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ABSTRACT: 15N isotope effects and solvent deuterium isotope effects have been measured for the hydrolytic
deamination of cytidine catalyzed IBscherichia colcytidine deaminase and for the uncatalyzed reaction
proceeding spontaneously in neutral solution at elevated temperatures. The piviégy arising from

the exocyclic amino group for wild-type cytidine deaminase acting on its natural substrate, cytidine, is
1.0109 (in HO, pH 7.3), 1.0123 (in KD, pH 4.2), and 1.0086 (in &, pD 7.3). Increasing solvent,D

content has no substantial effect kg but enhanceg&:./Kn, with a proton inventory showing that the
fractionation factors of at least two protons increase markedly during the reaction. Mutant cytidine
deaminases with reduced catalytic activity show more pronoutiskeidotope effects of 1.0124 (Glu91Ala),
1.0134 (His102Ala), and 1.0158 (His102Asn) at pH 7.3 uDiHas expected for processes in which the
chemical transformation of the substrate becomes more rate determining. The isotope effect of mutant
His102Asn is 1.033 after correcting for protonation of the zNjirbup, and represents the intrinsic isotope
effect on C-N bond cleavage. This result allows an estimation of the forward commitment of the reaction
with the wild-type enzyme. The observ&iN kinetic isotope effect of the pyrimidine N-3, for wild-type
cytidine deaminase acting on cytidine, is 0.9879, which is consistent with protonation and rehybidization
of N-3 with hydroxide ion attack on the adjacent carbon to create a tetrahedral intermediate. These results
show that enzymatic deamination of cytidine proceeds stepwise through a tetrahedral intermediate with
ammonia elimination as the major rate-determining step. The priAthrysotope effects observed for

the uncatalyzed reaction at pH 7 (1.0021) and pH 12.5 (1.0034) were found to be insensitive to changing
temperatures between 100 and 185. These results show that the uncatalyzed and the enzymatic
deaminations of cytidine proceed by similar mechanisms, although the commitmenhNdahd breaking

is greater for the spontaneous reaction.

Escherichia coli cytidine deaminase (CDA),a zinc poTmmmmmmmmmmmmsemssemeneo
metalloenzyme, catalyzes the hydrolytic deamination of E
cytidine to uridine, producing a rate enhancemég/Knon) i
of 12 orders in magnitudel). On the basis of the enzyme’s (Cys-129)NH _
ability to bind inhibitors with an OH group attached to a SNHON
tetrahedral carbon at position 4 of the pyrimidine ring with \ His-102
greater affinity than the substrate in the ground state, the NH

enzyme reaction was proposed to proceed through a tetra- ‘ /L
O - -HNala103)

Zr/1 ---Cys-132

VN

hedral intermediate?).
Crystal structures of cytidine deaminase complexes with
a substrate analogu8)( potential transition state analogues IjOCHQ 0
(4, 5), and product uridine@) provide insight concerning :
the roles of active site residues during catalysis (Figure 1).  (Ala-631) C=0O
The importance of these interactions in transition state ~ (Secondsubunit
HO  OH,

/
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FIGURE 2: Reaction scheme for zinc-activated hydroxide displace-
ment of -NH from C-4 of the pyrimidine ring, showing the role
of the carboxyl group of Glu-104 at several stages of the reaction.

Snider et al.

allowing cytidine deaminase to be expressed from only the
plasmid-borne gene. Concentrations of enzyme stocks (found
to be greater than 95% homogeneous as analyzed by-SDS
PAGE) were determined from the absorbance at 280 nm
using an extinction coefficient of 3.9 10* M~ cm™ (15).
Cytidine and 3-deoxycytidine were purchased from Sigma.
1-Methylcytosine was synthesized and characterized by UV
and NMR by the method of Helfer et all§).

Isotope Effect Nomenclatur&he nomenclature used in
this work is that of NorthropX7) in which *3(V/K) represents
the ratio of thev/K for *N-containing species to that &IN-
containing species.

Primary *3(V/K) for Enzymatic Deamination of Cytidine.
The primary®N kinetic isotope effect for cytidine deami-
nation was determined by isotope ratio mass spectrometric
analysis of the ammonia (subsequently converted ip N
produced from complete or partial conversions of cytidine
to ammonia by the use of natural abundaned at the
exocyclic leaving group nitrogen. The observéd kinetic
isotope effect at the pyrimidine N-3 in uridine was deter-
mined by degradation of uridine and isolation of N-3 as
ammonia (subsequently converted t@).NThe complete
conversion of cytidine to uridine and ammonia provides the
I5N/N ratio of the substrate. Partial conversions{BE0%)
of cytidine to uridine and ammonia reflect the isotopic
discrimination. Typically, solutions of 2650 mL of potas-
sium phosphate buffer (0.10 M, pH 7.3) and cytidine, 'ar 3
deoxycytidine (0.020 M) were adjusted to pH-112 with
KOH and degassed to remove exogenous ammonia, and then

consistent with the idea that polar interactions are involved readjusted to pH 7.3 with 18 M430,. Cytidine deaminase

in substrate activation. Information about the state of bond (Wild-type or mutant enzyme) was then added, and the extent

making and breaking in the transition state has been lacking.of reaction was monitored spectrophotometrically by com-
Recently, viscosity variation experiments showed that the P2ring the decrease in absorbance at 282 nm with that at the

barriers for substrate binding and product release have no/SOSPestic point at 268 nm. Nessler's reagent was used to
kinetic significance for the action of this enzyme, indicating

confirm that the concentrations of ammonia produced
that K, represents a true dissociation constant of the ES Maiched the extent of reaction determined spectrophoto-

complex and thakex describes the chemical conversion of metrically. After 15-50% conversion_of cytidine to uridine,
the reactions were quenched by adjustment with 18 M H

SO, to pH ~1.5. In the 100% conversion samples, the
reaction was continued until conversion of cytidine to uridine
was complete, followed by the adjustment with 18 M-H
SO to pH ~1.5.

To determine thé>N/™N ratio at N-3 of the pyrimidine
ring in the product, uridine was separated from cytidine by
anion-exchange chromatography by the method of Cbén (
eaction samples were diluted with column equilibration
uffer (0.2 M NH,OH + 0.025 M NH,CI, pH 10.6) and
loaded onto a DOWEX trimethylbenzylammonium anion
exchange column (4< 30 cm) in the hydroxide form.
Cytidine was completely eluted from the column in the flow-
thru, and uridine was batch-eluted using 1 mM HCI. This
method afforded>90% recovery of the uridine>( 100
mmol) produced by enzymatic deamination as determined
spectrophotometrically. Solutions containing uridine were
combined and titrated to pH 7 with KOH, evaporated to
dryness under reduced pressure, redissolved in water, filtered
(0.2 mm), desalted on a Alltech Econosil HPLC C18 column
(2.2 x 25 cm), and eluted in 5% methanol. Ammonia was
then specifically liberated from the pyrimidine N-3 by
hydrolysis wih 6 N HCI (19).

Ammonia was isolated from the samples using steam
distillation (20) with the following exceptions. The sample

the ES complex to the EP complet(j. These results
suggest that kinetic isotope studies could afford a transition
state analysis of the mechanism of cytidine deaminase.

In the present work, we measured the primalyisotope
effects by following the changes in the natural abundance
of 1N in the ammonia formed, for both the uncatalyzed and
enzyme-catalyzed deaminations of cytidine. The results of

these experiments were used to determine whether the twg;

reactions proceed by the same mechanism in solution, an

to compare the results with mechanisms previously proposed

for adenosine 2) and AMP (13) deaminases. Effects of
D.O, pH, and enzyme variants Glu91Ala, His102Ala, and
His102Asn on'(V/K) were also measured to allow more
detailed characterization of the postulated tetrahedral inter-
mediate generated by zinc-activated hydroxide attack at C-4
of the pyrimidine ring. In addition>N isotope effects were
measured for pyrimidine N-3, again by internal competition.

EXPERIMENTAL PROCEDURES

Materials Wild-type and site-directed mutant cytidine
deaminases were purified from cell extractsssicherichia
coli SS6130 as described previousli4). This strain is
unable to express the endogenadsl gene and completely
derepresses the expression of the plasmid-bodugene,
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was first added to the inlet reservoir flask with enough T e 1. Primary*N Kinetic Isotope Effects for Cytidine
volume (45 mL) to cover the steam inlet, and then the peaminase

sample’s pH value was adjusted to 10.5 with-R® mL of kol Ko
3 M N&CO;s, using a syringe through a septum. Using enzymé& substrate solvent pH(DYM~ts) SV/K)+SE n°

stronger alkali (13 N KOH) promoted further deamination Exocyclic NH,
or pyrimidine degradation, and therefore was not used. The wt cytidine HO 7.3 3.0x10° 1.0109+0.0001 10
volume was reduced under vacuum (20 mmHg) ar@0 W: g{:g:g: rDég ‘712 i-;x igz i-ggggi 8-g8g§ g
. .y - W . X . .
The ammonia was oxidized tolz(*g) W|th NaOBr (aq), wi 3-deoxy- H,0 7.3 4.0x 10 1.0083+ 00003 4
isolated and then analyzed using a Finnegan Mat Delta cytidine
isotope ratio mass spectrometer as described by Rishavy etEglA cytidine HO 7.3 15x1(° 1.0124+0.0001 7
al. 21). 102A  cytidine HO 7.3 3.8x 10? 1.0134+0.0003 7
. ) H102N cytidine HO 7.3 5.3x10* 1.0158+0.0002 8
Sobent D,O Effects on k and ka/Kn. Initial velocity Pyrimidine N-3
studies were performed in quadruplicate at°£5in potas- wt cytidine HO = 7.3 3.0x 10° 0.9879+ 0.0006 5

sium phosphate buffer; (0.1 M, pH(D) 7.3) u§|ng a continu- In 50 mM potassium phosphate buffer (pH 7.3) or 50 mM sodium

OU§ .SpeCtrOphOt,omet”C _alssay for measuring the rate Ofacetate buffer (pH 4.2) at 2%C. ® Wild-type (wt) or mutant cytidine

cytidine conversion to uridine ([St 10 x K, A€2gg nm= deaminases Number of determinations.

—120 Mt cm % [S] < 0.1 x K, Aezgr nm= —3600 M

cm™b). The mole fraction deuterium ranged from 0+6.98 tetrahedral intermediate, formed by zinc-bound hydroxide

using potassium phosphate exchangedr8D,O and stocks  attack at C-4 of the pyrimidine ring (Figure 2). This

of cytidine prepared in BD. Values of pD were obtained mechanism is supported by this enzyme’s potent inhibition

by adding 0.40 to the observed reading of the pH m&®x ( by substrate analogues that contain a tetrahedral carbon atom
Primary 1°N Kinetic Isotope Effects for Uncatalyzed at the position of substitution and by the enzyme'’s ability to

1-Methylcytosine DeaminatiorSolutions of 1-methylcy-  catalyze formation of tightly bound analogues of this type

tosine (0.024 M) were degassed at pHL1 to remove  (23).

exogenous ammonia, and then placed in potassium phosphate The simplest enzymatic mechanism can be written as

buffer (0.25 M, pH 7.3) and heated (1:6@90°C) in PTFE- follows:

lined acid dlgestlon bombs. The more basic reaction mixtures ks K

(pH 12.5, 0.25 M potassium phosphate) were heated at 100 E + C—> EC—> ET—EUA—EU+ A =

°C. After varying time periods (0:5340 h), the bombs were E+ UtA Q)

chilled on ice, and 18 M k80O, was added to the solutions

(to pH~2) to trap the generated ammonia. The extent of where E is the enzyme, C is substrate cytidine, EC is the

deamination was determined spectrophotometrically and wasMichaelis complex, T is the tetrahedral intermediate formed

found to proceed to completion following simple first-order by the addition of hydroxide to C, and U and A represent

kinetics with a rate constant that closely approximated the products uridine and ammonia, respectively. Inhibition by

value established for cytidine deaminatiatQ), The 5N/ ammonia of adenosine deaminakg{ 0.04 M) was found
14N ratio of product ammonia was determined as describedto be noncompetitive, suggesting that Ni¢lease occurs
above. prior to the release of inosine during catalysig)( Cytidine

To examine the effect of water concentration on the deaminase shows a much weaker affinity for ammokia (
spontaneous rate of deamination, aqueous solutions of> 1 M) (25), suggesting that ammonia’s rate of dissociation
1-methylcytosine and potassium phosphate buffer (pH 7.3) is rapid and virtually irreversible. Moreover, the action of
were mixed with DMSO or DMF so that the final concentra- cytidine deaminase is not limited by substrate binding or
tions of buffer (50 mM) and 1-methylcytosine (10 mM) product release, as shown by viscosity variation studies with
remained constant for each sample. The samples were thenrehalose 10). Therefore, the primary®N isotope effects
sealed in quartz tubes (2 mm internal diameter, 1 mm wall measured for CDA are affected only by steps leading up to
thickness) and heated at 148 for varying time periods  the irreversible release of ammonia and should be sensitive
(12—24 h). After the reactions were chilled on ice, the extent to the formation Ks) and breakdownk and ks) of the
of reaction was determined by diluting a small reaction tetrahedral intermediate.
aliquot (10uL) into 3 mL of potassium phosphate buffer The N isotope effect for the exocyclic amino group,
(0.1 M, pH 7.3) to measure the change in UV absorbance asreleased as ammonia in the conversion of substrate to
described above. Reported rate constants are the average gfroduct, with wild-type CDA, is 1.0109- 0.0001 (Table

three independent reactions. 1). The size of this isotope effect suggests thatN\leavage
Data Analysis.The **N kinetic isotope effect was deter- at least partially limits the rate of enzymatic deamination.
mined using eq 1, As shown below, the suppression of the isotope effect by a
_ _ _ forward commitment can be removed or reduced by varying
KIE = log(1 /log(1—f 1 . . . .
9(1— Dflog( R/Ro) @) pH or by using enzyme variants with reduced catalytic
wheref is the fraction of reactiorR, is the>N/'“N ratio in activity.

the product, andR, is the mass ratio in the initial substrate Adenosine deaminase, ADA, is similar to CDA in active
(determined by 100% conversion to product ammonia).  site structure and in the rate enhancement it produtes (
26). The ¥(VIK) in the exocyclic amino group in the
RESULTS AND DISCUSSION adenosine deaminase catalyzed reaction is 1.002)] &
5N Isotope Effects for Cytidine Deamina3de catalytic factor of ~2.7 smaller than the effect observed for CDA.
mechanism of cytidine deaminase is proposed to involve a The action of ADA on the slow substrate, 7,8-dihydro-8-
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oxoadenosine, showed a largeN isotope effect of 1.0150, 400 fr— T —
and is presumably limited by a chemical, rather than physical . =)
or binding, process. THE(V/K) for AMP deaminase, which soo ™ ® T ;cf
is subject to allosteric activation by ATP, ranged from 1.010 kgy R
(without ATP) to 1.016 (with ATP) and was 1.013 for its (s P
action on ATP, a slow substraté&3). 100 b =
Cytidine deaminase’s catalytic efficienc.4/Km) was A %
previously found to decrease with increasing acidity below O s ot oos 10 - %5t o5 050075 10
pH 6 (9), giving an 18-fold smaller value of 1.¥ 10° M~ mol Fraction DO mol Fraction DoO

slatpH4.2 than_p!—l 6, suggesting that chemistry _becomes FiGURE 3: Effects of solvent BO on (A) ke and (B)keafKrm for

more rate determining at lower pH values where incorrect wild-type cytidine deaminase acting on cytidine, in potassium

protonation of the catalytic groups slows the chemical step. phosphate buffer [0.1 M, pH(D) 7.3] at 2%.

In accord with that view, th&’(V/K) isotope effect increased

from 1.0109 (pH 7.3) to 1.0123 0.0001 at pH 4.2, showing in catalytic efficiency by a factor of~10* (8). This results

that the intrinsic isotope effect due to-®l bond cleavage in a positive change in the entropy of transition state binding,

was partially masked in neutral solution and that commit- suggesting that the anchor has lost its grip (10). For the action

ments due to pH effects on proton transfers were reduced atof mutant enzyme Glu91Ala on cytidine, the value'eiv/

pH 4.2. K) increases from 1.0109 to 1.01240.0001, as expected
Several mutant cytidine deaminases have also beenfor a less efficient chemical process in which the ET complex

characterized kinetically to determine the effect of mutation Partitions back to the EC complex more frequently than it
on catalytic efficiency and transition state stabilization. The Partitions forward to the EUA complex. However, tH\
crystal structure of the enzyme complex with 5-fluoro-3,4- Kinetic isotope for the slow substrate-deoxycytidine
dihydrouridine (a transition state analogue) shows that zinc actually decreases to 1.00830.0003. Although the rate of
is coordinated by one histidine (H102) and two cysteine Pinding of 3-deoxycytidine by CDA is relatively rapid as
(C129 and C132) residues (Figure ¥).(The activated ~ COmpared to an internal stéphe lowered(V/K) suggests
substrate water, in the form of hydroxide, coordinates the that changes in a partition ratio of a prior step to ammonia
fourth ligand site of zinc. Site-directed mutagenesis of these limination increases the commitment te-8 bond break-
residues produced enzyme variants with reduced zinc affinity 29€- The much lowek. may be the result of unproductive
and reduced catalytic activity), Of these enzyme mutants, ~inding, which lowers the observed value lef but does
His102Ala and His102Asn were stable proteins that regained "t affect the value of((V/K). Thus, even though disrupting
partial activity when preincubated with zinc and showed this interaction remote to chemlcal transformatlon by elther
maximal activity at 1 mol of zinc:1 mol of enzyme subunits. Meéthod produces almost equivalent decreases in transition
Their reduced catalytic efficiency was largely due to reduc- state _staplllzatlor), the intrinsic partitioning of the intermedi-
tions in ke, With little effect onKy,. The value oft3(V/K) ates is different in the two cases.
was found to increase for the His102Ala mutant from 1.0109  Sobent Deuterium Isotope Effectcreasing the deute-
(wild-type) to 1.0134+ 0.0003, and to 1.015& 0.0002 for rium content of the solvent is found to have little effect on
the His102Asn mutant. This relatively larg&iN kinetic keat for the wild-type enzyme (Figure 3A). In contrast, the
isotope effect for the His102Asn mutant indicates that the effect of solvent RO on kea/Km was found to be inverse
commitments have likely been eliminated. Since the ;,NH (Figure 3B). A proton inventory (fractional change in rate
of the tetrahedral intermediate can only be eliminated after With fractional change of BD content) forkea/Knm is curved
protonation by Glu-104, this elimination should have an early showing that two or more protons increase their fractionation
transition state. Even so, the isotope effect observed is largefactors in going to the transition state. These are presumably
and presumably reflects the intrinsic isotope effect ofNC ~ the protons on Zn-bound water, which become bonded to
cleavage, multiplied by an equilibrium isotope effect for N-3 and to the exocyclic amino group in the ET complex.
forming the protonated -N¥t group from the -NH group These data suggest that the proton from-DH, does not
of cytidine. Because this equilibrium isotope effect is known shift to Glu-104 until cytidine binds.
and inverse (0.9836)2(0), we can calculate an intrinsic In DO, the primary*3(V/K) decreases to 1.0086 0.0002
isotope effect of 1.033 for €N bond cleavage. from 1.0109 in HO. The fact that thé5N kinetic isotope
“Snapshots” taken of the enzyme’s action along the foect decrease; inD r.ule_s.out mechanisms in _which '_[here
reaction coordinate, from structural data of enzyme com- IS Only one kinetically significant stej2§). Deuterium oxide
plexes with a substrate analog@, (transition state ana- had the same effect off(V/K) for adenosine and AMP
logues &, 5), and product uridined) show that the ribose is ~ déaminases, so that these reactions also do not occur in a
held in a fixed position while the pyrimidine ring moves concerted fashion, in accord with the proposed mechanism
toward the zinc-bound hydroxide and away from ammonia. INvolving an additior-elimination sequence.
Thus, the ribofuranosyl group acts as an anchor during the Pyrimidine N3 **N Isotope Effectdt is proposed that the
catalytic proces3.Disruption of an H-bond that mediates Nitrogen atom at position 3 in the pyrimidine ring accepts a
contact between the anchor and the enzyme, by removingProton from Glu-104 and undergoes rehybridization frof sp
the OH group on the substrate, producingi8oxycytidine,

or by mutating the enzyme (Glu91Ala), causes a reduction 3 Earlier viscosity variation experiments showed no substantial effect
on keafKm of wt CDA with 3'-deoxycytidine, suggesting that its reduced
catalytic efficiency was due to a chemical step becoming more rate
2 For a discussion of the anchor principle, see2éf limiting (10).
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to sp’ during transformation to uridine (Figure 2). TH&V/
K) value at N-3 showed an inverse effect of 0.9879.0006
or 1.2% as expected for protonation of N-3 in a step prior
to ammonia eliminatioA.lt is likely that N-3, with a K,

value of 4.6 in the ground state, is protonated and rehybrid-

ized as the Zn-coordinated hydroxide attacks C-4 to form

Biochemistry, Vol. 41, No. 1, 2002419
D D D k5
Keq5 k5 + kS(k_)
,

v

P(VIK) = (6)

the tetrahedral intermediate, although it is possible that The !N sensitive steps for the exocyclic amino group are
protonation of N-3 precedes hydroxide attack. The observedformation of the tetrahedral intermediate and its breakdown.

inverse effect must be the product of an equilibrium and a
kinetic effect. The equilibrium isotope effect for protonation
of N-3 is inverse, although if protonation is concerted with
attack of hydroxide, the observed isotope effect will be less
inverse than the full equilibrium isotope effect. In that
process, thelg, value of N-3 will be raised by the increase
of electron density through the ring as the hydroxide
approaches C-420) and by deformation of the pyrimidine
ring as C-4 changes from 3 s hybridization.

Intrinsic Isotope Effect AnalysisfFor the His102Asn
mutant, it seems reasonable to infer that the rate-limiting
step of enzymatic deamination is the breakdown of the
tetrahedral intermediate to products (Nélimination). The
transition state for ammonia elimination should be fairly
early, so the isotope effect of 1.6% measured for the H104N
is consistent with no commitments. On the basis of the
equations derived by Weis$2), an intrinsic isotope analysis

The protonation of -NkKto become -NH" occurs before
ammonia is eliminated, and transfer is included in*fi@qs
term which was determined as 0.983%)) The kinetic
isotope effect for the step that includes protonation of the
amino group Ks) is likely to be close to unity, even though
Kegsis inverse, since it involves NH bond formation and

is thus a primary isotope effect. Using 1.0158 from the
H102N mutant as'®eqd%ks and assuming no external
commitment at pH 4.2, eq 4 with the data for wild-type
cytidine deaminase at this pH becomes:

1.0158+ (E—z)

e}

Solving forks/k, gives 0.29 at pH 4.2. At neutral pH, there

1.0123= 7)

for the enzymatic mechanism can be accomplished using ais a change in the internal commitment from that at pH 4.2,

simplified form of eq 2:

E + C==Eou,Cyt<- E(O — CytH — NH,") —
EU+ NH; (3)
Assuming D and®N isotope effects orks, k4, andks, but

accounting for the lack of stickiness of the substrdt@),(
the following equations apply to the mechanism in eq 3.

lsKeq315k5 + 15k3(;5)
1S(VIK),, = K ) 4)
L+ (k_)
15 15 1 k5 Dk4
Keq3 k5+ 5k3 k_4 Ws
B(VIK)p = (5)
D
L4 )
K, Pks

The solvent deuterium isotope effect will be

4To pursue the possibility that a LBHB exists between the 4-OH
group of the tetrahedral intermediate and Glu X64NMR spectra of
CDA (1.6 mM) and a transition state analogue, 3,4-dihydrouridine, in

since the observed isotope has decreased, lafd is
assumed to be small as illustrated by viscosity studi€} (
The internal commitmenks/ks, at pH 7.2 can be calculated
as 0.45 with eq 7 where 1.0109 replaces 1.0123. The
tetrahedral intermediate thus breaks down 2.2 times more
often than it is converted to products. The step ef\Cbond
cleavage is the highest barrier on the reaction coordinate.

The decreased commitment at pH 4.2 is either caused by
a decrease iks or an increase il relative to the values at
neutral pH. A decrease ik; could represent partial proto-
nation of Glu-104, which is needed to transfer a proton
between the -OH and -NHgroups of the tetrahedral
intermediate. An increase ka might be caused by the same
effect.

The deuterium sensitive steps occur before the tetrahedral
intermediate breaks down to eliminate ammonia. Using wild-
type data at neutral pH, assumifigs = 1 and again that
ks/k; is small, eq 5 is:

1.0158+ (0.45)Ck,)

1.0086=
1+ (0.45)Ck,)

(8)

Solving eq 8k, = 1.86.

The solvent deuterium isotope equation can be solved for
Dks:

5The mutant HLI02N has a more pronounde isotope effect at

phosphate buffer (50 mM, pH 7.0) was acquired. The X-ray structure pH 7.3 than the wild type has at pH 4.2. As a higher isotope effect
(5) of this complex showed a possible short hydrogen bond distance generally indicates lower commitments, the isotope effect for HL02N
between the hydroxide proton at C-4 of 3,4-dihyrouridine and the Glu has less commitments than the wild type. Furthermore, its magnitude
104 carboxylate ion. However, tHél NMR spectra (750 MHz) did suggests there is little or no commitment for this mutant. Therefore, it
not reveal any new peaks accompanying ligand binding in the downfield is assumed that the value Bks'%Keqs is the intrinsic isotope for the
region with 3,4-dihydrouridine at concentrations of 1.4 and 2.8 mM. wild type.
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0.63 DKeq3+ Dk3(0.45) 9 Table 2: Primary*N Kinetic Isotope Effects for Spontaneous
i 1+ 0.45 9 Deamination of 1-Methylcytosirte

temp (C) pH Kaon (57%) KIE + SE nb
Thus Pk; = 0.92 andPKeqs = 0.49. Pk; is inverse, and 100-185 70 varies 1.0021L 00002 26
therefore an equilibrium isotope effect. This value and the 100 12.5 1.1x 10°5 1.0035+ 0.0002 5

curved proton inventory show that protons are transferred ™ ajn 01 Mm potassium phosphate buffetiumber of determinations.
during theks step. These protons are likely to be the one cFirst-order rate constants increase from &30°7 s~ (100 °C) to
transferred to N-3, which is protonated before ammonia 1.5 x 10™*s™ (185°C).

release as shown by it§V/K), and the one transferred to

the exocyclic amine in the tetrahedral intermediate. The partitions forward to products uridine and ammonia in the
fractionation factor of the protons on the exocyclic amine yate-determining step, Glu-104 is in a good position to
in the transition state may be determined by assigning transfer the proton from the added OH group to incipient
fractionation factors to these protons in the compounds from ammonia (Figure 2). As this transfer occurs, the carboxylate
which they originated, and in the compound they finally group of Glu-104 appears to rotate in such a way as to retain
resided on, along with the calculatétKeqs value. The  contact with the 3-NH group of the developing uridine. One
unprotonated exocyclic amine should have a fractionation oxygen atom of Glu-104 assists the release of ammonia, as

factor of 1.0, while the protons of protonated Nate 1.1. the other oxygen atom (through its interaction with the 3-NH

ation factors of 0.77 and the proton on N-3 has one of 1.1, the enzyme uridine complex.

the value 0°Kegsis matched. Uncatalyzed Deamination of 1-MethylcytosiE@zymatic
Although the solvent deuterium isotope effectloa/Kn, deamination of cytidine occurs 102 times more rapidly

is inverse, the solvent deuterium isotope effeckgyis small. than the uncatalyzed reactiah (L0). This rate enhancement

The following anqu5|s ofV e_qudates the condlthns (keatkno) also reflects the enzyme’s differential binding
necessary to explain the small isotope effeckapwhen it affinity for the substrate in its activated form in the transition
is known that the chemical steps are rate-limitirig)( state relative to the ground stat&{Ky) (2). Transition state
Equations 10 and 11 apply to the mechanism in eq 3, whenffinity is underestimated if the uncatalyzed and enzyme-
the direct comparison method for measuring isotope effeCtscatalyzed reactions proceed by different mechanfsis.

is used. determine whether CDA uses a different mechanism to
ke catalyze the hydrolytic deamination of cytidine, we measured
V__ %% (10) the primary*>N isotope effect on the nonenzymatic hydroly-
E. kst Kkt ks sis of 1-methylcytosine. This analogue of cytidine was used
5 5 5 5 to avoid cle_qvage of ribose from_ N-1 that would occur under
o, KoKt KoKy ks + TKsks these conditions. 1-Methylcytosine was observed to undergo
V= kot K, ke (11) hydrolytic deamination at elevated temperatures in neutral

solution by a simple first-order process at rates that matched
Solving eq 11 using values d¥ks, Cks, ks, and Kg/ks those previously determined for cytidingQj. At tempera-

calculated above results in eq 12. tures between 100 and 18&, the™N isotope effect was
1.0021+ 0.0002 at pH 7.0 (Table 2). This much smaller
b ks + 2ks isotope effect, relative to that of the enzyme-catalyzed
= ks T 3.2 (12) reaction (1.0109), shows that the uncatalyzed reaction has

higher forward commitments. This may be attributed to the

A value for®V of 0.96 is achieved wheks > 25ks. Rapid required proton transfer from the attacking water via a

: - ; H-bonding network to N-3 in the pyrimidine ring that must
formation of the tetrahedral intermediate)( followed by > " ) .
slower G-N bond cleavagekf) to products, is consistent occur during addition at C-4. Once the tetrahedral intermedi-

) B ) . ) - . ate is formed, it reacts to eliminate NFaster than it expels
gggc N bond cleavage being the major rate-determining water, i.e., the proton shift from N-3 to the OH may be
Structural Context of Enzymatic Deaminati@uring the hindered by breaking of the H-bonding network. Effects of

overall conversion of cytidine to uridine, the pyrimidine ring polar, aprotic solvent mixtures with water (Figure 4) show

moves away from the leaving group (ammonia) and toward ghe"fr;gesézte ":)hf .%(:égggc ((.‘:Jg:g?lgzriltl(ggntézﬁ;gﬁg:]ylgytosgﬁn
the attacking group (zinc-coordinated hydroxide), describing Withl Ing M lon, suggesting

: : .~ that at least two water molecules are necessary for the
an arc with respect to the ribofuranosyl group that remains . . .
anchored in position6). Glu-104 appears to be the key H-bonding network needed to form the tetrahedral intermedi-

residue that facilitates the flow of electrons for cytidine ate. The enzyme-catalyzed reaction, on the other hand,

deamination within the confines of the enzyme'’s active site. - : :
In the enzyme’s complex with the transition state analogue _ ° The equatiori = Kuor/(kea/Km) assumes thatea/Km provides a

. - - measure of the equilibrium constant for conversion of the free enzyme
3,4-dihydrouridine, Glu-104 forms two hydrogen bonds with ;s bstrate to the enzymsubstrate complex in the transition state

this analogue’s 4-OH and 3-NH groups (Figure 1). These for chemical transformation of the substrate. Transition state affinity
bonds require that the carboxyl group of Glu-104 lie in the is underestimatedK(, is overestimated) if (A)kc/Km is limited by

i ; ; ; diffusional encounter of the enzyme and substrate, kiR)s limited
plane of the pyrimidine ring at this stage of the reaction. by product release, as is often the case for dehydrogenases, or (C) there

The present results show that water addition is not rate- is' 4 fundamental difference between the mechanisms of the uncatalyzed
determining As the corresponding tetrahedral intermediate and enzymatic reactions (for a more detailed discussion, se20yef




15N Kinetic Isotope Effects on CDA Mechanism
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Ficure 4: Effects of DMSO @) and DMF @) on the rate of
spontaneous deamination of cytidine in neutral solution at°CA5

The dotted and solid lines are based on linear regression analysis

of the effects of DMF (slope= 1.7,r = 0.99) and DMSO (slope

=1.9,r = 0.95).
A NH2
HOH"\ & "OH,

2\

ﬁ° _,IPM

FIGURE 5: leferences in electron localization for spontaneous
deaminations proceeding in (A) neutral and (B) alkaline solution.

already has a proton-transfer network in place that allows
for efficient protonation and therefore reduces the commit-
ment for C-N bond cleavage and shows a laréf#t kinetic
isotope effect.

Because the mechanism of enzymatic cytidine deamination
is proposed to involve Zn-coordinated hydroxide attack, the
15N isotope effect for the uncatalyzed reaction was remea-

sured at pH 12.5. Relative to the rate constant measured at

pH 7.3 and 100C, the rate constant at pH 12.5 increased
by a factor of 17 at this temperature, and i isotope
effect increased 1.7-fold, from 1.0021 to 1.0035. After
hydroxide attack to form the tetrahedral intermediate, electron
density resides on the more electronegative oxygen on C-2,
rather than on the N-3, which is unprotonated under these
conditions (Figure 5). The back reaction, to remove the
hydroxyl at C-4, occurs more easily under these alkaline
conditions than in neutral solution, since proton transfers are
not required for its elimination. These changes in electron
localization cause the forward commitment te-& bond

cleavage to decrease, increasing the observed isotope effect

(Figure 5).
For both the water and hydroxide reactions, the sAlll
kinetic isotope effect observed rules out a concerted reaction

Biochemistry, Vol. 41, No. 1, 2002421

mechanism, since a concerted reaction would result in a large
primary kinetic isotope effect. Therefore, both the uncata-
lyzed and the enzymatic reactions proceed by similar
mechanisms involving a tetrahedral intermediate formed by
the stepwise addition of OH and elimination of yHlthough

the commitment to €N bond cleavage is greater for the
uncatalyzed reaction.
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