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ABSTRACT: In the pyrimidine biosynthetic pathwaW-carbamylt-aspartate (CA-asp) is converted to
L-dihydroorotate (DHO) by dihydroorotase (DHOase). The mechanism of this important reaction was
probed using primary and secondaty and**C isotope effects on the ring opening of DHO using isotope
ratio mass spectrometry (IRMS). The reaction was performed at three different temperatures (25, 37, and
45 °C for hamster DHOase; 37, 50, and B0 for Bacillus caldolyticu} and the product CA-asp was
purified for analysis. The primary and secondary kinetic isotope effects for the ring opening of the DHO
were determined from analysis of the N and C of the carbamyl group after hydrolysis. In addition, the
pB-carboxyl of the residual aspartate was liberated enzymatically by transamination to oxaloacetate with
aspartate aminotransferase and then decarboxylation with oxaloacetate decarboxyla¥e/*Zheatio

from the released CQwas determined by IRMS, yielding a second primary isotope effect. The primary
and secondary isotope effects for the reaction catalyzed by DHOase showed little variation between enzymes
or temperatures, the primatyC andN isotope effects being approximately 1% on average, while the
secondaryC isotope effect is negligible or very slightly normat 1.0000). These data indicate that the
chemistry is at least partially rate-limiting while the secondary isotope effects suggest that the transition
state may have lost some bending and torsional modes leading to a slight lessening of bond stiffness at
the carbonyl carbon of the amide of CA-asp. The equilibrium isotope effects for BHOA-asp have

also been measured (second&ifeq = 1.0028+ 0.0002, primary*3Keq = 1.0053+ 0.0003, primary

%Keq = 1.0027+ 0.0003). Using these equilibrium isotope effects, the kinetic isotope effects for the
physiological reaction (CA-asp- DHO) have been calculated. These values indicate that the carbon of
the amide group is more stiffly bonded in DHO while the slightly lesser, but still normal, values of the
primary kinetic isotope effect show that the chemistry remains at least partially rate-limiting for the
physiological reactionlt appears that the ring opening and closing is the slow step of the reaction.

Dihydroorotase (DHOaskE.C. 3.5.2.3) is a zinc metal-  Scheme 1

loenzyme that catalyzes the reversible cyclizationNsf o ° o
carbamylt-aspartate (CA-asp) to-dihydroorotate (DHO), & \C//

the third step in de novo pyrimidine biosynthesis (Scheme l}l’ DHOase  HoN

1). This enzyme has been rigorously studied [kinetits ( O//C\N - o//C‘N

2), pH profiles @), inhibition studies 3—6), X-ray crystal- o o
lography {—9), etc.] for the last 25 years, and many facts 9 9

about the protein structure and function are now known. ) ) ) )
Amino acid sequence alignments have determined that
T Supported by research grants from the National Institutes of Health DHOase belongs t.o the amidohydrolase superfamlly of
(GM18938) and the Australian National Health and Medical Research €nzymes that also includes urease, phosphotriesterase, and
Council (253781). adenosine deaminasgQj. This superfamily is predicted to
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! Abbreviations: DHOase, dihydroorotase; hDHOase, recombinant ¢ inh ;
dihydroorotase domain from hamster; BcDHOase, recombinant dihy- first (which includes urease and phosphotriesterase) has a

droorotase fronBacillus caldolyticusCA-asp,N-carbamyl:-aspartate; binuclear metal (Zn) Center-.The divalent metal _Centers are
DHO, L-dihydroorotate; IRMS, isotope ratio mass spectrometry. separated by 3.6 A and ligated to the protein through
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electrostatic interactions with the side chains of six amino  The pyrCgene fromB. caldolyticuswas PCR amplified
acids. One Zn ion is more buried in the structure, ligated by from a plasmid, pSY188, with primers'-&TCCAC-
two histidine residues and one aspartate residue and is terme€ATGGGCGTATGGCTGAAAAATGGC-3and 3-CAGC-
the oo metal center, M. The second Zn ion is much more CGGATCCTTACGCCCTTCCTTTCTCCCATAC:3con-
solvent exposed, ligated by two histidine residues and is taining Ncd and BanHlI restriction sites, respectively. The
known as the3 metal center, M (11). These metal centers PCR product was cloned into the pET3c vector (Novagen)
are bridged by a solvent hydroxide and a carbamate and subsequently transformed ififocoli BL21(DES3) cells.
functional group from the posttranslational modification of The cells were grown at 37C, harvested, and lysed in 20
a lysine residue? 11). The second subset of this superfamily mM K-Hepes, pH 7.5, and 0.15 mM PMSF and then
(that includes adenosine deaminase) has a single five-centrifuged (3900, 30 min, 4°C). The cell lysate was
coordinate Zn ion where the ligands are three conservedfractionated with 2.5% (w/v) streptomycin sulfate and
histidine residues, a single conserved aspartate, and a solvertentrifuged (39008, 4 °C, 20 min). The supernatant was
H>O molecule 12). The carboxylated lysine residue is absent incubated at 60C with shaking for 6 min, then immediately
in the second subset. cooled on ice, and centrifuged (39@)@ °C, 20 min). The
There are examples of a third and possibly fourth smaller supernatant was then loaded onto a PorosHQ column in 20
subset in the amidohydrolase superfamily. In these casesmM K-Hepes, pH 7.5, and eluted with a-@ M NacCl
members with a single divalent cation at fheite and some  gradient. BcDHOase eluted at300 mM NaCl. A second
that require no metal ion at all have been discovedel). (  Passage through the PorosHQ column yielded protein with
However, neither type has been reported for a DHOase where>95% purity.
only two crystal structures are available. Dihydroorotase AssayThe reaction was assayed in the
Phylogenetic analysis of amino acid sequences of DHOa- dégradative direction (DHS- CA-asp). For kinetic isotope
ses shows two types (types | and Il) that share a commonanalysis, the reaction mixture contained 50 mM K-Hepes,
ancestor with other amidohydrolase$3 Analysis of ~ PH 8.0, 5% (v/v) glycerol, and 20 mM DHO. The pH of the
sequence alignments has shown that type | DHOases arduffer was .adjusted to .8.0 at the appropriate temperatures
older than type 11 {3). They are also larger at45 kDa and of the reaction. Three different temperatures (25, 37, and 45
contain one bound zinc atom at the active sif®)(Examples ~ ~C for hDHOase; 37, 50, and 6 for BcDHOase) were
of type | DHOases are the DHOase domain from trifunctional @SSayed in duplicate. (For each enzyme, less than optimal
CAD of hamster and the enzymes frdacillus caldolyticus temperatures were used.) The reaction was initiated by
and Aquifex aeolicus.A three-dimensional structure is addition of hDHOase (33 mg) or BcDHOase (0:20.8 mg)
available for the latter with a cysteine ligand that blocks the t0 give afinal volume for the reaction of 5.0 mL. The partial
site for the inactive form3, 13, 14). Type Il DHOases are reactlon ¢35—-50% pon_versmn) and com_plete reaction were
smaller (38 kDa) and contain two zinc atoms at the active determined by monitoring the decrease'ln absorbance at 230
site bridged by a carboxylated lysine residue, exemplified "M, €(DHO) = 1170 M™* cm™. The times to stop the
by the DHOase fronEscherichia colifor which a three- reaction for_ partial and complete conversion were determined
dimensional structure has been determir&dLp). by performing a small-scale reaction. An aliquot of 1 or 1.3
In this study, the type | DHOases from hamster and the mL of 0.5 M HCl was added to the hDHOase or BcDHOase

- . ) mixture, respectively, to stop the reaction, which was cooled
thermophilic bacteriunB. caldolyticuswere produced and . o .
purified, and the physiological reverse reaction of DHO on ice. Addition of this amount of HCI brought the pH down

: to 2.8-3.5, sufficient to denature the protein and prevent
CA-asp was run at various temperatures. The prc_)duct', CA- the forward reaction (CA-asp- DHO). A%dition of NrfOH
asp, was acid hydrolyzed to GANH,CI, and aspartic acid, to pH 7.3 did not reactivate the enzymf& 1 in 20 dilution
These components were studied by IRMS, allowing two of Fhe réaction mixture in water Wasyused to determine the
primary kinetic isotope effects and one secondary kinetic bsorb t 230 A " | tained th
isotope effect to be calculated for this enzymatic conversion. absorbance a nm. A zero imeé sample containéd the
The primary kinetic isotope effects indicate whether the same components as the reaction mixture except that HCI

X . ; C was added before the enzyme.
chemistry of this enzymatic reaction is completely or at least e -
partially rate-limiting while the secondary effects give Purification of CA-aspA Partisil 10 SAX column (250

information on the differences in bond orders between the Xh4'60 mm) was used to separate CA—ast from PHO and
ground and transition states. The equilibrium isotope effects 0; 1e|(/|r§ac(:;||(_)|n m'xué'l[je C(i:ctJmponr:ants. Al\n a |?uqt Ot J':HDd.
were also determined. Experimentally determined equilibrium or- MNNalHwas a e_ 0 €ach sampie Just prior to loading
isotope effects and kinetic isotope effects were then used toto bring the pH t0~3.8-4.2 to ensure proper binding of

S . . . _CA-asp. Each reaction mixture was purified in three runs.
g?léﬂ?;igﬂegﬂgompe effects for the physiological reaction The column was equilibrated in 7 mM potassium phosphate

buffer, pH 5.7 (buffer A), and eluted with 0.25 M potassium
separation was performed in the following steps: 0% B, 2
Enzyme PreparatiorRecombinant hamster dihydroorotase min; 0—100% B, 20 min; 100% B, 5 min; 1660% B, 1
(hDHOase) was overexpressed framcoliK strain 351263/ min at a flow rate of 1.5 mL/min. The column was
pyrC transformed with pCW25 containing the hamster reequilibrated with buffer A for 7 min prior to each sample
DHOase domain with an extra 33 amino acid residues into injection. Fractions corresponding to CA-asp were pooled
the bridge region and purified as described previous8). ( and lyophilized.
The purified enzyme was stored in 20 mM Hepes, pH 7.3, Nomenclature.The nomenclature used for describing
10% (v/v) glycerol, 0.1 mM EDTA, and 1 mM DTT. isotope effects is that of Northrofd 7). Isotope effects are
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designated with a leading superscript corresponding to theScheme 2: Enzymatic Reaction of Dihydroorotate and
isotope; thug3(V/K) and'5(V/K) indicate the kinetic isotope =~ Decomposition of CA-asp and Aspartic Acid for Isotope
effect for carbon and nitrogen, respectively, whili€., and Effect Analysis
5K g indicate equilibrium isotope effects. All isotope effects

o]
are the ratio of the parameter for the light atom to that of ,Ic!4 o O\ A° 0®
the heavy one. \ic} ‘c|:5 DHOase !3'2 (|;4

Kiljetic Isotope Effects for a Simplle Systtfmr a reaction _ /ég _C6 HoN3™ N
that involves a one step process with no side or competing G N1 o H
reactions, determining primary kinetic isotope effects in
systems where a-€N bond is broken is very straightforward (=] conc| 110 °C
by the internal competition method. Changes in mass ratios HCl | 7 Days
of a substrate or product are followed as the reaction

proceeds, the method of choice when using substrates with IRMS =— COC
natural abundance ofC (1.1%) and'N (0.37%). This +
methodology along with the use of an IRMS allows for NaOBr

greater accuracy and precision than other systems. When a IRMS =—— Nz «———— NH,CI
C—N bond is broken in the rate-limiting step of the reaction, +

the C and N atoms are isolated as{z0d N, respectively.

No labeled syntheses are necessary, and changes in the mas 0 HO\‘C)/

L . 0 . (S]
ratios in the compound will be sufficient to determine the al CoOo aKG (I)H
isotope effect. The reaction is run from 10% to 70% utamate -+ coo © AATase

. > It °x
completion, and the amount of initial substrate that reacts,

HoN o]

the fraction of reaction f, is determined accurately by-tV
vis spectrophotometry (in these experiments). Each gas OADase
sample was analyzed individually by IRMS to determine its
isotopic ratio compared to a known standard to givevalue Pyruvate + CO, ——  |RMS
defined as
C— primary isotope effect
15y I 414N I N —= primary isotope effect
_ samp sample | C— secondary isotope effect
0 =100 = i 1 1)
standaré standar

Calculation of Kinetic Isotope Effects for the Physiological
To determine the isotope effect, the samples were converted€action of CA-asp to DHO Catalyzed by hDHO#&semary

to anR value defined as and secondary isotope effects, for béth and :*C, were
calculated for the physiological reaction (CA-aspDHO)
R = (05ampid1000)+ 1 2) using the formulas:
Rvalues for the reaction produdt, and residual substrate, Keq = VK omard - (VK) everse (6)
Rs, were used in the following equations to arrive at the
isotope effect: and
— 13, _ 13 13
IE = In(l f) (3) Keq_ (V/ K)forwart/ (V/ K)reverse (7)

Ped " In[(1 — f)(R/Ry)]
Using the experimental kinetic and equilibrium isotope
In(1—f) effects for hDHOase allowed the kinetic isotope effects for
IEsup= I[(L — N(RJR)] (4) the physiological reaction of CA-asp DHO to be calculated
by rearranging eqs 6 and 7 t&/K)reverse= *¥(V/K)orward
13Keq and lS(V/ K)reverse: 15(V/ K)forwarc/ 15Keq-

Acid Hydrolysis of CA-aspgCA-asp (17 mg, 10@M) was
placed in a thick-walled 50 mL pear-shaped flask to which
was added 13 mL of concentrated HCI and a stir bar. The
flask was sealed with a vacuum stopcock using Krytox LVP
grease that is inert even when exposed to concentrated acids
4/Ke(HS 5) at high temperature. Krytox was also used in the vacuum

stopcock. A two-piece galvanized steel sleeve was fitted
Considering the reaction from DHE CA-asp,*Keqis equal around the collar of the flask and held in place with stainless
to mass ratios of residual DHO and CA-asp formed. The steel wing nuts. Heavy rubber bands or sections of surgical
reaction of DHO to CA-asp catalyzed by hDHOase was tubing were wrapped around the vacuum stopcock and then
allowed to proceed at pH 6.0 and 2€, 10 times longer  the galvanized steel sleeve to hold the pieces together
than necessary to reach equilibrium, yielding a product ratio securely. A galvanized steel cup was also fitted to the back
of 35/65 CA-asp to DHO. DHO and CA-asp were acid of the stopcock which allowed large rubber bands or surgical
hydrolyzed, the products were treated as shown in Schemetubing to be attached and then wrapped around the front of
2, and the mass ratios were determined as described abovehe stopcock, preventing it from ejecting under pressure. The

In these equationdys is the isotopic ratio of the starting
material and is the fraction of reaction.

Equilibrium Isotope EffectsThe equilibrium isotope effect
is the ratio of the equilibrium constant for the light isotope
to that for the heavy isotope. Using N as an example

Ked E = Keg-1
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solution was taken through three freezrimp—thaw cycles evacuation, the sample was sparged with dry,-G€e, N,
at—130°C (liquid No/pentane) to remove all gases. The flask gas. Aspartate aminotransferase (200 units) and oxaloacetate
was placed in a sand bath and heated to-111% °C for 7 decarboxylase (150 units) were added via a gastight syringe.
days behind a blast shield in a laboratory hood. (This The mixture was stirred gently for 48 h at°€. When the
methodology proved to be slightly dangerous so a drawing decarboxylation was complete, 200 of 6 M H,SO, was
of the reaction vessel and a list of precautions are availableadded via a syringe, and the solution was stirred vigorously
as Supporting Information.) for 1 h at room temperature. The sample unit was attached
The sample unit was removed from the heat and allowed to a high vacuum distillation line and frozen-a¥8°C. CG;
to cool to room temperature. The unit was attached to a high generated from the enzymatic processes was distilled through
vacuum distillation line and frozen at-130 °C. CQO, two —78 °C traps and collected at196 °C. The *C/*2C
generated from the decomposition of the amide portion of ratio of the CQ was determined by IRMS. These values
the molecule was distilled through twe130 °C traps and were used to calculate the second primary kinetic isotope
collected at—196 °C. The 3C/*?C ratio of the CQ was effect of the reverse reaction of DHE& CA-asp catalyzed
determined by IRMS. These values were used to calculateby DHOase.
the secondary kinetic isotope effect of the reverse reaction
of DHO — CA-asp catalyzed by DHOase. RESULTS
Analysis of N from the Amide Portion of CA-asp To Using the internal competition method and isotope ratio
Determine the Primary Kinetic Isotope Effect for the Ring mass spectrometry (IRMS) to determine primary and second-
Opening of DHO.The residual HCI solution was taken to ary kinetic isotope effects in enzymatic reactions requires
dryness by rotary evaporation and the residue placed undetthat two important conditions be met. First, the atoms of
high vacuum for several hours to ensure all of the HCI had interest in the product or the residual substrate must be
been removed. The residue of MEl/aspartic acid was  converted chemically or enzymatically to a molecule that is
dissolved in 100 mL of distilled water and adjusted to pH 6 easily measured in the IRMS ¢§NCO,, or H,), and second,
with 0.5 M KOH. The solution was loaded onto an AG1- during the conversion no further isotopic fractionation or
X8 column (CI form, 2.5x 10 cm) at 1 mL/min. Fraction  exchange occurs at these sites. In this study, these require-
collection (8 mL/fraction) was started with the loading of ments were met by acid hydrolysis of the product CA-asp
the material; the column was then washed with 100 mL of and then oxidation or enzymatic decomposition of those
distilled water at 1.0 mL/min. The Ni€I was collected from  hydrolysis products (Scheme 2). The hydrolysis using
15 to 130 mL and identified by testing 5 aliquots of concentrated HCI allowed the direct production of G@m
each fraction with 5@L of Nessler’s reagent in a microwell C4 of the CA-asp molecule that was purified on a high
plate. A positive test was indicated by the appearance of avacuum line and analyzed by IRMS to determine the
bright yellow color. The fractions containing N8I were secondary kinetic isotope effect of the DHO CA-asp
pooled, rotary evaporated ts1 mL, and transferred to a  reaction. The HCIl was removed in vacuo leaving/8&Hand
dual compartment sample holder. The second compartmentaspartic acid. These were easily separated by column
was filled with ~4 mL of NaOBr. The system was sealed chromatography, and the Nhbriginating from N3 of CA-
with a stopcock, and the solution was frozen-a18 °C and asp was steam distilled, oxidized with NaOBr tg, lnd
taken through three freez@ump-thaw cycles to remove  analyzed by IRMS to determine the first of the primary
all gases. After the final thaw, the two solutions were mixed kinetic isotope effects for the DHOase reaction. Lastly, the
slowly, and the liquid was again frozen at78 °C. The residual aspartic acid from the HCI hydrolysis of CA-asp
freshly produced Mwas distilled through twe-78 °C traps was converted to pyruvate and €Qsing glutamie-
and one—196°C trap and then collected on molecular sieves oxaloacetic transaminase and oxaloacetate decarboxylase.
at—196°C. The N was analyzed by IRMS to give tHeN/ The CQ produced contained C2 from CA-asp and was
14N ratio. This ratio was used to calculate the first primary analyzed by IRMS to determine the second primary kinetic
kinetic isotope effect of the ring opening of DHO to CA- isotope effect for the system.
asp catalyzed by DHOase. Kinetic Isotope EffectsThe values for the kinetic isotope
Analysis of CQ from thej-Decarboxylation of Aspartic  effects for the conversion of DH&- CA-asp by hDHOase
Acid To Determine the Primary Kinetic Isotope Effect for and BcDHOase are shown in Table 1. The reactions were
the Ring Opening of DHOThe aspartic acid portion of the  run from 25 to 45°C for hamster and 3760 °C for B.
hydrolyzed CA-asp was eluted from the AG1-X8 column caldolyticus.The differences in kinetic isotope effects due
with 3 M formic acid between 40 and 60 mL, detected by to temperature change are nonexistent for hDHOase and
ninhydrin testing. The fractions containing aspartic acid were show a very moderate difference in the secondary kinetic
pooled and taken to dryness by rotary evaporation and thenisotope effect for BcDHOase even though both systems were
placed under high vacuum for several hours to ensure thatrun at suboptimal temperatures. The average kinetic isotope
all residual formic acid had been removed. effects across the temperature ranges for the two enzymes
Aspartic acid samples were dissolved in 4 mL of 50 mM are shown in Table 2. These data also illustrate that there is
potassium phosphate buffer (pH 7.5) and placed in a 15 mL no statistical difference in the kinetic isotope effects for the
cylindrical flask equipped with a sidearm stopcock. To this mechanisms catalyzed by these type 1 DHOases. The
was added 1 mL of 500 mM-ketoglutarate. The pH of the  secondary kinetic isotope effects for hDHOase and BcD-
solution was adjusted to 7.5 with a few drogs8d\l KOH. HOase are slightly normalk(1.0000). However, the errors
The flask was sealed with a vacuum stopcock and the are large enough that the isotope effects are not significantly
sidearm fitted with a septum. The mixture was degassed indifferent. The primary kinetic isotope effects for both
vacuo with a series of freezpump—thaw cycles. After enzymes are nearly identical.
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Table 1: Isotope Effect Results for Conversion of DHO to CA-asp

Catalyzed by DHOases from Hamster addcaldolyticus

Table 4: Calculation of Kinetic Isotope Effects for Cyclization of
CA-asp to DHO Using Equilibrium and Kinetic Isotope Effects

DHOase temp°C) |IE/gas IE valug DHOase temp°C) KIE/gas calculated KIE
hamster 25 secondary/GO 1.0006+ 0.0024 hamster 25 secondary/GO  0.9978+ 0.0036
hamster 25 primary/N 1.0112+ 0.0005 hamster 25 primary/N 1.0054+ 0.0006
hamster 25 primary/CO 1.01214+ 0.0003 hamster 25 primary/CO 1.0079+ 0.0012
hamster 37 secondary/GO 0.9993+ 0.0056 - -
hamster 37 primary/N 1.0110+ 0.0003 re;c-lt-igi errors are assumed to be identical to those of the forward
hamster 37 primary/CO 1.0092+ 0.0032 :
hamster 45 secondary/GO 1.0020+ 0.0028 . .
hamster 45 primary/N 1.0098+ 0.0006 measured by internal competition, are effectsid and as
hamster 45 primary/C©  1.01074+ 0.0003 such take into account any step of the reaction up to and
S- Ca:go:y:!cus g; Se_CO”d";W/CQ g-g?gii 8-88?8 including the first irreversible stepl®). Primary kinetic
B §Z|d8|§t5§ﬂ§ et B::mgg/ge 101094 0.0004 isotope effects involve bond making or breaking to the
B. caldolyticus 50 secondary/CO  1.0054- 0.0028 isotopic atom and are almost always normal. A primary
B. caldolyticus 50 primary/N 1.0120+ 0.0006 kinetic isotope effect of unity indicates that the rate-limiting
S- gg:gg:ﬁ:gﬂz 28 gggigéfﬁcp i-gg;gi 8-88%8 step of the system is not the chemistry but more likely
B caldolyticus 60 primary/N 10123+ 0.0010 conformat_|onal chgnges, binding, or release of the product,
B. caldolyticus 60 primary/CQ 1.0089+ 0.0015 any of which can influence the overall rate of an enzyme-

aEach value was determined from two samples except for those
indicated.P Estimated error using all secondary kinetic isotope effect
data.¢ Estimated error using all primary kinetic isotope effect data

from N, studies.

Table 2: Average Kinetic Isotope Effects for Reaction of DHO to

CA-asp Catalyzed by DHOases from Hamster &xaaldolyticus

DHOase IE/gas IE value
hamster secondary/GO 1.0006+ 0.0036
hamster primary/i 1.0107+ 0.0006
hamster primary/C® 1.0107+ 0.0012
B. caldolyticus secondary/C@ 1.0028+ 0.0026
B. caldolyticus primary/N, 1.0125+ 0.0009
B. caldolyticus primary/CQ 1.0091+ 0.0014

Table 3: Equilibrium Isotope Effects for Reaction of DHO to
CA-asp Catalyzed by DHOase from Hamster

temp €C) KedE/gas KedE
hamster 25 secondary/GO  1.00284 0.0002
hamster 25 primary/N 1.0053+ 0.0003
hamster 25 primary/C9O 1.0027+ 0.0003

Equilibrium Isotope Effect for the Intercoarsion of DHO
and CA-asp.To determine the equilibrium isotope effect,

catalyzed reactionl@, 20). However, since the overall rate

of an enzymatically catalyzed reaction is defined as the
reciprocal of the sum of the reciprocal net rate constants,
even if the primary kinetic isotope effect is greater than unity,

it is not necessarily true that the chemistry is fully rate-
limiting in the system. The positive value indicates only that
the chemistry of the reaction is at leastrtially rate-limiting

as there is a possibility that a nonchemical step may be of
nearly the same rate and may also play a role in overall rate
limitation of the reaction18). If the same reaction is done
nonenzymaticallyand the kinetic isotope effect values are
equivalent to the enzymatic values (assuming the mechanisms
are identical), then it can be reasonably assumed that
chemistry is predominantly rate-limiting. Unfortunately, the
kinetic isotope effect values for the nonenzymatic conversion
of DHO — CA-asp have not been determined, and thus it
cannot be assumed that some other process does not have at
least a limited role in the overall rate of the reaction.

The average carbon and nitrogen primary kinetic isotope
effects for the reaction of DHO©> CA-asp catalyzed by the
two type 1 DHOases in this study are statistically the same
at approximately 1.1%. In comparison, #i kinetic isotope
effect for the enzymatic hydrolysis df-acetyl+-tryptopha-
namide by chymotrypsin is nearly identical at 1.68@.001

the reaction was allowed to proceed approximately 10 times (21) while the papain-catalyzed hydrolysis Nfbenzoylt.-

the time required to reach equilibrium, the products were

arginamide is nearly double at 1.0210.001 @2). All three

separated, and isotopic analysis was used to determine thevalues are well short of theoretical maximum kinetic isotope
mass ratios (Materials and Methods). Table 3 shows the effect for C—-N bond breaking which is calculated to be 1.044

equilibrium isotope effects for the interconversion of DHO
and CA-asp by hDHOase.

Calculated Kinetic Isotope Effects for CA-asp DHO
Catalyzed by hDHOasél he equilibrium isotope effect is
the ratio of*3(V/K) or *3(V/K) for the forward and the reverse
reactions (Materials and Methods). Thus it is possible to
experimentally determine the kinetic isotope effect for the
cyclization of CA-asp— DHO by hDHOase using the
experimental equilibrium isotope effects and kinetic isotope
effects (Table 4).

DISCUSSION

Primary Isotope EffectsKinetic isotope effects reflect

(23).

The primary kinetic isotope effects for the conversion of
DHO — CA-asp by either DHOase show no significant
change over the temperature ranges studied. This indicates
that the rates of binding, conformational changes, and product
release remain unaffected by moderate changes in temper-
ature and remain faster than the chemistry in the temperature
range studied. In the case of thermophilic enzymes (such as
B. caldolyticu$ at lower temperatures the binding or con-
formational changes in the enzyme may slow to the point
where they can become the rate-limiting step for a reaction,
and thus any normal kinetic isotope effect of the chemical
step could be “washed out”, giving a value of unity. This
lack of change in kinetic isotope effect from 25 to 26

changes in the bond orders of the substrate between grounghamster) and 3760 °C (B. caldolyticu3 suggests that for

state and transition state. Kinetic isotope effects, when

DHOase the chemistry may be largely rate limiting.
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The crystallographic structure of the type | DHOase from vibrational modes (bending and torsional) become more
A. aeolicusshows a single zinc atom bound by two histidine important and are sensitive to any change in bond order, or
residues, an aspartate, and a hydroxide ion or water moleculebond “stiffness” 27). A normal secondary KIE means the
(14; Scheme 3a). A similar arrangement with a single zinc bond order at the atom is becoming smaller; it is bonded
coordinated by three histidines was proposed for the DHOaseless stiffly in the transition state. An inverse kinetic isotope
domain of CAD from hamsterl@g). When DHO enters the  effect (<1.000) shows that at the transition state the atom is
active site, the oxygen (O4) of the carbonyl group may more stiffly bonded.
interact with the zinc ion polarizing the -€0 bond and The secondary kinetic isotope effects in the present study
increasing the electrophilicity of the carbonyl carbon (C4). are unity or very slightly normal, indicating that there is only
The coordinated kD/hydroxide acts as a nucleophile and a very slight decrease in the stiffness of bonding at the C2
attacks the carbonyl group carbon (C4). As this attack occurs,carbon of DHO as it ring opens to CA-asp. The secondary
the proton on the kD/hydroxide is simultaneously trans- 13C equilibrium isotope effect is well determined and is
ferred to a second aspartate (not ligated to Zn) and a0.28% normal due to small overall changes in torsional and
tetrahedral intermediate is formed coordinated to the zinc. bending modes between DHO and CA-asp shown in Scheme
The same proton is then abstracted by N3 from the aspartate4. The small size of the kinetic secondary isotope effects
the tetrahedral intermediate collapses, ane-NC bond and their errors do not permit any definitive statements about
scission occurs. Similar mechanisms for other members oftransition state structure except that it is intermediate in
the amidohydrolase family have been proposed recePdly ( structure between substrate and product.

25). For the type Il DHOase fronE. coli, a similar Equilibrium Isotope Effects and Calculated Kinetic Isotope
mechanism of catalysis was also proposéd9, 11, 26; Effects for the Reaction Catalyzed by hDHQdasguilibrium
Scheme 3b). The two active site Zn ions are bridged by a isotope effects result from the differences in the stiffness of
hydroxide group from a water molecule, and the conserved bonding of the substituted atom in the substrate and product
aspartate interacts with thee Zn ion. (28). The equilibrium isotope effects in Table 3 demonstrate

Secondary Isotope EffectBr secondary kinetic isotope that 3C and'>N are more stiffly bonded at C4 and N3 in
effects, the atom of interest is bonded to one of the atoms DHO than in CA-asp.
involved in bond scission. Isotope effects are due mainly to  Having the kinetic and equilibrium isotope effects for
differences in stretching modes, but when no bond fission hDHOase allowed the kinetic isotope effects for the physi-
at the isotopic atom is occurring, changes in the other ological reaction of CA-asp~ DHO to be calculated by



7138 Biochemistry, Vol. 45, No. 23, 2006

Scheme 4: Interpretation of Secondary Isotope Effect Studies

Anderson et al.
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a|sotope effects are due mainly to differences in bond stretching modes. However, when no bond fission at the isotopic atom is occurring,
changes in the other vibrational modes (bending and torsional modes) become more important and are sensitive to any change in bond order, or
bond “stiffness”. In these experiments the small secondary isotope effects indicate that the loss of the torsional and bending modes on ring opening
of DHO does not affect the overall bond stiffness to a great extent since, while some modes are lost, others are retained in CA-asp.

rearranging eqs 6 and 7 tV/K)reverse= 3(V/K)torward**Keq still
and™>(V/K)reverse= *A(VIK)torward **Keq (Table 4). In this case,

the secondary kinetic isotope effect is shown to be slightly

normal, signifying that the chemistry is still at least

partially rate-limiting in the forward direction.

inverse although the error is probably too high to make any SUPPORTING INFORMATION AVAILABLE

definitive statement on the meaning of the value. H@
and™®N primary kinetic isotope effects of 0.79% and 0.54%
are normal.

The putative mechanism of the reaction (Scheme 3a)

Further description of the details, materials, and dangers
of the acid hydrolysis of DHO and CA-asp is available free
of charge via the Internet at http://pubs.acs.org.
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