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ABSTRACT. Nucleosides and nucleoside analogs are anabolised to their triphosphates by intracellular kinases.
The anti-HIV analogue zidovudine (AZT) is phosphorylated by cytosolic thymidine kinase 1 (TK1), thymidylate
kinase (dTMPK), and nucleoside diphosphate kinase. It is known that dTMPK is one of the rate-limiting steps
in the activation of zidovudine. The activities of TK1, dTMPK, and deoxycytidine kinase (dCK) were
determined in extracts of in vitro activated peripheral blood mononuclear cells from HIV-infected patients and
healthy noninfected individuals. dTMPK activity was 10-fold lower and TK1 activity was five-fold lower in
extracts from infected as compared to uninfected persons. Deoxycytidine kinase activities in the extracts from
both groups were very similar. Differences in in vitro activation, as determined by flow cytometry, of the
peripheral lymphocytes were not responsible for the decreased TK1 and dTMPK activities. A reduced level of
intracellular azido-dideoxythymidinetriphosphate in activated mononuclear cells from HIV-infected patients
was also observed. The low levels of TK1 and dTMPK in lymphocytes from HIV-infected patients may be related
to the anergy phenomenon observed as a result of HIV infection. This effect should also be considered in the
development of new anti-HIV drugs. BIOCHEM PHARMACOL 56;3:389–395, 1998. © 1998 Elsevier Science Inc.
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Zidovudine is still the preferred drug in the treatment of
HIV infection, today used in combination with other
nucleoside analogs or with nonnucleoside reverse transcrip-
tase inhibitors and protease inhibitors [1–3]. In addition to
dTMP, dTMPK,i dUMP, 5-Iodo-deoxyuridinemonophos-
phate (5-I-dUMP), [4] and the monophosphates of several
thymidine analogs, e.g. azidodeoxythymidine (zidovudine,
AZT) and probably didehydrodeoxythymidine (stavudine,
d4T), the latter being an alternative to zidovudine in the
treatment of HIV infection [3, 5]. The V max for AZTMP by
dTMPK is only 0.3% as compared with the Vmax for dTMP
[6]. Because cytosolic TK1 has the capacity to phosphory-
late thymidine and AZT to the same extent, [6] the
phosphorylation step from monophosphate to diphosphate
is one important rate-limiting step in the anabolism of
AZT. Furthermore, the dTMPK reaction is needed both in

the salvage and the de novo pathway of dTTP formation and
as such is crucial in the DNA precursor synthesis in all cells.

Human dTMPK is a dimer of two 23-kDa subunits whose
activity increases in proliferating cells as compared to
resting cells [7, 8]. However, relatively little is known about
the cell-cycle regulation of dTMPK. The enzyme is very
unstable in vitro and the presence of substrates, reducing
agents and detergents stabilise the activity [9, 10].

In our earlier studies of TK levels in PBMC, we found a
decreased level of TK in cells from HIV-infected individ-
uals [11]. This evidently affects all PBMC although only a
fraction of the cells are infected by HIV. This result
indicated that decreased TK activity could be part of a host
cell drug resistance phenomenon. Avramis et al. described
a T-cell line (Jurkat E6-1) grown in continuously increasing
concentrations of AZT from 1 to 100 mM as showing less
growth inhibition by the drug after 10 weeks in culture. The
phenomenon was apparently due to decreasing intracellular
levels of TK with subsequently decreased AZTTP forma-
tion. It was demonstrated that patients treated with zidovu-
dine had a very large variation in the intracellular levels of
phosphorylated zidovudine, although there was a direct
relationship between the serum drug level and the intra-
cellular levels of phosphorylated zidovudine [12]. It was
shown that treated patients exhibit a progressively decreas-
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ing intracellular concentration of phosphorylated AZT
over time [13].

The aim of the present study was to determine the levels
of key enzymes involved in the phosphorylation of AZT,
using both the natural nucleoside as well as the analogue as
substrate. We found a significant difference in the levels of
TK1 and dTMPK in the extracts of PBMC from HIV-
infected patients and noninfected individuals, but no dif-
ference was observed in the level of dCK.

MATERIALS AND METHODS
Chemicals

AZT, dThd, and 2-chlorodeoxyadenosine were obtained
from Sigma. Azido-[methyl-3H]-dideoxythymidine, [meth-
yl-3H]-deoxythymidine, and [methyl-3H]-2-chlorodeoxya-
denosine were purchased from Moravek Biochemicals Inc.
PHA was obtained from Welcome Diagnostics. RPMI was
purchased from Flow and PEI-Cellulose F paper was pur-
chased from Merck.

Subjects

PBMC were isolated from healthy HIV-seronegative
(HIV2) and HIV-seropositive (HIV1) individuals who had
earlier been included in studies on the intracellular phos-
phorylation of AZT and TK levels [11, 14]. dTMPK was
assayed in extracts from 38 different people, 11 healthy
HIV2 and 27 HIV1 individuals in different stages of the
infection, from asymptomatic to patients with AIDS. The
AZT-treated group was subdivided into two groups, one
treated for less than 17 months and the other treated for 17
months or more. We also tested 5 HIV1 individuals who
showed intolerance to AZT in the form of transfusion-
dependent anemia after less than 6 months of zidovudine
therapy at a dose of no more than 600 mg/day.

dCK was assayed in 95 PBMC extracts from 65 individ-
uals of whom 20 were HIV-seronegative. The T-lympho-
cyte cell subsets were determined by FACScan analysis.

Isolation of PBMC and Cell Culture

PBMC were isolated from vein blood and separated on
Ficoll-paque gradients. The isolated cells were stimulated
with PHA and incubated at 37° for 72 hr in a humidified
5% CO2 atmosphere in growth medium. The cells were
harvested and the enzymes extracted with Triton X-100 as
described [11]. The distribution of cells in different cell
cycle phases was determined by flow cytometry analysis of
ethanol-fixed cells (performed by S. Skog and B. Tribukait,
Department of Radiobiology, Karolinska Institute, Stock-
holm) [15].

Protein Content

The amount of protein in each extract was determined by
the BCA protein assay reagent from Pierce.

Preparation of the Deoxythymidine Monophosphate
Substrate

Human recombinant TK1 [16] was added to a cocktail with
a final composition as follows: 1 mM ATP, 1 mM MgCl2,
50 mM Tris (pH 7.6), 0.5 mg/mL of BSA, 1 mM of
dithiothreitol, 50 mM KCl, 45 mM dThd, and 5 mM
3[H]-dThd. The reaction was performed at 37° for 4 hr and
was stopped by boiling for 2 min. The mixture was
centrifuged and denatured proteins were removed, and the
nucleotides in the supernatant were then separated by
DEAE chromatography as follows. The supernatant was
diluted with NH4HCO3 to a final concentration of 0.5 mM
and applied to a DEAE sepharose column equilibrated in
the same buffer. The nucleotides were subsequently eluted
with an increasing concentration of NH4HCO3 from 10–
500 mM. The deoxythymidine monophosphate eluted at a
concentration of 50–75 mM NH4HCO3.

3[H]-azidothymidine was prepared according to the same
protocol except that 3[H]-AZT was substituted for 3[H]-dThd.

dTMPK Assay

dTMPK activity was determined with thymidine mono-
phosphate as substrate as follows: enzyme extracts from
stimulated cells (25–100 mg of protein) were diluted in
H2O to a volume of 100 mL and the reaction was immedi-
ately started by adding a reaction cocktail (25 mL) to react
a final concentration of 5 mM ATP, 50 mM Tris-HCl pH
7.6, 0.1 mg/mL of BSA, 1 mM dithiothreitol, 10 mM
MgCl2, 50 mM [3H]dTMP (approximately 2000 cpm/
pmol). The reactions were performed at 37° and aliquots of
25 mL were withdrawn and applied to Watman DE-81 filter
discs at 0, 20, 40, and 60 min respectively. The filter discs
were washed twice in 4 M formic acid plus 1 mM of
ammonium formate and once in 96% ethanol, and eluted
with 0.1 M HCl plus 0.2 M KCl as described [17].
Scintillation fluid was added and the radioactivity deter-
mined.

The product of the reaction was also analysed with TLC.
Samples were incubated as above for 60 min and boiled for
2.5 min to stop the reaction. The samples were centrifuged
and cell debris was removed. A portion of the supernatant
was spotted onto TLC cellulose paper with dThd, dTMP,
dTDP and ATP as markers. TLC was performed with 2%
boric acid/2 M LiCl (65:35, v/v) [18]. The separated dTMP,
dTDP, dTTP and dThd spots were eluted with 0.1 M HCl
plus 0.2 M KCl, and the radioactivity of these spots was
determined. As expected, there was very close correlation
when the dTMPK assay was measured with TLC or by the
filter disc method (not shown).

To rule out any influence of inhibiting factors in samples
with low activity, three samples with high activity were
individually mixed with three samples with low activity and
assayed as described.

In six samples with high dTMPK activity, enzyme activ-
ity was also determined with AZTMP as substrate. Extracts
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(86-450 mg of protein) were incubated under the reaction
conditions described above, and the concentration of
azidodeoxythymidine monophosphate was 50 mM. The
reaction was in this case performed for 30, 60, 120, and 180
min.

AZT Metabolism in Isolated BMC

Peripheral blood mononuclear cells from 17 seronegative
individuals and three HIV-infected patients were isolated
and incubated with azidothymidine. In short, isolated
PBMC, stimulated with PHA, were incubated with 1.6 mM
AZT for 4 hr. The nucleotides were subsequently extracted
with methanol and analysed by ion exchange HPLC as
described earlier [14].

dCK Kinase Assay

dCK activity was determined with 3[H]-2-chlorodeoxyade-
nosine (CldA) and enzyme extract (50 mg of protein) as
described [19].

Statistical Analysis

The distribution of the dTMPK activity values was found to
be skewed to the left. In order to perform a valid statistical
analysis, these values were subsequently substituted with
their natural logarithms. dTMPK activity, dCK activity,
and AZT phosphorylation were expressed as median 6 25
percentiles. Data from two different groups were compared
using Student’s t-test (two-tailed). Data from more than
two groups were compared with ANOVA with a 95%
confidence interval. A regression analysis was performed to
obtain the correlation between different enzyme activity
values and the cell-cycle phase composition.

RESULTS
Subjects and Cell-Cycle Distribution of PBMC Samples

Patients attending the infectious clinic at Roslagstulls
Hospital and Huddinge Hospital, Karolinska Institute,
Stockholm, Sweden were included after informed consent.
The patients represented an unselected group of HIV-
infected people attending an infectious clinic in Sweden in
1991 and 1992. The CD 4 cells of the patients from whom
the peripheral blood samples were collected varied between
5 and 400 3 106/L. Nine had no previous AZT treatment,
four were treated for between 1 and 16 months, and 8 were
treated for more than 17 months. CD4 and CD8 cell
counts, AZT treatment, and dTMPK activities of the
HIV-infected patients are listed in Table 1. The cell-cycle
composition was determined and the mean values of all
samples at time of harvest were: 58% 6 13 in G1, 32% 6
10 in S, and 9% 6 4 in G2. The cells described as G1 were
composed of G0 and G1 cells.

Stability of dTMPK and dCK

In order to establish the experimental variation in the
dTMPK assay, frozen crude extracts from PHA-stimulated
PBMC’s were diluted four-fold with H2O and subsequently
analysed. The dilution did not lead to any inhibition or
stimulation of enzyme activity. Freezing and thawing low-
ered the dTMPK activity approximately 8%, and the
activity was decreased by 90% after 72 hr when stored at 4°.
At room temperature 22°, the activity was decreased by
90% after 18 hr.

The stability of the dCK activity was established after
repeated freezing, which lowered the activity by approxi-
mately 5% for each freezing cycle. The activity decreased
10% after 24 hr when stored at 4°. However, the specific
activity of dCK reported here was lower than observed
earlier [19]. We used 2% Triton X-100 in the extraction
buffer instead of 0.5% NP 40, which was used earlier. The
presence of detergents affects the substrate specificity of
dCK [20], and the high level of Triton X-100 used in this
case may have inhibited the enzyme.

dTMPK Activity in Extracts from Activated PBMC

The dTMPK reaction was linear for 60 min at 37° except
with extracts with a low activity, where there was a delay
before the reaction reached a linear range (after approxi-
mately 20 min of preincubation). The dTMPK activities in
the growth medium were barely detectable (5 pmol/mg 3
min), which showed that dTMPK is an intracellular pro-
tein.

dTMPK activity in PBMC extracts showed a very large
variation. The median activity was 300 [127–464] pmol/
mg 3 min. When it was related to the proportion of
S-phase cells, it was 9.1 (4.3–18) pmol/mg 3 min 3 %
S-phase in extracts from noninfected individuals. In
extracts from HIV-infected individuals, it was 27 pmol/
mg 3 min [11–73] and 0.87 (0.46–1.9) pmol/mg 3 min 3
% S-phase (Tables 1–3). This difference is statistically
significant (Student’s t-test p , 0.001). Patients treated
with AZT for a prolonged period did not show lower
activity [0.89 (0.29 –1.1) pmol/mg 3 min 3 % S-phase]
as compared to untreated patients [0.87 (0.72–2.8)
pmol/mg 3 min 3 % S-phase]. Patients with intolerance to
AZT showed a similar dTMPK activity [0.59 (0.42–1.8)
pmol/mg 3 min 3 % S-phase] to that of other patients
(Table 3).

In samples with high dTMPK activity, there was only
minor accumulation of dTDP during the assay as deter-
mined by TLC analysis. Conversely, dTTP increased by a
factor of 27 while dTDP only increased eight-fold. There
was no apparent degradation of phosphorylated deoxythy-
midine to deoxythymidine during the assay as judged from
TLC analysis.

Four extracts from nonstimulated PBMC of HIV-sero-
negative subjects were tested in the same assay; in contrast
to TK [21], a low but significant dTMPK activity was
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detected (approximately 10% of that observed with
stimulated cells) (data not shown). Whether this was
due to the same or a different form of dTMPK is not
known.

There was no decrease in the activity of the samples with
high activity when a sample with low activity was added to
it. The activities in the mixed extracts demonstrated that
there were no inhibitors of dTMPK in extracts from
HIV-infected patients.

dTMPK Activity and AZT Phosphorylation

dTMPK has a low capacity to phosphorylate AZTMP.
Therefore, it was not possible to perform a complete set of
assays with all the samples using AZTMP as substrate.
However, when extracts with high dTMPK activity were
used and the assay was performed for a longer time period
(180 min), it was possible to detect AZTMP phosphoryla-
tion. The reaction was linear for 180 minutes at 37°. Six
extracts were tested in this way, and there was a very good
correlation between the observed dTMP and AZTMP
phosphorylation (Fig. 1). The activity in the extracts varied
from 80 to 825 pmol/mg 3 min. The activity of dTMPK
was approximately 0.5% when AZTMP was used instead of
dTMP, which is in accordance with earlier results [6].

TABLE 1. CD 4 and CD 8 cell count and duration of AZT treatment and dTMPK activities in HIV-seropositive patients

Patient
no.

CD4 cells
106/L

CD8 cells
106/L

AZT treatment
months

dTMPK
pmol dTDP

formed/min/mg

dTMPK
pmol dTDP

formed/min/mg 3 %S

1 5 100 intolerant 7.6 0.34
2 6 300 23 47 1.47
3 15 400 17 36 1.11
4 20 600 11 20 4.92
5 20 400 19 53 0.83
6 30 800 0 22 0.73
7 40 1100 22 58 0.96
8 40 400 intolerant 24 0.46
9 45 800 21 9.7 0.16

10 80 700 15 145 2.07
11 110 700 8.5 8.6 0.14
12 130 1800 intolerant 53 0.72
13 150 700 intolerant 16 0.44
14 160 700 17.5 194 1.88
15 160 700 2 73 1.06
16 180 300 0 161 1.97
17 200 400 0.5 189 2.16
18 240 1500 0 23 0.34
19 240 400 0 84 0.87
20 250 600 0 68 0.71
21 250 800 0 156 1.80
22 270 1600 0 159 3.34
23 320 1600 30 27 0.47
24 350 400 0 67 0.73
25 360 600 intolerant 116 1.78
26 400 700 0 500 5.60
27 n.d. n.d. 36 17 0.23

n.d. 5 not determined.

TABLE 2. dTMPK activities in HIV-seronegative individuals

HIV-seronegative
individual

dTMPK
pmol dTDP

formed/min/mg

dTMPK
pmol dTDP

formed/min/mg 3 %S

1 247 5.9
2 114 n.d.
3 264 n.d.
4 181 n.d.
5 86 n.d.
6 628 21
7 541 18
8 65 2.2
9 56 1.1

10 429 15
11 355 11
12 226 7.2
13 407 17
14 134 4.2
15 124 4.9
16 79 2.0
17 476 19
18 148 4.7
19 230 6.4
20 569 18
21 361 11
22 408 16
23 723 23
24 103 2.3

n.d. 5 not determined.
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AZT Metabolism in Isolated PBMC

In order to determine if the reduced levels of TK1 and
dTMPK were correlated to a decreased capacity of PBMC
to anabolise AZT, a set of experiments was performed in
which the intracellular concentration of AZT nucleotides
was measured using HPLC analysis [14]. The extent of
phosphorylation of AZT to the intracellular AZTMP,
AZTDP, and AZTTP was significantly lower in PBMC
from HIV-infected persons compared to cells from healthy
individuals. In cells from healthy individuals incubated
with 1.6 mM AZT, we found 0.27 (0.17–0.38) pmol of
AZTTP/106 cells compared to 0.007 (0.004–0.01) pmol/
106 cells in cells from HIV-infected individuals (statistical
significance: P 5 0.029). In addition, the level of AZTTP
compared to the totally phosphorylated AZT nucleotides
was decreased in cells from HIV-infected individuals
(Table 4).

dCK Activity in Extracts from Activated
PBMC Samples

dCK activities determined in the PBMC extracts also
showed a very large variation. The median value was 27
pmol/mg/min and when related to S-phase cells was 0.78
pmol/mg 3 min 3 % S-phase. There was no difference
between the levels in extracts from HIV2 and HIV1

individuals, i.e., 0.94 (0.42–1.8) and 0.74 (0.40–1.2) pmol/
mg 3 min 3 % S-phase, respectively. The dCK activity
was to some extent related to the cell-cycle composition of
the PBMC, which is in agreement with earlier studies [19,
22]. Patients not treated with AZT had the same levels of
dCK as patients treated .17 months as well as patients who
showed AZT intolerance.

DISCUSSION

dTMPK was higher in extracts from stimulated PBMC
from healthy individuals as compared to extracts from cells
isolated from HIV-infected patients. Both TK1 and
dTMPK were low in samples from patients with a CD4

count below 400 [11]. In a few samples from patients
with a higher CD4 count, there was a tendency to find
higher TK1 activity, close to that of noninfected persons.
The dTMPK activity was not correlated to the CD4 cell
counts of the patients. The lower activity noted in
PBMC from HIV-infected individuals is most likely not
due to the presence of inhibitors, because in the mixing
experiment no indications for the presence of inhibiting
substances were found. In vitro experiments with PBMC
infected with HIV-1 demonstrated a 50% decrease in
TK1 activity in the extracts [23]. Recent experiments
confirm this result and a decrease in dTMPK activity was
also observed. Further work with in vitro HIV-infected
PBMC is now in progress.

We speculate that the down regulation of enzymes
regulated by the cell cycle during DNA synthesis may be
related to the anergy phenomenon associated with HIV
infection [24]. The anergy observed in HIV infection is
usually noted when the CD4 count decreases to a value
approximate to or below 400 3 106/L, which is in agree-

FIG. 1. Correlation of the activity of dTMPK determined with
dTMP or AZTMP as substrates. r2 5 0.88 and P 5 0.0053.

TABLE 3. Enzyme activity in extracts of PHA-activated PBMC from HIV-seropositive patients and-seronegative individuals

Extracts N

dTMPK dTMPK dCK dCK

pmol dTDP
formed/min/mg

pmol dTDP
formed/min/mg 3 %S

pmol CdAMP
formed/min/mg

pmol CdAMP
formed/min/mg 3 %S

HIV neg 20 300 (127–464) 9.1 (4.3–18) 39 (17–55) 0.94 (0.42–1.8)
HIV pos 27 27 (11–73) 0.87 (0.46–1.9) 29 (13–35) 0.74 (0.40–1.2)
HIV pos no AZT* 9 42 (23–87) 0.87 (0.72–2.8)
HIV pos AZT . 17 mon† 8 21 (9.8–28) 0.89 (0.29–1.1)
AZT intol‡ 5 19 (6.9–64) 0.59 (0.42–1.8)

The activity is expressed as pmol product formed per mg of protein and min, and the values are median 6 25th percentile in parenthesis.
*HIV-positive patients with no prior AZT medication.
†Patients treated with AZT for more than 17 months.
‡Patients with AZT intolerance in the form of transfusion-dependent anemia.
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ment with the decreased TK and dTMPK activities found
here. However, there was not a general decrease in DNA
salvage enzyme activities in these cells, since the dCK
levels were similar in all extracts. Thus, selectively de-
creased TK 1 and dTMPK levels might be biochemical
markers for the hyporesponsiveness of the PBMC from
HIV-infected patients.

Although only a minority of all the PBMC are HIV-1-
infected [24] the dTMPK activity in the extracts was only
10% as compared to extracts from uninfected individuals.
We therefore conclude that this phenomenon is not re-
stricted to HIV-infected cells, but is a generalised effect
occurring in a large fraction of the PBMC from HIV-
infected persons. The proliferation test with mononuclear
cells from HIV-infected individuals showed a 3- to 5-fold
decrease in thymidine incorporation as compared to cells
from noninfected people upon stimulation with PHA,
tuberculin, morbilli, and tetanus.* This result is a conse-
quence of the above mentioned anergy phenomenon and is
in agreement with the hyporesponsiveness of the CD 8 cells
from HIV-infected patients described recently [25].

The finding that dTMPK activity is decreased in cells
from HIV-infected individuals is most likely more impor-
tant than the decrease noted in TK1 activity. However, the
results in Table 4 indicate that the NDPK reaction is also
limiting in cells from HIV-infected individuals. Recent
results show that the NDPK reaction is 0.5% with AZTDP
as substrate compared to TDP, and thus both dTMPK and
NDPK may be considered as rate-limiting enzymes in AZT
anabolism. [26, 27]. Activated PBMC from HIV-infected
patients incubated with AZT showed a significantly de-
creased amount of AZT phosphorylated to AZTTP as
compared to healthy individuals (P 5 0.029). The anabo-
lism of azidothymidine was also decreased in HIV-infected
H9 cells [6]. Taken together, these results indicate that
decreased TK1 and dTMPK activities may also reduce the
anabolism of AZT in intact cells. Although there is a
decreased activation of AZT in HIV-infected cells, the
concentration of intracellular AZTTP achieved leads to
inhibition of HIV RT and blocked virus production because
AZTTP shows very high affinity for HIV RT [28].

The mechanisms by which HIV infection down-regulates
both TK and dTMPK is not known. TK1 regulation occurs
both at the transcriptional and/or the translational level,
and there is at present no published information regarding
the transcriptional control of the dTMPK gene. During
zidovudine treatment, it has been shown that TK was
down-regulated by hypermethylation of the TK promotor
[29, 30]. Such a mechanism may also be involved in
dTMPK gene regulation. Many test systems for new anti-
viral drugs are based on in vitro culture of cell lines or cells
from healthy blood donors. In view of the results presented
here, these results must be used with caution since the
metabolism of nucleoside analogs differs in cells from
healthy individuals compared to HIV-infected individuals.
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