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Abstract
Human cytidine deaminase is an enzyme of the pyrimidine salvage pathways that metabolizes
several cytosine nucleoside analogs used as prodrugs in chemotherapy. We carried out a
characterization of the cytidine deaminase 79A>C and 208G>A Single Nucleotide
Polymorphisms, in order to highlight their functional role and provide data that could help fine-
tune the chemotherapic use of cytosine nucleosides in patients carrying the above mentioned
SNPs. The 79A>C SNP results in a K27Q change in a protein region not involved in the catalytic
event. The 208G>A SNP produces an alanine to threonine substitution (A70T) within the
conserved catalytic domain. Q27 variant is endowed with a greater catalytic efficiency toward the
natural substrates and the antileukemic agent cytarabine (Ara-C), when compared to K27 variant.
Molecular modeling, protein stability experiments and site-directed mutagenesis suggest that K27
variant may have an increased stability with respect to Q27 due to an ionic interaction between a
lysine residue at position 27 and a glutamate residue at position 24. The T70 variant has a lower
catalytic efficiency toward the analyzed substrates when compared to the A70 variant, suggesting
that patients carrying the 208G>A SNP may have a greater exposure to cytosine based pro drugs,
with possible toxicity consequences.
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1. Introduction
Cytidine deaminase (CDA, cytidine/2′-deoxycytidine aminohydrolase; EC 3.5.4.5, gene map
locus 1p36.2-p35) is an enzyme of the pyrimidine salvage pathways, which catalyzes the
formation of uridine and 2′-deoxyuridine by hydrolytic deamination of cytidine and
2′deoxycytidine, respectively. Human CDA is a tetrameric enzyme of identical 15 kDa
subunits, each containing an essential zinc atom in the active site, which is coordinated by
three negatively charged cysteines (C65, C99, C102) and a glutamic acid residue located in
position 67. The zinc atom plays an important role in the catalytic process. The particularity
of this enzyme is that the active site of one monomer is constructed by amino acid residues
coming from the other three subunits through a complicated set of inter-subunit interactions.
Despite this, cooperation between subunits and substrate binding was not observed in the
tetrameric CDA [1–3].

The expression of CDA mRNA was observed at high levels in liver and placenta and low
levels in lung and kidneys, while no expression was detected in heart, brain and muscle [4].
High CDA activity was reported in liver and spleen and moderate activity was found in
lung, kidney, large intestinal mucosa and colon mucosa [5]. No appreciable amount of this
enzyme was found in skeletal muscle, bone, or cartilage. High concentration of CDA was
found in mature neutrophils, with levels many times greater than in other blood elements
such as lymphocytes. CDA is also a marker for myeloid cell differentiation, since the
expression level of its mRNA increases with their maturation [6,7]. Furthermore, CDA was
identified as a growth inhibitor of granulocyte-macrophage colony-forming cells [8,9]. CDA
levels are elevated in serum and synovial fluid in rheumatoid arthritis, reflecting an increase
in neutrophil breakdown in the synovial fluid during joint inflammation and remains
independent of age, sex, and disease duration [10].

The clinical interest around human CDA is due to its ability to deaminate both its natural
substrate as well as several chemotherapeutic agents, such as the anti-leukemic agent Ara-C,
the anti-cancer agents 5′-azadeoxycytidine (Aza-CdR) and 2′,2′-difluorodeoxycytidine
(gemcitabine, dFdC). The deamination of these agents leads to their pharmacological
inactivation. For this reason, the CDA inhibitor tetrahydrouridine (THU) is often co-
administered with cytidine analogs in order to improve their pharmacokinetics and
pharmacodynamics [11].

It is well known that CDA is an enzyme that tends to polymorphism: in human granulocytes
Teng and coworkers [12] observed the presence of three electrophoretic CDA phenotypes
and proposed that they are the homozygous and heterozygous expressions of two alleles.
Subsequently, two different research groups identified two cDNA sequences coding for two
CDA variants that revealed one non-conservative amino acid substitution at position 27 of
the amino acidic sequence. CDA1 was found to carry a glutamine (Q) residue [6] and CDA2
was found to carry a lysine (K) residue at this position [4]. Other research groups have
identified these findings as well [13,14]. It was later identified that one SNP in the CDA
gene, 79A>C, results in a K27Q change inside the coding region. This polymorphism was
present in the DNA of both African and Caucasian American subjects with allele
frequencies of 10.8% and 29.8%, in African American and Caucasian American subjects,
respectively [15]. A study on K27Q genotype frequency in Italian population was 0.328,
0.469 and 0.203 for K*/K*, K*/Q*, and Q*/Q*, respectively. The frequency of the Q*/Q*
genotype was higher in Italians compared to all other populations [16]. Some authors have
reported a moderate decrease in the level of CDA activity in the K27Q polymorphism,
which was associated with a modest alteration in the apparent Km value [14,15]. A study
conducted on 221 Japanese subjects, reported an allele frequency of 21% for 79A>C without
a change in enzymatic activity between the mutant and the wild-type CDA after expression
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in yeast in presence of cytidine or 1-β-D-arabino furanosylcytosine (cytarabine, Ara-C) [17].
In the Chinese population, the incidence of CDA 79A>C SNP was 12.0% and 12.3% in
cancer patients and in healthy volunteers, respectively. Furthermore Chinese patients
carrying 79A>C variant were observed to be more prone to developing severe neutropenia
after gemcitabine-based chemotherapy [18]. The substitution at position 27 of the amino
acid sequence lies in a protein region close to a highly conserved region in most of the
tetrameric CDAs but seems not to be directly involved in the catalytic process. The pI values
observed for the two variants Q27 and K27 were, pI = 4.50 and pI = 5.0 respectively [19].

Other authors investigated the role of another SNP in the human CDA gene, 208G>A, that
produces an alanine to threonine substitution (A70 T) within the conserved catalytic domain
(65CAERTA70). The SNP 208G>A was not detected in Europeans, whereas the allelic
frequency of 208A was 0.125 in Africans [20]. According to the two previous studies
[17,20], frequencies of homozygous 208G>A individuals in the Japanese and African
populations were estimated to be about 0.18% and 1.56%, respectively. Finally, in a recent
study the 208G>A polymorphism appears to be very rare in the adult Indian population [21],
whereas in the Chinese population the frequency for 208G>A polymorphism was found to
be of 1.0%, and no Chinese cancer patients were found to be homozygous or heterozygous
for this variant allele [18].

Inter-individual variation in the activity of cytidine deaminase due to the abovementioned
polymorphisms can substantially affect the concentration of prodrug present in the blood,
which influences both the efficacy and safety of the chemotherapeutic treatment [17,22]. For
example, functional studies demonstrated that A70T CDA showed a 40% activity for
cytidine and 32% for Ara-C as substrates, with respect to the K27 CDA [17]. Therefore, a
population characterized with 208A genotype may be more sensitive to Ara-C treatment
than its prototype. Other authors reported the case of a cancer patient treated with
gemcitabine plus cisplatin that was found to be homozygous for the SNP 208G>A in exon 2
of the CDA gene. This SNP produced an A70 T variant of CDA and showed a decrease in
deaminase activity and an increase in plasma gemcitabine levels which led to severe drug
toxicity [23,24]. Moreover, it has been demonstrated that patients with reduced CDA
activity may suffer from severe adverse drug reactions [25,26] upon the treatment with
dFdC, a chemotherapeutic agent used against various solid tumors, such as breast cancer,
pancreatic cancer and non-small cell lung cancer. This drug is largely metabolized by CDA
to produce the inactivated metabolite, dFdU [27]. On the other hand, patients with excessive
CDA activity may require the administration of higher doses of prodrug or CDA inhibitors.

From these observations, it is evident that the analysis of the CDA polymorphism can help
to establish gene-based information for the treatment of cancer [28–32]. In particular, such
pharmacogenetic studies can help predict the efficacy and toxicity of cytidine-based drugs
based on the genetic profile of the patient. Thus, in this work we characterized the kinetics
and biochemical properties of the most common variant, as well as variants that arise from
the naturally occurring SNPs 79A>C and 208G>A. For clarity, in this work we named the
most common variant K27/A70, the variant arising from the 79A>C polymorphism Q27/
A70, and the variant arising from the 208G>A polymorphism K27/T70. Moreover, in order
to generate hypotheses on the structural differences between the K27/A70 and Q27/A70
variants we carried out a molecular modeling study comparing the crystal structures of
human (1MQ0) and murine (2FR5) CDA [33,34], in which the residue at position 27 is a Q
or a K, respectively. Finally, to substantiate the model-derived hypothesis that the lysine
residue at position 27 establishes an ionic bond with glutamate at position 24, a mutant CDA
E24Q was generated using the K27/A70 variant as a template. The substitution of the
glutamate with a glutamine residue was chosen to prevent the ionic interaction between the
carboxyl group of glutamate and the amino epsilon group of lysine, while at the same time
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maintaining similar steric features. The novelty of the present work consists in a deep kinetic
characterization of the three variants especially concerning the inhibition studies that were
made through a set of inhibitors that may be used to selectively reduce the deaminase
activity of the K27/A70 or the Q27/A70 variant.

2. Materials and methods
2.1. Compounds

Dithiothreitol (DTT) and isopropyl-thio-β-D-galactopyranoside (IPTG) were purchased
from ICN Biochemicals (Aurora, OH), ampicillin from USB (Cleveland, OH). Cytidine
(CR), deoxycytidine (CdR), Tris (hydroxymethyl) aminomethane (trizma base) and other
reagents were obtained from Sigma Chemical Co. (St. Louis, MO). PM10 membranes were
purchased from Amicon Corporation (Beverly, MA); DEAE 52 was produced by Whatman
(UK), whereas Superdex 75 HR 10/30, MonoQ HR5/5 and the HPLC system Äkta Purifier
were purchased from GE Healthcare (Uppsala, Sweden). “Quikchange Site-Directed
Mutagenesis” kit was purchased from Stratagene (Stratagene, La Jolla, CA). Plasmid DNA
was isolated using the Qiagen plasmid midi kit (Qiagen, Milan, Italy) or by NucleoSpin
plasmid (Macherey-Nagel, M. Medical, Milan, Italy). Primer synthesis was done by Sigma
Chemical Co. (St. Louis, MO) whereas DNA sequences were done by BMR Genomics
(Padova, Italy). Restriction nucleases were obtained from Promega (Madison, WI). Mini
protean III electrophoresis apparatus and Low range protein markers were purchased from
Bio-Rad (Hercules, CA).

2.2. DNA techniques
The pyrimidine requiring CDA-negative derivative of MC1061, Escherichia coli SØ5201
(MC1061 cdd:pyrD:Kan) was used as host. The mutations A70T (generating the variant
K27/T70) and E24Q were introduced by site-directed mutagenesis using the “QuikChange
Site-Directed Mutagenesis Kit” (Stratagene, La Jolla, CA) that allows site-specific
mutations in a double-stranded plasmid. The plasmid pTrcHUMCDA2 (K27/A70) was used
as a template, containing the human CDA cDNA on a 446 bp NcoI-BamH1 fragment in
pTrc 99-A [35]. The primers (Table 1), each complementary to the opposite strand of the
vectors were extended by PCR reaction. The PCR product was treated with restriction
endonuclease DpnI to digest the parental template. Each resulting plasmid DNA,
pTrcHUMA70T and pTrcHUME24Q, was subsequently transformed into competent cells of
E. coli SØ5201. DNA sequence analysis confirmed the correct position of the mutation.

2.3. Enzymes preparation
To further clarify the role of residue 27 in enzyme functionality and its interaction with
residue E24, the mutant E24Q CDA was generated and the expressed protein was purified
and characterized.

Site-directed mutagenesis was carried out to obtain the pTrcHUMA70T and
pTrcHUME24Q plasmids that were transformed into the pyrimidine requiring E. coli strain
SØ5201, in order to express the mutant protein A70T (K27/T70) and E24Q.

At this purpose, E. coli SØ5201 (MC1061 cdd:pyrD:Kan) containing the plasmid
pTrcHUMCDA1 [35] or pTrcHUMCDA2 [19] were used as a source of cytidine deaminase
Q27/A70 and K27/A70 respectively. The purification of the K27/A70, Q27/A70, and K27/
T70 variants, was performed as described previously [1]. Briefly, cultures of E. coli SØ5201
(500 mL), harboring pTrcHUMCDA1 (Q27/A70), pTrcHUMCDA2 (K27/A70),
pTrcHUMA70T (K27/T70) and pTrcHUME24Q (E24Q) were grown at 37 °C in L-broth
and supplemented with 100 μg/mL ampicillin. The protein expression was induced during
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late exponential growth (A436 nm = 1.0) by the addition of 1 mM IPTG. After 19 h of
shaking at 37 °C, the cells were harvested by centrifugation at 5000xg, washed with 0.9%
NaCl and re-suspended in buffer A (Tris–HCl 50 mM, pH 7.5, 1 mM DTT, 1 mM EDTA).
After sonic disruption, each crude extract was loaded onto a DEAE-52 anionic exchange
chromatography, equilibrated with buffer A, and eluted by a linear gradient between buffer
A and buffer B (buffer A + 0.5 M KCl). The fractions containing the enzyme were pooled,
concentrated by ultrafiltration on a PM 10 membrane, and loaded onto a gel for filtration on
Superdex 75 HR 10/30 connected to an HPLC system (Äkta Purifier), equilibrated with
buffer A. The elution of the column was achieved in the same buffer. The CDA fractions
eluted from gel filtration were concentrated by ultrafiltration and finally loaded onto a Mono
Q HR5/5, performed in HPLC. The column was equilibrated in buffer A and eluted by a step
gradient between buffer A and buffer B. After the last purification step each CDA functional
variant and mutant enzyme, were dialyzed by ultrafiltration on a PM 10 membrane against
buffer A.

Protein concentration was determined by the Bradford protein assay [36]. Sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by
Laemmli [37], using 15% acrylamide and the Mini Protean II apparatus (Bio-Rad, gel size 7
cm × 8 cm × 0.75 mm). The markers used were Bio-Rad low range.

2.4. Kinetic experiments, effect of temperature on enzymes activity
CDA activity assays and kinetic studies on the functional variants Q27/A70, K27/A70, K27/
T70 as well as of the mutant enzyme E24Q, were performed as previously described [35], in
presence of several substrates and inhibitors of cytidine deaminase.

One enzyme unit is defined as the amount of enzyme which catalyzes the deamination of 1
μmole of cytidine per minute at 37 °C. The effect of temperature on the enzymatic activity
of the functional variants and mutant CDA was investigated at temperatures ranging from 5
to 75 °C. The temperature dependence of Vmax and Km values of recombinant CDAs was
also analyzed by using the empirical Arrhenius equation (ln Vmax = ln A − Ea/RT) and the
van’t Hoff equation (ln Km = −ΔH/RT + ΔS/R).

In these experiments the experimental error in the measurements of the enzymatic activity
has been determined by performing repeated assays every 30 min during 8 h time span. The
relative error in the measurement of the initial velocity resulted to be 6% of the observed
value.

2.5. Oxidative resistance experiments
The enzymatic stability of each CDA variant was investigated in presence of sodium
hypochlorite, NaOCl (0–1400 μM) and hydrogen peroxide, H2O2 (0–50 mM), as oxidizing
agents [38]. The stock concentration of the oxidants was estimated by measuring the
absorbance at 230 nm (H2O2) and 290 nm (NaOCl), using absorption coefficients of 72.4
and 317 M−1 cm−1 for H2O2 and NaOCl, respectively. In this experiment, 2.6 μg of each
CDA variant or mutant protein were separately incubated at 37 °C with different NaOCl or
H2O2 concentrations, in a final volume of 50 μl, at incubation times of 5, 15, 15, 35, 45, 60
min. After each incubation period, CDA activity was observed as described above.

2.6. Molecular modeling
All the molecular modeling procedures were performed with the Schrodinger molecular
modeling suite [39] and were based on the crystal structure of murine (2FR5) and human
(2MQ0) cytidine deaminase [33,34]. In particular, the 2FR5 structure was studied as an
example of a K27/A70 variant, while the 2MQ0 was studied as a variant of the Q27/A70
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variant. Another structure was obtained by modifying the K27 residue in the 2FR5 structure,
in which the lysine at position 27 of the K27/A70 variant was substituted with its chloramine
derivative.

The crystal structures were subjected to the “protein preparation wizard” workflow to add
hydrogen atoms, calculate the protonation states of all ionizable groups at pH 7, and
optimize the orientation of hydroxyl groups, Asn, Gln and His residues. The workflow
ended with a constrained energy minimization of the hydrogen atoms that allowed
maximum root mean square deviations (RMSD) of 0.30 Å.

Following the “protein preparation wizard” workflow, the structures were subjected to a
Monte Carlo conformational search with the MacroModel (MacroModel, version 9.9)
molecular mechanics engine implemented in the Schrodinger suite. In these calculations, full
flexibility was granted to the residues at residues 24 and 27, as well as all residues with at
least one atom within a radius of 5 Å from the former. An additional shell of residues
located within 3 Å of the flexible atoms were included in the calculation of the potential
energy of the system, but were held rigid. The conformational searches were based on 1000
steps of the Monte Carlo Multiple Minimum algorithm conducted with the OPLS 2005 force
field and the cutoff value on the energy gradient for the energy minimizations was set to
0.05 kJ/(mol Å). For each conformational search, the lowest energy structures, as well as all
the structures within 20 kJ/mol from the former, were saved in the output file and analyzed.

3. Results
3.1. Expression and purification of mutant proteins

Through this work we carried out kinetic and molecular studies on the functional variants
Q27/A70, K27/A70 and K27/T70, in order to gather data that could be helpful in the design
of more efficient cytidine-based chemotherapeutic drugs, which can be administered to
patients carrying the 79A>C and 208G>A SNPs.

The three variants K27/A70, Q27/A70 and K27/T70, as well as the mutant E24Q, were
purified as described previously in the Materials and Methods section and the final enzyme
preparations were judged >95% pure after 15% SDS-PAGE (Fig. 1). DNA sequence
analysis performed on each mutant cDNA confirmed the correct position of each mutation.
For clarity, the residues present in each CDA variant/mutant are displayed in Table 2.

3.2. Kinetic experiments
Table 3 shows the Km and Vmax values for the functional variants K27/A70, Q27/A70, K27/
T70 and for the active mutant E24Q, regarding the naturally occurring substrates such as
CR, CdR, and cytosine nucleoside analogs, which are used in chemotherapy as antitumor
agents. The results indicated that the variant Q27/A70 has a moderately increased catalytic
efficiency toward the natural substrates and toward the antileukemic agent Ara-C with
respect to the K27/A70 variant. However, the trend is the opposite for the substrates Aza-
CdR, 6-aza-CR, and fazarabine, which are deaminated somewhat more efficiently by the
K27/A70 variant.

The K27/T70 variant showed a very low catalytic efficiency (about 100 fold lower than
those of functional variants) for all substrates. As shown in Table 3 this low catalytic
efficiency is due to a decreased catalytic rate, since the substrate affinity is substantially
similar to that of Q27/A70 and K27/A70 variants. The mutant E24Q showed a decreased
catalytic efficiency for the assayed substrates due to decreased substrate affinity, whereas
the catalytic rate was similar to that of the functional Q27/A70 variant. Interestingly, the
Vmax value for the mutant E24Q with substrate, Aza-CdR, was found to be substantially less
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than the two natural substrates and Ara-C. The compound 2′,3′-CdR it is not substrate of the
CDA functional variants or the E24Q mutant enzyme.

The ability of a number of nucleosides and nucleotides to inhibit the three above mentioned
variants and the mutant E24Q was tested. The resulting Ki values (Table 4) indicated, a
significantly higher affinity of THU and 5-F-zebularine for the Q27/A70 variant with
respect to K27/A70 and K27/T70 variants. Conversely pseudoisocytidine, was more
efficient on the K27/A70 variant. Finally, for all the inhibitors tested, the E24Q mutant
showed slightly increased Ki values with respect to the three CDA functional variants.

3.3. Effect of temperature on enzyme activity
The effect of temperature on enzyme activity and stability of the three variants and of the
E24Q mutant was also investigated, as described under Materials and Methods. The optimal
temperature for the enzymes was obtained by plotting the percentage of Vmax as a function
of increasing temperatures. The two variants Q27/A70 and K27/A70 are particularly active
at high temperatures; from 10 to 50 °C the Vmax% of K27/A70 variant was slightly higher
with respect to Q27/A70 variant. These two variants reached 100% Vmax at 60 °C for Q27/
A70 and 65 °C for K27/A70. However, when the temperature was raised to 72 °C, the Q27/
A70 variant exhibited a greater thermo-stability with respect to the K27/A70 variant (Fig. 2).
Above this temperature the Vmax (%) of the two enzymes slowly decreased even if they
showed a Vmax of about 60% at 80 °C.

The functional variant K27/T70 also showed a high enzymatic activity at low temperatures
with an optimal temperature around 30 °C. Above this temperature the K27/T70 variant
showed a slow decrease in activity, with a 65% Vmax value that was stable until 80 °C.

The behavior of the E24Q mutant as temperature increased was very different with respect
to the K27/A70 and Q27/A70 variants. The enzymatic activity increased significantly at
temperatures above 50 °C with an optimal temperature of 65 °C. Above this temperature the
activity decreased immediately (Fig. 2).

The temperature dependence of Vmax and Km values of K27/A70, Q27/A70, K27/70 T and
E24Q was also analyzed by Arrhenius and van’t Hoff equations. The energy of activation
(Ea) value calculated for the Q27/A70 variant was 9.304 kcal/mol, which was very close to
that observed in the K27/A70 variant (9.038 kcal/mol, see also [3]). Through the van’t Hoff
plot a discontinuity in the temperature dependence of Km for K27/A70 was observed, in
which the enthalpy values for the interaction between substrate and the enzyme were
calculated to be ΔH = 3.57 kcal/mol for temperatures between 10 and 35 °C, and ΔH =
−8.88 kcal/mol between 35 and 80 °C (Fig. 3A). Conversely, this discontinuity was not
observed in the van’t Hoff plot for the Q27/A70 variant and the enthalpy of the interaction
between substrate and enzyme was ΔH = −8.149 kcal/mol (Fig. 3B).

A discontinuity in van’t Hoff linearization is observed for the K27/T70 variant centered at
approximately 35 °C. In this case the energetics of substrate binding is still enthalpically
favorable at low temperatures. In fact, the enthalpy values for the interaction between
substrate and enzyme, were ΔH = −14.72 kcal/mol at temperatures 10–35 °C and ΔH =
−1.88 kcal/mol at temperatures 40–80 °C (Fig. 3C). The presence of a threonine residue in
position 70 appears to markedly reduce the interactions between substrate and active site
residues at high temperatures.

In the case of the E24Q mutant no discontinuity was observed in the van’t Hoff plot (Fig.
3D) and the thermodynamic behavior displayed for the formation of the enzyme/substrate
complex was very similar to that of the Q27/A70 variant.
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The Eyring plot allowed for the calculation of the entropy and enthalpy of activation. The
values of enthalpy and entropy of activation for the K27/A70 and Q27/A70 variants were
found to be very similar, ΔH = 8.408 kcal/mol and 8.662 kcal/mol and ΔS = −22.992 cal/mol
and −23.52 cal/mol respectively (Fig. 4A and B).

The K27/T70 variant exhibits a very uncommon Eyring plot (Fig. 4C), with a very steep
slope at low temperatures and an almost flat trend at high temperatures. By analyzing the
linear region of this plot, between 10 and 35 °C, we obtained an enthalpy and entropy of
activation of, ΔH = 15.96 kcal/mol and ΔS = 0.584 cal/mol. At higher temperatures the
enzyme seems to exert its catalytic function without any dependence on temperature, as if it
were only under the control of entropy; for this reason we did not fit these parts of the data
by using the Eyring equation. The unusual flatness of the kcat temperature dependence of the
K27/T70 variant remains unexplained; we might suggest that the more intense fluctuations
as temperature is increased to above 35 °C interfere with substrate binding as shown by the
strong reduction of enthalpy of binding from van’t Hoff analysis (Fig. 4C). Apparently the
introduction of a threonine residue rather than alanine in the very conserved 65CAERTA70
motif has a strong effect on the energy of the transition state, likely by modifying the
flexibility of the active site, which on the other hand becomes more resistance to thermal
inactivation.

For the E24Q mutant (Fig. 4D) the enthalpy of activation was calculated as ΔH = 14.351
kcal/mol and the entropy of activation as ΔS = −4.95 cal/mol.

3.4. Oxidative resistance experiments
The oxidative resistance experiments for the Q27/A70, K27/A70, K27/T70 variants and the
E24Q mutant were performed as described in Section 2, using two oxidizing agents with
different oxidative potential; sodium hypochlorite and hydrogen peroxide.

The resistance to increasing concentration of each oxidizing agent was evaluated by plotting
the percentage of CDA activity as a function of time of exposure to the oxidizing agent.

Inhibition of K27/A70, Q27/A70 and K27/T70 by 100 μM NaOCl occurred in a time-
dependent manner and after 60 min of incubation the residual activity reached the value of
32% for K27/A70, 49% for Q27/A70 and 27.5% for K27/T70 (Fig. 5A). The concentration
of NaOCl at 50% inhibition of activity of the variants (K0.5 value) was observed to be 100
μM and 60 μM, for the Q27/A70 and K27/A70 variants respectively, with the K27/T70
variant showing similar behavior to that of K27/A70 (Fig. 5B).

When H2O2 was used as oxidizing agent (Fig. 5C) the oxidation resistance of the two
variants K27/A70 and Q27/A70 was reversed. In fact, the K0.5 values for H2O2 were 15.0
and 23.5 mM for Q27/A70 and K27/A70 respectively (Fig. 5D). The K27/T70 variant was
more sensitive to the oxidizing agent H2O2, with respect to K27/A70 and Q27/A70 variants,
with a K0.5 value of 11.5 mM.

The E24Q mutant was surprisingly resistant to the oxidative activity of NaOCl, with a 97%
residual activity after 60 min of incubation, with the highest K0.5 of 1 mM (Fig. 6A and B).
In the presence of H2O2, the E24Q mutant showed a K0.5 of 8.0 mM (Fig. 6C and D).

3.5. Molecular modeling
Molecular modeling studies were conducted in order to generate hypotheses on the
structural differences between the K27/A70 and Q27/A70 variants. In particular, the murine
2FR5 structure was studied as an example of the K27/A70 variant, while the human 2MQ0
structure was studied as an example of the Q27/A70 variant [33,34]. Moreover, in light of
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the fact that the K27/A70 variant is less resistant than the Q27/A70 to oxidation with
NaOCl, a further structure of the K27/A70 variant, in which the lysine at position 27 was
substituted with its chloroamine derivative, was obtained by modifying the K27 residue in
the 2FR5 structure. These three structures were subjected to 1000 steps of Monte Carlo
conformational search with the MacroModel engine of the Schrodinger suite (MacroModel,
version 9.99, see also [39]). The results of the conformational searches suggest that, in the
K27/A70 variant, an ionic interaction keeps the side chain of K27 closely associated with
the side chain of E24, which is located upstream in the same α-helix, with an average
distance between the nitrogen atom of the side chain of K27 and the carboxyl carbon atom
of E24 of 3.25 ± 0.07 Å. The models also suggest that the distance between the side chains
of residues 27 and 24 changes dramatically if the ionic interaction between the two residues
is disrupted by the exchange of the lysine with a glutamine residue or the conversion of the
lysine to its chloramine derivative. Specifically, for the models of the Q27/A70 variant and
the K27/A70 variant in which K27 was modified to its chloramine derivative, we detected
substantial increases in the distance between the residues at position 27 and 24, with an
average distance between the nitrogen atom of the side chain of Q27 or K27 and the
carboxyl carbon atom of E24 of 6.72 ± 1.12 Å and 4.74 ± 1.14 Å, respectively. Fig. 7 shows
a plot of the distances between the nitrogen atom of the side chain of Q27 or K27 and the
carboxyl carbon atom of E24 for all the conformations generated through our Monte Carlo
conformational searches, ranked in order of relative potential energy with respect to the
most stable structure. Moreover, Fig. 8 shows a molecular representation of the relationship
between the two residues at position 27 and 24 in the 10 lowest energy structures resulting
from the conformational search for the K27/A70 variant, the Q27/A70 variant, and the K27/
A70 variant in which K27 was modified to the corresponding chloramine derivative.

4. Discussion
The effectiveness of a drug treatment can be affected by inter-individual variations of the
drug targets, as well as the enzymes that metabolize both drugs and prodrugs. Therefore the
analysis of drug targets and enzymes for polymorphism provides useful information for the
development of personalized treatments. Specifically in relation to CDA, such analyses
could be used for the optimization of treatments of cancer patients. Recently several
research groups carried out studies on single-nucleotide polymorphisms in the human
cytidine deaminase gene [15,17,24], as already discussed in the introduction section. In
particular, Baker and co-workers [40] performed a functional analysis of genetic variants of
cytidine deaminase and deoxycytidine kinase. The authors used purified recombinant
enzymes resulting from the non-synonymous SNPs of CDA to evaluate their impact on
gemcitabine (dFdC), an anticancer prodrug not assayed in our study. The authors found that
the K27Q and A70T substitutions do not affect the CDA activity toward dFdC. Moreover,
they demonstrated that the A70T, but not K27Q substitution, affects the CDA activity
toward the antileukemic agent Ara-C.

In this work kinetic and molecular studies on the CDA variants K27/A70, Q27/A70 and
K27/T70 were performed, in order to understand their functional role and also to design
cytidine based drugs to be administered to patients carrying the 79A>C and 208G>A SNPs.

Beyond confirming and corroborating the properties of the CDA functional variants reported
in the literature [14,16,24,40], we subjected the three functional variants to an in depth
kinetic characterization, concentrating on a set of inhibitors that could be used to selectively
reduce the deaminase activity of the K27/A70 or the Q27/A70 variant.

A visual inspection of the crystal structure of the Q27/A70 variant of the human CDA
(2MQ0) shows that the residue at position 70 is relatively close to the catalytic site, while
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the residue at position 27 is located further away (Fig. 9). Specifically, the co-crystallized
diazepinineriboside is found at a distance of 9.6 Å from the α-carbon of the residue at
position 70 and 12.3 Å from the α-carbon of the residue at position 27. Moreover, residue 70
is located in the middle of an α-helix that originates from the catalytic site and harbors three
crucial residues. C65 which is one of the three cysteine residues that coordinate the
catalytically essential Zn2+ ion, A66, which establishes hydrogen bonds with the ligand
through its backbone, and E67, which establishes hydrogen bonds with the ligand through its
side chain and is fundamental for the catalytic mechanism. On the other hand, residue 27 is
located on a different α-helix that is separated from the binding site by an antiparallel β-
sheet.

As shown in Table 3, the Q27/A70 and K27/A70 variants showed slight differences in the
rate of deamination of the physiological substrates cytidine and deoxycytidine. Conversely,
the K27/A70 variant showed a ten-fold decrease in catalytic efficiency (Vmax/Km) toward
Ara-C with respect to the Q27/A70 variant. This significant change of the catalytic
efficiency is due to a lower catalytic rate and also an impaired substrate recognition. These
data suggest that patients carrying the 79A>C (Q27/A70) polymorphism may inactivate
cytarabine more efficiently than those with the more common K27/A70 variant, which
would render this prodrug pharmacologically inactive. This could mean that patients with
the Q27/A70 variant should be treated with higher doses of the pro-drug to achieve the same
pharmacological effect of the patients carrying K27/A70 variant. However, the differences
on the Ara-C deamination rate between Q27/A70 and K27/A70 variants found in our work
differ from the data of Baker and coworkers who found no significant differences in the Ara-
C deamination between these two variants [40].

No substantial differences were found in the rate of deamination for the three functional
variants (K27/A70, Q27/A70 and K27/T70) toward the compounds Aza-CdR, 6-aza-CR.
However, a 3-fold increase in catalytic efficiency toward fazarabine was found for the K27/
A70 variant with respect to the Q27/A70 and K27/T70 variants.

The Q27/A70 variant is more susceptible to the action of tetrahydrouridine and 5-F-
zebularine than the K27/A70 variant (Table 3), suggesting that patients harboring the
product of 79A>C can be treated more efficiently with these two CDA inhibitors in order to
increase the effectiveness cytidine analog drugs [41]. Conversely the K27/A70 variant was
observed to be more susceptible to the effect of pseudoisocytidine than the other variants.
This result may indicate that it is possible to perform a customized and targeted therapy for a
patient by choosing the inhibitor that results in the greatest efficient for that the particular
polymorphism.

As the crystal structures reveal, residue 27 is rather far from the catalytic site (Fig. 8). For
instance, in the murine CDA structure solved in complex with THU (2FR5), the distance
between the closest atoms of K27 and the bound THU molecule is 11.4 Å. Hence, the
different kinetic properties of the K27/A70 and Q27/A70 variants most likely arise from the
global effect of the substitution on the tertiary structure of the protein. Similar long-distance
effects of mutations, which in some cases are very pronounced, have been detected for a
wealth of enzymes and proteins in general [42–45].

The K27/T70 variant showed a very low catalytic efficiency (about 100 fold) with respect to
the other two functional variants. Since the Km value for the substrates cytidine,
deoxycytidine and Ara-C remained unchanged, this decrease in catalytic efficiency is due its
low catalytic rate with respect to Q27/A70 and K27/A70. This is also confirmed by the fact
that K27/T70 variant showed Ki values toward CDA inhibitors that were very similar to
those found in the two other functional variants (see also Table 4). These results are in
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agreement with those obtained by Sugiyama and coworkers [24], who found that this K27/
T70 variant considerably loses its deamination activity toward gemcitabine, and also
confirmed that patients carrying the 208G>A SNP may show severe adverse reactions due to
increased plasma levels of the chemotherapeutic agent.

The effect of temperature on the enzymatic activity of Q27/A70, K27/A70, and K27/T70
variants was evaluated. The two variants K27/A70 and Q27/A70, proved to be thermostable
in presence of increasing temperatures. The behavior of K27/T70 was observed to be
different from the other two functional variants, with increased enzymatic activity at low
temperatures with an optimal activity around at 30 °C. Above this temperature the K27/T70
variant is stable (mean Vmax % = 65) until 80 °C.

The van’t Hoff plot for the K27/A70 variant (Fig. 3A) showed two different temperature
ranges corresponding to different binding energies for the substrate [3]. In the temperature
range of 10–35 °C the enthalpy of binding is endothermic (ΔH = 3.57 kcal/mol), whereas in
the temperature range of 35–80 °C it is exothermic (ΔH = −8.88 kcal/mol). This may
indicate that a conformational modification may occur in the temperature range around 35
°C, which leads to a stronger interaction with the substrate deoxycytidine [3]. On the
contrary, the van’t Hoff plot of the Q27/A70 variant showed an exothermic value of ΔH =
−8.1495 kcal/mol, very close to that observed for the K27/A70 variant, in the temperature
range of 37–80 °C, which indicates that the interaction with the substrate deoxycytidine is
enthalpically favorable at all temperatures considered for the Q27/A70 variant (Fig. 3B).

However, the Arrhenius (data not shown) and Eyring plots (Fig. 4A and B), show that the
energy of activation (Ea) and the enthalpy activation values for Q27/A70 and K27/A70
variants are very close. This means that these two variants are able to reach the transition
state in the same manner. Furthermore, considering the value of the entropy of activation for
the two variants, the geometry of the enzymatic reaction seems unaffected by the
aminoacidic substitution.

The presence of a threonine residue in position 70 had a pronounced effect on the energy of
the interaction between substrate and the enzyme’s active site, in the presence of high
temperatures as evidenced by the van’t Hoff (Fig. 3C). On the other hand in the same
temperature range the activation enthalpy was near zero (Fig. 4C). These results could
reflect the low catalytic efficiency (Vmax/Km) shown by this variant with respect to all of the
substrates assayed (see Table 3).

The stability of the four CDAs was also evaluated by a study based on their resistance to the
oxidizing agents. Two oxidizing agents, sodium hypochlorite and hydrogen peroxide, were
used each with a different oxidative potential. The behavior of the K27/A70 and Q27/A70
variants depended on the type of oxidizing agent used. In presence of NaOCl (Fig. 5A and
B), Q27/A70 was found to be more resistant to oxidation with respect to the K27/A70
variant. Conversely, if hydrogen peroxide was used as the oxidizing agent, the K27/A70
variant was found to be more resistant (Fig. 5C and D).

A molecular modeling study was carried out comparing the crystal structures of human
CDA (1MQ0) and murine (2FR5) [33,34] in which the residue at position 27 is Q and K,
respectively. This study suggested that the K27/A70 variant makes a strong ionic interaction
with a glutamate residue located at position 24 (Figs. 7 and 8A), therefore it may be
supposed that K27/A70 variant is more resistant to oxidizing agent H2O2 of Q27/A70,
because of its greater structural rigidity due to an ionic interaction with the residue E24. This
interaction may be lost if K27 is transformed into chloramines derivative, which, in contrast,
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rejects electrostatically E24. To verify this hypothesis a CDA E24Q mutant was generated to
evaluate the role of the interaction K27-E24 on enzyme functionality.

The supposed higher structural rigidity of the K27/A70 variant with respect to the Q27/A70
variant is also supported by the behavior of the mutant E24Q in presence of the oxidizing
agents. When compared to the K27/A70 variant (Fig. 6), the E24Q mutant showed a larger
sensitivity to hydrogen peroxide, which is consistent with the hypothesized loss of
“protective” effect of the ionic interaction K27–E24, and a lower sensitivity to NaOCl, in
line with the hypothesis that the chloramine derivative of K27 has a negative interaction
with E24 (Fig. 8C).

The hypothesis of the increased structural rigidity of the K27/A70 variant, due to the ionic
bond that K27 establishes with E24, is also supported by data from the van’t Hoff plot,
which indicates that a conformational change occurs at a temperature of about 35 °C that
leads to a strong interaction with the substrate deoxycytidine. Enthalpically optimized
binding affinities arise mostly from the formation of stereochemically specific hydrogen
bonds, in addition to van der Waals interactions. Thus, selectivity is enhanced when
hydrogen bond formation predominates [46].

Moreover, the loss of rigidity of the E24Q mutant is remarkably evident from the similarity
of the behavior of this mutant with the Q27/A70 variant, shown by both the van’t Hoff and
Eyring plots (Figs. 3D and 4D). Notably, the E24Q mutant increased its activity above 50 °C
and showed an optimal temperature around 65 °C. However, over this temperature the
activity decreases substantially. The E24Q mutant CDA showed a low catalytic efficiency
when compared to the functional variants K27/A70 and Q27/A70, which is most likely due
to impaired substrate recognition, since Km and Ki values, for substrates and inhibitors
respectively, were shifted to higher values, whereas the Vmax values were unaffected. In
conclusion, this study supports the hypotheses that:

1. The K27/A70 variant may be characterized by more structural rigidity with respect
to the Q27/A70, due to the ionic interaction that the lysine residue at position 27
establishes with a glutamate residue at position 24.

2. The Q27/A70 variant is a more efficient catalyst towards natural substrates and
towards the antileukemic agent, cytarabine (Ara-C), indicating that this prodrug
may be less effective on patients carrying the 79A>C SNP.

3. The CDA inhibitors 5-F-zebularine and tetraydrouridine are more effective on the
Q27/A70 variant, indicating that these inhibitors may be administered to the patient
carrying the 79A>C SNP at lower doses.

4. The K27/T70 variant showed low catalytic efficiency toward all the analyzed
substrates. This may indicate that patients carrying the 208G>A SNP have a better
response with chemotherapeutic treatments based on nucleoside cytosine analogs.
However it is necessary to take into account that the decreased deaminase activity
may lead to an increased plasma level of these prodrugs, which may lead to severe
drug toxicity [23].
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Abbreviations

CDA cytidine deaminase

SNP Single Nucleotide Polymorphisms

CdR 2′-deoxycytidine

CR cytidine

2′3′-CdR 2′,3′-dideoxycytidine

Ara-C 1-β-D-arabino furanosylcytosine or cytarabine

Aza-CdR 5′-azadeoxycytidine

6-aza-CR 6-azacytidine

dFdC 2′,2′-difluorodeoxycytidine or gemcitabine

fazarabine 1-β-D-arabinofuranosyl-5-azacytosine

THU tetrahydrouridine

DTT dithiothreitol dithiothreitol

IPTG isopropyl-thio-β-D-galactopyranoside

EDTA ethylenediaminetetraacetic acid
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Fig. 1.
15% SDS-PAGE of purified CDA variants, and E24Q. (A) Q27/A70, (B) K27/A70, (C)
K27/T70, (D) E24Q, st: Bio-Rad low molecular weight standard (97.4 kDa, phosphorylase
b; 66.2 kDa, bovine serum albumin; 45.0 kDa, ovalbumin; 31.0 kDa, carbonic anhydrase;
21.5 kDa, soybean trypsin inhibitor; 14.4 kDa, lysozyme).
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Fig. 2.
Temperature effect on Vmax (%) of Q27/A70, K27/A70, K27/T70 functional variants and
E24Q mutant enzyme.
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Fig. 3.
Temperature effect on Km (van’t Hoff plots) of K27/A70 (A), Q27/A70 (B), K27/T70 (C)
and E24Q (D).
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Fig. 4.
Temperature effect on ln(kcat/T) (Eyring plots) of K27/A70 (A), Q27/A70 (B), K27/T70 (C)
and E24Q (D).
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Fig. 5.
Effect of sodium hypochlorite and hydrogen peroxide on Q27/A70, K27/A70, K27/T70: (A)
time-dependent inhibition by a fixed NaOCl concentration (100 μM); (B) inhibiting effect of
NaOCl; (C) time-dependent inhibition by a fixed H2 O2 concentration (10 mM); (D)
inhibiting effect of H2 O2.
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Fig. 6.
Effect of sodium hypochlorite and hydrogen peroxide on E24Q: (A) time-dependent
inhibition by a fixed NaOCl concentration (100 μM); (B) inhibiting effect of sodium
hypochlorite; (C) time-dependent inhibition by a fixed H2 O2 concentration (10 mM); (D)
inhibiting effect of hydrogen peroxide.
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Fig. 7.
Distances between the nitrogen atom of the side chain of Q27 or K27 and the carboxyl
carbon atom of E24 for all the conformations generated through our Monte Carlo
conformational searches.
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Fig. 8.
Most energetically stable structures resulting three Monte Carlo conformational searches
conducted to probe the local molecular interactions found in the K27/A70 and Q27/A70
variant. The figures shows the K27/A70 variant (Panel A) shows an ionic interaction
between K27 and E24, which is absent in the Q27/A70 variant (Panel B) as well as the K27/
A70 variant in which K27 is modified to its chloramine derivative (Panel C).
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Fig. 9.
Figure of the crystal structure of the Q27/A70 variant of the human CDA (2MQ0, 34)
showing the location of Q27 and A70 with respect to the catalytic site. Panel A: view of the
CDA tetramer. Panel B: close-up of the catalytic site.
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Table 1

List of the primers used in site-directed mutagenesis experiments.

Mutation Primera Plasmid

A70T (K27/T70) 5′primer: 5′-GCTGAACGGACCACTATCCAGAAGGCCGTC-3′
3′primer: 5′-GACGGCCTTCTGGATAGTGGTCCGTTC-3′

pTrcHUMA70T

E24Q 5′primer: 5′-GCTCCCAGCAGGCCAAGAAGTCAGC-3′
3′primer: 5′-GCTGACTTCTTGGCCTGCTGGGAGC-3′

pTrcHUME24Q

a
Mutated codons are indicated in bold.
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Table 2

Residue presents (in bold) in each variant/mutant CDA.

Variant/mutant Residue present

Q27/A70 E24, Q27, A70

K27/A70 E24, K27, A70

K27/T70 E24, K27, T70

E24Q Q24, K27, A70
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Table 4

Inhibition constants of Q27/A70, K27/A70, K27/T70 and E24Q.

Inhibitors K27/A70
Ki (×10−5 M)a

Q27/A70
Ki (×10−5 M)a

K27/T70
Ki (×10−5 M)a

E24Q
Ki (×10−5 M)a

Zebularine 0.10 0.25 0.36 0.50

5-F-zebularine 0.03 0.005 0.027 0.029

Tetrahydrouridine 0.015 0.004 0.034 0.079

Tetrahydro-2′-deoxyuridine 0.004 0.026 0.026 n.d.

3-Deaza-cytidine 0.05 0.18 0.24 0.29

Pseudoisocytidine-HCl 2.80 4.60 6.00 n.d.

a
Inhibition constants were obtained from the double-reciprocal plots of the deamination of deoxycytidine in the presence and absence of the

inhibitors. All the inhibitors were competitive.
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