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ABSTRACT

The effects of methanol concentration, pH and flow-rate of the mobile phase and column temperature on the retention of two cytidine
deaminase-resistant analogues (cyclocytidine hydrochloride and 5'-chloro-5'-deoxyarabinosylcytosine) of the antineoplastic agent ara-
binosylcytosine (araC) and their metabolites in a reversed-phase system were examined. Cyclocytidine hydrochloride (pK, 6.60)
changed its retention significantly in the pH range 6-7 and when the methanol concentration increased from 3 to 5% comparing to
other compounds. The greatest changes in the capacity factors were observed for 5'-chloro-araC (pK, = 3.84) in mobile phases with low
methanol concentrations (up to 5%, v/v). The effect of temperature was most significant in the case of 5’-chloro-araC. Its retention
decreased the most when the temperature was changed from ambient to 30°C. The relationship between capacity factors and hydro-
phobicity (logarithm of partition coefficients) of the studied compounds was also studied.

INTRODUCTION

Arabinosylcytosine (araC) is a cell cycle (S-
phase) specific antitumour agent widely used in the
treatment of leukaemias and lymphomas [1]. Its
clinical utility is severely limited by its rapid deam-
ination to a biologically inactive compound, arabi-
nosyluracil (araU) [2].

Drug research has been focused on araC ana-
logues resistant to deamination in order to improve
the stability of araC. For example, O2,2'-cyclocyti-
dine hydrochloride, an anhydride derivative of
araC, has been found to be biologically active
against a variety of tumours [1,3] and it is not deam-
inated by cytidine deaminase. It is more effective
and less toxic than araC. It is hydrolysed to araC
and therefore it can serve as an araC pro-drug.

Studies of structure—activity relationships for nu-
cleoside analogues [4] indicate that 5'-chloro-5'-de-
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oxyderivatives of nucleosides, especially of araC,
are a potentially interesting new group of biolog-
ically active compounds. The results show that 5'-
haloderivatives of araC are superior in their trans-
port rate and metabolic stability to the clinically
used compound araC [5,6]. The results have stim-
ulated further investigation of the mechanism of
action and biological activity of the 5’-chloro deriv-
ative of araC. As high-performance liquid chroma-
tography (HPLC) has often been used for the deter-
mination of araC nucleosides and nucleotides in
physiological fluids, we report in this paper an
HPLC study of the effects of mobile phase metha-
nol concentration, pH, column temperature and
flow-rate on the retention of 5'-chloro-araC, cyclo-
cytidine, araC and their possible metabolites and
related compounds 2’,5'-anhydro-araC, 2',5’-anhy-
dro-araU, araU, cyclouridine and the natural nu-
cleosides cytidine and uridine in reversed-phase sys-
tems.
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We have also investigated the relationship be-
tween lipophilicity expressed as the logarithm of
partition coefficients (log P) and capacity factors of
the compounds in reversed-phase LC; although no
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correlation was found between lipophilicity and

transport rate but there was a good correlation be-
tween lipophilicity and metabolic transformation
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Fig. 1. Structural formulae of the compounds studied.
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EXPERIMENTAL

Materials

The studied compounds (Fig. 1) were synthesized
according to the references indicated in Table 1.

Cytidine and uridine were obtained from Phar-
ma-Waldhof (Mannheim, Germany), potassium di-
hydrogenphosphate from Merck (Darmstadt, Ger-
many) and methanol and potassium hydroxide of
the highest purity available from Lachema (Brno,
Czechoslovakia). Doubly-distilled, deionized water
was purified using an Elgastat Spectrum SC 20 sys-
tem (Elga, High Wycombe, UK).

Single-compound stock solutions of nucleosides
were prepared to give concentrations of about 0.4
mM (Urd, ¢cC - HCI, 5'-Cl-araC, 2',5’-An-araC and
2',5'-An-araU), 0.27 mM (Cyd and araC) or 0.5
mM (araU and cU). Working standard solutions
were prepared by diluting the stock solutions ten-
fold with doubly distilled, deionized water. The
working standard solutions were diluted to a final
volume of 50 ml containing 7 ml of cU and 5 ml of
other nucleosides. All stock and working standard
solutions were stored at —4°C.

Chromatography

The HPLC equipment consisted of a Pye Unicam
PU 4003 gradient elution high-performance liquid
chromatograph equipped with a Rheodyne Model
7125 injector (20-ul sample loop), PU 4030 controll-
er, PU 4031 column oven and PU 4020 variable-
wavelength UV detector (Philips Scientific, Cam-

TABLE 1
COMPOUNDS STUDIED AND THEIR ABBREVIATIONS

Compounds are listed according to increasing log P values
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bridge, UK). Peak recording was achieved using a
dual-channel SP 4200 computing integrator (Spec-
tra-Physics, Darmstadt, Germany).

Separon SGX C;5 (150 X 3 mm I.D.; 7 ym) ana-
lytical columns were obtained from Tessek (Prague,
Czechoslovakia).

The isocratic mobile phases consisted of 0.01 M
potassium dihydrogenphosphate solutions contain-
ing various concentrations of methanol by volume.
The pH was adjusted with a few drops of either
potassium hydroxide or orthophosphoric acid. The
eluents were filtered through 0.45-um nylon 66
membranes (Supelco, Bellefonte, PA, USA) and
vacuum degassed prior to the analysis. The flow-
rate was 0.45 ml/min. UV detection was performed
at 275 nm (1.28 a.u.fs.).

RESULTS AND DISCUSSION

Effect of pH and methanol concentration

It is known that the solute retention in a reversed-
phase system can be decreased by the addition of an
organic modifier (such as methanol) to an aqueous
mobile phase [14,15]. We studied the effect of vari-
ous methanol concentrations in 0.01 M KH,PO,
mobile phase at pH 4.5, 5.0, 5.5, 6.0, 6.5 and 7.0.
Similarly to the results for purine nucleosides, in-
osine and guanosine compounds [15], we also ob-
served that the retention times of all the compounds
studied decreased with increasing percentage of
methanol in the mobile phase.

Except for ¢cC - HCI and 5’-chloro-araC, the ca-

Compound Abbreviation Ref. pK, [ref.]
Cyclocytidine cC - HCl 7 6.60[11]
Cyclouridine cU 8

Cytidine Cyd - 4.22[12]
Arabinosylcytosine araC 9 4.15[11]
Uridine Urd - 9.17[12]
Arabinosyluracil arall 9 9.20[13]
2',5'-Anhydroarabinosylcytosine 2',5'-An-araC 10
2’,5'-Anhydroarabinosyluracil 2',5'-An-aralU 10
5'-Chloroarabinosylcytosine 5'-Cl-araC 10 3.84%

¢ Unpublished result.
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Fig. 2. Effect of pH of the mobile phase on capacity factors (k')
in the isocratic reversed-phase LC separation of (O) cU, (A) cC
- HCL, (+) Cyd, (x) araC, (<) Urd, (OJ) araU, (@) 2',5-An-
araC, (A) 2',5"-An-araU and (W) 5’-Cl-araC. Column, Separon
SGX C,y (1503 mm ID.; 7 pum); mobile phase, 0.01 M
KH,PO, containing 8% of methanol; flow-rate, 0.45 ml/min;
detection, 275 nm, 1.28 a.u.f.s.; temperature, 23°C.

pacity factors (k’) of the compounds did not change
significantly when the pH of the mobile phase
changed from 4.5 to 7.0 (Fig. 2). At all methanol
concentrations (0-10%), the k' of ¢cC - HCI in-
creased with increasing pH of the mobile phase
(Fig. 3). The k" of 5'-chloro-araC increased notice-
ably with increasing pH of the mobile phase only at
less than 3% of methanol (Fig. 4). cC - HCI was the
only solute studied that showed a reversed elution
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Fig. 3. Effect of pH of the mobile phase on capacity factor (k') of
¢C - HCl in a mobile phase containing (<) 10%, (x) 8%, (+)
5%, (A) 3%, and (O) no methanol. Other chromatographic
conditions as in Fig. 2.
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Fig. 4. Effect of pH of the mobile phase on capacity factor (k") of
5'~chloro-araC in a mobile phase containing (<) 10% (%) 8%,
(+) 5%, (&) 3% and (O) no methanol. Other conditions as in
Fig. 2.

order in mobile phases containing more than 5% of
methanol at pH 6.0-7.0 (data not shown). We
assume that ¢C - HCl (pK, 6.60) can undergo ion-
ization at pH 6.0-7.0 and its ionized form can par-
ticipate in non-hydrophobic interactions that influ-
ence the retention of cC - HCl in the reversed-phase
LC system. 5-Chloro-araC, the least polar ana-
logue of araC, is the most retained of studied nucle-

0.2

0.04

-0.2

-0.4
1 METHANOL

Fig. 5. Effect of the concentration of methanol in the mobile
phase (pH 5.5) on logarithm of capacity factor (log k*) in re-
versed-phase systems for (O) cU, (A) ¢C - HC, (+) Cyd, (%)
araC, (&) Urd, () araU, (@) 2'.5-An-araC, (A) 2,5-An-
araU and (M) 5’-chloro-araC. Other conditions as in Fig. 2.
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osides on the hydrophobic ligand. This can provide
a possible explanation for the variations of the re-
tention times of 5'-chloro-araC.

A remarkable change in the retention of ¢cC - HCI
was observed when the methanol concentration in
the mobile phase was changed from 3 to 5% (v/v),
as can be seen from the log &’ vs. methanol concen-
tration plot in Fig. 5. Unlike purine nucleosides, for
which the plot of log &’ vs. methanol concentration
was linear at pH 5.5 and non-linear at pH 6.5 {15],
the plots for the present compounds were non-line-
ar at all pH values studied.

According to theory, if the solvophobic mecha-
nism is operative, the plots of log k" vs. methanol
concentration at different pH values should be line-
ar [15]. However, it was observed that log k' vs.
methanol concentration plot was non-linear when
k' was measured over a wide range of organic mod-
ifier (methanol) concentrations. Log-log plots of k¥’
vs. 1/(concentration of organic modifier in aqueous
mobile phase) have been attempted to describe the
non-linearity of the log k’ vs. methanol plot concen-
tration [16].

The requirement of four premises was reported
for the linearity of the log k£’ vs. 1/[methanol] plot
based on the displacement model [17]. First, an in-
termediate concentration of organic modifier
(methanol) of about 30-80% [18] or 45-80% [19]
was reported for the hydrophobic (solvophobic) re-
tention mechanism on an ODS ligand. However,
for nucleosides the amount of methanol in the mo-
bile phase is usually less than 10% {20]. This also
interferes with the second premise that the solvation
and the conformation of the ligand should be un-
changed. At lower methanol concentrations the
amount of methanol adsorbed on the ligand will be
decreased and the ligand conformation will be
changed as, for example, alkyl ligands can contact
each other. As for the third premise, that non-hy-
drophobic interactions can be negligible, at relative-
ly low methanol concentrations a hydrophilic solute
may suffer from non-hydrophobic interactions with
the stationary phase, such as silanophilic interac-
tions with residual silanols [21} and from the inter-
action with the organic modifier adsorbed on the
ligand [22]. The solute-solvent interaction, called
the mobile phase effect, involved in the fourth
premise should be negligible. However, hydrogen
bonding between the polar functional groups of a
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Fig. 6. Effect of temperature on capacity factors (k') of (A) ¢C -
HC], (B) araC and (C) 5'-chloro-araC in mobile phase of pH 5.5
containing (<) 10%, (x) 8%, (+) 5%, (A) 3% and (O) no
methanol. Other conditions as in Fig. 2.

solute and the mobile phase solvent (especially wa-
ter) leads to a negative contribution to the hydro-
phobic interaction with the stationary ligand [19].

As the plots of log k&’ vs. methanol concentration
for ¢cC - HCI for all the mobile phases used differed
substantially from the non-linear plots for the other
compounds (Fig. 5), we assume that the retention
mechanism of ¢C - HCl is the most affected by
processes other than solvophobic.

Effect of temperature

We also investigated the effect of temperature
from 25 to 45°C on the retention of araC and its
polar derivative cC - HCl and the less polar deriv-
ative 5'-chloro-araC (Fig. 6). Although the values
decreased with increasing temperature, the differ-
ences among capacity factors (at different temper-
atures) were found to be negligible for cC - HCl.
The greatest changes in the &’ values were observed
for 5’-chloro-araC in mobile phases with low meth-
anol concentrations (up to 5%) and especially when
the temperature was changed from ambient to
30°C. Relative retention (a) values for ¢cC - HCl and
araC of nearly 1.00 (when the peaks merged) were
observed at higher methanol concentrations (from 8
to 10%) and at higher temperatures (Table II).

From a temperature study for purine compounds
[15], the conclusion was made that if faster separa-
tions are necessary, it is preferable to increase the
flow-rate rather than temperature, because temper-
ature affects not only the mass transfer terms, both
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TABLE I

V. REICHELOVA, L. NOVOTNY, D. ZIMA

CAPACITY FACTORS (k') AND RELATIVE RETENTIONS (x) OF CYCLOCYTIDINE (cC - HCl) AND ARABINOSYLCY-

TOSINE (araC)

Sample, 20 pl of a standard solution; column, Separon SGX C,4 (150 x 3 mm I1.D.; 7 um); mobile phase, 0.01 M KH,PO,; pH, 5.5;

flow-rate, 0.45 ml/min; detection, 275 nm, 1.28 a.u.fs.

Methanol 25°C 30°C

35°C

40°C 45°C

concentration
(%) k' o k' o

c¢C-HCl araC cC-HCl araC

x

o k' o k' o

cC-HCI araC

cC-HC! araC ¢C-HCl araC

1.83
1.47
1.20
1.02
0.93

3.52
2.04
1.80
1.26
1.01

1.92 1.71
1.39 1.41
1.50 1.16
1.24 0.99
1.09 091

3.06
1.90
1.55
1.18
0.88

1.79
1.35
1.34
L.19
0.97

S 00 th L D

—

1.64
1.36
1.12
0.95
0.88

2.67
1.71
1.40
1.02
0.81

1.63
1.26
1.25
1.07
0.92

[.58
1.29
1.08
0.93
0.85

2.38
1.49
1.25
0.92
0.73

[.51
1.16
.15
0.99
0.86

1.52
1.26
1.08
0.92
0.85

2.09
1.36
1.25
0.82
0.70

1.38
1.08
1.16
0.89
0.82

in the mobile and stationary phases, but also sol-
ute-solvent and solute-stationary phase interac-
tions.

In our experiments we confirmed the widely ac-
cepted fact that capacity factors are independent of
flow-rate of the mobile phase (Fig. 7). Therefore, we
assume that an increase in temperature could have a
more significant effect than an increase in flow-rate
on accelerating the separation of the present com-
pounds.

The optimized separation of all the nucleosides
studied is shown in Fig. 8. The chromatographic
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Fig. 7. Effect of flow-rate on capacity factors (k') of (O) cU, (4)
c¢C - HC], (+) Cyd, ( x ) araC, (¢) Urd, (L1) araU, (@) 2',5'-An-
araC, (A)2',5'~-An-araU and (M) 5'-chloro-araC. Mobile phase,
0.01 M KH,PO, containing 8% of methanol (pH 5.5); other
conditions as in Fig. 2.
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Fig. 8. Reversed-phase isocratic HPLC separation of the nucleo-
sides (1) cU, (2) Cyd, (3) ¢C - HCI, (4) araC, (5) Urd, (6) araU,
(7) 2',5-An-araC (8) 2',5’-An-araU and (9) 5'-chloro-araC.
Sample, 20 ul of a standard solution; column. Separon SGX C,,
(150 x 3 mm 1.D.; 7 um); mobile phase, 0.01 M KH,PO, con-
taining 8% of methanol; pH, 5.5; flow-rate, 0.45 ml/min; detec-
tion, 275 nm, 1.28 a.u.f's.; temperature, 23°C.
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conditions were as follows: eluent, 0.01 M potassi-
um dihydrogenphosphate solution containing 8%
of methanol; pH, 4.5-5.5; column, Separon SGX
Cis (150 x 3 mm 1LD.; 7 um); flow-rate, 0.45 ml/
min; and detection at 275 nm (1.28 a.u.f.s.).

Correlation between hydrophobicity and retention in
reversed-phase LC

The ability of a chemotherapeutic agent to be ef-
fective depends on the drug hydrophobicity. Hy-
drophobicity, one of the most important physico-
chemical properties that affect a drug’s biological
activity, is commonly expressed as the logarithm of
the partition coefficients (log P) of the compound
between n-octanol and an aqueous phase.

Cheung and Kenney [20] reported a linear corre-
lation between log P and log k' values of diverse
nucleoside analogues. They used monocratic LC to
obtain log k' values, although the major weakness
of the method is that the Collander relationship be-
tween log k' and log P [23]:

logk’ = alogP + b

has been shown to be valid for congeners only
[24,25]. From their data, it is evident that the hydro-
phobicities of nucleoside analogues can be calculat-
ed from their log k' values. However, the LC system
should closely resemble the octanol-aqueous parti-
tion system and the analytes should be kept in the
neutral form.

TABLE 1II

PARTITION COEFFICIENTS AND CAPACITY FACTORS
OF SOME NUCLEOSIDE ANALOGUES

Log P values were determined by the traditional shake-flask
method and k’ values by HPLC. Sample, 20 ul of a standard
solution; column, Separon SGX C,; (150% 3 mm LD.; 7 um);
mobile phase, 0.01 M KH,PO, containing 3% of methanol; pH,
7.0; flow-rate, 0.45 ml/min; detection, 275 nm, 1.28 a.u.fs.

Compound Log P k' Log k'
5'-Cl-araC -0.71 24.56 1.390
2',5'-An-araC —1.64 4.45 0.648
aral -1.7 3.82 0.582
Urd —1.98 2.65 0.423
araC —-2.05 2.63 0.420
cU -2.85 1.05 0.021
cC - HCI® —4.03 2.74 0.438

¢ Data for ¢C - HCl were not included in regression analysis.
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Fig. 9. Relationship between log £’ and log P for (A) ¢C - HCI,
(O) cU, (%) araC, (<) Urd, (J) araU, (@) 2',5'-An-araC and
(W) 5'-chloro-araC in mobile phases of 0.01 M KH,PO, (pH
7.0) containing (M10) 10%, (M8) 8%, (MS5) 5%, (M3) 3% and
(MO) no methanol. Other conditions as in Fig. 2.

We tried to find a correlation between log P de-
termined by the traditional shake-flask method in

" octanol-water [26] and log k' obtained from re-

versed-phase LC at different mobile phase composi-
tions for seven nucleosides. Plots of log k&’ vs. log P
in mobile phases of pH 7.0 with different methanol
concentrations are shown in Fig. 9. For simplicity,
we tried to analyse the relationship between log &’
and log P (Table I1I) excluding cC - HCI. Although
a correction for the degree of ionization in octanol-
water was made and c¢C - HCI should have been
eluted as the first of the studied compounds accord-
ing to its log P, its retention in a reversed-phase
system differed considerably from that expected.
We do not suppose that it is the effect of the already
mentioned possible ionization of ¢C - HCl in 2 mo-
bile phase of pH 7.0, because the plots of log & vs.
log P for cC - HCl in mobile phases of pH 4.5-7.0
(data not shown) were very similar.

We assume that this can possibly be explained by
the fact that naturally the log P value is affected by
the non-hydrophobic nature of a solute, especially
by solute-solvent complex formation, owing to hy-
drogen bonding [17]. This effect is obviously differ-
ent from the effect on the hydrophobic retention of
a solute in an aqueous—-methanolic mobile phase.
The difference in relative solvation effects through
the hydrogen bonding between the stationary
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TABLE 1V
LINEAR REGRESSION ANALYSIS OF LOG &' ¥S. LOG P

Logk’ = Slog P + I, S = slope, I = intercept, S.D. = standard
deviation, r = correlation coefficient, » = number of com-
pounds studied

Compounds® S + S.D. I £ S.D. r n
Group 1 0.737+£0.045  1.900£0.070  0.997 3
Group II 0.485+£0.028  1.39920.062 0.999 3
Group I + 1I 0.641 £0.071 1.750+£0.138 0985 6
¢ See text.

phase-mobile phase and octanol-water systems is
expected to be increased with decrease in the metha-
nol concentration in the eluent [27].

Linear plots and linear regression analyses be-
tween log P and log k' values in a mobile phase
containing 3% of methanol (pH 7.0) were perform-
ed for group I (araC derivatives including 5'-chloro-
araC, its metabolite 2’,5'-anhydro-araC and araC)
and group II (uracil nucleosides, araU, c¢U and
Urd). The results are summarized in Table IV and
the linear plots are presented in Fig. 10. The linear
correlation coefficient for group I, except for ¢C -
HCI, was r = 0.997. An even better correlation
coefficient r = 0.999 was obtained for group IL

141
1.2
1 oﬁ
0.8 1I
0.6

Log Kk

0.4
0.2
0.04

T T —t— T ——
-4,0-3.5-3.0-25-2.0 -1.5 -1.0

tog P

Fig. 10. Linear plot of log k&’ vs. log P for the araC analogues.
Group I (B) fits the equation log &' = 0.737log P + 1.900 and
group II({1) log k' = 0.485log P + 1.399. ¢cC - HCl (@) was not
included in the regression analysis. Mobile phase, 0.01 M
KH,PO, containing 3% of methanol (pH 7.0); other conditions
as in Fig. 2.

V. REICHELOVA, L. NOVOTNY, D. ZIMA

When all six nucleosides were considered as a
whole, the correlation coefficient between log P and
log k' was only r = 0.985.

In conclusion, this work has shown that the polar
derivative cC - HCl of araC, changed its behaviour
in a reversed-phase system depending on the pH
and the concentration of methanol in the mobile
phase. On the other hand, the retention of the less
polar araC derivative 5'-chloro-araC was the most
influenced by the concentration of methanol in the
mobile phase and the temperature.
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