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ABSTRACT. Dihydroorotase (DHO) is a zinc metalloenzyme that functions in the pathway for the biosynthesis
of pyrimidine nucleotides by catalyzing the reversible interconversion of carbamoyl aspartate and
dihydroorotate. A chemical mechanism was proposed on the basis of an analysis of the effects of pH,
metal substitution, solvent isotope effects, mutant proteins, and alternative substrates on the enzyme-
catalyzed reaction. The pHate profiles for the hydrolysis of dihydroorotate or thiodihydroorotate
demonstrated that a single group from the enzyme must be unprotonated for maximal catalytic activity.
Conversely, the pHrate profiles for the condensation of carbamoyl aspartate to dihydroorotate showed
that a single group from the enzyme must be protonated for maximal catalytic activity. The native zinc
ions within the active site of DHO were substituted with cobalt or cadmium by reconstitution of the
apoenzyme with divalent cations in the presence of bicarbonate. The ionizations observed irtatepH
profiles were dependent on the specific metal ion bound to the active site. Mutation of the residue (Asp-
250) that hydrogen bonds to the bridging hydroxide (or water) resulted in the loss of catalytic activity.
These results are consistent with the formation of a hydroxide bridge between the two divalent cations
that functions as the nucleophile during the hydrolysis of dihydroorotate. In addition, Asp-250 is postulated
to shuttle the proton from the bridging hydroxide to the leaving group amide during hydrolysis of
dihydroorotate. The X-ray crystal structure of DHO showed that the exocycli@rboxylate of
dihydroorotate is bound to the protein via electrostatic interactions with Arg-20, Asn-44, and His-254.
Mutation of these residues resulted in the loss of catalytic activity, indicating that these residues are
critical for substrate recognition. The thio analogue of dihydroorotate was found to be a good substrate
of the enzyme. A comprehensive chemical mechanism for DHO was proposed on the basis of the
experimental findings in this study and the X-ray crystal structure.

Dihydroorotase (DHO)functions in the biosynthesis of Scheme 1

pyrimidine nucleotides by catalyzing the reversible cycliza- H

tion of N-carbamoyl -aspartate to-dihydroorotate as shown OYNHZ W OY °
in Scheme 1. An analysis of the amino acid sequences of H o H

DHO from multiple species reveals that there are two general H,0

classes of this enzymé)( Members of class | are found in -:\A(:A/ - o

higher organisms and are larger than their class Il counter-

parts that are found in many bacteria and fungi. Examples ~38 kDa for the class Il proteins. Within each class of
of the class | form of DHO are exemplified by CAD, a enzymes, the level of amino acid sequence identity is quite
multifunctional enzyme found in mammals, insects, and high (>40%), but a low level of sequence identity Z0%)
molds. The CAD protein consists of the first three enzymes is observed in a comparison of proteins between these two
of the pyrimidine biosynthetic pathway: carbamoyl phos- classes. For example, the level of sequence identity between
phate synthetase (CPS), aspartate transcarbamoylase (ATC}he human (class I) anBscherichia coli(class Il) forms of
and DHO @, 3). Monofunctional examples of class | DHOs DHO is only 17%. There are approximately 17 residues that
are found in Gram-positive bacterial strains, including are fully conserved within the DHO enzymes sequenced to
Bacillus subtilis Lactobacillus plantarum Enterococcus  date in both classes of enzyme.

faecalis Clostridium acetobutylicumand Streptococcus The DHO from hamster was initially reported to contain
aureus.The class Il enzymes are all monofunctional proteins a single zinc ion that could be replaced with®€avin?*, or

from Gram-negative bacteria and yeast. Class | proteins haveC?" with retention of catalytic activity4). However, the
typical subunit molecular masses ©#5 kDa compared to ~ X-ray crystal structure of th&. coli enzyme demonstrated
that the bacterial DHO contains two zinc ions per active site
(5). The high-resolution structure also confirmed the assign-
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In this paper, we provide direct biochemical support for
Asp-250 His-177 the chemical mechanism first suggested by the molecular
contacts observed in the X-ray crystal structure of DHO. The
role of Asp-250 in proton transfer reactions is assessed via

mutation of the side chain carboxylate of this residue to

functional groups that are unable to serve this function.
His-16 5 : Mutagenesis of specific residues was implemented to probe
o, . : His-139 the functional requirement for the electrostatic interactions

e . of the side chains of Arg-20, Asn-44, and His-254 with the

o H R o-carboxylate of dihydroorotate and carbamoyl aspartate.

3 Metal-substituted variants of DHO were prepared to elucidate

His-18 the roles of the metals in catalysis and to identify the role
the bridging hydroxide plays in catalysis. The sulfur analogue
Lys-102 of dihydroorotate was analyzed as a substrate for DHO and

used to probe the interactions between the amide bond that
is formed and broken with the binuclear metal center of
DHO.

FicURE 1: Representation of the binuclear metal center within the MATERIALS AND METHODS
active site of DHO. The structure was obtained by Thoden et al.

(5), and the coordinates were obtained from the Protein Data Bank  Materials. NCarbamoy! aspartate was purchased from
(entry 1J79). Research Organics. Deuterium oxide was obtained from

. , . Cambridge Isotope Laboratories. Platinum pfx DNA poly-
primarily, but not exclusively, as catalysts for hydrolytic ~merase was acquired from Invitrogen, while the remainder

reaction; at carbon and phosphorus cgnters. A repr.ese.ntatiogf the molecular biology products were from Promega or
of the binuclear metal center in DHO is presented in Figure giratagene. The buffers, substrates, and other chemicals were
1. The six conserved residues found at the C-terminus of acquired from Sigma-Aldrich. The Gene Technology Labo-
th_e centraj3-strands are His-16, H_is-lB, Lys-102_, His-139, ratory of Texas A&M University performed the DNA
His-177, and Asp-250. The two zinc ions are bridged by a sequencing reactions and oligonucleotide synthesis. Thiodi-
carbamate functional group formed from the post-transla- hydroorotate (TDO) was synthesized using the protocol
tional carboxylation of Lys-102 with COand a molecule  gescribed by Christopherson et a8).(The structure was
from solvent that is most likely hydroxide. confirmed by a comparison of the published proton NMR
The reversible reaction catalyzed by DHO is pH-depend- spectrum and the mass spectrum (ESI, negative ion mode
ent, and the equilibrium constant of the overall reaction as m/z 173.06, expectedvz 173.18).
written in Scheme 1 is 1.5 10° M7* (7). At pH 6.2, the Site-Directed Mutagenesidhe DHO used as the wild-
equilibrium between carbamoyl aspartate and dihydroorotatetype enzyme in these experiments was altered from the native
is unity. At lower pH values, the formation of dihydroorotate pyrC gene isolated frork. coli. Four cysteine residues that
is favored. Conversely, at higher pH values, the formation are thought to cause sensitivity to oxidation were substituted
of carbamoyl aspartate is dominant. DHO was first crystal- for serine residues with no loss of activity or change in any
lized at a pH at which the equilibrium constant for the other enzymatic propertyd( 10). These residues are Cys-
interconversion between the substrate and product was equab3, Cys-65, Cys-121, and Cys-179. The single-point muta-
to approximately 15). This fortuitous event enabled the tions at any one of these sites did not consistently produce
structural elucidation of the specific molecular interactions a protein that was stable with maximum catalytic activity
between the substrate or product and the metal center infor an extended period of time. The quadruple mutant (C63S/
individual subunits to be unveiled within the same dimer of C65S/C121S/C179S) was stable and had kinetic parameters
DHO in the crystalline state. In one subunit of the dimer, consistent with previously reported valu€s11). The DNA
dihydroorotate was bound to the active site, while in the template for the remainder of the mutagenesis experiments
adjacent subunit, carbamoyl aspartate was bound. Carbamoytiescribed in this paper utilized the altered sequence with the
aspartate coordinates to the binuclear metal center via amutation of four cysteine residues to serine and designated
bridging interaction through the side chain carboxylate of as the QM protein.
the substrate. In contrast, the amide carbonyl group of The mutagenesis protocol was PCR-based and involved
dihydroorotate interacts with the binuclear metal center by the use of four primers that produced two overlapping
direct coordination to thg-metal ion. The bridging hydrox-  fragments {2). The cloning vector in all cases was pBS
ide is more closely associated with the-metal ion. from Stratagene. A typical reaction mixture contained 2 ng
Electrostatic interactions with the backbone atoms of Leu- of template DNA, each primer at4M, 1x pfx buffer, 2.0
222, Ala-266, and Gly-267 stabilize the binding of the mM dNTP mix, and 5 units of platinum pfx DNA poly-
substrate and product in the active site of DHO. The most merase. The PCR protocol was used as follows: 2 min at
specific contacts between the protein and substrate originateds °C, 25 cycles of 1 min at 95C, 1 min at 50°C, and 4
from the side chains of Arg-20, Asn-44, and His-254 via min at 68°C, followed by 1 cycle of 10 min at 68C. The
the formation of electrostatic interactions with the free PCR products were digested wittoRl and Hindlll for 2
o-carboxylate group of dihydroorotate and carbamoyl as- h at 37°C, purified, and then ligated with similarly digested
partate. pBS*. XL1 Blue cells were transformed with the ligation
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reactions. Cells containing the plasmid were selected on LB remove excess metal ions. The zinc content per subunit of
plates containing ampicillin. Individual colonies were used the purified mutant enzymes was found to be 1.2, 1.2, 0.6,
to inoculate 5 mL LB cultures, which were grown overnight 2.0, and 3.3 for the D250E, D250H, D250N, R20K, and
at 37 °C. The plasmids were isolated from the overnight R20Q mutants, respectively.
cultures using the Wizard Mini-Prep SV kit (Promega). The  Enzyme Assay®HO activity was determined by a direct
desired mutations were confirmed by sequencing of the spectrophotometric assay at 230 nt®)( The assays were
isolated DNA. performed in a 96-well plate using a SPECTRAmMax-340
Protein Purification.The wild-type and mutant forms of  (Molecular Devices) plate reader. Dihydroorotate absorbs at
DHO were all purified in the same mannét. coli strain 230 nm with an extinction coefficient of 1.17 mMcm™
X7014a, which lacks a functional gene for dihydroorotase, (14). TDO absorbs at 280 nm with an extinction coefficient
was obtained from the YalE. coli Genetic Stock Center of 17 mM™ cm™L. The assay volume was 250 which
(Yale University, New Haven, CT) and transformed with corresponds to a path length of 0.69 cm. The buffers for the
the pBS plasmids containing the gene for DHO. For each pH—rate profiles were the potassium salts of MES from pH
preparation, large cultures were incubated at@1ntil they 5t0 6.75, HEPES from pH 6.75 to 8.5, and TABS from pH
reached mid-log phase, at which point IPTG was added to a8.5 to 9.5. The buffer concentration in each assay was 50
concentration of 1.0 mM. After overnight incubation, the mM, and the pH was varied in 0.25 unit increments. The
cells were collected by centrifugation and resuspended inpH was measured at the completion of the enzymatic
50 mM Tris-phosphate (pH 7.0), 1M ZnCl,, and 5.0 reaction. For the variation of carbamoyl aspartate, the
mM carbamoyl aspartate. The cells were lysed by sonicationconcentration range was 0620 mM. A range of 0.025
and the nucleic acids precipitated by the addition of a 2.0% 1.75 mM was used for the variation of dihydroorotate and
proteamine sulfate solution. After centrifugation, the cell TDO. For measurement of the solvent isotope effects, the
extract was saturated to 60% in ammonium sulfate. After same reaction conditions were used except that the buffers
centrifugation, the pellet was resuspended in a minimal were prepared in ED. Enzyme dilutions were performed in
amount of buffer and then chromatographed with the aid of 20 mM Hepes (pH 7.0) prepared with®. The pD of each
an AKTA purifier (Pharmacia) using a Superdex-200 26/60 reaction mixture was measured after completion of the assay
column. The buffer used for the gel filtration column was by adding 0.4 to the pH electrode readiridg) The solvent
50 mM bhis-tris propane (pH 7.0) containing 5.0 mM deuterium isotope effects were determined over the pH range
carbamoyl aspartate. The flow rate was 1.0 mL/min with of 5.5—7.0 for the synthesis reaction and over the pH range
1.5 mL fractions being collected. The fractions containing of 8.0—9.8 for the hydrolysis reaction.
DHO activity were pooled and loaded onto a Resource-Q Data Analysis The kinetic parametersca: and KealKm,

anion exchange column with the AKTA system. Buffer A
was 20 mM bis-tris propane (pH 7.0), while buffer B was
the same buffer with 1.0 M NaCl. The protein was eluted
from the column by the use of a salt gradient (from 0 to
30% buffer B in 30 column volumes). The flow rate was
4.0 mL/min with 1.0 mL fractions being collected. Fractions

from the initial velocity experiments were determined from
a fit of the data to eq 1, whereis the initial velocity,kea

is the turnover numbek; is the enzyme concentratioA,is

the substrate concentration, akgdis the Michaelis constant.
For the pH-rate profiles, the effect of pH oOkey and Keaf

Km was determined for each substrate by a fit of the data to

were assayed for activity, and those containing DHO were eqs 2 and 3 using the computer programs of Cleldr). (

pooled. The purified enzyme was typically stored-e80

°C in 20 mM bis-tris propane (pH 7.0) with 20% glycerol,

100 uM ZnCl,, and 5.0 mM carbamoyl! aspartate.
Preparation and Reconstitution of the Apoenzy@ieelex

Equation 2 was used to fit the data when the activity
diminished at low pH, whereas eq 3 was used when the
activity was lost at high pH. In these equationss the value
of Keat OF keafKm, C is the pH-independent value gf H is

100 (Bio-Rad) was used to remove contaminating metals the hydrogen ion concentration, akd is the dissociation
from buffers. The buffers were degassed with argon prior to constant of the ionizable group.
the addition of enzyme. The apoenzyme was prepared by

incubating DHO at a concentration of 1.5 mg/mL for 24 h VB = KN (Kpy + A) 1)
with 25 mM dipicolinate in 50 mM sodium acetate (pH 5.5) o

containing 50 mM sodium sulfate, 2.0 mM sodium hydro- logy = log[c/(1 + H/K)] 2)
sulfite, and 30% glycerol. The dipicolinate was removed by logy = log[c/(1 + K/H)] 3)

dialysis using three changes, 24 h each, of 20 mM sodium
acetate (pH 5.8) containing 2.0 mM sodium hydrosulfite and

20% glycerol. To reconstitute the apoenzyme, the protein RESULTS

solution was made 100 mM in Hepes (pH 8.0), 2.0 mM

sodium hydrosulfite, and 100 mM potassium bicarbonate.

Typical protein concentrations were 8.5.0 mg/mL. Excess
divalent metal chloride salts at concentrations of-280

Kinetic Parameters The keay Km, and kea/Km kinetic
constants for the biosynthesis and hydrolysis of dihydrooro-
tate by the zinc-substituted form of DHO are presented in
Table 1. Consistent with previously reported data with the

uM were added to the apoenzyme for reconstitution of DHO from E. coli, the maximal rate of formation for the
catalytic activity. The maximum recovery of activity required synthesis of dihydroorotate from carbamoyl aspartate is
incubation for 3 days at 4C. Atomic absorption (AA) slightly faster than the rate of the hydrolysis reactid)(
spectroscopy was used to measure the concentration of eacklowever, theK, value for dihydroorotate is-10-fold lower
cation in the protein samples. Prior to the performance of than that of carbamoyl aspartate, and thkg/K for

AA analysis, the protein solution was passed through a PD10dihydroorotate is~1 order of magnitude higher than it is
column (Pharamacia) equilibrated with metal-free buffer to for carbamoyl aspartate. Although the thio-substituted form
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Table 1: Kinetic Parameters for Metal-Substituted Forms of Scheme 2
Dihydroorotase H o NH o H o
o} s *
KealKem Y wo Y Y
enzyme substrate  Kear(S™) Km (MM) (M-1s? H — H s~ —_—i_—~ H
Zn/Zn-DHO carbamoyl 160+ 8 1.70£ 0.2 1.0 (0.1)x 10° H* ::\(\!)( HoS
aspartate - o - o ~ o
dihydro- 1004+ 1.6 0.080+0.001 1.2 (0.1) 1Cf
orotate . . . .
thiodihydro- 4.4+0.2 0.030+0.001 1.5 (0.3) 106 hydrolysis of TDO was determined by measuring the relative
orotate magnitude of the absorbances at 280 and 250 nm as a
Co/Co-DHO Cafbam‘t)yt' 25+14 15+0.2  1.6(0.2)x 10° function of pH from 6.0 to 8.0. The data were fit to a
aspartate e crer .
dihydro- 15414 0704003 2.1(0.2) 10° modified form of eq 2,_land t_he equilibrium constant was
orotate found to be 1.2« 10° M1, During these experiments, there
Cd/Cd-DHO carbamoyl 8.2+ 0.2 4.0+0.9 4.3(0.1)x 10° was no indication for the formation of bisulfide. In addition,
_aspartate incubation of the enzyme with bisulfide (SHand either
dihydro- — 19+£03  0.23:0.06 83(0.1)x 10° carbamoyl aspartate or dihydroorotate did not generate a
orotate . .
thiodihydro- 0.424+ 0.01 0.009+ 0.001 4.8 (0.9) 10° species that absorbs at either 280 or 250 nm at pH 6.0 or
orotate 8.0. Therefore, once the thioamide bond of TDO is hydro-

aThese data were collected at pH 5.8 with carbamoyl aspartate aslyzeq’ the reverse ,rea(?tion dogs not form dihydroorotate with
the substrate and at pH 8.0 with dihydroorotate or thiodihydroorotate the liberation of bisulfide as illustrated in Scheme 2.

as the substrate. Metal SubstitutionThe functional role of the two divalent
metal ions within the binuclear metal center of DHO was
1.0 probed via metal substitution experiments. The zinc ions of

the native protein were removed by chelation with dipicoli-
nate at pH 5.8 to make the inactive apoenzyme. The binuclear
metal center was reconstituted at pH 8.0 by the addition of
2—5 equiv of Zrit*, Co?t, or CF™. The metal-substituted
variants of DHO were catalytically active according to the
following trend: Zi#™ > Co*" > CPt. The values fokqa,
Km, andkea/Km of the reconstituted 2, Co**, and Cd*
enzymes are shown in Table 1. The Cd-substituted DHO
was also utilized as a catalyst for the hydrolysis of TDO,
and the kinetic constants are presented in Table 1. With Cd-
substituted DHO, th&, for TDO is significantly lower than
0.0 1 1 1 1 it is for the hydrolysis of dihydroorotate. In addition, the
240 260 280 300 320 value ofk.a/Kn for the hydrolysis of TDO is 5-fold higher
Wavelength (nm) than it is for the hydrolysis of dihydroorotate.

FiGURE 2: Time course for the hydrolysis of TDO at pH 8.0. TDO pH—Rate Profiles.lonizations within the active site of
absorbs with a pH maximum at 280 nm. After the addition of 0.2 pHOQ that are critical for the maintenance of catalytic activity

M DHO, spectra were recorded at 2, 4, and 12 min. The . o . o A
gbsorbance Enaximum at 280 nm diminishes with time and is Were identified by measuring the kinetic constants in both

replaced by an absorbance maximum at 250 nm that is consistenth€ forward and reverse directions as a function of pH. The
with the formation of the thio acid analogue of carbamoyl aspartic pH—rate profiles showing the dependence of the kinetic

acid. parametersk.a and keofKm, were determined for all three

of dihydroorotate has been reported to be a potent inhibitor Substrates, and the plots are presented in Figure 3. The log
of the eukaryotic DHO from hamster, this compound was ket and logkea/Km versus pH profiles (Figure 3A,B) with
found to be a reasonably good substrate for the bacterialcarbamoyl aspartate as the substrate show that a single group
enzyme 8). Shown in Figure 2 are the time courses for the Mmust beprotonatecdfor optimal activity. The pH-rate profiles
changes in absorbance after the addition of DHO to a solution for the hydrolysis of either dihydroorotate or TDO indicate
of TDO. There is a disappearance of the absorbance at 28¢hat a single group that must beprotonatedor activity is

nm that is coupled with the appearance of a new speciescritical for catalytic activity (Figure 3€F). The pH-rate

that absorbs at250 nm. This observation is consistent with Profiles for the hydrolysis and synthesis of dihydroorotate
the formation of the thio acid ana|ogue of Carbamoy| were measured for the Co/Co-substituted enzyme, and the
aspartate since the absorbance maximum of thioglycine isfesults are also presented in Table 2. For the hydrolysis of
reported to be 247 nmi{). The formation of the hydrolyzed  dihydroorotate, the kineticky values observed for the effect
thio acid product was confirmed with mass spectrometry by 0f pH onkearandkea/Km are shifted to higher values relative
monitoring the appearance of a new Compound withmén to the FKa values determined with the Zn/Zn-substituted
0f 190.97. This value for the product is 18 mass units greater €NZyme.

than that for the parent TDO and is consistent with the  Sobent Deuterium Isotope Effectfhe pH-rate profiles
addition of water to the thioamide substrate. At pH 8.0, TDO for the Zn-substituted enzyme for the hydrolysis and
is hydrolyzed at a rate that is 23-fold slower than the rate of synthesis of dihydroorotate were measured in the presence
dihydroorotate hydrolysis, and the kinetic constants are of D,O, and the kinetic K, values are presented in Table 2.
presented in Table 1. The equilibrium constant for the In general, the kinetick, values are shifted to slightly higher
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Ficure 3: pH dependence of the reactions catalyzed by
thiodihydroorotate (E and F) as the varied substrate.

Table 2: Kinetic K, Values from pH-Rate Profiles and Solvent
Isotope Effectd

pK solvent isotope effects
substrate  solvent  kea KealKm Pheat PkealKm
carbamoyl  H,O 8.2+0.1 7.1+0.1 19+0.2 1.7+0.1
aspartate
D,O >85 7.1+ 0.2
HO° 7.840.2 7.0+:0.2
dihydro- H,O 6.0+0.1 6.2+0.2 25+0.1 1.1+0.1
orotate
D20 58+0.1 7.2+0.1
H,O> 6.9+0.1 7.6+0.1
thiodihydro- H,0O 55+0.2 64+0.1 23+01 1.6+0.1
orotate
D20 59+0.1 6.4+0.3

aZn-substituted DHO was utilized for these experiments atG0
except as noted.Co-substituted DHO was utilized for these experi-
ments. The K. values were obtained by a fit of the data to eq 2 or 3.
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DHO with carbamoyl aspartate (A and B), dihydroorotate (C and D),

aspartate and TDO. The solvent isotope effects were slightly

smaller onk.o/Kn, with values ranging from 1.1 to 1.7.
Site-Directed MutagenesisThe role of specific amino

acids in the binding and catalytic interconversion of sub-

strates in DHO was addressed by site-directed mutagenesis.

The X-ray structure of DHO shows that tloecarboxylate
group of dihydroorotate is coordinated to the active site via
multiple electrostatic interactions to Arg-20, Asn-44, and His-
254 as illustrated in Figure 4. Mutation of substrate-binding
residues Arg-20, Asn-44, and His-254 had a significant effect
on the catalytic activity, and the kinetic constants are
presented in Table 3. The H254N variant had less than 1%
of the activity possessed by the wild-type enzyme. A similar
reduction in catalytic activity was obtained with the N44A
mutant enzyme. The R20M mutant was inactive, but the
R20K variant retained significant activity, withla, value
of 15 s'L.

It has been postulated that the side chain carboxylate of
Asp-250 shuttles the proton from the bridging hydroxide to

values relative to the values obtained for the same parametethe leaving group amide of carbamoy! aspartate during the

measured in BD. Similar trends are observed for the

interconversion of the substrate and produbj. (Five

hydrolysis of TDO. The pH-dependent equilibrium constant variations of the residue at position 250 of DHO were

for the interconversion of carbamoyl aspartate and dihydro- constructed and characterized using carbamoyl aspartate as

orotate precluded the accurate measurement of the kineticthe substrate. The conservative replacement in the D250E
constants for formation of dihydroorotate at pH values greater mutant had the highest activity withka, of 12 s%, relative

than 8.2 in BO. The solvent deuterium isotope effects were to a turnover number of 160 5for the wild-type enzyme.
measured for all three substrates in the pH-independentThe catalytic activity of the D250S mutant was diminished
region of the pH-rate profiles, and the results are presented by a factor of 4000 in comparison with that of the wild-type

in Table 2. A solvent deuterium isotope effect-ef.1 was

enzyme. The turnover numbers for D250A, D250H, and

obtained onk.y for all three substrates. The largest effect D250N were reduced by more than 4 orders of magnitude

was found on thék., for the hydrolysis of dihydroorotate,

relative to that of the wild-type enzyme. The kinetic constants

and somewhat smaller effects were obtained for carbamoylare presented in Table 3. The piate profile for the D250S

or
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the substrate must be made more electrophilic by polarization
@,. of the carbonyt-oxygen bond, and (iii) the leaving group
nitrogen must be protonated as the carboitrogen bond
‘. ! is cleaved. The catalytic properties of the wild-type enzyme
and selected mutants of DHO are consistent with a chemical
@ mechanism that incorporates all three forms of substrate
activation.
Dihydroorotate Activation of Sobent Water The X-ray structure of DHO
in the presence of bound dihydroorotate reveals that there is
09 a single solvent molecule associated with the binuclear metal
center. The lone molecule from the solvent is found bridging
H , the two divalent cations as illustrated in Figure 1. ThepH
* rate profile for the enzymatic hydrolysis of dihydroorotate
shows that a single group associated with the protein must

] be unprotonated for catalytic activity. The loss of catalytic
functionality as the pH is lowered is consistent with the
Arg-20 protonation of the hydroxide that is proposed to bridge the
. two divalent cations within the active site of DHO. However,
Is-254 these kinetic studies do not unambiguously address the
protonation state of the solvent molecule that bridges the
two divalent cations. Nevertheless, in the direction of
FiGURe 4: Representation of the electrostatic interactions between dinydroorotate hydrolysis, the kinetickp for the Zn-
thea-cafboxy?ate of dihydroorotate and the side chains of Arg-20, substituted DHO is-6.1 forkee and kCa‘/K"." and is elevated
Asn-44, and His-254. The coordinates were taken from Thoden et {0 6.9 and 7.6 fokear andkea/Kp, respectively, for the Co-
al. (5) and obtained from the Protein Data Bank (entry 1J79).  substituted DHO. Therefore, the specific metal ion associated
with the binuclear metal center dictates th€, ffor the loss
Table 3: Kinetic Parameters for Mutants of Dihydroorotase of catalytic activity at low pH. These results differ from what
Kear (579 Ko (MM) KeadKen (M1 5°9) was found with the hamster enzyme as it was reported that

the kinetic K, in the direction of dihydroorotate hydrolysis

il 160+ 1.7+0.2 1.5(0.2)x 1 ; . ) .
V.X'Z%E,fe <%(')01b8 ne 0 nd? (0.2p 16 did not change S|gn|f|cantly as the divalent cation was
D250E 12+ 1 1.940.3 6.3 (0.3)x 10° substituted with other metal iong)(

D250H =0.0P nd nc The pH-rate profile is different in the direction for the

nggg Bodgl& 0.002 %OPS o1 Zd; (0.1)x 10! synthesis of dihydroorotate from carbamoyl aspartate. Activ-
R20Q <00P ne ' nk ity is lost as some group within the active site loses a proton.
R20K 15+1 0.9+0.1 1.7 (0.1)x 10* Microscopic reversibility dictates that this is the same group
R20M <8-812 ng ng that must be unprotonated for catalytic activity during the
N44A <0.0F n n R : o : ; : .

H254N “0.0P neba ne hydrolysis reaction. Optimization of the biosynthetic reaction

would require the protonation of the bridging hydroxide
Carabg:ﬁokli”:;icar‘;gtr‘éslt\lag‘ttzggg:ifg y r;)eésaﬁéz ;?rthtze d:é‘é'iiz:r:icl’i?m?f followed by dissociation of the resulting water molecule upon
of the assyay. TF;Iese experiments were conducted at a carbamoyl asparta{pe binding of carbamoyl aspartate. Thls conclusion s
concentration of 10 mM. supported by the X-ray structure of DHO in the presence of
carbamoyl aspartat®). In this enzyme-substrate complex,
the carboxylate group of carbamoyl aspartate was found
Ef)ridging the two divalent cations. There was no other water
molecule coordinated to either metal ion. The kinetiG, p
values measured fd./Km, with the Zn-substituted DHO in
DISCUSSION Fhe. two directions are not th.e same, and thus, theT apparent
ionization constant for the bridging water or hydroxide must
The three-dimensional X-ray structure of DHO has be influenced by the stickiness of one or both of the
provided a unique view of the active site of this enzyme substrates18). From the relative values df, andkea/Kn
and the manner in which dihydroorotate and carbamoyl for carbamoyl aspartate and dihydroorotate, it is likely that
aspartate are associated with the binuclear metal cejter ( dihydroorotate is stickier than carbamoyl aspartate.
The trapping of the substrate and product within a single Polarization of the Substrat@he activation of dihydro-
protein crystal has enabled a relatively rare glimpse of the orotate as an electrophile is expected to be enhanced through
molecular interactions of the two reactants in an enzymatic polarization of the carbonyl group of the substrate. Com-
transformation immediately before and after the bond-making plexation of dihydroorotate in the active site of DHO via a
and bond-breaking events. This image of the active site hasdirect interaction of the carbonyl oxygen with the metal
laid the groundwork for the proposed reaction mechanism center would diminish the electron density at the carbon
and subsequent biochemical verification. The reversible center and facilitate nucleophilic attack by the bridging
hydrolysis of dihydroorotate likely requires three modes of hydroxide. This type of substrate activation is observed in
catalysis by DHO: (i) the hydrolytic water molecule must the crystal structure of dihydroorotate bound to the Zn-
be activated for nucleophilic attack, (ii) the amide bond of substituted DHO. In this structure, the carbonyl oxygen is

mutant was measured using carbamoyl aspartate as th
substrate. The kinetic Ky for the group that must be
protonated for activity was found to be 7400.1.
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Scheme 3
(@, H_H A2
PP <= Y ©
N ™HS TN
Dihydroorotate l Carbamoy! Aspanatel
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. oﬂ@»o§ /\ﬁ/ @
Dihydroorotate LA, o 063 0o
Asp-250 oot e NH, ¢
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Ficure 5: Relative orientation of Asp-250 and the hydroxide that | H/
bridges the two divalent cations within the active site of dihydro- H g ,f'_oe
orotase (PDB entry 1J79). The proposed orientation of the hydrogen o
is shown for the purposes of discussion only.

2.9 A from the-metal ion. The direct interaction of the /\céo“@ @ @
metal center with the carbonyl oxygen of the amide bond to JQ P JQ & Yo
be cleaved is also supported by the kinetic properties of DHO Hm H

upon substitution of sulfur for oxygen in the substrate using

TDO. The more easily polarized sulfur is expected to form 0)\ c/°9

a complex better with the softer cadmium than with the |!| g

harder zinc. In the cadmium-substituted enzyme kthém,

U

for TDO is 5-fold higher than with the Zn-substituted DHO,

whereas with the Zn-substituted DHO, thHe./Kn, for ~ l

dihydroorotate is 1 order of magnitude higher than it is for c”

TDO. i ? o'@'o
Protonation of the Leaing Group During the hydrolysis NH, S¢” \/J;\ |!|

of dihydroorotate, the amide nitrogen must be protonated. S0 Hu

Conversely, during the synthesis of dihydroorotate, a proton N 0)\ 0,06

must be abstracted from the attacking amide nitrogen. In the W L0 [ i

X-ray structure of DHO, there are no aeilase groups that o H 0

can facilitate this proton transfer except for Asp-250 from

strand 8 that is also ligated to themetal ion. This residue  the bridging hydroxide Z0). The solvent isotope effects
has been proposed as the group that shuttles the proton frommeasured for the formation and hydrolysis of dihydroorotate
the bridging hydroxide to and from the substrate and product are modest. At this point, it is not possible to determine if
during the course of the reactioB)( Shown in Figure 5is  this reflects the effect of deuterium on the proton transfer
a representation of the active site of DHO showing the during substrate attack or whether this is a reflection of the
relative positions of dihydroorotate, Asp-250, the two diva- recharging of the binuclear metal center from water after
lent cations, and the bridging hydroxide. In this structure, each turnover of the substrate.

the hydroxide that bridges the two divalent cations is poised  Substrate Binding Interaction$he exocycliax-carboxyl-

to attack the carbonyl carbon of the bound dihydroorotate. ate group of dihydroorotate is bound to the protein via
If one positions the bound hydrogen and the remaining lone electrostatic interactions with the side chains of Arg-20, Asn-
pair attached to the oxygen in a tetrahedral arrangement with44, and His-254. Mutation of any of these residues abolishes
regard to the ligation to the two divalent cations, then the the ability to cyclize carbamoyl aspartate to dihydroorotate
hydrogen is logically placed in a hydrogen bonding interac- with the single exception of the replacement of Arg-20 with
tion with the carboxylate from Asp-250 and the lone pair is lysine. Loss of enzymatic activity was also seen when the
oriented directly toward the carbonyl carbon. The essential homologous residues were mutated in the hamster enzyme
nature of Asp-250 for proton transfer reactions was addressed 19, 21). It is clear from these results that the active site of
via site-directed mutagenesis. This residue was substitutedDHO has a rather stringent requirement for substrate binding.
with alanine, glutamate, histidine, asparagine, and serine. Ofln this regard, we have attempted to hydrolyze dihydrouracil
these residues, the substitution with glutamate was the onlywith the wild-type DHO without success.

perturbation that was tolerated at this position with any  Mechanism of ActioriThe characterization of the catalytic
significant catalytic activity. The D250E mutant retained properties of the wild-type and mutated forms of DHO
7.5% of the value ok, compared to the wild-type DHO  coupled with the high-resolution X-ray crystal structure has
from E. coli. In the hamster enzyme, mutation of the provided sufficient insights for the assembly of a self-
homologous aspartate residue to glutamate resulted in anconsistent chemical mechanism for the interconversion of
enzyme that had k., that was less than 10% of that of the the substrate and products within the active site of this
wild-type enzyme and experienced a 14-fold incread€;in  enzyme. The reaction mechanism is presented in Scheme 3.
(19). The aspartate from strand 8 that resides in the active For the hydrolysis of dihydroorotate, it is proposed that the
site of the related enzyme phosphotriesterase has also beeactive form of the enzyme is one in which a hydroxide is
demonstrated to be involved in proton transfer reactions with bridging the two divalent cations within the enzyme active
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site. Dihydroorotate binds to the binuclear metal center where
the carbonyl oxygen is ligated to tifemetal which polarizes
the carbonyl group. This orientation is supported by the X-ray
structure of the bound dihydroorotate and the relative kinetic
properties of the thio-substituted dihydroorotaig Nucleo-
philic attack by the bridging hydroxide is facilitated by the
transfer of the proton from the hydroxide to the carboxylate
coordinated to thex-metal ion. A tetrahedral adduct is
formed that bridges the two divalent cations. Collapse of
the tetrahedral adduct occurs with protonation of the amide

nitrogen and cleavage of the carbeamitrogen bond. The 10.

resulting carbamoyl aspartate is coordinated to the binuclear
metal center via the newly formed carboxylate group. This
structure is supported by the X-ray structure of the bound

carbamoyl aspartates). The product is released, and the 11.

binuclear metal center is recharged with hydroxide via a
process that has not been addressed by the experiments
presented in this paper. In the reverse direction, the carbam-
oyl aspartate binds to the protonated form of the enzyme

with the release of a bound water molecule. In this direction, 13.

the reaction is initiated by the abstraction of a proton from
the amide nitrogen by the carboxylate of Asp-250 concomi-

tant with nucleophilic attack of the amide nitrogen on the 4

carboxylate of carbamoyl aspartate that is bridging the
binuclear metal center.
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