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Abstract—The metabolism of several purine ribonucleoside analogs in human erythrocytes was studied.
When suspensions of erythrocytes were incubated with 6-thioguanosine (6-TGR) in the presence of
dithiothreitol, the 5'-mono, di- and triphosphate ribonucleotides of 6-thioguanosine were synthesized.
Although the formation of the monophosphate nucleotide occurred quite early in the incubation period.
the di- and triphosphate nucleotides appeared only after more prolonged incubation. When 6-TGR was
present at 1-0 mM in the incubation medium, the quantities of nucleotides produced were approximately
0-23 pmole 6-thioGMP, 0-05 umole 6-thioGDP and 017 umole 6-thioGTP/ml of erythrocytes after 2 hr
of incubation. In contrast to the findings with 6-thioguanosine, incubation of erythrocytes with
6-thioinosine (6-mercaptopurine ribonucleoside, 6-MPR) or 6-selenoguanosine (6-SeGR) led to the
formation of only the respective 5'-monophosphate ribonucleotides. The triphosphate derivatives were not
formed even after incubation of as long as 24 hr. The quantities of the analog ribonucleotides/ml of
erythrocytes produced during 2 hr of incubation were 0-66 umole 6-thioinosine-5'-monophosphate
(6-thioIMP) and 0-33 umole 6-selenoguanosine-5'-monosphate (6-SeGMP). It is proposed that the analog
nucleosides are first split by purine nucleoside phosphorylase (PNPasc), liberating the corresponding free
base, which then reacts with S-phosphoribosyl-1-pyrophosphate (PRPP) and the salvage enzyme,
hypoxanthine-guanine phosphoribosyltransferase (HGPRTase) to form analog monophosphate

nucleotides.

The nucleotide profiles of human erythrocytes, when
compared with those of nucleated cells, are relatively
simple and consist predominately of nucleotides of
adenine [1-4]. Most samples of human erythrocytes
examined contained only small quantities of guanine
nucleotides, despite the fact that these cells possess the
complete enzymic pathway for the conversion of
guanine or guanosine to GTP [5]. Recently, with the
aid of high pressure liquid chromatography, this labor-
atory has shown that when human erythrocytes are in-
cubated with guanosine in the presence of potassium
phosphate buffer, GDP and GTP form readily, and
concentrations of GTP can be reached that exceed the
ATP level by several-fold [6].

In an earlier study, this laboratory reported that a
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number of adenosine analogs are readily incorporated
into the nucleotide pools of human erythrocytes, pre-
sumably after an initial reaction with the enzyme,
adenosine kinase [7]. In addition, the reactions of
guanine, 8-azaguanine, 6-mercaptopurine, 6-thio-
guanine and 6-selenoguanine with human erythrocytic
hypoxanthine-guanine phosphoribosyltransferase
(HGPRTase)f were shown to be markedly influenced
by pH in a manner which suggests that the unionized
form of the purine or purine analog is the active sub-
strate [8]. At low pH values, all of these compounds
were similar in substrate activity. Furthermore, these
compounds were all substrates for purine nuclcoside
phosphorylase [9-12]. Investigations in the laboratory
of Hershko et al. [13, 14] have shown that in a number
of mammalian tissues, including erythrocytes, the
enzyme PRPP synthetase was highly responsive to the
concentration of orthophosphate and that maximal
rates of PRPP synthesis were achieved in intact eryth-
rocytes at orthophosphate concentrations in the range
of 20-30 mM.

Earlier attempts to demonstrate the formation of
nucleotides from ribonucleoside analogs that contain
free sulfhydryl groups, such as 6-thioguanosine and 6-
thioinosine, were unsuccessful, apparently because the
thiopurine derivatives reacted readily with the dena-
tured proteins during inactivation by trichloracetic or
perchloric acids[10]. It was also learned that this
phenomenon could be prevented by the addition of a
thiol reagent such as dithiothreitol (DTT) during the
extraction procedure. In view of these observations, it
was decided to reconsider the question of incorpor-
ation of analogs of guanine and hypoxanthine into the
nucleotide pools of fresh human erythrocytes when in-
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cubated with the ribonucleoside analogs in the pres-
ence of 50 mM potassium phosphate and 2mM DTT.
It has been found that, under these conditions, intact
human erythrocytes can synthesize relatively large
amounts of nucleotides of 6-thioguanine, 6-seleno-
guanine and 6-mercaptopurine. Preliminary reports of
portions of this work have been presented [15, 16].

MATERIALS AND METHODS

Materials. Dithiothreitol was purchased from Cal-
Biochem Corp. Snake venom 5-nucleotidase (from
Crotalus adamanteus venom, grade 11, 18 units/mg), 6-
thioguanosine and 6-thioinosine were from Sigma.
Fresh blood collected in acid-citrate-dextrose
medium, from which the platelet-rich plasma had been
removed, was obtained from the Division of Hemato-
logical Research, Pawtucket Memorial Hospital, Paw-
tucket, R.I. 6-Selenoguanosine was synthesized by
methods described previously [17] and supplied by
Dr. S.-H. Chu of this Division. Partially purified pig
heart succinate thiokinase (sp. act. about 5 units/mg of
protein) was a gift from Dr. D. Baccanari of this Divi-
sion. 6-Methylselenoguanosine, x- and f-6-seleno-2'-
deoxyguanosine were also gifts from Dr. S.-H. Chu.

Incubation procedure. The buffy coat and the acid—
citrate-dextrose medium were separated from the sus-
pensions of human erythrocytes after centrifugation,
and the erythrocytes were washed twice with isotonic
saline solution. The incubation medium contained
75 mM NaCl, 2 mM MgSO,, 50 mM potassium phos-
phate buffer (pH 7-4), 10 mM glucose and 2 mM dith-
iothreitol. The analog ribonucleosides were usually
1-0mM. In all experiments, 25% erythrocyte suspen-
sions were used unless stated otherwise. All incuba-
tions were performed in a shaking water bath (approxi-
mately 80 oscillations/min) at 37° with air as the gas
phase.
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Extraction procedure. Aliquots (5 ml) were removed
from the incubation mixture at selected times and
added dropwise with rapid stirring on a Vortex mixer
into 2-5ml of 129 cold perchioric acid containing
2 mM dithiothreitol to give a final concentration of 4%,
PCA. These mixtures were allowed to stand at 4° for
5-10 min. The denatured protein was removed by cen-
trifugation. The supernatant fluids were neutralized
with potassium hydroxide, using Phenol Red as the pH
indicator. After removal of the precipitated potassium
perchlorate by centrifugation, the neutralized extracts
were stored at —20° for further study.
~ Nucleotide analysis. The neutralized extracts were
placed on a column (1 x 10cm) of Bio-Rad AG 1-X8
(200-400 mesh, formate form). To separate the analog
nucleotides from the corresponding nucleosides and
bases, the formic acid-ammonium formate gradient
system described by Moore and LePage[18)] and
modified by Ross et al. [12] was used. All eluting solu-
tions contained 2 mM dithiothreitol. Flow rate was
I ml/min and 5-ml fractions were collected. The elu-
tion of the analog nucleotides was followed by moni-
toring the fractions at either 345 nm (6-thioguanosine),
360 nm (6-selenoguanosine) or 327 nm (6-mercapto-
purine ribonucleoside).

Identification of the various nucleotide peaks.
Enzyme peak-shift methods were used to aid in the
identification of the various analog nucleotide peaks.
To 5 ml neutralized erythrocytic extract, 5 units snake
venom 5'-nucleotidase was added, and the extract was
adjusted to 2mM MgSO, by the addition of crystal-
line MgSO,. The mixture was allowed to incubate at
room temperature for 30 min. The nucleotides were
extracted as described for other experiments. When the
resultant extracts were chromatographed as described
above, peaks which represent the 5'-monophosphate
nucleotides of 6-TG, 6-MP and 6-SeG disappeared,
and new peaks which co-chromatographed with the
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Fig. 1. Synthesis of 6-thioinosinate by human erythrocytes. A 25%, suspension of human erythrocytes was
incubated at 37° in a medium containing 50 mM potassium phosphate (pH 7-4), 10 mM glucose, 2 mM
MgS0O,, 2mM dithiothreitol and ! mM 6-thioinosine. At the indicated time, an aliquot (5ml) of
suspension was removed and added dropwise to 2:5ml of 12% perchloric acid with rapid stirring. The
denatured protein was removed by centrifugation and 5 ml of the supernatant fluid was neutralized with
KOH using Phenol Red as the pH indicator. After the removal of potassium perchlorate by centrifugation,
the entire neutralized extract was analyzed by the anion exchange chromatography method of Moore and
LePage [18].
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Fig. 2. Progressive synthesis of polyphosphate nucleotides of 6-thioguanosine by human erythrocyt.es‘
Conditions of incubation. extraction and analysis of analog nucleotides are as described in Fig. 1 with
the exception that 6-thioguanosine is used in place of 6-thioinosine.

respective chemically synthesized analog nucleosides
were formed. Chemically synthesized 6-thiolMP was
eluted between fractions 92 and 100 (see Fig. 1) in this
anion exchange chromatographic system which coin-
cided with the 6-thioIMP peak observed in the eryth-
rocytic extracts. In order to identify the 6-thioGDP
and 6-thioGTP peaks, the peak-shift method with suc-
cinate thiokinase described by Nelson and Parks[19]
was used, since it had been reported previously that 6-
thioGTP could replace GTP in the succinate thio-
kinase catalyzed reaction [20]. To 5 ml neutralized
erythrocytic extract containing 6-thioGDP and 6-
thioGTP, 50 mM Tris-succinate (pH 7-5), | mM CoA
and | uM unit succinate thiokinase were added to a
final volume of 5-5 ml. The incubation was carried out
at room temperature for 1 hr. The reaction mixture
was treated and prepared for nucleotide analysis as de-
scribed above. A control sample of the neutralized
extract was treated with 0-2 ml saline instead of suc-
cinate thiokinase. The 6-thioGTP peak, which eluted
between fractions 135 and 142 (see Fig. 2), was shifted
to the position of the 6-thioGDP peak which eluted
between fractions 123 and 132. The size of the 6-
thioGMP peak was not significantly changed, and
ATP added to the reaction mixture was not affected by
the succinate thiokinase reaction. The control sample
(incubated minus succinate thiokinase) gave an elution
profile similar to that of the original extract.

RESULTS

Formation of 6-thioinosinate in human erythrocytes.
The ability of intact human erythrocytes to synthesize
6-thioIMP from 6-thioinosine is demonstrated in Fig.
1. The single large peak which eluted between fractions
90 and 100 was identified as 6-thioIMP as described in
Materials and Methods. The quantity of 6-thiocIMP
that accumulated after a 2 hr incubation period was
0-66 umole/ml of erythrocytes. However, di- and tri-
phosphate nucleotides of 6-mercaptopurine could not
be detected even after incubation periods of 24 hr. This
finding is in accord with the earlier observation that
guanylate kinases purified from various sources do not
react with 6-thioIMP [5, 21, 22].

In earlier experiments in which suspensions of

washed human erythrocytes were incubated with 6-
thioinosine and aliquots of the reaction mixtures were
inactivated by addition of perchloric acid, the analog
nucleoside and its derivatives were found to be bound
to the acid-denatured proteins, and this binding could
be prevented by addition of dithiothreitol [ 10]. This
binding phenomenon was also observed in similar ex-
periments with 6-thioguanosine and 6-selenoguano-
sine and was assumed to be due to the formation of
covalent bonds with thiol groups in the denatured pro-
tein.

Formation of polvphosphate ribonucleotides from 6-
thioguanosine. When human erythrocytes were incu-
bated with 6-thioguanosine, the mono-, di- and tri-
phosphate analog ribonucleotides were synthesized as
shown in Fig. 2. After 2 hr of incubation, the quantities
of ribonucleotides that accumulated were approxi-
mately 023 umole 6-thioGMP, (0-047 ymole 6-
thioGDP and 0-17 umole 6-thioGTP/ml of erythro-
cytes, and as seen in Table 1. a total of approximately
0-54 pmole/ml  of erythrocytes of 6-thioguanine
ribonucleotides was formed in 3 hr.
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Fig. 3. Rates of synthesis of analog nucleotides from 6-thio-
guanosine by human erythrocytes. A 25% suspension of
human erythrocytes was incubated in the presence of 1 mM
6-thioguanosine under conditions described in Fig. 1. At the
times indicated, samples were extracted, prepared and ana-
lyzed as described. The concentrations of 6-thioGMP, 6-
thioGDP and 6-thioGTP were estimated from peak areas
of the chromatograms.
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Fig. 4. Synthesis of 6-selenoguanylic acid by human erythrocytes. A 25% suspension of human
erythrocytes was incubated with 1 mM 6-selenoguanosine. All conditions and procedures for extraction
and analysis of nucleotides were similar to those described in legend to Fig. 1.

Figure 3 shows the time course of the synthesis of
the 5-mono-, di- and triphosphate ribonucleotides of
6-thioguanine. There was a rapid synthesis of 6-
thioGMP with a delay in the formation of 6-thioGDP
and 6-thioGTP. These results are in striking contrast
to those observed when human erythrocytes were incu-
bated with guanosine [6]. During the synthesis of large
quantitics of GDP and GTP, the concentration of
GMP in erythrocytes remained so low that changes
were not detected. These observations are consistent
with earlier findings that the reaction velocity of 6-
thioGMP with guanylate kinase is less than 0-05 per
cent of that with GMP [22].

Formation of 6-SeGMP in human erythrocytes. As
shown in Fig. 4, when human erythrocytes were incu-
bated with 1-0 mM 6-selenoguanosine, therc was the
progressive formation of substantial quantities of 6-
SeGMP. However, in contrast to the observation with
6-thioguanosine and in agreement with findings in Sar-
coma 180 cells [12], formation of the di- and triphos-
phate ribonucleotides could not be detected during in-
cubation periods as long as 24 hr. As seen in Table I,
approximately 039 umole 6-SeGMP accumulated
over a 3-hr period.

Incubation of other Se-containing ribonucleoside ana-
logs of guanosine and deoxyguanosine with human eryth-

Table 1. Synthesis of analog nucleotides*

Nucleotide formed

Analog (umoles/ml erythrocytes)
6-MPR 0-80
6-TGR 0-54+
6-SeGR 039
6-MeSeGR 0
2-SeGdR 0
B-ScGdR 011

* Erythrocytes were incubated with I mM of the analog
nuclcosides for 3 hr. Expcrimental conditions were as de-
scribed for Fig. 1.

+ Sum of the 5'-mono-, di- and triphosphate nucleotides.

rocytes. As seen in Table 1, several other analog
ribonucleosides were tested for their conversion to the
ribonucleotide level by human erythrocytes. Ribonuc-
leotide formation was not seen with either 6-methylsc-
lenoguanosine or a-6-seleno-2'-deoxyguanosine. How-
ever, with B-6-seleno-2'-deoxyguanosine, the formation
of about 0'11 ymole of a 6-sclenoguanine-containing
monophosphate nucleotide/ml of crythrocytes was
observed after a 3-hr incubation period.

DISCUSSION

These observations demonstrate that human eryth-
rocytes are capable of incorporating relatively large
amounts of the purine moieties of the analog ribonuc-
leosides, 6-thioinosine, 6-thioguanosine and 6-seleno-
guanosine, into their nucleotide pools. Under the incu-
bation conditions described above, quantities of ana-
log nucleotides in the range of 04 to 0-8 umole/ml of
erythrocytes were formed.These amounts are impres-
sive when one considers that the most plentiful nucleo-
tide found normally in human erythrocytes, ATP, is
usually in the concentration range of about 12 to
1-6 umoles/ml of cells ['1, 2]. If similar results could be
obtained under conditions in vivo. the total amount of
6-thioinosinate formed in the erythrocytes of an adult
human being (assuming a red cell mass of about
2-5 liters) would exceed 1 g. It should be noted. how-
ever, that special incubation conditions were
employed, i.e. phosphate concentration, S0 mM; the
addition of dithiothreitol; and the use of the ribonuc-
leosides rather than the free bases of the purine ana-
logs. It is doubtful whether similar rates of analog nuc-
leotide synthesis could be achieved in viro [23]. The
purine antimetabolites. 6-thioguanine and 6-mercapto-
purine (often administered as azathioprine). arc com-
monly used for immunosuppression [24] and in the
therapy of human malignancies. At present it is diffi-
cult to predict the potential effects of the incorporation
of analogs, such as 6-thioguanine and 6-mercaptopur-
ine, into the nucleotide pools of human erythrocytes,
since there is speculation that erythrocytes may trans-
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port nucleotides from organs such as the liver to other
tissues [25, 26]. It is entirely possible that damage to
specific tissues might be caused by the delivery of toxic
nucleotides [27, 28]. However, it has been shown that
6-methylmercaptopurine ribonucleoside (6-MMPR)
can accumulate in the erythrocytes of treated patients
at the 5'-monophosphate nucleotide level in amounts
of about 1-0 umole/m! of cells, and with prolonged in-
cubation high concentrations of the di- and triphos-
phate nucleotides are formed [23]. This analog nucleo-
tide accumulation does not affect erythrocytic survi-
val [29]. Therefore, incorporation of analogs such as 6-
TG, 6-MP or 6-SeG into the erythrocytic nucleotide
pools might have little effect on the survival of the
erythrocytes while serving as a mechanism for remov-
ing potentially toxic substances from the circula-
tion [30].

The presumed enzymic pathway in human erythro-
cytes by which 6-thioguanosine is converted to mono-,
di- and triphosphate ribonucleotides is as follows:

Purine nuclcoside

(1) 6-Thioguanosine + Pi

HGPRTase

(2) 6-TG + PRPP

(3) 6-ThioGMP + ATP

Nucleoside

(4) 6-ThioGDP + ATP

Phosphoribomutase

(5) Ribose-1-phosphate

(6) Ribose-5-phosphate + ATP

All of these enzymic reactions have been demon-
strated in human erythrocytes [3, 5] and the approxi-
mate activities in uM units/ml of human erythrocytes
of some of these enzymes are as follows: purine nucleo-
side phosphorylase, 17; HGPRTase, 0-3; guanylate
kinase, 0-3; nucleoside diphosphokinase, 70; and
PRPP synthetase, 0-35*. Speculations have been made
on the occurrence in animal tissues of a guanosine
kinase capable of the direct formation of GMP from
guanosine through a phosphorylation reaction [31-
33]. To date, this enzyme has not been demonstrated
in human erythrocytes.

Inaddition to the enzymic steps listed above, a mem-
brane-bound facilitated transport system for purine
and pyrimidine nucleosides occurs in human erythro-
cytes [34-36]. It seems unlikely that this transport
mechanism could be rate-limiting under the incuba-
tion conditions employed above, ie. analog ribonuc-
leoside concentrations of 1-0mM. Simple diffusion
should have been sufficient to account for the rates of
nucleotide synthesis observed [37]. Of the enzymic
reactions listed above, it seems probable that the rate-
limiting step is the generation of PRPP by PRPP syn-
thetase (Reaction 6). This enzyme is under the in-
fluence of strong allosteric regulation by the con-
centrations of nucleotides, inorganic orthophosphate
and atmospheric oxygen [14, 15,38-40]. In prelimi-
nary studies, it was observed that the gencration of
GTP is much more rapid when guanosine is used as

* Calculated from Fox and Kelley. J. biol. Chem. 246,
5739 (1971).

[ ———
Phosphorylase

6-ThioGMP + PPi

Guanylate kinase

Diphosphokinasc

PRPP synthctasce

811

the substrate instead of guanine, and similar results
have been obtained with 6-thioguanosine and 6-thio-
guanine. This suggests that the synthesis of PRPP from
glucose may also be rate-limiting and that the purine
nucleoside phosphorylase reaction by generating
ribose-1-phosphate (Reaction 1) greatly facilitates the
intraccllular synthesis of PRPP,

In recent studies in this laboratory [6], it was shown
that when human erythrocytes were incubated with
1-0mM guanosine, concentrations of GTP were
formed that exceeded the ATP concentration by
several-fold. During the synthesis of these large
amounts of GTP, changes in the GMP concentration
were too small to permit ready detection by high pres-
sure liquid chromatography. The ratio of GTP to
GDP was in the range of 10:1 to 5:1 and reflected the
ATP to ADP ratio. These findings are in striking con-
trast to the obscrvations reported above with analog-
containing ribonucleosides. When human erythrocytes

6-TG + Ribose-1-phosphate

6-ThioGDP + ADP

6-ThioGTP + ADP

Ribose-5-phosphate

PRPP + AMP

were incubated with 6-selenoguanosine or 6-thioino-
sine, only the monophosphate nucleotides, 6-SeGMP
and 6-thioIMP were formed. When erythrocytes were
incubated with 6-thioguanosine, initially a high con-
centration of the mononucleotide (greater than
0-2 mM) was produced followed by a slower synthesis
of 6-thioGDP and 6-thioGTP. These observations are
in excellent agreement with earlier studies of guanylate
kinases isolated from various tissues, including human
erythrocytes [21. 22, 41] which showed that 6-thioIMP
is not a substrate for the enzyme and that, although 6-
thioGMP appears to be a competitive inhibitor of
GMP kinase (with a K; similar to the K,, of GMP), it
is, in fact, an alternative substrate with a very low ¥,
i. less than O-1 per cent of the V,, with GMP. The
relatively slow synthesis of 6-thioGTP was also
observed in studies with Sarcoma 180 cells [19]. An in-
triguing question raised by these observations is: Why
does the synthesis of analog nucleotides from 6-thio-
guanosine level off when less than half of the analog
nucleoside has been consumed? Under similar condi-
tions, the synthesis of GDP and GTP from guanosine
continues until almost all of the added nucleoside is
converted to nucleotides with the concentrations of
GDP and GTP reaching levels that exceed those of the
adenine nucleotides [15].

An observation of potential importance is that, in
contrast to the results with 6-thioguanosine in both
erythrocytes and Sarcoma 180 cells [ 12], the formation
of nucleotides from 6-selenoguanosine stops at the
monophosphate nucleotide level despite the finding
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that 6-SeGMP can undergo a very slow reaction with
guanylate kinase [12]. If, indeed, the di- and triphos-
phate nucleotides of 6-selenoguanine are not formed in
vivo, clearly this purine analog could not be incorpor-
ated into cellular RNA or DNA. This suggestion, if
valid, has important implications at both the theoreti-
cal and applied levels. It would demonstrate that this
type of guanine analog which accumulates only at the
monophosphate nucleotide level can inhibit tumors to
an extent that is equal to, or greater than, that seen
with 6-thioguanine or its derivatives [12,42]. If 6-
selenoguanine is, in fact, very similar or identical in its
antitumor action to 6-thioguanine, it indicates that the
incorporation of 6-thioguanine into the nucleic acids
of tumor cells [43] may not be the crucial factor in its
mechanism of antitumor action. At the practical level,
a serious potential hazard in the long-term use of 6-
thioguanine and its derivatives as therapeutic agents
for immunosuppression and/or the treatment of
chronic diseases is the threat of carcinogenesis [44],
mutagenesis or teratogenesis resulting from the incor-
poration of 6-thioguanine into cellular DNA. If 6-
selenoguanine does not enter the nucleic acids, these
risks should be abolished or greatly diminished.

Recently several groups, including this laboratory,
have suggested that erythrocytes that contain purine
analogs in their nucleotide pools might be employed in
chemotherapy [27, 45, 46]. Special attention has been
directed to the disease, schistosomiasis, since the
causative agent, a blood fluke which feeds on erythro-
cytes, is deficient in the de novo pathway for purine bio-
synthesis [47] and possibly utilizes erythrocytic purine
nucleotides. A report has appeared that describes a
therapeutic response when tubercidin-loaded erythro-
cytes were infused into monkeys infected with schisto-
somiasis [45]. A number of other adenosine analogs
have been shown to enter erythrocytic nucleotides rea-
dily [7], probably by reaction with adenosine kinase,
and have been suggested for consideration if this
modality of therapy becomes practical [46]. Since
these worms have been shown to possess various
enzymes of purine metabolism such as purine nucleo-
side phosphorylase and one or more enzymes related
to HGPRTase, it seems likely that they should be cap-
able of incorporating guanine or hypoxanthine ana-
logs into their nucleotide pools, probably with detri-
mental effects. Therefore, if this approach becomes
feasible, erythrocytes that contain substantial quanti-
ties of guanine and hypoxanthine analogs, such as 6-
thioguanine, 6-mercaptopurine and 6-selenoguanine,
in their nucleotide pools should be considered as likely
candidates for chemotherapy.
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