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Abstract—Several derivatives of 1-[(2-hydroxyethoxy)methyl]-6-( phenylthio)thymine (HEPT) were
examined for their inhibitory effects on the replication of human immunodeficiency virus type 1 (HIV-
1) in MT-4 cells in the presence of various concentrations (10-50%) of human serum (HS). Although
all HEPT derivatives proved to be highly potent inhibitors of HIV-1 in the presence of 10% fetal bovine
serum, some of them were less inhibitory to HIV-1 replication in the presence of HS. The HEPT
derivatives were found to be highly bound to HS proteins. Both the anti-HIV-1 activity and HS protein
binding of the compounds appeared to be related to their lipophilicity.

A novel series of compounds has been discovered
recently to be highly specific inhibitors of human
immunodeficiency virus type 1 (HIV-1**) reverse
transcriptase (RT). These compounds include 1-
[(2- hydroxyethoxy)methyl] - 6 - (phenylthio)thymine
(HEPT) [1,2] and its derivatives [3,4], tetra-
hydroimidazo{4,5,1-jk]{1,4]-benzoidiazepine-2(1H)
-one and -thione (TIBO) [5], 6,11-dihydro-11-
cyclopropyl-4-methyldipyrido[2,3-5:2',3" -¢]-[1,4]-
diazepin-6-one (Nevirapine) [6], pyridinone

+ Corresponding author. Tel. (81) 245-48-2111; FAX
(81) 245-48-5072.

** Abbreviations: HIV-1, human immunodeficiency
virus type 1; HEPT, 1-[(2-hydroxyethoxy)methyl]-6-
{(phenylthio)thymine; HS, human serum; RT, reverse
transcriptase; ECsy, 50% antivirally effective concentration;
CCq, 50% cytotoxic concentration; E-EPU, l-ethoxy-
methyl-5-ethyl-6-(phenylthio)uracil; E-EPU-S, 1-ethoxy-
methyl-5-ethyl-6-phenylthio-2-thiouracil; E-EPU-dM, 1-
ethoxymethyl - 5 - ethyl - 6 - [(3,5 - dimethylphenyl)thio] -
uracil; E-BPU, 1-benzyloxymethyl-5-ethyl-6-(phenyl-
thiojuracil; E-BPU-S 1-benzyloxymethyl-5-ethyl-6-
phenylthio-2-thiouracil; E-EBU, 1-cthoxymethyl-5-ethyl-
6-benzyluracil; E-EBU-dM, 1-ethoxymethyl-S-ethyl-6-(3,5-
dimethylbenzyl)uracil, I-EBU, 1-ethoxymethyl-5-iso-
propyl-6-benzyluracil; I-EBU-dM, 1-ethoxymethyl-5-
isopropyl-6-(3,5-dimethylbenzyl)uracil; AZT, 3’-azido-3'-
deoxythymidine; Nevirapine, 6,11-dihydro-11-cyclopropyl-
4.methyldipyrido[2,3-5:2’,3' -¢]-[1,4]diazepin-6-one; L-
696,229, 3-[2-(benzoxazol-2-ylethyl]-5-ethyl-6-methyl-
pyridin-2(1H)-one; FBS, fetal bovine serum.
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derivatives [7], and bis(heteroaryl)piperazines
(BHAPs) [8]. More recently, [2',5-bis-O-(ters-
butyldimethylsilyl}} - 3’ - spiro - 5" - (4"-amino - 1", 2"
oxathiole-2",2"-dioxide)pyrimidines (TSAQ) and a-
anilinophenylacetamide {a-APA) derivatives have
also been identified as specific HIV-1 inhibitors
[9, 10]. These compounds interact with HIV-1 RT
in a way that is clearly different from the mode of
action of the 2',3'-dideoxynucleoside 5'-tri-
phosphates [11-17].

After the discovery of HEPT as a novel lead for
specific anti-HIV-1 agents, we attempted to increase
its potency by introducing various chemical modi-
fications and obtained several HEPT derivatives
that inhibit HIV-1 replication in the nanomolar
concentration range [18]. We also initiated toxi-
cological and pharmacological tests in animals to
select the best candidate(s) for clinical trials. The
antiviral assay of compounds in the presence of
human serum (HS) may be useful for estimation of
their clinical efficacy. In this study, we have
investigated the effects of different HS concentrations
on the in vitro anti-HIV-1 activity of selected HEPT
derivatives, as related to their lipophilicity and HS
protein binding.

MATERIALS AND METHODS

Compounds. Nine HEPT derivatives were used
in the experiments. Their names and chemical
structures are shown in Fig. 1. The synthesis of these
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E-EPU X=0, Y=S, R=Me, R! =Et, R®=R3=H
E~EPU-S  X=S, Y=S, R=Me, R! =Et, R%=R3 =H
E~EPU~dM X=0, Y=S, R=Me, R! =Et, R =R3 =Me
E~BPU X=0, Y=S, R=Ph, R! =Et, R? =R3 =g
E-BPU~S  X=S, Y=S, R=Ph, R} =Et, R® =R3 =H
E~EBU X=0, Y=CHp ,R=Me, R! =Et, RZ=R3 =H
E~EBU-dM X=0, Y=CHs ,R=Me, R! =Et, R® =R3 =Me
1-EBU X=0, Y=CHz ,R=Me, R! =iPr, R? =R3 =H
I-EBU~-dM  X=0, Y=CHg ,R=Me, R! =iPr, R® =R3 =Me

Fig. 1. Chemical formulae of HEPT derivatives.

compounds has been described elsewhere [19-22].
3'-Azido-3'-deoxythymidine (AZT) was purchased
from the Sigma Chemical Co. (St. Louis, MO).
Nevirapine and a pyridinone derivative, 3-[2-
(benzoaxazol-2-yl)ethyl]-5-ethyl-6-methyl-pyridin-
2(1H)-one (L-696,229) [23], were synthesized at the
Mitsubishi Kasei Corp. (MKC) Research Center.
All compounds were dissolved in dimethy! sulfoxide
at 50 mM (or higher) and stored at —20° unti! used.
Cells and virus. MT-4 [24] cells were used for the
experiments. The cells were grown and maintained
in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS}, penicillin
G (100U/mL), and gentamicin (20 ug/mL). An
HIV-1 strain, HTLV-II1;, was used for the antiviral
assays. It was propagated in MT-4 cells. Titers of
virus stocks were determined in MT-4 cells, and the
virus stocks were stored at —80° until used.
Antiviral assay. Activity of the compounds against
the replication of HIV-1 was assessed by the
inhibition of virus-induced cytopathicity in MT-4
cells. Briefly, MT-4 cells (1 x 10* cells/well) in
microtiter plates were infected with HIV-1 at a
multiplicity of infection of 0.02 and cultured in the
presence of various concentrations of the test
compounds. After a 4-day incubation at 37°, the
number of viable cells was assessed by the 3-(4,5-
dimethylthiazol - 2 - yI) - 2,5 - diphenyltetrazolium
bromide (MTT) method {25]. Cytotoxicity of the
compounds was evaluated in parallel with their anti-
HIV-1 activity. It was based on the viability of mock-
infected MT-4 cells as determined by the MTT
method. For each compound, the anti-HIV-1 and
cytotoxicity assays were carried out in culture
medium containing either 10% FBS, 10% HS, 30%

HS, or 50% HS. The human AB serum was obtained,

from Biocell (Rancho Dominguez, CA), and the
same lot was used throughout the experiments.
Determination of protein binding. Protein binding
of the compounds was determined by the ultrafil-
tration method using a Centrifree kit (Amicon,
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MA). After the addition of each compound (at a
final concentration of 500 ng/mL) to 100% HS or
RPMI-1640 medium containing either 50, 30, or
10% HS, the serum and medium were incubated at
37° for 15min. The samples (1mL) were then
transferred to sample reservoirs of the kit and
pltrafiltrated by centrifugation (1000g) at room
temperature for 15 min. The concentration of each
compound in the ultrafiltrates was measured by
HPLC. Briefly, 1 mL of boric acid-sodium hydroxide
buffer (pH 10; 9890 Titrisol, Merck, Germany) was
added to 0.3 mL of ultrafiltrates, and the compounds
were extracted with 4 mL of diethyl ether by shaking
for 10 min. After centrifugation (1800 g) for 5 min,
the organic layer was evaporated. The resulted
residue was dissolved in 150 uL of mobile phase,
methanol-acetonitrile-water (30:37:33 for E-EPU-
S, 30:32:38 for E-EPU, I-EBU, and I-EBU-dM, and
30:25:45 for E-EBU) containing 0.2% acetic acid.
One hundred microliters of the aliquot samples were
injected into the HPLC system equipped with an L-
6200 pump (Hitachi, Tokyo, Japan), a model 7161
sample injector (Rheodyne CA), a SPD-6A UV
detector {Simadzu, Kyoto, Japan), and a TSK gel
ODS-80Tm column (150 x 4.6 mm i.d., Tosoh,
Tokyo, Japan) maintained at 50°. The flow rate of
the mobile phase was 1.0 mL/min. The compounds
were detected by ultraviolet spectrometry at a
wavelength of 268 nm for E-EBU, I-EBU, and I-
EBU-dM, 275 nm for E-EPU, and 284 nm for E-
EPU-S. The protein binding of the test compounds
was expressed as percent binding calculated accord-
ing to the following formula: percent binding =
(C, — C;)/C, x 100, where C, is the concentration of
the total compound and Cy is the concentration of
the free compound (not bound to HS).

Lipophilicity determination. HPLC analysis was
performed with a Shimadzu SPD-6A chroma-
tograph equipped with a Pheodyne model 7125
injector and a Shimadzu LC-9A pump (Shimadzu,
Kyoto, Japan). Analysis of the compounds was
accomplished on an Inertsil ODS-2 column (5 ym,
150 X 4.6 mm i.d., GL Sciences, Tokyo, Japan).
The column was maintained at 25°. Ultraviolet
spectrometry at a wavelength of 270 nm was used
for detection of the compounds. The compounds
were eluted with acetonitrile-water (45:55, v/v) at a
fiow of 1mL/min. Logarithms of P values were
calculated according to the formula previously
described by McCall [26]. Benzene (log P = 2.13),
bromobenzene (log P =2.99), and biphenyl (log
P = 3.79) were used as reference compounds.

RESULTS

Effect of human serum concentration on the anti-
HIV-1 activity of HEPT derivatives in vitro. When
we examined the HEPT derivatives (Fig. 1) for their
inhibitory effects on HIV-1 replication in MT-4 cells
in the presence of 10% FBS, all compounds proved
to be highly potent and selective inhibitors of HIV-
1 (Table 1). Their 50% antivirally effective
concentrations (ECs;) ranged from 0.045 to
0.0022 uM. To evaluate the anti-HIV-1 activity
of these compounds under more therapeutically
oriented conditions, the assays were also performed



Effect of human serum on HEPT derivatives

Table 1. Effect of serum concentrations on the anti-
HIV-1 activity of HEPT derivatives in MT-4 cells

Compound  Serum ECs* (uM) CCsot (M)
E-EPU 10% FBS  0.022 = 0.006 >100
10% HS  0.036 = 0.012 >100
30% HS  0.066 = 0.017 >100
30% HS  0.066 = 0.017 >100
50% HS  0.080 = 0.005 >100
E-EPU-S 10% FBS 0.026 = 0.001 6515
10% HS 0.21 £0.014 75«8
30% HS 0.42+0.10 >100
50% HS 0.73£0.17 >100
E-EPU-dM 10% FBS 0.0062 = 0.0006 >100
10% HS 0.0041 + 0.0007 726
30% HS 0.0063 + 0.0013 >100
50% HS 0.0099 + 0.0025 >100
E-BPU 10% FBS 0.0049 + 0.0034 308
10% HS  0.016 = 0.07 365
30% HS  0.028 = 0.08 >100
50% HS  0.070 + 0.02 >100
E-BPU-S  10% FBS 0.0084 x 0.0006 >100
10% HS 0.11 +0.03 >100
30% HS 0.27 £ 0.04 >100
50% HS 0.61 = 0.11 >100
E-EBU 10% FBS  0.045 = 0.004 >100
10% HS  0.033 = 0.008 >100
30% HS  0.048 + 0.001 >100
50% HS  0.066 + 0.002 >100
E-EBU-dM 10% FBS 0.0022 * 0.0005 >100
10% HS  0.0027 x 0.0005 >100
30% HS 0.0044 = 0.0009 >100
50% HS  0.012 = 0.003 >100
I-EBU 10% FBS 0.014 = 0.002 >100
10% HS 0.018 = 0.001 >100
30% HS  0.026 = 0.008 >100
50% HS  0.063 = 0.019 >100
I-EBU-dM 10% FBS 0.0022 = 0.0008 37+9
10% HS 0.0032 £ 0.0006 5117
30% HS 0.0048 + (0.0011 >100
50% HS  0.010 = 0.001 >100
AZT 10% FBS 0.0030 = 0.0010 78%1.0
10% HS 0.0028 + 0.0003 7105
30% HS  0.0027 = 0.0005 56%0.6
50% HS 0.0028 + 0.0007 49+0.4
Nevirapine 10% FBS  0.11 +0.01 >100
10% HS 0.11 £ 0.01 >100
30% HS 0.087 + 0.013 >100
50% HS 0.11 + 0.01 >100
1-696,229 10% FBS 0.036 = 0.011 >100
10% HS  0.044 = 0.007 >100
30% HS  0.083 = 0.001 >100
50% HS 0.11 £ 0.04 >100

Except for Nevirapine and 1-696,229, all data are
means * SD for at least three separate experiments. Data
for Nevirapine and L-696,229 represent mean + range for
two separate experiments.

* Fifty percent antivirally effective concentration,
or concentration required to inhibit HIV-1-induced
cytopathicity in MT-4 cells by 50%.

+ Fifty percent cytotoxic concentration, or concentration
required to reduce the viability of mock-infected MT-4
cells by 50%.

in the presence of various concentrations (10, 30,
and 50%) of HS. Some of the compounds such as
E-EPU-S, E-BPU, and E-BPU-S were found to be
much less inhibitory to HIV-1 replication in the
presence of 10% HS (Table 1). Furthermore, the
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activity of the HEPT derivatives diminished further
when the concentration of HS in the cell culture
medium was increased from 10 to 30 and 50% (Table
1). However, the effect of human serum on the anti-
HIV-1 activity of the HEPT derivatives differed
considerably from one compound to another. Of the
HEPT derivatives, E-BPU-S was affected the most
and E-EBU the least by the presence of HS (Table
1). In contrast, the anti-HIV-1 activities of AZT and
nevirapine were not affected by HS. The ECsq of L-
696,229 in the presence of 50% HS was 2.5-fold
higher than that measured in the presence of 10%
HS (Table 1).

Binding of HEPT derivatives to human serum
proteins. When the HEPT derivatives E-EPU,
E-EPU-S, E-EBU, I-EBU and I-EBU-dM were
examined for their binding to HS (10, 30, 50, and
100% in cell culture medium), all compounds were
found to be highly bound to serum proteins (Table
2). The binding increased with increasing HS
concentration. Of the HEPT derivatives, E-EPU-S
showed the highest protein binding: only 0.3 t0 0.7%
of the total compound remained unbound to serum
proteins (Table 2). E-EBU and I-EBU exhibited
significantly lower binding to serum proteins as
compared with the other HEPT derivatives (E-EPU,
E-EPU-S, and I-EBU-dM). The (decreasing) order
of protein binding was E-EPU-S > I-EBU-dM =
E-EPU > I-EBU > E-EBU.

Lipophilicity of HEPT derivatives. When the
HEPT derivatives E-EPU, E-EPU-S, E-BPU,
E-BPU-S, E-EBU, E-EBU-dM, I-EBU, and
I-EBU-dM were examined for their lipophilicity, all
compounds proved to be highly lipophilic. Their log
P values ranged from 1.72 to 3.48 (Fig. 2). The
highest log P value was recorded for I-EBU-dM,
whereas E-EBU had the lowest. The (decreasing)
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Fig. 2. Correlation between the lipophilicity (log P) of the

selected HEPT derivatives and their Rl values. The

Rlsp/0 corresponds to the ratio of the ECs for HIV-1

replication in the presence of 50% HS to the ECs, in the

presence of 10% HS (Table 1). HEPT derivatives: (1) E-

EPU, (2) E-EPU-S, (3) E-BPU, (4) E-BPU-S, (5) E-EBU,
(6) E-EBU-dM, (7) I-EBU, and (8) I-EBU-dM.
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Table 2. Binding of HEPT derivatives to human serum proteins

Binding (%)

Concentration of human serum (%)

Compound 10 50 100

E-EPU 96.6 1.2 98.2 0.6 98.4 0.3 98.9 0.1
(3.4)* (1.8) (1.6) (.1

E-EPU-S 99.3x0.0 99.7 £ 0.0 99.5+0.3 99.6 £ 0.3
0.7) 0.3) 0.5) 0.4)

E-EBU 73.3+0.8 85.7+0.8 88.9+0.8 92,6 0.2
(26.7) (14.3) (11.1) (7.4)

I-EBU 782+15 90.1 0.2 93.0+0.5 95.5+0.3
(21.8) 9.9) (7.0) (4.5)

I-EBU-dM 95.2+0.2 98.4 + 0.1 99.0 0.1 98.9 +0.1
(4.8) (1.6) (1.0) (1.1)

All data are means + SD for triplicate experiments.
* Values in parentheses represent the percent of the compound that was not bound

to HS.

order of lipophilicity expressed as log P was [-EBU-
dM = E-BPU-S > E-BPU > E-EPU-S > E-EBU-
dM > I-EBU > E-EPU > E-EBU. The relationship
between lipophilicity (log P) of the HEPT derivatives
and the effect of HS on their anti-HIV-1 activity was
assessed. As shown in Fig. 2, a close correlation
(r = 0.824) was found between their log P and RIsyo
(ratio of the ECsy for HIV-1 replication in the
presence of 50% HS to the ECy in the presence of
10% HS).

DISCUSSION

Since HIV-1 infects and damages the CNS, ideal
anti-AIDS drugs should penetrate the blood-brain
barrier and suppress the virus replication in the
brain. Lipophilicity is an important factor that may
affect the entry of compounds into the CNS. The
lipophilicity of dideoxynucleosides including AZT is
relatively low [27]; therefore, attempts have been
made to increase the lipophilicity of dideoxy-
nucleosides [28,29]. Lipophilicity may also affect
protein binding, and this, in turn, may affect the
anti-HIV activity, cytotoxicity, and pharmacokinetics
of the compounds in vivo. To obtain further insight
into the interrelationship between these factors, we
have investigated the lipophilicity, protein binding
and influence of HS on the anti-HIV-1 activity of
various HEPT derivatives.

The HEPT derivatives selected for this study were
highly potent inhibitors of HIV-1 replication in MT-4
cells under the standard assay conditions using 10%
FBS (Table 1). However, some of the HEPT
derivatives proved less inhibitory to HIV-1, when
the assays were performed in culture medium
containing 10% HS. Moreover, their anti-HIV-1
activity diminished further with increasing HS
concentration in the cell culture medium (Table 1).
The 2-thio analogs (E-EPU-S and E-BPU-S) and
1-benzyloxymethyl analogs (E-BPU and E-BPU-
S) were affected more by HS than the other HEPT
derivatives. Consequently, E-BPU-S was 73-fold less
active in the presence of 50% HS compared with
10% FBS (Table 1). In contrast, the anti-HIV-1

activity of the 6-benzyl analog E-EBU remained
virtually unchanged in the presence of increasing
concentrations of HS.

In accordance with the results for anti-HIV-1
activity, a marked difference was observed in the
protein binding of E-EPU-S and E-EBU (Table 2).
Considerable differences were also observed for the
lipophilicity of these compounds, suggesting that
lipophilicity is an important determinant in the anti-
HIV-1 activity of this series of HEPT derivatives
through their protein binding. In general, the better
the compound is bound to serum proteins the higher
the plasma concentration it may be able to achieve
in vivo. On the other hand, the compound uptake
assay suggests that only the molecules unbound to
serum proteins could penetrate into the cells and
exert their anti-HIV-1 activity (data not shown).

Variousissuesincluding efficacy, pharmacokinetics
and safety need to be addressed before one (or
more) HEPT derivatives can be selected as
a candidate(s) for clinical trials. Our present
observations provide useful information to estimate
the in vivo efficacy and clinical dosage of the selected
HEPT derivatives.
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