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ABSTRACT. Yeast cytosine deaminase (yCD), a zinc metalloenzyme, catalyzes the hydrolytic deamination
of cytosine to uracil. The enzyme is of great biomedical interest because it also catalyzes the deamination
of the prodrug 5-fluorocytosine (5FC) to form the anticancer drug 5-fluorouracil (5FU). yCD/5FC is one
of the most widely used enzyme/prodrug combinations for gene-directed enzyme prodrug therapy for the
treatment of cancers. A pH indicator assay has been developed for the measurement of the steady-state
kinetic parameters for the deamination reaction. Transient kinetic studies have shown that the product
release is a rate-limiting step in the activation of the prodrug 5FC by yCD. The rate constant of the
chemical step for the forward reaction (250)sis ~8 times that of the product release (3%)sand~15
timeskeat (17 s71). The transient kinetic results are consistent with those of the steady-state kinetic analysis
in the sense that thie.,s and Ky, values calculated from the rate constants determined by the transient
kinetic analysis are in close agreement with those measured by the steady-state kinetic analysis. NMR
experiments have demonstrated that free 5FU is in slow exchange with its complex with yCD but has a
low affinity for yCD. The transient kinetic and NMR results together suggest that the release of 5FU is
rate-limiting in the activation of the prodrug 5FC by yCD and may involve multiple steps.

Yeast cytosine deaminase (yCba, zinc metalloenzyme,  Scheme 1
catalyzes the hydrolytic deamination of cytosine to uracil

: : o NH,  HO NH; 0
(Scheme 1A). yCD is of great biomedical interest because
it also catalyzes the deamination of the prodrug 5-fluorocy- N7 | N HNJ]
tosine (5FC, Scheme 1B), which is one of the most widely O)\N O)\N
used prodrugs for gene-directed enzyme prodrug therapy H H
(GDEPT) for the treatment of cancet, 2). The challenge Cytosine Uracil
in cancer therapy is to kill tumor cells without damaging B NH,

normal cells. GDEPT meets the challenge by activating a H0 NH; i
prodrug in the tumor, thereby minimizing damage to normal N)j’F \__/ HN)j’F
tissues {, 2). In cytosine deaminase-based GDEPT, the O)\N Oél\N
prodrug 5FC is converted to 5-fluorouracil (5FU) by the H

enzyme. 5FU is an anticancer drug used to treat breast, colon, 5-Fluorocytosine 5-Fluorouracil
rectal, stomach, and pancreatic cancers, and is the drug o
choice for treating colorectal carcinoma. However, the drug
has high gastrointestinal and hematological toxicities. In
contrast, the prodrug 5FC is fairly nontoxic to human,

Because of the lack of CD activity in human cells. By
producing 5FU in the tumor, the CD/5FC system minimizes
the undesired toxic effects of 5FU.

The structure of yCD has been determined recently at high
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being covered by a lid composed of Phel14, from the loop by DNA sequencing. The DNA of the expression construct

betweens4 andaD, and Trp152 and lle156, both from the

(PET17b-yCD) was then transformed int. coli strain

C-terminal helix. It has been suggested that the C-terminal BL21(DE3)pLysS.

helix may serve as a “gate” controlling the access to the

Site-Directed Mutagenesi$he W10H mutant was made

active center and therefore both substrate binding and producby PCR-based site-directed mutagenesis. The forward and

release 4). Surprisingly, the structure of apo yCD is
essentially the same as that of the inhibitor complex with an
rmsd of 0.23 A for the backbone atoms between the two

reverse primers for the mutagenesis wetedCBTATG-
GCAAGCAAGCACGATCAGAAGGGTATGGACATTG-
CC-3 and 3-GGCAATGTCCATACCCTTCTGATCGT-

structures. The active center in the apoenzyme is also coverelsCTTGCTTGCCATATG-3 The mutation was verified by
by the same cluster of hydrophobic residues and appears tdNA sequencing. The entire gene was sequenced to confirm

be inaccessible to the substra®. (The crystal structure of

there was no unintended mutation.

the apoenzyme also contains a second zinc ion in the Expression and PurificatiarFive milliliters of LB medium
substrate binding pocket. However, the noncatalytic zinc is containing 100ug/mL ampicillin and 20ug/mL chloram-

coordinated with water molecules only and has no direct
interactions with the protein. The effects of the noncatalytic

phenicol was inoculated with a fresh colony of expression
strain BL21(DE3)pLysS containing pET17b-yCD. The cul-

zinc on the protein structure are not clear. The yCD-catalyzed ture was grown overnight at 3% with vigorous shaking
reaction is believed to proceed via a tetrahedral intermediate(~200 rpm). The overnight culture was first checked for the
with a conserved glutamate (Glu64) serving as a proton expression of yCD by SDSPAGE and used for seeding a

shuttle 3—5).
The catalytic apparatus of yCD, including the catalytic

large-scale growth. The expression of yCD was induced by
the addition of IPTG to a final concentration of 0.5 mM when

zinc, its coordinated residues, and the proton shuttle, is verythe ODyp of the culture reached 1.2. The culture was then

similar to that ofEscherichia colicytidine deaminase3(
4), which has been extensively studie6—@) and is a

cooled to room temperature and grown for an additional 6
h. TheE. colicells were harvested by centrifugation, washed

paradigm for understanding enzymatic catalysis. yCD has once with buffer A [50 mM potassium phosphate (pH 7.9)],
emerged as another excellent model system for studying thisand kept at-20 °C until they were used.

class of enzymatic reactions and the role of conformational

The frozen bacterial paste was thawed at room temperature

dynamics in enzymatic catalysis, because high-resolutionand suspended in 100 mL of precooled buffer A. The cells
structures have been determined [1.14 and 1.60 A for thewere disrupted with a French press. The resulting lysate was
two structures of the reaction intermediate analogue complexcentrifuged for 20 min at-2700@ and 4°C. Polyethylene-

(3, 4) and 1.43 A for the structure without the reaction
intermediate analogues)]. Furthermore, yCD is only ap-
proximately half the size dE. coli cytidine deaminase and
is amenable to high-resolution NMR analysis, which is being
carried out currently in our laboratory.

We are interested in elucidating how yCD catalyzes the
activation of the prodrug 5FC to the anticancer drug 5FU
and the role of conformational dynamics in the catalysis. In
this paper, we show by a combination of transient kinetic
and NMR studies that product release is rate-limiting in the
activation of the prodrug 5FC by yCD and may involve
multiple steps.

EXPERIMENTAL PROCEDURES

Materials. All chemicals and biochemicals were from
commercial sources. Cytosine, 5-fluorocytosine, and 5-fluo-
rouracil were purchased from Sigma.38}-5-Fluorocytosine
was purchased from Moravek:®IN]NH4Cl was purchased
from Isotec. Restriction enzymes and T4 ligase were
purchased from New England Biolatfu DNA polymerase

imine was added to the pooled supernatant to a final
concentration of 0.1%. The solution was centrifuged im-
mediately after mixing at 150@0for 30 min. Ammonium
sulfate was added in small portions to the supernatant under
constant stirring to 40% saturation. After being stirred for
an additional 1 h, the solution was centrifugech&700Q)

for 20 min. The supernatant was loaded onto a phenyl-
Sepharose column equilibrated with 40% saturation am-
monium sulfate in buffer B [50 mM potassium phosphate
(pH 7.0)]. The column was washed with the equilibrium
solution until the OBRg, of the effluent was<0.05 and eluted
with a linear ammonium sulfate gradient (from 40 to 0%
saturation) in buffer B. Fractions containing yCD were
identified by SDS-PAGE and concentrated tol5 mL with

an Amicon concentrator using a YM10 membrane. The
protein solution was then applied to a Sephadex G-75 column
equilibrated with 20 mM Tris-HCI (pH 7.5). The column
was developed with the same buffer. Fractions from the gel
filtration column were monitored by Olgyand SDS-PAGE.
Pure yCD fractions were pooled and concentrated to2ID
mL. The concentrated yCD was dialyzed against 2 mM

and the pET-17b vector were purchased from Strategene anghotassium phosphate buffer (pH 7.0) and lyophilized.

Novagen, respectively.

Cloning The yCD gene was amplified by PCR from yeast
genomic DNA. The primers for PCR weré-6GG ATC
CAT ATG GCA AGC AAG TGG GAT CAG-3 (forward
primer with aNdd site) and 5GGA ATT CTA CTC ACC
AAT ATC TTC AAA CC-3' (reverse primer with a&coRl
site). The PCR product was digested wiNdd and EcoRl
restriction enzymes and ligated with the vector pET-17b

digested with the same restriction enzymes. The ligation

mixture was transformed int&. coli strain DH%. The

15N Labeling For **N labeling of yCD, expression strain
BL21(DE3)pLysS containing pET17b-yCD was grown in
M9 medium with'>NH,4CI as the sole nitrogen source. The
cells were grown first at 33C and were induced with 0.5
mM IPTG when the culture reached an gpof 1.2. The
culture was further incubated at room temperature for 10 h.
The *N-labeled yCD was purified by the same procedure
used for the unlabeled protein.

5-Fluorotryptophan LabelingTo produce 5-fluorotryp-
tophan-labeled yCPL L of M9 medium containing 1009/

correct coding sequence of the cloned yCD gene was verifiedmL ampicillin and 2Qug/mL chloramphenicol was inoculated
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with a 5 mL culture of expression strain BL21(DE3)pLysS complete mechanism by numerical analysis using DYNAFIT
containing pET17b-yCD and grown overnight at®3with 9).
vigorous shaking. Thé. coli cells were centrifuged and IH—15N HSQC NMR SpectroscopMR samples were
resuspendechi3 L of M9 medium containing 10@&g/mL prepared by dissolvingPN-labeled yCD in 100 mM potas-
ampicillin and 20ug/mL chloramphenicol and grown until ~ sium phosphate and 1M NaN; (pH 7.0) made in KO
the ODyoo reached 1.0. 5-Fluorotryptophan was then added and ?H,O (13:1). DSS (2uM) was used as an internal
to a final concentration of 50 mg/L. The culture was standard for chemical shift calibration. The initial protein
incubated further at 33C until the OQo reached 1.4 and  concentration was 1.5 mM in protomers. The NMR samples
then induced with 0.5 mM IPTG (final concentration). The containing 12 and 20 mM 5FU were made by adding aliquots
cells were harvested by centrifugation after incubation for 4 of a concentrated 5FU solution. The NMR sample containing
h at room temperature. The labeled protein was purified, and75 mM 5FU was made by adding 5FU powder. The
the percentage of 5-fluorotryptophan labeling was determined sensitivity-enhancetH—*N HSQC spectra were acquired
by mass spectrometry. at 25°C on a Varian Inova 600 MHz spectrometer. The
pH Indicator AssayFor measuring the steady-state kinetic spectrum widths were 9476 and 2400 Hz tét and N
parameters of 5FC, the reaction mixture contained 1 mM dimensions, respectively; 16@,(°N dimension)x 1946
5FC, 0.09 mM cresol red, and 8:12 ug/mL yCD in 100 (t2, *H dimension) complex data points were recorded for
mM bicine and 100 mM NacCl (pH 7.5). The reaction was each spectrum. The number of transients was 32 for each
initiated by addition of the enzyme at 2& and followed FID with a 1.5 s delay between transients. The NMR data
by monitoring the absorption of the pH indicator cresol red were processed with NMRPipd1).
at 572 nm. The values of the steady-state kinetic parameters °F NMR Spectroscopy!®F NMR experiments were
were estimated by the numerical analysis of the time courseperformed on a Varian Inova 300 or 600 MHz NMR
of the reaction using DYNAFITY). The steady-state kinetic ~ spectrometer. The NMR samples were made with the same
parameters of cytosine were determined by initial velocity buffer as that for théH—'N HSQC NMR experiments. The
analysis. The reaction mixture contained 0.09 mM cresol red, NMR spectra were acquired with a spectral width of 5000
~0.6ug/mL yCD, and 0.2,0.5,0.8, 1.2, 2.4, 4.8, or 9.6 mM Hz, 5000 data points, and 1024 transients for each spectrum
cytosine. The initial rates were analyzed according to the with a 2 sdelay between transients. The NMR data were
standard MichaelisMenten equation. processed with VNMR (Varian Associates). THe chemical
Stopped-Flow AnalysisStopped-flow experiments were  shifts were referenced to @EsHs.
performed in an Applied Photophysics SX.18MV-R stopped-  Saturation transfer experiments were carried out as de-
flow spectrofluorometer at 28C. One syringe contained  scribed by Lian and Robert4?). The NMR sample for the
yCD, and the other contained the substrate 5FC. Both yCD saturation transfer experiments contained 1.5 mM yCD
and 5FC were dissolved in 20 mM sodium phosphate and labeled with 5-fluorotryptophan and 24.7 mM 5FU. Two
150 mM NaCl (pH 7.3). The absorption at 296 nm was complementary saturation transfer experiments were per-
monitored. The data were analyzed by a nonlinear least-formed, one saturating @ NMR signal of free yCD and
squares fit to an exponential equation using Origin (Orig- the other saturating 8 NMR signal of 5FU-bound yCD.
inLab). The signals were saturated with a low-power gated decou-
Quench-Flow AnalysisQuench-flow experiments were pling pulse. The pulse power was set+@ dB on the basis
carried out with a KinTek RQF-3 rapid quench-flow instru- of the results of preliminary tests. Eight spectra were acquired
ment at 25°C. All reaction components were dissolved in for each saturation transfer experiment with saturation times
20 mM phosphate and 150 mM NacCl (pH 7.3). One syringe of 0, 0.04, 0.06, 0.08, 0.1, 0.12, 0.2, and 0.4 s. The control
contained yCD, and the other contained the substrate 5FC.experiment was performed with the saturation frequency set
A trace amount of [6H]S5FC was used to follow the at one end of the spectrum. The intensity of the monitored
reactions. The reactions were quenched with 0.5 M acetic peak is described by the following equation.
acid, 10 mM 5FC, and 10 mM 5FU. The substrate 5FC and
product 5FU were separated by TLC on an RP-18F = (k/ﬂ;)e_’lt + R/IA
aluminum sheet (Merck) developed with acetonitrite and
acetic acid at a 50:1 ratio. After the TLC plate was air-dried wherel is the peak intensity of the monitored species when
for 10 min, 5FC and 5FU were spotted under UV light. The the other species is saturatéglis the peak intensity of the
fluorescent spots were cut out and soaked in 1 mL of the monitored species in the control experimekts the rate
developing solution in scintillation vials, and the vials were constant for the conversion of the monitored species to the
shaken for 30 min at room temperature. Radioactivities were saturated specieBjis the longitudinal relaxation rate constant
measured with a Beckman LS6500 scintillation counter after for the monitored species, ardd= k + R. The data were
the addition of 7.5 mL of scintillation fluid to each fitted by nonlinear least squares regression to an exponential
scintillation vial. In pre-steady-state experiments, the reaction equation using Origin.
mixture contained 2@M yCD and various concentrations
of 5FC. In single-turnover experiments, the reaction mixture lie) = AeM+c
contained 30&M yCD and 15«M 5FU. All concentrations
were those after mixing. The pre-steady-state and single-where I is the peak intensity of the monitored species
turnover data were first analyzed by a nonlinear least-squareselative to that of the control experiment. When the NMR
fit to appropriate single-exponential equations as previously signal of the bound yCD is saturated, the producAaind
described 10). The amplitudes and rate constants were then A provides the value for the dissociation rate constant. When
used to set the initial values for fitting the data to the the NMR signal of the free yCD is saturated, the product of
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Aand2 is the rate constant for_the conversion of free yCD Table 1: Kinetic Constants for the Activation of the Prodrug 5FC
to bound yCD. The concentrations of the free enzyme, the py ycpe
bound enzyme, and the free ligand can be calculated from

the standard equilibrium relationship. The association rate Steady-State Kinetics

constant can be then obtained because the rate constant for >-fluorocytosine cytosine

the conversion of free yCD to bound yCD is the product of Km kﬁt kc_a{KTl Km kialt kcf{KTl
the association rate constant and the concentration of free  (MM) ()  (Mish  (mM) (s9) (M*sH
5FU at equilibrium. 0.164+0.01 17+0.4 11x10° 1.14+0.08 91+4 82x 10
RESULTS Transient Kinetics

o . y k K k K Km ke
Steady-State Kinetic Analys@D is traditionally assayed (‘quisfl) (SJ) (Sfl) (Sff) (sl?l) (mM) (lgff)

by measuring UV absorbance chang&8)( Although the 048+ 004 93+ 20 250+ 30 91L20 31:2 OLP 21
method is convenient for routine measurement of CD activity, — ' — —
it is not accurate for measuring kinetic constants, because " The steady-state kinetic parameter for cytosine are presented for
. . .~ comparison® Kp, and k.o: were calculated from the individual rate
both the substrate cytosine and the product uracil have high.gnstants.
molar extinction coefficients and similar maximum absor-
bance wavelengths. For example, for an accurate measure- (315
ment of theK, value of cytosine (1.1 mM), the substrate
concentration must go up to at least 5 mM5timesK,), 0.310- A
preferably 10 mM {10 timesK,). The absorbance for 5
mM cytosine is 30.5 at the maximum absorbance wavelength  0.305-
(267 nm) and 6.1 at the wavelength (286 nm) normally used N
for measuring CD activity. To overcome this problem, we & 0.300+
developed a pH indicator assay. Although the use of pH
indicators to monitor the progress of enzymatic reactions has ~ 0-2951
a long history, the technique has not been used for measuring
the kinetics of the CD-catalyzed reaction. The pH indicator
assay took advantage of the higk q9.25) of ammonia so
that essentially all ammonia generated by the CD-catalyzed
reaction is converted to ammonium at the assay pH (7.5). 180
The resultant pH change causes a change in the absorbance
of the pH indicator at 572 nm. The absorbance change is
proportional to the ammonia generated by the CD-catalyzed
reaction if the |, of the pH indicator is equal to that of the =~ 120
buffer. Cresol red was used as the pH indicator because its <® 44,
pKa (8.3) matches that of bicine (8.35) used for making the

0.290 4

160 -
140 -

assay buffer. Because kinetic parameters change with pH, ‘:%,, 801

the pH changes were kept within 0.05 unit. £absorption ~° 601

effects were not an issue, because the reaction rates with 40

the amount of the enzyme in the assay were at least 1 order 0

of magnitude higher than the basal rates obtained without 0 100 200 300 400 500 600
the enzyme (control). Therefore, the g&bsorption effects 5FU (uM)

could be safely ignored. We also tested the phenol r&d (p ) o
= 7.81) and POPSO K = 7.82) combination, and the Ficure 1: Stopped-flow analysis of the activation of the prodrug

Lo . 5FC by yCD. (A) Time course of the reaction as monitored by
kinetic constants obtained by the two systems were the Sameqp, .. “The reaction mixture contained 20 yCD and 250uM

We chose the higherky system because it gave a higher sFcC. The solid line was obtained by a noniinear least-squares fit
signal with the same small magnitude of pH change. The to an equation with an exponential and a linear term. (B) Linear

buffering capacity was compensated by increasing the dependence of the rate constant of the exponential term on the
concentration of the buffering component. The results of the concentration of 5FC.
kinetic measurement by the pH indicator assay are sum-
marized in Table 1. The results showed that yCD has a similar phenomenon was observed fBr coli cytosine
slightly higher catalytic efficiencykt./Km) for the prodrug deaminase 14). The burst increase in absorbance was
5FC than for the natural substrate cytosine. The catalytic attributed to the change in the environment of the substrate
efficiency of yCD for 5FC is~10-fold higher than that of  upon binding to the enzyme, the decrease to the conversion
the E. coli enzyme 14), in agreement with the report that of the substrate to the products. The absorbance changes
yCD is a better enzyme for CD/5FC-based GDERD)( could be phenomenologically described by an exponential
Transient Kinetic Analysig.o determine the rate constants and a linear term. The rate constant of the exponential term
for the individual steps of the prodrug activation, we is linearly dependent on the concentrations of the substrate
performed the transient kinetic analysis of the reaction. We (Figure 1B). The apparent association and dissociation rate
first performed stopped-flow spectrophotometric analysis of constants were estimated to be 028! s™* and 33 s?,
the reaction. As shown in Figure 1A, there was a burst respectively, which were probably the low limits because
increase followed by a steady decrease in absorbance. Athe substrate complex was rapidly converted to the product
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Ficure 2: Quench-flow analysis of the activation of the prodrug 12 11 10 s 8 7
5FC by yCD. The solid lines were obtained by global fitting using 1H (ppm)
the numerical analysis program DYNAFIT.
complex as shown by a quench-flow analysis. B . " o Y A
. . ' . 20 5
Because the extinction coefficient of the bound 5FC is PR P 108
slightly higher than that of free 5FC, it was difficult to 35.:333. o =m0 4
estimate how much 5FU was formed at the initial phase of o e B 25;3028; 8 0 3 4
the reaction. We then performed several stopped-flow Y E,_‘ugi, gqaf“ .
experiments with a pH indicator. It turned out that the data & 3 ﬂm£°§§?*5'“$::e i [ 116 g_
obtained in the first 50 ms were very noisy and unusable. %‘.9. “ﬁg&f?ﬁ% Al ) a
Quench-flow experiments were used instead to obtain s o G e .,,ase?,‘,? F120 Z
) . . . . . . . " 140 @
definitive kinetic information for the prodrug activation. The e 4 IR -
results are shown in Figure 2. The burst experiments (the 50 ”‘“?W%ﬁ@ ons [ 104
top three lines in Figure 2) clearly indicated that product "0y ol o r
release is the rate-limiting step in the activation of the | . % oE Jgu™ & : 128
. ) : f & “ 135 g5 E
prodrug. A single-turnover experiment in which the enzyme "
concentration was larger than that of the substrate was alsd._____ 0 S [ 132
performed (the bottom line in Figure 2). The data from both 12 1 10 ; 9 8 7
burst and single-turnover experiments were analyzed by H (ppm)

global fitting according to the following minimal kinetic  Fcure3: 'H—15N HSQC spectra of yCD. Sequential assignments
mechanism (Scheme 2) using the numerical analysis progranare indicated with residue numbers: (A) 1.5 mM yCD and (B) 1.5
DYNAFIT (9, 10). The initial values for the global numerical MM yCD with 12 mM 5FU.

analysis were obtained by a nonlinear least-squares fit of o complex of yCD and 5FU on the NMR time scale and

the data to appropriate exponential equations. yCD was not saturated with 5FU. Only one set of HSQC
Sch 9 cross-peaks were obtained when the 5FU concentration
cheme reachec~80 mM (the maximum solubility), indicating that
E+S ky ES ko EP ks E+P yCD was predominately in the bound form at this 5FU
k, ko, concentration (data not shown). The sequential resonance

assignment of yCD in complex with the reaction intermediate

The rate constants obtained by the global numerical analogue 5-fluoro-2-pyrimidinone has been achieved by
analysis are summarized in Table 1. The rate constant forthree-dimensional (3D) double- and triple-resonance NMR
the forward reaction is 8 times that of product release and experiments, including’N-edited 3D NOESY, HNCA, HN-
more than 10 time&... The Ky, and ke, values calculated  (CO)CA, HN(CA)CB, HN(COCA)CB, HNCO, HN(CA)CO,
from the individual rate constants were very similar to those HCCH-TOCSY, C(CO)NH-TOCSY, and H({CCO)NH-TOC-
determined by steady-state kinetic measurements, indicatingSY data (6), using singly, doubly, and triply labeled yCD
that the individual rate constants determined by the transientsamples (L. Yao et al., unpublished results). Because most
kinetic analysis are consistent with the steady-state kinetic of the cross-peaks in the HSQC spectra are well resolved,
parameters. The slow product release is probably due to themany cross-peaks of unliganded yCD (Figure 3A) and its
slow dissociation of 5FU and was confirmed by the NMR complex with 5FU (Figure 3B) could be assigned by
analysis of the binding of 5FU to yCD. comparison with the assignéti—'>N HSQC spectrum of

NMR AnalysisTo confirm that the product release is rate- yCD in complex with the reaction intermediate analogue.
limiting in the prodrug activation, several NMR experiments Most of the cross-peaks that moved upon the binding of 5SFU
were performed. First, we acquiréd—>N HSQC spectra  belong to the residues in the vicinity of the active site. The
of 1°N-labeled yCD in the absence of 5FU and in the presence K4 of the binary product complex was estimated to~d20
of 12, 20, and 80 mM 5FU. As shown in Figure 3B, many mM, because about equal amounts of yCD were in the free
residues had two sets of cross-peaks under unsaturatedorm and the bound form at 20 mM 5FU. Second, we
conditions, indicating that 5FU was in slow exchange with acquired®F NMR spectra of 5FU free and in complex with
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FIGURE 4: 1% NMR spectra of free (unbound) 5FU and the yCD- 0.0 0.1 0.2 0.3 0.4
bound 5FU. The smaller peaks near the strong peak of free 5FU in Time(s)
the top spectrum ar¥C satellite peaks.
W152 1.2
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FicUrRE 5: 1%F NMR spectra of yCD labeled with 5-fluorotryp- 0.0 i : . : .
tophan: (A) 1.5 mM 5-fluorotryptophan-labeled yCD and (B) 1.5 0.0 0.1 0.2 0.3 0.4

mM 5-fluorotryptophan-labeled yCD with 24.7 mM 5FU. Time (s)

) . . Ficure 6: NMR saturation transfer analysis of the binding of 5FU
yCD (Figure 4). The formation of the yCD complex shifted  to the 5-fluorotryptophan-labeled yCD. The NMR sample contained
theF NMR signal of 5FU by~4.5 ppm. The results clearly 1.5 mM 5-fluorotryptophan-labeled yCD and 24.7 mM 5FU. The
indicated that the free 5FU is in slow exchange with the yCD data in panels A and B were obtained by irradiating ffeNMR
and 5FU complex on th&F NMR time scale. Third, we nuclei of the bound and free yCD, respectively. The solid lines

g : were obtained by a nonlinear least-squares fit of the data as
acquired™®F NMR spectra of yCD labeled with 5-fluoro-  gescrined in Experimental Procedures.
tryptophan in the absence and presence of 5FU (Figure 5).
The degree of 5-fluorotryptophan labeling was estimated to . , ,
be~90% on the basis of théd—15N HSQC spectra of singly determln_ed by saturating tH& NMR signal of the bound
(15N) yCD and doubly labeled$N andF) yCD proteins. yCD, which was 13 s&. The rate_fo_r the formation of the
The kea and K values of the'%F-labeled yCD were 15 complex, a product of the assoma}t!or! rate constant aqd the
0.4 st and 80+ 6 uM, respectively, indicating that the ~concentration of free 5FU at equilibrium, was dgtermmed
5-fluorotryptophan labeling has no significant effects on the Py saturating thé%F NMR signal of free yCD, which was
kinetic properties of yCD. Thé®%-labeled yCD exhibited 14 s1 The_ concentration of free 5FU was cal_culate_zd to be
two 9F NMR peaks, and one was much sharper than the 24 mM using the standard equilibrium relationship. The
other. The binding of 5FU shifted the broader NMR peak @ssociation rate constant therefore was 0.6 tbt?, and
by ~2 ppm but caused no significant change in the position theKy was 22 mM. The results indicated that 5FU is in slow
of the narrower peak (Figure 5). The wild-type yCD has two €Xchange with its yCD complex but has a rather high
tryptophan residues, Trpl0 at the N-terminus (away from
the active site) and Trp152 at the active site. The o DISCUSSION
NMR peaks were assigned on the basis of the comparison yCD is of great biomedical interest because it catalyzes
with the ®F NMR spectrum of the yCD mutant W10H, which  the deamination of the prodrug 5FC to form the anticancer
showed only one peak from Trpl52 (data not shown). drug 5FU. By a combination of transient kinetic and NMR
Surprisingly, the shifted peak belonged to Trpl0 at the studies, we have clearly shown that product release is a rate-
N-terminus rather than Trp152 at the active site. The result limiting step in the activation of the prodrug 5FC by yCD.
again indicated that 5FU is in slow exchange with its The transient kinetic studies showed that the rate constant
complex with the enzyme on the NMR time scale. Further- of the chemical step for the forward reaction (250)ds
more, the intensities of free yCD and bound yCD were ~8 times that of the product release (31)sand~15 times
approximately equal in the presence of 24.7 mM 5FU, again k.. (17 s'1). The transient kinetic results are consistent with
indicating that theKy value for the binary complex is20 those of the steady-state kinetic analysis in the sense that
mM. Fourth, we determined the exchange rate constants bythe k.o and K, values calculated from the rate constants
NMR saturation transfer experiments. The results are showndetermined by the transient kinetic analysis are in close
in Figure 6. The results were analyzed using a simple one-agreement with those measured by the steady-state kinetic
step binding model. The dissociation rate constant was analysis. The steady-state kinetic parameters, however, are
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insufficient for the description of the kinetics of the prodrug equilibrium is in favor of the closed conformation, which is
activation. The yCD-catalyzed activation of the prodrug 5FC most populated and was crystallized).(The apparenky is
generates two products, 5FU and ammonia. The four NMR the reciprocal of the overall equilibrium constant, which is
experiments described in the Results clearly indicated thata product of the equilibrium constant for the conformational
the release of 5FU is rate-limiting in the activation of the transition of the unliganded yCD and the equilibrium constant
prodrug 5FC by yCD. for the binding of 5FU to the open conformation. An

There are two possible causes for the slow release of 5SFUequilibrium constant in favor of the closed conformation will
by yCD. One involves the breaking of the coordination increase the appareKt by a factor of the reciprocal of the
between 5FU and the catalytic zinc, and the other involves equilibrium constant. The unusually low apparent association
the opening of the lid that covers the active site. When 5FC rate constant may also be attributed to the multiple-step
is converted to 5FU at the active site of yCD, the oxygen at nature of the binding of 5FU to yCD.

position 4 of 5FU is coordinated with the catalytic zinc. yCD belongs to the CDA family of purine/pyrimidine
Using the ONIOM methodologyl(7—24), our recent com-  deaminases3( 4). In addition to yCD and other fungal
putational study of the deamination of cytosine showed that, cytosine deaminases, members of the family of enzymes
energetically, the cleavage of the ©2n bond is rather include cytidine deaminases, guanine deaminases, and ribo-
difficult either in the presence or in the absence of ammonia flavin biosynthesis enzymes. These enzymes have similar
(5). The computational study suggests that uracil is liberated structures with a zinc-containing catalytic apparaf$}.(The
from the zinc by an oxygen exchange mechanism that structures of the family of enzymes reported to date are all
involves the formation of gemdiol intermediate from the  in a closed conformation. Because these enzymes all have a
Zn-bound uracil and a water molecule, cleavage of the C4 closed conformation and most likely follow a similar
O”"bond, and the regeneration of the Zn-coordinated water. chemical mechanism, product release may also be rate-
The rate-determining step in oxygen exchange is the forma-|imiting in the reactions catalyzed by other members of this
tion of the gemdiol intermediate, which is also the rate- family of enzymes. However, a lack of viscosity dependence
determining step for the overall yCD-catalyzed deamination on thek; of E. coli cytidine deaminase suggests that product
reaction. release may not be rate-limiting in the reaction catalyzed by
SFU is also likely to be completely buried at the active the enzymeZ6). On the other hand, fuleN kinetic isotope
site of yCD. The structure of yCD in complex with the effects are manifested in the reaction catalyzed by mutants
reaction intermediate analogue 2-pyrimidinone has beenwith significantly reduced catalytic efficiencies but not the
determined recently at high resolutioB, 4). The bound  wild-type cytidine deaminase7), indicating that there is
reaction intermediate analogue is completely buried, being another step influencing the rate besides the sldw N}
covered by a lid composed of Phel14, Trp152, and 1le156, bond cleavage in the deamination of cytidine.

the latter two of which are from the C-terminal helix. Itis | conclusion, the transient kinetic and NMR data together
possible that the opening of the lid may also determine the clearly showed that the release of 5FU is rate-limiting in
rate of prodqct releas'e in yCD. Furthermore, the structL_Jre the activation of the prodrug 5FC by yCD and may involve
of apo yCD is essentially the same as that of the reaction yytiple steps, the interconversion of yCD between a closed
intermediate complex3]. The active center is also covered 5nd an open conformation and the cleavage or formation of

by the same cluster of hydrophobic residues in the apo- ine coordination between 5FU and the catalytic zinc of yCD.
enzyme and appears to be inaccessible to the subsBate (
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