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ABSTRACT. Dihydroorotase (DHOase, EC 3.5.2.3) is a zinc enzyme that catalyzes the reversible cyclization
of N-carbamylt-aspartate to-dihydroorotate in the third reaction of the de novo pathway for biosynthesis
of pyrimidine nucleotides. The recombinant hamster DHOase domain from the trifunctional protein, CAD,
was overexpressed Bscherichia coliand purified. The DHOase domain contained one bound zinc atom
at the active site which was removed by dialysis against the chelator, pyridine-2,6-dicarboxylate, at pH
6.0. The apoenzyme was reconstituted with different divalent cations at pH 7.4. Co(ll)-, Zn(l)-, Mn(ll)-,
and Cd(ll)-substituted DHOases had enzymic activity, but replacement with ®Qlir*, Mg?*, or Ca&"

ions did not restore activity. Atomic absorption spectroscopy showed binding of one Co(ll), Zn(Il), Mn(ll),
Cd(I1), Ni(l), or Cu(ll) to the enzyme, while Mg(ll) and Ca(ll) were not bound. The maximal enzymic
activities of the active, reconstituted DHOases were in the following order: Ce(Ep(Il) — Mn(ll) —

Cd(ll). These metal substitutions had major effects upon valueg.fgr effects upon the corresponding

Km values were less pronounced. Th&,palues of the Co(ll)-, Mn(ll)-, and Cd(ll)-substituted enzymes
derived from pH-rate profiles are similar to that of Zn(H)DHOase, indicating that the derivedp

value of 6.56 obtained for ZADHOase is not due to ionization of an enzynametal aguo complex, but
probably a histidine residue at the active site. The visible spectrum of Co(ll)-substituted DHOase exhibits
maxima at 520 and 570 nm with molar extinction coefficients of 195 and 210dwh—2, consistent with
pentacoordination of Co(ll) at the active site. The spectra at high and low pH are different, suggesting
that the environment of the metal binding site is different at these pHs where the reverse and forward
reactions, respectively, are favored.

Dihydroorotase (DHOask)xatalyzes the reversible cy- and analogues suggested that there was a zinc atom bound

clization of N-carbamylt-aspartate (CA-asp) to-dihydro- at the active siteq). The monofunctional DHOase from
orotate (DHO) in the third reaction of the pathway for the Clostridium oroticuntontains two zinc atoms per monomer
de novo biosynthesis of pyrimidine nucleotides. (6), while DHOase fronEscherichia colicontains one zinc
at the active site and two loosely bound structural zincs,
CA-asff +H'<DHO + H,O 1) which are not essential for activity), Removal of zinc from

the DHOases found i. oroticum(8, 9) andE. coli (10)
bolished enzymic activity which could be restored with
n?t, consistent with zinc bound at the active site with a

catalytic role.

Site-directed mutagenesis of amino acid residues conserved
between DHOases from different species has provided some
information about the active site and the mechanism of
catalysis 11, 12). For the hamster DHOase domain, His15
and His17 have been identified as zinc ligands and the third
ligand has been proposed to be His134 or His158 12).2
Arg19 and Lys239 were proposed to be involved in substrate
binding, possibly by forming electrostatic and hydrogen
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protein containing carbamyl phosphate synthetase (CPSase, EC 2.7.2.9fh€ car_bon_yl group of the triad. This mqtif is commonly
aspartate transcarbamylase (ATCase, EC 2.1.3.2), and dihydroorotaséound in zinc enzymes such as carbonic anhydrase (EC

(EC 3.5.2.3); DHOL-dihydroorotate; DHOase, dihydroorotase; DTT, 4.2.1.1) and adenosine deaminase (EC 3.5.4.4) where
dithiothreitol; EDTA, ethylenediaminetetraacetic acid; HDDP, 2-oxo-

1,2,3,6-tetrahydropyrimidine-4,6-dicarboxylate; MES,N2rorpho-
lino)ethanesulfonic acid; rDHOase, recombinant dihydroorotase; TCEP 2 Amino acid residues of DHOase were numbered according to the
HCI, tris(2-carboxyethyl)phosphine hydrochloride. published sequencd)(
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In prokaryotes, protozoa, and yeast, the enzyme is expresse
as a distinct polypeptide. In higher eukaryotes, it is part of
a trifunctional protein called CAD, which consists of the first
three enzymes of the pyrimidine pathway in the sequence
of HaN*t—CPSase DHOase-bridge-ATCase-COO™ (1—

3). The DHOase domain has been purified from hamster
CAD digested with elastase and found to be an 88 kDa dimer
containing one tightly bound zinc atom per subu#jt Time-
dependent inactivation of murine DHOase witltysteine
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glutamine and glutamate residues, respectively, contribute Preparation of Apo-DHOase and Metal Deatives of

the carbonyl of the triad1@, 13). DHOase The apoenzyme was prepared by dialyzing pure
We report here about the substitution of the zinc atom at rDHOase (+4 mg of protein/mL; 512 mL) against

the active site of the hamster DHOase domain with several chelating buffer (250 mL) containing 50 mM NEES, 25

divalent metal ions and detailed kinetic analyses of the mM pyridine-2,6-dicarboxylate, 1 mM EDTA, 30% (v/v)

resultant metatenzyme derivatives which provide informa- glycerol, 50 mM NaSQ,, and 0.5 mM DTT at pH 6.0 for 3

tion about the role of the bound Zn(ll) in catalysis. These days with two changes of fresh chelating buffer (250 mL)

derivatives of DHOase should enable further study of the at 24 and 48 h. The apo-rDHOase was concentrated to less

enzyme by spectroscopic techniques such as electronichan 3 mL using a Diaflo ultrafiltration cell and desalted by

absorption, circular dichroism, nuclear magnetic resonance,passage over a column of Sephadex G-25 (1.6<cA% cm)

and electron spin resonanck4( 15). eluted with column buffer [20 mM N&MES (pH 6.3), 20%
(v/v) glycerol, and 0.1 mM TCEP]. The apoenzyme eluted
EXPERIMENTAL PROCEDURES in the void volume was pooled and concentrated to ap-

Materials and MethodsAll the water that was used was ~Proximately 4.0 mg of protein/mL.
purified by reverse osmosis followed by passage through a Zn(lIl), Co(ll), Mn(ll), Cd(ll), Mg(ll), Ca(ll), Ni(ll), and
Millipore Reagent Water System (Millipore Co., Bedford, Cu(ll) derivatives of rDHOase were prepared by diluting the
MA) to give a resistance of 18 BA. Ethylenediaminetet-  apoenzyme (4.0 mg of protein/mL) 4-fold with 50 mM Na
raacetic acid (EDTA), 8-hydroxyquinoline-5-sulfonic acid, Hepes (pH 7.4), 30% (v/v) glycerol, and 0.1 mM TCEP, with
2-(N-morpholino)ethanesulfonic acid (MES), 1,10-phenan- a final divalent metal chloride concentration of 1081 Zn-
throline, and pyridine-2,6-dicarboxylic acid were purchased (I1), 500 M Co(ll), 1 mM Mn(ll), 200 M Cd(Il), 1 mM
from Sigma Chemical Co. (St. Louis, MO):[2-“C]DHO Mg(ll), 1 mM Ca(ll), 1 mM Ni(ll), or 200uM Cu(ll). The
and 2-oxo-1,2,3,6-tetrahydropyrimidine-4,6-dicarboxylic acid splutions were left at 4C, and the recoveries of enzymic
(HDDP) were synthesized as described previousy. (Tris- activities of the respective metal derivatives of DHOase were
(2-carboxyethyl)phosphine hydrochloride (TCEP) was from fo|lowed. When the activity was maximal and constant,
Pierce (Rockford, IL). All divalent metal ions that were used gxcess metal chloride was removed by Sephadex G-25
were the highest-reagent grade chloride salts from Sigma.:hromatography. The kinetic constants, metal content, and

To reduce zinc contamination, glassware and plasticware yotein concentration of each metal derivative of DHOase
were soakedi 1 M HCl and diluted Extran (a biodegradable \,ere determined.

phosphate-free, alkaline cleaning solution; Merck Pty Ltd., . . .
Victoria, Australia), respectively, for at least 3 h, and then Enzyme KineticDHOase was assayed in the degradative

rinsed thoroughly with water. Metal standards for atomic directi-on (D,HO_’ CA-asp) as (_jescribed previousiyg).
absorption spectroscopy were purchased from BDH Ltd. Réaction mixtures (23L) containing 50 mM NeHepes (pH
(Poole, U.K.). 7.4) and 5% (v/v) glycerol with varying concentrations of

Atomic Absorption Spectrophotomet&inc, cobalt, man- L'[Z'le]DHO (Z__ZOO“M‘ 54 C|/m(_)l)_ were premCL_Jbated
ganese, cadmium, magnesium, calcium, nickel, and copperat 37°C for 5 min. Reactions were mmqted by adding pure
were identified on a SpectrA&00 plus graphite furnace ~PHOase (2L, 10 ng of protein), and aliquots (a.) were
atomic absorption spectrophotometer (Varian, Palo Alto, SPotted onto poly(ethyleneimine)-cellulose chromatograms
CA). Five dilutions were made for each sample and standard, &t 5 min intervals. Reaction velocities were determined by
and duplicate samples of 20 were analyzed. Samples were in€ar regression to these three time points, RGN Vrmax
diluted with blank solution [water for zinc and 0.1% (v/v) Vvalues were calculated by nonlinear regression to the
HNO; for other metals] so they would fall within the ranges Michaelis-Menten equation using Sigma-Plot (Jandel Sci-
of the standard curves, which were as follows: zinc, .01 entific, Corte Madera, CA).

1.5 ppb; cobalt, 550 ppb; manganese, 6-6 ppb; cadmium, pH Studies and Data Analysi¥he initial velocities of
0.05-2 ppb; magnesium, 02 ppb; calcium, +6 ppb; metal derivatives of DHOase over the pH range of- 2%
nickel, 5-50 ppb; and copper,-550 ppb. Metal contentwas  were determined. The reaction mixtures were buffered with
determined by linear regression to data from the five dilutions Na-MES (pH 5.5-7), NaHepes (pH 78), or Tris-HCI (pH
of the standard and unknown. 8—9), and the concentration of DHO was maintained constant

Protein AssayProtein concentrations were determined by at 100 «M, well above the appareri,, value 6). The
the Bradford assay using bovine serum albumin as the reaction was initiated with 2L of enzyme (10 ng of protein),
standard 17). Alternatively, protein was quantified by and the mixture was incubated at 3Z for 5 min and then
absorbance at 280 nm using a molar extinction coefficient analyzed by thin-layer chromatography. Reaction velocities
of 29 800 M™* cm™* determined from the dry weight of pure  obtained at each pH value were fitted to eq1®)(using
DHOase. Sigma-Plot, where \(na)n is the maximal degradative

Preparation of Recombinant Dihydroorotase (rDHOase). reaction rate at a particular pMyaxis the maximal rate when
E. coli K strain 851263/pyrC, transformed with the  all the DHOase sites are in the appropriate ionic form, and
plasmid, pCW25, containing the hamster DHOase domain K is the acid dissociation constant for a catalytic residue at
with an extra 33 amino acid residues in the bridge region, the active site.
was overexpressed and purified as described previol8)y (

The pure protein was stored in 20 mM kepes (pH 7.2), VoaKa

10% (v/v) glycerol, 0.1 mM EDTA, and 1 mM DTT at20 Vinadh =~ (2)
°C. Kot [H]
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Table 1: Kinetic Parameter$or the Degradative Activity and
Metal Content of DHOase Derivatives

metaf content

10 metal (Vmaxu (umol Km (mol of metal/  displaced
derivative  min"img > (uM) mol of subunit) by zin¢®
native 2.15+0.08 7.2+0.7 1.02+0.03 (Zn) -
1 apo-rDHOase c - 0.01+ 0.03 (Zn) -

Zn—rDHOase 1.8%0.07 6.8+£0.9 0.96+ 0.07 (Zn) -
Co-rDHOase 2.5 0.07 3.6+£0.5 1.05+0.04 (Co) -
Mn—rDHOase 0.52:£0.02 5.3+1.1 0.984+ 0.02 (Mn) yes
Cd-rDHOase 0.25£0.02 9.1+2.6 0.98+ 0.11 (Cd) yes
Ni—rDHOase inactive - 1.014 0.02 (Ni) yes
Cu—rDHOase inactive - 0.98+ 0.04 (Cu) yes

aThe kinetic parameters were determined at pH 7.4 as described in

% Specific activity remaining

Time (days)

Ficure 1: Inactivation of DHOase in the presence of the chelators,
(a) pyridine-2,6-dicarboxylate and (b) EDTA, at various pH values. k - ; o >
rDHOase (4.0 mg of protein/mL) was dialyzed af@ against Experimental Procedure%(Vmayx is the maX|m{aI activity ata_parﬂcular
chelating buffer containing 25 mM pyridine-2,6-dicarboxylate or PH: ©Apo-rDHOase was prepared as described in Experimental Pro-
25 mM EDTA, 50 mM NaSOs, 30% (v/v) glycerol, 0.5 mM DTT, pedures and .ha}d Ifess th.’?\n 0.1% of the wild-type act&ﬂl&hg metal

and 50 mM NaMES or NaHepes: @) control, at pH 7.3 in the ion analyzed_ is |n_d|cated in parenthe_s‘éthgs_g mgtal derivatives were
absence of chelatorsCf pH 6.0, @) pH 6.5, or ©) pH 7.3. incubated with zinc and the enzymic activities increased.

DHOase activity was measured at the indicated times. The half-

lives for the loss of DHOase activity in the presence of 25 mM
pyridine-2,6-dicarboxylate were 2.5, 13, and 29 h at pH 6.0, 6.6
and 7.3, respectively.

droxyquinoline-5-sulfonate were unable to extract the zinc
" fully from the active site even at low pH (data not shown).

Protein precipitation was rapid at low pH close to the
20 — T isoelectric point of 5.748). We found that inclusion of 30%

o QO (v/v) glycerol and 50 mM NgBQO, in the chelating buffer

] kept the protein soluble and stable. The circular dichroism
spectrum shows that wild-type rDHOase consists of a mixture
of a-helix (36%) and3-sheet (41%), similar to the content
of the DHOase fragment isolated after the elastase digestion
of CAD (20). Removal of zinc from the active site had little
effect on the CD spectrum (data not shown), suggesting that
zinc is not required for the gross conformation of the enzyme.

Reconstitution of Apo-rDHOase with OtherRlent Metal
lons.Atomic absorption analysis shows that the recombinant
4 hamster DHOase domain contains 1.0 atom of zinc per
subunit, and dialysis of rDHOase against pyridine-2,6-
dicarboxylate yielded the apoenzyme containing 0.01 atom
of zinc per subunit with a specific activity of less than 0.1%
0.0¢ : L — of that of the original rDHOase (Table 1). Figure 3
0.0 Lo 20 3.0 4.0 demonstrates that upon addition of2ZZnCo**, Mn2*, or

Zn(II) added (mol of zinc/mol of subunit) Cc?' ions to the apoenzyme, the enzymic activity increases
FiGURE 2: Relationship between specific enzymic activity and molar to 130, 100, 30, or 14%, respectlvely, of the original af:thlty
ratio of zinc to subunit of hamster DHOase. Standardized concen- after 3 days, but prolonged incubation with excess divalent
trations of ZnC} and the apoenzyme were mixed as described in metal ions caused some inhibition. The concentrations of
Experimental Procedures and incubated dC4for 3 days. The ~ metal ions added to the apoenzyme (Experimental Proce-
DHOase activity was then determined. dures) were carefully chosen as high concentrations &f,Zn
RESULTS C02+_, _Cdf*, or C&** ions can cause immediate protein

precipitation.

Preparation of the Apoenzym€helators such as 1,10- Enzyme Kinetics and Metal Contefithe kinetic param-
phenanthroline, EDTA, and pyridine-2,6-dicarboxylate have eters of the metal derivatives of DHOase were measured in
been used for removal of zinc from the active sites of the the degradative direction at pH 7.4. Table 1 shows that all
DHOases fronC. oroticumandE. coli (8—10). In the study metal derivatives prepared contained approximately one atom
presented here, these chelators were tested for their abilityof metal per enzyme subunit, and thfg.x values were in
to remove zinc from the active site of the recombinant the following order: Co(ll> — zZn(Il)— — Mn(ll)— —
hamster DHOase domain. Figure 1a shows that dialysis of Cd(ll)-rDHOase; there was no measurable activity for
rDHOase against pyridine-2,6-dicarboxylate causes time- Ni(ll) — and Cu(ll-rDHOase. Mg(ll) and Ca(ll) were also
dependent loss of activity, promoted by lowering the pH. unable to restore enzymic activity, and atomic absorption
The decay of activity with time is coordinated with the loss spectroscopy showed that these two metal ions were not
of zinc from the active site; Figure 2 shows that DHOase bound to the enzyme. The low&fk,.x value observed for
activity is zinc-dependent and maximal when one zinc atom the reconstituted Zn(ltyrDHOase compared with the origi-
is bound per enzyme subunit. EDTA removed the zinc at nal rDHOase is probably due to irreversible protein dena-
pH 6.0, but the extraction time was too long and ineffective turation during dialysis at £C for 2 weeks. Mn(ll)-
at high pH (Figure 1b). 1,10-Phenanthroline also slowly rDHOase has a slightly lowé{, value for DHO than that
removed zinc at pH 6.0, but 8-hydroxyquinoline and 8-hy- of the wild-type enzyme; Cd(ItyrDHOase has a slightly

1.0

0.5

Specific activity (umol/min/mg protein)
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Ficure 3: Reconstitution of apo-rDHOase witld) Co(ll), (®)
Zn(ll), (@) Mn(ll), and @) Cd(ll). The apoenzyme (1.0 mg of
protein/mL) was incubated in 50 mM Ndepes (pH 7.4), 30%
(v/v) glycerol, 0.1 mM TCEP with 50@M CoCl,, 100uM ZnCly,

1 mM MnCl, or 100uM CdCl,. Enzymic activity was followed
as a function of time with 100% activity being equivalent to that
of the original native DHOase. Incubation with excess divalent
metal chloride after maximal activity was attained resulted in
inhibition of the enzyme.

12

higher K, and Co(ll}-rDHOase has a 2-fold loweK,
(Table 1). We also observed an increase in enzymic activity
for Mn(ll) —, Cd(Il)—, Ni(ll) —, and Cu(ll)-rDHOase upon
addition of zinc, suggesting displacement of metal ion at the
active site by zinc.

pH—Rate ExperimentsThe DHOase activity of mouse
CAD in the biosynthetic and the degradative directions is
pH-dependent, consistent with ionization of a catalytic
residue at the active site with &pvalue of 7.1 (9). Acidic
pH favors the biosynthetic reaction (CA-aspDHO), while
alkaline pH favors the degradative reaction (DHOCA-
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FiIGUrRe 4: Variation of logl/) with pH for the degradative reaction

catalyzed by metal derivatives of DHOase. The activities of (a)
Zn(ll)—rDHOase, (b) Co(Ih-rDHOase, (c) Mn(Il>-rDHOase, and

(d) Cd(ll)-rDHOase were determined at the indicated pH values
as described in Experimental Procedukés the turnover number

of the enzyme (moles of substrate converted per mole of active
site per second). The curves were generated using eq 2 with the
fitted parameters from Table 2.

Table 2: K, andVinax Values for the Degradative Activity of Metal
Derivatives of DHOase

metal Vinax
derivative Ka (umol~ min~t mg?)
Zn—rDHOase 6.56- 0.12 3.52+0.2
Co—rDHOase 6.83: 0.17 5.16+ 0.33
Mn—rDHOase 6.87-0.12 0.87+0.04
Cd-rDHOase 6.414-0.08 0.404-0.02

2 The K, andVmax vValues were obtained by fitting DHOase activities
at each pH value to eq 2 as described in Experimental Procedures.
Vmax denotes the maximal rate when all DHOase sites are in the basic
ionic form.

peaks, and molar extinction coefficients of greater than 300

asp). We found a similar dependence of degradative activity M~ cm™ (24). Six-coordinated (pseudo-octahedral) Co(ll)

on pH with Zn(ll)-rDHOase (Figure 4a), and &pvalue
of 6.56 was derived from fitting the data to eq 2 (Table 2).
To determine whether the metal ion at the active site

complexes are characterized by maxima at wavelengths
below 600 nm, little structure in the peaks, and molar
extinction coefficients of less than 50 ™Mcm™! (24). Five-

influences this pH dependence, the degradative activities ofcoordinated (any geometry) Co(ll) complexes typically have
the four active metal derivatives of DHOase were measured molar extinction coefficients between 50 and 200'Mm

between pH 5.5 and 9.0. The variation of lgpés a function
of pH for Co(ll)—, Mn(ll) —, and Cd(ll}-rDHOase reflects
a similar dependence of activity upon pH (Figure-4f) with
pKa values similar to that of ZzrRrDHOase (Table 2). In all
instances, the pHIlog(V) profiles reflect ionization of the
catalytic residue with alf, in the range of 6.46.9.
Absorption SpectralThe absorption spectrum of Co(H)

(24). At pH 8.0, there are two distinct maxima at 520 and
570 nm with molar extinction coefficients of 195 and 210
M-t cm™?, respectively, and a minimum at 550 nm £

180 M cm™), consistent with pentacoordination. At pH
6.0, the maximum at 520 nm and minimum at 550 nm
observed at pH 8.0 were absent, and the maximum at 570
nm was reduced to 60 M cm™, consistent with pentaco-

rDHOase was recorded at pH 6.0 and 8.0. Figure 5 showsordination. Addition of the DHOase inhibitor, 2-oxo-1,2,3,6-

the d—d transitions for Co(ll)-rDHOase from 400 to 700

tetrahydropyrimidine-4,6-dicarboxylate (HDDR; = 0.74

nm. The Co(ll) spectrum from 500 to 650 nm may be uM; 16), to Co(ll)-rDHOase at pH 8.0 induced an immedi-

complicated by light scattering due to high protein concen-
trations (8.5 mg of protein/mL21). To allow for such an
effect, a difference spectrum relative to the Zn(Il) enzyme
was obtained (Figure 22, 23). Four-coordinated (pseudo-

ate and marked change in the spectrum (Figure 5). The
maximum at 520 nm was reduced to a shoulder, and the
maximum at 570 nm had a molar extinction coefficient of
165 Mt cm?, indicative of pentacoordination possibly due

tetrahedral) Co(ll) complexes are characterized by absorptionto coordination of the two oxygens of the carboxylate at C6
maxima at wavelengths above 600 nm, strongly structured of HDDP to Co(ll) at the active sitel@).
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250 , . " T - subunit, using EDTA or 1,10-phenanthroline at pH &5 (
9). The zinc atom at the active site Bf coliDHOase could
only be removed completely using pyridine-2,6-dicarboxylate
at pH 5.0 (0). These observations suggest that the active
sites of the DHOases from these three species may have
different affinities for zinc.

Reconstitution of apo-rDHOase with zinc, cobalt, man-
ganese, or cadmium restored enzymic activity. The order of
Vmax Values for the metal derivatives of DHOase was as
follows: Co(ll)— — zZn(I)— — Mn(ll)— — Cd(Il)—
rDHOase. Co(ll) has been used to replace Zn(ll) in a number
of zinc-enzyme complexes, and in many cases, full catalytic
activity was restored7). Zinc and cobalt have similar ionic
radii and readily accept distorted geometries in model
complexes with coordination numbers of four to sB7<{

29). Cobalt, being a timetal ion, is an exceptional probe
for studying the metal environment at the active site of
= . . DHOase. The electronic absorption spectra of Ce(ll)
400 500 600 700 rDHOase at high and low pH (Figure 5) are consistent with
Wavelength (nm) pentacoordinate geometry about the bound cobalt. This
FiGURe 5: Visible absorption spectra of Co(tyDHOase at high geomeFry_ C_OUId_ arise from coordination of the cobalt by the
pH (solid line) and low pH (dotted line), and in the presence of three histidine |IgandS and two water molecules. The Crystal
HDDP (dashed line). The spectra of CofitDHOase (8.5 mg of  structure of Co(ll)-thermolysin (EC 3.4.24) exhibited cobalt
protein/mL) in 50 mM Tris-HCI (pH 8.0) and 50 mM N®IES coordinated to His142, His146, Glul66, and two water
(pH 6.0) with 10% (v/v) glycerol and 0.1 mM TCEP were recorded molecules 30). It was proposed that the greater catalytic

from 400 to 700 nm on a Hewlett-Packard 8452A diode array - - . - .
spectrophotometer. A final concentration of 8 mM HDDP was &ctivity of Co(ll)—thermolysin relative to the zinc-substituted

added to Co(Iy-rDHOase in Tris-HCI (pH 8.0), 10% (v/v) glycerol, ~ €nzyme may be due to enhanced stabilization of the transition
and 0.1 mM TCEP to give a ratio of 40 molecules of HDDP per state. The proposed enzymgansition state complex for
active site. The mixture was incubated at room temperature for 10 pHOase may also involve pentacoordinate geometry of the
min, and the spectrum was recorded. zinc atom (2); the Co(ll)-rDHOase may more readily
assume the 5-fold coordination geometry of the transition
DISCUSSION state, making it more effective in catalysis than Znfll)
The active site of DHOase has a high affinity and rDHOase. The Co(ll) derivatives of DHOase frof.
specificity for Zn(ll). Zinc has a direct catalytic role at the oroticum(9) andE. coli (10) are also more active than the
active site and is coordinated to three histidine ligands, two native bacterial DHOase, and the bound cobalt ion is
in close proximity (His15 and His17), and the third ligand pentacoordinated i&. coliDHOase £0). Mn(ll)- and Cd(ll)-
is probably His15812). The active holoenzyme was formed substituted Zr-enzyme complexes are generally less active
when one atom of zinc was bound at the active site of or inactive, perhaps resulting from conformational changes
rDHOase (Figure 2). The apoenzyme obtained using pyri- that disrupt the arrangement of essential catalytic residues
dine-2,6-dicarboxylate contained approximately 0.01 atom (30) or the inability of manganese and cadmium to adopt
of zinc per subunit with 0.1% of the enzymic activity of the the pentacoordinate geometry required in the transition state
wild type. A mechanism for removal of zinc from carbonic of catalysis. The,, values for DHO determined here for
anhydrase by pyridine-2,6-dicarboxylate has been proposedhese metal derivatives (Table 1) are similar to the native
where the reaction proceeds through the formation of a enzyme, suggesting they have similar affinities for DHO.
ternary complex with the zinc at the active site, followed by The Co(ll}-DHOase fromE. coli has a slightly loweiK,
slow dissociation of the zinechelator complex from the  value for DHO compared to that of native DHOa4é)( as
active site forming the apoenzym5 26). The structural observed here for the hamster DHOase domain (Table 1).
similarity of pyridine-2,6-dicarboxylate to DHO suggests that DHOase activity is pH-dependent (Figure 4), and the
this chelator may enter the active site readily and form a derived (K, values for the metal derivatives varied little with
ternary complex with the bound zinc. Lowering the pH to metal substitution (646.9, Table 2). The I§, of 6.56,
6.0 increases the rate of zinc extraction, possibly by derived from the pHrate profile for Zn-rDHOase, could
protonating the histidine ligands at the active site and be attributed to ionization of an enzymmetal aquo
reducing the zinc affinity of DHOase. At pH 5.0, zinc may complex, [i.e., Me(k)(H.0) <= Me(L,))(OH™) + H'], a
dissociate spontaneously from coli DHOase 10). There- carboxyl or an imidazolyl group. The acidity of such a
fore, at pH 6.0, zinc ion may slowly dissociate from the coordinated water molecule would be dependent on the metal
active site of hamster DHOase, providing an explanation of involved 31, 32). For example, the activity-linkedip for
how zinc removal by EDTA or 1,10-phenanthroline is slow carbonic anhydrase shifts from 7.5 to 9.5 when Cd(ll) is
and only occurs at low pH. Both chelators are bulky and substituted for Zn(ll) at the active site, suggesting that the
may not enter the active site, but at low pH, zinc ions that pK, is that of a metal-coordinated water moleculS)(
slowly dissociate from the active site would be rapidly Coordination of HO to the “harder” metal ion, Zn(ll), would
scavenged by these chelators. Zinc has been removed frommake the metal aquo complex a stronger Lewis acid than
C. oroticumDHOase, which contains two zinc atoms per coordination to the “softer” metal ion, Cd(1134). The K,
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