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ABSTRACT: Dihydroorotase (DHOase) catalyzes the reversible cyclization ofN-carbamyl-L-aspartate (CA-
asp) toL-dihydroorotate (DHO) in thede noVo biosynthesis of pyrimidine nucleotides. Two different
conformations of the surface loop (residues 105-115) were found in the dimericEscherichia coliDHOase
crystallized in the presence of DHO (PDB code 1XGE). The loop asymmetry reflected that of the active
site contents of the two subunits: the product, DHO, was bound in the active site of one subunit and the
substrate, CA-asp, in the active site of the other. In the substrate- (CA-asp-) bound subunit, the surface
loop reaches in toward the active site and makes hydrogen bonds with the bound CA-asp via two threonine
residues (Thr109 and Thr110), whereas the loop forms part of the surface of the protein in the product-
(DHO-) bound subunit. To investigate the relationship between the structural states of this loop and the
catalytic mechanism of the enzyme, a series of mutant DHOases including deletion of the flexible loop
were generated and characterized kinetically and structurally. Disruption of the hydrogen bonds between
the surface loop and the substrate results in significant loss of catalytic activity. Furthermore, structures
of these mutants with low catalytic activity have no interpretable electron density for parts of the flexible
loop. The structure of the mutant (∆107-116), in which the flexible loop is deleted, shows only small
differences in positions of other substrate binding residues and in the binuclear zinc center compared
with the native structure, yet the enzyme has negligible activity. The kinetic and structural analyses suggest
that Thr109 and Thr110 in the flexible loop provide productive binding of substrate and stabilize the
transition-state intermediate, thereby increasing catalytic activity.

Dihydroorotase (DHOase;1 EC 3.5.2.3) catalyzes cycliza-
tion of N-carbamyl-L-aspartate (CA-asp) toL-dihydroorotate
(DHO), the third step of the pathway forde noVo biosynthesis

of pyrimidine nucleotides (Scheme 1). The cyclization
reaction is reversible and pH dependent (1, 2). The biosyn-
thetic direction, cyclization of CA-asp to DHO, is favored
at lower pH, while the formation of CA-asp is dominant at
alkaline pH. Using hamster DHOase, Christopherson and
Jones found the equilibrium ratio of CA-asp/DHO to be unity
at pH 6.2 (1).

As an integral part of the pyrimidine synthetic pathway,
DHOase activity is important in providing pyrimidine
nucleotides essential for cellular metabolism, serving as
precursors for synthesis of DNA, RNA, phospholipids, UDP
sugars, and glycogen (3). In higher eukaryotes, the activity
of DHOase is contained in the trifunctional enzyme CAD
that catalyzes the first three steps of thede noVo pyrimidine
synthesis including the activities of carbamyl phosphate
synthetase (CPSase), aspartate transcarbamylase (ATCase),
and DHOase (4). In bacteria and yeast, DHOase is mono-
functional and usually homodimeric with a few monomeric
exceptions (5-7).

A phylogenetic analysis of the amino acid sequences of
DHOases groups them into two major classes that may have
diverged from a common ancestor following gene duplication
(8). Type I DHOases are more ancient and include the
DHOase domain of mammalian CAD and monofunctional
DHOases found in Gram-positive bacteria, includingBacil-
lus, Lactobacillus, andStreptococcus. Type I DHOases can
be divided further into three subgroups: type IA functions
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independently of any other enzyme in the pyrimidine
pathway [e.g., DHOase fromBacillus caldolyticus(9, 10)],
type IB is fully functional only when interacting with one
or more other enzymes of the pyrimidine pathway [e.g.,
DHOase fromAquifex aeolicus(6, 11)], while type IC is
covalently linked with at least one other enzyme in the
pathway, exemplified by mammalian CAD. Type II DHOa-
ses are all monofunctional enzymes found predominantly in
Gram-negative bacteria (e.g.,Escherichia coli) and yeast.
Type I enzymes have typical subunit molecular masses of
∼45 kDa compared to∼38 kDa for the type II enzymes.
Members of the same class of DHOase share relatively high
identity in their amino acid sequences (>40%), but a low
level of sequence identity (<∼20%) is observed between
the two classes.

DHOase belongs to the amidohydrolase superfamily that
contains a variety of hydrolytic enzymes of the (â/R)8 barrel
(or TIM-barrel) fold (12). The active sites of these enzymes
have a mononuclear or binuclear metal center (Zn, Ni, or
Fe), whose main role is to activate the scissile bond of the
substrate for cleavage and to deprotonate a water molecule
for nucleophilic attack (13). Virtually identical binuclear
metal centers are found inE. coli DHOase (14, 15), urease
(URE) (16, 17), phosphotriesterase (PTE) (18), hydantoinase
(HYD) (19, 20), and dihydropyrimidinase (DHPase) (21).
The active sites are characterized by six highly conserved
metal ligands including four histidine residues, one aspartate
residue, and a carboxylated lysine, formed from the post-
translational carboxylation of a lysine residue. The two
divalent metal ions are bridged by a hydroxide ion in addition
to the carbamate functional group derived from the modified
lysine. Despite the strong similarity of the active sites
between these enzymes, each enzyme catalyzes the hydroly-
sis of a different substrate.

DHOases from different sources have different metal
contents that do not strictly correlate with the phylogenetic
classification above. Although theE. coli DHOase, a type
II DHOase, had been reported previously to have only one
catalytic Zn per monomer (22-24), the structures [PDB
codes 1J79 and 1XGE (14, 15)] show that the active site
contains a binuclear Zn center. A conserved lysine residue,
presumably carboxylated to ligate two Zn atoms, is found
in the sequence alignment of all known type II DHOases.
Therefore, it is most likely that all type II DHOases contain
two Zn atoms in the active site. In contrast, the metal content
in type I DHOases still remains the subject of controversy.
The first structures of a type I DHOase fromA. aeolicus
DHOase [1XRT/1XRF (11)] have only one Zn atom in the
active site. The metal analysis study of the isolated CAD
DHOase domain from hamster, a type I DHOase, also has
only one Zn atom in the active site (25-27). Recently,
another structure of a type I DHOase fromPorphyromonas

gingiValis (2GWN) has been deposited in the PDB by a
structural genomics group without further publication. In-
terestingly, the structure ofP. gingiValis DHOase has two
Zn atoms, bridged by a carboxylated lysine, in the active
site. Therefore, it is possible that certain groups of type I
DHOases contain one Zn atom per active site whereas other
groups contain two. The definite answer for the metal
contents in DHOases will emerge when more structures of
DHOases are solved, resulting in a revised classification of
these enzymes.

The catalytic mechanism of DHOase has been probed by
a number of methods including pH-rate profiles (1, 2), site-
directed mutagenesis (2, 28, 29), and the preparation of
metal-substituted variants (2, 24). Most recently, the crystal
structures ofE. coli DHOase have provided critical informa-
tion on how the enzyme functions in atomic level detail (14,
15). The structures of DHOase crystallized in the presence
of D,L-CA-asp [PDB code 1J79 (14)] andL-DHO [PDB code
1XGE (15)], respectively, have unusual asymmetry in the
active sites of the homodimeric enzyme: one subunit
contains boundL-DHO and the otherL-CA-asp. This unique
situation allowed a detailed analysis of interactions of the
enzyme with substrate and product. In addition, the structure
crystallized in the presence ofL-DHO shows that a surface
loop, comprised of residues 105-115, adopts different
conformations depending on whether substrate or product
is present in the active site: In the substrate- (CA-asp-) bound
subunit, this surface loop reaches in toward the active site
and makes hydrogen bonds with the bound substrate via two
threonine residues (Thr109 and Thr110) (“loop in”), whereas
the loop forms part of the surface of the protein in the
product- (DHO-) bound subunit (“loop out”). In a subsequent
study, we reported structures of ligand-free and inhibitor
complexes ofE. coli DHOase and observed that the loop-in
conformation can only be maintained when the substrate or
the substrate-like molecule is present in the active site (30).

In this study, we have employed site-directed mutagenesis
and X-ray crystallography to probe the role of the surface
loop movement ofE. coli DHOase in catalysis. We have
generated a series of single-point mutants of Thr109 and
Thr110 that interact with the bound substrate, CA-asp, in
the active site of the wild-type enzyme. Thr109 interacts with
one of the two carboxylate groups of CA-asp (Thr109
Oγ1‚‚‚CA-asp O5, 2.6 Å) and Thr110 with the other
carboxylate group (Thr110 Oγ1‚‚‚CA-asp O62, 2.7 Å). These
two threonine residues have been mutated to Ser, Val, Ala,
or Gly. We have also generated two deletion mutants that
lack the flexible loop. Examination of the wild-type structure
showed that the CR-CR distances between residues 106 and
116 and between residues 106 and 117 are about 5 Å (CR-
106-CR116, 5.1 Å, and CR106-CR117, 5.0 Å, in the DHO-

Scheme 1: Reversible Cyclization of CA-asp to DHO Catalyzed by DHOase
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bound subunit; CR106-CR116, 5.1 Å, and CR106-CR117,
5.6 Å, in the CA-asp-bound subunit). Since the normal CR-
CR distance in an extended amino acid chain is 3.8 Å, we
reasoned that the intervening nine (or ten) residues could be
excised and a new peptide bond could be introduced between
residues 106 and 116 (or 117) without significantly distorting
the overall protein structure. The nine (or ten) deleted
residues include Thr109 and Thr110, and the resulting
shortened loop should be unable to close the active site cavity
during catalysis. Here we report analysis of catalytic activities
and crystal structures of mutant DHOases. This defines the
roles of the flexible loop in catalysis ofE. coli DHOase,
which provides a more complete catalytic mechanism for
E. coli DHOase.

MATERIALS AND METHODS

Generation, Expression, and Purification of Mutant DHOa-
ses. E. colistrain X7014a, which lacks a gene for DHOase,
was obtained from the YaleE. coli Genetic Stock Center
(Yale University, New Haven, CT) and used for expression
and purification of wild-type and mutant DHOases. Muta-
tions in the gene for DHOase were generated using the
QuikChange site-directed mutagenesis kit (Stratagene) and
the mutagenic primers listed in Table 1 of the Supporting
Information. The wild-type DHOase in the pBS+ vector was
used as a template, and the mutations were confirmed by
determination of the nucleotide sequences of the whole gene.

Purification procedures for wild-type DHOase and mutant
enzymes were adapted from the previous report (22). Briefly,
the soluble fraction of lysed cells in 20 mM HEPES (pH
7.2) containing 2 mM DTT was subjected to heat denatur-
ation at 72°C followed by centrifugation. The supernatant
was fractionated using an ammonium sulfate cut from 45%
to 60% saturation. The precipitate was redissolved and
dialyzed against 20 mM HEPES (pH 7.2) buffer containing
1 mM DTT and applied to a MonoQ ion-exchange column
(Pharmacia) and then eluted with a NaCl gradient (0.25-
0.35 M). The final protein sample was dialyzed against the
HEPES buffer and then concentrated using Microsep cen-
trifugal devices with a molecular mass cutoff of 30 kDa
(Pall). The purity of wild-type and mutant DHOases (>98%
for all samples) was confirmed by SDS-PAGE.

Enzyme Kinetics.The DHOase activity was assayed
spectrophotometrically at 230 nm (31). The linear increase
in absorbance at 230 nm due to formation of DHO (ε230 )
1.17 mM-1 cm-1) was measured, and initial reaction rates
were calculated. The enzyme assays were performed in 96-
well plates (Costar UV-plate; Corning). Reaction mixtures
contained 0.1 M potassium phosphate (pH 5.8) and substrate,
D,L-CA-asp (Sigma), in the range of 0.25-20 mM in a total
volume of 250µL and were preincubated at 30°C prior to
the assay. Reactions were initiated by addition of purified
enzyme to the assay mixture using a Mosquito nanoliter
liquid handling robot (TTP LabTech). The typical volume
of added enzyme in the reaction was in the range of 0.4-
0.8 µL. Kinetic parameters (Ks and kcat) were obtained by
fitting experimental data to the Michaelis-Menten equation
by nonlinear regression using the program PRISM 4 (Graph-
Pad Software).

Protein Crystallization and X-ray Diffraction.Crystals of
mutant DHOase were grown by the hanging-drop vapor

diffusion method using conditions similar to those reported
previously (15). A drop containing 2µL of protein solution
(6-8 mg mL-1) was mixed with 2µL of reservoir solution
(15-20% polyethylene glycol 3350, 0.1 M MES, pH 6.0-
6.5, 75 mM MgCl2, and 150 mM KCl) and 0.45µL of 100
mM L-DHO, giving a final ligand concentration of 10 mM.
Diffraction-quality crystals were harvested after 4 days of
equilibration against reservoir solution at 277 K for all single-
point mutants and after 2 weeks for the deletion mutant
(∆107-116).

Prior to data collection, the crystals were transferred to
cryoprotectant solution consisting of the mother liquor
solution containing 18% glycerol and then flash-cooled in a
stream of nitrogen gas at 100 K. Laboratory diffraction data
were recorded at 100 K on a Mar345 imaging plate detector
(Marresearch) using X-rays produced by a Rigaku RU200H
rotating anode generator (Cu KR, λ ) 1.5418 Å), focused
with Osmic mirrors (MSC Rigaku). The diffraction data were
processed and scaled with theHKL suite of programs,
DENZO and SCALEPACK (32). Synchrotron diffraction
data were recorded on beamline 23-ID at the Advanced
Photon Source, Argonne National Laboratory, using a CCD
detector, MARmosaic 300 (Marresearch), with the wave-
length of 0.9793 Å at 100 K. The synchrotron diffraction
data were processed and scaled with HKL2000 (32). Crystals
of the single-point mutants were isomorphous with the
previously reported structure of the wild-type DHOase [PDB
code 1XGE (15)]. The deletion mutant (∆107-116) was
indexed in space groupP312 with unit cell dimensionsa )
b ) 52.3 Å andc ) 216.0 Å. The Matthew’s coefficient
(33) for space groupP312 (VM ) 2.3 Å3 Da-1) suggests there
is one monomer per asymmetric unit giving a calculated
solvent content of 46.2%. Statistics for the data collection
are presented in Table 1.

Structure Solution and Refinement for Single-Point Mu-
tants.The structure of the wild-type DHOase solved previ-
ously in the same space group [PDB code 1XGE (15)] was
used as the initial model for the refinement of the structures
of the single-point mutants. All nonprotein atoms [metals,
ligands (L-DHO and L-CA-asp), and solvent atoms] were
removed from the initial model. Residues B106-114 were
also deleted to avoid model bias. The initial model was
refined initially as a rigid body using diffraction data to 3.0
Å resolution with REFMAC5 (34).

Subsequent refinement was carried out using all available
diffraction data in rounds, which included iterative cycles
of TLS (35) and restrained refinement in REFMAC5 (34)
with manual model building using the program COOT (36).
The positions of the two Zn atoms at each active site were
identified in the early stage of refinement from the calculated
difference Fourier electron density maps and were included
in the model. The addition of solvent molecules was carried
out using ARP/wARP (37) in conjunction with manual in-
spection of electron density maps in COOT with consider-
ation of hydrogen-bonding criteria. Residues B106-114 were
built into residual positive difference electron density in the
T110V mutant structure after completion of solvent building.
Finally, positive electron density in difference Fourier maps
within the active site cavities of each subunit was modeled
with the respective ligands (L-DHO or L-CA-asp).

Structure Solution and Refinement for the Deletion Mutant.
The structure of the deletion mutant (∆107-116) was solved
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by molecular replacement using PHASER from the CCP4
suite (38, 39). Chain A of the wild-type DHOase structure
[PDB code 1XGE (15)] was used as the search model. The
Zn atoms, ligand molecule, solvent molecules, and residues
106-117 were deleted from the search model.

The fast rotation function of PHASER found one signifi-
cant solution, which was then used for fast translation
searches in all three possible space groupsP312,P3112, and
P3212. The best solution was found inP3212; theZ score
and the log-likelihood gain (LLG) increased from 20.7 to
33.4 and from 247 to 1520, respectively, after the fast
translation function. The same refinement protocol used for
the structures of single-point mutants was applied to the
structure of the deletion mutant (∆107-116).

Analysis and validation of all structures were carried out
with the assistance of the program WHATCHECK (40) and
the MOLPROBITY server (41). The refinement statistics are
included in Table 1.

RESULTS

Mutations Decrease Catalytic Efficiency.The effects of
mutations on the steady-state parameterskcat, Ks, andkcat/Ks

were determined in the biosynthetic direction (CA-aspf
DHO) at pH 5.8 (Table 2). The deletion mutants have
negligible activities. Mutations at Thr110 also caused
significant decreases in the catalytic activities, which nev-
ertheless remained significant and measurable. Mutation to
Ala (T110A) caused the most significant decrease inkcat/Ks

(43-fold) among the Thr110 mutants, indicating the impor-
tance of the hydrogen bond between the carboxylate group
of CA-asp and Oγ1 of Thr110. Despite the conservative
nature of the mutation, Ser for Thr, this mutant has a
substantially lower catalytic efficiency with a 6-fold decrease
in kcat/Ks. Interestingly, despite being unable to form the
proposed hydrogen bond to CA-asp, the T110V mutant
exhibits a slightly higher catalytic efficiency (2.4× 104 M-1

s-1) than the T110S mutant (2.0× 104 M-1 s-1). The T110V

Table 1: Data Collection and Refinement Statistics

crystal

T110S
DHOase

T110V
DHOase

T110A
DHOase

T109S
DHOase

T109V
DHOase

T109A
DHOase

T109G
DHOase

∆107-116
DHOase

Crystal and Diffraction Data
X-ray source rotating

anode
rotating

anode
APS

23-ID
rotating

anode
rotating

anode
rotating

anode
rotating

anode
APS

23-ID
λ (Å) 1.5418 1.5418 0.9793 1.5418 1.5418 1.5418 1.5418 0.9793
space group P212121 P212121 P212121 P212121 P212121 P212121 P212121 P3212
unit cell

dimensions
a (Å) 51.4 51.4 51.5 51.4 51.4 51.3 51.4 52.3
b (Å) 78.8 79.0 78.9 78.5 78.4 78.5 78.2 52.3
c (Å) 180.2 180.5 180.1 180.2 180.0 180.5 180.0 216.0

resolution
range (Å)a

40-1.90
(1.95-1.90)

40-1.87
(1.92-1.87)

32-1.29
(1.32-1.29)

40-1.87
(1.92-1.87)

40-1.87
(1.92-1.87)

40-1.90
(1.95-1.90)

40-1.87
(1.92-1.87)

40-1.85
(1.90-1.85)

unique reflections 56580 60822 166743 59086 58553 56793 56036 28254
completeness (%)a 96.6 (95.7) 98.4 (96.2) 91.1 (49.8) 96.5 (89.1) 95.9 (97.8) 97.2 (94.3) 91.9 (91.7) 95.9 (92.5)
redundancya 3.5 (2.3) 3.6 (2.3) 6.8 (3.1) 4.5 (3.5) 4.6 (2.8) 4.7 (3.5) 4.6 (3.9) 8.2 (6.0)
averageI/σ(I)a 18.1 (3.1) 24.3 (4.2) 20.5 (3.0) 30.4 (8.7) 22.7 (6.4) 18.0 (4.5) 34.1 (8.7) 17.4 (2.6)
Rmerge

a,b 0.077
(0.311)

0.048
(0.219)

0.071
(0.363)

0.041
(0.141)

0.064
(0.189)

0.051
(0.283)

0.048
(0.152)

0.077
(0.630)

Wilson
B value (Å)

25.5 24.2 16.1 24.8 25.5 26.4 25.2 40.6

Refinement Statistics
Rcryst

a,c 0.149
(0.199)

0.147
(0.176)

0.129
(0.156)

0.146
(0.166)

0.154
(0.167)

0.147
(0.177)

0.152
(0.162)

0.191
(0.247)

Rfree
a,d 0.198

(0.275)
0.185

(0.248)
0.154

(0.200)
0.188

(0.237)
0.189

(0.216)
0.188

(0.234)
0.196

(0.244)
0.245

(0.316)
protein atoms

including
Zn atoms

5339 5384 5371 5357 5322 5360 5318 2558

water atoms 572 668 782 590 506 505 583 136
ligand atomse 23 23 34 23 23 23 34
mean protein

B factor (Å2)
subunit A 31.4 29.0 19.0 29.7 30.3 30.0 32.6 57.4
subunit B 32.1 29.7 22.0 30.6 32.1 29.7 33.0

mean ligand
B factor (Å2)

subunit A 28.0 27.2 16.4 27.0 26.9 30.9 27.7
ubunit B 34.2 26.7 16.7 29.2 30.6 32.8 29.0

rmsd bond
lengths (Å)f

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

rmsd bond
angles (deg)f

1.47 1.27 1.36 1.37 1.40 1.39 1.44 1.51

ESU (Å)g 0.09 0.08 0.02 0.07 0.07 0.08 0.08 0.11
PDB code 2Z24 2Z25 2Z26 2Z27 2Z28 2Z29 2Z2A 2Z2B

a The values in parentheses are for the highest resolution shell.b Rmerge ) ∑h∑i|Ihi - 〈Ih〉|/∑h∑i〈Ih〉. c Rcryst ) ∑h|Fh(obs)- Fh(calc)|/∑hFh(obs).
d Approximately 5% of the reflections were reserved for the calculation ofRfree. e CA-asp and/or DHO in the active sites of each structure.f Diffraction-
component precision index (50) calculated using REFMAC (34). g Estimated standard uncertainty in atomic position, based on maximum likelihood
(34, 50).
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mutant has a higherKs value (6.0 mM) compared to the wild-
type (1.5 mM) or the T110S (3.0 mM) enzymes, but thekcat

value (145.5 s-1) is higher than that of T110S (59.7 s-1).

Of the four Thr109 mutants, only T109S has significant
catalytic activity with kcat of 49.8 s-1 and Ks of 6.0 mM
(Table 2). In contrast to the mutations at residue Thr110,
the substitution of Thr109 with Val, Ala, or Gly resulted in
negligible catalytic activity.

Mutations Cause Transition of Crystal Forms.To elucidate
the effects of mutations on the loop movement in relation to
the catalytic activity, we crystallized the mutant enzymes in
the presence ofL-DHO. Most single-point mutants first grew
in a tetragonal crystal form in the presence ofL-DHO. These
crystals were very unstable and disintegrated shortly after
formation. Wild-type-like orthorhombic crystals then grew
from the remnants of the tetragonal crystals or at new
nucleation sites in the same drops. A structure of the
tetragonal crystal form was solved eventually by stabilizing
the crystals in the presence of a product-like inhibitor,
5-fluoroorotate (FOA) in place ofL-DHO (42). Interestingly,
in this structure, the flexible loops are both in the loop-out
conformation, consistent with FOA, a product-like inhibitor,
binding at both sites. The transition from one crystal form
(tetragonal) to the other (orthorhombic) in the presence of
DHO may be explained by presuming that DHO initially
binds to both subunits with the loops in the “out” conforma-
tion, followed by slow conversion to CA-asp in the mutant
enzymes with consequent movement of the flexible loop and
dissolution of the crystals. Orthorhombic crystals isomor-
phous to the wild type are then able to grow in the presence
of DHO and CA-asp with one loop out and the other in.
The transition between crystal forms we observed with
mutant enzymes provides further evidence that the loop
movement is connected with the catalytic state of the enzyme.

Molecular Structures of Single-Point Mutants.The struc-
tures of seven single-point mutants ofE. coli DHOase are
reported with relatively high resolutions, ranging from 1.90
to 1.29 Å (Table. 1). The presence of the expected mutation
was confirmed in all structures during the early stages of
refinement. The overall structure of DHOase is not signifi-
cantly affected by the mutations. The root mean squared
deviations (rmsd) between the common CR atoms in wild-
type [PDB code 1XGE (15)] and mutant enzymes vary from
0.15 to 0.28 Å, consistent with expected errors in the
coordinates. Structural differences between the wild type and

mutants were generally small and restricted to the close
vicinity of the flexible loop of subunit B.

All crystals of single-point mutants reported here are
isomorphous with the wild-type crystal reported previously
[PDB code 1XGE (15)], with a dimer in the asymmetric unit.
The active site in subunit A of each structure containsL-DHO
with the corresponding flexible loop in the out conformation.
The packing of molecules in this particular crystal form
preferentially stabilizes a loop-out conformation for subunit
A through several hydrogen-bonding interactions with a
neighboring symmetry-related molecule (-x + 1, y + 1/2,
-z+ 1/2). The loop-out conformation for subunit B, however,
is precluded by unfavorable steric clashes with neighboring
symmetry-related molecules. Interestingly, of the seven
structures of single-point mutant enzymes, only T110V that
has the highest turnover number among the mutant enzymes
displays defined density for the flexible loop of subunit B
(Figure 1a). The identity of the bound ligand in the active
site of subunit B is clearlyL-CA-asp as observed in subunit
B of the wild-type structure. The loop in subunit B adopts
the “in” conformation and interacts with the boundL-CA-
asp in the active site as observed in the wild-type structure
[PDB code 1XGE (15)]. Thr109 maintains the interaction
with CA-asp (T109 Oγ1‚‚‚CA-asp O5, 2.6 Å), but the
mutation of Thr110 to Val (Oγ1 to Cγ2) disrupts the hydrogen-
bonding interaction observed in the wild-type structure. The
resulting distance between O62 of CA-asp and Cγ2 of Val110
is 3.3 Å. Other mutant enzymes that have measurable activity
(T110S, T110A, and T109S) as well as those with very low
activity (T109V, T109A, and T109G) show no interpretable
electron density for parts of the flexible loop in subunit B.
Specifically, residues B108-114 for T110S, residues B107-
114 for T110A and T109V, residues B108-113 for T109S
and T109A, and residues B106-116 for T109G are omitted
from the models.

The bound ligand in the active site of subunit B of T110S,
T109S, T109V, and T109A is modeled as CA-asp, although
residual positive density that corresponds to the bond N3-
C4 of DHO was detected in theFo - Fc map in the final
stage of refinement. The residual density was very weak and
not convincing enough to modelL-DHO with partial oc-
cupancy. Nevertheless, it suggests that DHO was not fully
converted to CA-asp in subunit B of these mutant enzymes.
The corresponding flexible loops in subunit B are disordered.
However, the CR positions of the terminal residues of the
disordered loop superpose well with the loop-in conformation
of the wild-type enzyme.

In the cases of T109G and T110A, residual electron
density in subunit B clearly indicates that a mixture of CA-
asp and DHO is present in the active site. The final models
for these two mutant enzymes include CA-asp and DHO in
the active site of subunit B with half-occupancy each.
However, the corresponding flexible loops in subunit B of
these mutant enzymes are disordered. In these two mutants,
the CR positions of the terminal residues of the disordered
loops are significantly different from the loop-in conforma-
tion observed in the wild-type enzyme (Figure 1b). In
particular, in T109G, the terminal residues of the flexible
loop are closer to the same residues of the loop-out
conformation than to those of the loop-in conformation. This
displacement in turn changes the positions of residues in the
nearby loop (residues 80-85). The specific interactions

Table 2: Kinetic Parameters of Mutant DHOasesa

kcat (s-1) Ks (mM)
kcat/Ks

(M-1 s-1)
fold decrease

kcat/Ks

wild type 181.1( 3.3 1.5( 0.1 1.2× 105

T109S 49.8( 2.0 6.0( 0.7 8.3× 103 15.1
T109V <0.1 ndb ndb

T109A <0.1 ndb ndb

T109G <0.1 ndb ndb

T110S 59.7( 2.0 3.0( 0.3 2.0× 104 6.3
T110V 145.5( 6.4 6.0( 0.7 2.4× 104 5.1
T110A 11.5( 0.5 4.0( 0.6 2.9× 103 43.4
∆107-115 <0.1 ndb ndb

∆107-116 <0.1 ndb ndb

a Mean of three independent measurements ((SEM) for the cycliza-
tion of CA-asp to DHO at pH 5.8.b Activity below the detection limit
of the assay.
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between the flexible loop and the adjacent loop (residues
80-85) are mediated by hydrogen bonds between residues
Thr117 and Asp82 (Thr117 Oγ1‚‚‚Asp82 Oδ2 and Thr117
N‚‚‚Asp82 Oδ1). The resulting positions of the adjacent loop
(residues 80-85) are similar to those found in subunit A.
Overall, the termini of the disordered flexible loop in subunit
B of T109G take on the conformation that is similar to the
loop-out conformation found in subunit A.

The structure of T110A refined with the highest resolution
data (1.29 Å) shows heterogeneity of the CR positions of
the terminal residues of the flexible loop in subunit B. In
this case, two alternate conformations of residues 115-120
are modeled: one similar to the loop-in conformation and
the other to the loop-out conformation (Figure 1c). The
heterogeneity affects the position of the adjacent loop
comprised of residues 80-85 and results in two alternate
conformations of residues 81-84.

Molecular Structures of the Deletion Mutant (∆107-116).
Crystals of the∆107-116 mutant are hexagonal, space group
P3212, with unit cell dimensionsa ) b ) 52.3 Å andc )

216.0 Å. The asymmetric unit contains only one monomer.
Therefore, the biological dimer in the crystal is composed
of two identical monomers. The structure was refined to 1.85
Å resolution with residuals ofR ) 0.191 andRfree ) 0.245.
The final model contains 331 amino acids (residues 6-336),
136 water molecules, and two Zn atoms. The overall structure
of the∆107-116 mutant is not significantly different from
that of the wild-type DHOase except for the deleted peptide.
When the structure of the∆107-116 mutant is superposed
on the structure of the wild-type DHOase [PDB code 1XGE
(15)], the rmsd for 331 common CR positions in each subunit
are 0.55 and 0.52 Å, respectively. Structural differences are
mainly concentrated close to the vicinity of the newly formed
peptide bond (Figure 2a). Deletion of residues 107-116 and
introduction of a new peptide bond between residues 106
and 117 significantly displace residues 106, 117 (107 for
the mutant), and 118 (108 for the mutant). The differences
in the CR positions of these residues are 3.7, 4.5, and 2.0 Å,
respectively, when subunit A of the wild-type structure is
superposed onto the deletion mutant. The CR atoms of

FIGURE 1: (a) Electron density map corresponding to the flexible loop (residues 105-115) in subunit B of the structure of the T110V
mutant. The 2Fo - Fc map is contoured at 1.0σ. CA-asp, bound at the active site of subunit B of T110V, is shown with its carbon atoms
colored yellow. A hydrogen bond between Thr109 and the bound CA-asp is indicated as a dashed line. The Zn atoms are shown as magenta
spheres. (b, c) T109G (b) and T110A (c) mutants. CR traces of residues 80-120 of each structure superposed with subunits A and B of the
wild-type structure [PDB code 1XGE (15)] are shown in magenta, blue, and yellow, respectively. PyMOL was used to prepare the molecular
images (49).
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residues 106 and 107 of the deletion mutant lie in ap-
proximately the same positions as those of residues B106

and B116 of the wild-type structure. Deletion of these
residues results in the loss of the hydrogen bonds between

FIGURE 2: Structure of the deletion mutant (∆107-116). (a) Superposition of the flexible loops. The Zn atoms are shown as magenta
spheres. CR traces of residues 102-120 of subunits A and B of the wild-type structure [PDB code 1XGE (15)] and residues 102-110 for
the∆107-116 mutant are shown in blue, yellow, and magenta, respectively. CA-asp, bound at the active site of subunit B of the wild-type
structure, is shown for reference with its carbon atoms colored green. Hydrogen bonds to the bound CA-asp are depicted as dashed lines.
(b) Surface representations of the∆107-116 mutant (gray) and subunits A (pale cyan) and B (pale yellow) of the wild-type structure with
the bound ligand in the active site. The DHO molecule drawn in the active site of the∆107-116 mutant is indicated for reference only.
CR traces of residues 102-120 (residues 102-110 for the∆107-116 mutant) are shown. (c) Superposition of the active sites of the
∆107-116 mutant and the wild-type enzyme with bound DHO. The structure of subunit A of the wild-type enzyme is shown as sticks with
CR atoms in yellow. The Zn atoms and the bridging water molecule for the wild-type enzyme are shown as magenta and red spheres,
respectively. The CR atoms of the∆107-116 mutant are colored in cyan. The Zn atoms and the bridging water molecule for the∆107-116
mutant are presented as gray spheres. Hydrogen bonds to the bound DHO in the wild-type enzyme are depicted as dashed lines.
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the flexible loop and the adjacent loop (residues 80-85) that
involve residues Thr117 and Asp82. The resulting position
of the 80-85 loop is similar to that observed in subunit A
of the wild-type structure (Figure 2a).

Surface representations of the∆107-116 mutant and the
two subunits of the wild-type structure show that the active
site cavity of the∆107-116 mutant is indeed similar to that
of subunit A with the loop-out conformation (Figure 2b).
Removal of the portion of the flexible loop that interacts
with the substrate caused little effect on other substrate-
binding residues in the active site cavity. When the∆107-
116 mutant and subunit A (DHO-bound) of the wild-type
structure are superposed, no significant differences in other
substrate binding residues are observed (Figure 2c). In the
wild-type structure crystallized with DHO (PDB code
1XGE), the product molecule (DHO) is held in place by four
side-chain atoms (Arg20 Nη1 and Nη2, Asn44 Nδ2, and His254
Nε2) and three main-chain atoms (Leu222 N and O and
Ala266 O) of subunit A. The substrate- (CA-asp-) bound
subunit coordinates the substrate molecule using some of
the same atoms (Arg20 Nη1 and Nη2, Asn44 Nδ2, Leu222 N
and O, and Ala266 O) with the addition of Thr109 Oγ1 and
Thr110 Oγ1 from the flexible loop. In the structure of the
∆107-116 mutant, four side-chain atoms provided by Arg20,
Asn44, and His254 and the main-chain atoms of Leu222 and
Ala266 are found in approximately the same positions as
those of the wild-type structure. Interestingly, no electron
density for DHO was found in the active site of the mutant
despite the presence of the substrate binding residues and
an excess of DHO in the crystallization medium.

DISCUSSION

Conformational changes during catalysis have been ob-
served in many different enzymes and appear to be a general
feature of many enzyme mechanisms (43-45). Although,
in most enzymes, the optimization of the structures for each
step in the reaction sequence seems to be achieved by subtle
cooperative conformational changes (45, 46), some enzymes
undergo significant structural changes during substrate bind-
ing, conversion of substrate to product, and product release.
These changes, particularly those associated with surface
loops, are thought to fulfill a number of roles in catalysis:
enhanced binding of substrate, correct orientation of catalytic
groups, removal of water from the active site, and protection
of intermediates from solvent.

Following the structure ofE. coli DHOase crystallized in
the presence ofL-DHO (15), we reported the structures of
the ligand-free and inhibitor complexes ofE. coli DHOase
(30). The ligand-free structure ofE. coli DHOase showed
little difference in the active site architecture in comparison
to that of the ligand-bound structures. The residues involved
in substrate or product binding reside in approximately the
same positions as in the ligand-free structure. However, we
observed a significant difference in the conformation of the
flexible loop (residues 105-115). In the absence of a moiety
that can stabilize the loop-in conformation, the loop was
disordered as shown in the structures of the ligand-free and
the DHOase-FOA complex (a product-like inhibitor). In
contrast, the structure of DHOase complexed with HDDP,
an inhibitor that has features of both the substrate and
product, showed ordered density for the loop-in conforma-

tion. These observations reinforced the theory that the loop-
in conformation can only be maintained by occupancy of a
ligand (substrate or substrate analogue) that makes proper
interactions with the loop.

The kinetic and structural analyses of mutant DHOases
reported here provide further support for the importance of
the flexible loop in catalysis byE. coli DHOase. Mutations
in two threonine residues that make direct interactions with
the bound substrate caused significant loss of catalytic
activity. Specifically, mutants of Thr109 have activities as
low as those of the deletion mutants, indicating the essential
nature of this residue.

Roles of Residues Thr109 and Thr110 in Catalysis.In the
wild-type structure crystallized in the presence ofL-DHO,
the exocyclic carboxylate group (C61, O61, and O62) of CA-
asp interacts with Thr110 and is held by contacts with the
side chains of Arg20 and Asn44. In the DHO-bound subunit,
when the loop is in the out conformation, the interaction
contributed by Thr110 Oγ1 to CA-asp O62 is replaced by
His254 Nε2 (Schemes 1 and 2). In contrast, Oγ1 of Thr109
interacts with the other carboxylate group (C4, O4, and O5)
of CA-asp that is converted to a carbonyl group of DHO.

Mutations of Thr110 resulted in decreased but measurable
activities (Table 2). The decreased activity of the conservative
Thr to Ser mutation presumably results from the greater
conformational flexibility of the Ser side chain, which
destabilizes the interaction with the substrate. Replacement
of Thr110 with Val has a larger effect on theKs value than
on kcat, resulting in the highestkcat andKs values among the
Thr110 mutants. Therefore, the effect on catalytic efficiency
results mainly from an increase inKs, supporting a role for
this side chain in substrate binding. The results further
suggest that although the hydrogen-bonding interaction with
the substrate is lost in the Thr to Val mutant, the catalytic
rate is maintained close to the wild-type value, indicating
that the substrate is bound in a productive conformation. In
contrast, T110S that can still provide the hydrogen-bonding
interaction may not maintain the stable configuration required
for positioning of the substrate due to the greater confor-
mational flexibility of the Ser side chain. The kinetic data
also agree with the crystallographic observation that T110V
is the only mutant enzyme that has an ordered conformation
of the flexible loop in subunit B with CA-asp bound. The
corresponding loops in other mutant structures are disordered
presumably because of the reduced affinity with the substrate
and/or the presence of uncatalyzed DHO in the active site
of subunit B.

With the exception of T109S, mutations at residue Thr109
result in negligible DHOase activity, indicating that the
hydroxyl group of the side chain is essential for catalysis.
Unlike the observations made in T110V, the hydrogen-
bonding interaction between Thr109 and the substrate is
essential for the conversion of CA-asp to DHO. Thr109
specifically interacts with the carboxylate group (C4, O4,
and O5) of CA-asp that is converted to the carbonyl group
of DHO via a tetrahedral transition-state intermediate
(Schemes 1 and 2). The results suggest that the side chain
of Thr109 contributes significantly to catalytic efficiency by
enhancing substrate affinity and/or stabilizing the transition
state.

Analysis of the structure of the deletion mutant,∆107-
116, reveals that there are no significant differences in the
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positions of other substrate binding residues and in the
binuclear Zn center. Despite this, the mutant enzyme has
negligible catalytic activity. Furthermore, there is no sig-
nificant electron density for DHO in the active site despite
the presence of excess DHO in the crystallization medium.
This suggests that although the flexible loop is not required
directly in binding DHO in the loop-out conformation, the
dynamics of the loop movement are likely to be involved
indirectly in the binding of DHO. It is, however, not clear
how this process is achieved on the basis of current data.
Overall, the data presented here support the proposal that
the flexible loop contributes to positioning the substrate in
the correct configuration for catalysis and also to increasing
the affinity for the substrate- and/or transition-state inter-
mediate.

Enzyme Mechanism.Reaction mechanisms forE. coli
DHOase have been proposed previously on the basis of the
crystallographic study (14), pH-rate profile, mutagenesis,
and solvent isotope effects (2). However, these mechanisms
were proposed before observation of the loop movement in
E. coli DHOase was made and therefore do not account for
the possible importance of the loop movement. The observa-
tion of the two conformations of the flexible loop provides
a more complete picture of the catalytic mechanism ofE.
coli DHOase (Scheme 2). When there is no substrate in the
active site, the flexible loops in each subunit can move in
and out dynamically. When substrate (CA-asp) enters the
active site, it induces closure of the loop over the active site.
Movement of the loop results in the replacement of His254
Nε2 by Thr110 Oγ1 as the hydrogen-bonding partner for O62
of CA-asp and Thr109 interacts with O5 of CA-asp to lock
the conformation of the substrate (Scheme 2, state B). The
carboxylate group of Asp250 that is positioned 2.7 Å from

the amide nitrogen (N3) of CA-asp in the wild-type structure
abstracts a proton from N3 of CA-asp to initiate the
nucleophilic attack of the amide nitrogen on the carboxylate
group of CA-asp (C4/O4/O5). A tetrahedral transition-state
intermediate is formed and stabilized by the interaction with
Thr109 and the two Zn atoms (Scheme 2, state C). The
collapse of the tetrahedral intermediate commences with
proton donation from the carboxylate group of Asp250 to
cleave the C4-O bond. Once the carboxylate group is
converted to the carbonyl group of DHO, a hydroxide ion

Scheme 2: Proposed Catalytic Mechanism forE. coli DHOase

Scheme 3: Reactions Catalyzed by DHOase and DHPase
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bridges the two Zn atoms in a monodentate manner and the
DHO molecule moves up and away from the metal sites.
This causes steric pressure on residue Thr109 and release
of the loop to the out conformation, concomitantly releasing
the product, DHO (Scheme 2, state D). States B and D are
represented by theL-CA-asp- andL-DHO-bound subunits
in the structure of DHOase crystallized in the presence of
L-DHO (15).

In the direction of DHO hydrolysis, the active form of
the enzyme is proposed as one in which a hydroxide ion
bridges the two Zn atoms (Scheme 2, state a). This is the
state seen in the structure of ligand-free DHOase crystallized

at pH 7 (30). Since this structure was determined at relatively
high pH, it corresponds with “state a” of Scheme 2 rather
than with “state A”. The previously proposed terminal water
molecule bound to theâ-Zn atom was not observed in this
structure, and we have therefore omitted it from the proposed
mechanism. The nucleophilic attack at C4 of the bound DHO
by the bridging hydroxide ion is facilitated by the transfer
of the proton from the hydroxide ion to the carboxylate group
of Asp250. Stabilization of the tetrahedral transition state is
achieved via bidentate ligation to both Zn atoms and via the
formation of a hydrogen bond between one of the oxygen
atoms of the tetrahedral intermediate and Thr109 (Scheme

FIGURE 3: Comparison of the DHOases fromE. coli andP. gingiValis. (a) Superposition of the active sites ofE. coli DHOase with bound
DHO andP. gingiValis DHOase (PDB code 2GWN). The CR atoms ofE. coli andP. gingiValis DHOases are colored in yellow and cyan,
respectively. The Zn atoms and the bridging water molecule are shown as magenta and red spheres forE. coli DHOase and red spheres for
P. gingiValis DHOase. Hydrogen bonds to the bound DHO inE. coli DHOase are depicted as dashed lines. (b) Superposition of the flexible
loops. Residues 105-115 of E. coli DHOase and residues 152-160 of P. gingiValis DHOase are in ribbon presentations colored yellow
(loop-in conformation ofE. coli DHOase), blue (loop-out conformation ofE. coli DHOase), and cyan (P. gingiValis DHOase). Hydrogen
bonds to the bound CA-asp inE. coli DHOase and to the bound cacodylate ion (C, O, and As atoms colored in cyan, red, and purple,
respectively) inP. gingiValis DHOase are indicated as dashed lines. Alignment of the residues corresponding to the flexible loops is shown
below the figure. Residues corresponding to 105-115 forE. coli DHOase are boxed. The carboxylated lysine residues (Lys102 forE. coli
DHOase; Lys149 forP. gingiValis DHOase) and two threonine residues fromE. coli DHOase (Thr109 and Thr110) are highlighted in red
and green, respectively.
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2, state C). Concomitant protonation of the amide nitrogen
(N3) by Asp250 assists the cleavage of the N3-C4 bond,
leading to collapse of the transition state and CA-asp
formation (Scheme 2, state B).

According to transition-state theory, an enzyme spends the
least time in the most important step of the catalytic cycle,
namely, in the transition state. Reaching the transition state
from the Michaelis complex requires the correct alignment
of essential catalytic groups in three-dimensional space and
substrate conformational changes (47). In E. coli DHOase,
the movement of the flexible loop enables Thr109 and
Thr110 to provide the productive binding of CA-asp and to
stabilize the transition-state intermediate. Removal of water
molecules from the active site cavity provided by movement
of the flexible loop shields the substrate and transition-state
intermediate from the bulk solvent, creating a low dielectric
environment where electrostatic interactions are enhanced,
thereby increasing the affinity of the enzyme for the substrate
and transition-state intermediate.

ReleVance of Loop MoVements in DHOases.In our
previous study, we suggested that the hydrogen-bonding
interactions between loop residues and bound CA-asp may

be important for many DHOases based on sequence homol-
ogy with theE. coli enzyme (15). The flexible loop in all of
the known type II DHOases is highly conserved, and the
two Thr residues (Thr109 and Thr110) found inE. coli
DHOase are invariant. The recently deposited structure of
the DHOase fromP. gingiValis provides further evidence
for this hypothesis. Although originally classified as a type
I DHOase on the basis of its size and amino acid sequence,
the structure of the active site ofP. gingiValis DHOase is
indistinguishable from that ofE. coli DHOase and has the
characteristic binuclear Zn center (Figure 3a). The atoms
involved in substrate binding superpose well within the
coordinate errors of the two structures. The only major
difference observed between the two active sites is the
substitution of one of the Zn ligand residues: His16 inE.
coli DHOase is replaced by Gln63 inP. gingiValis DHOase.
P. gingiValis DHOase was crystallized in cacodylate buffer.
The cacodylate binds in the active site, and one of its oxygen
atoms forms a hydrogen bond with a Ser in the mobile loop,
which adopts the loop-in conformation (Figure 3b). Stabi-
lization of the loop-in conformation by a bound ligand is
consistent with the role for the loop proposed inE. coli

FIGURE 4: Comparison of DHOase and DHPase. (a) Superposition of the active sites ofE. coli DHOase with bound DHO andS. kluyVeri
DHPase [PDB code 2FTY (21)]. The CR atoms of DHOase and DHPase are colored in yellow and cyan, respectively. The Zn atoms and
the bridging water molecule are shown as magenta and red spheres for DHOase and gray spheres for DHPase. Hydrogen bonds to the
bound DHO in DHOase are depicted as dashed lines. (b) Superposition of residues involved in the transition-state stabilization. Residues
105-115 of DHOase and residues 170-175 of DHPase are in ribbon presentations colored yellow and cyan, respectively. Hydrogen bonds
to the bound CA-asp in DHOase are indicated as dashed lines.
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DHOase. The loop (residues 152-160) is two residues
shorter than theE. coli counterpart but has three consecutive
residues (Ser154, Ser155, and Thr156) that could play
equivalent roles to Thr109 and Thr110 ofE. coli DHOase.

Pyrimidine SynthesisVs Degradation.As a part of the
pyrimidine synthetic pathway, DHOase activity is important
in providing essential pyrimidine nucleotides. In resting or
fully differentiated human cells, the activity of thede noVo
pathway is, in general, low when the requirement for
pyrimidines is largely satisfied by the salvage pathways. The
demand for nucleic acid precursors and other cellular
components associated with cell proliferation increases in
rapidly proliferating cells. Consequently, the activity of the
de noVo pathway is upregulated in tumors and neoplastic
cells. At the other end of pyrimidine pathway, excess or
unwanted pyrimidines need to be degraded to regulate the
pyrimidine pool size. This catabolic pathway involves
dihydropyrimidinase (DHPase) that catalyzes the mirror
reaction of DHOase, ring hydrolysis of 5,6-dihydrouracil
(DHU) to N-carbamyl-â-alanine and of 5,6-dihydrothymine
to N-carbamyl-â-aminoisobutyrate (Scheme 3). Both DHOa-
se and DHPase belong to the amidohydrolase superfamily
and show significant sequence similarity (48). The recently
determined crystal structures of DHPase fromSaccharomyces
kluyVeri are strikingly similar toE. coli DHOase both in
overall structure and in the structure of its active site (21).
The binuclear Zn centers are almost identical (Figure 4a).
DHO and DHU are bound in very similar ways via hydrogen
bonds involving atoms N1, O2, and N3 of the product/
substrate with backbone atoms (Leu222 N and O and Ala266
O for DHOase; S331 N and O and N392 O for DHPase).
However, three residues (Arg20, Asn44, and His254 for
DHOase) whose side chains interact with the exocyclic
carboxylate group of DHO are absent in DHPase, which may
explain the substrate selectivity for DHU over DHO in
DHPase. How DHOase discriminates DHO over DHU is,
however, unclear. The minimal structural differences between
the active sites indicate that DHU would fit in the active
site of DHOase. In an attempt to probe this selectivity, the
structure of DHOase crystallized in the presence of DHU
was refined (unpublished data). There was no significant
electron density attributable to DHU in the active site.
Attempts to convert the substrate specificity of DHOase to
DHPase by mutating three residues that interact with the
carboxylate group of DHO were not successful (unpublished
data), suggesting that subtle differences between the active
sites of the two enzymes determine substrate specificity.

No flexible loop movement was observed in the structures
of DHPase despite the expectation of a similar transition-
state intermediate. In DHPase, a different mechanism for
transition-state stabilization is proposed. The corresponding
loop (residues 170-175), located betweenâ4 andR4 of the
TIM barrel in DHPase, is shorter than that (residues 105-
115) in DHOase. Instead of using the flexible loop to recruit
Thr109 to interact with the substrate as seen inE. coli
DHOase, DHPase has a conserved tyrosine residue (Tyr172
in S. kluyVeri DHPase), the side chain of which has a
different orientation depending on the ligand status. Tyr172
is oriented toward the bulk solvent and away from the active
site in ligand-free DHPase but toward the active site, placing
its OH group close to the O4 atom of the bound DHU (21).
Tyr172 OH in the ligand-bound DHPase superposes closely

on Thr109 Oγ1 of DHOase in the loop-in conformation
(Figure 4b). The two enzymes sharing structural and
sequence similarities presumably originated from the same
ancestral gene. They have diverged into enzymes with
different substrate specificities by amino acid changes,
insertions, and deletions. During the course of evolution,
DHOase has adopted a flexible loop movement to stabilize
the transition-state intermediate, and DHPase with a shorter
loop has used the movement of a side chain to achieve the
same result.

SUPPORTING INFORMATION AVAILABLE

One table of mutagenic PCR primers. This material is
available free of charge via the Internet at http://pubs.acs.org.
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