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Abstract 

The human immunodeficiency virus type 1 (HIV-1) protease catalyses the specific cleavage of 
the virion structural polyproteins p55gag and pl60gag-pol and is, therefore, essential for viral 
maturation. We have previously reported a series of low molecular weight non-peptidic enol-based 
compounds that inhibit the HIV-1 protease activity in a competitive fashion (Vaillancourt et al., 
Bioorg. Med. Chem., 2 (1994) 343-355). Here we demonstrate that VS-215 and VS-261, two of 
these non-peptidic inhibitors, impair viral polyprotein maturation and exhibit antiviral activity in 
infected MT4 cells. The IDs0 for these two compounds ranged between 24 and 50 /xM whereas 
their TDso ranged between 60 and 200 /zM depending on the cell lines used. The calculated 
therapeutic index of these two inhibitors both had values of 2.5 even though they were shown to 
be non cytotoxic at their IDso. Their calculated permeability index ranged between 0.09 and 0.79 
suggesting that these enol-based inhibitors efficiently reach the site of protease activity. These 
results provide new information on the therapeutic potential of this new class of protease 
inhibitors and emphasize the usefulness of enol chemistry in the development of anti-HIV-1 
protease inhibitors. 
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1. Introduct ion 

The Human Immunodeficiency Virus (HIV), a retrovirus of  the lentivirus subgroup, 
is the etiological agent of  AIDS (Montagnier, 1983). The spread of AIDS throughout the 
world represents one of  the most important medical challenges that the scientific 
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community has faced in the past two decades. The only drugs approved for treatment of 
HIV are aimed at interfering with the reverse transcriptase activity. AZT, ddI and ddC 
have all brought some improvement in the quality of life of AIDS patients. Treatment 
with AZT primarily generates an increase in CD4 ÷ T lymphocyte cell counts and a 
decrease in blood p24 antigen within the first 48 weeks of treatment (Volberding et al., 
1990). However, the three years follow up reported by the Concorde Trials indicates that 
AZT does not slow the patients' progression from seropositivity to AIDS (Aboulker and 
Swart, 1993). The need to develop novel therapeutic agents directed against different 
viral targets becomes obvious and urgent. 

The HIV life cycle provides many opportunities for therapeutic intervention. The 
antiviral strategies targeting pre-integrational events utilize agents which interfere with 
viral entry, uncoating, reverse transcription and integration (Tomasselli et al., 1991). 
Other inhibitors of viral replication are directed against post-transcriptional events. 
Among these post-transcriptional inhibitors are Tat inhibitors (benzodiazepine) (Hsu et 
al., 1991; Johnston and McGowan, 1992), glycosylase inhibitors (casternospermine and 
deoxynojirimycine) (Gruters et al., 1987; Sunkara et al., 1987; Tyms et al., 1987), 
N-myristoyltransferase inhibitors (myristic acid derivatives) (Bryant et al., 1989), a-in- 
terferon (Lane et al., 1990) and protease inhibitors (Craig et al., 1991; Kempf et al., 
1991; Lambert et al., 1992; Meek et al., 1990; Tucker et al., 1992). 

The retroviral protease is responsible for the specific processing of the gag and 
gag-pol polyproteins during viral budding (Darke et al., 1988). Impairment of its activity 
by mutagenesis (Guenet et al., 1989; Kohl et al., 1988; Loeb et al., 1989a,b) or by 
inhibitors (Ashorn et al., 1990; DeWit et al., 1988; Martin, 1992; Rich et al., 1992; 
Thaisrivong et al., 1991) has been demonstrated to lead to the production of non-infec- 
tious particles by infected cells. Our understanding of the HIV protease mode of action 
and substrate specificity has proven extremely useful in designing a variety of potent 
and highly specific transition state inhibitors. However, these inhibitors retain substantial 
peptide character, which make them biologically unstable, poorly absorbed and rapidly 
metabolized (Kempf et al., 1991; Martin, 1992). We have previously described enol-based 
molecular structures that may serve as the prototype for the design of non-peptide 
inhibitors of HIV protease (Vaillancourt et al., 1993,1994; Vaillancourt et al., in 
preparation). The complete characterization of the inhibitory properties of these enols 
(i.e. structure-activity relationship, molecular modeling and inhibitory behavior) led us 
to evaluate the antiviral activity of the two most efficient compounds. The results 
described herein reveal that these two enol-based protease inhibitors, VS-215 and 
VS-261 (Fig. 1), efficiently inhibit viral replication in various cell lines at concentrations 
below cytotoxic levels. In addition we show that these compounds inhibit viral replica- 
tion by preventing the processing of gag and gag-pol precursor proteins. This study also 
demonstrates the usefulness of the enol chemistry in the development of anti-HIV-1 
protease inhibitors. 

2. Materials and methods 

Viral  s t ra ins  and  cel l  l ines  

The UHC-1 viral strain was produced using a chronically infected U937 cell line 
obtained from Dr. M.A. Wainberg, Lady Davis Institute for Medical Research, Mon- 
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treal, Canada. SVC21 plasmid contains the DNA of the HXBc2 provirus, an infectious 
molecular clone derived from the HIV-IIIB isolate (Ratner et al., 1985). MT4, U937 and 
CEM cell lines were maintained in RPMI-1640 supplemented with 10% (MT4, U937) or 
20% (CEM) fetal calf serum (FCS) and 1% penicillin/streptomycin (pen/strep). COS 
cell line was maintained in DMEM supplemented with 10% FCS and 1% pen/strep. 

Protease inhibitors 
VS-215 and VS-261 were prepared as described previously (Vaillancourt et al., 

1993,1994) by the activation of the N-protected amino acid by 1,1'carbonyldiimidazole 
in dry tetrahydrofurane at 0 ° C. Addition of the activated methylene treated with sodium 
hydride yielded the corresponding enol in a one step synthesis. Purification of the newly 
formed enol was performed by flash chromatography. Kiapp values for VS-215 and 
VS-261 were evaluated with the Henderson progressive curve evaluation using high 
performance liquid chromatography as described previously (Vaillancourt et al., 1994). 

Cytotoxicity and antiviral activity 
The inhibitors were dissolved in 10% DMSO/90% FCS-complemented RPMI-1640 

(10 mM solution) and were added to the culture media to achieve correct concentrations 
(0.1% final DMSO concentration). The compound SKF 108 842 (Smith Kline Beecham 
Pharmaceuticals) was used at 1% DMSO concentration. Cytotoxicity of VS-215 and 
VS-261 was evaluated by incubating infected and non-infected cells with increasing 
concentrations of the drugs. The total number of viable cells and the percentage of 
trypan blue-staining cells in the cultures were monitored by light microscopy. The 
growth efficiency experiment was performed as follow. 1000 MT4 cells were incubated 
for 9 days in 5 ml of RPMI-1640, 10% FCS, 1% pen/strep in 60-mm petri dish in 
presence of increasing concentrations of VS-215. Cells were then centrifuged and viable 
cells counted by trypan blue exclusion dye. The intra-variation for the cellular counts 
was evaluated at 11 _+ 6% while the inter-variation was evaluated at 24 _+ 7%. 

MT4 cells were infected at a multiplicity of infection (MOI) of 0.1 as measured by 
end-point dilution titration. Cells were infected at day 0 by adsorbing the virus onto cells 
for 2 h. Following two rounds of wash (RPMI-1640 medium), cells were incubated at 
5 × 105 cells/ml in 24 or 96-wells plastic ware at 37 ° C in 5% CO 2. The antiviral 
potentials of VS-215 and VS-261 were evaluated at viral peak production by measure- 
ment of reverse transcriptase activity in the supernatant as described previously (Ratner 
et al., 1985). Antiviral activity is quantified by determining the inhibitor concentration 
required to reduce reverse transcriptase activity by 50% (IDs0). Results are expressed as 
percentage of RT activity obtained compared with that of infected controls without drug. 
Viral cytotoxicity in the presence of drugs was also evaluated by monitoring the 
formation of syncytia in the cultures using light microscopy as described previously 
(Yao et al., 1993). 

Transfection, metabolic labeling and electrophoretic analysis 
COS cells grown to 50-60% confluence in 80-cm 2 tissue flasks were transfected 

with 20 /xg of plasmid SVC21, using the calcium phosphate precipitation method 
(Cullen, 1987). The transfection solution was added dropwise to cells, and incubated 
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without mixing for 16-20 h at 37 ° C in 5% CO 2. At 20 h post-transfection, medium was 
replaced and the drug was added. At 26 h, transfected COS cells were washed once and 
resuspended in starvation media without cysteine for 30 min in presence of drugs. Cells 
were metabolically labelled with [35S]cysteine (100 /zCi/ml) for 6 h. After several 
washes with PBS, labelled cells were lysed by adding 1 × RIPA buffer (10 mM 
Tris-HC1, pH 7.4, 1 mM EDTA, 100 mM NaC1, 1% Triton X-100, 0.1% SDS, 0.25% 
deoxycholate, 0.2% phenylmethylsylfonyl fluoride). Supernatants were also collected 
and lysed by adding 10 × RIPA buffer. Labelled proteins were immunoprecipitated by 
incubating the cell lysate and supematant samples with 6 /zl of HIV-l-positive human 
serum. After a 5 h incubation at 4 ° C, protein A Sepharose was added and the 
suspensions were incubated overnight at 4 ° C. Following centrifugation, pellets were 
washed several times with RIPA and PBS, resuspended in SDS-PAGE sample buffer 
and then boiled for 4 min. Immunocomplexes were resolved in a 12.5% SDS polyacryl- 
amide gel. Radioactive detection and analysis were performed with a Molecular 
Dynamics Phosphoimager and Image Quant software version 3.3. 

p24  assay 
SVC21 transfected COS cell supematants were collected 48 h post-transfection. HIV 

p24 was measured using the Coulter HIV-1 p24 ELISA kit according to the manufac- 
turer's instructions. 

3. Results and discussion 

HIV-1 peptide-based protease inhibitors exhibit low oral absorption and poor stability 
in vivo (Tomasselli et al., 1991). Studies aimed at increasing their pharmacokinetic 
properties are currently underway. Recently, there has been a growing interest in 
protease inhibitors which are thought to be more bioavailable and more biostable than 
their peptide-based counterparts. To date, two non-peptidic retroviral protease inhibitors, 
cerulenin and haloperidol (Blumenstein et al., 1989; Desjarlais et al., 1990), have been 
described. They show high cytotoxicity and cannot be used as HIV-1 antiviral agents in 
vivo. Recently, non-peptidic cyclic ureas have been reported to inhibit the viral protease 
with g i values in the nanomolar range (Lamet al., 1994). These compounds have peak 
plasma concentrations 15-20 times higher than their K i values, but exhibit poor 
stability in rats when orally absorbed. These results emphasize the need to improve the 
oral stability of the non-peptide-based inhibitors. 

3.1. Cytotoxicity studies 

Structure-activity relationship of VS-215 and VS-261 (Fig. 1) was evaluated in vitro 
using recombinant HIV-1 protease as previously described (Vaillancourt et al., 
1993,1994). The non-peptidic inhibitors possess an analog isostere of the tetrahedral 
transition state intermediate and share some inhibitory characteristics with the C 2 
symmetric inhibitor class (Fig. 1). Their K i and ICs0 values (in vitro evaluation) are 
listed in Table 1. Cytotoxicity evaluation of~'S-215 and VS-261 was evaluated in three 
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Fig. 1. Structure of VS-215 and VS-261. Simple N-protected amino acid enols achieved in a one step chemical 
synthesis generate potent inhibitory potential of the retroviral protease. VS-215: 4- (tert- 
•ut•xycarb•nylamin•)-3-hydr•xy-5-(phenyl)-2-(penta•u•r•phenyl)-2-pentenenitrile. VS-261: 4- (tert- 
but•xycarb•nylamin•)-3-hydr•xy-5-(4-hydr•xy-phenyl)-2-(penta•u•r•phenyl)-2-pentenenitrile. The active 
moiety interacting with the two aspartic acids of the catalytic site is thought to be the hydroxyl of the enol. 

different cell types: human CD4 + T lymphocytes (MT4 and CEM), human monocytic 
cells (U937) and African green monkey kidney cells (COS). We observed that regardless 
of the cell line, compounds VS-215 and VS-261 exhibited similar cytotoxicity levels at 

Table 1 
In vitro inhibitory potential, cytotoxicity potential and antiviral evaluation of VS-215 and VS-261. Data are 
expressed in /xM. All the experiments were performed in duplicate. The intra-variation assay for the viable 
cellular count performed with the Trypan blue exclusion dye was calculated at 11 + 6% while the inter-varia- 
tion assay was calculated at 24 + 7%. Ki, ~ and IC50 were evaluated using a synthetic peptide as described in 
Vaillancourt et al. (1994). 

VS-215 VS-261 

HIV-1 protease inhibition 
K i pp 1.49 0.64 
IC~0 19 3.5 
Cellular toxicity (TC5o) a 

MT4 61 73 
CEM 77 77 
U937 100 67 
COS 130 > 200 
Antiviral activity 
IDs0 24 43 
PI b 0.79 0.09 
TIc  2.5 1.8 

a TCso were measured at day 4 except for COS cells where they were measured at day 2. 
b Permeability index is calculated by the ratio IC50/IDso. 
¢ Therapeutic index is calculated by the ratio TCso/IDso.  
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day 4 of treatment (Table 1). Their TCs0 varied from 61 to 100/xM and 67 to 77/xM in 
MT4, CEM and U937 cell lines, respectively. These data are comparable to previously 
reported peptide-based HIV-1 protease inhibitors (Kageyama et al., 1992; Roberts et al., 
1990; Sham et al., 1991). Cytotoxicity of VS-215 and VS-261 was evaluated at day two 
in COS cells and generated TCs0 of 130-200/zM, respectively. The difference in TCs0 
observed in COS cells may reflect the shorter treatment time or the reduced susceptibil- 
ity of these cells to the cytotoxic effect of these compounds. 

3.2. D r u g  associated protect ion assays 

The close relationship between the concentrations that inhibit enzyme activity in vitro 
and the cytotoxic concentrations led us to analyze the effect of the compounds on HIV-1 
induced cytopathic effects. MT4 cells were infected for 2 h with the UHC-1 viral strain 
at a MOI of 0.1. After several washes, cells were incubated in presence of various 
concentrations of drugs. When the infected MT4 cells were incubated without drugs, 
large syncytia were observed (data not shown). However, examination of the cells at 
concentrations of 20 and 40 /xM of VS-215 and VS-261 respectively indicated no 
detectable changes in the cells morphology as compared to the non-infected controls 
without drug. Also, a decreased in syncytium formation was seen for both compounds, 
suggesting that the drugs impair viral cytopathic effect without altering the cellular 
morphology. However drug-associated cytotoxicity was evident for both compounds at 
TDs0 values (60 and 70 /zM for VS-215 and VS-261 respectively) when compared to 
the non-infected control. Overall, the addition of increasing concentrations of VS-215 
and VS-261 to infected MT4 cell cultures clearly showed a decrease of syncytium 
formation. 

Effective compounds that inhibit viral replication are thought to increase cellular 
survivability of HIV-1 infected cells by preventing virus-induced cytopathic effects and 
cell death. In a second experiment, we analyzed the protective effect of VS-215 by 
monitoring cellular viability of infected MT4 ceils 36 h after the appearance of syncytia. 
Cellular viability is expressed as percentage of the non-infected MT4 cells in the 
presence of increasing concentration of drugs. The data in Fig. 2 indicate that at low 
drug concentrations (<  10 /xM), viral cytopathicity is predominant as VS-215 does not 
impair viral replication at such concentrations. At concentrations ranging from 20 to 40 
/xM, we observed an increase in the protective effect of the drug as cell viability was 
similar to the one obtained in the non-infected control. It is likely that this protective 
effect is the result of impairment of virus replication as VS-215 was not cytotoxic at 
these concentrations. At higher drug concentrations (>  50/xM), there was no protective 
effect as the cytotoxicity of VS-215 was predominant. The bell-shaped curve generated 
by VS-215 suggests that at non toxic concentrations VS-215 protects the cell culture 
from HIV-induced cytopathic effects. We have also assessed the cytotoxic effect on 
MT4 ceils in stress conditions. 1000 cells were incubated for 9 days in 5 ml RPMI-1640, 
.10% FCS, 1% pen/strep in a 60-mm petri dish in presence of VS-215 (growth 
efficiency, Fig. 2). We observed no drug-associated cytotoxicity at concentrations lower 
than 30 /zM. However, the cells were all dead at 50 /xM. These data indicate no 
observed cytotoxicity at inhibitory concentrations (IDso of 24 /xM). Next, we assessed 
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Fig. 2. Protective effect of VS-215 on HIV-1 induced syncytia formation: viable cell count (t3) and RT 
activity (O) monitored 36 hours after syncytia formation in non-treated infected MT4 cells. MT4 cells were 
infected with HIV-1 virus at a MOI of 0.1 in presence of various concentrations of VS-215. Survivability was 
analysed by counting viable cells with trypan blue exclusion dye. Growth efficiency study (zx): 1000 cells 
were incubated in 60-mm petri dish in 5 ml RPMI-1640, 10% FCS, 1% pen/strep containing the indicated 
concentrations of VS-215. Cellular viability was analyzed by counting viable cells at day 9 with trypan blue 
exclusion dye. 

the long-term toxicity. MT4 cells were incubated in RPMI-1640, 10% FCS, 1% 
pen/s t rep for 6 weeks in presence of  various concentrations of  VS-215. Viable cells 
were counted every 4 days (data not shown). No enhanced cytotoxicity was observed 
when compared to the growth efficiency assay. These results strongly suggest that the 
antiviral potential of  VS-215 is not a result of a non-specific cytotoxic artifact. 

Viral inhibition was evaluated as the percentage of  virion-associated RT activity in 
supernatants of  drug treated infected MT4 cells as compared to the non-treated infected 
cells (Fig. 2). We observed that at low drug concentrations (0 -10  /xM), the virus 
replicates and generates RT levels comparable to the untreated infected control. At 
concentrations between 20 and 4 0 / z M ,  a sharp decrease of  reverse transcriptase activity 
was measured. At concentration higher than 40 /xM the sustained decrease of  RT 
activity is most likely the result of  the toxic effect of the drug. Overall the result of  this 
experiment indicates that at non toxic concentrations the enol-based inhibitors have a 
protective effect on the infected MT4 culture by altering viral replication and spread. 

3.3. Analysis of viral-associated polyprotein precursors in transfected COS cells 

In order to determine whether the antiviral effects of  VS-215 was the result of  
inhibition of  the viral protease, we have analyzed viral-associated polyprotein maturation 
in COS cells transfected with the HXBc2 infectious molecular clone of  HIV-1 (SVC21) 
(Fig. 3). Even though VS-261 exhibit a higher anti-protease activity in vitro when 
compared to VS-215, we have chosen the latter one for this study. Indeed, VS-261 
contains a tyrosine residue at position P1 which has been shown in peptidic HIV-1 
protease inhibitors to result in a significant decrease of antiviral activity even though g i 

values indicated an increased inhibition potential (Thompson et al., 1992). Our prelimi- 
nary data seemed to suggest a similar phenomenon. 
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Radiolabelled viral proteins extracted and immunoprecipitated from HXBc2 trans- 
fected COS cells treated with 50, 100, 150 and 200 /zM of VS-215 were analyzed on 
SDS-PAGE. Compound SKF 108 842, a competitive peptide-based HIV-1 protease 
inhibitor from Smith Kline Beecham, was reported to completely inhibit gag and gag-pol 
polyprotein processing in cell cultures at a concentration of  10 ~ M  (Dreyer et al., 1992). 
The latter compound was used at 1 0 / x M  as an inhibitory control of the processing. The 
effect of  VS-215 on the processing of the gag and gag-pol polyproteins is shown in Fig. 
3A. Efficient processing of p55gag can be observed in non-treated infected cell lysates 
(lane 2) while addition of  SKF 108 842 completely inhibited cleavage of the gag 
precursor (lane 3). Treatment of transfected cells with VS-215 with increasing concen- 
trations of  VS-215 (lanes 4, 5, 6 and 7: 50, 100, 150 and 2 0 0 / z M  respectively) resulted 
in a decrease of the total level of immunoprecipitable viral protein, most likely as a 
consequence of the drug cytotoxicity. However, polyprotein processing was still evident 
as p55gag and its cleavage products (p24, p17) could be detected. At 5 0 / x M  of VS-215 
(lane 4), unprocessed p55gag and concomitant reduction of  p24 resulting from protease 
activity impairment was detected. This effect was more evident at 100 /xM (lane 5) and 
at higher concentrations (150 and 200 /zM, lanes 6 and 7, respectively). Quantitative 
determination of  p24 and p55gag levels was performed using a Molecular Dynamic and 
the Image Quant software version 3.3. Retroviral protease inhibition is expressed by 
calculating p24 /p55gag  ratios for each concentrations of  VS-215. These results are 
shown in Fig. 3B. The ratio of  the positive control is evaluated at 0.95, indicating that 
approximately half of  the p55gag is cleaved to P24 in the cell lysate. SKF 108 842 
which generated a ratio of 0.04 completely inhibit the polyprotein processing of the p55 
precursor. In the case of  VS-215, quantification of the p24 /p55  ratios generated values 
of  0.34 at 5 0 / z M  and a mean value of  0.20 at higher concentrations. These data suggest 
that at high concentrations ( >  100/xM),  polyprotein processing inhibition can hardly be 
achieved as cytotoxicity is predominant. Nevertheless, the data indicates that VS-215 is 
able to interact with the retroviral enzyme. 

3.4. A n t i u i r a l  eua lua t ion  

The direct effect of the enol-based compounds on viral replication led us to evaluate 
their antiviral potential at non-toxic concentrations in MT4 cells. Infected cells in 
absence of  drugs and non-infected MT4 cells were used as positive and negative 
controls. MT4 cells were infected with the UHC-1 viral strain at a M.O.I. of  0.1 in the 

Fig. 3. Inhibition of polyprotein processing by VS-215. (A) Immunoprecipitation of HXBc2-transfected COS 
cell. 24 h post-transfection, transfected COS cells under treatment with various concentrations of VS-215 were 
metabolically radiolabelled with [35S]cysteine after 6 h exposure to the drug prior to labelling. Then the cells 
were lysed and immunoprecipitated using an HIV-l-positive human polyclonal antibody 162 (Lavall6e et al., 
1994). Proteins were separated through a 12.5% SDS-PAGE gel. The standard molecular weights are shown 
on the left side. Lane 1, non-transfected COS ceils without drug; lane 2, transfected COS cells without drugs, 
lane 3, transfected COS cells treated with SKF 108 842 at 10 /xM; lane 4, 5, 6 and 7, transfected COS cells 
treated with 50, 100, 150 and 200/zM of VS-215, respectively; lane 8 and 9, non-transfected cells in presence 
of VS-215 and SKF 108 842 at 200 and 10 p.M, respectively. (B) Quantification of p24 and p55. Bands were 
integrated by computer assisted analysis using a Molecular Dynamic phosphoimager apparatus. Ratios were 
calculated as p24/p55gag. 
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Fig. 4. RT activity monitored in MT4 cell supernatants in reinfection assays. Supernatants from HXBc2 
transfected COS cells treated with VS-215 at 10, 25, 50 and 100 were collected 72 h post-transfection and 
used as infection materials in MT4 cells. MT4 cells were infected with an equivalent amount of p24 as 
measured by ELISA and incubated without drug (5500 ng/ml) .  RT activity was monitored in supernatants 
from infected MT4 cells 96 h post-infection. Results are expressed as percent inhibition compared to the no 
drug controls (transfected COS cells without drug). 

presence of VS-215 and VS-261 concentrations varying from 10 to 75 /zM. The 
replication of the virus was monitored by measuring RT activity every 24 hours for four 
days. Results of the antiviral activity of both compounds at day four are listed in Table 
1. VS-215 and VS-261 inhibited viral replication in infected MT4 cells by 50% (IDs0) at 
concentrations of 24 and 40 /zM respectively. 

Since the concentrations required to completely inhibit polyprotein processing were 
not achievable in cell systems, we asked whether COS cells treated with non-toxic drug 
concentrations could produce non-infectious viruses. Indeed, Kaplan and co-workers 
(1993) have previously reported that partial inhibition of the retroviral protease result in 
a total block of the spread of infection in vitro. COS cells were transfected with SVC21 
in the presence of VS-215 at concentrations below TDs0 (10, 25 and 50 /xM and 100 
/zM). 48 h post-transfection, cell-free supernatants were collected and level of p24 
antigens was determined as described in Materials and Methods. MT4 cells were then 
infected with equivalent amounts of virions produced by drug-treated SVC21-transfected 
COS cells as measured by p24 assay (5500 pg/ml). Viral replication was allowed as 
infection and replication of MT4 cells was performed in absence of drug. Four days after 
the infection, RT activity was measured in the MT4 cells supernatant as shown in Fig. 4. 
Results are expressed as percentage of RT activity compared to the non drug-treated 
transfected COS cell supernatant that infected MT4 cells. The results indicate that as 
VS-215 concentration increased, infectivity of the virus produced by the COS cells 
decreases. At 50 /zM of VS-215, a diminution of 54% of RT activity was measured in 
the MT4 target cells. A similar value was obtained when transfected COS cells were 
treated with 1 /zM of SKF 108 842. At 100 /xM of VS-215, RT activity reached its 
lower level at 15% and is thought to be representative of maximum inhibition. These 
results indicate that partial inhibition of HIV protease results in the formation of 
immature viral particles that are non-infectious. 

These results led us to determine the properties of our enol-based compounds. The 
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permeability index (PI) is an indication of the potency of these drugs to penetrate 
cellular membranes and to act directly on its target. The PI are determined by calculating 
the ratio IC50/ID50 from the results presented in Table 1. Indexes of 0.79 and 0.09 were 
obtained for VS-215 and VS-261 respectively. The VS-215 PI value suggests that this 
compound has the capacity to cross cell membranes with almost a one to one inhibition 
ratio. Even though VS-261 has a much lower PI value, it is comparable to or higher than 
the PI value of reported peptide-based protease inhibitors' PI (Martin, 1991). The 
decrease in the measured PI of VS-261 is also in agreement with results previously 
reported with peptide-based inhibitors containing a tyrosine at position P1 (Thompson et 
al., 1992). 

Another important parameter is the therapeutic index (TI, Table 1). This parameter is 
calculated by the ratio TCs0/IDs0. In the case of our inhibitors, VS-215 and VS-261 
generated therapeutic indexes of 2.5 and 1.8 respectively. These very low indexes are 
indicative of the necessity to improve the inhibitory potential of these compounds. 
Synthesis of novel drugs are currently underway to increase the inhibitory potential of 
this new class of HIV protease inhibitors. 

4. Conclusions 

In this paper we have described the usefulness of enol-based compounds in biological 
systems. VS-215 was able to impair the viral p55gag maturation in transfected COS 
cells. It was able to protect infected MT4 cells from the cytopathic effect of HIV-1 and 
was also able to block viral spread at concentrations lower than its TDs0. These results 
are important in the design of future compounds. By ruling out the possibility of a 
generalized cytotoxicity artefact, we clearly demonstrate that new modifications to 
increase the inhibitory potential of the enol-based compounds will generate promising 
future drugs. 

Acknowledgements 

This research was supported by the Natural Science and Engineering Research 
Council of Canada and the Fonds pour la Formation des Chercheurs et d'Aide h la 
Recherche du Qu6bec (FCAR). M. Vaillancourt is recipient of a FCAR studentship of 
the province of Qu6bec. E.A. Cohen is recipient of a career award from the National 
Health Research and Development Program (NHRDP) of Canada. We would like to 
thank Dr. G.B. Dreyer from Smith Kline Beecham Pharmaceuticals for providing the 
SKF 108 842 retroviral protease inhibitor. Also, we would like to thank Dr. D. 
Bergeron, Dr. J.C. Olsen, J. Friborg and X.J. Yao for helpful discussions. 

References 

Aboulker, J.-P. and Swart, A.M. (1993) Preliminary analysis of the Concorde trial, Lancet, 341: 889-890. 
Ashorn, P., McOuade, T.J., Thaisrivongs, S., Tomasselli, A.G., Tarpley, W.G. and Moss, B. (1990) An 



216 M. Vaillancourt et al. /Antiviral  Research 27 (1995) 205-218 

inhibitor of the protease blocks the maturation of human and simian immunodeficiency viruses and spread 
of infection, Proc. Natl. Acad. Sci. USA, 87: 7472-7476. 

Blumenstein, J.J., Copeland, T.D., Oroszlan, S. and Michejda, C.J. (1989) Synthetic non-peptide inhibitors of 
HIV protease, Biochem. Biophys. Res. Commun., 163: 980-987. 

Bryant, M.L., Heuckeroth, R.D., Kimata, J.T., Ratner, L. and Gordon, J.l. (1989) Replication of human 
immunodeficiency virus 1 and moloney murine leukemia virus inhibited by different heteroatom-contain- 
ing analogs of myristic acid, Proc. Natl. Acad. Sci. USA, 86: 8655-8659. 

Craig, J.C., Duncan, I.B., Hockley, D., Grief, C., Roberts, N.A. and Mills, J.S. (1991) Antiviral properties of 
Ro-8959, an inhibitor of human immunodeficiency virus (HIV) proteinase, Antiviral Res., 16: 295-305. 

Cullen, B.R. (1987) Use of eukaryotic expression technology in the functional analysis of cloned genes, 
Methods Enzymol., 152: 688-689. 

Darke, P.L., Nutt, R.F., Brady, S.F., Garsky, V.M., Ciccarone, T.M., Leu, C.-Y., Lumma, P.K., Freidinger, 
R.M., Veber, D.F. and Sigal, I.S. (1988) HIV-1 protease specificity of peptide cleavage is sufficient for 
processing of gag and pol polyproteins, Biochem. Biophys. Res. Commun., 156: 297-303. 

Desjarlais, R.L, Seibel, G.L., Kuntz, I.D., Furth, P.S., Alvarez, J.C., Ortiz de Montellano, P.R., DeCamp, 
D.L., Bab6, L.M. and Craik, C.S. (1990) Structure-based design of non peptide inhibitors specific for the 
human immunodeficiency virus type 1 protease, Proc. Natl. Acad. Sci. USA, 87: 6644-6648. 

DeWit, R., Boucher, C.A.B., Veenhof, K.H.N., and coll. (1988) Clinical and virological effects of high-dose 
recombinant interferon-alpha in disseminated AIDS-related Kaposi's sarcoma, Lancet, 2: 1214. 

Dreyer, G.B., Lambert, D.M., Meek, T.D., Carr, T.J., Tomaszek, T.A., Fernandez, A.V., Bartus, H., 
Cacciavillani, E., Hassell, A.M., Minnich, M., Petteway, S.R. and Metcalf, B.W. (1992) Hydroxyethylene 
isostere inhibitors of human immunodeficiency virus-1 protease: structure-activity analysis using enzyme 
kinetics, X-ray crystallography, and infected T-cell assays, Biochemistry, 31: 6646-6659. 

Gruters, R.A., Neefjes, J.J., Tersmette, M., De Goede, R.E.Y., Tulp, A., Huisman, H.G., Miedma, F. and 
Ploegh, H.L. (1987) Interference with HIV-induced syncytium formation and viral infectivity by inhibitors 
of trimming glucosidase, Nature, 330: 74-77. 

Guenet, C., Leppik, R.A., Pelton, J.T., Moelling, K., Lovenberg, W. and Harris, B.A. (1989) HIV-1 protease : 
mutagenesis of asparagine 88 indicates a domain required for dimer formation, Eur. J. Pharmacol., 172: 
443 -451. 

Hsu, M.-C., Schutt, A.D., Holly, M., Slice, L.W., Sherman, M.I., Richman, D.D., Potash, M.J. and Volsky, 
D.J. (1991) Inhibition of HIV replication in acute and chronic infection in vitro by tat antagonist, Science, 
254: 1799-1802. 

Johnston, M.I. and McGowan, J.J. (1992) Strategies and progress in the development of antiretroviral agents. 
In: DeVita, V.T., Hellman, S. and Rezenberg, S.A. (Eds)., AIDS, Etiology, Diagnosis, Treatment and 
Prevention, J.P. Lippincott Comp., Philadelphia, PA, pp. 357-371. 

Kageyama, S., Weinstein, J.N., Shirasaka, T., Kempf, D.J., Norbeck, D.W., Plattner, J.J., Erickson, J. and 
Mitsuya, H. (1992) In vitro inhibition of human immunodeficiency virus (HIV) type 1 replication by C2 
symmetry-based HIV protease inhibitors as single agents or in combinations, Antimicrob. Chemother., 36: 
926-933. 

Kaplan, A.H., Zack, J.A., Knigge, M., Paul, D.A., Kempf, D.J., Norbeck, D.W. and Swanstrom, R. (1993) 
Partial inhibition of the human immunodeficiency virus type 1 protease results in aberrant virus assembly 
and the formation of noninfectious particles, J. Virol., 67: 4050-4055. 

Kempf, D.J., Marsh, K.C., Paul, D.A., Knigge, M.F., Norbeck, D.W., Kohlbrenner, W.E., Codacovi, L., 
Vasavanonda, S., Bryant, P., Wang, X.C., Wideburg, N.E., Clement, J.J., Plattner, J.J. and Erickson, J. 
(1991) Antiviral and pharmacokinetic properties of C2 symmetric inhibitors of the human immunodefi- 
ciency virus type 1 protease, Antimicrob. Chemother., 35: 2209-2214. 

Kohl, N.E., Emini, E.W., Schleif, W.A., Davis, L.J., Heimbach, J.C., Dixon, R.A.F., Scolnick, E.M. and Sigal, 
I.S. (1988) Active human immunodeficiency virus protease is required for viral infectivity, Proc. Natl. 
Acad. Sci. USA, 85: 4686-4690. 

Lam, P.Y.L., Jadhav, P.K., Eyermann, C.J., Hodge, C.N., Ru, Y., Bacheler, L.T., Meek, J.L,Otto, M.J., 
Rayner, M.M., Wong, Y.N., Chang, C.-H., Weber, P.C., Jackson, D.A., Sharpe, T.R. and Erickson-Vit- 
tanen, S. (1994) Rational design of potent, bioavailable, nonpeptide cyclic ureas as HIV protease 
inhibitors, Science, 262: 380-384. 



M. Vaillancourt et al. /Antiviral Research 27 (1995) 205-218 217 

Lambert, D.M., Petteway Jr, S.R., McDanald, C.E., Hart, T.K., Leavy, J.J., Dreyer, G.B., Meek, T.D., 
Bugelski, PJ., Bolognesi, D.P., Metcalf, B.W. and Matthews, T.J. (1992) Human immunodeficiency virus 
type 1 protease inhibitors irreversibly block infectivity of purified virions from chronically infected cells, 
Antimicrob. Chemother., 36: 982-988. 

Lane, H.C., Davey, V., Kovacs, J.A., Feinberg, J., Metcalf, J.A., Herpin, B., Walker, R., Deyton, L., Davey, 
R.T., Jr., Falloon, J., Polls, M.A., Salzman, N.P., Baseler, M., Mason, H. and Fauci, A.S. (1990) 
Interferon-a in patients with asymptomatic human immunodeficiency virus (HIV) infection, Ann. Intern. 
Med., 112: 805-811. 

Lavall6e, C., Yao, X.J., Ladha, A., Gottlinger, H., Haseltine, W.A. and Cohen, E.A., (1994) Requirement of 
the pr55gag precursor for incorporation of the vpr product into human immunodeficiency virus type 1 viral 
particles, J. Virol., 68: 1926-1934. 

Loeb, D.D. Hutchison, C.A., III, Edgell, M.E., Farmerie, W.G. and Swanstrom, R. (1989a) Mutational 
analysis of human immunodeficiency virus type 1 protease suggests functional homology with aspartic 
proteinases, J. Virol., 63: 111-121. 

Loeb, D.D., Swanstrom, R., Everitt, L., Manchester, M., Stamper, S.E. and Hutchison III, C.A. (1989b) 
Complete mutagenesis of the HIV-1 protease, Nature, 340: 397-400. 

Martin, J.A. (1991) Ro 31-8959/003, Drugs Fut., 16: 210-212. 
Martin, J.A. (1992) Recent advances in the design of HIV proteinase inhibitors, Antiviral Res., 17: 265-278. 
Meek, T.D., Lambert, D.M., Dreyer, G.B., Carr, T.J., Tomasselli, T.A., Moore, M.L., Strickler, J.E., Debouck, 

C., Hyland, L.J., Matthews, T.J., Metcalf, B.W. and Petteway, S.R. (1990) Inhibition of HIV-1 protease in 
infected T-lymphocytes by synthetic peptide analogues, Nature, 343: 90-92. 

Montagnier, L. (1983) Isolation of a T-lymphotropic retroviruses from a patient at risk for acquired immune 
deficiency syndrome (AIDS), Science, 220: 868-871. 

Ratner, L., Haseltine, W., Patarca, R., Livak, K.J., Starcich, S.F., Josephs, E.R., Doran, E.R., Rafalski, J.A., 
Whitehorn, E.A., Baumeister, K., Inanoff, L., Petteway, S.R., Pearson, M.L., Lautenberger, J.A., Papas, 
T.S., Ghrayeh, J., Chang, N.T., Gallo, R.C. and Wong-Staal, F. (1985) Complete nucleotide sequence of 
the AIDS virus, HTLV-III, Nature, 313: 277-284. 

Rich, D.H., Vasa Prasad, J.V.N., Sun, C.-Q., Green, J., Mueller, R., Houseman, K., Mackenzie, D. and 
Malkovski, M. (1992) New hydroxyethylamine HIV protease inhibitors that suppress viral replication, J. 
Med. Chem., 35: 3803-3812. 

Roberts, N.A., Martin, J.A., Kinchington, D., Broadhurst, A.V., Craig, J.C., Duncan, I.B., Galpin, S.A., 
Handa, B.K., Kay, J., KrShn, A., Lambert, R.W., Merrett, J.H., Mills, J.S., Parkes, K.E.B., Redshaw, S., 
Ritchie, A.J., Taylor, D.L.,Thomas, G.J. and Machin, P.J. (1990) Rational design of peptide-based HIV 
proteinase inhibitors, Science, 248: 358-361. 

Sham, H.L., Wideburg, N.E., Spanton, S.G., Kohlbrenner, W.E., Betebenner, D.A., Kempf, D.J., Norbeck, 
D.W., Plattner, J.J. and Erickson, J.W. (1991) Synthesis of (2S,5S,4R)-2,5-diamino-3,3-difluoro-l,6-di- 
phenylhydroxyhexane: the core unit of a potent HIV proteinase inhibitor, J. Chem. Soc. Chem. Commun., 
110-112. 

Sunkara, P.S., Bowlin, T.L., Liu, P.S. and Sjoerdsma, A. (1987) Antiretroviral activity of casternospermine 
and deoxynojirimycin, Biochem. Biophys. Res. Commun., 148: 206-210. 

Thaisrivong, S., Tomasselli, A.G., Moon, J.B., Hui, J., McQuade, TJ., Turner, S.R., Strohbach, J.W., Howe, 
W.J., Tarpley, W.G. and Heinrikson, R.L. (1991) Inhibitors of the protease from human immunodeficiency 
virus: design and modeling of a compound containing a dihydroxyethylene isostere insert with high 
binding affinity and effective antiviral activity, J. Med. Chem., 34: 2344-2356. 

Thompson, W.J., Fitzgerald, P.M.D., Holloway, M.K., Emini, E.A., Darke, P.L., McKeever, B.M., Schleif, 
W.A., Quintero, J.C., Zugay, J.A., Tucker, T.J., Schwering, J.A., Homnick, C.F., Nunberg, J., Springer, 
J.P. and Huff, J.R. (1992) Synthesis and antiviral activity of a series of HIV-1 protease inhibitors with 
functionality tethered to the P1 or PI' phenyl substituents: X-ray crystal structure assisted design, J. Med. 
Chem., 35: 1685-1701. 

Tomasselli, A.G., Howe, W.J., Sawyer, T.K., Wlodawer, A. and Heinrikson, R.L. (1991) The complexities of 
AIDS: an assessment of the HIV protease as a therapeutic target, Chim. Oggi, 6-27. 

Tucker, T.J., Lumma, J.C., Jr., Payne, L.S., Wai, J.M., Jane de Solms, S., Giuliani, E.A., Darke, P.L., 
Heimbach, J.C., Zugay, J.A., Schleif, W.A., Quintero, J.C., Emini, E.A., Huff, J.R. and Anderson, P.S. 



218 M. VaiUancourt et al. /Antiviral  Research 27 (1995) 205-218 

(1992) A series of potent HIV-1 protease inhibitors containing a hydroxyethyl secondary amine transition 
state isostere: synthesis, enzyme inhibition and antiviral activity, J. Med. Chem., 35: 2526-2533. 

Tyms, A.S., Bernie, E.M., Ryder, T.A., Nash, R.J., Hegarty, M.P., Taylor, D.L., Mobberley, M.A., Davis, 
J.M., Bell, E.A., Jeffries, D.J., Taylor-Robinson, D. and Fellow, L.E. (1987) Casternospermine and other 
plant alkaloid inhibitors of glucosidase activity block the growth of HIV, Lancet, 2: 1025-1026. 

Vaillancourt, M., Vanasse, B., Cohen, E. and Sauv6, G. (1993) Difunctional enols of N-protected amino acids 
as low molecular weight and novel inhibitors of HIV-1 protease, Bioorg. Med. Chem. Lett., 3: 1169-1174. 

Vaillancourt, M., Vanasse, B., Le Berre, N., Cohen, E. and Sauv6, G. (1994) Synthesis of novel inhibitors of 
the HIV-1 protease: difunctional enols of simple N-protected amino acids, Bioorg. Med. Chem., 2: 
343-355. 

Volberding, P.A., Lagakos, S.W., Koch, M.A., Pettinelli, C., Myers, M.W., Booth, D.K., Belfour, H.H., 
Reichman, R.C., Bartlett, J.A., Hirsch, M.S., Murphy, R.L., Hardy, W.D., Soeiro, R., Fischl, M.A., 
Bartlett, J.G., Merigan, T,C., Hyslop, N.E., Richman, D.D., Valentine, F.T. and Corey, L. (1990) The 
AIDS clinical trials group of the National Institute of Allergy and Infectious Diseases, zidovudine in 
asymptomatic human immunodeficiency virus infection: a controlled trial in person with fewer than 500 
CD4-positive cells per cubic millimeter, New Engl. J. Med., 322: 941-949. 

Yao, X.J., Garzon, S., Boisvert, F., Haseltine, W.A. and Cohen, E.A. (1993) The effect of vpu on 
HIV-l-induced syncytia formation, J. Acq. Immune Def. Syndr., 6: 135-141. 


