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In this paper, we describe the development and use of enzymatic assays to determine intracellular lami-
vudine triphosphate (3TCTP) and carbovir triphosphate (CBVTP) concentrations in peripheral blood mono-
nuclear cells (PBMCs) from human immunodeficiency virus (HIV)-infected patients. The assays involve
inhibition of HIV reverse transcriptase (RT), which normally incorporates radiolabeled deoxynucleoside
triphosphates into a synthetic template primer. For the 3TCTP assay, a preincubation procedure was added
whereby 3TCTP becomes incorporated before [3H]dCTP. At a 1:400 template primer dilution, control product
formation was reduced by 88.0% with 0.8 pmol of 3TCTP. Standard 3TCTP inhibition curves were performed
using this procedure. For the CBVTP assay, 0.1 pmol of CBVTP inhibited control product formation with and
without the use of a preincubation step, so inhibition curves were constructed using both procedures. However,
reduced template primer stability with assays using preincubation steps led to a single-incubation procedure
being adopted for future studies. The presence of PBMC extracts interfered with the 3TCTP assay. However,
this was overcome by the addition of CuSO4. PBMC extracts did not interfere with the CBVTP assay. Intra-
cellular 3TCTP and CBVTP concentrations were determined in PBMCs from HIV-infected patients over 24 h
or greater. Peak concentrations were obtained 6 to 8 h after dosing, and the half-lives of the anabolites sug-
gested the possibility of once-daily dosing. These assays are currently being used for determination of 3TCTP
and CBVTP concentrations in clinical studies.

Previous analytical techniques have employed a combin-
ed high-pressure liquid chromatography-radioimmunoassay
(HPLC-RIA) procedure for the measurement of intracellu-
lar dideoxynucleoside (ddN) phosphates in vivo (1, 2, 8, 11,
12, 15, 16, 19, 20). However, this methodology has the prob-
lem of requiring a large volume of blood from the patient
(�20 ml per time point). Furthermore, the combined
HPLC-RIA method is very time-consuming, with only a
small number of samples processed daily. More recently,
ddN phosphates have been determined by liquid chroma-
tography tandem mass spectrometry (LC-MS-MS) (17).
While this method has many advantages, there is a require-
ment for specialized and expensive equipment and time-
consuming sample preparation.

An alternative approach is to measure the concentrations of
the active ddN triphosphate (ddNTP) using an enzymatic as-
say. This procedure involves the inhibition of human immuno-
deficiency virus (HIV) reverse transcriptase (RT) enzyme that
normally incorporates radiolabeled dNTPs into a specific syn-
thetic template primer. By using known standard amounts of
the ddNTP inhibitor, an inhibition curve can be derived. There-
fore, the concentrations of the respective ddNTP present in
cell extracts can be determined from the standard curve.

Initial studies performed by Robbins et al. (14) using this
type of procedure involved the determination of zidovudine TP
(ZDVTP). Although the method was primarily used to study
the mechanism and kinetics of inhibition rather than to quan-
tify the concentration of ZDVTP in patient cell extracts, Rob-
bins et al. (14) indicated that it might have clinical uses for
monitoring ZDVTP concentrations in HIV-infected patients.

One of the main problems with these initial studies was the
high degree of interference observed with the assay when pe-
ripheral blood mononuclear cell (PBMC) extracts were added
to the reaction mixtures. Furthermore, the degree of inhibition
observed with the standard ZDVTP inhibition curve meant the
sensitivity needed to be improved.

Subsequent modifications of the general assay procedure
have involved limiting the number of binding sites to which
endogenous and drug TPs can bind through a reduction in the
amount of template primer used in the assay (13).

In this report, we describe the development of similar pro-
cedures for the determination of lamivudine TP (3TCTP) and
carbovir TP (CBVTP; the active anabolite of abacavir [ABC])
concentrations in PBMCs from HIV-infected patients. The
main aims were to develop sensitive and reproducible assays
requiring �10 � 106 cells while minimizing interference and to
increase sample throughput compared to the combined HPLC-
RIA method. Investigations into the intracellular profiles of
3TCTP and CBVTP levels in PBMCs from HIV-infected
patients over time were also undertaken. Results from the
CBVTP arm of this study have recently been presented (S.
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MATERIALS AND METHODS

Chemicals. [5�-3H]dCTP (specific activity, 31.7 Ci mmol�1) and [5�-3H]dGTP
(specific activity, 4.0 Ci mmol�1) were purchased from Moravek Biochemicals
Inc., Brea, Calif. HIV RT was obtained from Amersham Pharmacia Biotech
U.K. Ltd., Little Chalfont, Buckinghamshire, England (manufactured by the
Research Foundation for Microbial Disease of Osaka University, Osaka, Japan).
Poly(dC18) and poly(rI18) were purchased from Cruachem Ltd., Glasgow, Scot-
land. Poly(rC) � poly(dG)12–18 was obtained from Amersham Pharmacia Biotech
Inc., Piscataway, N.J. 3TCTP (93.2% pure) and CBVTP (90.4% pure) were
kindly donated by Glaxo-SmithKline, Greenford, United Kingdom. DE81 filter
papers (25-mm diameter DEAE paper) were acquired from Whatman, Maid-
stone, United Kingdom. Liquid scintillation fluid (Ultima Gold) was obtained
from Packard BioScience B.V., Groningen, The Netherlands. Lymphoprep was
procured from Nycomed Pharma AS, Oslo, Norway. All other chemicals were
purchased from Sigma Chemical Company Ltd., Poole, United Kingdom.

Preparation of PBMC extracts from healthy volunteers and HIV-infected
patients. Fresh heparinized venous blood (10 to 20 ml) was collected from either
healthy volunteers or HIV-infected patients, and PBMCs were isolated by the
method of density cushion centrifugation using lymphoprep resolving medium
(9). The PBMCs were then washed in phosphate-buffered saline and counted
using a hemocytometer. The cells were centrifuged (2,772 � g; 4 min; 4°C), and
the resulting cell pellet was extracted overnight in 60% methanol (2 ml) at 4°C.
Following extraction, the cell suspensions were centrifuged (2,772 � g; 4 min;
4°C), and the methanolic supernatant fractions were evaporated under a stream
of nitrogen.

The dried down methanolic extracts were then reconstituted in perchloric acid
(0.4 N; 100 �l; 4°C) and allowed to extract again for 30 min. Samples were
centrifuged (2,772 � g; 4 min; 4°C), and the acid supernatant fractions (100 �l)
were quantitatively transferred to fresh 1.5-ml microcentrifuge tubes.

The acid extracts were neutralized by the addition of freshly prepared 0.5 N
trioctylamine (27%) in 1�,1�,2�-trichlorotrifluoroethane (73%) (100 �l) to each
tube. After rotary mixing (15 min), the phases were separated by centrifugation
(6,000 � g; 10 s). An aliquot (85 to 90 �l) of the upper aqueous phase (of the
resulting three-phase system) was carefully aspirated into 1.5-ml microcentrifuge
tubes. The resulting extracts were then checked with pH paper to ensure suc-
cessful neutralization (pH 7.0). The extracts were stored (�20°C) until determi-
nation of intracellular levels was carried out.

Enzymatic assay development. The 3TCTP and CBVTP assays are described
separately.

(i) 3TCTP assay development. (a) Template primer preparation. dC18 (67.3
nmol; 9.6 optical density units) was solubilized in 922 �l of 50 mM Tris-HCl (pH
8.0) to give a 73.0-pmol �l�1 solution, which was then further diluted to give a
36.5-pmol �l�1 solution. Likewise, 674 �l of Tris-HCl was added to rI18 (49.4
nmol; 8.5 optical density units) to give a 73.0-pmol �l�1 solution, which was then
further diluted to give a 36.5-pmol �l�1 solution. To prepare the template primer
itself, 20 �l of the 36.5-pmol �l�1 dC18 solution was added to 80 �l of the
36.5-pmol �l�1 rI18 solution in an Eppendorf tube. The tube was then heated to
56°C for 15 min in a heat block to allow annealing to occur. Following this period,
the tube was rapidly cooled on ice and stored at �20°C until it was used. This was
the stock undiluted template primer solution (the solution contained 7.3 pmol of
dC18 �l�1 and 29.2 pmol of rI18 �l�1). The stock undiluted template primer
solution was diluted as required with 50 mM Tris-HCl (pH 8.0).

(b) Comparison of inhibition by 3TCTP with and without a preincubation
procedure. For the single-incubation procedure, control product formation (i.e.,
incorporation of [3H]dCTP into the template primer in the absence of inhibitor)
was determined using a reaction mixture containing [3H]dCTP (24 pmol), 5 �l of
undiluted or 1:40 or 1:400 dilution of template primer, 30 mM KCl, 0.1% (wt/vol)
Triton X-100, 0.025% (wt/vol) bovine serum albumin (BSA), 0.5 mM EDTA, 1
mM dithiothreitol, 6 mM MgCl2, 50 mM Tris-HCl (pH 8.0), and 0.4 U of HIV
RT. The total mixture volume was 50 �l. To assess inhibition of the assay by
3TCTP, the same protocol was followed but with the addition of 0.8 pmol of
3TCTP to the reaction mixtures.

The reaction was initiated by the addition of the enzyme and continued for 30
min at 37°C. Duplicate aliquots from each reaction mixture were spotted onto
DE81 paper circles presoaked with cold 5% trichloroacetic acid–1% sodium
pyrophosphate solution (wt/vol). The paper circles bind oligonucleotides. After
drying, the paper circles were washed three times (once with 8 ml and twice with
4 ml) for 5 min each time with cold 5% trichloroacetic acid–1% sodium pyro-

phosphate solution to remove unincorporated nucleotides and then rinsed twice
with 95% ethanol (3 ml). The paper circles were dried and counted in Ultima
Gold scintillant (4 ml) to assess the amount of product formed. Each experiment
was performed in duplicate on three separate occasions.

For the preincubation procedure, the same reaction mixtures were prepared
but no [3H]dCTP was added. The total mixture volume was 45 �l. The reaction
was initiated by the addition of the enzyme for 30 min at 37°C. Following this
period, [3H]dCTP (24 pmol) was added to each reaction mixture, and the reac-
tion was reinitiated for 30 min at 37°C. After the second incubation period, the
protocol was the same as that described for the single incubation. Each experi-
ment was performed in duplicate on three separate occasions.

(c) Determination of standard 3TCTP inhibition curve. The standard inhibi-
tion curve was determined using the template primer alone at a dilution of 1:400
and 3TCTP at 0, 0.05, 0.1, 0.2, 0.4, and 0.8 pmol. The preincubation procedure
was used.

(d) Effect of PBMC extracts on the 3TCTP standard inhibition curve. Before
concentrations of 3TCTP in extracts from HIV-infected patients could be quan-
tified, it was essential that any interference with the assay by cell extracts be
identified and minimized. Standard 3TCTP inhibition curves were determined in
the absence and presence of PBMC extracts from healthy volunteers (no 3TCTP
present). The extracts contained 5 � 106 cells and, using a specific DNA poly-
merase assay (18), were shown to have undetectable dCTP levels. This directly
assessed whether any interference was due to factors other than endogenous
dCTP. Extracts (5 �l from a total volume of 100 �l) were added to the reaction
mixtures.

(e) Effect of PBMC extracts on the 3TCTP standard inhibition curve following
preincubation with CuSO4. The presence of enzymes in the extracts may be
responsible for the interference observed in other RT assays (ZDVTP and
stavudine TP [d4TTP] assays). This has been overcome by the addition of
CuSO4, which is an inhibitor of DNA and RNase enzymes (13). Standard 3TCTP
inhibition curves were determined as described previously. Additional curves
were performed in the presence of PBMC extract (5 �l from a total volume of
100 �l; the total volume contains 5 � 106 cells) and CuSO4. The protocol for
these curves was modified as follows: the reaction mixtures contained KCl,
Triton X-100, Tris-HCl, dithiothreitol, MgCl2, 3TCTP standard, and PBMC
extract (at the same concentrations as before) with CuSO4 (200 �M). The
reaction mixtures were left for 20 min at room temperature. EDTA and BSA (at
the same concentrations as before) were then added to the reaction mixtures and
left for a further 15 min at room temperature. Template primer and enzyme were
added as before, and the mixtures were preincubated at 37oC for 30 min. Finally,
[3H]dCTP was added, and the reaction mixtures were reincubated as described
previously.

(f) Effect of dCTP on the 3TCTP standard inhibition curve. Standard 3TCTP
inhibition curves were performed as described above (c). Additional tubes con-
tained a standard amount of 3TCTP (0.1 pmol) in the absence and presence of
dCTP (0, 0.01, 0.02, 0.05, and 0.1 pmol), and the degrees of inhibition were
compared. Additionally, standard 3TCTP inhibition curves were repeated (0,
0.05, 0.2, and 0.8 pmol only) in the absence and presence of dCTP (0.5 pmol).

(ii) CBVTP assay development. (a) Comparison of inhibition by CBVTP with
and without a preincubation procedure. For the single-incubation procedure,
control product formation (i.e., incorporation of [3H]dGTP into the template
primer in the absence of inhibitor) was determined using a reaction mixture the
same as that described for the 3TCTP assay except that [3H]dGTP (15.625 pmol)
and 5 �l of template primer [poly(rC) � poly(dG)12–18; 2.5 U ml�1] at a dilution
of 1:5, 1:10, 1:20, or 1:40 were added instead of the corresponding 3TCTP assay
reagents. To assess inhibition of the assay by CBVTP, the same protocol was
followed but with the addition of 0.1 pmol of CBVTP to the reaction mixtures.

For the preincubation procedure, the same reaction mixtures were prepared
but no [3H]dGTP was added. The reaction was initiated by the addition of the
enzyme, and following this period, [3H]dGTP (15.625 pmol) was added and the
reaction was reinitiated. Spotting, washing, and counting were performed as
described for the 3TCTP assay. These incubation experiments were also per-
formed in duplicate on three separate occasions.

(b) Determination of standard CBVTP inhibition curve. The standard inhibi-
tion curve was determined using the template primer at a dilution of 1:10 with
CBVTP at 0, 0.05, 0.1, 0.2, 0.4, and 0.6 pmol for the single-incubation procedure
and 0, 0.02, 0.04, 0.06, 0.08, and 0.1 pmol using the preincubation procedure. The
single-incubation procedure was adopted for subsequent studies.

(c) Effect of PBMC extracts on the CBVTP standard inhibition curve. Stan-
dard CBVTP inhibition curves were determined in the absence and presence of
PBMC extracts from healthy volunteers (no CBVTP present). The extracts
contained 5 � 106 and 10 � 106 cells. Extracts (5 �l from a total volume of 100
�l) were added to the reaction mixtures.
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(d) Effect of dGTP on the CBVTP standard inhibition curve. Standard CBVTP
inhibition curves were repeated (0, 0.05, 0.2, and 0.6 pmol only) in the absence
and presence of dGTP (0.05, 0.1, and 0.5 pmol).

Variability and recovery determination for the 3TCTP and CBVTP assays and
quantification of 3TCTP and CBVTP in PBMC extracts from HIV-infected
patients. The interassay variability of the 3TCTP assay was determined by quan-
tifying a 0.1-pmol 3TCTP quality control (QC) standard on six separate occa-
sions.

Intra-assay variability of the 3TCTP assay was determined by quantifying
3TCTP concentrations from the same PBMC extracts six times in the same assay.
The PBMCs were isolated from blood taken from HIV-infected patients receiv-
ing 3TC (150 mg twice daily [b.i.d.]) and were extracted in methanol and per-
chloric acid.

Recovery of the assay was determined by quantifying the standard 3TCTP
inhibition curve with previously prepared PBMC extracts in the presence and
absence of a 0.1-pmol 3TCTP QC. The PBMCs were isolated from blood taken
from healthy volunteers and were extracted in methanol and perchloric acid.
QCs were added to the reaction mixtures. The ability to recover these QCs was
calculated by subtracting the amount of 3TCTP present in the standard curve
alone from the amount of 3TCTP obtained in the standard curve plus QC.
3TCTP QCs were prepared independently of the standard curves. Assay recovery
was also investigated by spiking PBMCs from healthy volunteers with 3TCTP (2
pmol) and then extracting the samples with 3TCTP as previously described.
3TCTP levels in these extracts were then determined in the usual manner and
compared to a 3TCTP standard of the same amount present in the extract (0.1
pmol of 3TCTP, as only 5 �l of extract was added to the reaction mixture from
the 100-�l total).

3TCTP concentrations were quantified in PBMC extracts from four HIV-
infected patients. All patients were receiving 3TC (150 mg b.i.d.) as part of their
combination regimen for at least 6 months. The patients were admitted to the
Royal Liverpool Hospital day ward, and blood (20 ml) was collected at 0, 1, 2, 4,
8, 12, 16, 24, and 36 h. The patients omitted 3TC at 12 and 24 h (hence the 36-h
profile). PBMCs were isolated and extracted in methanol and perchloric acid.
dCTP levels in the extracts were determined (18), and the 3TCTP inhibition
curve was standardized by adding to the curve an amount of dCTP similar to that
present in the extracts.

In assays where PBMC extracts were added to the reaction mixtures, only 5 �l
from the total extract volume of 100 �l was used.

The interassay variability of the CBVTP assay was determined by quantifying
CBVTP concentrations from the same PBMC extracts on six separate occasions.
PBMCs were isolated from blood taken from HIV-infected patients receiving
ABC (300 mg b.i.d.) and were extracted in methanol and perchloric acid. The
interassay variability of the CBVTP assay was also determined by quantifying
0.05 and 0.3 pmol of CBVTP QC standards on eight separate occasions.

The intra-assay variability of the CBVTP assay was determined by quantifying
CBVTP concentrations from the same PBMC extracts six times in the same
assay. PBMCs were isolated from blood taken from HIV-infected patients re-
ceiving ABC (300 mg b.i.d.) and were extracted in methanol and perchloric acid.

Recovery of the assay was determined by quantifying CBVTP from previously
prepared PBMC extracts alone and in the presence of 0.05 or 0.3 pmol of
CBVTP QCs, using the same protocol as for the 3TCTP assay. The ability to
recover these QCs was calculated by subtracting the amount of CBVTP present
in the extract alone from the amount of CBVTP obtained in the extract plus QC.
CBVTP QCs were prepared independently of the standard curves. Assay
recovery was also investigated by spiking PBMCs from healthy volunteers with
CBVTP (3 pmol) and then extracting the samples with CBVTP as previously
described. CBVTP levels were then determined in these extracts in the usual
manner and compared to a CBVTP standard of the same amount present in the
extract (0.15 pmol of CBVTP, as only 5 �l of extract was added to the reaction
mixture from the 100-�l total).

CBVTP concentrations were quantified in PBMC extracts from six HIV-
infected patients. All patients were receiving ABC (300 mg b.i.d.) as part of their
combination regimen for at least 6 months. The patients were admitted to the
Royal Liverpool Hospital day ward, and blood (20 ml) was collected at 0, 1, 2, 4,
6, 8, 12, and 24 h. The patients omitted ABC at 12 h (hence the 24-h profile).
PBMCs were isolated and extracted in methanol and perchloric acid. Concen-
trations of dGTP were also quantified in these samples using a specific DNA
polymerase assay (18).

In assays where PBMC extracts were added to the reaction mixtures, only 5 �l
from the total extract volume of 100 �l was used.

Approval for each of the studies was obtained from relevant local ethics
committees. All patients enrolled gave informed written consent. None of the
patients were involved in both studies.

RESULTS

3TCTP assay development. The dC and rI homopolymers
were purified by HPLC (�95% pure) prior to being annealed
in our laboratories. Although the actual yield of template
primer formed is unknown, repeated preparation of the tem-
plate primer over time did not alter the resulting amount of
control product formation. This suggests consistency in the
yield of template primer formed over time.

As the concentration of template primer was diluted, the
amount of control product formation decreased using the sin-
gle-incubation procedure. For example, at a 1:400 template
primer dilution, control product formation was reduced to
25.9% of undiluted levels (Table 1). The addition of 0.8 pmol
of 3TCTP had no effect on control product formation at any of
the dilutions of template primer studied (Table 1).

Due to the inability of 3TCTP to sufficiently inhibit control
product formation, a preincubation procedure was adopted to
assess whether inhibition could be observed when 3TCTP was
allowed to be incorporated into the template primer before the
addition of [3H]dCTP. Table 1 demonstrates the ability of 0.8
pmol of 3TCTP to inhibit control product formation as the
template primer is diluted, using the preincubation procedure.
As observed with the single-incubation procedure, there was a
steady decline in control product formation as the template
primer was diluted (e.g., at a 1:40 dilution, control product
formation was reduced to 60.2% of undiluted levels). How-
ever, there was a concurrent increase in the degree of inhibi-
tion of product formation by 0.8 pmol of 3TCTP as the tem-
plate primer was diluted. For example, 0.8 pmol of 3TCTP
inhibited product formation by 35.1 and 88.0% at 1:20 and
1:400 template primer dilutions, respectively.

Standard 3TCTP inhibition curves were determined at 0,
0.05, 0.1, 0.2, 0.4, and 0.8 pmol of 3TCTP, using the preincu-
bation procedure. Figure 1 shows a typical standard 3TCTP
inhibition curve using this modified procedure. The coefficient
of regression (r) values were usually greater than 0.99. The
standard curves were also highly reproducible over time, sug-
gesting that the 3TCTP standards were highly stable. Addition-
ally, the stability of the stock 3TCTP solution was routinely
checked by HPLC with UV detection.

Figure 2a shows the effect of PBMC extracts (from 5 � 106

cells) on the standard 3TCTP inhibition curve. Interference

TABLE 1. Effect of altering the concentration of template primer
on control product formation and inhibition by 3TCTP with

and without a preincubation procedurea

Template primer
dilution

Control product
formation (dpm)

% Inhibition by 0.8
pmol of 3TCTP

No preincubation
Undiluted 54,903 5.2
1:20 49,907 6.6
1:40 46,691 5.7
1:400 14,210 4.6

With preincubation
Undiluted 79,514 13.1
1:20 61,630 35.1
1:40 47,826 34.1
1:400 14,533 88.0

a Data are expressed as mean values from three separate experiments.
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was greatest at high concentrations of 3TCTP but was negated
by the addition of CuSO4 (Fig. 2b).

The addition of dCTP (at any of the amounts investigated)
to the 0.1-pmol 3TCTP standard had no effect on the degree of
inhibition observed compared to that of the the 3TCTP stan-
dard alone (data not shown). Additional studies investigated
the standard 3TCTP inhibition curve in the absence and pres-
ence of dCTP (0.5 pmol). The four-point standard 3TCTP
inhibition curve was altered by 0.5 pmol of dCTP, with the
product formation for each point of the curve being reduced by
approximately 30% (data not shown). Therefore, later studies
were corrected for high dCTP content by adding healthy-vol-
unteer cell extract containing the same amount of dCTP to the
3TCTP standard inhibition curves.

CBVTP assay development. As the concentration of tem-
plate primer was diluted, the amount of control product for-
mation decreased using the single-incubation procedure. For
example, at a 1:40 template primer dilution, control product
formation was reduced to 23.2% of 1:5 template primer dilu-
tion levels (Table 2). The addition of 0.1 pmol of CBVTP
inhibited control product formation, and inhibition was great-
est at a 1:40 template primer dilution (24.6% [Table 2]).

A preincubation procedure was also adopted to assess
whether the degree of inhibition by CBVTP observed using
this procedure was different from that observed with the single-
incubation procedure. The results are also shown in Table 2.
As observed with the single-incubation procedure, there was a
steady decline in control product formation as the template
primer was diluted (e.g., at a 1:40 dilution, control product
formation was reduced to 8.4% of 1:5 template primer dilution
levels). There was a concurrent increase in the degree of inhi-
bition of control product formation by 0.1 pmol of CBVTP as
the template primer was diluted. For example, 0.1 pmol of
CBVTP inhibited control product formation by 22.1 and 57.6%
at 1:10 and 1:40 template primer dilutions, respectively. Over-
all, the degree of inhibition was greater in incubations using a
preincubation procedure than when using a single-incubation
procedure. It is also worth noting that the amount of control

product formation was decreased (by approximately half) with
a preincubation procedure compared to that with a single-
incubation procedure.

Standard CBVTP inhibition curves were determined at 0,
0.05, 0.1, 0.2, 0.4, and 0.6 pmol of CBVTP using the single-
incubation procedure and at 0, 0.02, 0.04, 0.06, 0.08, and 0.1
pmol of CBVTP using the preincubation procedure. Figure 3a
and b show typical standard CBVTP inhibition curves without
and with the use of a preincubation procedure, respectively.
The r values were usually greater than 0.99. The standard
curves were also highly reproducible over time, suggesting that
the CBVTP standards are highly stable. Additionally, the sta-
bility of the stock CBVTP solution was routinely checked by
HPLC-UV.

PBMC extracts from blood samples obtained from three
healthy volunteers were investigated for their ability to alter
the standard CBVTP inhibition curve using a single-incubation
procedure (Table 3). Extracts containing 5 � 106 and 10 � 106

cells were studied. There was no evidence of any interference

FIG. 1. Typical standard inhibition curve for the determination of
3TCTP. The assay conditions consisted of a preincubation procedure
of 30 min at 37°C. The amount of [3H]dCTP was 24 pmol, with the
template primer at a 1:400 dilution.

FIG. 2. Effect of PBMC extracts alone (a) and in the presence of
CuSO4 (b) on the standard 3TCTP inhibition curve. The assay condi-
tions consisted of three preincubation procedures of various lengths
followed by a 30-min incubation at 37°C. The amount of [3H]dCTP was
24 pmol, with the template primer at a 1:400 dilution. The error bars
indicate standard deviations of the mean.
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either on control product formation itself or on the degree of
inhibition by CBVTP.

Additional studies investigated the standard CBVTP inhibi-
tion curve in the absence and presence of dGTP (0.05, 0.1, and
0.5 pmol), using the single-incubation procedure. The four-
point standard CBVTP inhibition curve was unaffected by
dGTP (data not shown).

Variability and recovery determination for the 3TCTP and
CBVTP assays and quantification of 3TCTP and CBVTP in
PBMC extracts from HIV-infected patients. The limit of quan-
tification of the 3TCTP assay varies depending on the number
of cells present in the PBMC extracts. The greater the number
of cells, the easier it is to quantify 3TCTP levels. The number
of PBMCs isolated from blood varies considerably between
patients and at different time points. Generally, �5 � 106 cells
are required for the assay to be able to detect 3TCTP levels.
However, from the standard curve itself (in the presence of
healthy-volunteer cell extract), the limit of quantification was
set at 0.05 pmol of 3TCTP. Therefore, for 5 � 106 cells, the
limit of quantification of the 3TCTP assay would be 0.2 pmol/
106 cells. The interassay variability of the 3TCTP assay deter-
mined from the 0.2-pmol 3TCTP QC analyzed on six separate
occasions was calculated as ranging between 10 and 18%. The
intra-assay variability of the 3TCTP assay determined by ana-
lyzing PBMC extracts six times in the same assay was calcu-
lated at 15%. Variability in the recovery of the 0.1-pmol QC in
the presence of the standard 3TCTP inhibition curve plus
PBMC extract was calculated as 16% (0.114 � 0.017 pmol; n 	
6) from the standard curve. Recovery of the 0.1-pmol 3TCTP
when 2 pmol of 3TCTP was added to a healthy PBMC sample
and then extracted was calculated as 90% (0.091 � 0.012 pmol;
n 	 4) compared to the 0.1-pmol 3TCTP standard alone.
Furthermore, repeated thawing and analysis of these 3TCTP-
spiked PBMC extracts gave rise to consistent detection of these
levels, suggesting a lack of degradation of 3TCTP (results not
shown).

Figure 4 shows a 36-h pharmacokinetic profile of intracellu-
lar 3TCTP in PBMC extracts from four HIV-infected patients.
3TCTP concentrations were measurable throughout the 36 h
of washout, ranging from 0.20 to 5.10 pmol/106 cells. There was
considerable interpatient variability. Peak concentrations were
observed between the 8- and 12-h time points. The levels of
dCTP in these samples generally remained constant over the
36-h dosing interval and demonstrated a degree of interpatient

variability similar to that observed for 3TCTP levels (data not
shown).

The limit of quantification of the CBVTP assay varies de-
pending on the number of cells present in the PBMC extracts.
As with the 3TCTP assay, �5 � 106 cells are required for the
assay to be able to detect CBVTP levels. However, from the
standard curve itself, the limit of quantification was set at 0.02
pmol of CBVTP. Therefore, for 5 � 106 cells, the limit of
quantification of the CBVTP assay would be 0.08 pmol/106

cells. The interassay variability of the CBVTP assay deter-
mined from the same PBMC extracts on six separate occasions
was calculated as ranging between 5 and 15%. The interassay
variability of the CBVTP assay determined from the 0.05-pmol
CBVTP QC on eight separate occasions was calculated as
ranging between 6 and 19%. The intra-assay variability of the
CBVTP assay determined from analyzing PBMC extracts six
times in the same assay was calculated at 11%. Variability in

FIG. 3. Typical standard inhibition curves for the determination of
CBVTP. The assay conditions consisted of either a single-incubation
procedure of 30 min at 37°C (a) or a preincubation procedure of 30
min at 37°C (b). The amount of [3H]dGTP was 15.625 pmol, with the
template primer at a 1:10 dilution.

TABLE 2. Effect of altering concentration of template primer on
control product formation and inhibition by CBVTP with

and without preincubation procedurea

Template primer
dilution

Control product
formation (dpm)

% Inhibition by 0.1
pmol of CBVTP

No preincubation
1:5 40,054 13.1
1:10 34,568 16.6
1:20 17,046 10.2
1:40 9,305 24.6

With preincubation
1:5 23,269 22.2
1:10 9,472 22.1
1:20 4,694 39.4
1:40 1,943 57.6

a Data are expressed as mean values from three separate experiments.
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the recovery of QCs in the presence of PBMC extract was
calculated as 9% for the 0.05-pmol QC (0.054 � 0.005; n 	 5)
and 6% for the 0.3-pmol QC (0.309 � 0.017; n 	 12) from the
standard curve. Recovery of the 0.15-pmol CBVTP when 3
pmol of CBVTP was added to a healthy PBMC sample and
then extracted was calculated as 92% (0.138 � 0.015 pmol; n 	
4) compared to recovery with the 0.15-pmol CBVTP standard
alone. Furthermore, repeated thawing and analysis of these
CBVTP-spiked PBMC extracts gave rise to consistent detec-
tion of these levels, suggesting a lack of degradation of CBVTP
(results not shown).

Figure 5 shows a 24-h pharmacokinetic profile of intracellu-
lar CBVTP in PBMC extracts from six HIV-infected patients.
CBVTP concentrations were measurable throughout the 24 h
of washout, ranging from 20 to 374 fmol/106 cells. There was
considerable interpatient variability. Peak concentrations were
observed at the 6-h time point. The levels of dGTP in these
samples remained constant over the 24-h dosing interval (data
not shown).

DISCUSSION

These enzymatic assays were developed as viable alterna-
tives to the HPLC-RIA procedure for the quantification of
intracellular 3TCTP and CBVTP. The template primer used
for the 3TCTP assay was an RNA-DNA template primer,
which differs from the DNA template primers previously used
in the determination of ZDVTP (4, 14) and CBVTP (as de-
scribed above). However, the amount of product formed using
this RNA-DNA template primer was considerable, suggesting
its suitability for use in the assay. Likewise, the amount of
product formed using the DNA template primer for CBVTP
was also high.

Addition of standard amounts of 3TCTP to the reaction
mixtures demonstrated that inhibition of [3H]dCTP incorpo-
ration could only be achieved at high levels of the inhibitor,
using a single-incubation procedure. Subsequent studies inves-
tigated the extent of control product formation, and inhibition
by 3TCTP, as the template primer was diluted. It was thought
that the number of binding sites was very important to the
amount of product formed. If there were too many sites (i.e., as
was thought to be the case with the undiluted template prim-
er), then [3H]dCTP would still become incorporated even
though 3TCTP had already become incorporated into other
strands of primer. Therefore, by restricting the number of

binding sites through diluting the template primer, inhibition
by 3TCTP might be observed. As the template primer was
diluted, the reduction in available binding sites led to reduced
product formation. However, no discernible inhibition of prod-
uct formation by 0.8 pmol of 3TCTP was observed, even when
the template primer was diluted.

Additional studies investigated the effect of reducing the
amount of [3H]dCTP used in the reaction mixtures. Control
product formation was reduced to unacceptable levels. At this
stage, it was considered that, using the single-incubation pro-
cedure outlined, sufficient product formation and inhibition by
3TCTP were unlikely to be achieved. In contrast, the enzy-
matic assay for the determination of ZDVTP levels demon-
strated that a similar procedure could be used without these
problems. The differences can be explained by the relative
efficiency of the two inhibitors for HIV RT in relation to
their respective dNTPs. Previous workers demonstrated that
ZDVTP is more efficient than (or at least as efficient as) dTTP
as a substrate for HIV RT (5, 21, 22). In contrast, 3TCTP has
been found to be only equally (or less) efficient as a substrate
than dCTP for this enzyme (5, 7, 21). Therefore, it is perhaps
not surprising that the 3TCTP assay needed to be modified.
Further studies therefore investigated the effects of a preincu-

FIG. 4. Intracellular pharmacokinetic profile of 3TCTP in PBMC
extracts from blood samples obtained from HIV-infected patients over
36 h of washout. The results shown are means � standard errors of the
mean from four patients.

FIG. 5. Intracellular pharmacokinetic profile of CBVTP in PBMC
extracts from blood samples obtained from HIV-infected patients over
24 h of washout. The results shown are means � standard errors of the
mean from six patients.

TABLE 3. Effect of PBMC cell extracts on CBVTP inhibition curve

Amt of CBVTP
(pmol)

Resultsa

0b 5 � 106 10 � 106

0 2.88 2.94 3.01
0.05 3.00 (4.1) 3.16 (6.9) 3.37 (10.7)
0.1 3.27 (12.1) 3.46 (15.0) 3.58 (15.8)
0.2 4.11 (30.0) 4.13 (28.8) 4.47 (32.6)
0.4 5.55 (48.2) 5.53 (46.8) 5.60 (46.3)
0.6 7.65 (62.4) 8.07 (63.5) 7.60 (60.4)

a Results are expressed as 1/counts (10�5 dpm) in the presence and absence of
extract. The corresponding inhibition is shown in brackets. A single-incubation
procedure was used in these experiments. The data are expressed as mean values
from three separate experiments, each using cell extracts from different healthy
volunteers.

b Number of PBMC.
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bation procedure on both product formation and inhibition by
3TCTP. The preincubation step included the 3TCTP standards
with no [3H]dCTP, thus allowing 3TCTP to become incor-
porated into the template primer first. Then [3H]dCTP was
added, and the reaction mixtures were reincubated to allow
incorporation of [3H]dCTP into the remaining available tem-
plate primer strands. This procedure effectively prevented the
occurrence of competition between 3TCTP and [3H]dCTP.

Initial studies using this modified procedure involved the
effect of template primer dilution on control product forma-
tion and inhibition by 0.8 pmol of 3TCTP. As observed with
the single-incubation experiments, as the amount of template
primer was diluted there was a subsequent fall in control prod-
uct formation. However, the presence of 0.8 pmol of 3TCTP
resulted in inhibition of product formation, with a greater
degree of inhibition noted as the template primer was diluted.
Thus, the 1:400 template primer dilution was chosen for all
future studies. These results demonstrated the viability of the
modified procedure for determining inhibition by 3TCTP.

In contrast to the 3TCTP assay, the CBVTP assay did not
suffer from these initial problems with regard to the single-
incubation procedure. As observed for the 3TCTP assay, when
the template primer was diluted, there was a concurrent de-
cline in control product formation with the single-incubation
procedure. These results again show that the amount of tem-
plate primer is very important to the amount of product that
can be formed, due to the number of binding sites present (i.e.,
diluting the template primer will restrict the incorporation of
[3H]dGTP). The addition of 0.1 pmol of CBVTP resulted in
inhibition of this control product formation, with the largest
degree of inhibition observed when the template primer was at
its most dilute. Similarly to ZDVTP, CBVTP is a much more
efficient substrate than 3TCTP for HIV RT (6). Additional
studies (results not shown) using a greater amount of [3H]
dGTP (31.25 pmol) in the reaction mixture gave a reduction in
the degree of inhibition of 0.1 pmol of CBVTP. This is prob-
ably due to the fact that competition will favor [3H]dGTP as it
is increased in relation to CBVTP. A 1:10 template primer
dilution was chosen for future studies, as product formation
was sufficiently high while still allowing for a good degree of
inhibition by CBVTP.

Although incorporation of [3H]dGTP was inhibited by
CBVTP with the single-incubation procedure, the study was
repeated to include a preincubation step in order to assess
whether sensitivity could be improved. Diluting the template
primer again led to a fall in the amount of control product
formation, while the degree of inhibition was greater in incu-
bations using the preincubation procedure than using the sin-
gle-incubation procedure. These results are to be expected, as
there is no initial competition between CBVTP and [3H]dGTP
using the preincubation procedure, as CBVTP is allowed
to become incorporated into the template primer before
[3H]dGTP. Additional studies (results not shown) using a
greater amount of [3H]dGTP (31.25 pmol) in the reaction
mixture gave rise to no differences in the degree of inhibition
by 0.1 pmol of CBVTP. This is because CBVTP had previously
been allowed to become incorporated, so the amount of free
template primer would still be the same. Therefore, although
the amount of [3H]dGTP is increased, there will still only be
the same number of sites available for incorporation.

The observed decrease in control product formation when
using the preincubation procedure may involve a reduction in
template primer stability as the length of the incubation is
increased from 30 min to 1 h (overall).

Standard inhibition curves for assays with and without a
preincubation step were reproducible and displayed a high
recovery (results not shown). Although in the CBVTP assay
inhibition was greater using the preincubation procedure, due
to the reduction in template primer stability, the single-incu-
bation procedure was adopted for routine use.

The final step was to determine intracellular 3TCTP and
CBVTP in PBMC extracts from HIV-infected patients. How-
ever, before accurate quantification could be achieved, it was
essential that any potential interference with the assays by cell
extracts be identified and then minimized.

Initial experiments investigating potential interference with
the 3TCTP assay used PBMC extracts from healthy volunteers
on no antiretroviral therapy. Therefore, there was no 3TCTP
present in the extracts. Secondly, using the dCTP DNA poly-
merase assay (18), these extracts were shown to have unde-
tectable amounts of dCTP. The effect of these extracts on the
standard 3TCTP inhibition curve was studied to assess whether
any interference observed was due to factors other than the
presence of endogenous dCTP, which would otherwise com-
pete with both [3H]dCTP and 3TCTP for incorporation into
the template primer. The results demonstrated that there is
some interference caused by the PBMC extracts. Although the
interference appears greatest with large amounts of 3TCTP,
this is probably just a function of the reciprocal plot. The
interference was not due to dCTP, as none was detected in
these samples. Therefore, interference may be due to either
the solvents that the extracts are in, active enzymes present in
the extracts, or both.

Active enzymes have been thought responsible for interfer-
ence observed with the ZDVTP and d4TTP assays (13) and so
may be involved in the interference observed with the 3TCTP
assay. The addition of CuSO4 reversed the inhibition observed
with these extracts. CuSO4 is an inhibitor of DNA and RNase
enzymes that are probably interfering with the assay. However,
CuSO4 itself can also interfere with the assay by inhibiting the
HIV RT enzyme (13). This led to further modification of the
assay, where CuSO4 was first allowed to destroy the active
enzymes present in the PBMC extracts and then BSA was
added, which binds the CuSO4, thus inactivating it. Therefore,
the use of CuSO4 minimizes interference observed with these
types of extracts. But what about those containing endogenous
dCTP? The addition of dCTP (up to 0.1 pmol) had no effect on
the observed degree of inhibition by 3TCTP compared to
3TCTP standard alone (data not shown). This is probably due
to the fact that in each reaction mixture there is 24 pmol of
[3H]dCTP present, so the presence of small quantities of dCTP
should have a negligible effect. However, when patient sample
extracts are used with higher cell numbers, the levels of dCTP
in these samples are often higher than 0.1 pmol. Additional
studies demonstrated that larger amounts of dCTP (0.5 pmol)
did affect product formation. This level of dCTP is higher than
that detected in most patient samples. However, standardizing
the inhibition curve through addition of dCTP itself, or
healthy-volunteer extracts that contain the same amount of
dCTP, can overcome this interference by higher dCTP levels.
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In contrast, the standard CBVTP inhibition curve was not
affected in the presence of healthy-volunteer PBMC extracts.
This assay may not be susceptible to interference caused by
active enzymes, as was observed with the 3TCTP assay. Fur-
thermore, the addition of dGTP, even at levels that are not
observed in PBMC extracts, had no effect on the standard
CBVTP inhibition curve. This apparent lack of interference
suggests that CBVTP levels in PBMC extracts from HIV-in-
fected patients can be quantified without the need for any
preincubations or correction of the standard inhibition curve.

The intracellular pharmacokinetic profiles of 3TCTP and
CBVTP levels in PBMC extracts from HIV-infected patients
were determined. For both 3TCTP and CBVTP, there was a
large degree of variation between patients. However, these
results can be expected due to the large amount of variation
previously observed with other nucleoside analogues used to
treat HIV infection (1, 2, 8, 11, 15, 16, 19, 20). Variation in
these levels may involve a number of factors, including bioana-
lytical limitations; patient factors, such as immune status and
cellular function; and pharmacokinetic or pharmacodynamic
factors, such as endogenous enzyme activities and competition
with endogenous nucleosides for these enzymes.

The intracellular levels of 3TCTP were measurable through-
out the 36 h of washout, with the highest levels noted between
the 8- and 12-h time points. This suggests a long half-life for
3TCTP in cells. Previous studies both in vivo and in vitro have
observed an elimination half-life of 3TCTP of over 10 h (3, 10,
12, 17). The 3TC phosphate measurements by Moore et al.
using combined HPLC-RIA were part of a collaborative
project between Glaxo-SmithKline and our laboratory, with
results indicating a median half-life of 3TCTP of over 15 h
(12). Samples from four of the patients who took part in the
study were then used to determine 3TCTP levels by our newly
developed enzymatic assay for comparison. The results ob-
tained (Fig. 4) show a pattern almost identical to those found
previously using the combined HPLC-RIA procedure (12). In
contrast, studies by Rodriguez et al. using an LC-MS-MS pro-
cedure suggested a median half-life of 3TCTP of approxi-
mately 32 h (17). These studies support the hypothesis that
once-daily dosing may be possible. This is currently undergoing
clinical trial.

The intracellular levels of CBVTP were also measurable
throughout the 24 h of washout, with the highest levels noted
at the 6-h time point. This also suggests a long half-life for
CBVTP in cells. Since the Ki for inhibition by CBVTP of
incorporation of dGTP into DNA by HIV type 1 RT has been
reported to be 21 nmol/liter (6), these data point to an above-
inhibitory level of CBVTP within the cell throughout the 24-h
interval (50 fmol/106 cells 	 100 nmol/liter). This suggests that
once-daily dosing of ABC may also be possible, and this is also
currently under investigation (M. Harris, S. Jutha, D. J. Back,
S. Kewn, R. Marina, and J. S. G. Montaner, Abstr. 8th Conf.
Retrovir. Opportun. Infect., abstr. P746, 2001).

The quantification of intracellular 3TCTP and CBVTP lev-
els in PBMCs from HIV-infected patients is a viable option
using these procedures and should prove to be of clinical use in
the future. The assays require a lower number of cells in order
to determine ddNTP levels (�10 � 106 cells). Therefore, less
blood is collected from the patient. This is a very important
advantage, as it is sometimes difficult to collect a large number

of cells from HIV-infected patients, especially those at ad-
vanced stages of disease who may be cytopenic. While the
assays are less time-consuming than combined HPLC-RIA
methods, unlike the latter they cannot be used to determine
mono- and diphosphates of ddNs. They also provide an inex-
pensive alternative to LC-MS-MS procedures, and due to the
unique template primers used for each assay, they are more
specific. The assays are also highly reproducible, displaying
good inter- and intra-assay variability, in contrast to previous
studies (14).

There are some drawbacks to using enzymatic assays to
determine ddNTP levels. Interference by cell extracts was ob-
served, specifically with the 3TCTP assay. However, this can be
overcome to ensure an accurate determination of 3TCTP lev-
els. Other drawbacks to the enzymatic assays are that specific
assays are required to determine each ddNTP. In contrast,
LC-MS-MS procedures can determine the levels of more than
one type of ddNTP in the same assay (17). Additionally, ddNs
from the same class (e.g., the two cytidine analogues 3TC and
zalcitabine [ddC]) cannot be present in the same extract, as
they will both compete for incorporation into the template
primer. However, ddNs from the same class are rarely if ever
coadministered. Interference resulting from other classes of
ddNTP is unlikely due to the unique template primers used for
each assay, which are specific for one class of ddNTP. Al-
though ddNs are described as inhibitors of RT, they do not
inhibit the function of the enzyme itself, only the elongation of
the DNA chain by acting as chain terminators. This enables the
assays to determine the levels of multiple classes of ddNTP in
the same extract without any interference occurring. Further-
more, the RT in the reaction mixtures is present in excess, so
other inhibitors of RT (e.g., nevirapine, a nonnucleoside RT
inhibitor) do not interfere with the assay until they are at
extremely high concentrations (data not shown).

LC-MS-MS procedures utilize an internal standard to allow
for correction of day-to-day variability caused by changes in
injection volumes and extraction prior to MS analysis (17).
This helps to ensure an accurate determination of the metab-
olite(s) present in the cell extract. Any variability resulting
from the extraction procedure described here cannot be cor-
rected for by use of an internal standard, as the assays only
measure one ddNTP. The assays also use exact volumes of
extract, so an internal standard is not necessary. Moreover, the
levels of 3TCTP in PBMCs quantified here in the same sam-
ples from HIV-infected patients compare very favorably to
3TCTP levels determined by Moore et al. (12). CBVTP levels
determined by Glaxo-SmithKline using an LC-MS-MS proce-
dure were mirrored by results from our CBVTP assay (unpub-
lished data).

In conclusion, these assays represent a viable option for the
quantification of intracellular 3TCTP and CBVTP levels.
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