
Thermodynamic Analysis of Catalysis by the Dihydroorotases from Hamster and
Bacillus caldolyticus, As Compared with the Uncatalyzed Reaction†

Danny T. Huang,‡ Jacob Kaplan,§ R. Ian Menz,| Vittorio L. Katis,⊥ R. Gerry Wake,§ Feng Zhao,#

Richard Wolfenden,# and Richard I. Christopherson*,§

School of Molecular and Microbial Biosciences, UniVersity of Sydney, Sydney, New South Wales 2006, Australia, and
Department of Biochemistry and Biophysics, UniVersity of North Carolina, Chapel Hill, North Carolina 27599-7260

ReceiVed March 26, 2006; ReVised Manuscript ReceiVed May 8, 2006

ABSTRACT: Dihydroorotase (DHOase, EC 3.5.2.3) from the extreme thermophileBacillus caldolyticus
has been subcloned, sequenced, expressed, and purified as a monomer. The catalytic properties of this
thermophilic DHOase have been compared with another type I enzyme, the DHOase domain from hamster,
to investigate how the thermophilic enzyme is adapted to higher temperatures.B. caldolyticusDHOase
has higherVmax and Ks values than hamster DHOase at the same temperature. The thermodynamic
parameters for the binding ofL-dihydroorotate were determined at 25°C for hamster DHOase (∆G )
-6.9 kcal/mol,∆H ) -11.5 kcal/mol,T∆S) -4.6 kcal/mol) andB. caldolyticusDHOase (∆G ) -5.6
kcal/mol,∆H ) -4.2 kcal/mol,T∆S) +1.4 kcal/mol). The smaller enthalpy release and positive entropy
for thermophilic DHOase are indicative of a weakly interacting Michaelis complex. Hamster DHOase
has an enthalpy of activation of 12.3 kcal/mol, similar to the release of enthalpy upon substrate binding,
rendering thekcat/Ks value almost temperature independent.B. caldolyticusDHOase shows a decrease in
the enthalpy of activation from 12.2 kcal/mol at temperatures from 30 to 50°C to 5.3 kcal/mol for
temperatures of 50-70 °C. Vibrational energy at higher temperatures may facilitate the transition ESf
ESq, makingkcat/Ks almost temperature independent. The pseudo-first-order rate constant for water attack
on L-dihydroorotate, based on experiments at elevated temperature, is 3.2× 10-11 s-1 at 25°C, with ∆Hq

) 24.7 kcal/mol andT∆Sq ) -6.9 kcal/mol. Thus, hamster DHOase enhances the rate of substrate
hydrolysis by a factor of 1.6× 1014, achieving this rate enhancement almost entirely by lowering the
enthalpy of activation (∆∆Hq ) -19.5 kcal/mol). Both the rate enhancement and transition state affinity
of hamster DHOase increase steeply with decreasing temperature, consistent with the development of
H-bonds and electrostatic interactions in the transition state that were not present in the enzyme-substrate
complex in the ground state.

Dihydroorotase (DHOase)1 catalyzes the reversible cy-
clization of N-carbamyl-L-aspartate (CA-asp) toL-dihydro-
orotate (DHO) in the third reaction of the pathway for de
novo biosynthesis of pyrimidine nucleotides. In prokaryotes,
the enzyme is monofunctional, while in higher eukaryotes,

it is part of a trifunctional protein called CAD, that contains
the first three enzymes of the pyrimidine pathway in the
sequence H3N+-CPSase-DHOase-bridge-ATCase-COO-

(1-3). Phylogenetic analysis of amino acid sequences of
DHOases shows two types that share a common ancestor
with other amidohydrolases (4). Type I DHOases are larger
(∼45 kDa), may contain one zinc ion at the active site, and
include the DHOase domain from trifunctional CAD (5) and
the monofunctional enzymes fromBacillus caldolyticus
(studied here) andAquifex aeolicusfor which there is a three-
dimensional structure (6). Type II DHOases are smaller (∼38
kDa) and contain two zinc ions at the active site, bridged by
a carboxylated lysine residue, exemplified by the DHOases
from Clostridium oroticum(7) andEscherichia colifor which
there is a three-dimensional structure (8, 9).

The crystallographic structure of the type I DHOase from
A. aeolicusshows a single zinc atom bound by two histidine
residues, an aspartate, and a hydroxide ion derived from a
water molecule (6). A similar arrangement with a single zinc
coordinated by three histidines was proposed for the DHOase
domain of CAD from hamster (see Figure 4 of ref10). With
DHO bound at the active site, the oxygen of the C6 ring
carbonyl group interacts with the zinc, polarizing the CdO
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bond, and the coordinated hydroxide attacks the C6 carbonyl
carbon. Concurrently, the proton on the hydroxide transfers
to another aspartate residue at the active site, and a tetrahedral
intermediate, approaching the transition state in structure,
with two oxygen atoms at C6 forms an inner-sphere
coordination complex with the zinc. The proton on the
aspartate residue is transferred to N3 of the transition state
that then collapses with C-N bond scission. The importance
of an active site aspartate residue (D230 of hDHOase) in
catalysis has been tested and established by site-directed
mutagenesis (10). The conservative mutation D230E yielded
a mutant hDHOase with aKs for DHO increased 14-fold
and a Vmax reduced by 0.063-fold. The mutant enzymes
D230G and D230N were catalytically inactive. Thus, D230
is involved in both binding and catalysis.

In this paper, the thermodynamics of catalysis of the
reverse reaction DHOf CA-asp have been analyzed for
the type I DHOases from hamster andB. caldolyticus. The
DHOase fromB. caldolyticushas been subcloned, expressed,
and purified. The effects of temperature and inhibition of
these DHOases have been studied to gain a better under-
standing of substrate binding and catalysis at pH 8.0 where
the enzyme has maximal activity for the reverse reaction,
DHO f CA-asp (11). To analyze the proficiency of DHOase
as a catalyst, and its effects on the enthalpy and entropy of
substrate activation, we also examined the effects of changing
pH and temperature on the rate of DHO hydrolysis in water,
in the absence of a catalyst.

EXPERIMENTAL PROCEDURES

Materials and Methods. All water used was purified by
reverse osmosis followed by passage through a Millipore
reagent water system (Millipore Co., Bedford, MA) to give
a resistance of 18 MΩ. L-[2-14C]Dihydroorotate was syn-
thesized as described previously (15). Tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP) was from Pierce (Rockford,
IL). Factor Xa was from Novagen Inc. (Madison, WI). Ni-
NTA agarose resin was from Qiagen Pty Ltd. (Victoria,
Australia). The Poros Q anion-exchange column was from
Perseptive Biosystems (Foster City, CA). 5,5′-Dithiobis(2-
nitrobenzoic acid) (DTNB) was from Sigma Chemical Co.
(St. Louis, MO). 2-Oxo-1,2,3,6-tetrahydropyrimidine-4,6-
dicarboxylic acid (HDDP) was synthesized as described
previously (15).

Cloning of Dihydroorotase from B. caldolyticus (BcD-
HOase).The gene,pyrC, encoding DHOase fromB. cal-
dolyticuswas amplified by PCR from a plasmid, pSY18,
containing pyrB and pyrC, provided by Dr. J. Neuhard
[University of Copenhagen, Denmark (12)] with a forward
primer that introduced a factor Xa cleavage site. The PCR
product was cloned into the expression vector pETMCSIII,
which adds a hexahistidine tail to the N-terminus of the
expressed protein. The resulting plasmid was used to
transformE. coli BL21(DES/pLysS).

Mass Spectroscopy.Samples were applied to a Jupiter 5
µm C18 column (Phenomenex, Torrance, CA) and eluted
with a gradient of acetonitrile in 0.1% (v/v) acetic acid and
0.02% (v/v) TFA at a flow rate of 0.25 mL/min. The eluate
was analyzed by electrospray ionization mass spectrometry
using a Thermoquest LCQ classic mass spectrometer (Ther-
moquest, San Jose, CA).

OVerexpression and Purification of BcDHOase.The
recombinant strain ofE. coli was grown in L-broth containing
ampicillin (100µg/mL), chloramphenicol (25µg/mL), and
zinc chloride (0.1 mM) at 37°C. When the absorbance at
600 nm was∼0.8, the cells were induced with IPTG (250
µM) for 3 h, harvested, and lysed in buffer containing 20
mM Na‚Hepes (pH 7.5), 0.1 mM EDTA, 133µM PMSF,
leupeptin (2µg/mL), and pepstatin A (1µg/mL). After
centrifugation (39000g, 30 min, 4°C), the soluble fraction
was applied to a Ni-NTA agarose column (1× 5 cm) and
washed with a step gradient of imidazole at 10, 20, and 40
mM in 20 mM sodium phosphate buffer (pH 7.6) and 300
mM NaCl. The hexahistidine-tagged BcDHOase was eluted
with 250 mM imidazole and further purified on a Poros Q
column eluted with a 0-1.0 M NaCl gradient in 20 mM
Na‚Hepes (pH 7.5). The hexahistidine tag was cleaved by
incubating the tagged BcDHOase (0.2-1.0 mg/mL) with
factor Xa (1 unit cleaves 200µg of protein) in 20 mM Na‚
Hepes (pH 7.5), 100 mM NaCl, and 2 mM CaCl2 at 18°C
for 3-4 days. The cleaved BcDHOase was separated from
the tagged precursor by Ni-NTA chromatography (see above)
and stored in 20 mM Na‚Hepes (pH 7.5) at 4°C.

Gel Filtration of BcDHOase. Tagged BcDHOase after
purification on a Ni-NTA column was analyzed by chroma-
tography on a Sephadex G-75 column (1.0× 40 cm;
Amersham Pharmacia Biotech, Uppsala, Sweden) eluted with
20 mM Na‚Hepes (pH 7.5) and 0.3 M NaCl. Fractions were
assayed for DHOase activity and analyzed by native gel
electrophoresis and SDS-PAGE.

Preparation of Recombinant Hamster Dihydroorotase. E.
coli K strain SØ1263/pyrC-, transformed with the plasmid
pCW25, encoding the hamster DHOase domain with an extra
33 amino acid residues extending into the bridge region
(hDHOase), was grown and induced with IPTG as previously
described (38). hDHOase was purified from cell lysates by
chromatography on N-linked butylamine-agarose and DEAE-
Sephacel (38). Pure hDHOase was stored in 20 mM Na‚
Hepes (pH 7.3), 10% (v/v) glycerol, 0.1 mM EDTA, and 1
mM DTT at -20 °C.

Analysis for Disulfide Bonds.The number of free cysteines
and disulfide bonds in hDHOase and BcDHOase was
determined by titration with 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB). Incubation mixtures contained DHOase (10
nmol) in 50 mM Na‚Hepes (pH 7.4) in the presence or
absence of 6 M guanidine hydrochloride. The reaction was
initiated by addition of DTNB (0.15 mM), and the absor-
bance at 412 nm was monitored to a constant value. The
number of free cysteine(s) was calculated usingε412nm(NTB-

ion) ) 14150 M/cm, or 13700 M/cm in the presence of
guanidine hydrochloride (39).

Dependence of Enzyme Kinetics on Temperature.DHOase
was assayed in the degradative direction (DHOf CA-asp)
as described previously (15). Reaction mixtures (23µL)
containing 50 mM Na‚Hepes (pH 8.0), 5% (v/v) glycerol,
andL-[2-14C]DHO (0-400 µM for hDHOase; 0-1000µM
for BcDHOase) were preincubated at various temperatures
(25-50 °C for hDHOase; 25-90 °C for BcDHOase) for 3
min. Reactions were initiated by adding pure DHOase (2
µL; 2-10 ng for hDHOase and 0.4-2 ng for BcDHOase),
less than 15% of the [2-14C]DHO was consumed during the
assay, and aliquots (6µL) were spotted onto poly(ethylen-
imine)-cellulose chromatograms at 3, 6, and 9 min. Reaction
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velocities for CA-asp formation were determined by linear
regression to these three time points.Vmax andKs values at
various temperatures were calculated by nonlinear regression
of data at 10 DHO concentrations to the Michaelis-Menten
equation using Sigma-Plot (Jandel Scientific, Corte Madera,
CA).

CompetitiVe Inhibition.The interactions of the competitive
inhibitor HDDP (10, 15) with hDHOase and BcDHOase were
compared. Reaction mixtures (23µL) contained 50 mM Na‚
Hepes (pH 8.0), 5% (v/v) glycerol, andL-[2-14C]DHO
(concentration 5-foldKs) with varying concentrations of
HDDP (0-100 µM for hDHOase; 0-400 µM for BcD-
HOase), and the reaction was initiated by addition of DHOase
(2 µL). The reaction was assayed at 37°C (hDHOase and
BcDHOase) and 60°C (BcDHOase).Ki values for competi-
tive inhibition of DHOase by HDDP were determined by
fitting the data to eq 1, whereV is the measured initial rate,
V is the maximal rate,S is the DHO concentration,I is the
inhibitor concentration,Ks is the dissociation constant for
DHO, andKi is the inhibition constant.

Analysis of Thermodynamic Parameters. For the reaction
catalyzed by DHOase, it is assumed that catalysis is the rate-
limiting step and that all enzyme species are in rapid
equilibrium; i.e.,Ks ) Km. This assumption is substantiated
by a recent study of the13C and15N isotope effects for the
conversion of DHOf CA-asp using hDHOase and BcD-
HOase (M. A. Anderson, W. W. Cleland, D. T. Huang, C.
Chan, M. Shojaei, and R. I. Christopherson, manuscript
submitted for publication). The results indicated that the
chemistry of the DHOase reaction is at least partially rate-
limiting for hDHOase and BcDHOase.

The enzymic conversion of DHOf CA-asp can be
described as

The standard free energy change for formation of the ES
complex is given by

Keq ) 1/Ks; thus eq 3 can be written as

and

where ∆H° is the standard enthalpy change,∆S° is the
standard entropy change, andR is the gas constant (1.98 cal
mol-1 K-1). Combining eqs 4 and 5 we obtain

A plot of log Ks versus 1/T would give ∆H° for the
association, E+ S f ES. The∆G° for the association can
be calculated from eq 4 and hence∆S° from eq 5 (13).

The standard free energy of activation, ESf ESq, is given
by

and

whereh is Planck’s constant (6.624× 10-27 erg s),kB is the
Boltzmann constant (1.38× 10-16 erg K-1), andkcat is the
rate constant for the rate-limiting step of catalysis.∆Hq is
the enthalpy of activation, and∆Sq is the entropy of
activation. Combining eqs 7 and 8 we obtain

A plot of log(kcat/T) versus 1/T enables determination of∆Hq

from the slope.∆Gq can be determined from eq 7 and hence
∆Sq from eq 8 (40).

Circular Dichroism Spectroscopy. Experiments were car-
ried out with a Jasco J-720 spectropolarimeter, and all CD
spectra were obtained at 20°C in a 0.1 cm path length quartz
cell. Protein samples (0.1-0.2 mg/mL) were in 10 mM
potassium phosphate, pH 7.4. For thermal denaturation
experiments, the temperature of a water bath was increased
by 1 °C/min. Ellipticity was monitored at 194 nm under
reducing conditions (5 mM TCEP). For urea unfolding
experiments, protein samples (0.2 mg/mL) in urea (0-8 M)
under reducing conditions (5 mM TCEP) were monitored
for 3 min at 222 nm, and a mean ellipticity was obtained.
An aliquot of hDHOase or BcDHOase was removed and kept
on ice after treatment with urea. The DHOase activities were
then measured at 37°C as described earlier. The ability for
hDHOase and BcDHOase to refold after denaturation by urea
was analyzed by diluting protein samples treated with urea
(6 M for hDHOase and 8 M for BcDHOase) for 10 min,
10-fold with 10 mM potassium phosphate, pH 7.4, and 5
mM TCEP. Control protein samples (0.02 mg/mL) with or
without urea (6 M for hDHOase and 8 M for BcDHOase)
were used. CD spectra were obtained and ellipticities at 222
nm were compared to yield percentage of refolding. Both
hDHOase and BcDHOase cannot be refolded after prolonged
incubation with high concentration of urea.

∆Gu
H2O, the∆G for unfolding at zero denaturant concen-

tration, was determined by fitting data to the equation (14)

where m is a measure of the dependence of∆Gu on
denaturant concentration. The urea concentration required
for unfolding 50% of protein, [urea]1/2, is given by

Uncatalyzed Hydrolysis of DHO.In a typical experiment,
samples of DHO (0.01 M) dissolved in buffer (potassium
[2H]formate, [2H3]acetate, phosphate, borate, or carbonate,
0.1 M) were sealed under vacuum in quartz tubes and heated
for timed intervals in a Thermolyne 47900 furnace between
99 and 167°C. After cooling, the tube’s contents were diluted

V ) VS
(1 + I/Ki)Ks + S

(1)

E + S {\}
Keq

Ks
ESf ESq f E + P (2)

∆G° ) -2.303RT log Keq (3)

∆G° ) 2.303RT log Ks (4)

∆G° ) ∆H° - T∆S° (5)

log Ks ) ∆H°
2.303RT

- ∆S°
2.303R

(6)

∆Gq ) -2.303RT log
kcath

kBT
(7)

∆Gq ) ∆Hq - T∆Sq (8)

log
kcat

T
) - ∆Hq

2.303RT
+ log

kB

h
+ ∆Sq

2.303R
(9)

∆Gu ) ∆Gu
H2O - m[urea] (10)

[urea]1/2 ) ∆Gu
H2O/m (11)
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with 2H2O to which pyrazine had been added as an
integration standard for analysis by proton NMR. Apparent
first-order rate constants for reaction were determined from
the integrated intensities of carbon-bound protons (t 4.07
ppm, 5-H; d 2.91 and d 2.75 ppm, 6-H) of the substrate
remaining, plotted as a semilogarithmic function of time.
Similar results were obtained using ninhydrin to follow the
course of the reaction.

RESULTS

Characterization of BcDHOase.The gene encoding DHOa-
se from the extreme thermophileB. caldolyticuswas cloned
from the plasmid pSY18 (12) into pETMCSIII and overex-
pressed inE. coli BL21/pLysS. In contrast to the published
sequence (12), analysis of several independent clones showed
an extra GAG codon (underlined) between base pairs 1410
and 1411 [using numbering from pSY18 (12)] or 126 bp
from the 5′-end of the gene, making the amino acid sequence
Ala39-Asn40-Glu41-Glu42-Asp43. Mass spectroscopy showed
that BcDHOase with the hexahistidine tag has a molecular
weight of 48085.1( 1.4 compared with a calculated
molecular weight (including Glu42) of 48085.53. The tagged
BcDHOase contained approximately 1.0 zinc atom per
subunit measured by atomic absorption spectroscopy, con-
sistent with a type I DHOase as proposed by Fields et al.
(4).

Tagged BcDHOase was purified by chromatography on a
Ni-NTA column, followed by a Poros Q anion-exchange
column. Pure tagged BcDHOase eluted from a Sephadex
G-75 column after the void peak, consistent with monomeric
BcDHOase (48 kDa). The 6×His-tagged BcDHOase had the
MHHHHHHSSGHIEGRV start sequence at the N-terminus
with the proposed factor Xa cleavage site at the arrow. The
tagged precursor DHOase (Mr ) 48085) was digested with
factor Xa to yield a product (Mr 46915) corresponding to
the SGHIEGR start sequence at the N-terminus determined
by mass spectrometric analysis. It appears that the N-terminus
may be buried preventing cleavage at the engineered factor
Xa site. Subsequent studies have shown that the BcDHOase
with the full tag, seven amino acid partial tag, or the wild-
type enzyme has identical catalytic properties. BcDHOase
contains seven cysteine residues; titration with DTNB
showed three disulfide bonds and one buried cysteine.
hDHOase has six cysteines; DTNB titration showed one
disulfide bond, three buried cysteines, and one exposed
cysteine.

Effects of Temperature on Catalysis. Vmax andKs values
for hDHOase and BcDHOase at pH 8.0 were determined at
temperatures from 25 to 50°C and 25-70 °C, respectively.
A plot of log Ks versus 1/T was used to determine∆H° for
substrate binding, E+ S f ES (Figure 1), and∆G° and
∆S° were determined from eqs 4 and 5. A plot of log(kcat/T)
versus 1/T was used to determine∆Hq, the enthalpy of
activation (ESf ESq, Figure 2); the other thermodynamic
activation parameters,∆Gq and∆Sq, were then determined
from eqs 7 and 8. Values for these parameters are listed in
Table 1. The contributions of enthalpy and entropy to∆G°
for formation of the Michaelis complex (E+ S f ES) are
different for hDHOase and BcDHOase. BcDHOase has a
positive entropy (T∆S°) for binding of DHO while hDHOase
has entropy loss with a higher release of enthalpy (Table 1).

The plot of log(kcat/T) versus 1/T (Figure 2) shows two
different slopes for BcDHOase in the ranges 30-50 °C and
50-70 °C, yielding enthalpies of activation (∆Hq) of 12.2
and 5.3 kcal/mol, respectively. The former is similar to that
for hDHOase. BcDHOase could have an even higher
enthalpy of activation at temperatures below 30°C (Figure
2). At higher temperatures, BcDHOase exhibits a more
negative value forT∆Sq (Table 1), due to increased ordering
of the protein and/or solvent water in passing from the ground
state to the transition state. For both enzymes, theVmax and
Ks values increase with increasing temperature. BcDHOase
has higherVmax and Ks values at a particular temperature

FIGURE 1: Effect of temperature on the binding of DHO to
DHOases.Ks values for DHO were determined at the indicated
temperatures and data analyzed as described in Experimental
Procedures. Key: (b) hDHOase; (2) BcDHOase.

FIGURE 2: Plot of log(kcat/T) versus 1/T for DHOases.Vmax values
were determined at the indicated temperatures as described in
Experimental Procedures. Preincubation of hDHOase at reaction
temperatures greater than 37°C for 10 min prior to assay resulted
in a decrease in activity (O). The kinetic parameters obtained for
hDHOase at temperatures greater than 37°C up to 50°C were
determined in less than 10 min. Key: (b) hDHOase; (2) BcD-
HOase.
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compared with hDHOase. Figure 2 shows that BcDHOase
has optimal activity at 70°C similar to the optimal growth
temperature ofB. caldolyticus [72 °C (12)], while the
optimum for hDHOase is approximately 37°C. hDHOase
was assayed at temperatures up to 50°C where the enzyme
remained stable for 10 min. At the optimum temperature of
70 °C, BcDHOase has a higherkcat/Ks value compared with
hDHOase at 37°C (Table 1).

Thermal Denaturation.BcDHOase started to unfold at
temperatures greater than 70°C with a Tm of 79.5 °C
monitored by circular dichroism (ellipticity at 194 nm, Figure
3). Increasing temperature induced a significant reduction
in the ellipticity at 194 nm; there was little change from 200
to 230 nm, but two minima at 208 and 222 nm disappeared,
with a new minimum formed at 216 nm. We were unable to
obtain a definitive melting curve for hDHOase possibly due
to protein aggregation upon unfolding, but there was a
gradual decline in ellipticity above 40°C (data not shown).
Comparison of CD spectra of hDHOase at 20 and 90°C
showed a marked reduction in ellipticity at 190-200 nm at
high temperature. Using the hamster DHOase domain
obtained from limited digestion of CAD with elastase,
Hemmens and Carrey (13) found a sharp transition at 45°C
measured by circular dichroism at 222 nm. The recombinant
hDHOase domain used here contains an additional 33 amino
acid residues on the C-terminus extending into the bridge
region between the DHOase and ATCase domains. Thermal
denaturation was irreversible for hDHOase and BcDHOase.
The loss of enzymic activity observed at higher temperatures
for the two DHOases coincided with loss of secondary
structure indicated by decreases in ellipticity (Figure 3).

Denaturation with Urea.Figure 4 shows denaturation of
hDHOase and BcDHOase by increasing concentrations of

urea under reducing conditions, monitored by circular
dichroism at 222 nm and enzymic activity at 37°C. The
concentration of urea for half-maximal unfolding of BcD-
HOase, [urea]1/2, was 5.7( 0.5 M; them-value was 1.39(
0.09 kcal mol-1 M-1, determined from a two-state model of
denaturation (14) by fitting the data to eqs 9 and 10. The
∆Gu

H2O for unfolding is 7.94( 0.5 kcal/mol. The decrease
in enzymic activity coincided with the unfolding of BcD-
HOase by urea with half-maximal activity at a urea concen-
tration of∼5.7 M (Figure 4). Experimental data for hDHOase
were not consistent with a two-state model. The first
transition for denaturation of hDHOase in urea ([urea]1/2 ∼
3.8 M) corresponded to the loss of enzymic activity (half-
maximal activity at a urea concentration of∼3.3 M), and
the second transition could indicate a change in aggregation
state of the enzyme. The denaturation was partially reversible;
the initial circular dichroism of hDHOase and BcDHOase
was recovered to 70% and 75%, respectively. The activity
of hDHOase was not recovered from urea concentrations of
greater than 7 M. The data of Figure 4 show that BcDHOase
is more resistant to unfolding by urea than hDHOase.

Inhibition by HDDP.A transition-state analogue inhibitor,
HDDP (10, 15), was tested against hDHOase and BcD-
HOase, andKi values were determined (Table 2). At 37°C,
hDHOase binds HDDP (Ki ) 4.5 µM) more tightly than
DHO (Ks ) 22 µM), while BcDHOase binds HDDP (Ki )
83µM) only slightly more strongly than DHO (Ks ) 97µM).
This relationship between dissociation constants is similar
at 60°C for BcDHOase for HDDP (Ki ) 102µM) compared
with DHO (Ks ) 140 µM, Table 2). Preincubation of the
enzyme with HDDP for 15 min at 37 or 60°C prior to assay
had no effect on the degree of inhibition.

Spontaneous Hydrolysis of DHO.Samples of DHO (0.01
M) were dissolved in potassium [2H3]acetate buffer (pH 4.0
at 25°C, 0.1 M), sealed under vacuum in quartz tubes, and
heated for timed intervals at various temperatures between
99 and 167°C in a Thermolyne 47900 furnace. When the
disappearance of DHO was monitored by proton NMR, its
hydrolysis was found to proceed with first-order kinetics.

Table 1: Comparison of Kinetic and Thermodynamic Parameters
for DHO Hydrolysis by DHOases from Hamster andB. caldolyticus

parameter hDHOase BcDHOase

Vmax (µmol min-1 mg-1)a 3.9( 0.5 77.4( 4.5
Ks (µM)a 22 ( 4.7 195( 28
kcat/Ks (s-1 M-1)a 18300 31800
Ea (kcal/mol)b 12.9( 0.9

(25-50 °C)
12.8( 1.2

(30-50 °C)
6.0( 0.4

(50-70 °C)
∆Hq (kcal/mol) 12.3( 0.9

(25-50 °C)
12.2( 1.2

(30-50 °C)
5.3( 0.4

(50-70 °C)
T∆Sq (kcal/mol) -5.0 to-5.4

(25-50 °C)c
-4.3 to-4.5

(30-50 °C)c

-11.7 to-12.1
(50-70 °C)c

∆Gq (kcal/mol) 17.3-17.7
(25-50 °C)c

16.5-16.7
(30-50 °C)c

16.7-17.4
(50-70 °C)c

∆H° (kcal/mol)d -11.5( 3.1 -4.2( 0.8
T∆S° (kcal/mol)d -4.6 +1.4
∆G° (kcal/mol)d -6.9 -5.6

a Kinetic parameters were measured at pH 8.0, 37°C for hDHOase
and 70°C for BcDHOase.b Ea was determined from the plot of log
kcat versus 1/T where slope) -Ea/2.303R. c Two values were calculated
from eqs 7 and 8 in Experimental Procedures using the indicated lower
and upper temperatures.d ∆G°, ∆H°, and ∆S° are values for the
association E+ S f ES, where S is DHO.∆G° and ∆S° were
determined using eqs 4 and 5, respectively, at 25°C.

FIGURE 3: Thermal denaturation curve for BcDHOase. Protein (0.17
mg/mL) in 10 mM sodium phosphate, pH 7.4, and 5 mM TCEP
was monitored by circular dichroism at 194 nm with a ramp rate
of 1 °C/min.
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The results yielded a linear Arrhenius plot (Figure 5) with
an extrapolated rate constant of 3.2× 10-11 M-1 s-1 at 25
°C. Extrapolation of the results of similar experiments
conducted in other buffers (HCl, potassium [2H]formate,
phosphate, borate, or carbonate, 0.1 M) yielded values
indicating that this reaction, like other reactions of carboxylic
acid amides, is subject to specific acid and base catalysis
but is uncatalyzed at pH 4 (Figure 6). We infer that the
extrapolated rate constant of 3.2× 10-11 M-1 s-1 at 25°C
represents the pseudo-first-order rate constant for water attack
on DHO, based on unit water activity. The thermodynamics

of activation for this reaction are∆Gq ) 30.7 kcal/mol,∆Hq

) 24.7 kcal/mol, andT∆Sq ) -6.9 kcal/mol.

DISCUSSION

Most type I and II DHOases from different species exist
as dimers (5, 16-18), but the enzymes fromPlasmodium
bergheiandCrithidia fasciculataare monomeric (19). The
overexpressed BcDHOase fromB. caldolyticusinvestigated
here is predominately monomeric. Dilution ofE. coli
DHOase can lead to an unstable hyperactive monomer (20),
but the monomeric BcDHOase is stable during 6 months
storage at 4-10 °C. The monomeric form of BcDHOase
could be an adaptation by this organism to living at high
temperatures sufficient to dissociate a dimer.

The effects of temperature on binding of DHO by
hDHOase and BcDHOase and subsequent catalysis have
been compared. Table 1 shows that when hDHOase binds
DHO (E+ Sf ES), there is a substantial release of enthalpy
(-11.5 kcal/mol) and loss of entropy (T∆S ) -4.6 kcal/

FIGURE 4: Denaturation of DHOase with urea. Samples of enzyme (0.2 mg of protein/mL) were incubated in the indicated urea concentrations
in 10 mM sodium phosphate, pH 7.4, and 5 mM TCEP at 20°C for 30 min. Enzymic activities of samples were measured at 37°C
immediately after analysis by circular dichroism. Key: (A) hDHOase; (B) BcDHOase; (b) circular dichroism at 222 nm; (O) enzymic
activity.

Table 2: Dissociation Constants for Interaction of DHO and HDDP
with HDHOase and BcDHOasea

Ks (µM) Ki (µM) Ks/Ki

hDHOase (37°C) 22( 4.7 4.5( 0.7 4.9
BcDHOase (37°C) 97( 39 83( 9 1.17
BcDHOase (60°C) 140( 38 102( 4 1.37
a Ks values were obtained from nonlinear regression of reaction

velocities at ten different DHO concentrations to the Michaelis-Menten
equation.Ki values were obtained from Dixon plots at eight different
HDDP concentrations with 100µM [2-14C]DHO for hDHOase and 500
and 750µM [2-14C]DHO for BcDHOase at 37 and 60°C, respectively.
Data were fitted by nonlinear regression to eq 1.

FIGURE 5: Rate constants observed for the hydrolysis of DHO (0.01
M) in potassium [2H]acetate buffer (0.1 M, pH 4.0) plotted as a
logarithmic function of reciprocal temperature (kelvin).

FIGURE 6: Rate constants for the hydrolysis of DHO (0.01 M),
obtained by extrapolation to 25°C of Arrhenius plots as in Figure
1, plotted as a function of pH in buffers containing 0.1 M HCl,
potassium formate, potassium acetate, and potassium phosphate.
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mol), while BcDHOase releases a small amount of enthalpy
(-4.2 kcal/mol) with a small increase in entropy (T∆S )
+1.4 kcal/mol). Decreases in entropy may result from the
loss of rotational and translational entropies when DHO binds
to DHOase or ordering of solvent water by a more highly
charged ES complex (21, 22). The substantial release of
enthalpy observed on binding of DHO to hDHOase is
consistent with formation of hydrogen and electrostatic bonds
between the substrate and the active site leading to the
electron shifts of catalysis (23, 24). By contrast, for BcD-
HOase, the small release of enthalpy, small gain in entropy,
and highKs value for DHO suggest formation of few bonds
in a weakly interacting ES complex. Release of solvent
molecules during formation of ES may make a positive
entropy contribution augmented by less loss of rotational and
translational entropies when DHO binds to BcDHOase. The
thermodynamic data indicate different interactions for the
transition from E+ S f ES for hDHOase and BcDHOase.

As hDHOase and BcDHOase progress from the Michaelis
complex to the transition-state complex (ESf ESq), there
is a further decrease in entropy (Table 1), consistent with
increased polarity or some tightening of enzyme structure
(21). Williams et al. (10) proposed that the polarized carbonyl
at C6 of DHO is subject to nucleophilic attack by the zinc-
bound hydroxyl ion forming a tetrahedral oxyanion transition
state. We have subsequently shown that zinc-bound hydroxyl
ion is not involved in initial substrate binding, but with the
subsequent rate-determining step of catalysis (25). For
hDHOase, the release of enthalpy (-11.5 kcal/mol, E+ S
f ES) is almost balanced by the enthalpy of activation (12.3
kcal/mol, ESf ESq). The result is that in the temperature

range 25-50 °C kcat/Ks is almost temperature independent
(∆Hq ) 0.8 kcal/mol). A similar insensitivity ofkcat/Ks to
changing temperature has been reported for other enzymes,
including cytidine deaminase (26), carbonic anhydrase II
(27), lactate dehydrogenase (28), and ribonuclease A (29).

BcDHOase has enthalpies of activation (ESf ESq) of
12.2 and 5.3 kcal/mol in the temperature ranges 30-50 and
50-70 °C, respectively. Biphasic plots of log(kcat/T) versus
1/T (Figure 2) have also been observed for the Leu-Ile-Val
binding protein fromE. coli (30) and D-glyceraldehyde-3-
phosphate dehydrogenase fromMethanothermus ferVidus
(31), Thermotoga maritima(32), andThermoproteus tenax
(33). In the temperature range 30-50 °C, kcat/Ks is temper-
ature dependent (∆Hq ) 8 kcal/mol). As the temperature
increases above 50°C, kcat/Ks becomes almost temperature
independent (∆Hq ) 1.1 kcal/mol), suggesting that BcD-
HOase lowers the activation energy by forming a tighter
transition-state complex at higher temperatures, which
contributes to the greater loss of entropy. Above 50°C, the
thermophilic enzyme may channel vibrational energy more
effectively into the substrate, driving it toward the transition
state. This proposal is consistent with the natural environment
of B. caldolyticus, where the enzyme has evolved to be
catalytically efficient at high temperatures. The rigidity of
thermophilic enzymes at 25°C could restrict conformational
changes required for catalytic function (32, 34), explaining
the low catalytic efficiency of BcDHOase at low tempera-
tures. However, this low catalytic efficiency could equally
be attributed to a local decrease in conformational flexibility.

The transition-state analogue, HDDP, binds more strongly
to hDHOase than DHO, while HDDP binds marginally more

FIGURE 7: Alignment of amino acid sequences for DHOases from hamster andB. caldolyticus. Conserved amino acids are shown in bold;
those with an asterisk have been investigated by site-directed mutagenesis in hamster (10). The hamster DHOase sequence is for the core
domain isolated after limited digestion with elastase (13). The two sequences show 32% identity and 43% homology.
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strongly to BcDHOase than DHO, and the affinity of
BcDHOase for HDDP relative to DHO did not increase at
elevated temperatures (Table 2). This result suggests some
differences in the catalytic mechanisms of the two enzymes
and possibly in the transition states. The amino acid
sequences of hDHOase and BcDHOase (Figure 7) show 32%
sequence identity and 43% homology for hamster DHOase
without the 33 amino acid extension. The amino acid residues
conserved with other species may be involved in substrate
binding and catalysis, suggesting common aspects of the
catalytic mechanism. Available structural data show that
thermophilic proteins are strikingly similar to their mesophilic
counterparts in their basic topology, activity, and catalytic
mechanism (35).

Increasing temperature or urea concentration resulted in
loss of DHOase activity due to unfolding of the protein
indicated by the change in molar ellipticity. As expected,
BcDHOase is more stable than the hDHOase with values
for Tm of 79.5°C versus∼40°C and [urea]1/2 of 5.7 M versus
∼3.8 M, respectively. The recombinant hamster DHOase,
purified after limited digestion of CAD with elastase, gave
a smooth unfolding transition centered at 45°C with a
smaller transition at 70°C (13). By contrast, the recombinant
hDHOase studied here did not give a definitive melting
curve, possibly due to observed aggregation. The additional
33 amino acids required for recombinant expression of active
hDHOase may induce precipitation during thermal unfolding.
Comparison of the amino acid compositions of hDHOase
and BcDHOase shows similar percentages of Pro, Asn, Gln,
Met, and Cys, but BcDHOase has more Ile residues (6.08%)
that could form clusters, compared with hDHOase (3.44%),
that could contribute to the stability of BcDHOase. Circular
dichroism spectra suggest that the content ofR-helix for
BcDHOase (50.5%) is higher than for hDHOase (39.8%),
contributing to the stability of BcDHOase.

The results for the uncatalyzed hydrolysis of DHO yielded
a linear Arrhenius plot (Figure 5) with an extrapolated rate
constant of 3.2× 10-11 s-1 at 25 °C. Extrapolation of the
results of similar experiments conducted in other buffers
(HCl, potassium [2H]formate, phosphate, borate, or carbonate,
0.1 M) yielded values indicating that this reaction, like other
reactions of carboxylic acid amides, is subject to specific
acid and base catalysis but is uncatalyzed at pH 4 (Figure
6). We infer that the extrapolated rate constant of 3.2× 10-11

s-1 at 25°C represents the pseudo-first-order rate constant
for water attack on DHO, with the activity of pure water
taken as unity. The thermodynamics of activation for this
reaction are∆Gq ) 30.7 kcal/mol,∆Hq ) 24.7 kcal/mol,
andT∆Sq ) -6.9 kcal/mol. Values of comparable magnitude
have been recorded for the uncatatalyzed hydrolysis of
similar bonds that join the elements of formamide, acetamide,
N-methylacetamide,N,N-dimethylacetamide, urea, simple
peptides, and the exocyclic amino group of cytidine (36).

Comparison of the kinetic constants for DHOase (Table
1), with this rate constant for the uncatalyzed hydrolysis of
DHO, indicates that hDHOase enhances the rate of substrate
hydrolysis by a factor of 1.6× 1014. The hamster enzyme
achieves this rate enhancement almost entirely by lowering
the enthalpy of activation (∆∆Hq ) -19.5 kcal/mol), while
the entropy of activation becomes only slightly more
favorable (T∆∆Sq ) +2.3 kcal/mol). That behavior, also
observed for several other one-substrate and hydrolytic

enzymes (37), implies that the rate enhancement and transi-
tion-state affinity of DHOase increase steeply with decreasing
temperature. Evidently the increase in affinity, as the
enzyme-substrate complex proceeds from the ground state
to the transition state, is accompanied by a substantial release
of enthalpy. That behavior is consistent with the development
of new polar forces of attraction (H-bonds and electrostatic
interactions) in the transition state that were not present in
the enzyme-substrate complex in the ground state.

CONCLUSIONS

DHO binds to hDHOase in the ground state with a low
Ks and a large release of enthalpy that could drive the
substrate toward the transition state. Thekcat/Ks value is
relatively insensitive to temperature. BcDHOase binds DHO
weakly with a highKs and small release of enthalpy. The
decrease in activation energy for BcDHOase from 12.8 to
6.0 kcal/mol above 50°C may be due to transition to a more
active conformation. At high temperatures, BcDHOase
acquires vibrational energy that could facilitate the transition
ES f ESq, making thekcat/Ks values almost temperature
independent. The rate enhancement for hydrolysis of DHO
by hDHOase compared with the uncatalyzed reaction is a
factor of 1.6× 1014.
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