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Abstract
Abacavir, (�)-(1S,4R)-4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-cyclopentene-1-methanol, is a novel purine carbocyclic

nucleoside analogue that has been approved by the FDA for the treatment of HIV (as ZiagenTM [abacavir sulfate]). Chemically, abacavir

and (�)-carbovir (CBV) differ only at the 6-position of the purine ring; abacavir contains a cyclopropylamino moiety in place of the 6-

lactam functionality of CBV. Intracellularly both are ultimately metabolized to CBV triphosphate. We compared the membrane

permeation characteristics of these two compounds at 20 8C in human erythrocytes and in human T-lymphoblastoid CD4+ CEM cells,

using a ‘‘papaverine-stop’’ assay. In erythrocytes, abacavir influx was rapid, nonsaturable (rate constant = 200 pmol/s/mM/ml cell water),

and unaffected by inhibitors of nucleoside or nucleobase transport. CBV influx was slow, saturable, strongly inhibited by adenine or

hypoxanthine, and occurred via both the nucleobase carrier (Vmax = 0.67 pmol/s/ml cell water; Km = 50 mM) and the nucleoside carrier

(Vmax = 0.47 pmol/s/ml cell water; Km = 440 mM). Similar qualitative results were obtained with CD4+ CEM cells, although CBV influx

rates were somewhat higher and abacavir influx rates lower, compared to the corresponding rates in erythrocytes. Equilibrium studies

further revealed that both compounds are concentrated intracellularly, but nonmetabolically, in both cell types, apparently due to cytosolic

protein binding (absent in erythrocyte ghosts). We conclude that, in both cell types, while CBV influx is slow and carrier-dependent,

abacavir influx occurs rapidly by nonfacilitated diffusion. The membrane permeation characteristics of abacavir are consistent with its

superior oral bioavailability and its impressive ability to penetrate the central nervous system.
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1. Introduction

Abacavir, (�)-(1S,4R)-4-[2-amino-6-(cyclopropyla-

mino)-9H-purin-9-yl]-2-cyclopentene-1-methanol (Fig. 1),

is a novel purine carbocyclic nucleoside analogue that

exhibits potent and selective activity against HIV-1 and

HIV-2 [1]. The hemisulfate salt of this compound has been

evaluated clinically as an anti-HIV agent [2–7] and has

received approval by the FDA for the treatment of HIV (as

ZiagenTM [abacavir sulfate] and, more recently, as part of

the anti-HIV triple combination tablet, TrizivirTM). Abaca-

vir shares structural similarity with CBV, the first carbo-

cyclic nucleoside reported to have anti-HIV activity [8],

differing at the 6-position of the purine ring, where abacavir

contains a cyclopropylamino moiety instead of the 6-lactam



W.B. Mahony et al. / Biochemical Pharmacology 68 (2004) 1797–18051798

Fig. 1. Chemical structures of abacavir and CBV.
functionality of CBV (Fig. 1). Like CBV, abacavir is meta-

bolized intracellularly to carbovir triphosphate [9,10]; CBV

triphosphate can then potently and selectively inhibit HIV

reverse transcriptase, without significant inhibition of

human DNA polymerases or DNA primase [1,11,12]. In

anabolic studies using human T-lymphoblastoid CD4+ CEM

cells, Faletto et al. [10] showed that the formation of CBV

triphosphate from abacavir did not involve the intermediate

formation of CBV but rather proceeded through the direct

phosphorylation of abacavir, followed by a dealkylamina-

tion step at the monophosphate level.

Abacavir has been found to be superior to CBV both in its

pharmacokinetics and in its ability to penetrate the CNS

[4,13–15]. We have previously shown that the membrane

permeation of CBV in human erythrocytes (at 37 8C) is very

slow and is dependent upon facilitated diffusion, primarily

via the nucleobase carrier but also to a small extent via the es

nucleoside transporter [16]. Because membrane permeation

is an important determinant of drug pharmacology, we have

compared the membrane permeation characteristics of

abacavir and CBV in human erythrocytes and in human

T-lymphoblastoid CD4+ CEM cells.

In this report, we describe dramatic differences in both

the kinetics and the mechanism of influx of these carbo-

cyclic nucleoside analogues in the two types of human

cells. Also, we demonstrate that both abacavir and CBVare

concentrated in these cells and provide evidence suggest-

ing that this effect is attributable to cytosolic protein

binding of these agents following cellular uptake. We

also describe the development of a novel preparation of

‘‘sucrose-dense’’ erythrocyte ghosts which sediment

through an oil phase.
2. Materials and methods

2.1. Materials

Abacavir [1] and CBV [16] were synthesized in these

laboratories; purity levels were >99% as determined by

reversed-phase high-performance liquid chromatography

[17]. Adenine, hypoxanthine, NBMPR, papaverine hydro-

chloride, sucrose, mannitol, and 1-bromododecane were

purchased from Sigma. Dow Corning 550 silicone fluid

was obtained from Dow Corning Corp. Dilazep was kindly

provided from Hoffmann-La Roche. Hepes and RPMI-
1640 were obtained from GIBCO. [3H]Abacavir (1.6 Ci/

mmol) and [3H]CBV (2 Ci/mmol) were radiolabeled by

Moravek Biochemicals, Inc. [Methyl-3H]dThd (83 Ci/

mmol) was from Amersham Corp. Purity levels of radi-

olabeled permeants used in these studies were >97% as

determined by reversed-phase HPLC. [U-14C]Sucrose

(4 Ci/mol) and 3H2O (1 mCi/g) were purchased from Du

Pont-New England Nuclear.

2.2. Preparation of human erythrocytes

Erythrocytes were isolated from blood collected from

healthy human volunteers and washed three times with ice-

cold Hepes/saline (10 mM Hepes, pH 7.3, in physiological

saline). Cells were resuspended in this buffered saline (�
potent inhibitors of nucleoside transport) to a hematocrit of

20–25% [18] for use in transport assays.

2.3. Preparation of novel ‘‘sucrose-dense’’ human

erythrocyte ghosts

The traditional ghost preparation described by Steck and

Kant [19] was modified so that ghosts were resealed in the

presence of 10% (293 mM) sucrose (instead of physiolo-

gical saline) resulting in relatively dense ghosts; 10%

physiological saline (i.e., 0.09% NaCl) was retained in

this resealing solution to satisfy the ionic strength require-

ment for complete resealing.

Freshly isolated human erythrocytes were washed three

times with a cold solution of 150 mM NaCl and 5 mM

sodium phosphate, pH 8.0. After the final wash, cells were

centrifuged at low speed (500 � g) for 10 min and the

supernatant was discarded. Cells were lysed by the rapid

addition of, and mixing with, 50 volumes of a cold solution

of 5 mM sodium phosphate, pH 8.0 (5P8). The lysate was

centrifuged at high speed (22,000 � g for 10 min). The

supernatant was discarded and the centrifuge tube rotated

on its axis so that the loose membranous pellet – consti-

tuting unsealed ghosts – slid away from a small hard button

pellet; this latter pellet was aspirated away leaving only the

loose, pink pellet of unsealed ghosts. Ghosts were washed

with cold 5P8 (�50 volumes) and, following another high-

speed centrifugation, were recovered as a loose, milk-

white pellet.

Washed, unsealed erythrocyte ghosts were incubated at

37 8C with 50 volumes of 10% sucrose and 0.09% NaCl in

5 mM sodium phosphate, pH 8.0 (5P8-SS). The ghosts

were pelleted (22,000 � g for 10 min) and washed twice

more: first with cold 5P8-SS, and then with a cold solution

of 5P8-SS with pH readjusted to 7.3. After the final

centrifugation, the supernatant was discarded and sealed

‘‘sucrose-dense’’ ghosts were recovered. This final loose

pellet constituted a ghost suspension of �25% (as deter-

mined with a hematocrit centrifuge). These ‘‘dense ghosts’’

were uniquely compatible for use in ‘‘oil-stop’’ transport

assays and allowed assessment of uptake equilibrium in the
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absence of cytosolic proteins. Typically, this ghost suspen-

sion, stored at 4 8C, was used in transport assays performed

within 24 h of the ghost preparation, although the stability of

these ghosts appeared to extend for at least several days. All

prepared sucrose solutions were routinely filter-sterilized

and capped to minimize bacterial contamination.

2.4. Preparation of CD4+ CEM cells

A line of high-CD4+-expressing human T-lymphoblas-

toid CEM cells was obtained from the National Institutes

of Health AIDS Research and Reference Reagent Program.

Cells were maintained in exponential growth in RPMI-

1640 medium containing 2 mM L-glutamine and 10% fetal

bovine serum at 37 8C with 5% CO2 in a humidified

incubator. Harvested CD4+ CEM cells were washed three

times by centrifugation and resuspension in RPMI-1640

medium containing 10 mM Hepes, pH 7.3 [20]. Cells were

resuspended to a final cell density of �108 cells/ml for use

in transport assays.

2.5. Initial rates of influx

[3H]Abacavir and [3H]CBV influx in human erythrocytes

was measured at 20 8C in Hepes/saline using the ‘‘papaver-

ine-stop’’ assay method [18]. Two persons performed these

assays together: one to initiate and the other to stop the assay;

an electronic clock was replaced by a metronome in the

timing of short (�1 min) assay times. Each assay was

initiated by the addition of 80 ml of radiolabeled permeant

(� test inhibitor) to 20 ml of cell suspension (� potent

inhibitor of nucleoside transport: dilazep or NBMPR).

Assays were terminated by addition of 700 ml of an ice-

cold saturated solution of papaverine HCl in saline followed

by 400 ml of ice-cold n-bromododecane. Erythrocytes were

microcentrifuged through the oil phase away from contam-

inating aqueous assay medium within 8 s after adding the

cold papaverine to minimize post-quench leakage of aba-

cavir across the membrane. Influx rates, expressed as pmol/

s/ml cell water, were determined by linear regression ana-

lysis of plots of cell-associated radiolabeled permeant versus

assay time over the initial linear phase of influx (commonly

referred to as zero-trans influx: i.e., that brief, initial time

interval where movement across the membrane is virtually

unidirectional into the cell). Each influx rate determination

was based on influx measurements from at least five assay

times. For abacavir influx, zero-trans influx was monitored

at assay times of 0, 0.3, 0.6, 0.9, and 0.9 s (duplicate time

point) (metronome setting = 208 tones/min). For CBV

influx, a saturable process [16], zero-trans influx was mon-

itored at assay times of 0, 2, 4, 6, and 7 s at low (�20 mM)

concentrations and 0, 30, 60, 90, and 120 s at high (�2 mM)

concentrations.

[3H]Abacavir and [3H]CBV influx at 20 8C in human T-

lymphoblastoid CD4+ CEM cells was similarly measured

except: (i) assay stock solutions were prepared in RPMI-
1640 medium containing 10 mM Hepes, pH 7.3; (ii) each

assay was initiated by the addition of 50–70 ml of radi-

olabeled permeant to 50–30 ml of cell suspension

(�108 cells/ml), to yield a final assay volume of 100 ml;

and (iii) a less dense oil (relative to n-bromododecane)

consisting of 96% n-bromododecane:4% silicone fluid was

added to the assay mixture just before the microcentrifu-

gation step. In these cells, initial influx rates were calcu-

lated based on at least six timed measurements of influx: 0,

1, 2, 3, 4, and 5 s assay times were used for abacavir influx

and for the influx of subsaturating concentrations of CBV;

at higher (saturating) CBV concentrations, longer assay

times (up to 60 s) were used.

2.6. Kinetic analyses

For CBV influx in erythrocytes, where two saturable

systems were identified [16], influx kinetic parameters

were determined by nonlinear regression [21] with the

equation v = (Vmax1)(S)/(S + Km1) + (Vmax2)(S)/(S + Km2)

using a 1/v2 weighting factor [22]. For CBV influx in CD4+

CEM cells, where only a single saturable system was

indicated, influx kinetic parameters were determined by

directly fitting the data to a hyperbola according to the

method of Wilkinson [23] and the computer program of

Cleland [24]. For abacavir influx, where nonfacilitated

diffusion was the only permeation pathway detected, a

rate constant was calculated based on the linear regression

analysis of the plot of influx rate versus permeant con-

centration [25].

2.7. Uptake equilibrium studies

Time-dependent permeant uptake was measured to equi-

librium using a modification [18] of the traditional ‘‘oil-

stop’’ assay method [26]. With erythrocytes and CD4+

CEM cells, assay conditions were as described above for

initial rate measurements (using assay volumes of 100 or

200 ml), except that the papaverine addition was omitted.

Instead, assay termination was defined as the time at which

the microcentrifuge was started in the process of physically

pelleting cells through the oil layer and away from the less

dense, aqueous assay medium that remains above the oil

layer.

Equilibrium uptake studies of radiolabeled permeants

with the ‘‘sucrose-dense’’ erythrocyte ghosts were con-

ducted in a similar manner but with the following modifica-

tions. All radiolabeled permeant stock solutions were made

up in 293 mM mannitol and 0.09% NaCl in 5 mM sodium

phosphate, pH 7.3. These solute concentrations are thus

identical to those present during the re-sealing of the

washed, lysed ghosts; the single and notable difference

between the intra- and extracellular contents is that

293 mM sucrose (molecular weight = 342) is sealed inside

the ghosts, while 293 mM mannitol (molecular weight =

182), which is less dense than equimolar sucrose, is present
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extracellularly. Since both mannitol and sucrose traverse

cell membranes poorly, isotonicity across the ghost mem-

brane (and, thus, ghost stability) is preserved. Concurrently

and importantly, the relatively dense ghosts can be centri-

fuged through an oil layer and away from the less dense

extracellular media. In these uptake assays, 180 ml of radi-

olabeled permeant was added to 20 ml of ghost suspension

(�25%) to initiate uptake; assay termination was defined as

the start of a 30-s microcentrifugation that sedimented the

dense ghosts through a 20 8C oil mixture of 96% n-bromo-

dodecane:4% silicone fluid1 (that was added to the assay

mixture just prior to starting the microcentrifuge). A tightly

packed, clean white ghost pellet was formed below the oil

phase with the aqueous assay medium retained above.

Intracellular volumes (referred to as ‘‘water spaces’’) for

erythrocytes, erythrocyte ghosts, and CD4+ CEM cells

were determined in each experiment by using 3H2O in

place of the radiolabeled permeant with the ‘‘oil-stop’’

assay [16]. [14C]Sucrose was used to correct for the

relatively small extracellular radioactivity that carried

through the oil layer as part of the cell (or ghost) pellet

following the microcentrifugation step.

2.8. Metabolism

Metabolism studies were based on cellular incubations

of radiolabeled permeant using conditions defined in the

oil-stop assay method described above, except that, fol-

lowing centrifugation of the cells through the oil layer, the

cellular contents were extracted with cold acetonitrile [27]

and then analyzed by C18 reversed-phase HPLC [17].
3. Results

3.1. Uptake equilibrium studies of permeants with human

erythrocytes, erythrocyte ghosts, and CD4+ CEM cells

The time-dependent influx of 5 mM concentrations of

[3H]abacavir and [3H]CBV at 20 8C is shown in human

erythrocytes (Fig. 2A), in erythrocyte ghosts (Fig. 2B), and

in CD4+ CEM cells (Fig. 2C). The uptake of both abacavir

and CBV into erythrocytes reached equilibration within

3 min; at equilibrium, intracellular permeant concentra-

tions were substantially higher than extracellular concen-

trations: by 3.2- to 3.8-fold for abacavir and by 1.8- to 2.2-

fold for CBV. In parallel incubations with CD4+ CEM

cells, the uptake of both abacavir and CBV attained
1 Although beyond the scope of this report, we have validated the use of

these ‘‘sucrose-dense’’ ghosts in a ‘‘papaverine-stop’’ assay that is based on

the same assay conditions described for human erythrocytes. In these

assays, permeant flux across the erythrocyte ghost membrane was quenched

with our standard ice-cold papaverine (containing saline) addition, and

ghosts were microcentrifuged through an oil layer. Since both the oil and

papaverine that are added to the assay are ice-cold, we used a 90:10 ratio of

n-bromododecane:silicone fluid to maintain a similar oil density as that

described in the 20 8C oil-stop assay.
equilibrium within 2 min, by which time intracellular

concentrations of these permeants were approximately

1.7-fold higher than their extracellular concentrations.

Additional experiments at millimolar permeant concentra-

tions revealed the same qualitative and quantitative con-

centrative effects in both cell types. These unexpected and

dramatic concentrative effects for abacavir and CBV were

not observed following incubations with erythrocyte ghost

preparations (Fig. 2B). By contrast, [3H]dThd equilibrated

very rapidly within erythrocytes and ghosts to its extra-

cellular concentration (Fig. 2A and B); [3H]dThd influx

was not investigated in CD4+ CEM cells.

3.2. Metabolism of abacavir and CBV

The possible metabolism of 10 mM or 10 mM [3H]aba-

cavir in human erythrocytes was investigated after 10-min

incubations at 20 8C. With both concentrations, �99% of

the cell-associated radioactivity was eluted from the

reversed-phase C18 HPLC column at the same retention

time as authentic abacavir standard. CBV has been shown

previously not to be metabolized by human erythrocytes

[16]. In similar experiments, �99% of cellular radioactiv-

ity was found unchanged after 20- and 60-min CD4+ CEM

cellular incubations with both low (10 mM) and high

(1.0 mM) concentrations of [3H]abacavir or [3H]CBV

(data not shown).

3.3. Initial influx rates

The ability of the ‘‘papaverine-stop’’ assay method to

measure initial influx rates of abacavir and CBV in ery-

throcytes (20 mM permeant) and in CD4+ CEM cells

(40 mM permeant) is demonstrated in Fig. 3. Abacavir

influx in erythrocytes was linear to only 1.0 s and was

much faster (23-fold) than that of CBV. A substantial influx

rate advantage of abacavir over CBV was also observed in

CD4+ CEM cells, especially at higher permeant concen-

trations (Fig. 4).

3.4. Concentration-dependence of influx rates

The relationship between influx rate and permeant con-

centration for both abacavir and CBV in erythrocytes and

in CD4+ CEM cells is presented in Fig. 4. In both cell types,

abacavir influx rates were linearly dependent on concen-

tration, allowing for the straightforward calculation of a

nonfacilitated diffusion rate constant (pmol/s/mM/ml cell

water). In contrast, CBV influx in both erythrocytes and

CD4+ CEM cells exhibited saturable kinetics.

3.5. Effects of inhibitors on permeant influx

To further characterize the mechanism of permeation for

abacavir, various potential inhibitors were tested against

the influx of low (7–10 mM) and high (1.0 mM) concen-
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Fig. 2. Uptake equilibrium studies in (A) human erythrocytes, (B) human

erythrocyte ghosts, and (C) CD4+ CEM cells. Human erythrocytes (5 ml of

packed cells) or erythrocyte ghosts (5 ml of packed ghosts) were incubated

for the indicated times at 20 8C with 5.0 mM [3H]abacavir (1.1 Ci/mmol)

(circles), 5.0 mM [3H]CBV (0.68 Ci/mmol) (squares), or 5.0 mM [3H]dThd

(0.57 Ci/mmol) (triangles) prior to assay termination by the ‘‘oil-stop’’

method and determination of cell-associated radioactivity as described

under ‘‘Experimental Procedures.’’ CD4+ CEM cells (2 � 106 cells) were

similarly incubated for the indicated times at 20 8C with 10 mM [3H]aba-

cavir (0.37 Ci/mmol) (circles) or 10 mM [3H]CBV (0.50 Ci/mmol)

Fig. 3. Initial rates of influx of abacavir and CBV in (A) human erythrocytes

and (B) CD4+ CEM cells. Human erythrocytes (5 ml of packed cells) were

incubated for the indicated times at 20 8C with 20 mM [3H]abacavir (70 Ci/

mol) (circles) or 20 mM [3H]CBV (170 Ci/mol) (squares) prior to assay

termination by the ‘‘papaverine-stop’’ method and determination of cell-

associated radioactivity as described under ‘‘Experimental Procedures.’’

CD4+ CEM cells (4 � 106 cells) were incubated for the indicated times at

20 8C with 40 mM [3H]abacavir (13 Ci/mol) (circles) or 40 mM [3H]CBV

(18 Ci/mol) (squares) prior to determination of cell-associated radioactivity.
trations of abacavir and CBV in both erythrocytes (Table 1)

and CD4+ CEM cells (Table 2). Potent inhibitors of nucleo-

side transport (NBMPR, dilazep) were without effect on

abacavir influx into either cell type. However, high, supra-

physiological concentrations (1.0–3.0 mM) of adenine

appeared to inhibit the influx of low concentrations of

abacavir (7.0 mM) to a small and marginally detectable

extent in erythrocytes; in CD4+ CEM cells, no statistically

significant inhibition of abacavir influx by either adenine or

hypoxanthine was detected. This contrasted sharply with
(squares) prior to determination of cell-associated radioactivity. Intracel-

lular 3H2O space is represented by the upper dashed lines, and extracellular

[14C]sucrose space by the lower dashed lines.
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Fig. 4. Concentration dependence of abacavir and CBV influx rates in (A)

human erythrocytes and (B) CD4+ CEM cells. The influx of [3H]abacavir

(5.3 and 52 Ci/mol with erythrocytes; 12 and 140 Ci/mol with CD4+ CEM

cells) (circles) and [3H]CBV (18 Ci/mol with erythrocytes; 13 Ci/mol with

CD4+ CEM cells) (squares) influx was assayed at 20 8C, and initial

velocities of influx were determined as described under ‘‘Experimental

Procedures.’’ Insets: expanded scale of the CBV data.

Table 2

Effects of NBMPR, adenine, and hypoxanthine on the influx of abacavir and

CBV in CD4+ CEM cells at 20 8Ca

Inhibitor(s) Percent inhibition of permeant influx

[3H]Abacavir [3H]CBV

10 mM 1.0 mM 10 mM 1.0 mM

NBMPR (3.0 mM) 5 0 1 1

Adenine (1.0 mM) 25 0 96* 79*

Hypoxanthine (1.0 mM) 2 0 88* 50*

Adenine (1.0 mM) +

hypoxanthine (1.0 mM)

23 1 96* 74*

Adenine (1.0 mM) +

hypoxanthine (1.0 mM) +

NBMPR (3.0 mM)

22 7 99*,b 85*,b

a Control influx rates (pmol/s/ml cell water) were 0.35 (10 mM abacavir);

30 (1.0 mM abacavir); 0.24 (10 mM CBV); and 1.9 (1.0 mM CBV).
b Not significantly different from the ‘‘+ adenine’’ or the ‘‘+ adenine +

hypoxanthine’’ conditions.
* Inhibited rate significantly different from control rate, P < 0.05.

Table 1

Effects of nucleoside transport inhibitors, thymidine, and adenine on the

influx of abacavir and CBV in human erythrocytes at 20 8Ca

Inhibitor(s) Percent inhibition of permeant influx

[3H]Abacavir [3H]CBV

7 mM 1.0 mM 7 mM 1.0 mM

NBMPR (4.0 mM) 11 14 9 27*

Dilazep (4.0 mM) 4 0 11 25*

dThd (1.0 mM) 18 9 17 34*

Adenine (1.0 mM) 25* 9 94* 74*

Adenine (3.0 mM) 25* 13 97* 83*

Adenine (3.0 mM) +

NBMPR (4.0 mM)

18 0 98* 95*

Adenine (3.0 mM) +

dilazep (4.0 mM)

21 6 99* 95*

a Control influx rates (pmol/s/ml cell water) were 1.6 (7.0 mM abacavir);

210 (1.0 mM abacavir); 0.14 (7.0 mM CBV); and 1.4 (1.0 mM CBV).
* Inhibited rate significantly different from control rate, P < 0.05.
the inhibition profiles observed with CBV influx. Consis-

tent with previous observations from experiments per-

formed at 37 8C [16], the influx of CBV in erythrocytes

at 20 8C was almost completely inhibited by adenine at low

CBV concentrations and was inhibited significantly by

both adenine and nucleoside transport inhibitors at

1.0 mM CBV. The preferential inhibition of CBV influx

by nucleoside transport inhibitors at high permeant con-

centrations (e.g., 1.0 mM) would be predicted by the

kinetic parameters of this two-carrier system summarized

in Table 3, because the contribution of the nucleoside

carrier to CBV influx would be measurable only at high

CBV concentrations. Unexpectedly, no inhibition of CBV

influx into CD4+ CEM cells was detected in the presence of

NBMPR at either high or low permeant concentration

(Table 2). This was confirmed in an additional experiment

using these cells where the influx of a higher concentration
of CBV (1.6 mM) was assessed in the presence of 1.0 mM

adenine versus the combination of 1.0 mM adenine and

1.0 mM NBMPR; under both conditions, the same inhibi-

tion of CBV influx (68%) was measured.

3.6. Kinetic parameters of influx

Kinetic parameters for the influx of abacavir and CBV in

both cell types are summarized in Table 3. The nonfaci-

litated diffusion rate constant for abacavir influx was 7.4-

fold greater in erythrocytes (200 pmol/s/mM/ml cell water)

than in CD4+ CEM cells (27 pmol/s/mM/ml cell water).

Plots of abacavir influx rate versus abacavir concentration

for both cell types were strictly linear over the entire

concentration range of permeant (Fig. 4), suggesting that

nonfacilitated diffusion is the sole significant permeation

mechanism. This is consistent with the lack of evidence

from inhibition studies (Tables 1 and 2) for a detectable

secondary, carrier-mediated component of membrane per-

meation and validates the use of a simple rate to completely
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Table 3

Kinetic parameters for the influx of abacavir and CBV in human erythrocytes and CD4+ CEM cells at 20 8C

Human erythroctyes CD4+ CEM cells

Abacavir CBV Abacavir CBV

Nucleobase carrier

Km (mM) nda 50 � 10 nd 75 � 5

Vmax (pmol/s/ml cell water) nd 0.67 � 0.14 nd 2.4 � 0.6

Nucleoside carrier

Km (mM) nd 440 � 200 nd nd

Vmax (pmol/s/ml cell water nd 0.47 � 0.11 nd nd

Nonfacilitated diffusion

Rate constant (pmol/s/mM/ml cell water) 200 � 30 nd 27 � 6 nd

a Not detectable.
define the kinetics of abacavir influx. In contrast, the

saturation curves describing CBV influx revealed no mea-

surable nonfacilitated diffusion occurring in either cell

type. In erythrocytes, the concentration-dependent rate

curve for CBV influx at 20 8C was a good fit to the same

two-carrier model (Table 3) that was described previously

from CBV transport studies performed at 37 8C [16]; influx

kinetic parameters in this study are consistent (and pre-

dictably lower, given assay temperatures of 20 8C versus

37 8C) with the previously reported influx Km and Vmax

determinations [16]. However, in CD4+ CEM cells the

saturation curve for CBV influx is consistent with only a

single significant permeation pathway: the nucleobase

carrier. As shown in Table 3, similar influx Km values

characterize the interaction of CBV with the nucleobase

carrier in each of the two different cell types. Whether the

higher Vmax for CBV influx determined with CD4+ CEM

cells versus erythrocytes is due to higher turnover of the

carrier or to a higher density of carriers on the cell surface

cannot be resolved from these studies.
4. Discussion

The present investigation demonstrates, in two different

types of human cells, the superior membrane permeation

characteristics of abacavir relative to those of CBV and

provides a detailed biochemical understanding of the

differing mechanisms by which these two structurally

related carbocyclic nucleosides enter cells.

Abacavir was found to enter both human erythrocytes

and CD4+ CEM cells exclusively by nonfacilitated diffu-

sion. This conclusion is based upon the linear relationship

of influx rate to abacavir concentration (Fig. 4) and upon

low-to-absent inhibition of abacavir influx by inhibitors or

permeants of either the es nucleoside transporter or the

nucleobase transporter present in these two cell types

(Tables 1 and 2). It is of interest to note that human

erythrocytes [28] and CEM cells [29] contain only the

NBMPR-sensitive es nucleoside transporter and neither the

ei nor any of the Na+-dependent nucleoside transporters.

These membrane permeation characteristics of abacavir
contrasted markedly with those of CBV, which exhibited

saturable kinetics of influx (Fig. 4) and strong inhibition of

influx by adenine (Tables 1 and 2), a high-affinity permeant

of the nucleobase carrier [18].

The marked differences in membrane permeation char-

acteristics observed between abacavir and CBV can be

attributed to differences in their physicochemical proper-

ties. Replacement of the 6-lactam moiety of CBV with the

cyclopropylamino group of abacavir (Fig. 1) results in a

greatly increased octanol:water partition coefficient for

abacavir (15.4) compared to that for CBV (0.29) [1]. A

previous study has shown that replacement of the 30-
hydroxyl moiety of dThd with the lipophilic azido group

(to give AZT) resulted in a complete change from carrier-

mediated transport of thymidine to nonfacilitated diffusion

of AZT [30]. Moreover, analogous to a previous compar-

ison between desciclovir and acyclovir [25], removal of the

hydrogen bond-forming 6-lactam moiety of CBV would, in

itself, be expected to reduce the energy of desolvation and

to consequently impart to abacavir an increased tendency

to permeate cell membranes by nonfacilitated diffusion.

The contribution of desolvation energy in determining

rates of nonfacilitated diffusion of other nucleoside analo-

gues has been discussed previously [31–33].

The relatively high lipophilicity of abacavir and its

resultant carrier-independent permeation of membranes

provides an understanding for the much more rapid pas-

sage of abacavir across cell membranes relative to CBV.

The large dependence of CBV upon the limiting nucleo-

base carrier for membrane permeation results in a kinetic

barrier for cellular uptake. Moreover, whereas physiolo-

gical nucleobases can compete with CBV for transport into

cells via the nucleobase carrier, no definitive inhibitory

effect of these endogenous nucleobases is observed on the

membrane permeation of abacavir (Tables 1 and 2).

Equilibrium uptake experiments with both erythrocytes

and CEM cells provided evidence of apparently concen-

trative transport of abacavir (up to 3- to 4-fold) and CBV

(�1.7-fold) in these cells (Fig. 2A and C). This cellular

accumulation of radiolabeled permeants was shown not to

be the result of metabolic conversion of these nucleoside

analogues into substances (e.g., nucleotides) which would
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have been trapped intracellularly. The remaining, most

likely explanations for this phenomenon were either mem-

brane adsorption or binding to intracellular proteins. In an

attempt to distinguish between these latter two possibili-

ties, we devised a novel preparation of ‘‘sucrose-dense’’

erythrocyte ghosts which could be centrifuged through an

oil phase and which, therefore, allowed equilibrium uptake

studies in the absence of intracellular proteins. By contrast

with native erythrocytes, these ‘‘sucrose-dense’’ erythro-

cyte ghosts exhibited very little concentration of either

abacavir or CBV at equilibrium (Fig. 2B). These results

suggest strongly that the unexpected magnitude of abacavir

and CBV uptake observed with native erythrocytes is

attributable to the binding of these nucleoside analogues

to intracellular proteins following their permeation of the

cell membrane.

Results obtained with abacavir in this investigation add

to previous data indicating that CEM cells, relative to

human erythrocytes, exhibit greatly reduced rates of non-

facilitated diffusion by several compounds. The rate con-

stant of nonfacilitated diffusion for AZT in CEM cells

(3.9 pmol/s/mM/ml cell water) [20] was much lower than

that observed in erythrocytes (29.7 pmol/s/mM/ml cell

water) [30]. 5-Chloro-20,30-dideoxy-30-fluoruridine exhib-

ited rate constants of nonfacilitated diffusion of 2.8 pmol/s/

mM/ml cell water in CEM cells [20] and 25 pmol/s/mM/ml

cell water in erythrocytes (B.A. Domin, unpublished obser-

vation). Similarly, the rate constant of nonfacilitated diffu-

sion for 20,30-dideoxy-2,6-diaminopurine ribonucleoside in

CEM cells (3.3 pmol/s/mM/ml cell water) was consider-

ably lower than that in erythrocytes (23 pmol/s/mM/ml cell

water) [34]. Even though erythrocytes contain approxi-

mately 2.3-fold greater surface area per ml of cell water

than CEM cells, CEM cells still consistently yielded lower

normalized rate constants for nonfacilitated diffusion.

These differences indicate that the membrane composition

of CEM cells is less favorable for the nonfacilitated

permeation of small, lipophilic molecules than is the

membrane of human erythrocytes. Whether this difference

reflects a difference in cell type (i.e., erythrocytes versus

lymphocytes), a difference in cell history (i.e., freshly

isolated cells versus cells grown in culture), or a difference

in malignant status (i.e., nonmalignant versus malignant)

cannot be ascertained from the limited existing data.

The pharmacological properties of abacavir are remark-

ably superior to those of CBV in many respects, perhaps

most notably with respect to pharmacokinetics and to

penetration of the CNS [4,12–15]. This latter characteristic

– i.e., superior CNS penetration by abacavir – may be

especially critical in light of data recently presented by

Lanier et al. [35] suggesting that viral suppression in the

periphery may be inadequate if it is not also accompanied

by viral suppression in the CNS. Both nucleoside analo-

gues are ultimately metabolized to the same intracellular

antiviral nucleotide, CBV triphosphate. However, abacavir

realizes this metabolic transformation by unique cellular
membrane transport and intracellular metabolic pathways

[1,10]. Following membrane permeation and subsequent

monophosphorylation, the dealkylamination reaction that

metabolically converts abacavir monophosphate to CBV

monphosphate occurs intracellularly, effectively prevent-

ing release of free CBV into the circulation and thereby

avoiding the toxicity associated with CBV [1,10]. The

superior oral bioavailability and CNS penetration of aba-

cavir, relative to CBV, is consistent with the ability of the

much more lipophilic abacavir to permeate cell mem-

branes, at a high rate, by nonfacilitated diffusion. In this

regard, it is notable that lipophilic AZT also enters cells by

nonfacilitated diffusion [30] and shares with abacavir these

same dual characteristics of high oral bioavailability and

significant CNS penetration [36]. However, abacavir is

demonstrably much more efficient (6.7- to 6.9-fold) than

AZT in permeating cell membranes by nonfacilitated

diffusion.
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