence) of 10 mM-cysteine, 1 mM EDTA, 0.4 mM NAD, 0.02 . . ) . .
unit/uL L-lactate dehydrogenase, and 2 mM pyruvate in buffer UES are activated by thiols, while the orotate-independent

containing 50 mM phosphate/50 mM bis-tris propane, $8.0, NADH oxidase activity is not. These findings suggest that
and the reaction was initiated by addition of 1 mMDHO. thiols affect theL-DHO/orotate reaction rather than the

NAD*/NADH reaction. The crystal structure df. lactis

in specific activity was sufficient to achieve near homogene- DHO dehydrogenase A without bound orotat® §éhows
ity, indicating that the enzyme represente@% of total extra electron density around the sulfur atom of a crucial
protein in the crude cell extract. (21) active site cysteine residue (Cys-130), indicating that

An SDS-PAGE analysis of the purified enzyme is shown the cysteine sulfur was oxidized, perhaps to a sulfenic acid
in Figure 2A. There are approximately equal amounts of two (—SOH). Cys-130 is conserved in family 1B enzymds (
polypeptides with masses 0f32 and ~28 kDa, which Thus, we propose that the observed thiol activation (Figure
together constitute 90% of the Coomassie-stained protein. 2B) involves the reduction of the side chain of a cysteine
These two proteins were designated asatendf subunits residue corresponding to Cys-130, which would be necessary
of a heterotetrameric DHO dehydrogenase on the basis offor its proposed function as a general base (see Discussion).
the following criteria. (1) The two polypeptides precisely Sulfenic acids can be reduced to thiols by thiols in solution
coeluted in each purification step with respect to (a) one (22). In contrast, there is no evidence to support an alternative
another, (b) NADH-dependent orotate reductase activity, andmechanism in which activation involves the reduction of an
(c) yellow color (Experimental Procedures). The coelution inhibitory protein disulfide bond.
of the two polypeptides indicates that they are the subunits Steady-State Kinetic Analysis and pRate Behaior.
of an oligomeric enzyme. (2) The results of analytical size Initial velocity data from assays in which the concentration
exclusion chromatography (Experimental Procedures) showedof one substrate was varied at various fixed levels of the
that the two polypeptides eluted at the same position ascosubstrate showed a pattern of parallel lines in double-
ubiquitin activating enzyme, a protein with a native molecular reciprocal plots (Figure 3). These data are most consistent
mass of 116 kDal@8). The molecular mass of the active with a ping-pong mechanism (see below). The steady-state
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Ficure 3: Initial velocity pattern for the NAD-dependent oxidation 55 L
of L-DHO to orotate byC. oroticumDHO dehydrogenase. Initial =
velocities [M1 (tetramer) s1] were determined in triplicate. The -2
average reciprocal velocities and associated standard deviations are = 5ol
plotted as a function of the reciprocal concentrations-&fHO. ) ’
The solid lines are the best fits to an equation describing a ping- =
pong mechanism. The concentrations of NAIed were 0.17 mM ME
(0), 0.25 MM @), 0.40 mM (), and 1.0 mM 4). X 457
«Q
Table 1: Steady-State Kinetic Constants@foroticum L%D /
Dihydroorotate Dehydrogendse 40| !
keat' 45+ 25t I
K (L-DHOY 90+ 10uM 35 , , R , , ,
Km (NAD)C 130+ 10uM :
Keal Kin (L-DHO) (5.1£0.5)x 1FM 15t 45 67 8 9 10U
Keaf Kn (NADT)® (35+£0.3)x 1FMts? pH
apH = 8.0, 25°C (see Experimental Procedurespt saturating FicurRe 4: Dependence Ok and KeafKmpnoy 0N pH. (A) pH
NAD* concentration® At saturating.-DHO concentrationd At saturat- variation ofk fitted to eq 3; [Kg = 6.4+ 0.1, ;Kp = 8.9+ 0.1,

ing NAD* andL-DHO concentrations. The maximum turnover number, andC = 61+ 4 s'L. (B) pH variation 0fkeafKm(oroy With L-DHO
keas is calculated on the basis of the concentration of enzyme tetramers.as the variable substrate and NARept at a saturating level (2
mM). Data were fitted to eq 3 [dotted lineKp = 6.5+ 0.1, Kp
. . . =89+0.2,C=(3.5+£0.7)x 1®M1sand eq 4 [solid line;
kinetic constants reported in Table 1 were obtained from '~ g1+ 0.3,(|d<a = 73)2 0.2, Ke = ]5.1:i: 094’ F[KD =86

replots of the slopes and-intercepts of these data (Figure +0.1,C=(5.8+ 1.1) x 166 M~ s1]. The buffers used were 50
3) assuming a ping-pong mechanism. The steady-state kinetionM phosphate/50 mM acetat®) and 50 mM phosphate/50 mM
constants obtained at pH 8.0 (Table 1) compare favorably ~ Pis-tris propane @) with sufficient pH overlap. The pH was
with those measured previously at pH 6.8 (23). The measured after the reactions were complete.
maximum turnover number of 45%is similar to 29 s?, 6.1+ 0.3, Kg=73+0.2 Kc=51+0.4, and Kp =
and theK, values for.-DHO and NAD' (of 90 and 130 8.6+ 0.1.
uM, respectively) are similar to those reported before (170 Kinetic Isotope EffectsThe pH dependence of the
and 360 uM, respectively). The small differences are deuterium kinetic isotope effect arising from deuterium
probably due to the different pH values at which the substitution at € of L-DHO (7 in Figure 1) at saturating
experiments were done (see Figure 4). concentrations (2 mM) of NADis shown in Figure 5. Both
The pH dependence &4 is shown in Figure 4A, while PV andP(V/Kppo) increase from a value of unity at high pH
that ofkeal Kmoro) is shown in Figure 4B. The observed pH to sizable values at low pH. Limiting values at low pH were
rate behavior reflected ionizations of the enzyme since 1.34+ 0.02 (for®V) and 1.9+ 0.1 [for P(V/Kpno)]. The pH
L-DHO has no ionizable groups in this pH range [th&, pf at which the isotope effect is half the value at low pH is 7.7
the carboxylic acid group af-DHO is 3.0, while that of the £ 0.2 (forPV) and 7.2+ 0.3 [for °(V/Kppo)].
N—H groups is>11.5 @4)]. Moreover, appropriate controls To address whether the mechanism was stepwise or
showed that the concentrations of activatingysteine and concerted (see Discussion), we also determined the isotope
substrate NAD were essentially saturating over the pH range effects for substrate$—6. These studies were conducted at
examined (Experimental Procedures). The valuekgf pH = 6.5, where the isotope effects fGrwere sizable.
decreases below a singl&of 6.4+ 0.1 and above a single  Double-reciprocal plots witb-DHO as the variable substrate
pK, of 8.9 + 0.1 when the data are fitted to eq 3 for substrated and5—7 are shown in Figure 6A, and the
(Experimental Proceduredd../Kmpro) also decreases at low  results are summarized in Table 2. The effect of deuterium
and high pH, but in this case eq 3 gives a poor fit to the substitution at the &proR position when GproS-H and
data (dashed line) withKas of 6.5+ 0.1 and 8.9+ 0.2. Cs—H are both deuterated is shown in Figure 6B (triangles).
Equation 4 (Experimental Procedures) gives a better fit (solid As expected, the secondary deuterium kinetic isotope effects
line) with the following four pH-dependent termsKp = onV (1.17+ 0.13) andv/Kppo (1.00+ 0.13) are very small.
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Ficure 5: pH variation of the steady-state deuterium kinetic isotope
effect oNVimax (°V) andVma/Kmoro) [P(V/Kpro)] for L-[5R,552H,)-
DHO (7). Data were fitted to eq 5 with Iy = 1.9+ 0.1, Ko =
7.2+ 0.3 [for °(V/K)] and I1Epy = 1.34+ 0.02, K, = 7.7+ 0.2

[for PV]. Buffers used were 50 mM phosphate/50 mM acetate (
A) and 50 mM phosphate/50 mM bis-tris propade @).

Several potential sources of error must be considered when

isotope effects are performed by direct comparison of the
initial velocities of turnover of a protonated versus a

deuterated substrate, including substrate purity, isotopic

enrichment, and substrate concentrati@®).( All of the

selectively deuterium-labeled substrates synthesized in the
present study were crystallized and had melting points which

were indistinguishable from literature values. Moreoever, we
confirmed thatl from commercial sources gave velocities
identical to those ofl synthesized enzymatically from
orotate, followed by purification and crystallization according
to the same procedures used for substrates (Figure 6B,
filled versus open circles). Solutions of each substrate in
Me,SO-ds showed only the expected substraté NMR
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Ficure 6: Double-reciprocal plots for the NADdependent DHO
dehydrogenase activity with various deuterium-labeleBHO
substrates. Panel A illustrates the presence of significant deuterium
kinetic isotope effects on bothvV and°(V/Kppo). Data are forl

(©), 7 (@), 5(2), and6 (a). Panel B illustrates (a) that the initial
rates for enzymatically synthesizeeDHO (1) and 1 from com-
mercial sources are indistinguishable and (b) that the secondary
deuterium kinetic isotope effect arising from the- @oR position

peaks (and those of the NMR solvent; data not shown), andis very small. Data are for enzymatically synthesi€), 1 from

deuterium enrichment was96% at all relevant substrate

positions (Experimental Procedures). The concentrations of
substrates were determined by enzymatic end-point assay

to within <+3% of the average value. Thus, the observed

commercial source®), 4 (»), and6 (A). The solid lines are linear
least-squares fits of the data to eq 2. All points are the average of
three determinations with the standard deviations shown by the error

Pars. Assays were conducted at saturating (2 mM) NAaBncen-

tration at pH= 6.5 and 25°C using the 50 mM phosphate/50 mM

rate differences (Figures 5 and 6A, Table 2) are due to the bis-tris propane buffer system as described under Experimental

nature of the isotopic substitution rather than to the coiso-
lation of an inhibitor or activator, variations in substrate
concentration, or variable isotopic enrichment.

DISCUSSION

Characterization of the C. oroticum DHO Dehydrogenase.
We chose theC. oroticum DHO dehydrogenase for our

Procedures.

from the resistance of the two polypeptides to separation by
chromatography on several types of columns, plus their
precise coelution with NADH-dependent orotate reductase
activity and yellow color. The apparent native molecular
mass of~120 kDa by size exclusion chromatography (see
Results) and equilibrium sedimentation and the apparent 1:1

mechanistic studies primarily on the basis of its expected ratio of the two polypeptides suggest that the native enzyme

ease of purification. An additional advantage of t@e
oroticumenzyme was that, as anticipated from its ability to
use NAD' as a terminal electron acceptor, it proved to belong

to the heterotetrameric (1B) family of DHO dehydrogenases.

Multiple substrate kinetic isotope effects have not previously

is a heterotetramer consisting of twoand twog subunits.
These conclusions are strengthened by the striking similarity
between the&. oroticumDHO dehydrogenase and the family
1B DHO dehydrogenases froln lactis, E. faecalis andB.
subtilis

been reported for any member of this enzyme subfamily (see  The genes encoding the two polypeptides (PyrBBand

below).

PyrK [A]) of the L. lactis (7) and B. subtilis (8) DHO

The 32 and 28 kDa polypeptides associated with the dehydrogenase B enzymes have been cloned and sequenced,

purified enzyme represent teandg subunits, respectively,
of a high-affinity heterooligomer. This conclusion follows

and the proteins have been purified following expression in
E. coli. When expressed alone, PyrDB was an unstable
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Table 2: Steady-State Kinetic Isotope Effects @roroticum C. fasciculata and Bovine Liver Mitochondrial Dihydroorotate Dehydrogenases

C. oroticunt C. fasciculata bovineg

no. substrates compared P(V/Kpho) bv P(V/Kpho) bv P(V/Kpho) bv

1 SHrHs-®H vs®°DrDs®H 1.514+0.07 1.34+ 0.02 3.25+ 0.06 2.83+ 0.06 2.95+ 0.42 2.924+0.16
2 SHrHs®H vs *HrHs°D 2.94+ 0.07 1.92+ 0.09 2.99+ 0.08 2.98+ 0.07 1.31+0.12 1.714+ 0.06
3a SHrHs-®H vs °DrDs-tD 5.44+ 0.37 2.96+ 0.12 6.79+ 0.15 8.03t 0.10 3.90+ 0.60 4.50+ 0.30
3b 1x2 4.444 0.23 2.57+0.13 9.72+ 0.31 8.44+ 0.28 3.86+ 0.70 4.99+ 0.30
4da SHRrHs-®D vs °DrDs-tD 1.854+ 0.09 1.55+ 0.02 2.27+ 0.07 2.67+ 0.06 2.80+ 0.36 2.45+0.11
4b SHrHs®H vs®DrDs-®H 1.514+0.07 1.34+ 0.02 3.25+ 0.06 2.83+ 0.06 2.95+ 0.42 2.92+0.16

5a 5DrDs-®H vs°DrDsD 3.59+0.08 2.224+0.06 2.09+ 0.05 2.83+ 0.06 1.13+0.14 1.32+ 0.06
5b SHrHs-®H vs®HrHs-5D 2.944+0.07 1.92+ 0.09 2.994+0.08 2.98+ 0.07 1.31+0.12 1.71+ 0.06

aThis work. At 25°C, pH = 6.5, and saturating levels (2 mM) of NAD(see Experimental Procedures). Isotope effects are expressed as the
ratios ofV or V/Kpno (and associated standard deviations) for the substrates compared, and the errors have been propagated as described by Skoog
and West for indeterminate erroré4j. ® Data from Pascal et al2). ¢ Data from Hines et al.1@3).

homodimeric enzyme containing one molecule of FMN per Scheme 2

subunit; it could transfer electrons fromDHO to ferri- ontL-DHO Eqy+L-DHO Eggpe OA +0a Egep
cyanide but not to NAD. Coexpression of the PyrDB and Ky

PyrK subunits gave a stabdef, heterotetramer that utilized .

NAD* as an electron acceptor. These enzymes an&the g, ENAD g~ Nap* Eox-NADH 22228 g

faecalis(9) enzyme use the same cofactors asGheroticum

DHO dehydrogenase, namely, two molecules of FMN, tWo random and rapid equilibrium ordered mechanis2®. (In
molecules of FAD, four iron atoms, and four “labile” sulfur  ¢ontrast, these data are consistent with a ping-pong mech-
atoms per tetramer. anism, although they do not rule out a steady-state ordered
Insight into the molecular roles of these cofactors is mechanism with NAD, the substrate witlP(V/K) = 1,
provided by the crystal structur@@) of the heterotetrameric  pinding first.
B enzyme fromL. lactis with bound product orotate, which  sequential mechanisms require the formation of a ternary
is shown schematically in Figure 7A (K. F. Jensen, personal complex (e.g., DHEEox-NAD™) before the chemical step,
communcation_}.The FMN is located on 'Fhe PyrDB subunit  \yhile ping-pong mechanisms do not (above). Thus, if the
while FAD resides on the PyrK subunit. The iresulfur mechanism is ping-pong, DHO dehydrogenase should cata-
cluster also resides on the PyrK subunit; it is close to the yze the interconversion atDHO and orotate in the absence
heterosubunit interface, roughly midway between the two of NAD* or NADH. Anaerobic incubation of DHO dehy-
flavins which are about 19 A apart. Orotate binds at the FMN drogenase at pH 8.0 and 10 mM.-cysteine in the presence
site. Based on these structural data, it is reasonable to proposgf 4 mm L-DHO and 1 mM [4Clorotate (a saturating
that there are two active sites per tetramer, with each activeconcentration of each), but without NADor NADH,
site harboring one molecule of FMN, one molecule of FAD, yegyited in the formation af-[**C]-DHO at a rate that was
and one iror-sulfur [FeS;] cluster. L-DHO would be 18% of ke for the reverse reactiorkdy = 22 s°3). This
oxidized to orotate by transferring a pair of electrons to FMN. experiment provides strong evidence that the steady-state
Itis likely that_ the .electro.ns are then transferred to NAD  kinetic mechanism is ping-pong. That exchange occurred at
at the FAD site via the ironsulfur cluster (Figure 7B), 3 rate slower thak.;may be explained by enzyme inhibition
although there is as yet no direct evidence to support NAD  qye to the high concentrations of substrate and product.
b|nd|ng at the FAD site. A similar architecture and mech- Fina”y, ping_pong mechanisms have been proposed for
anism is expected for th@. oroticumDHO dehydrogenase. || DHO dehydrogenases studied thus far. These include the
Steady-State Kinetic Mechanisifihe pattern of nearly  pHO dehydrogenase B froi, faecalis(9) and the family
parallel lines obtained in the steady-state kinetic analysis of 2 . coli (28) and bovine liver mitochondrial2®) DHO
DHO dehydrogenase (Figure 3) is consistent with a ping- dehydrogenases. A nonclassical two-site ping-pong mecha-
pong mechanism (Scheme 2). A distinguishing feature of nism has also been proposed for the dihydropyrimidine
this mechanism is the absence of the ternary complexesgehydrogenase from pig liver3Q) which catalyzes the
L-DHO-Eox*NAD™ and OAErepNADH. While certain  NADP*+-dependent oxidation of dihydrouracil and dihy-
sequential mechanismkif < Kp,, whereKi, is defined in  grothymine to uracil and thymine, respectively. This enzyme
Scheme 2 andn, is the concentration of A giving half-  resembles the family 1B DHO dehydrogenases in that it also
maximal activity) can give reciprocal initial velocity plots  features FMN, FAD, and iron atoms that are probably present
that appear parallel, we do not favor these mechanisms foras iron-sulfur clusters.
reasons discussed below. Interpretation of the pH ProfilesThe pH profiles pre-
Isotope effects onV/K are also useful to distinguish  sented in Figure 4 show that there is a single group with a
between different steady-state kinetic mechanisms. With pk_ of about 7 which must be deprotonated for activity. There
L-DHO selectively deuterated at both the-@oR and G- is another group with a Ky, of about 8.9 that must be
prosS positions {), °(V/Kpno) = 1.51 & 0.07 while ®(V/ protonated for activity. The apparenkss of these groups
Knap*) = 1.114 0.07 (data not shown). An isotope effect are observed in bothca and kealKmphoy profiles. These
of unity on one substrate’¥/K (here, NAD) eliminates  groups must reside on the enzyme because the substrate
L-DHO does not have an ionizable group in this pH range
2Based on information generously provided by K. F. Jensen. (see Results).
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A Scheme 3
pyrDB
k,[DHO]

EOXH _— EOXH . DHO

8

Orotate

K, ke[H*])| ks

Ju[DHO]
Eox =——— Eoyx-DHO —

2

Egep + OA

EOX

described by Cook et al. for creatine kina88)( In Scheme

3, ks represents the only deuterium-sensitive step, but it is
not a microscopic rate constatit may contain isomerization
steps. Likewiseky represents product orotate release and
B | bHo — FMN — FerS» — FAD —p NAD* regeneration of oxidized enzymedg by NAD* combined,
T for simplicity, into one step.

Cook et al. showed that a hollow will be observed in the
VIK pH profile if both the substrate and the proton in the
C SN 132 E—H-S complex (BxH:-DHO in the present case) are sticky.

- They further showed thatifa, and K¢ of eq 4 can be used

[} to estimate the stickinesss(k,) of the substrateks/k, =

> 10°%a~PKe — 1. From the fits to eq 4, = 6.1 and Kc =
70 - evs 130 oo 10 B 5.1, yieldingks/k, = 9. The ratioks/k, = 9 suggests that the
" U - o substrata -DHO is sticky; that is, it forms products about

5= e nine times faster than it dissociates from thgx#® HO

\“ v 102 O P complex. The isotope effect observed for a sticky substrate
71

19 A

Y - should be pH depender3, 34), as observed in the present
, case (below).
& - AsN 127 Isotope EffectsThe high commitment35) to catalysis
(ks/lk, = 9) will depress any observed isotope effeét¥/K
y [} = (Pks + ka/ko)/(1 + kalkp)] from the intrinsic value Pks.
Theory has previously been developed for the dependence
of isotope effects on pH3@, 34), and for the mechanism in
L¥s 43 Scheme 3, botRV andPV/K should be equal to the intrinsic
value Pkg] at low pH. At high pH the observed isotope
effects will be depressed from the intrinsic value according

& to the following expressions8, 34): PV = (Pks + ka/kg)/(1
+ kalkg) andPV/K = (Pks + kalkz)/(1 + ks/kz). The isotope
‘ effects onV and V/Kpno for 7 are unity at high pH and
FIGURE 7: (A) Quaternary structure of the. lactis DHO dehy- increase to a pH-independent value at low pH as predicted
drogenase B enzyme. The cartoon is based on the crystal structurdy theory and confirming that the substrat)HO, is sticky.
of this enzyme complexed with the product orotatehe FMN However, as can be seen from Figure 5, the isotope effects

resides on the PyrDB subunit while FAD is on the PyrK subunit. 5/ andV/Kpno at low pH are not equal and are not likely

The iron—sulfur cluster also resides on the PyrK subunit and is S . .
close to the heterosubunit interface, midway between the two flavins to be intrinsic values. This apparent contradiction can be

which are about 19 A apart. Orotate binds at the FMN site. (8) reconciled if another step is partly rate limiting over the entire
Proposed pathway for electron transferDHO is oxidized to pH range but becomes more rate limiting at high pH. This
orotate by transferring a pair O_f electrons to FMN. The electrons step might be product orotate release or regeneration of
are then transferred to the ultimate electron acceptor, NAdD oxidized enzyme by NAD. A similar situation has been

the FAD site via the irorrsulfur cluster. (C) Active site of DHO b df lanine dehvd frcn subtiliswh
dehydrogenase A frorh. lactis based on the crystal structure of observed for-alanine denydrogenase iras subltiliswhere

this enzyme with bound orotate. The product orotate is stacked POthV/Kaa andV increase at low pH; the isotope-insensitive
above the flavin isoalloxazine ring system. Orotate makes hydrogenstep which is more rate limiting at high pH was proposed to
bonds with the four conserved asparagine side chains (Asn-67, Asnhe either product release or isomerization of thalAD™*
127, Asn-132, and Asn-193), the side chains of Lys-43 and Ser- complex B6)

194, and the main chain NH gr f Met- ly-70, and Leu- .

72. ’Cis-dléoeis 3?3 Aca\?vay frongg,(%l;%fo?ate gtng?n Se):fe((:)tl pei)s(ijtioﬁu The crystal structure of thie. lactis DHO dehydrogenase

to be the general base that abstracts te@I@S proton of.-DHO A enzyme (family 1A) has been solved witBi7j and without

and thus initiates theans-dehydrogenation of the substrate. Lys- (4) bound product orotate. In the active site (Figure 7C),

43 is 2.8 A away from one of the garboxylate oxygens of  there are only two residues with acid/base properties typical

L-DHO. of general acids and bases. One of these, Cys-130, is 3.3 A
Below pH 7, thekea/Km(ono) curve is flattened, and eq 3 from Cs of orotate, while the other, Lys-43, is 2.8 A from

fits the data poorly (Figure 4, panel B, dotted line). Equation one of the carboxylate oxygens of orotate. Cys-130 and Lys-

4, on the other hand, fits the data much better. The fitted 43 are both completely conserved in family 1 enzyn®s (

(solid) line shows what has been termed a “hollowd1)( The activity of the C130S mutant of the A enzyme is reduced

The data are interpreted in the context of Scheme 3 asby a factor of 18at pH= 8.0 but only 18 at pH= 10 (21).
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It was proposed that Cys-130 was the general base thateffects predicted for a concerted mechanism in which the
abstracts the £proSproton and that Ser-130, in the mutant, chemical step is not fully rate limiting, as described above.
substitutes for cysteine at high pH. The K43E and K43A The partially rate-limiting, isotope-insensitive step must come
mutant enzymes have 3010* lower keaf Kmpro) values than  after the chemical step becau?é is less tharP(V/Kpno)
wild type 21). These findings suggest that Cys-130 and Lys- even with the multiply deuterated sustrate (Table 2, 8ayv
43 both play critical roles in catalysis. These results are consistent with those from Figure 5 where
The anticipated active site structure of t@e oroticum PV is less tharP(V/Kpno) for 7 from pH = 5.0-9.0. This
DHO dehydrogenase (Figure 7) provides an attractive step may be release of product orotate or regeneration of
explanation of the pHrate data shown in Figures 4 and 5. the oxidized enzyme by NAD
The K, of 6.4—7.7 in the pH-rate and pH-isotope effect Anaerobic, enzyme-catalyzeds-proS-L and G—L (L
profiles may be assigned to a cysteine residue that must be= H or D) hydron exchange with solvent in the absence of
deprotonated in order to abstract the-pLoS proton of the ultimate electron acceptors has been carried out previ-
L-DHO. Likewise, the K, of 8.9 may be assigned to a lysine ously with the C. oroticum (1) and C. fasciculata (2)
residue and has to be protonated (positively charged) forenzymes!H NMR showed that, with both enzymes, ex-
activity. The role(s) of the lysine may include both substrate change at €occurred twice as fast as exchange atThese
binding (favorable electrostatic interaction with the-C  experiments were interpreted to suggest the stepwise abstrac-
carboxylate group of-DHO) and transition-state stabiliza- tion of the G-proS—H proton to generate thes@arbanion/
tion, since bothk.: and k../{Kn decrease at high pH. enolate intermediate, which is either (1) reprotonated by a
Confirmation of the presence of these residues in the activesolvent hydron or (2) oxidized to form orotate at about half
site, and validation of their proposed catalytic roles, will the rate as reprotonation. However, these experiments can
require the cloning and sequencing of the genes encodingalso be consistent with a concerted mechanism if there are
the a. and 8 subunits of theC. oroticumenzyme. differential rates of exchange of the abstracted-& and
Multiple Isotope EffectsThe concerted or stepwise nature Cg—H protons from their respective sites in thezk orotate
of enzyme-catalyzed reactions can be probed using multiplecomplex. This situation could arise if, when orotate is bound,
isotope effects38—40). Deuterium substitution at position the general base which abstracts thep@Sproton is more
1 will have a different effect on the isotope effect observed solvent accessible thansNf the flavin which accepts the
on position 2, depending on whether the mechanism is hydride. We favor this explanation for th€. oroticum
stepwise or concerted. In a stepwise mechanism, slowingenzyme since the isotope effects dictate a concerted mech-
down step 1 (proton transfer in Scheme 1) relative to step 2 anism.
(hydride transfer) by deuterium substitution will decrease the  As discussed in the introduction, the-€arbanion/enolate
observed isotope effect on step 2 (and vice versa). On thearising from G-proS—H proton abstraction is not stable
other hand, in a concerted mechanism deuterium substitutionenough to exist as a kinetically competent intermediate unless
at position 1 will either (i) enhance the observed isotope it is stabilized on the enzyme by at least 1K ymits. In our
effect on position 2 (because the chemical step has becomaonenzymatic model studies, we showed that the Brgnsted
slower or more rate limiting) or (ii) show no change if the coefficient (5) for deprotonating the £proSproton was<0.8
chemical step was originally largely rate limiting. (12). The relatively large value ¢f indicates that substantial
We have used this approach to probe the stepwise orrate enhancement (38PKaversus a maximum of 18<) of
concerted nature of th€. oroticumDHO dehydrogenase  proton abstraction can be achieved for a given increase in
mechanism. Isotope effects on substrdteg were measured  thermodynamic driving force4(l). However, although the
at pH = 6.5 (Table 2) where sizable isotope effects were rate of acceleration that could be harnessed by stabilizing
observed for7. Deuterium substitution at« Cs, or both the intermediate Ecarbanion/enolate is substantial, @e
led to significant isotope effects on bdth and®(V/Kpo) oroticumDHO dehydrogenase evolved to utilize a concerted
(Table 2, rows1—3a). The isotope effect at £increased mechanism. This mechanism can be rationalized on the basis
from 1.51 to 1.85 foP(V/Kpno) when G—H was substituted  of the anticipated organization of the active site, as inferred
by Cs—D (row 4a versus4b). Likewise, the isotope effect  from the crystal structure of tHe lactisDHO dehydrogenase
at G increased from 2.94 to 3.59 whes-€H was substituted A enzyme (Figure 7C). The &arbonyl oxygen of orotate
by Cs—D (row 5a versus5b). These results are consistent is hydrogen-bonded to the weakly acidic side chains of Asn-
with a concerted mechanism of catalysis. 127 and Asn-193. As a result, there should be little
The same conclusion follows from a comparison of polarization of the Gcarbonyl oxygen oft.-DHO, and
observed multiple isotope effects with the product of the limited stabilization of the genolate intermediate will be
individual isotope effects. For a stepwise mechanism, the possible. The side chain amino group of Lys-43 is not close
product of the individual isotope effects should be larger than enough (6.3 A) to play this role. In contrast, the positioning
the effect observed upon multiple substitution. For a con- of Cys-130 and bl of FMN at opposite sides of the orotate
certed mechanism, the product is either (i) smaller than thering is ideal to promote the concertedns-dehydrogenation
observed (if an isotope-insensitive step is partly rate limiting) of L-DHO.
or (i) equal to the observed (if the isotope-sensitive step DHO Dehydrogenases: Correlation between Structure
was originally largely rate limiting). Comparison of rows and MechanismMultiple isotope effects have previously
3awith 3bin Table 2 shows that the product of the individual been measured for th@. fasciculata(2) and bovine liver
isotope effects is smaller than the observed multiple isotope mitochondrial {3) DHO dehydrogenases (Table 2). There
effect. are notable differences among the results obtained with the
Taken together, these results do not support a stepwisethree enzymes. Whereas our data for@h@roticumenzyme
chemical mechanism and conform to the multiple isotope support a concerted mechanism (above), the data fo€the
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fasciculataenzyme favor a stepwise mechanism. Although
the errors in the measurements for the bovine enzyme are
rather large, the’V isotope effects argue in favor of a
stepwise mechanism. However, as pointed out by Pascal et
al. (2), this analysis of multiple isotope effects relies heavily
on the validity of the “rule of the geometric meartd) in
which the magnitude of isotope effects at multiple positions
in a reacting molecule is independent of one another. This
rule may not hold for concerted mechanisms when coupled
motion and hydrogen tunneling are involved. If proton
transfer and hydride transfer occur in the same step and both
hydrogen nuclei tunnel, then the first deuterium substitution
will have a larger effect than subsequent deuterium substitu-
tions, because it is the first substitution which drastically
decreases the efficiency of hydrogen tunneliag)( Thus,

the data for the. fasciculataenzyme can also be explained
by a concerted mechanism in which there is tunneling by
the G-proS—H and G—H hydrogen nuclei. In contrast, we
are not aware of any stepwise mechanism which can explain
the data for theC. oroticumenzyme.

While the sequences of the. oroticum C. fasciculata
and bovine enzymes are not yet known, theoroticum
enzyme is expected to be part of family 1B on the basis of
its remarkable resemblance to the family 1B enzymes
(above). The bovine enzyme can be placed in family 2 since
it is mitochondrial; theC. fasciculataenzyme, though with
less certainty, may be placed in family 1A on the basis of
strong sequence similarity between the enzyme from a
different parasite . cruz) and theL. lactis A enzyme B).
Analysis of multiple isotope effects (above) suggests that
the family 1B enzymes employ a concerted mechanism,
whereas family 1A and 2 enzymes employ a stepwise
mechanism. These results suggest that differences in mech-

anism, as well as in structure and electron acceptor, may 22.

distinguish DHO dehydrogenases belonging to families 1A,

1B, and 2. These mechanistic differences may ultimately 23.

prove useful in the design of species-specific inhibitors of
DHO dehydrogenase.
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