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ABSTRACT: Yeast cytosine deaminase (yCD) catalyzes the
hydrolytic deamination of cytosine to uracil as well as the
deamination of the prodrug S-fluorocytosine (SFC) to the
anticancer drug S-fluorouracil. In this study, the role of Glu64 in
the activation of the prodrug SFC was investigated by site-directed

mutagenesis, biochemical, nuclear magnetic resonance (NMR), and
computational studies. Steady-state kinetics studies showed that the
mutation of Glu64 causes a dramatic decrease in k_, and a dramatic
increase in K, indicating Glu64 is important for both binding and
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catalysis in the activation of SFC. "’F NMR experiments showed

that binding of the inhibitor S-fluoro-1H-pyrimidin-2-one (SFPy) to the wild-type yCD causes an upfield shift, indicating that the
bound inhibitor is in the hydrated form, mimicking the transition state or the tetrahedral intermediate in the activation of SFC.
However, binding of SFPy to the E64A mutant enzyme causes a downfield shift, indicating that the bound SFPy remains in an
unhydrated form in the complex with the mutant enzyme. 'H and "N NMR analysis revealed trans-hydrogen bond D/H isotope
effects on the hydrogen of the amide of Glu64, indicating that the carboxylate of Glu64 forms two hydrogen bonds with the
hydrated SFPy. ONIOM calculations showed that the wild-type yCD complex with the hydrated form of the inhibitor 1H-
pyrimidin-2-one is more stable than the initial binding complex, and in contrast, with the E64A mutant enzyme, the hydrated
inhibitor is no longer favored and the conversion has a higher activation energy, as well. The hydrated inhibitor is stabilized in the
wild-type yCD by two hydrogen bonds between it and the carboxylate of Glu64 as revealed by 'H and '*N NMR analysis. To
explore the functional role of Glu64 in catalysis, we investigated the deamination of cytosine catalyzed by the E64A mutant by
ONIOM calculations. The results showed that without the assistance of Glu64, both proton transfers before and after the
formation of the tetrahedral reaction intermediate become partially rate-limiting steps. The results of the experimental and
computational studies together indicate that Glu64 plays a critical role in both the binding and the chemical transformation in the

conversion of the prodrug SFC to the anticancer drug S-fluorouracil.

major problem in cancer treatment is the toxicity of
anticancer drugs to normal cells. Gene-directed enzyme
prodrug therapy (GDEPT) is aimed at addressing this critical
problem by using nontoxic prodrugs, activating them in tumors,
and thereby killing cancer cells while minimizing the side effects
of anticancer drugs.' ™ One of enzyme—prodrug combinations
frequently used in GDEPT is cytosine deaminase (CD) and
S-fluorocytosine (SFC). CD is a metalloenzyme that catalyzes
the deamination of cytosine to generate uracil as well as the
deamination of SFC to generate S-fluorouracil (SFU). SFU
is an anticancer drug used for the treatment of colorectal,
breast, stomach, and pancreatic cancers, but like many
anticancer drugs, SFU is highly toxic, causing side effects such
as myelosuppression, mucositis, dermatitis, and diarthea. SFC is
fairly nontoxic, as CD is absent in humans. By activating the
prodrug SFC in the tumor, the CD/5FC-based GDEPT minimizes
the side effects of SFU.
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Two CDs have been used as the activating enzyme in the
CD/SFC-based GDEPT. One is from Escherichia coli (eCD)
and the other from yeast (yCD). The two enzymes have no
detectable homology and differ both in size and in tertiary
and quaternary structures, arising apparently by convergent
evolution. The E. coli enzyme is a homohexameric protein with
a molecular mass of 47.5 kDa per subunit and has a TIM-barrel
fold,* whereas the yeast enzyme is a homodimeric protein with
a molecular mass of 17.5 kDa per subunit and has a three-layer
a—p—a fold>° Although eCD was used in early GDEPT
studies, among wild-type CDs, yCD is preferable for GDEPT,
because yCD has a much higher catalytic efficiency for SFC
than eCD.””” However, a most recent study showed that a
mutant form of eCD is superior to yCD.'°
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Because of its biomedical significance, there have been both
experimental and computational studies of the catalytic
mechanism of yCD. The structure of yCD has been determined
by X-ray crystallography at high resolution, including the
ligand-free form® and the complex form with the inhibitor 1H-
pyrimidin-2-one (Py).>® The bound Py is in the hydrated form
4(R)-hydroxy-3,4-dihydro-1H-pyrimidin-2-one (DHP), mim-
icking the transition state for the deamination of cytosine.
The key elements of the catalytic apparatus of yCD are believed
to be a bound zinc ion, which is partially coordinated by bound
DHP, and a completely conserved glutamate residue, Glu64,
which has two hydrogen bonds to DHP (Figure 1). The

Asn51

Figure 1. Interactions of the transition-state analogue DHP with yCD.
The drawing is based on the 1.14 A resolution crystal structure of yCD
in complex with DHP (PDB entry 1P60).° Hydrogen atoms were
added using InsightIl. The zinc atom (green) is coordinated with
His62, Cys91, Cys94, and the 4-hydroxyl group of DHP.

catalytic mechanism of yCD has been investigated by
both experimental and computational approaches."'”'® Tran-
sient kinetic and NMR studies have shown that product release
is rate-limiting in the activation of SFC by yCD.'® A complete
reaction pathway for the deamination of cytosine by yCD has
been proposed by two-layer quantum mechanics calculations
using the ONIOM method'' and combined molecular
dynamics simulations and ONIOM calculations.'* In the
proposed reaction pathway, Glu64 plays a critical role in
catalysis, serving as a proton shuttle for both the generation of
the tetrahedral reaction intermediate from substrate cytosine
and the conversion of the intermediate to the product uracil.
However, the role of Glu64 in the enzymatic reaction has
not been investigated experimentally. In this work, we have
investigated the role of Glu64 in the activation of SFC by
combined experimental and computational approaches.

B EXPERIMENTAL PROCEDURES

Materials. Restriction enzymes and T4 ligase were
purchased from New England Biolabs. Pfu DNA polymerase
was purchased from Stratagene. [6-*H]-5-Fluorocytosine was
purchased from Moravek. All other chemicals and biochemicals,
including cytosine, S-fluorocytosine, and S-fluorouracil, were
purchased from Sigma-Aldrich.

Chemical Synthesis of 5-Fluoro-1H-pyrimidin-2-one
(5FPy). SFPy was synthesized via a two-step procedure.
S-Fluoro-4-thiouracil (SF4SU) was first prepared from SFU
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by thiation with Lawesson’s reagent in 1,4-dioxane according to
a published procedure.'” SFPy was obtained by the Raney-Ni-
catalyzed desulfurization of SF4SU.'"® The compounds were
characterized by spectrophotometry and NMR spectroscopy.
All received data were in agreement with the literature.

Cloning and Site-Directed Mutagenesis. The plasmid
construct for the overproduction of yCD with a TEV protease-
cleavable N-terminal His tag was made by PCR cloning using
the plasmid construct pET17b-yCD"® as a template. The PCR
primers were 5-GGG ATC CAT ATG GCA AGC AAG TGG
GAT CAG-3' and 5-GGA ATT CTA CTC ACC AAT ATC
TTC AAA CC-3'. The PCR product was digested with Ndel
and EcoRI restriction enzymes and ligated with vector pET-
17bHR digested with the same restriction enzymes. The
ligation mixture was transformed into E. coli strain DHSa. The
correct coding sequence of the cloned yCD gene was verified
by DNA sequencing of the entire gene. The resultant plasmid
construct (pET17bHR-yCD) was then transformed into E. coli
strain BL21(DE3) pLysS for the production of a His-tagged
yCD.

The E64A mutation was made by PCR-based site-directed
mutagenesis using the plasmid construct pET17b-yCD" as a
template. The PCR primers were 5-CC ACA CAT GGT GCG
ATC TCC ACT TTG GAA AAC-3' and 5-GTT TTC CAA
AGT GGA GAT CGC ACC ATG TAG TGT GG-3. The
mutants were selected and verified by DNA sequencing. For
the production of a His-tagged E64A mutant enzyme, the
mutated gene was excised with Ndel and EcoRI restriction
enzymes and cloned into expression vector pET-17bHR.

The E64D mutation was made by PCR-based site-directed
mutagenesis using the plasmid construct pET17bHR-yCD as a
template. The PCR primers for the E64D mutagenesis were
5-CC ACA CTA CAT GGT GAC ATC TCC ACT TTG GAA
AAC-3' and 5-GTT TTC CAA AGT GGA GAT GTC ACC
ATG TAG TGT GG-3. The mutants were selected and
verified again by DNA sequencing.

All the mutant plasmid constructs were transformed into
E. coli strain BL21(DE3) pLysS for protein production.

Expression and Purification. All the nontagged proteins
were produced and purified using the same protocol as
previously described.'* The His-tagged proteins were purified
by chromatography on a Ni-NTA agarose column. The
bacterial lysate was loaded onto the column pre-equilibrated
with 10 mM imidazole in precooled buffer A [SO mM
potassium phosphate buffer (pH 8.0) and 300 mM NacCl].
The column was washed with the equilibration buffer until the
OD.,g of the effluent was <0.0S. The column was then eluted
with a linear 10 to 250 mM imidazole gradient in buffer A.
Fractions containing the yCD protein were identified by SDS—
PAGE and concentrated with an Amicon concentrator using a
YM10 membrane. The protein solution was then subjected to
TEV protease digestion for 4 h at room temperature in the
presence of 0.5 mM EDTA and 1 mM DTT. The digested
protein solution was dialyzed against buffer A. The His tag
released by the TEV protease digestion and the undigested
protein were removed by loading the dialyzed protein solution
onto another Ni-NTA agarose column. The flow-through
fraction was collected, concentrated, dialyzed against 2 mM
phosphate buffer (pH 8.0), and lyophilized. The protein
powder was kept at —80 °C until it was used.

Kinetic Measurements. Steady-state kinetic parameters
were measured by a radiometric assay and, for E64A, also by a
high-performance liquid chromatography (HPLC) assay. For
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both assays, the buffer contained 50 mM sodium phosphate
(pH 7.5) and 50 mM NaCl. The enzyme concentrations were
1, 34, and 500 uM for wild-type yCD, E64D, and E64A,
respectively. The SFC concentration ranges were 0.08—
0.68 mM for wild-type yCD, 6—64 mM for E64D, and 10—
100 mM for E64A. A trace amount of [6-*H]SFC was used to
quantify the conversion of SFC to SFU. The reaction was
initiated and quenched and the product SFU separated from
the substrate SEC by TLC as previously described."® The
reaction times were 10 s, 8 h, and 30 h for wild-type yCD,
E64D, and E64A, respectively. Kinetic parameters were
obtained by nonlinear least-squares fitting of the data to the
standard Michaelis—Menten equation. In the HPLC assay, the
reaction was quenched by the addition of an equal volume of
0.1 N HCL The quenched solutions were injected onto a
reverse-phase C18 column (22 mm X 250 mm). The column
was eluted with 20 mM phosphate buffer (pH 2.0) and the
elution monitored by UV absorption at 256 nm. The retention
times for SFC and SFU were 3.6 and 5.8 min, respectively. The
peak area of SFU was integrated and compared with standard
samples of known concentrations.

Fluorometric Measurement. The dissociation constant
for the binding of SFPy to wild-type yCD was measured by
fluorometry using a FluoroMax-2 fluorometer. A series of SFPy
solutions at different concentrations were made in 50 mM
phosphate buffer (pH 7.5). A yCD stock solution in the same
buffer was added to these SFPy solutions, and the mixtures
were incubated at room temperature for 10 min for them to
reach equilibrium. yCD and SFPy concentrations were 1 and
0—6.4 uM, respectively. Fluorescence intensities were measured
at an emission wavelength of 386 nm with a slit width of 4 nm.
The excitation wavelength and slit width were 320 and 4 nm,
respectively. A set of controls was obtained in the same manner
by adding the buffer instead of the protein stock solution.
The Ky value was obtained by nonlinear least-squares fitting of
the difference data to the following equation based on an
independent one-on-one (one ligand per subunit) binding
model:

AF = {dflipt + Lt + Kd

-+ 1+ k) - are) |bem)

where AF is the fluorescence change upon ligand binding, df is
the fluorescence intensity difference per unit concentration
between the bound and free form of SFPy, P, and L, are the
total concentrations of the enzyme and SFPy, respectively, and
Ky is the dissociation constant of SFPy with the yCD enzyme.

Inhibition Assay. The inhibition of the SFC deamination
reaction by SFPy was measured by the radiometric assay as
described earlier. ICy, values were obtained by nonlinear least-
squares fitting of the inhibition assay data to the following
equation:

k. + kmax - kmin
min L+ ﬁ
ICso

where v is the initial reaction rate, k,;, the minimum rate, k.
the maximum rate, and [I] the concentration of the inhibitor.
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K; values were calculated by the Cheng—Prusoff equation:"

IC
K = 50

4 B

K

m

where [S] is the concentration of the substrate SFC.

F NMR Spectroscopy. NMR samples were prepared by
dissolving wild-type yCD or the E64A mutant enzyme in 100 mM
potassium phosphate buffer (pH 7.5) made in D,0. An aliquot
of a SFPy stock solution was added to the protein solutions,
and the mixtures were incubated for 10 min to reach
equilibrium. 'F NMR experiments were performed at 10 or
20 °C on a Varian Inova 600 MHz NMR spectrometer. NMR
spectra were acquired with a spectral width of 10000 Hz, 20000
complex data points, and 1024 transients and processed with a
10 Hz line broadening. The relaxation delay was 6 s. The '°F
chemical shifts were referenced to CF;C¢Hs, which was set to
—63.73 ppm.

'H and "N NMR Spectroscopy. The “N—'H IS-
TROSY***! spectrum was recorded at 25 °C on a Bruker
AVANCE 900 MHz NMR spectrometer equipped with a
TCI cryoprobe using a sample of *H-, *C-, and '*N-labeled
yCD in complex with SFPy in the 1:1 D,O/H,O buffer. The
sample was prepared as previously described.'® Standard
jump—return 'H spectra of apo yCD and the SFPy
complexes of the wild-type and the E64A mutant enzyme
were recorded on a Varian INOVA 600 MHz NMR
spectrometer with an HCN triple-resonance probehead at
either 10 or 25 °C.

ONIOM Calculations. A two-layer ONIOM method*>~>*
as implemented in Gaussian 03°° was used to investigate
the effects of the E64A mutation on yCD catalysis. The
molecular setup and protocol for the ONIOM calculations
were essentially the same as those previously described.'’
Briefly, the molecular system for the calculations was based
on the 1.14 A resolution crystal structure of the yCD-DHP
complex (PDB entry 1P60).> The enzyme was modeled by
the catalytic Zn and the active site and neighboring
residues, including Ile33, AsnS1, Thr60, Leu6l, His62,
Gly63, Glu64, Ile6S, Leu88, Ser89, Pro90, Cys91, Asp92,
Met93, Cys94, Thr9S, Phell4, Trpl52, PhelS3, Gluls4,
Aspl55, and Tle156."'>'*!'° The system was divided into
two layers. The inner layer was composed of the side chains
of residues Glu64, His62, Cys91, Cys94, Asn51, and
AsplSS, the zinc ion, the zinc-bound water, and cytosine
or Py. The rest of the molecular system constituted the
outer layer. Hydrogen atoms were used as link atoms to
saturate the dangling bonds. The inner layer was treated
with the B3LYP density functional method®"** employing
the 6-31G** basis set and the outer layer by the
semiempirical PM3 method.>** The total ONIOM energy
(EONIOMY ¢ given by?>23

pEONIOM _ E(high,model) + E(low,real) — E(low,model)

where E(high,model) and E(low,model) are the energies of the
inner layer at the high level of theory (B3LYP and the 6-31G**
basis set) and at the low level of theory (PM3), respectively,
and E(low,real) is the energy of the entire system at the PM3
level.
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B RESULTS

Biochemical Analysis. To investigate the role of Glu64 in
the activation of the anticancer prodrug SFC, we replaced
Glu64 with alanine and aspartate. Preliminary biochemical
characterization of the mutant enzymes without a His tag
indicated that the purified mutant enzymes contained a minute
amount of eCD, resulting in steady-state kinetic curves
requiring two K, values to fit the data, although the E. coli
enzyme is not homologous to the yeast enzyme, different in
both size and quaternary structure. To eliminate the eCD
contamination, both wild-type yCD and mutants were
subcloned into a vector for the production of His-tagged
proteins. The His-tagged proteins were purified with two
Ni-NTA agarose columns. In the first column, proteins bound
to Ni-NTA were eluted and collected. The protein solution was
then subjected to TEV protease digestion to remove the
N-terminal His tag from the tagged yCD. The TEV protease-
digested protein solution was loaded onto the second Ni-NTA
agarose column, in which the flow-through was collected. The
second column removed not only undigested yCD but also
proteins copurified with yCD by the first Ni-NTA agarose
column. The kinetic behavior of such a yCD mutant enzyme
preparation was normal, ie., requiring only one K, to fit the
kinetic data. The protein was purified further by gel filtration
(Sephadex G-75) in trial experiments, but the kinetic properties
of the protein purified by the three-column procedure were
the same as those of the protein purified by the two-column
procedure, indicating that the purification procedure with two
Ni-NTA columns was effective in removing eCD.

Our analysis was focused on the effects of the E64A
mutation, because the mutation completely removed the
carboxyl functional group. The steady-state kinetic parameters
of wild-type (WT) yCD and mutant enzymes E64A and E64D
are summarized in Table 1. Because of the relatively large errors

Table 1. Kinetic Constants of Wild-Type yCD and the E64
Mutant Enzymes for the Activation of SFC

protein K, (mM) ko (5 kee/Ky (mM!s7)
WT yCD 0.16 + 0.01 17 + 04 106
E64A 89 + 30 (13 + 03) x 107** 14 X 10°%*
33+ 6° (7.3 £ 0.6) x 10°%° 22 x 107
E64D 19+6 (5.1 + 1.0) x 1073 2.6 X 1074

“Determined by a radiometric assay. “Determined by an HPLC assay.

of the radiometric assay in measuring a small amount of SFU in
the presence of a large amount of SFC, the kinetic parameters
of the E64A mutant enzyme were also determined by an HPLC
assay. Both mutations caused a dramatic decrease in k., and a
dramatic increase in K,, (Table 1). The E64A mutation caused
a decrease in k., of ~5 orders of magnitude and an increase in
K, of ~2 orders of magnitude, resulting in a decrease in k_,,/K,
of ~8 orders of magnitude. The effects of the E64D mutation
were only slightly milder. The kinetic results indicated that
Glu64 is involved in both binding and catalysis in the activation
of SFC by yCD, and the longer side chain is important, as
Glu64 cannot be replaced with aspartate with the same functional
group but a shorter side chain.

To further investigate the role of Glu64 in the activation
of SFC, we measured the binding and inhibitory activities of
the putative transition-state analogue SFPy. The results are
summarized in Table 2. The inhibitory activity of yCD was
measured for the E64D mutant enzyme but not for E64A,
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Table 2. Inhibitory and Binding Properties of SFPy

protein K (uM) Ky (uM)
WT yCD 0.86 + 0.16 0.65 + 0.08%
E64A 1.0 x 10*
E64D 1060 + 60

“Measured by fluorometric titration. bEstimated by F NMR.

because the activity of the latter was too low for such an
analysis. The E64D mutation caused a decrease in K; of ~4
orders of magnitude, indicating that the mutant enzyme has a
much lower affinity for SFPy than wild-type yCD. The K, value
for the binding of SFPy could be measured by fluorometric
titration for wild-type yCD but not for either of the two mutant
enzymes, because the method is not suitable for the weak
binding of SFPy to the mutant enzymes. The Ky value for the
binding of SFPy to the E64A mutant enzyme was estimated by
NMR as described below.

'F NMR Analysis. The bound Py in the crystal structure of
yCD is in the hydrated form DHP.>® SFPy differs from Py in
having a fluorine atom at position S instead of a hydrogen
atom. To determine whether the bound SFPy is hydrated like
Py and the role of Glu64 in the hydration, '’F NMR spectra
were acquired for SFPy in the absence or presence of yCD (the
wild-type or E64A mutant enzyme) (Figure 2). In the absence

H

H\O/

‘\‘ H

Zn F
A
F
Bound by E64A N7 | N
o),>” Free 5FPy

C: 5FPy+E64A
3 : 15

T,

o

Bound by yCD WT

B: 5FPy+yCD WT
3 : 15

A: 5FPy

157 -158 -159 -160 -161 -162 ppm

Figure 2. '’F NMR spectra of the wild-type yCD—SFPy complex and
the E64A—SFPy complex. All samples were in a D,O buffer containing
100 mM potassium phosphate (pH 7.5). (A) Spectrum of SFPy
(4.0 mM) in the absence of wild-type yCD or E64A. (B) Spectrum of SFPy
(3.0 mM) in the presence of wild-type yCD (1.5 mM). (C) Spectrum of

SFPy (3.0 mM) in the presence of E64A (1.5 mM).

of the enzymes, SFPy showed a sharp peak at —160.6 ppm. In
the presence of a lower concentration of wild-type yCD, SFPy
showed an additional broad peak due to the bound SFPy
around —161.1 ppm, upfield of the peak of free SFPy. In the
presence of the same concentration of the E64A mutant
enzyme, SFPy also showed a broad but much smaller peak due
to the bound SFPy at —158.1 ppm, downfield from the peak of
free SFPy. Using model compounds, it has been shown that the

dx.doi.org/10.1021/bi201540z | Biochemistry 2012, 51, 475—486
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!F NMR signal is a good indicator of the hydration of SFPy.*
The hydration of SFPy results in a change in the bonding of C4
from sp2 to sp3, causing an ~1 ppm upfield shift of the R
NMR signal. This upfield shift of the '"F NMR signal has
been used for the determination of the hydration state of
5-fluoropyrimidin-2-one ribonucleoside.*® The dramatic oppo-
site shift of the "’F NMR signal of SFPy indicated that SFPy is
hydrated when it binds to wild-type yCD and is not hydrated
when it binds to the E64A mutant enzyme. In either case,
however, free SFPy is in slow exchange with the bound SFPy
on the NMR chemical shift time scale. In such an exchange
regime, the chemical shift does not change with protein or
ligand concentration and cannot be used for the estimation of
K4 values. However, the relative peak intensities of the NMR
signals of the free form and the bound form can be used to
estimate the Ky value if the protein and ligand concentrations
are on the same order of magnitude as the Ky value. The
protein and SFPy concentrations were suitable for the
estimation of the K value for the E64A mutant enzyme but
not for wild-type yCD. The K; value for the binding of SFPy to
the E64A mutant enzyme was estimated to be ~10 mM on the
basis of the "’F NMR data, ~S orders of magnitude higher than
that for the binding of SFPy to the wild-type enzyme. As SFPy
is the hydrated form when it binds to wild-type yCD and the
unhydrated form is favored over the hydrated form by a factor
of 2.9 X 10°, the Ky for the binding of hydrated SFPy, a
transition-state analogue, to wild-type CD was estimated to be
23 x 107" M.

'H and >N NMR Analysis. In the crystal structures of the
yCD-DHP complex,” one of the Glu64 side chain carboxyl
oxygen atoms, O%, forms a strong H-bond to the O4 H moiety
of the hydrated inhibitor with a distance of ~2.5 A between the
two oxygen atoms, and the other carboxyl oxygen, O', forms a
normal H-bond with the N3 H imino group of the ligand. O is
also bifurcatedly H-bonded to the backbone amide of the same
residue (Figures 1 and 3). Because the bound SFPy is in the
hydrated form (SF-DHP) as indicated by the '"F NMR

1236
1238
124.0

—~ 1242

£
[}

L1244
prd

)

1246

17.5ppb |
(15.8 Hz)

0| i
1248 i
5.5 ppb

e 900 MHz

IS-TROSY

1250
25°C
125.2

12,01

11.96 1.9 11.86

'H (ppm)

Figure 3. Region of the "N—'H IS-TROSY spectrum of the Glu64
backbone amide resonance. The inset is the schematic diagram of
hydrogen bonding between yCD and SE-DHP derived from the 1.14 A
resolution crystal structure (PDB entry 1P60).° Lengths (angstroms)
of H-bonds are indicated.

11.81 11.76
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analysis, we investigated the H-bonding of Glu64 in the
yCD-SF-DHP complex by 'H and '*N NMR. Shown in Figure 3
is a close-up view of the Glu64 backbone amide resonance in
the "SN—'H IS-TROSY***' spectrum of the yCD-SF-DHP
complex. The resonance clearly shows a doublet with a splitt-
ing of 17.5 ppb (15.8 Hz at the 900 MHz field for 'H) due
to the trans-H-bond D/H isotope effect®®*” on the N3 H
imino hydrogen of the ligand transmitted via O', because the
corresponding resonance with a similar sample in water leads to
a singlet. The large trans-H-bond D/H isotope effect indicates
that the O-mediated bifurcated H-bonds are strong.>**’
Interestingly, a closer inspection on the doublet reveals that it
is actually a partial overlap from two sets of doublets with
the upper set (upfield in the '°N dimension) having a 5.5 ppb
(5.0 Hz at a 900 MHz field) upfield shift in the 'H dimension
with respect to the lower set (downfield in the '*N dimension).
Because no other exchangeable protons are in the vicinity of the
Glu64 backbone amide, the 5.5 ppb shift difference must be a
consequence of the D/H isotope effect on the O4 H of the
hydrated inhibitor transmitted through the two carboxyl oxygen
atoms and two H-bonds. Therefore, the observed long-range
trans-H-bond D/H isotope effect convincingly indicates
that the O%--H:-O4 bond is truly a strong H-bond. This is
corroborated by a 162 ppm peak in the jump—return 'H
spectrum recorded at room temperature, which was assigned to
the resonance of the bridging proton, because it disappeared
when either the apoprotein or the E64A mutant enzyme was
used in complex with SF-DHP (Figure S1 of the Supporting
Information). This chemical shift is consistent with those
of protons involved in low-barrier H-bonds (LBHBs).** There
is no other H-bond with a distance between the two
heteroatoms of <2.60 A in the yCD crystal structures.’ On
the other hand, the O4 atom of SF-DHP is unlikely completely
deprotonated by Glu64; otherwise, the observed long-range
trans-H-bond D/H isotope effect would be much larger.
Because the Of'-mediated H-bonds are strong as indicated by
the 17.5 ppb trans-H-bond D/H isotope effect, D/H isotope
effects through four covalent bonds can be up to 150 ppb as
observed at the active site histidine imidazole ring of the bovine
pancreatic enzyme sPLA, in complex with a phosphonate
transition-state analogue.40

Computational Analysis. Because SFPy is hydrated when
bound to wild-type yCD but not hydrated when bound to the
E64A mutant enzyme, we investigated the hydration by yCD by
ONIOM calculations taking advantage of the availability of the
high-resolution crystal structure of the enzyme in complex with
DHP, the hydrated form of Py. Py was docked in the active site
by superposition with DHP in the X-ray crystal structure.® After
optimization, Py shifted slightly from the initial position to give
complex 1 (Figures 4 and 5). Complex 1 is stabilized through
a H-bond network and a z-stacking interaction. One new
interaction is presented between the zinc-coordinated water
O” and N3 of Py. Glu64 is in the deprotonated form and
forms a strong H-bond with the other hydrogen of the zinc-
coordinated water. The carbonyl oxygen (O2) of Py is
H-bonded to the side chain amide of AsnS1 and the backbone
amide of Gly63. The amide group at position 1 (N1) of Py is
H-bonded to the carboxyl group of Asp155. The latter is also
H-bonded to the side chain amide of Asn51. The H-bond
between the amide group (N°?) of His62 and the backbone
carbonyl oxygen (O%) of AsplSS helps in maintaining the
appropriate orientation of the imidazole ring of His62 that
stacks with the cytosine ring. Before the hydration occurs, the
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Figure 4. Proposed reaction pathway from Py to DHP catalyzed by
wild-type yCD. The proposed reaction intermediates are based on the
ONIOM calculations as illustrated in Figure S.

Figure 5. ONIOM-optimized structures for the conversion of Py to
DHP by wild-type yCD: complex 1, TS12 between complexes 1 and 2,
complex 2, TS23 between complexes 2 and 3, complex 3, TS34
between complexes 3 and 4, complex 4, TS4S between complexes 4
and §, and complex S.

water is converted to a hydroxide with the assistance of Glu64.
First, the H-bond between O”® and N3 is broken and a new
H-bond between O”" and Glu64 is formed (not the one already
presented). The new conformation is given in complex 2
(Figures 4 and S). In this complex, the O*™+-N3 H-bond is not
completely disrupted. One important feature of this con-
formation is that the distance between O*" and C4 is shortened
because the change in the position of H?" reduces the steric
hindrance. Complex 2 is calculated to be less stable than 1 by
2.9 keal/mol (Figure 6). However, 2 is more stable than 1 by
5.4 kcal/mol at the E(high,model) energy level. The difference
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Figure 6. Schematic E°"'®™ and E(high,model) energy profile for the

conversion of Py to DHP catalyzed by wild-type yCD.

of 8.3 kcal/mol indicates the surrounding residues destabilize
the complex. The corresponding barrier is 3.2 kcal/mol, and
there is no barrier found at the E(high,model) energy surface.
Second, HO?" is transferred from O?" to Glu64, as seen in
complex 3 (Figures 4 and S). In this process, the H-bond
between O”® and N3 is completely broken. After the proton
transfer, a strong H-bond is formed between the Zn-
coordinated hydroxide and the OH group of Glu64. The
distance between O”" and C4 is further reduced. Complex 3 is
slightly more stable than complex 2. The energy barrier is
calculated to be 5.6 kcal/mol at the ONIOM energy level.
Again, there is no barrier found at the E(high,model) level. In
the next step, the H-bond between O”" and the OH group of
Glu64 is broken and a new H-bond is formed between the OH
group of Glu64 and N3, which can be seen in complex 4
(Figures 4 and 5). The distance between O*" and C4 is
shortened to 2.17 A. The energy barrier is 0.9 kcal/mol at the
ONIOM energy level and 1.7 at the E(highmodel) energy
level. Complex 4 is more stable than the initial complex 1 by
7.5 keal/mol at the ONIOM energy level and by 11.8 keal/mol
at the E(highmodel) energy level. The Zn-coordinated
hydroxide in complex 4 is well positioned for the nucleophilic
attack on C4. The distance between the hydroxide and C4
decreases from 3.01 A in complex 1 to 2.66 A in complex 2,
to 244 A in complex 3, and to 2.17 A in complex 4. The
nucleophilic attack on C4 is concomitant with the transfer of a
proton from the OH group of Glu64 to N3, resulting in the
formation of the tetrahedral product (DHP) as shown in
complex S (Figures 4 and S). The energy barrier is 1.0 kcal/mol
at the ONIOM level and 0.7 kcal/mol at the E(high,model)
level. The bond lengths, bond angles, and dihedral angles of
DHP in complex § are in close agreement with those of DHP
in the crystal structure (Table 3). The yCD—DHP complex is
more stable than the initial yCD-Py complex by 23.2 kcal/mol
at the ONIOM level and 30.9 kcal/mol at the E(highmodel)
level. The difference of 7.7 kcal/mol indicates that the model
system is relatively destabilized by the outer layer. $ is considerably
more stable than 1 because of the intrinsic stability of the model
system, which suggests that the tight binding of the inhibitor is
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Table 3. Comparison of the ONIOM-Optimized Structure of
Tetrahedral Product § with the Crystal Structure of the
yCD—Inhibitor Complex”

internal coordinate ONIOM X-ray structure
DHP O4--Zn 2.047 2.066
His62 N°*--Zn 2.007 1.991
Cys91 §--Zn 2.379 2302
Cys94 §-Zn 2.337 2266
DHP O4--DHP C4 1.449 1.475
DHP N3--DHP C4 1.444 1.446
28 Oz g Oy 115.1 117.1
LN HiS2_7,_ g Cysl 98.4 102.0
LN HSG2_7,_ g Cyso4 112.0 113.6
28 9¥1-7n—04 109.5 108.3
28 O 7n—04 104.1 103.0
N2 7004 1182 113.1
£04—C4—C5—C6 112.6 113.1
£04—C4-N3-C2 110.8 114.4

“Bond distances in angstroms and angles in degrees.

mainly due to the high affinity of DHP for wild-type yCD. The
results of the calculations using Gaussian 09 on the conversion of
Py to DHP and SFPy to SF-DHP are similar (data not shown).

To investigate the effects of the E64A mutation on hydration,
an E64A—Py complex was constructed in the same manner as
the wild-type yCD complex with Py (complex 6 in Figures 7
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Figure 7. Proposed reaction pathway from Py to DHP catalyzed by
the E64A mutant enzyme.

/
.),.~H—N Cys91

and 8), assuming that the structure of the E64A mutant enzyme
is the same as that of wild-type yCD. The conformation of the
optimized complex 6 is similar to that of the corresponding
wild-type yCD complex. The Zn-coordinated water, however,
forms only one H-bond (with N3 of Py), and the other H-bond
in the yCD-Py complex is absent, as Glu64 is not present in the
mutant enzyme complex. Because of the lack of Glu64, the Zn-
coordinated water cannot be converted to hydroxide before the
nucleophilic attack on C4. The distance between O”" and C4 is
3.08 A, longer than that in the yCD-Py complex, making it even
harder to attack C4. The nucleophilic attack of the Zn-
coordinated water on C4 of Py is concomitant with the transfer
of one of its protons to N3 of Py to form the tetrahedral
product as in complex 7 (Figures 7 and 8). The approximate

geometry of transition state TS67 was found by scanning the
H°"—~N3 and O*"—C4 distances from complex 6 to complex
7. The transition state was found to have an O*"~C4 distance
of 2.58 A. The energy barrier is 14.4 kcal/mol at the ONIOM
energy level and 36.1 kcal/mol at the E(highmodel) level
(Figures 7—9), indicating that the protein environment (the
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Figure 9. Schematic E°"'°™ and E(high,model) energy profile for the
conversion from Py to DHP catalyzed by the E64A mutant enzyme.

outer layer) compensates for the barrier by 21.7 kcal/mol. The
energy barrier is much higher than the corresponding energy
barrier in the hydration catalyzed by wild-type yCD. It is noted
that the proton is transferred slightly ahead of the formation of
the O“"—~C4 bond. Complex 7 is calculated to be less stable
than 6 by 1.7 kcal/mol at the ONIOM level, indicating that the
unhydrated form is favored in the active center of the yCD
E64A mutant enzyme.

To investigate further the effects of the E64A mutation on
the deamination reaction, a complex of the E64A mutant
enzyme with the substrate cytosine was constructed as for the
construction of the wild-type enzyme—substrate complex,"'
assuming again that the structure of the mutant enzyme is the
same as that of the wild-type enzyme. A water molecule was
added in place of the carboxyl group of Glu64. After
optimization, cytosine shifted slightly from the initial position
to give complex 8 (Figures 10 and 11). The interactions
between the substrate and enzyme in complex 8 are similar to
those in the corresponding wild-type enzyme complex,'" except
the interaction involving the Zn-coordinated water and Glu64.
In the wild-type enzyme complex, Glu64 forms a H-bond with

Figure 8. ONIOM-optimized structures for the conversion of Py to DHP by the E64A mutant enzyme: complex 6, TS67 between complexes

6 and 7, and complex 7.
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Figure 10. Conversion of cytosine to the zinc-coordinated uracil
catalyzed by the E64A mutant enzyme.

the Zn-coordinated water and another with the amino group of
cytosine. In the mutant enzyme complex, the Zn-coordinated
water forms a H-bond with N3 of cytosine, and the amino
group of cytosine forms a H-bond with the additional water
molecule. As the Zn-coordinated water is H-bonded to N3 and
cannot be deprotonated by the additional water molecule, the
Zn-coordinated hydroxyl is generated by the direct transfer of a
proton to N3, but the hydroxide is not as well positioned for
the nucleophilic attack on C4 as in the corresponding wild-type
complex.'’ The distance between O”" and C4 is only 2.24 A in
the wild-type enzyme complex but is 2.9 A in the mutant
enzyme complex. The transition state is found when the
distance between O”" and C4 is 2.48 A. The energy barrier for
the nucleophilic attack is calculated to be 11.2 kcal/mol at the
ONIOM energy level and 22.1 kcal/mol at the E(high,model)
level (Figure 12). For the wild-type yCD-catalyzed reaction, the
formation of the tetrahedral intermediate occurs through three
steps, in which the highest energy barrier is only 1.9 kcal/mol."!
The stabilization of the tetrahedral intermediate is also affected,
because the energy level of the tetrahedral intermediate is
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Figure 12. Schematic E°N'°™ and E(high,model) energy profile for the
conversion from cytosine to uracil catalyzed by the E64A mutant

enzyme.

6.4 kcal/mol higher than that of the substrate complex in the
mutant enzyme-catalyzed reaction (Figure 12). However, the
energy level of the same intermediate is 10.8 kcal/mol lower
than that of the substrate complex during the reaction catalyzed
by wild-type yCD."!

Once the tetrahedral intermediate is formed, the transfer of
another proton from O”" to N4 is needed before the C4—N4
bond is cleaved."' Two possible pathways were explored. In
pathway 1, the proton is transferred directly to N4 via a four-
membered ring transition state. In pathway 2, the proton
transfer is mediated by the additional water molecule. The
water donates a proton to N4 and extracts a proton from O”" in

TS910

10

Figure 11. ONIOM-optimized structures for the conversion from cytosine to the zinc-coordinated uracil: complex 8, TS89 between complexes 8
and 9, complex 9, TS910 between complexes 9 and 10, and complex 10.
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a concerted manner. The C4—N4 bond distance increases to
1.64 A after the proton is transferred to N4. The energy
barrier in the second pathway (12.1 kcal/mol at the ONIOM
energy level) is dramatically lower than that in the first pathway
(22.3 keal/mol at the ONIOM energy level), indicating that the
O proton is transferred to N4 via the second pathway. The
energy barrier is high when compared with that of the deamina-
tion catalyzed by wild-type yCD, in which the energy barrier is
only 7.1 kcal/mol at the ONIOM energy level."

B DISCUSSION

The results of the combined experimental and computational
studies reported here indicate that Glu64 is important for both
binding and chemical steps in the activation of the anticancer
prodrug SFC. Assuming that the activation of SFC follows a
mechanism similar to that of the deamination of cytosine, it
involves the generation of a tetrahedral reaction intermediate
from the substrate and the conversion of the intermediate to
the product.'' A critical role of Glu64 in the chemical steps is
supported by the results of the biochemical analysis of the
mutant enzymes. First, the k., of the E64A mutant enzyme
decreases by S orders of magnitude relative to that of wild-type
yCD. Our previous transient kinetic and NMR studies showed
that product release is rate-limiting in the activation of SFC
by wild-type yCD."® Consequently, the kg, of the wild-type
enzyme is significantly smaller than the rate constant for the
chemical transformation. On the other hand, the rate-limiting
step is most likely the chemical transformation in the activation
of SEC by the mutant enzyme, because of its severely impaired
catalytic apparatus. Therefore, the k., of the E64A mutant
enzyme should be compared with the corresponding rate
constant of wild-type yCD for the chemical transformation, and
thus, the E64A mutation decelerates the chemical trans-
formation by 6 orders of magnitude. Glu64 contributes to the
stabilization of the transition state of the activation of SFC by
~9 kcal/mol. Second, inhibition and binding studies indicate
that the K; of the putative transition-state analogue SFPy for the
inhibition of the E64D mutant enzyme increases by 3 orders of
magnitude relative to that for the inhibition of wild-type yCD,
and the K of SFPy for the binding of the E64A mutant enzyme
increases by 4 orders of magnitude relative to that for the
binding of wild-type yCD, corresponding to ~6 kcal/mol.

A more precise role of Glu64 in the activation of SFC is
revealed by the NMR analysis of the binding of SFPy to the
wild-type and mutant enzymes and the computational analysis
of the hydration of Py by wild-type yCD and the deamination
of cytosine by the E64A mutant enzyme. The '°F NMR analysis
shows that SFPy is hydrated when bound to wild-type yCD but
is unhydrated when bound to the E64A mutant enzyme (Figure 2),
suggesting that Glu64 plays a critical role in the formation
and/or stabilization of the hydrated SFPy. The ONIOM
calculations of the hydration of Py indicate that Glu64
functions as a proton shuttle for the transfer of a proton from
the Zn-coordinated water to N3 of Py, and the hydration
follows a sequential mechanism with N3 protonated first
followed by the nucleophilic attack of C4 by the Zn-
coordinated hydroxide (Figures 4—6). Furthermore, the
complex of the hydrated Py is much more stable than that of
the unhydrated Py, based on the dramatic difference in the
ONIOM energies of the two complexes (—23.2 kcal/mol).
Without the proton shuttle Glu64 in the E64A mutant
enzyme, the hydration follows a concerted mechanism with a

significantly higher energy barrier (14.4 kcal/mol) and the
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ONIOM energy of the complex of the hydrated Py is higher
than that of the complex of the unhydrated Py (1.7 kcal/mol)
(Figures 7—9). The results of the ONIOM calculations suggest
that Glu64 both facilitates the hydration of Py and stabilizes the
hydrated Py. Because the energy barrier for the hydration of the
inhibitor by the E64A mutant enzyme is not insurmountable,
the thermodynamic effect is more important. According to the
ONIOM calculations, the carboxylate of Glu64 stabilizes the
hydrated form of the inhibitor by ~25 kcal/mol. The "N—'H
IS-TROSY analysis (Figure 3) shows that the carboxylate of
Glu64 forms two H-bonds with the bound SF-DHP, just as
in the crystal structure of the yCD-DHP complex.>® The two
H-bonds must play a major role in the stabilization of the
hydrated form of the inhibitor, because SFPy is predominantly
in the unhydrated form when bound to E64A, based on the ’F
NMR analysis. As the hydration reaction mimics the formation
of the reaction intermediate in the deamination reaction, Glu64
may play a major role in the formation and stabilization of
the reaction intermediate in the activation of the anticancer
prodrug SFC.

The ONIOM calculations of the deamination reaction
catalyzed by the E64A mutant enzyme show that Glu64 is
important for both the formation of the tetrahedral reaction
intermediate from the substrate and the conversion of the
reaction intermediate to the product (Figures 10—12). Without
Glu64 shuttling protons, the barriers for both the formation of
the tetrahedral reaction intermediate and its conversion to the
product are much higher than those in the wild-type enzyme
reaction. Furthermore, the ONIOM energy of the reaction
intermediate complex is 10.8 kcal/mol lower than that of the
substrate complex in the wild-type enzyme reaction'' but is
6.4 kcal/mol higher in the mutant enzyme reaction (Figure 12).
The combination of these effects makes the mutant enzyme a
very sluggish catalyst.

Glu64 is also important for the binding of the anticancer
prodrug SFC. The K, of the E64A mutant enzyme for
SEC increases more than 200-fold in comparison with that of
the wild-type enzyme. Because the rate-limiting step in the
activation of SFC by wild-type yCD is product release, the K,
of the enzymatic reaction is a complex parameter, smaller than
the K; for the binding of SFC."> On the other hand, the rate-
limiting step for the activation of SFC by the E64A mutant
enzyme must be the chemical transformation. Consequently,
SEC is in rapid equilibrium with its complex with the E64A
mutant enzyme, and thus, the K, and Ky values should be
similar. Therefore, the K, value of the mutant enzyme is a
good measure of the affinity of the mutant enzyme for SFC
and should be compared with the K; value of the wild-type
enzyme for the binding of SFC, which was determined to be
0.19 mM."? The ratio of the mutant enzyme’s K, to the wild-
type enzyme’s Ky is ~170, indicating that Glu64 contributes to
the binding of SFC by ~3 kcal/mol. The biochemical result is
consistent with the complex of the enzyme with cytosine'' built
based on the crystal structure of the complex of yCD with
the hydrated Py.”® After energy minimization, Glu64 forms a
H-bond with the amino group of cytosine. Disruption of the
H-bond by mutagenesis is likely to decrease the affinity of the
enzyme for the substrate.

yCD belongs to a family of purine/pyrimidine deaminases
with an active center featuring a catalytic zinc coordinated with
cysteine and histidine residues and a strictly conserved
glutamate. Interestingly, yCD is not homologous to eCD,
which has a very different size, a different quaternary structure,
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and an active center containing a ferrous iron ion coordinated
with four histidine residues, an aspartate residue, and a water
molecule.* Among the family of purine/pyrimidine deaminases,
yCD is most similar to E. coli cytidine deaminase (CDA),
having a catalytic Zn of the same coordination chemistry and a
superimposable glutamate.>® However, the functional role of
Glu64 of yCD is not the same as that of the corresponding
residue Glul04 of E. coli CDA, based on our studies on yCD
presented here and the published mutagenesis study on E. coli
CDA.* Both glutamate residues are critical for catalyzing
their respective reactions. The E104A mutation of E. coli CDA
decreases the k., of the enzyme by 8 orders of magnitude.39
The effect is more dramatic than that of the E64A mutation of
yCD, which decreases the k., of yCD by S orders of magnitude
and the rate constant for the chemical transformation by 6
orders of magnitude. Similarly, the fluorinated transition-state
analogue S-fluoropyrimidin-2-one riboside is in the hydrated
form when bound to the wild-type E. coli CDA but is in the
unhydrated form when bound to the E104A mutant enzyme,>
suggesting that Glul04 also plays a critical role in the
generation of the reaction intermediate in the deamination
reaction catalyzed by E. coli CDA.

The roles of the two glutamate residues in substrate binding
are different. Glu64 of yCD contributes to the stability of the
yCD complex with SFC by ~3 kcal/mol, as discussed earlier.
In contrast, Glul04 of E. coli CDA destabilizes the substrate
complex of the enzyme E. coli CDA.** Thus, the K,, of the
E104A mutant enzyme decreases by a factor of ~30.
Interestingly, the Ky for the binding of the fluorinated
transition-state analogue S-fluoropyrimidin-2-one riboside to
the E104A mutant enzyme is even lower than that for its
binding to the wild-type enzyme, although the fluorinated
transition-state analogue is in the unhydrated form when bound
to the mutant enzyme, suggesting that Glul04 of E. coli CDA
dramatically destabilizes the complex of the unhydrated form
of the analogue with the enzyme. It has been proposed that
Glul04 of E. coli CDA decreases the energy barrier of the
deamination reaction not only by stabilizing the transition state
but also by destabilizing the enzyme—substrate complex.’® The
destabilization of the enzyme—substrate complex is probably
due to the unfavorable interaction between the negatively
charged Glul04 and the lone pair of electrons of N3 of
cytidine, which becomes a favorable interaction when N3 is
protonated during the deamination reaction. E. coli CDA can
afford this sacrifice of substrate binding energy for the
reduction of the energy barrier of the deamination reaction,
because the ribose moiety of cytidine contributes to the binding
energy for the formation of the enzyme—substrate complex,
and consequently, the enzyme is still able to maintain its K, in
the submillimolar range even with the unfavorable interaction
between the carboxyl group of Glul04 and N3 of cytidine. On
the other hand, without a ribose moiety, cytosine needs a
favorable interaction with the carboxyl group of Glu64 of yCD,
ie, a H-bond between the amino group of cytosine and the
carboxyl group of Glu64 as described earlier, to keep its K, in
the millimolar range. Without this favorable interaction, the
K., increases by more than 1 order of magnitude as shown by
this mutagenesis study, and a CD with a K, in the tens of
millimolar range would not be useful for pyrimidine salvage.

Hydrogen bonds play critical roles in protein structure,
stability, and function. The energy of a typical H-bond is in
the range of 1—5 kcal/mol,*" which is particularly suitable
for dynamic processes such as molecular recognition and
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conformational transition. Strong H-bonds, e.g, LBHBs, with
energies higher than 10 kcal/mol have also been found in
proteins. LBHBs are thought to play an important role in the
enormous rate enhancement of enzymatic reactions,‘n_44
although this proposition is still under debate.*® Despite the
importance of H-bonds, no single experimental method is
sufficient for the characterization of the full range of H-bonds in
proteins. X-ray crystallography is most frequently used for the
determination of H-bonds, but the resolutions of the diffraction
data of protein crystals are usually insufficient for the placement
of H atoms. In contrast, only distances between H atoms are
measured in NMR structure determination, whereas heter-
oatoms are defined by standard covalent geometry. However,
H-bonds can be detected directly by NMR through trans-H-
bond scalar couplings for small proteins*® and trans-H-bond
deuterium/protium (D/H) isotope effects in favorable
situations.***” LBHBs in proteins are characterized generally
by a combination of X-ray crystallography and NMR,*®
including the distance between the two heteroatoms
determined by X-ray crystallography and several parameters
measured by NMR, such as proton chemical shift, proton
exchange rate protection factor, D/H fractionation factor,
and D [or tritium (T)]/H isotope effects. Unfortunately, most
of these parameters are difficult to acquire through direct
observation of the bridging proton, in particular for the
O--H:-O type of H-bonds, because of the exchange broad-
ening of the proton resonance and the poor NMR properties of
70, the only NMR active isotope of oxygen. We show that
LBHBs can also be identified by a new parameter, the trans-H-
bond D/H isotope effect (Figure 4). Unlike primary isotope
effects,*”** secondary isotope effects in proteins can be readily
measured by IS-TROSY NMR.>**!

In conclusion, the combined experimental and computational
studies show that Glu64 plays a critical role in the activation of
the anticancer prodrug SFC. It is important not only for the
deamination reaction but also for the binding of the substrate.
In the deamination reaction, Glu64 facilitates both the
formation of the tetrahedral intermediate and its conversion
to the product by shuttling protons. Furthermore, it stabilizes
the tetrahedral intermediate and the hydrated form of the
inhibitor SFPy, which mimics the transition state and/or the
reaction intermediate. In contrast to Glul04 of E. coli CDA,
which destabilizes the enzyme—substrate complex, Glu64 of
yCD is also important for substrate binding. Its contribution to
substrate binding is of great physiological significance. Without
Glu64, the K, of the enzyme would be too high for pyrimidine
salvage. The carboxylate of Glu64 forms two strong H-bonds
with SF-DHP in the yCD-5F-DHP complex that mimics the
transition state or the tetrahedral intermediate of the activation
of the prodrug SFC, and such H-bonds can be readily detected
by IS-TROSY NMR.
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Downfield region of "H jump—return spectra of apo wild-type
yCD and the complexes of wild-type yCD and the E64A
mutant enzyme with the inhibitor SFPy (Figure S1). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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