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ABSTRACT: Dihydroorotate dehydrogenases (DHODs) catalyze the only redox step in de novo pyrimidine
biosynthesis, the oxidation of dihydroorotate (DHO) to orotate (OA). During the reaction, the hydrogen at
C6 of DHO is transferred to N5 of the isoalloxazine ring of an enzyme-bound FMN prosthetic group as a
hydride, and an active site base (Ser175 in the class 2 DHOD from Escherichia coli) deprotonates C5 of DHO.
Aside from the identity of the active site base, the pyrimidine binding site of all DHODs is nearly identical.
Several strictly conserved residues (four asparagines and either a serine or threonine) make extensive
hydrogen bonds to the pyrimidine). The roles these conserved residues play in DHO oxidation are unknown.
Site-directed mutagenesis was used to investigate the role of each residue during DHO oxidation. The effects
of each mutation on substrate and product binding, as well as the effect on the rate constant of the chemical
step, were determined. The effects of themutations ranged from negligible to severe. Some of the residues were
very important for chemistry, while others were important for binding. Mutation of residues capable of
stabilizing reaction intermediates resulted in large decreases in the rate constant of the chemical step,
suggesting these residues are quite important for stabilizing charge buildup in the active site. This finding is
consistent with previous results that class 2 DHODs use a stepwise mechanism for DHO oxidation.

Dihydroorotate dehydrogenases (DHODs)1 are flavin-con-
taining enzymes that catalyze the fourth step (the only redox
step) in the de novo synthesis of pyrimidines: the conversion of
dihydroorotate (DHO) to orotate (OA) (Scheme 1). DHODs
have been categorized into two broad classes based on se-
quence (1). Several properties of the enzymes segregate nicely
into these classes. Class 2DHODs aremembrane-bound enzymes
that are oxidized by ubiquinone (2). Class 1 enzymes are cytosolic
proteins that have been further divided into two subclasses. Class
1A enzymes are homodimers that are oxidized by fumarate (3).
Class 1B enzymes areR2β2 heterotetramers that contain a subunit
that resembles the class 1A enzymes and a second subunit that
contains FADand an iron-sulfur cluster, allowing the enzyme to
be oxidized by NAD (4). Class 1 DHODs are found mostly in
Gram-positive bacteria, although a few microbial eukaryotes
also have class 1A DHODs, while class 2 enzymes are found in
Gram-negative bacteria and almost all eukaryotes.

The catalytic cycle of DHODs can be studied in two separate
half-reactions, allowing the direct observation of the chemistry.
The reductive half-reaction involves the oxidation ofDHO toOA

with the concomitant reduction of the enzyme-bound FMN. The
kinetics of the reductive half-reaction has been studied in
anaerobic stopped-flow experiments for several class 2
DHODs (5-7). The spectra of intermediates formed during the
reductive half-reaction have been determined (7), allowing a
common scheme to be proposed.

Oxidation of DHO breaks two carbon-hydrogen bonds; an
active site base deprotonates the C5 pro-S hydrogen of DHO (8),
and the C6 hydrogen is transferred as a hydride to N5 of the
isoalloxazine ring of the flavin. The active site bases differ
between classes of DHODs, with class 1 enzymes using a cysteine
and class 2 enzymes using a serine. The two C-H bonds could
break at the same time in a concerted mechanism or sequentially
in a stepwise mechanism. If a stepwise mechanism is used, there
are two possible intermediates. If deprotonation occurs first, an
enolate intermediate will form. However, if hydride transfer
occurs first, an iminium intermediate will form.

Using DHO deuterated at the 5-, 6-, or both positions in
anaerobic stopped-flow experiments, the class 2 enzyme from
Escherichia coliwas shown to use a stepwisemechanism forDHO
oxidation (5). Interestingly, the class 1A DHOD from Lacto-
coccus lactis was shown to use a concerted mechanism (9). Aside
from the difference in the active site base, the pyrimidine-binding
sites of the two classes are nearly identical (10-13). Even though
the main structural difference between the enzymes is the base,
the identity of the active base is not responsible for determining
the mechanism of DHO oxidation; the L. lactis Cys130Ser
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mutant enzyme was shown to use a concerted mechanism for
DHO oxidation (9).

All DHODs contains a ring of strictly conserved asparagine
residues that make extensive interactions with OA in the product
complex (Figure 1). Also hydrogen bonding to OA is either a
threonine (in class 2 and 1B enzymes) or a serine (in class 1A
enzymes). In this work, the roles of these highly conserved
residues in the class 2 enzyme from E. coli were investigated by
site-directed mutagenesis. Most mutations had little effect on the
reduction potential of the enzymes, while effects on the kinetics of
the reductive half-reaction varied frommild to severe. Our results
help to define the roles of the conserved active site residues and
indicate important differences to the class 1A enzymes whose
structures are very similar.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. Site-directed mutants were
made from the previously created pAG-1 expression vector (14)
using the Stratagene QuikChange II XL mutagenesis kit. Inser-
tion of the correct mutation was checked by sequencing the entire
pyrD gene.

Overexpression and Purification of DHODs. Wild-type
E. coli DHOD and all mutant enzymes were overexpressed in
E. coli strain SØ6645 (a DHOD deletion strain) as previously
described (14). All proteins were purified using previously
published procedures (14). All purified enzymes were diluted to
50% (v/v) glycerol and stored at -80 �C. Enzymes were ex-
changed into the correct buffer for experiments using Econo-Pac
10DG disposable desalting columns (Bio-Rad).
Instrumentation. Absorbance spectra were obtained

using a Shimadzu UV-2501PC scanning spectrophotometer.
Stopped-flow experiments were performed at 4 �C using
a Hi-Tech Scientific KinetAsyst SF-61 DX2 stopped-flow
spectrophotometer.
Preparation of Anaerobic Solutions. Enzyme solutions for

rapid-reaction studies were made anaerobic in glass tonometers
by repeated cycles of evacuation and equilibration under an
atmosphere of purified argon as previously described (15). Sub-
strate solutions were made anaerobic within the syringes that
were to be loaded onto the stopped-flow instrument by bubbling
solutions with purified argon. Slow reactions were performed in
anaerobic cuvettes (16) and monitored in a standard scanning
spectrophotometer. These reaction mixtures were also made
anaerobic by repeated evacuation and equilibration with purified
argon.
Reduction Potentials.Reduction potentials were determined

by the xanthine/xanthine oxidase method ofMassey (17). Experi-
ments were preformed in anaerobic cuvettes (16) and monitored
in a standard scanning spectrophotometer. 1-Anthraquinone
sulfonate (Em=-225 mV), phenosafranin (Em =-252 mV),
and benzyl viologen (Em=-350 mV) were used as indicator
dyes.
OA Binding to Oxidized DHODs. To increase the

solubility of OA, the Tris salt was prepared. The sodium salt
of OA from Sigma-Aldrich (31.2 g, 175 mmol) in 500 mL of
2-propanol was brought to a boil. Tris base (24.6 g, 203mmol) in
80 mL of H2O was slowly dripped into the solution, and the
reaction was refluxed overnight. The mixture was then filtered,
and the solid was dried. The remaining white precipitate was the
OA-Tris salt and was soluble in water to at least 400 mM.

The affinity of the oxidized enzymes for OA was determined
in aerobic titrations in a standard scanning spectrophotometer at
25 �C. The enzyme equilibrated in 0.1 M Tris-HCl, pH 8.5, was
titrated with OA in the same buffer. The differences in flavin
absorbance caused by binding of OA were plotted against OA
concentration, and the data were fit to a hyperbola in Kaleida-
graph (Synergy, Inc.) to determine the Kd. When ligand binding
was tight, data were fit to eq 1, where E0 is the total enzyme
concentration and L0 is the total added ligand concentration.

ΔA ¼ Δεmax

E0þL0þKd-
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Reductive Half-Reactions of Mutant DHODs. The re-
ductive half-reactions of all mutant DHODs except Asn172Ala/
Asn246Ala were investigated in anaerobic stopped-flow experi-
ments. The experiments were conducted at 4 �C to facilitate
comparison with wild type. Anaerobic enzyme equilibrated in
0.1 M Tris-HCl, pH 8.5, was mixed with anaerobic DHO in the
same buffer (ranging from 40 μM to 300 mM after mixing,
depending on the particular mutant enzyme). Even at the highest
DHO concentrations, the pH of the final mixtures was shown to

Scheme 1

FIGURE 1: Pyrimidine binding site of the class 2DHOD fromE. coli.
(A) The conserved hydrogen-bonding residues of the pyrimidine
binding site are shown along with the active site base (Ser175). OA
(green) stacks above the flavin with C6 in near van derWaals contact
with N5 of FMN and C5 under the active site base. The flavin is
shown in yellow. Coordinates taken from PDB file 1f76. (B) Sche-
matic of the proposed hydrogen bonds to DHO.
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be within ∼0.1 pH unit of pH 8.5. Flavin spectral changes were
routinely followed at 450, 475, and 550 nm. For the Asn246Ala
mutant enzyme, the reaction was also followed at 510 nm.
Reaction traces were fit to sums of exponentials with Program
A (R. Chang, C.-J. Chiu, J. Dinverno, and D. P. Ballou,
University of Michigan) depending on the number of phases
observed. In all cases the observed rate constant of the phase
representing flavin reduction varied hyperbolically with DHO
concentration. The reduction rate constant (kred, the limiting
value of the observed rate constant at an infinite DHO concen-
tration) and the apparent Kd,DHO (the half-saturating concentra-
tion) were determined by fitting kobs versus DHO concentration
to a hyperbola in Kaleidagraph (Synergy, Inc.).

The reductive half-reaction of the Asn172Ala/Asn246Ala
double mutant enzyme was extremely slow. The reaction of this
enzyme with DHO was therefore studied using a standard
scanning spectrophotometer. Enzyme equilibrated in 0.3 M
Tris-HCl, pH 8.5, was mixed with varying concentrations of
DHO (40-200 mM) in an anaerobic cuvette at either 4 or 25 �C,
and spectra were taken at intervals until the flavin was fully
reduced. Reaction traces at 453 nm (the maximum flavin
absorbance) were extracted and fit to a single exponential.
Kinetic Isotope Effects on Flavin Reduction. Kinetic

isotope effects (KIEs) on flavin reduction were determined using
[5,5,6-2H3]DHO. Deuterated DHOwas synthesized according to
published procedures (8). Deuterium content was determined
using proton NMR spectroscopy. The synthesized substrate was
found to be >95% isotopically pure.

Isotope effects on some enzymes (wild type, Asn177Ala, and
Thr247Ala) were determined in stopped-flow experiments. Anae-
robic enzyme equilibrated in 0.1 M Tris-HCl, pH 8.5, was mixed
with anaerobic unlabeled or labeled DHO in the same buffer.
Reaction traces were collected at 475 nm. The slow reactions of
other mutant enzymes were studied in anaerobic cuvette experi-
ments in the same buffer by taking spectra at intervals in a
standard scanning spectrophotometer at 4 �C. Flavin absorbance
changes at ∼450 nm were extracted to give reaction traces.
Reaction traces for all enzymes were fit to sums of exponentials
using Kaleidagraph (Synergy, Inc.). For wild-type and the
Asn177Ala mutant enzymes, saturating [5,5,6-2H3]DHO was
practical, and the reduction rate constant (kred) was determined
as described above. For the enzymes where saturation was not
practical, DHO concentrations below Kd were used, so the
observed rate constants report on kred/Kd. KIEs were calculated
by dividing the kred or kred/Kd values obtained with protio-DHO
by those determined with [5,5,6-2H3]DHO.

RESULTS

The side chains of five strictly conserved residues form
hydrogen bonds to pyrimidine ligands in class 2 DHODs. Each
of these residues could have different roles in the binding ofDHO
and in stabilizing the charged intermediate (enolate or iminium)
suggested by deuterium isotope effects (5). These residues, four
asparagines and a threonine, were each singlymutated to alanine.
The threonine was also mutated to serine because that is the
homologous residue in class 1A DHODs. Additionally, a double
mutant (Asn172Ala/Asn246Ala) was constructed with the goal
of determining whether the hydrogen bonds from the two
residues to the potential enolate intermediate were synergistic.
The effects of the mutations on the thermodynamic properties
and reductive half-reaction were determined in detail.

Reduction Potentials. The reduction potential of wild-type
and mutant DHODs was determined using the xanthine/
xanthine oxidase method of Massey (17). The class 2 DHOD
from E. coli was previously reported to have a reduction
potential of -310 mV (7) using the Massey method. The
reduction potential was determined again using two different
indicator dyes, phenosafranin (Em = -252 mV) and 1-anthra-
quinone sulfonate (Em=-225mV) (Figure 2). In both cases, the
reduction potential was found to be ∼-229 mV (Table 1). This
value is much higher than the previously reported reduction
potential and is near the potential reported for the class 1A
DHOD from L. lactis (18). To resolve this contradiction, an
anaerobic reaction containing 15 μMNADH, ∼0.1 μM class 1B
DHOD, 0.5 μMDHO, and 15.5 μMwild-type E. coliDHOD in
0.1MNaPi, pH7.0 at 25 �C,was observed spectroscopically. The
class 1B enzyme shuttled reducing equivalents from NADH to
the E. coli enzyme via the catalytic amount of the DHO/OA
couple. After 10 min, the NADH was fully oxidized, and the
E. coli DHOD was completely reduced. This result is incompat-
ible with a potential of-310 mV for the E. coli enzyme since the
potential of the NAD/NADH couple is -320 mV. Therefore,
we conclude that the reduction potential of the E. coli enzyme
is -229 mV.

The reduction potential of most active site mutant enzymes
was determined by the xanthine/xanthine oxidase method using
either phenosafranin, 1-anthraquinone sulfonate, or both as the
indicator dye. Most of the mutations had little effect on the
potentials (Table 1). However, the reduction potentials of the
Asn177Ala and the Asn172Ala mutant DHODs were ∼25 mV
lower than that of wild type. A major change in reduction poten-
tial was observed in the Asn111Asp mutant enzyme. To obtain
the potential of this enzyme, benzyl viologen (Em = -350 mV)
was used as the indicator dye. This enzyme has a potential
of -340 mV, over 100 mV lower than the value determined for
wild type.
OA Binding to Oxidized Enzymes. The UV-visible absor-

bance spectrum of each oxidized enzyme studied was nearly
identical to that of wild type. The Asn111Asp mutant enzyme,
where a negative charge was introduced to the active site,
exhibited a minor 1 nm red-shift in the visible maximum flavin
absorbance when compared to wild type. The maximum flavin
absorbance of the Asn172Ala/Asn246Ala mutant enzyme was
at 453 nm, blue-shifted 3 nm compared to wild type.

A large red-shift is observed upon OA binding to oxidized
class 1A and class 2 DHODs (14, 18-21). The maximum flavin
peak in theE. coliDHODshifts from456 to 475 nm.This spectral
change can be used to track OA binding in titration experiments,
allowing the determination of OA binding affinity (Figure 3).
The dissociation constant of OA for the class 2 DHOD from
E. coliwas previously reported to be 5 μMat pH8 and 25 �C (14).
All of theKd measurements in this work were done at pH 8.5 and
25 �C; therefore, the dissociation constant of wild-type E. coli
DHOD for OA was determined under these conditions and was
found to be 3.4 ( 0.8 μM, very similar to the value determined
at pH 8.

The effects on OA binding observed in the mutant enzymes
varied widely. The conservative mutation, Thr247Ser, had little
effect on OAbinding (Table 2, Figure 3).When each of the active
site residues that hydrogen bond to OA in the oxidized enzyme-
OA structure was mutated to alanine, the largest effects were
observed at Asn172 (65-fold weakening) and Asn246 (150-fold
weakening), the two residues that interact with the C4 carbonyl
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of OA. All of the alanine single mutant enzymes exhibited the
signature red-shift associated with OA binding.

When both residues that hydrogen bond to the C4 carbonyl
were mutated to alanine (Asn172Ala/Asn246Ala double mu-
tant), the observed Kd skyrocketed to ∼50 mM. The flavin peak

did not shift to 475 nm uponOAbinding as seen in wild-type and
the alanine single mutant enzymes. Instead, a very slight red-shift
from 456 to 458 nm was observed. No red-shift in the maximum

FIGURE 2: Determination of reduction potentials. Reduction poten-
tials were determined using the xanthine/xanthine oxidase method of
Massey (17) in 0.1MNaPi, pH 7 at 25 �C. The reduction potential of
wild-type E. coli DHOD was determined using phenosafranin (A)
and 1-anthraquinone sulfonate (B). The reduction potential of the
Asn246Alamutant enzymewas also determined using phenosafranin
(C) and 1-anthraquinone sulfonate (D).The insets in eachpanel show
the Nernst plot for determining the potentials.

Table 1: Reduction Potentials of Wild-Type and Mutant E. coli DHODs

enzyme

reduction

potential (mV) enzyme

reduction

potential (mV)

wild type -229a Asn246Ala -233a

Thr247Ser -229a Asn172Ala/Asn246Ala -233a

Thr247Ala -228a Asn11Ala -238a

Asn177Ala -258b Asn111Asp -340c

Asn172Ala -255b

aReduction potentials determined using both phenosafranin (Em=-252
mV) and 1-anthraquinone sulfonate (Em = -225 mV) and averaged.
bReduction potential determined using only phenosafranin. cReduction
potential determined using benzyl viologen (Em=-350 mV).

FIGURE 3: OA binding titration, pH 8.5, at 25 �C. The Thr247Ser
mutant enzyme (A) and the Asn246Ala mutant enzyme (B) were
titrated aerobically with OA. The insets show the maximum change
in absorbance due to OA binding as a function of OA concentra-
tion. Fitting to eq 1 gives a Kd of 3.8 ( 0.5 μM for Thr247Ser (A).
Fitting to a square hyperbola gives a Kd value of 520 ( 30 μM for
Asn246Ala (B).

Table 2: OA Binding toWild-Type andMutant Oxidized DHODs, pH 8.5

at 25 �C

enzyme Kd (μM) Kd(mutant)/Kd(wild type)

wild type 3.4 ( 0.8

Thr247Ser 3.8 ( 0.5 1.1

Thr247Ala 39.3 ( 1.6 12

Asn177Ala 27.5 ( 1.5 8

Asn172Ala 220 ( 9 65

Asn246Ala 518 ( 29 152

Asn172Ala/Asn246Ala ∼50000 ∼14700

Asn111Ala 47.2 ( 0.2 14

Asn111Asp .75000 .22000
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flavin absorbance was observed when the Asn111Asp mutant
enzymewas titratedwithOA.Due to the limited solubility ofOA,
the enzyme could only be titrated up to ∼75 mM OA. At the
highest concentration of OA, the flavin peak exhibited a slight
red-shift. However, saturation of OA could not be reached, and a
Kd .75 mM is therefore estimated.
Reductive Half-Reaction of Mutant DHODs. The cata-

lytic cycle of DHODs can be broken into half-reactions, allowing
the individual reactions to be studied in more detail. By study-
ing the reductive half-reaction in the absence of an oxidizing
substrate, the oxidation of DHO to OA and concomitant
reduction of the enzyme-bound flavin can be observed directly,
allowing the determination of the rate constant of the chemical
step. The reductive half-reaction of the class 2 DHOD from
E. coli has been previously studied (5, 7). Here, we investigated
the reductive half-reaction of various active site mutant enzymes
in anaerobic stopped-flow experiments to better understand the
role each residue plays in catalysis.

All of the mutant enzymes studied, except Asn246Ala, which
will be discussed later, fit the same reaction scheme (Scheme 2)
previously proposed for the reductive half-reaction of the wild-
type enzyme (7). DHO binding was very rapid and occurred in
the dead time of the stopped-flow instrument, causing the flavin
absorbance maximum of the free enzyme (∼456 nm) to shift to
the red in most of the mutant enzymes. In the wild-type enzyme,
the flavin peak shifts from 456 to 475 nm (5, 7). In the mutant
enzymes, the maximum depended on the particular mutation,
with the flavin peak shifting to anywhere between 466 and
475 nm. Only the most extreme mutations, the Asn172Ala/
Asn246Ala double mutant enzyme in which three hydrogen
bonds to DHO were removed and the Asn111Asp mutant
enzyme in which negative charge was added to the active site,
did not exhibit a spectral shift upon DHO binding. Similar red-
shifts in the flavin absorbance have been observed for DHO
binding in class 1A and other class 2 DHODs (5, 9).

The reaction traces for eachmutant enzyme were fit to sums of
exponentials. In all cases, a phase consisting of a large decrease in
flavin absorbance at 450 nm and/or 475 nm represented flavin
reduction. The observed rate constant of this phase varied
hyperbolically with DHO concentration, allowing the determi-
nation of the reduction rate constant (kred) by extrapolating
to saturating DHO and the Kd of DHO, the half-saturating
concentration. A wide range of effects on chemistry was
observed (Table 3). On one extreme, the conservative muta-
tion Thr247Ser barely altered the kinetics from those of the wild-
type enzyme (Figure 4). In contrast, flavin reduction in the
Asn172Ala mutant enzyme was much slower, with a kred of
0.00437 ( 0.00002 s-1, ∼10000-fold slower than the wild-type
enzyme (Figure 5). The Asn172Ala/Asn246Ala double mutant
enzyme, which was constructed with the hope of detecting
possible synergistic effects of two potentially anion-stabilizing
residues, was the slowest mutant enzyme examined. The
binding of DHO was so weak, and its reaction was so slow,
that stopped-flow experiments were not practical. Instead,
it was examined at 25 �C in a standard scanning spectro-
photometer.

When flavin reduction occurred quickly (faster than 5 s-1), the
reduced-enzyme 3OA complex could accumulate enough to be
observed at 550 nm due to charge-transfer absorbance from the
electron-poor product OA stacking against the electron-rich re-
duced flavin. This charge-transfer absorbance is observed in the
wild-type enzyme (5, 7). As the flavin is reduced, absorbance at
550 nm increases as the reduced enzyme 3OA complex forms and
then decreases as the product is released. Charge-transfer absor-
bance was only observed during the reductive half-reaction of the
Thr247Ser (Figure 4) and Thr247Ala mutant enzymes. In the other
mutant enzymes, flavin reduction was considerably slower, and the
reduced enzyme 3OA complex never accumulated, presumably
because the rate constant for flavin reduction was much lower than
that of product release. The observed rate constants corresponding
to charge-transfer disappearance (product release) in the mutant
enzymeswhere it couldbeobserveddecreasedwith increasingDHO
concentration. This concentration dependence is also observed in
the wild-type enzyme (7) and indicates a unimolecular step (OA
release) preceding a bimolecular step (DHO binding to the reduced
enzyme); at high DHO concentrations, the release of OA deter-
mines the rate of charge-transfer loss. The rate constant obtained at
saturating DHO concentrations for the Thr247Ser mutant enzyme
was∼0.4 s-1 (Figure 4). The final dead-end reduced enzyme 3DHO
complex is not physiologically relevant; it occurs because the large
amount of unreacted DHO competes with the small amount of
product for the reduced enzyme.

Occasionally, a small phase was observed representing less
than 10%of the total absorbance decrease of oxidized flavin. The
observed rate constant for this phase was independent of DHO
concentration. A similar phase is observed in the reductive half-
reaction of wild type (7). It is unclear what this phase represents.
This phase could represent the slow reduction of a small amount
of damaged enzyme or the reduction of a small amount of
contaminating free flavin. The former idea was supported by
experiments with the Thr247Ala mutant enzyme; the difference
between the spectra recorded before and after this slow phase
clearly indicated the reduction of a red-shifted flavin, which
would only be possible with ligand-bound enzyme. Whatever is
responsible for this slow phase, the rate constant was always

Scheme 2

Table 3: Reduction Rate Constants and Apparent Kd,DHO for Active Site

Mutant DHODs, pH 8.5 at 4 �C

enzyme Kd,DHO (μM) kred (s
-1)

wild typea 20 46

Thr247Ser 45 ( 5 58.8( 1.1

Thr247Ala 198 ( 16 5.52( 0.09

Asn177Ala 22 ( 2b 0.0586( 0.0004

Asn172Ala 278 ( 9 0.00437 ( 0.00002

Asn246Ala 47000 ( 3000 0.081( 0.002

Asn172Ala/Asn246Ala ∼300 mMc ∼0.002b

Asn111Ala 1040 ( 60 0.0100( 0.0001

Asn111Asp ∼400 mM ∼0.1

aData from ref 7. bDHO concentrations low enough to decrease kobs
below half-maximal were not used, so the half-saturating value obtained
from fits should only be considered to be a rough estimate. cDetermined at
25 �C.
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at least an order of magnitude smaller than flavin reduction and
product release.

The data obtainedwith the Asn246Alamutant enzyme did not
fit the same scheme as the other mutant enzymes. When the
Asn246Ala mutant enzyme was mixed anaerobically with low
millimolar concentrations of DHO, no red-shift was observed in
the maximum flavin absorbance. However, when very high
concentrations of DHO were used (40-200 mM DHO after
mixing), a small red-shift was observed. The reaction traces
consisted of three phases at high DHO concentrations. The first
observed phase was amixing artifact caused by the large viscosity
difference between the enzyme solution and the extremely high
concentrations of substrate being used; it ended after 5 ms
(Figure 6B). The second phase was seen as a small decrease in
absorbance at 450 nm (Figure 6A,B) and a small increase in
absorbance at 510 nm. This phase represented the spectral shift
associated with substrate binding; the maximum change in

absorbance observed when DHO or OA binds to oxidized
DHODs typically occurs at ∼510 nm. In all other DHODs
studied, DHO binding is extremely fast, and this spectral shift is
complete in the dead time of the stopped-flow instrument. The
final phase of the Asn246Ala reductive half-reaction consisted of
a large decrease in absorbance at 450 nm and was assigned to
flavin reduction (Figure 6A,B).

The reaction traces were fit to the sum of three exponentials.
The observed rate constant of the first phase, the mixing artifact,
is meaningless but was fit to ensure proper fitting of the other
phases in the traces. The observed rate constant of the second
phase, which accompanies the spectral shift caused by DHO
binding, was scattered about 10 s-1 (Figure 6C). If this phase
simply represented DHO binding to the oxidized enzyme, the
dependence onDHO concentration would be linear. Therefore, a
more complex scheme is needed. Oxidized enzyme existing in
equilibrium between two states, a form that can bindDHO and a
form that cannot, could explain this observation if a large
proportion of the starting enzyme is in the form incapable of
binding DHO (Scheme 3). Simulations of the reductive half-
reaction using thismechanism result in traces very similar towhat
was observed experimentally. A similar mechanism has been
invoked in the reductive half-reaction of R-glycerol phosphate
oxidase (22). The observed rate constant of the final phase,
representing flavin reduction, varied hyperbolically with DHO
concentration, giving a kred of 0.081 ( 0.002 s-1 and a half-
saturating value of 47 ( 3 mM (Figure 6D). If the mechanism
described above is correct, then the apparent Kd,DHO would be
affected by the equilibrium constant of the conformational
change, making the actual Kd,DHO lower than the observed

FIGURE 4: Reductive half-reaction of theThr247SermutantDHOD.
(A) Reaction traces observed when∼15 μM enzyme (before mixing)
equilibrated in 0.1 M Tris, pH 8.5, was mixed with 4 mM DHO
(before mixing) at 4 �C. At 475 nm (black), the reaction occurs in
three phases. The first (large) phase represents the chemical step. The
second phase represents product release. At 550 nm (red), flavin
reduction is seen as an increase in absorbance, and product dissocia-
tion is seen as a decrease in absorbance. The instrument dead time
(1ms) has not been added to the times recorded in the traces. (B) The
observed rate constant of the first phase (flavin reduction) saturates
with increasing DHO concentration, giving a reduction rate con-
stant (kred) of 58.8 ( 1.1 s-1 and a Kd,DHO of 45 ( 5 μM. (C)
Concentration dependence of the observed rate constant for the
second and third phases. The observed rate constant of the second
phase (black), OA release, decreases with increasing DHO concen-
tration, giving a limiting value of 0.37 s-1. The observed rate constant
of the final phase (red) is ∼0.02 s-1 and is independent of DHO
concentration.

FIGURE 5: Reductive half-reaction of the Asn172Ala mutant
DHOD. (A) Reaction traces at 475 nm observed when ∼14 μM
enzyme (before mixing) was mixed with DHO ranging from 0.8 to
40 mM (before mixing), pH 8.5 at 4 �C. The instrument dead time
(1ms) has not been added to the times recorded in the traces. (B) The
observed rate constant varies hyperbolically with DHO con-
centration giving a kred of 0.00437 ( 0.0002 s-1 and a Kd,DHO of
278 ( 9 μM.
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half-saturating concentration (eq 2):

Kd, app ¼ ð1þ1=K isoÞKd,DHO ð2aÞ
K iso ¼ ½DHODox

��=½DHODox� ð2bÞ
Kinetic Isotope Effects. The large effects observed on kred

for many of the mutant enzymes conceivably could be caused by
a rate-determining conformational change. Therefore,KIEswere
used to determine whether a nonchemical step was masking the
actual rate constant of flavin reduction. KIEs were determined
either by measuring kred (by saturating with labeled and un-
labeled DHO) or, at concentrations below Kd, by measuring
kred/Kd. Tomaximize sensitivity, [5,5,6-2H3]DHOwas used as the

labeled substrate. Fast reactions were performed in anaerobic
stopped-flow experiments at 4 �C.2 Slow reactions were per-
formed in anaerobic cuvettes on a standard scanning spectro-
photometer at 4 �C. In all enzymes examined, substantial KIEs
were observed: wild type, Dkred=5.3( 0.3; Thr247Ala, D(kred/Kd)
=6.3( 0.4; Asn177Ala, Dkred=5.9( 0.2; Asn246Ala, D(kred/Kd)
= 6.3 ( 0.4; Asn111Ala, D(kred/Kd)= 5.9 ( 0.3; Asn111Asp,
D(kred/Kd) = 5.3( 0.2. The substantial isotope effects show that
chemistry is determining the rate of reduction in all of these
enzymes.

DISCUSSION

DHODs catalyze the conversion of DHO to OA with the
concomitant reduction of the enzyme-bound FMN prosthetic
group. The pyrimidine-binding pockets of class 1 and class 2
DHODs are very similar. Several conserved residues that hydro-
gen bond to the pyrimidine substrate and product can be found in
all DHODs (10-13, 23, 24). The specific roles of these residues in
catalysis were unknown. The residues could be involved in
binding both DHO and OA. They could also play a role in the
chemical conversion of DHO to OA by stabilizing transition
states and/or reaction intermediates or properly positioning
DHO for the reaction. To try to better understand the roles
these conserved residues play in DHO oxidation, site-directed
mutagenesis was used. Removing hydrogen bonds from the
active site can affect the reaction in several ways. Decreases in
the reduction rate constant could be caused by altered substrate
positioning, leading to slightly different relative orientations of
the species involved in hydride transfer, or changes in the distance
between the hydride donor (C6 of DHO) and hydride acceptor
(N5 of FMN). Conversely, effects on the reduction rate constant
could be due to the inability of the mutant enzyme to stabilize
charge buildup of an intermediate or transition state during the
reaction.

None of the mutations appeared to significantly disturb the
environment of the flavin. Most of the mutant enzymes studied
had reduction potentials nearly identical to that determined for
wild type (Table 1), the major exception being the Asn111Asp
enzyme. The potential of this enzyme was ∼100 mV lower than
that of wild type, consistent with the introduction of a negative
charge at the active site. There is ample precedent for large effects
on flavin potentials caused by altering the charge by mutation.
For instance, the reduction potential of choline oxidase, another
flavoprotein, was lowered by ∼30 mV when a positively charged
residue was mutated to neutrality and by ∼160 mV when the
residue was mutated to a negatively charged residue (25).

The binding of OA suggests that the pyrimidine-binding site is
largely intact in most of the mutant enzymes. Although the
affinity for OA decreases (Table 2), the characteristic flavin
spectral change (a red-shift from 456 to 475 nm) was usually
observed. In the two most drastic mutations, Asn111Asp, where
the charge of the active site was changed, and Asn172Ala/
Asn246Ala, where three hydrogen bonds were removed, the
spectral changes were less like wild type, suggesting more

FIGURE 6: Reductive half-reaction of the Asn246Ala mutant
DHOD. (A) Reaction traces observedwhen∼29 μMenzyme (before
mixing) was mixed with 20-48mMDHO (before mixing), pH 8.5 at
4 �C.The instrument dead time (1ms) has not been added to the times
recorded in the traces. (B) Reaction traces observed when ∼12 μM
enzyme (before mixing) was mixed with 240-400 mMDHO (before
mixing), pH8.5 at 4 �C.Themixingartifact is followedby twophases.
The large second phase represents flavin reduction. (C) The observed
rate constant of the first phase after themixing artifact is independent
of DHO concentration, with a kobs scattered around∼9 s-1. (D) The
observed rate constant of the flavin reduction phase saturates with
increasingDHO concentration, giving a kred of 0.081( 0.002 s-1 and
an apparent Kd of DHO of 47 ( 3 mM.

2The temperature was not properly controlled in the reactions of wild-
type and the Asn177Ala mutant enzyme, resulting in a temperature
equilibration artifact (∼1 s). The highly reproducible artifact was also
observed in traces of buffer mixed with buffer and therefore was simply
subtracted from all reaction traces. Because of this, the actual tempera-
ture of the experiment is unknown. However, the KIE observed with
wild-type DHOD was very close to the previously published value for
4 �C, showing that there was a negligible temperature effect.



7176 Biochemistry, Vol. 48, No. 30, 2009 Fagan and Palfey

significant perturbations to the active site and ligand binding,
hardly a surprise.

Studying the reductive half-reaction of each mutant enzyme in
anaerobic experiments gives information on the rate constant of
flavin reduction (kred) and the apparent Kd for DHO. The same
KIE on flavin reduction was observed in all enzymes studied,
indicating that the chemical step is not masked by another step,
such as a slow isomerization, in these mutant enzymes; i.e., kred
truly indicates the rate constant for the chemical step. Further-
more, primary hydrogen isotope effects decrease as the forces in
the transition state become less symmetric (26). None of the
isotope effects on the reactions of the mutant enzymes decreased
compared to wild type. If mutations led to poor transition state
geometry and therefore lower reduction rate constants, it is hard
to imagine that symmetrical forces, needed to preserve the sizable
isotope effects, would be maintained. Therefore, the KIE results
argue that the decreases in reduction rate constants caused by the
mutations were not due to suboptimal geometry.

Oxidized enzymes can bind both the substrate (DHO) and the
product (OA) of the reductive half-reaction. Themajor difference
in these two pyrimidines is their planarity: OA is planar, while
DHO is not. When comparing the alanine single mutations to
wild type, the range of effects observed on DHO binding was
greater than that observed for OA binding (Figure 7). When
Thr247 was mutated, the Kd values for DHO and OA were
increased by nearly the same factor, indicating that Thr247 can
bind both ligands equally well. Not only were the effects nearly
equal, they were also some of the smallest effects observed in any
of the mutant enzymes. Removal of other residues resulted in
larger decreases in OA affinity than in DHO affinity. When
Asn177 was mutated, no effect was observed on DHO affinity,
while the Kd for OA increased ∼8-fold. The Asn172Ala mutant
enzyme was similar, with the Kd of DHO increased ∼14-fold,

while theKd ofOA increased∼65-fold. These residues seemmore
important for binding the planar ligand. In both the Asn246Ala
and Asn111Alamutant enzymes, bigger effects were observed on
binding the nonplanar DHO.

The observed effects on the reduction rate constant varied
widely. There is no correlation between the observedKd of DHO
and the reduction rate constants (Table 3); i.e., the enzymes with
the weakestKd are not necessarily the slowest, suggesting that the
range of effects is not simply the result of varying degrees of dis-
ruption of the active site structure. For example, the Asn177Ala
mutant enzyme had the same apparent Kd as wild type. How-
ever, the reduction rate constant of this mutant enzyme was
reduced by nearly ∼800-fold. Conversely, when Thr247 was
mutated to alanine, the reduction rate constant was reduced by
only∼8-fold, while theKd of DHO increased by∼10-fold, so the
Thr247Ala mutant enzyme binds DHO ∼8-fold worse than the
Asn177Ala mutant enzyme but reacts∼80-fold faster. Binding, a
thermodynamic property, and hydride transfer, the chemical
step, are not linked, which is probably true of many enzymes.

Oxidation of DHO breaks two carbon-hydrogen bonds. An
active site base (Ser175 in E. coli DHOD) deprotonates C5 of
DHO, and a hydride is transferred fromC6 ofDHO toN5 of the
isoalloxazine ring of the flavin. Using DHO deuterated at the 5-,
6-, and both positions in anaerobic stopped-flow experiments, the
E. coliDHODwas shown to use a stepwise mechanism (5). Since
DHO oxidation is stepwise in this enzyme, one of two inter-
mediates must form during the reaction (Figure 8). If deprotona-
tion occurs first, an enolate intermediate with negative charge on
the C4 oxygen would form. If hydride transfer occurs first, an
iminium intermediate with positive charge at the N1 position
would form. Three of the four strictly conserved asparagine
residues in DHOD hydrogen bond to either the C4 carbonyl
(Asn172 and Asn246 in E. coliDHOD) or N1 (Asn111 in E. coli
DHOD) of DHO (Figure 1) and therefore are positioned to
stabilize this potential charge buildup.

Removal of the hydrogen bond(s) responsible for stabilizing
the charge buildup of the intermediate by mutation to alanine
should greatly decrease the rate constant of flavin reduction.
Mutation of Asn246 results in only a ∼570-fold decrease in the
reduction rate constant, while a larger increase (∼2000-fold) in
the apparentKd for DHO is observed, indicating that this residue
is more important for binding than for chemistry. Asn246
presumably hydrogen bonds to both the C4 carbonyl and N3
of DHO. Therefore, replacement with alanine results in the loss
of two hydrogen bonds. If an equal contribution is assumed, then
each hydrogen bond accounts for ∼2.3 kcal mol-1 in binding
energy. With two hydrogen bonds missing from the active site, it
is likely that DHO is not held as rigidly in the proper orientation
for chemistry. This would cause the observed decrease in reduc-
tion rate constant.

In contrast, mutation of Asn172 results in a large decrease in
the reduction rate constant (10500-fold), with only a minor
increase in the Kd for DHO (∼14-fold). This means that the
hydrogen bond provided by Asn172 is worth ∼1.6 kcal mol-1 in
binding energy. The large effect on chemistry implies that this
residue is important for stabilizing transition states and/or

Scheme 3

FIGURE 7: Relative effects of all mutations. The effects of each
mutation on the Kd of OA, the Kd of DHO, and the reduction rate
constant with respect to wild type are shown.
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reaction intermediates that form during the reaction. The ob-
served effect supports the formation of an enolate during DHO
oxidation. Interestingly, even though both Asn246 and Asn172
hydrogen bond to the C4 carbonyl of DHO, Asn172 seems to be
much more important for chemistry.

Surprisingly, mutation of Asn111 also results in a large
decrease in reduction rate constant. In the Asn111Ala mutant
enzyme, a ∼4600-fold decrease in kred is observed (∼2-fold
less than the effect observed in the Asn172Ala mutant
enzyme). The effect on DHO binding is more significant in the
Asn111Ala mutant enzyme with a ∼50-fold increase in the
Kd. This means that the hydrogen bond contributed by Asn111
is worth ∼2.4 kcal mol-1 of binding energy, very similar to
the contribution of the hydrogen bonds of Asn246. If an
iminium intermediate is forming during DHO oxidation, nega-
tive charge near the N1 position of DHO should stabilize the
positive charge buildup. Even though DHO binds very weakly to
the Asn111Asp mutant enzyme, a reduction rate constant can be
estimated. The chemical step in the Asn111Asp mutant enzyme
occurs at ∼0.1 s-1, about 10-fold faster than in the Asn111Ala
enzyme, although this rate constant is still∼450-fold slower than
wild type.

With large effects on reduction rate constant being observed
when either Asn172 or Asn111 is removed, it is unclear which
reaction intermediate is actually forming during DHOoxidation.
However, it is clear that some of these conserved asparagine
residues are important for chemistry in the class 2 DHOD from
E. coli; they are presumably needed to stabilize charge buildup in
the active site during the reaction. The mechanism of DHO
oxidation has also been studied in the class 1A DHOD from
L. lactis. In this instance, the deuterium isotope effects on flavin
reduction indicated a concerted mechanism in which both
carbon-hydrogen bonds break simultaneously (9). Interestingly,

when the analogous asparagine residues in the L. lactis DHOD
are mutated to alanine, the effects on flavin reduction are very
mild, ranging from 40- to 200-fold (B. Tirupati, unpublished
data). Thus, the mechanisms of DHO oxidation appear to be
different in class 1A and class 2 DHODs and so do the effects of
losing analogous active site asparagines. This is very likely due to
differences in charge buildup in the active sites. In the class 1A
DHOD, presumably little charge buildup occurs because both
bonds break simultaneously, and therefore small effects on the
chemical step are observed when the active site asparagines are
mutated.

While our data are consistent with at least some of the
asparagines stabilizing charge buildup in the active site, it is still
not clear which intermediate is forming in the stepwise oxidation
of DHO by the class 2 DHOD from E. coli. If an enolate
intermediate is forming, loss of the hydrogen bond to N1 should
not slow reduction so severely because the charge buildup of an
enolate intermediate is on the opposite end of the molecule.
Conversely, if an iminium intermediate is forming, then such a
large effect from losing a hydrogen bond at the C4 carbonyl is
unexpected. Further work is needed to clarify which intermediate
is formed.

The other two conserved active site residues are not positioned
to stabilize intermediate formation. Thr247 hydrogen bonds to
the C2 carbonyl.Whenmutated to alanine, veryminor effects are
observed on bothkred andKd. This is not surprising as this residue
is proposed to bind and position DHO for catalysis, but not to
stabilize any reaction intermediates. Asn177, the other strictly
conserved asparagine residue, hydrogen bonds to the carboxylate
of DHO. The Asn177Ala mutation only affected the chemical
step. This residue is located on the active site loop that is thought
to be responsible for allowing access to the active site (11). Our
results indicate that Asn177 is not responsible for binding DHO;
that job belongs to the other conserved residues in the active site.
It seems more likely that Asn177 is at least partially responsible
for closing the active site lid once DHO is bound. The active site
base (Ser175) that deprotonates C5 of DHO during the reaction
is also on this active site loop. In order for the base to be
positioned correctly, the loop must be closed over the active
site (11). The decrease in the reduction rate constant upon
mutation could be due to the inefficient closing of the active site
loop in the absence of the hydrogen bond between Asn177 and
the carboxylate of DHO. It is also likely that Asn177 is needed to
help properly position DHO for the reaction once it is initially
bound. The reduction in kred observed could be due to improper
positioning of DHO in the active site.

The removal of each active site hydrogen bond resulted in
differential effects on the binding of DHO and OA and the
reduction of the enzyme-bound flavin. Some residues are more
important for substrate binding, while others are extremely
important for flavin reduction. Interestingly, the analogous
mutations in another phylogenetic class of DHODs resulted in
very different effects, suggesting that the conserved residues have
different jobs in the different classes ofDHODs. Intriguingly, our
work shows important differences in FMN reduction between
classes of DHODs, despite the active sites of the enzymes being
nearly identical.
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FIGURE 8: Possible mechanisms of DHOoxidation. Class 2DHODs
oxidize DHO using a stepwise mechanism. One of two possible
reaction intermediates occurs. Charge-stabilizing interactions of
conserved active site residues are highlighted in yellow. Residues
are positioned to stabilize either possible reaction intermediate.
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SUPPORTING INFORMATION AVAILABLE

Reaction traces and concentration dependencies of observed
rate constants for the Thr247Ala, Asn177Ala, Asn172Ala/
Asn246Ala, Asn111Ala, and Asn11Asp mutant DHODs. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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