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ABSTRACT. Dihydroorotate dehydrogenase (DHOD) oxidizes dihydroorotate (DHO) to orotate in the only
redox reaction of pyrimidine biosynthesis. The enzyme fiegaherichia colis a membrane-bound FMN-
containing enzyme that is thought to use ubiquinone as the oxidizing substrate. The chemistry of the
reduction of the flavin in DHOD fronte. coli by the substrate dihydroorotate (DHO) was studied &t 4

in anaerobic stopped-flow experiments conducted over a broad range of pH values. A Michaelis complex
that was characterized by~a20 nm red-shift of the oxidized flavin absorbance formed within the dead-
time of the stopped-flow instrument-(L ms) upon mixing with DHO. The flavin of the intermediate was
reduced by DHO, forming a reduced flaviorotate charge-transfer complex. The rate constant for the
flavin reduction reaction increased with pH, from a value of'1 a pH 6.5 to~360 s at pH values
greater than an observe&pof 9.5 which was ascribed to Serl75, the active-site base. At all pH values,
the reduced flavirrorotate charge-transfer complex dissociated too slowly to be catalytically relevant.
Therefore, the oxidizing quinone substrate must bind to the reduced enznyotate complex at a site
distinct from the substrate binding site, in agreement with steady-state kinetic studiesbfBm O.,
Griner, A.-C., Roepstorff, P., and Jensen, K. F. (19B&)chemistry 382899-2908]. Menadione was

used as a model quinone substrate to oxidize dithionite-reduced DHOD. The reduced eornytaie
complex reacted rapidly with menadione (188 sdemonstrating that the reduced enzyroeotate complex

is a catalytically competent intermediate.

Dihydroorotate dehydrogenase (DHGDEC 1.3.3.1) Scheme 1
catalyzes the oxidation of dihydroorotate (DHO) to orotate
(Scheme 1), the only redox reaction in the pyrimidine

biosynthetic pathway. Three groups of the enzyme, falling HN™ ™5 + oxidant 2HOD HN
A g o
07N TCO;

— !
o)\” cc%

+ reductant

into two broad families, have been described based on
sequence alignment$)( each differing in its selectivity for
oxidizing substrates. The family 1A enzymes are soluble |4 g) DHODs, DHO is oxidized by the enzyme-bound
enzymes containing FMN as the only prosthetic group and g prosthetic group to form the,s-unsaturated carbonyl
use fumarate as the oxidizing substrate The family 1B mojety of the product orotate (Scheme 1). Oxidations that
enzymes are soluble and, in addition to a subunit that form o s-unsaturated carbonyl compounds are catalyzed by
resembles the family 1A enzyme, have a second protein 3 number of flavin-containing enzymes)(In such oxidation
subunit that contains an irersulfur center and an FADBJ; reactions, the somewhat acidic protarto the carbonyl [in
this electron transport chain reduces the physiological this case, the Cpro Shydrogen of DHO §)] is removed
oxidant, NAD. The family 2 enzymes are membrane-bound by an enzymatic base and tiehydrogen (in this case, the
enzymes that contain FMN and are oxidized by ubiquinone hydrogen on C6 of DHO) is transferred as a hydride to the
(4). The majority of eukaryotes and Gram negative bacteria isoalloxazine of the flavin. These two hydrogens may be
have family 2 DHODs. transferred in a single step (a concerted reaction), or substrate
deprotonation may precede hydride transfer (a stepwise
t Supported by grants from the Danish National Science Council reaction). From isotope effects on the steady-state kinetics

and the Carlsberg Foundation. B.A.P. supported by grants from the Of the reaction catalyzed by the family 1A DHOD from
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GM 11106 to V.M.). and hydride transfer to FMN occurred in stepy Similar
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Tris-(hydroxymethyl)aminomethane hydrochloride; KPi, potassium the protein rather than by the requirements of FMN and
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DHODs from each family have been characterized struc- DHO of various concentrations in the same buffer. The
turally (refs 9—12; Ngrager and Larsen, personal com- reduction rate constant was obtained from the limiting value
munication). The active sites where DHO binds and is of the observed rate constant extrapolated to infinite DHO
oxidized are nearly identical in all of these structures. concentration 15). Reduction rate constants were also
Structures of the product complexes show that orotate is heldobtained in pH jump experiments by mixing anaerobic
by a number of hydrogen bonds from asparagine side chains,oxidized enzyme in 5 mM Tris-HCI, pH 8.5, with 10 mM
a serine or threonine side chain, and several backboneDHO in 0.1 M buffer solutions at the desired pH. The pH
amides. Additionally, there is a salt-bridge between the values of 1:1 mixtures of the concentrated buffers and 5 mM
carboxylate of orotate and a lysine of the enzyme. Presum-Tris-HCI, pH 8.5, were measured at’€ and used for the
ably, the enzyme makes analogous interactions with DHO pH values of the reactions. The following concentrated
prior to oxidizing this substratel(). One important differ- buffers were used: 0.1 M KPi, pH 6:0.5; 0.1 M Tris-
ence between the family 1 enzymes and the family 2 enzymesHCI, pH 7.5-9.5; 0.1 M glycine, pH 9.610.75; 0.1 M
to emerge from sequence comparisofty gnd structural CAPS, pH 11.6-11.7; 0.1 NaPi, pH 1212.7. Control
studies (refs9, 12; Ngrager and Larsen, personal com- experiments demonstrated that the enzyme equilibrated
munication) is that the active-site base of family 1 DHODs rapidly with the new pH of the solution after mixing.
is cysteine, while the analogous residue in the enzymes fromObserved rate constants were obtained by fitting single
family 2 is serine. Thus, the identity of the base may be one reaction traces to sums of exponentials using the data
factor that determines whether DHO will be oxidized in a collection software. Alternatively, traces obtained at a

stepwise reaction or in a concerted reaction. particular concentration of DHO but at different wavelengths
To begin to address these mechanistic issues, we havevere simultaneously fit to the same set of observed rate

studied the reduction of the family 2 DHOD froEscheri- constants using the programs Scientist (MicroMath) or pro

chia coliby stopped-flow methods. The enzyme fr&xcoli Fit (Quantum Soft). Thelg, values controlling the reduction

is a monomer that is associated with the membrane in vivo, rate constant and the dissociation constant of DHO were
but is also soluble in water and forms oligomers in the obtained by fitting the pH dependence to eqs 1 and 2,
absence of detergents3). The significant sequence homol-

ogy and structural similarity to human DHOD make the obs__ 1.ma 10 PKa

coli enzyme an excellent model for that important drug target. ed — Kred W 1)
In rapid reaction studies, we have detected intermediates prior

to and following flavin reduction. The pH dependence of 107PKd

the rate constant for reduction is consistent with the notion Kfjbs: Kd(l + —H) 2
that Serl175 is activated by the enzyme to act as a base. Our 10°

kinetic results also demonstrate that there must be a quinone ) ) ) ) )
binding site that is separate from the DHOJ/orotate binding respectively, using pro Fit. The reduction potential of the
site, in agreement with the crystal structures, and that the €nzyme-bound flavin was determined spectrophotometrically

quinone menadione, but not molecular oxygen, is an excellentat 25°C in 0.1 M KPi, pH 7.0, by the xanthine/xanthine
oxidizing substrate. oxidase method of Masse$). 8-Aminoriboflavin Enz =

—330 mV) was used as the redox indicator dye.
EXPERIMENTAL PROCEDURES

DHOD from E. coli was prepared and purified from the RESULTS
strain S@6645 transformed with pAG1 as describ&g).( Reaction Intermediates in the Reduction of DHOD by
Menadione was from Pfaltz and Bauer; other chemicals were DHO. The reduction of the enzyme-bound FMN by DHO
from Sigma. Absorbance spectra were obtained on a Hewlett-was observed directly by mixing anaerobic solutions of
Packard 8450a diode array spectrophotometer or a ShimadzlDHOD with anaerobic solutions of DHO in a stopped-flow
UV-2501PC scanning spectrophotometer. Enzyme solutionsapparatus at 4C. The absorbance spectra of the species
were made anaerobic in glass tonometers for rapid reactioninvolved in this reaction at pH 8.5 were calculated from
studies by repeated cycles of evacuation and equilibrationtraces obtained at intervals from 320 to 650 nm. DHO
over an atmosphere of purified argal¥). Reactants were  binding to DHOD was complete within the dead-time of the
made anaerobic by bubbling solutions with purified argon instrument ¢1 ms) and caused a large red shift in the
within the syringes that were to be loaded onto the stopped-oxidized flavin absorbance spectrum (Figure 1). Thiz0
flow instrument. For oxygen-containing solutions, syringes nm shift in the major flavin absorbance peak for the transient
containing buffer with or without orotate were bubbled at enzyme-substrate complex is similar to the spectral changes
room temperature and atmospheric pressure withAIO previously observed for orotate complexes of both Ehe
mixtures. When reduced enzyme was required, a gastightcoli enzyme and the family 1A enzymes frdmactobacillus
syringe containing dithionite was attached to a tonometer lactis and Enterococcus faecaligl, 17, 18).
equipped with a sidearm cuvette, and the anaerobic enzyme Three reaction phases were observed following the forma-
was titrated to complete reduction as judged spectrally. tion of the enzyme substrate complex (Figure 2). The first
Stopped-flow studies were performed at@ using eithera  of these, reduction of FMN by DHO, was accompanied by
Hi-Tech SF-61 instrument or a Kinetic Instruments stopped- a decrease in absorbance between 340 and 530 nm and an
flow spectrophotometer. The pH dependence of the reductiveincrease from 530 to 650 nm to form the second intermediate
half-reaction was studied in two ways. At a few pH values on the reaction pathway, the reduced enzyiDetate
spanning the range from 6 to 12.7, enzyme equilibrated with complex. The observed rate constant for this reaction
the buffer at the pH of interest was mixed with solutions of increased with DHO concentration to a limiting value of 45.7
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Ficure 1. Spectra of reaction intermediates. Anaerobic DHOD 0.05

(~14 uM active sites) was mixed with anaerobic DHO (20 mM)
in 0.1 M Tris-HCI buffer, pH 8.5, at £C in a stopped-flow
spectrophotometer. Reaction traces were collected from 320 to 650 0.04 |
nm and fit to the sum of three exponentials. The amplitudes were

used to construct the spectra of intermediates (data points). The
spectrum of the free oxidized DHOD was obtained in the stopped- A
flow instrument by mixing the free enzyme with anaerobic buffer s L
(solid line). The spectrum of the DHOEDHO complex that 0.02
developed in the dead-time of the instrumentl(ms) is marked '
with circles. Reduction of the flavin by DHO formed the reduced - T
enzyme-orotate charge-transfer complex marked with triangles. 0.01 L L 1 1

The slow dissociation of orotate from the enzyme resulted in the 0.001  0.01 0.1 1 10 100
spectrum marked by the squares, which very slowly converted to t(s)

the final reduced enzyme spectrum marked with diamonds.

+ 0.3 st at pH 8.5. TheKy of DHO was determined from
its half-saturating concentration as 201 uM (15). The
reduced enzymeorotate complex produced by this reaction 0012 |
was characterized by an additional broad absorbance band
centered near 500 nm (Figure 1), characteristic of a reduced A i
flavin—orotate charge-transfer complex. Such charge-transfer 001 L
absorbances are the result of the excitation of electrons from
the orbitals of an electron-rich donor (reduced FMN) into
the orbitals of an electron-deficient acceptor (orotate), and 0.008 . ! | |
require the proper alignment of the charge-transfer pair. Thus 0.001 0.0l 0.1 1 10 100

the charge-transfer band is consistent with the stacked t(s)

arrangement of isoalloxazine and orotate that would be Ficure2: Reduction of DHOD observed at selected wavelengths.

expected from the structures of the oxidized DHE@otate AnaerqbicdDHt(r?D (final Conce“t{aﬁt‘?“ 0*“4]( #M in ag_tiv% aigas()lss
H H was mixed with various concentrations of anaeronic ,
complexes that have been determined crystallograph|cally69’ 34.5, 6.9, and 3,4M after mixing) in 0.1 M Tris-HCI buffer,

(10-12). ) pH 8.5, at 4°C in a stopped-flow spectrophotometer. Note that the
The loss of the charge-transfer absorbance occurred in thereaction traces are displayed on a logarithmic time scale and have

second reaction phase (Figures 1 and 2C). The extent ofbeen adjusted to identical starting absorbances to facilitate com-
orotate loss from this complex depended on the concentration?aison -tﬁeeﬂfsﬁt'og‘agfetgg ;(re]di;’nsc[:gt:sdeIiDnHSbE;gaﬁcc)?gltesxzvgism @)
qf DH,O present in the experiment. At high [_)HO cor!centra- a decrease at 4?5 nm (B), and an increase at 550 nm (C). ’
tions, little charge-transfer absorbance remained, while at low
DHO concentrations, significant amounts of orotate remained with orotate, it must also bind tightly to the reduced enzyme.
bound to the enzyme. This observation suggests that orotatdn the presence of the4 uM orotate produced by enzyme
binds tightly to the reduced enzyme and that a competing reduction, an apparent dissociation constant b0 uM for
ligand such as DHO is required to drive the dissociation of DHO was estimated from the absorbance remaining after
the charge-transfer complex. This situation results in a the charge-transfer complex equilibrated with DHO (Figure
decrease in the observed rate constant as the concentratioBC). This apparery is a function of theKy values of both
of the trapping ligand (DHO) increases and drives the DHO and orotate and the concentration of free orotate. The
reaction further (Figure 3B), similar to the mechanism absorbance is the sum of the concentrations of the charge-
analyzed for xanthine dehydrogena26)( A limiting value transfer complex, the free reduced enzyme, and the reduced
of 0.32 s was obtained at pH 8.5. The events of the second enzyme-DHO complex multiplied by their respective ex-
reaction phase are summarized by the last two reactions oftinction coefficients. The concentrations of these species are
Scheme 2. The dissociation of orotate from the reduced governed by the dissociation constants of orotate and DHO
enzyme is too slow to be on the catalytic cycle (see below), from the reduced enzyme and were calculated using the
indicating that the free reduced enzyme is not a catalytically method of Storer and Cornish-Bowdel1] fixing the Ky
competent intermediate. value of 64 nM for orotate (see below), the total enzyme
As discussed below, orotate binds to the reduced enzymeconcentration to 4M, and the total orotate concentration
with aKq of 64 nM. In order for DHO to compete effectively  to 4 uM. The K4 value for DHO was found by minimizing

0.014 T T T T
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T T I T reducing anaerobic DHOD with the xanthine/xanthine oxi-
dase reducing system and recording the change to the
absorbance spectrum that occurred upon addition of DHO
(data not shown). Absorbance changes were evident con-
firming the formation of a reduced enzymBHO complex,
with increases in absorbance from 340 to 370 nm (difference
maximum at 356 nm) and 385 to 460 nm (difference
maximum at 420 nm). These increases were too small to
allow the direct measurement of the dissociation constant.
0 . . . ' A third, very slow reaction phase was observed at 475
0 [I%%%O] (M) 400 nm. The observed rate constant of this reactiof.(2 s%)
H did not vary with DHO concentration or pH, and the
2 . . : : amplitude of the absorbance change of this reaction was
small. At this time, it is not possible to assign this spectral
p change to a chemical or physical process. Possibilities include
the dissociation of aggregated enzym@)( a slow confor-
B mational change, or the reaction of some damaged enzyme.
i 7 Regardless of its origin, this reaction is much too slow to be
catalytically relevant.
8o s . pH Dependence of the Reaction between DHO and
DHOD. As described in Experimental Procedures, the
0 | . a1 L kinetics of the reductive half-reaction were examined as a
0 200 400 function of pH in anaerobic stopped-flow experiments in two
[DHO] (uM) ways. In the first method, enzyme at the pH of the experiment
was mixed with a range of concentrations of DHO at the
same pH in order to obtain both the limiting rate constant
for reduction and th&y of DHO (15). Alternatively, the
limiting rate constant for reduction was obtained in pH-jump
reduction experiments, in which anaerobic enzyme in 5 mM
Tris-HCI, pH 8.5, was mixed with saturating DHO solutions
in 100 mM buffer at a different pH. Control experiments
gave identical results by both methods, indicating that the
acid/base groups of the active site of the oxidized enzyme
0.008 , , , ) , , equilibrated rapidly with the solution. The rate constant for
40 80 120 hydride transfer was determined at saturating DHO concen-
[DHO] (uM) trations from pH 6 to 12.7. It increased with increasing pH
FiGURE 3: Concentration dependence of observed rate constantstntil a limiting value of 360+ 20 s! was reached above a
in the reaction of DHOD and DHO. Stopped-flow traces obtained pK, of 9.5+ 0.1 (Figure 4A). This K, belongs to a group
at pH 8.5 and #C such as those in Figure 2 were fit to the sum in the oxidized enzymeDHO complex which we tentatively
of three exponentials, and the observed rate constaplsior each 5569 to the active-site base, Ser175. At all pH values where
phase were plotted as a function of DHO concentration. (A) The ' .
values for the first reaction phase (flavin reduction) saturated to a tN€ €nzyme was stable, the observed rate constant for flavin
limiting rate constant of 4673. A value of 20uM was obtained ~ reduction increased hyperbolically with DHO concentration
for the Kq from the half-saturating concentration of DHO. (B) The (Figure 3). The binding affinity of DHO was essentially
observed rate constants for orotate dissociation from the charge-independent of pH up to pH 1K§ = 14 + 3 uM), and

transfer complex are shown by circles, and the observed rate ; ; ;
constants for the final small phase are shown by triangles. (C) Thethen increased with pH, reaching a value of 4 mM at pH

absorbance remaining after the end of the second phase as a function2:7 (the highest pH value where the enzyme was stable;
of DHO concentration was fit as described in the text to obtain an Figure 4B). This increase in thiy could be due to the

estimate of thekq for DHO of 0.2+ 0.1 uM. ionization of the N3 proton of DHO and consequent depletion
of the N3 protonated form at high pH. The value of thi&,p
has been reported as 11.46 at an ionic strength of 1.0 M at
20 pM 465" 0.32s™ ' fast 25°C (19). Alternatively, the increase iy at high pH may
Eox + DHO == EqxtDHO == EreqOA == Ereu + OA; Ereo + DHO== E1og'DHO be due to the deprotonation of Lys66 which forms a salt
bridge to orotate in the product complex (Ngrager and
Larsen, personal communication) and presumably forms a
the difference between the calculated and experimentalsimilar interaction in the DHO complex. Our data fit with a
absorbance data using the Levenbe¥prquardt algorithm pKa of 10.3+ 0.1.
in a fitting module in pro Fit (for source code of the fitting Oxidation of Reduced DHOD by Orotaténaerobic
module, see Supporting Information). A value of 28000 DHOD at pH 8.5 was reduced by titrating with dithionite,
nM for the Ky4 of DHO to free reduced enzyme was found and this solution was mixed with anaerobic orotate solutions
which is about 100-fold tighter than when the enzyme is in a stopped-flow spectrophotometer. At orotate concentra-
oxidized. In a separate experiment, the binding of DHO to tions higher than 11Q«M, the reduced DHOBorotate
the free reduced enzyme was demonstrated directly bycharge-transfer complex formed in the dead-time of the

-1
kohs,lor} (S )

0.012

550

0.01

Scheme 2

Dead-time 1st Phase 2nd Phase
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Ficure 4: pH dependence of DHOD reduction. (A) The limiting 2 200 L ? _

rate constants for reductiok{y) were obtained by either repeating
the analysis described for Figure 3A for data collected at different L _
pH values or from pH-jumps with saturating DHO as described in
the text. The curve represents a fit of eq 1 to the data. (B) The
observed dissociation constants for DHO were obtained at different
pH values from the variation of the observed rate constants with
DHO concentration. The curve represents a fit to eq 2.

stopped-flow instrument (Figure 5). At the lowest orotate
concentrations (25110 «M), the formation of the charge-
transfer complex was slow enough to be observed. The
observed rate constant for this phase varied linearly with
orotate concentration, giving an estimate o&510° M1

s 1 for the bimolecular association rate constant. The orotate
dissociation rate constant determined in studies of the
reaction of DHO with oxidized DHOD described above was
0.32 s'%, allowing theKg for orotate to be estimated as 0.32 0 200 500 1200
sY5 x 1P Mt s = 64 nM. A value of 5uM for the [0A] (uM)

dissociation constant of orotate from the oxidized enzyme Ficure 5: DHOD oxidation by orotate. The reverse of the reductive
had been meas‘%refj a.t 2@0 (1,3)' We repeated that half-reaction was studied by mixing dithionite-reduced DHOD with
spectrophotometric titration at4C in 0.1 M Tris-HCI, pH anaerobic orotate solutions in 0.1 M Tris-HCI, pH 8.5, £iG4in

8.5, and found a value of 3tM (data not shown). Therefore, a stopped-flow spectrophotometer. (A) Representative reaction
when compared under identical conditions, orotate binds to traces are shown from two extremes of orotate concentration at

_ ; wavelengths sensitive to oxidized flavin (475 nm) and the reduced
g;(ei driigl:jcsr?z?/rggme nearly 500-fold more tightly than to the enzyme-orotate charge-transfer complex (550 nm). Note that the

_ ) ) ) reaction traces are displayed on a logarithmic time scale. Curve 1

A second reaction phase was associated with an increasahow the absorbance at 475 nm using 1.34 mM orotate after mixing.
in absorbance at 475 nm and a loss of charge-transferCUNe 3 is the same reaction pbserved at 550 nm. C}qrve 2 shows
absorbance at 550 nm, representing flavin oxidation by the absorbance at 475 nm using 2V orotate after mixing, and

tate. The observed rate constant decreased with increasing... c, 41 the same reaction observed at 550 nm. Panel B shows

oro : ) - e the concentration dependence of the first observed rate constant
orotate concentration, reaching a limiting value of 0.032' S (k) (slope= 5 x 106 M~! s1) and panel (C) shows the
The decrease of the observed rate constant with increasingoncentration dependence of the second observed rate constant
reactant concentration indicates that at least one unimoleculafkobs2-
reaction precedes the bimolecular step, and at high conceng heme 3

trations, the unimolecular step becomes rate determigid)g (

0 | 1 1 1 1 I

In the present case, the second reaction phase is composed_ 5O;1ﬂ6 '\E"’1S.'5A°f§2ES'1.DHijSiE o £ e on L on
of flavin oxidation by orotate, DHO dissociation, and binding "~ ~ ™y X P

of orotate (Scheme 3). At high orotate concentrations, the

rate constant for the overall process is determined by the  1stPhase 2nd Phase

hydride transfer reaction from FMN to orotate. A third, very

slow (<0.01 s1), small absorbance increase was observed orotate) are combined in Scheme 4 which shows the rate

at 475 nm at the lowest orotate concentrations. We are unableconstants of the reductive half-reaction at pH 8.5 ari€ 4

to assign this reaction to a chemical or physical process. We find an internal equilibrium constant for FMN reduction
The data from the forward reaction (enzyme reduction by by DHO of 1400, which is equivalent to AG® of —4.0

DHO) and the reverse direction (enzyme oxidation by kcal mol™.
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Scheme 4 0.105 ; . .

Kq =20 uM 465" 0325
Eox + DHO ==E,*DHO == E*OA = E;+OA 0.095
0.0325" 5109 M5!

0.085

Midpoint Potential The midpoint potential of the enzyme- A s

bound FMN was determined using the xanthine/xanthine
oxidase method at 28, pH 7.0, to be-310 mV (data not 0.075
shown). This value is 103 mV lower than free FMN,
indicating that the enzyme binds the reduced flavin less 0.065
tightly than it binds the oxidized flavin by a factor of 3000. 0.001 0.01 0.1 1 10
Oxidation of Reduced DHOD by Menadiorespiratory t(s)
quinones are thought to be the physiological oxidantg.of
coli DHOD. Menadione, which has a higher solubility in 200 1 r l r
water than ubiquinone, was used as a convenient model
quinone substrate to study the oxidation of the reduced
enzyme at pH 8.5 and 4C. Dithionite-reduced DHOD was
mixed with anaerobic solutions of the quinone in the stopped-
flow spectrophotometer. DHOD was oxidized by menadione
in a biphasic reaction, with the largest absorbance change
occurring at 456 nm (data not shown). The first reaction
phase consisted 0f90% of the absorbance change. The A b 2 N a
observed rate constant for this phase increased hyperbolically 0 : . .
with menadione concentration to a limiting value of 30 0 [meég(()iione] (UM) 400
30 sL. The Kq4 for menadione determined from the half-

saturating concentration was 11 20 uM. The second . S ¢ i )
tion phase, representind.0% of the total absorbance menadione. Dithionite-reduced enzyme was mixed with anaerobic
reac P » 1ep . solutions of menadione containing orotate (1.2 mM after mixing).
change, was slower than the first phase (#2860 s*) and All solutions were in 0.1 M Tris-HCI, pH 8.5, and reactions were
also increased hyperbolically with menadione concentration, at 4 °C. (A) Reaction traces at the peak of oxidized flavin

with a half-saturation concentration of 580200uM. There absorbance displayed on a logarithmic time scale. Menadione

oncentrations after mixing were 25, 50, 100, and a6Q (B)
were no absorbance changes at long wavelengths (550 an(L‘f'he concentration dependence of the first observed rate constant

600 nm). Thus we could not detect any menadione charge-(cjrcles) of the curves in panel A gave a limiting oxidation rate
transfer or semiquinone intermediates. constant of 180t 8 s'* and aKg for menadione of 43t 7 uM.

As described above, orotate dissociates from reducedThe observed rate constant of the second phase (triangles) was
DHOD too slowly to be catalytically relevant. This finding essentially constant with menadione concentration at-16 s -
requires the oxidizing substrate to rapidly oxidize the reduced
DHOD—orotate complex. Therefore we were interested in nearly as rapidly with menadione as the free reduced enzyme,
determining the kinetics of the reaction of menadione with providing direct confirmation that the reduced enzyme
the reduced DHOPB orotate complex. To accomplish this, orotate complex is a catalytically competent intermediate in
free dithionite-reduced DHOD was mixed with solutions the reaction with oxidants.
containing various concentrations of menadione and 1.2 mM  Oxidation of Reduced DHOD by.@nd Ferricyanide A
orotate (after mixing). On the basis of our results for the variety of substrates will serve as the oxidizing substrate for
oxidation of the enzyme by orotate (see above), the pseudo-DHOD, including molecular oxygen, and consequently
first-order rate constant for orotate association under theseDHOD has often been referred to as “dihydroorotate oxi-
conditions is 6000 &, while oxidation by orotate is slow dase”. We investigated the kinetics of the reaction of reduced
(0.032 s%). As predicted by these considerations, the reduced DHOD with O, at pH 8.5 and £C, by mixing a solution of
enzyme-orotate charge-transfer complex formed in the dead- the dithionite-reduced enzyme with buffer solutions contain-
time of the stopped-flow instrument. Complex formation was ing various concentrations of,@n the stopped-flow instru-
followed by a biphasic oxidation of the flavin by menadione. ment. A plot of the pseudo-first-order rate constant vs the
In the presence of orotate, the maximum absorbance increas®, concentration was linear (data not shown), giving a
caused by quinone oxidation occurred at 475 nm due to thebimolecular rate constant for oxidation of 6:2 10* M~
large spectral perturbation to the oxidized flavin spectrum s Including orotate in the oxygen syringe (1.2 mM after
caused by orotate. The first reaction phase (Figure 6) mixing) allowed the kinetics of the reaction of the reduced
constituted the majority of the absorbance chang@00s), enzyme-orotate complex with @to be determined, since
and the observed rate constant varied hyperbolically with orotate binding is rapid (see above) compared to the reaction
menadione concentration, giving a limiting oxidation rate of the free reduced enzyme with, @000 s?* at 1.2 mM
constant of 18+ 8 s and aKq of 43+ 7 uM. The second orotate vs 40 s at the highest @concentration used). The
reaction phase, representingl0% of the total absorbance reaction of the reduced enzymerotate complex was also
change, was about an order of magnitude slower than thebimolecular with @, but the rate constant, 50 10° M~!
first phase (16+ 6 s) and remained constant with s, was an order of magnitude lower. Thus bound orotate
menadione concentration. Thus, it is apparent that the provides some protection to the reduced enzyme from
majority of the reduced enzymerotate complex reacts reaction with molecular oxygen.

100

-1
kobs (S )

FIGURE 6: Oxidation of the reduced enzymerotate complex by
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The reaction of 15M dithionite-reduced enzyme with  DISCUSSION
Fe(CN)®~, an obligate 1-electron acceptor, was also studied i )
at pH 8.5 and £C in anaerobic stopped-flow experiments ~ Reductie Half-ReactionThe pH dependence of steady-
by monitoring the increase in flavin absorbance at 480 nm Stateé turnover by DHOD has been examined in detail for
where it was not obscured by Fe(GK) absorbance. The the family 2 enzyme from bovine I_|ver (7), the family 1A
free reduced enzyme reacted very rapidly, and at most®nZyme from yeas2@), and the family 1B enzyme froi@.
concentrations of Fe(Ch) the reaction was essentially ~©roticum(8). Thekexvalues of both the family 1B and family
complete in the dead-time of the instrument. At the lowest 2 €nzymes exhibited bell-shaped pH dependencies with
Fe(CN)#~ concentration investigated that still maintained Maxima near 8.0, and akp of about 7 was measured for
pseudo-first-order conditions (5@M), an exponential in- groups that must be deprotc_mated for eff|C|_ent catalysis. A
crease in flavin absorbance was observed (not shown) whichSimilar pKa value was determined for the family 1A enzyme.
gave an apparent rate constant of 499 allowing a second- In each case, thel value was ascribed to the active-site
order rate constant of 9.8 10° M~! s! to be estimated. Pase, which is cysteine in both family 1 enzymes and serine

No changes in absorbance were detected at 580 nm, wherd the family 2 enzyme. It is interesting to note that thi&.p-
neutral flavin semiquinone absorbs. values determined by steady-state kinetics all have similar
The effect caused by the presence of orotate on FefCN) values and are significantly lower than the value we obtained

oxidation was examined by including a high concentration (9-5) by our more direct rapid reaction methods. Because
of orotate (1.8 mM after mixing) in the syringe containing Kea: depends on steps from the whole catalytic cycle, it is

up to 200uM Fe(CN)3. Under these conditions, more than possible that the steady-state values are distorted from kinetic
80% of the reduced enzyme should bind orotate before COMPlexity. Alternatively, the differences inkp between
reacting with Fe(CN§~, because a pseudo-first-order rate the value we determined for tte coli enzyme and these
constant of 9000 & is expected for orotate binding, other enzymes could_ merely be the commd_ental dlfferer_lce
compared to an estimated limit for the reaction of free between the properties of enzymes from different species.
enzyme with 200uM Fe(CN)*~ of ~2000 sl The The oxidation of DHO to orotate by DHOD requires the
absorbance at 480 nm increased in two phases of roughlyparticipation of an enzymatic base. Mapping the sequence
equal amplitudes (data not shown). The observed rateof the DHOD fromE. coli onto theL. lactis structure has

constants of both phases varied linearly with Fe(@N) identified serine 175 as the basefincoli DHOD (13). This
concentration, giving bimolecular rate constants of 8.6  assignment has been corroborated by the behavior of the

10° Mt sland 3.2x 10 M~1 s Thus the presence of Serl75Ala mutant, which has less than 0.01% of the activity
orotate at the active site slowed flavin oxidation, but even Of the wild type enzymel3), and more recently verified by
with the ligand bound, the reaction was relatively rapid. The the crystal structure of th&. coli (Ngrager and Larsen,
origin for the two reaction phases is not known. However, personal communication) and homologous humag) (
with the pyrimidine binding site blocked by orotate, the only enzymes. Because th&gpof an unperturbed serine hydroxyl
avenue of approach for Fe(CR) to reduced FMN is is ~15, very little of the required serine alkoxide would be
through the hydrophobic tunnel formed by the protein present at physiological pH unless the protein structure
N-terminus that is thought to form the quinone binding site significantly alters the K. to increase the proportion of
and normally would be attached to the cell membrane. It is alkoxide available for reaction. Our results demonstrate that
worth noting that deletion of 540 residues of the protein  FMN reduction by DHO is controlled by an enzyme group
N-terminus eliminates the ability of the enzyme to utilize With an apparent g, of 9.5, and that the maximum rate
quinones as substrates (Jensen, unpub"shed materia|), surponstant for flavin reduction is 360°s If the rate constant
porting the suggestion that it is the site for quinone binding. for DHO dissociation from the red-shifted Michaelis complex
The dimers and higher-order aggregation states o thueli is much larger than 360°§ then DHO is in rapid equilibrium
enzyme that have been detected in solution are probably dugvith the enzyme, and the observelapcontrolling flavin
to intermolecular hydrophobic interactions in this region of reduction is an intrinsiclf.. Alternatively, if the protonation
the protein. It is possible that such interactions restrict accessstate of the Michaelis complex is not at equilibrium with
of Fe(CN)}?3 to the hydrophobic tunnel and FMN. Thus we the solution (which could happen if DHO dissociation has a
suggest that the two phases of enzyme oxidation representate constant similar to or lower than that of flavin reduction,
monomeric and aggregated (dimeric or higher order) as- making DHO *“sticky”), the observed{qa would not represent
sociation states. an intrinsic value.

Enzyme-Monitored Turner. The turnover number of the In the simplest scenario, we can assign th{s o serine
enzyme at pH 8.5 and 4C was estimated using menadione 175. If DHO binding is in rapid equilibrium, then thiKg
as the oxidizing substrate by monitoring the enzyme absor-is the intrinsic K, of serine 175 in the Michaelis complex,
bance in the steady state. An anaerobic solution of DHOD suggesting that the enzyme lowers the, pf this residue
was mixed in a stopped-flow instrument with anaerobic by ~5.5 units compared to the value of free aqueous serine,
solutions containing DHO and menadione (6 DHOD, a relative stabilization of the alkoxide form of 7.7 kcal miol
1 mM DHO, and 20QuM menadione after mixing). Reac- The origin of this stabilization is not clear. The crystal
tions were monitored at 475 nm and the turnover number structure of the human DHOD shows that the analogous
was estimated from the area under the curve during theserine residue forms a hydrogen bond with a water molecule
steady-state portion of the reaction 22. A turnover number which makes a hydrogen bond to a threonine and a van der
of 19.7 s! was found. The high turnover number is Waals contact with the face of the aromatic ring of a
incompatible with orotate dissociation from the reduced phenylalanine side chairi®). A similar network has been
enzyme as part of the catalytic cycle. observed in th&. colienzyme (Ngrager and Larsen, personal
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communication). Thus, at low pH values serine 175 can be Therefore, from a thermodynamic viewpoift,coli DHOD
envisioned as a component in a proton relay system. Nonedrives flavin reduction through a strengthening of protein
of the components of this proton relay system appear to ligand interactions, but these interactions prevent the dis-
provide the significant electrostatic stabilization that would sociation of the product orotate, and the reduced enzyme
be needed to lower the<p of the active-site serine. However, orotate complex must be oxidized by the oxidizing substrate
it is worth noting that the crystal structures of the family 2 ubiquinone. This situation is similar to that reported for acyl
DHODs were obtained at pH values well below the experi- CoA dehydrogenases, where flavin reduction is also driven
mentally observed i, value, allowing the possibility that by a tightening of ligand binding, preventing product
the serine alkoxide is stabilized by interactions formed after dissociation prior to flavin oxidation by electron-transferring
a protein conformational change. flavoprotein @6). E. coli DHOD also binds DHO more
While there is a catalytic advantage in lowering th&,p  tightly when the flavin is in the reduced state. The available
of the active-site base to a value that allows a significant family 2 DHOD structures provide no obvious basis for the
amount of the reactive deprotonated form to be present, thisredox-dependent ligand binding strength or for the drastically
advantage is offset by its lower reactivity as a baseEIn  diminished rate of orotate release upon flavin reduction. It
coli DHOD, Ser175 must remove tipeo Sproton from C5 is apparent from all DHOD structures that the conserved
of DHO, whose [, value in aqueous solution has been protein loop containing the active-site base must move in
estimated as-20 (24). If the pK, of DHO is not perturbed  order to allow access to the active site by ligands. However,
upon binding to the enzyme, then this represents a 14.7 kcalthere are no direct interactions between this loop and the
mol~! barrier to the proton transfer from DHO to Serl75. isoalloxazine of FMN so that other models are required to
Interactions between the enzyme and DH® particular, account for the redox-dependent protein dynamics. One
hydrogen bonds to the C4 carbonyl oxygen of DHEan possibility is that lysine 66 changes its environment upon
be expected to lower theKp of DHO if they become  flavin reduction. In oxidized enzymeorotate crystal struc-
strengthened upon generating the negatively charged enolatéures, the presumably cationic amino group of Lys66 forms
of the deprotonated DHO. However, these interactions might hydrogen bonds to the carboxylate of orotate and the imine
not be enough to lower thekp of DHO by the~10 units nitrogen (N5) of the isoalloxazine. Upon flavin reduction,
needed to match Serl75. In such a situation, DHO will not N5 becomes an amine nitrogen and its preferred geometry
be deprotonated until the €31 bond becomes significantly  as a hydrogen bond acceptor will be significantly different.
more polarized and weakened as the hydride of C6 is This would weaken the hydrogen bond with Lys66, freeing
transferred to FMN, perhaps leading to a conceftégdride the side chain to strengthen its hydrogen bond with orotate
transfer ando-deprotonation as reported for the bovine with only a slight movement. While such a strengthened
DHOD, another family 2 DHODY). hydrogen bond could account for the redox-dependent change
It is not clear how DHOD promotes the transfer of the in ligand dissociation constants, it is not clear if this would
substrate hydride to FMN. DHO bound to the enzyme is also result in the observed slow release of orotate, since
likely to be held by a number of hydrogen bonds in an carboxylate-lysine interactions are numerous in enzymology
orientation that is roughly parallel to the isoalloxazine, with and have not been noted for being kinetically stable. It is
C6 of DHO in van der Waals contact with N5 of the flavin. possible that a change to the orotalgsine hydrogen bond
It is clear from the large spectral change caused to the flavin could be propagated to the loop covering the active site via
by DHO binding that the electronic structure of the oxidized changes in the carboxylate geometry.
flavin has been significantly perturbed. The cause of this Oxidative Half-ReactionBecause orotate is in contact with
perturbation is not known, but it is very similar to the the reduced flavin as a charge-transfer complex, it is not
perturbation caused by orotate binding to oxidized DHOD possible for the quinone substrate to occupy the same binding
from both E. coli, L. lactis, andE. faecalis(1, 17, 18). It site, so that a separate quinone binding site is required. This
has been suggested that this spectral shift is due to aromatidinding site has been identified crystallographically)(
stacking interactionsl( 18). However, because the binding Two mechanisms of flavin oxidation by quinones may be
of DHO—a nonaromatic molecutecauses the same shift, envisioned: direct hydride transfer from the flavin to the
this cannot be the explanation. It is not yet possible to offer quinone, or two single-electron transfers through a substrate
more than speculative hypotheses on the cause of this largesemiquinone-flavin semiquinone intermediate pair. In flavin
spectral shift. It is intriguing that the spectral shift occurs in hydride transfer reactions, N5 of the isoalloxazine moiety is
the Michaelis complex prior to flavin reduction and not only the reaction site. Since orotate is bound overdhface of
in dead-end complexes. The large spectral shift clearly the flavin (Ngrager and Larsen, personal communication)
indicates a change in the electronic and/or vibrational as with the human DHODLQ) and DHOD A fromL. lactis
structure of the isoalloxazine; this may be linked to enhanced (11), a hydride transfer to a quinone would require that the
chemical reactivity. opposite face of the flavin be accessible to quinones.
The midpoint potential of the orotate/DHO couple-i258 However, the crystal structures demonstrate thatéHace
mV (25). We determined a value for the two electron of the flavin is not accessible to ligands, so that a significant
potential of the ligand-free enzyme 6310 mV. Thus, DHO conformational change would be necessary to enable a
is not a sufficiently strong reducing agent to produce free hydride transfer. The alternative mechanism, two single-
reduced enzyme. Instead, the reaction is driven to the reduceclectron transfer steps, is less demanding sterically. Single
flavin—orotate complex by a substantial increase in the electron transfer reactions are possible over large distances,
affinity of the enzyme for its pyrimidine ligand upon flavin  and a variety of orientations are known for electron-transfer
reduction. This increase in affinity is reflected in the very reactions between flavins and other redox cofact@js (
tight binding of orotatel{q = 64 nM) to the reduced enzyme. Quinone reduction by flavins via single electron steps over
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long distances has been detected in several enzymespxidant, and, therefore, a thermodynamically less reactive
including NADH peroxidase, trypanothione reductase, and reductant. This increase in flavin potential could cause a
lipoamide dehydrogenas2q—29). In the present case, there decrease in the rate that it donates electrons to an oxidizing
was no direct spectral evidence for a di-radical intermediate. agent. Orotate caused a2-fold slowing of the rate of
However, this does not rule out the possibility of a di-radical reaction by menadione and &l10-fold slowing of the
intermediate, but merely requires that the rate constant forreaction with both @ and Fe(CNy*~, both of which

the second electron transfer reaction be much greater tharpresumably must form an intermediate flavin semiquinone.
that of the first reaction. We tested the feasibility of forming This suggests a similar reaction mechanism for the latter two
a fleeting flavin semiquinone intermediate by studying the reactants and that the charge-transfer interaction between the
reaction of ferricyanide, an obligate one-electron oxidant. reduced flavin and orotate preferentially inhibits one-electron
This reagent rapidly oxidized reduced DHOD. Such a oxidation of the flavin.

reaction must proceed through a flavin semiquinone inter-
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