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Summary. Deamination of the nucleoside analogues
ARA-C and 5-AZA-CdR by CR deaminase results in a loss
of antileukemic activity. To prevent the inactivation of
these analogues, inhibitors of CR deaminase may prove to
be useful agents. In the present study we investigated the
effects of the deaminase inhibitors Zebularine, 5-F-Zebu-
larine, and diazepinone riboside on the deamination of CR,
ARA-C, and 5-AZA-CdR using highly purified human CR
deaminase (EC 3.5.4.5). These inhibitors produced a com-
petitive type of inhibition with each substrate, the potency
of which followed the patterns diazepinone riboside >5-F-
Zebularine and THU > Zebularine. 5S-AZA-CdR was more
sensitive than ARA-C to the inhibition produced by these
deaminase inhibitors. The inhibition constants for di-
azepinone riboside lay in the range of 5—15 nM, suggesting
that this inhibitor could be an excellent candidate for use in
combination chemotherapy with either ARA-C or 5-AZA-
CdR in patients with leukemia.

Introduction

Certain analogues of CdR have been demonstrated to be
active antileukemic agents. ARA-C is one of the most
effective drugs for the treatment of acute myeloid leukemia
[11]. Another analogue, 5-AZA-CdR, is an experimental
agent that shows stronger antileukemic activity in animal
models than does ARA-C [21, 25]. In a phase I study,
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5-AZA-CdR has been shown to be an active antileukemic
agent in man as well [26]. It is currently under clinical
investigation in phase Il studies in patients with acute
leukemia.

Analogues of CdR must undergo phosphorylation to
become active inhibitors. This phosphorylation is cata-
lyzed by CdR kinase (EC 2.7.1.14) [18]. ARA-C and
5-AZA-CdR are also subject to degradation by CR deami-
nase (EC 3.5.4.5) [2, 4]. The deamination of ARA-C pro-
duces ARA-U, which is about 100 times less inhibitory
than the parent analogue [23]. 5-AZA-UdR, the product of
deamination of 5-AZA-CdR, is completely inactive (R. L.
Momparler, unpublished data). The major sites of deami-
nation in man are the liver and spleen [9]; the high level of
CR deaminase in these tissues is responsible for the short
half-life of these analogues (1520 min) [9, 26].

It has been reported that in some patients with acute
leukemia who were treated with ARA-C or 5-AZA-CdR at
the time of relapse, the leukemic cells showed an increase
in CR deaminase activity [24, 27]. However, Tattersall et
al. [28] observed only a slight increase in CR deaminase
activity in ARA-C-resistant leukemic cells from patients,
but the difference was not statistically significant as com-
pared with sensitive cells. In a previous study in HL-60
myeloid leukemic cells, we also observed that 5-AZA-CdR
produced a significant increase in CR deaminase activity
[19]. To avoid this type of resistance to ARA-C or 5-AZA-
CdR, inhibitors of CR deaminase could be useful adjuvants
in combination chemotherapy. THU was the first strong
inhibitor of CR deaminase to be identified [2]. The inhibi-
tion by THU was studied using CR deaminase purified
from human granulocytes and was found to be competitive
with the natural substrate CR [3]. The clinical importance
of THU was demonstrated by Kreis et al. [13], who ob-
served that this combination significantly increased the
plasma level of ARA-C in patients with solid tumors.

In the search for more potent inhibitors of CR deami-
nase, new compounds were synthesized [12, 15—17]. The
chemical structures of these inhibitors are shown in Fig. 1.
In preliminary studies using a crude deaminase and CR as
the substrate, some of these inhibitors showed stronger
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Fig. 1. Chemical structures of CR deaminase inhibitors

activity than THU [16, 17]. Since to our knowledge there
has been no report on the influence of these inhibitors on
the deamination of CdR analogues, we performed an in-
depth kinetic analysis of their effect on the deamination of
ARA-C and 5-AZA-CdR using highly purified human CR
deaminase.

Materials and methods

Materials. CR, ARA-C, and 5-AZA-CdR were obtained from Boeh-
ringer Mannheim Laval (Quebec), Upjohn Canada (Montreal), and the
Mack Co. (FRG), respectively. THU was obtained from Calbiochem (La
Jolla, Calif.). Zebularine, 5-F-Zebularine, and diazepinone riboside were
obtained by chemical synthesis as described elsewhere [15, 17].

Enzyme purification. CR deaminase from human placenta was purified
using the method of Chabner et al. [3], with the following modifications.
Nucleic acids in the cell extract were removed by precipitation with
streptomycin sulfate. The precipitation of CR deaminase by ammonium
sulfate occurred at between 40% and 55% of saturation. After a heat
treatment, the ammonium sulfate fraction was purified by gel-filtration
chromatography (Sephacryl S-200, Pharmacia) and ion-exchange chro-
matography (Mono-Q, Pharmacia) using the fast protein liquid chroma-
tography (FLPC) system of Pharmacia to yield a highly purified enzyme
(approximately 5,000-fold purification, resulting in a major band on
polyacrylamide gel). The specific activity of the purified CR deaminase
was 11,000 units/mg protein; 1 unit of enzymatic activity was defined as
the amount of enzyme that catalyzes the deamination of 1 nmol cyti-
dine/min at 37°C. The protein concentration was determined by the
dye-binding procedure of Bradford [1] using the microassay method and
bovine serum albumin as the standard (Bio-Rad Laboratories, Missis-
sauga, Ontario).

Enzyme assay. CR deaminase activity was determined by spectropho-
tometric assay. The reaction mixture (0.2 ml) contained 20 mM KHPO4
(pH 7.5), 100 mm KCI, the indicated concentration of substrate, and
about 0.15 g (1.5 unit) purified CR deaminase from human placenta.
The mixture was incubated at 37°C in a 10-mm light-path cuvette, and
the rate of deamination was determined at 286 (CR and ARA-C) or
245 nm (5-AZA-CdR) using a Gilford 260 spectrophotometer. For the
conversion of CR to UR and of ARA-C to ARA-U, a AEwm value of
3,000 at 286 nm was used to calculate the amount of substrate deaminat-

Table 1. K and Vinax values for different substrates of CR deaminase

Substrate Kn Vinax

(um) (nmol/min)
CR 152+ 3.7 0.93+0.05
ARA-C 139.8+19.2 0.92+0.08
5-AZA-CdR 3208+ 8.7 0.40+0.01

Data represent mean values + SE (n = 3)

Table 2. Inhibition of deamination of substrates for CR deaminase by
different mhibitors

Inhibitor Concentration Inhibition of deamination (%)
(ny)
ARA-C 5-AZA-CdR
(100 ) (100 p)
THU 0.01 49+2.6 27.0£2.5
0.02 14.7+1.7 39.0+34
0.04 22.1£3.2 78.0+£1.2
5-F-Zebularine 0.01 51%1.0 144+4.6
0.02 11.1+1.0 284+1.1
0.04 182+1.7 66.3+1.0
Diazepinone 0.01 152%1.9 34.8+35
riboside 0.02 19.1%+25 60.1x3.6
0.04 40.0+29 87.2+2.1

Data represent mean values + SE (n = 3)

ed. For the conversion of 5-AZA-CdR to 5-AZA-UdR, the A Ey value at
245 nm was estimated to be 4,500 [22]. In this assay, the daily deviation
was less than 5%.

Kinetic analysis. The Michaelis-Menten constant (Km) and the maximal
velocity (Vinax) were determined from double-reciprocal plots of enzyme
activity as a function of changing substrate concentration according to
the method of Lineweaver-Burk. The inhibition constant (Kj) was deter-
mined by a Dixon plot [6] of the reciprocal velocity of the enzyme
reaction as a function of changing inhibitor concentration at a constant
substrate concentration.

Results

The Ky and Viax values for the different substrates of CR
deaminase are summarized in Table 1. The natural sub-
strate CR had the lowest Ky value, indicating that the
enzyme exhibited the highest affinity for this nucleoside.
The analogues of CdR showed less affinity. The K values
for ARA-C and 5-AZA-CdR were about 9- and 21-fold
that for CR, respectively. The Vmax values for CR and
ARA-C were similar, whereas that for 5-AZA-CdR was
lower.

The effect of the CR deaminase inhibitors THU, 5-F-
Zebularine, and diazepinone riboside on the deamination
of the analogues is shown in Table 2. At identical substrate
concentrations (100 um), 5-AZA-CdR was more sensitive
than ARA-C to the inhibition produced by these sub-
stances. At a concentration of 0.04 uM, diazepinone ri-
boside inhibited the deamination of ARA-C and 5-AZA-
CdR by 40% and 87%, respectively.
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Fig. 2. Lineweaver-Burk plot for the substrate ARA-C in the absence of
inhibitor (OJ O) and in the presence of 0.02 um diazepinone ri-
boside (@ @®); 1.5 unit enzyme was used in each assay. Inset:
Dixon plot of 1/v for substrate ARA-C (100 pum) vs different concentra-
tions of diazepinone riboside (@ ®); SE, <5%. Horizontal line,
1/Vmax at ARA-C concentration => < in the absence of inhibitor

Table 3. Determination of K; values of different CR deaminase inhibitors

Fig. 3. Lineweaver-Burk plot for the substrate 5-AZA-CdR in the ab-
sence of inhibitor (O 0) and in the presence of 0.01 um di-
azepinone riboside (@ ®); 1.5 unit enzyme was used in each
assay. Inset: Dixon plot of 1/v for substrate 5-AZA-CdR (150 pm) vs
different concentrations of diazepinone riboside (@ ®); SE, <5%.
Horizontal line, 1/Vyax at 5-AZA-CdR concentration => € in the absence
of inhibitor

Substrate Type of inhibition Ki values (nm)

THU Zebularine 5-F-Zebularine Diazepinone riboside
CR Competitive 51.3+16.4 816.3x 7.7 404+2.7 17.5+23
ARA-C Competitive 263+ 438 275.0+13.5 347+19 15.0+£0.5
5-AZA-CdR Competitive 9.8+ 0.7 542+ 6.2 10.1+0.3 5.4+0.6

Data represent mean values + SE (n=3)

In Fig. 2, the effect of 0.02 pM diazepinone riboside on
the deamination of different concentrations of ARA-C is
shown in a Lineweaver-Burk plot. The plot indicates that
the inhibition produced by diazepinone riboside was com-
petitive with respect to ARA-C. To evaluate the K value,
the Dixon plot was used (Fig. 2, inset); the K;j value for
diazepinone riboside was estimated to be 15 nm.

Figure 3 shows the effect of 0.01 um diazepinone ri-
boside on the deamination of different concentrations of
5-AZA-CdR. This Lineweaver-Burk plot demonstrates
that the inhibition produced by diazepinone riboside was
also competitive with 5-AZA-CdR. The inset illustrates the
Dixon plot for this inhibitor vs 5-AZA-CdR; the estimated
Ki value was 54 nM. Lineweaver-Burk and Dixon plots
were also used to estimate the K; values for the other
inhibitors (data not shown).

The type of inhibition produced by each of these inhib-
itors is shown in Table 3 along with the corresponding K;
values. With each substrate, all inhibitors of CR deaminase
displayed competitive inhibition. The K; values obtained
demonstrate that the CR deaminase inhibitors prevent the
deamination of CdR analogues more effectively than that
of CR itself. These results are in accord with the data
shown in Table 2. For all inhibitors, 5-AZA-CdR was most
sensitive to the inhibition. The strongest inhibitor was di-
azepinone riboside as shown by its K; value, which was the
lowest determined for each substrate.

Discussion

One of the reasons for the failure of chemotherapy of acute
leukemia is the development of drug resistance. For CdR
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analogues such as ARA-C or 5-AZA-CdR, the biochemi-
cal mechanism of drug resistance can be due to a defi-
ciency of CdR kinase, an increase in the pool of dCTP, or
an increase in CR deaminase [20]. In cases of elevated CR
deaminase activity in leukemic cells at the time of relapse
[24, 27], the use of CR deaminase inhibitors in combina-
tion with CdR analogues may be one way to avoid this type
of drug resistance. Another possible benefit of using
deaminase inhibitors is to prevent leukemic stem cells
from escaping from the cytotoxic effects of CdR analogues
due to their presence in tissues that contain very high levels
of CR deaminase, such as the liver, the spleen, and the
intestinal mucosa. Ho [9] has reported that in patients, the
liver can deaminate about 2 g ARA-C per hour.

To study the enzyme kinetics of CR deaminase inhibi-
tors, we extensively purified CR deaminase from human
placenta. Using the highly purified enzyme, we investi-
gated the affinity of this enzyme for its natural substrate
and related analogues. Table 1 shows the Km and Viax
values determined for CR, ARA-C, and 5-AZA-CdR. The
kinetic values we obtained for the substrates are similar to
previously reported data, with slight variations [3, 4]. The
affinity of our enzyme preparation for the substrates was
slightly decreased as illustrated by moderately higher Km
values as compared with published data. Chabner et al. [3]
and Chabot et al. [4] reported a Km value of about 88 pum
for ARA-C, whereas we observed a value of 140 um.
Chabot et al. [4] obtained a Ky value of 250 um for
5-AZA-CdR as compared with our finding of 320 um. The
differences in the purity of the enzyme preparation or the
reaction buffer may be the explanation for the discrepan-
cies between these kinetic values. Due to the chemical
instability of 5-AZA-CdR [14], we replaced TRIS buffer
with phosphate.

To illustrate the interaction of inhibitors with analogues
of CdR, we compared the inhibition of deamination pro-
duced by different concentrations of inhibitors. At a sub-
strate concentration of 100 uM, which corresponds to the
plasma level of high-dose ARA-C or 5-AZA-CdR, we
observed a strong inhibition of the deamination of these
two analogues by the different inhibitors (Table 2).

The inhibition produced by diazepinone riboside is il-
lustrated in Figs. 2 and 3. This inhibitor did not alter the
maximal velocity of the human placenta enzyme with ei-
ther ARA-C or 5-AZA-CdR, but changed the affinity (Km)
of the enzyme. These properties are in accord with a com-
petitive type of inhibition. The method used to determine
the different dissociation constants for the enzyme-inhibi-
tor complex (Kj) was very reproducible using the Dixon
plot. The finding that all of the inhibitors produce a com-
petitive inhibition enabled the calculation of the Kj values
by Dixon plots.

In Table 3, the K values for the different inhibitors and
substrates studied are summarized. The Kj value obtained
in the present study for THU (51 nM) using CR as the
substrate is similar to those reported by other investigators
(29-54 nM) [3, 29]. However, in another study [16], THU
showed less inhibitory activity (Ki, 100 nM). The differ-
ence between these values may be due to the origin and
purity of the enzyme preparation. The results obtained
using the inhibitors Zebularine, 5-F-Zebularine, and di-

azepinone riboside and the substrate CR showed some
variation with the published data [7, 15]. Liu et al. [15]
reported that diazepinone riboside (molecule 17 in their
report) was the strongest inhibitor of human liver CR
deaminase, exhibiting a Kj value of 25 nm. With our
enzyme preparation, this inhibitor displayed similar
potency (Kj, 17 nM). Using CR deaminase purified from
mutants of Escherichia coli, Frick et al. [7] found apparent
Kj values of 360 and 35 nM for Zebularine and 5-F-Zebu-
larine, respectively (molecules IV and V in their report). In
the present study, the inhibitory strength of Zebularine
against CR (816 nm) was lower than the value reported by
Frick et al. [7], whereas that obtained for 5-F-Zebularine
was about the same as the previous finding. All of the
inhibitors tested were more effective against CdR ana-
logues than against CR itself. THU and 5-F-Zebularine
exhibited comparable potency against each analogue. The
most potent inhibitor appeared to be diazepinone riboside,
as has previously been reported by Liu et al. [15].

In summary, CR deaminase inhibitors are excellent can-
didates for use in combination therapy with either ARA-C
or 5-AZA-CdR. In support of this proposal is the in vitro
study of Grant et al. [8], who have reported that THU can
increase ARA-CTP formation in the human KG-1
leukemic cell line, which contains a high level of CR
deaminase. This in vitro effect has also been demonstrated
in leukemic cells from patients by Chou et al. [5] and Ho et
al. [10]. In addition, THU has been shown to increase
significantly the plasma concentration of ARA-C in
patients [13]. The use of potent CR deaminase inhibitors
merits further clinical investigation in leukemic patients
undergoing treatment with CdR analogues in an attempt to
increase the effectiveness of chemotherapy.
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