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The antiviral activities of two substrate-based inhibitors of human immunodeficiency virus type 1 (HIV-1)
protease, UK-88,947 and Ro 31-8959, were studied in acute infections. H9 and HeLaCD4-LTR/1i-gal cells were
infected either with HIV-1111B or a replication-defective virus, HIV-gpt(HXB-2). Both inhibitors were capable of
blocking early steps of HIV-1 replication if added to cells prior to infection. Partial inhibition was also obtained
by addition of inhibitor at the time of or as late as 15 min after infection. The inhibitors were ineffective if added
30 min postinfection. The inhibitory effects were studied by cDNA analysis with PCR followed by Southern blot
hybridization and by infectivity assays allowing quantitation of HIV-1 in a single cycle of replication. When
UK-88,947-treated H9 cells were coinfected with HIV-1 and human T-cell leukemia virus type I only the
replication of HIV-1 was inhibited, demonstrating viral specificity. Pretreating the infectious virus stocks with
the inhibitors also prevented replication, indicating that the inhibitors block the action of the viral protease
and not a cellular protease. A panel of primer sets was used to analyze cDNA from cell lysates by PCR
amplification at 4 and 18 h postinfection. Four hours after infection, viral specific cDNA was detected with all
of the four primer pairs used: R/U5, neflU3, 5' gag, and long terminal repeat (LTR)/gag. However, after 18 h,
only the R/U5 and neflU3 primer pairs and not the 5' gag or LTR/gag primer pair were able to allow
amplification of cDNA. The results suggest a crucial role of HIV-1 protease in the early phase of viral
replication. Although it is not clear what early steps are affected by the protease, it is likely that the target is
the NC protein, as referred from our previous reports of the in situ cleavage of the nucleocapsid (NC) protein
by the viral protease inside lentiviral capsids. The results suggest that it is not the inhibition of initiation and
progression of reverse transcription but the stability of full-size unintegrated cDNA which is affected in the
presence of protease inhibitors. Alternatively, the cleavage of the NC protein may be required for the proper
formation of preintegration complex and/or for its transport to the nucleus.

The protease (PR) is one of the virally encoded enzymes of
human immunodeficiency virus type 1 (HIV-1) that are essen-
tial for virus replication. HIV-1 PR functions in the late phase
of virus replication by processing of Gag and Gag-Pol polypro-
teins that are the primary translational products of the ge-
nome-size mRNA and assemble with genomic RNA to form
the noninfectious immature particles. To produce mature
infectious virus, the cleavage of the polyproteins into smaller
functional structural units is necessary (32, 43). Therefore, the
PR is a potential target for chemotherapy of HIV infection
(22).
A large number of specific HIV PR inhibitors with various

chemical structures have been reported. Many of them exhibit
potent antiviral activity (17, 28, 44, 47). The ability of PR
inhibitors to inhibit the processing of Gag and Gag-Pol
polyproteins and production of infectious HIV in chronic as
well as in acute infections (27, 29) may represent a major
advantage over inhibitors of reverse transcriptase (RT), such
as zidovudine (AZT) and analogs, which readily block acute
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infection but are unable to reduce the number of infectious
virions produced in a chronically infected cell.
The possible involvement of retroviral PR in the early stages

of viral replication cycle was suggested on the basis of in vitro
experiments with purified capsids of equine infectious anemia
virus (EIAV), a lentivirus related to HIV (36-39). These
studies demonstrated a novel retroviral protein processing
pathway mediated by the viral PR that involves the regulated in
situ cleavage of the mature nucleocapsid (NC) protein assem-
bled with the viral RNA. It was proposed that such a proteo-
lytic event may be required for the progression of virus
replication in the early phase of infection. Furthermore, Ba-
boonian et al. (2) observed that a specific inhibitor of HIV-1
PR, UK-88,947, not only inhibited HIV-1 maturation in the
late phase but apparently prevented cDNA synthesis when
added to the infected cells prior to infection. In contrast, it was
reported by others (18) that another potent inhibitor of HIV-1
PR, Ro 31-8959, did not restrict progression of the early steps
of HIV-1 replication. These seemingly contradictory observa-
tions, however, were made by using either amplification of
cDNA by semiquantitative PCR with a single primer pair (5'
gag) at a single time point (18 h) after infection (2) or only with
a single dose (1 ,uM) of PR inhibitor (18).

In this communication, we report the results of experiments
designed to study acute HIV-1 infection of different cell lines
in the presence and absence of UK-88,947 and Ro 31-8959. We
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used PCR amplification with a panel of oligonucleotide primer
pairs recognizing various regions of the viral genome. In
addition, we carried out quantitative infectivity assays in a
single-cycle infection with HIV-1IIIB and a replication-defec-
tive virus, HIV-gpt(HXB-2), in the presence and absence of the
same inhibitors. Our results demonstrate a definitive dose- and
time-dependent antiviral effect of these inhibitors under con-
ditions which do not allow secondary infection by progeny
virus. Coinfection of H9 cells with HIV-1 and human T-cell
leukemia virus type I (HTLV-I) demonstrated specificity of
inhibition.

MATERIALS AND METHODS

Cells and viruses. Cells and viral reagents obtained through
the AIDS Research and Reference Reagent Program, Division
of AIDS, National Institute of Allergy and Infectious Diseases,
were as follows: HeLaT4 cells from R. Axel, HeLaCD4-LTR/
n-gal cells from M. Emerman, and HIV-gpt and HXB2env
plasmid DNAs from K. Page and D. Littman. HIV-1 clone
4803 DNA was obtained from E. M. Fenyo, and the C8166 cell
line was obtained from P. Nara. COS-7 (ATCC CRL-1651),
HeLaT4, and HeLaCD4-LTR/,B-gal cells were grown in Dul-
becco's modified Eagle medium supplemented with 10% fetal
bovine serum. HIV-11IIB (1.7 x 10 syncytium-forming units
per ml; obtained from P. Nara)-infected H9 cells (ATCC
CRL-8543) and HTLV-I-producing MT-2 cells (obtained from
Y. Adachi) were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum and antibiotics.

HIV-1IIIB stocks were prepared from 24-h supernatants of
freshly infected H9 cells at 4 to 6 days after infection. Infec-
tious titer was determined by infectivity assays on C8166 cells
(2) and on HeLaCD4-LTR/,-gal cells (21). Supernatants with
titers of 2.1 x 105 IU/ml were filtered through a 0.45-pm-pore-
size filter (Millipore) and stored at - 70°C. Viral DNA in stock
preparations was assayed by PCR, using the JA4 and JA7 gag
primers (see below).
HTLV-I stocks were prepared from the culture media of

virus-producing cell line MT-2 (31). The relative amounts of
viral particles were determined by HTLV-I RT assay (7).
Aliquots with 5.8 x 106 cpm/ml were stored at - 70°C.

Infectious HIV-gpt(HXB-2) was produced by cotransfection
of COS-7 cells with the HIV-gpt plasmid DNA and HXB-2env
DNA (33). COS-7 culture supernatants were harvested at 72 h
after transfection, filtered, and stored at - 70°C. Infectious
titer was initially determined by a colony formation assay (33)
on HeLaT4 cells and later in an infectivity assay (21) on
HeLaCD4-LTR/3-gal cells (multinuclear activation of galacto-
sidase indicator [MAGI] assay; see below). Stocks of HIV-
gpt(HXB-2) virus preparation with a titer of 1.2 x 104 IU/ml
were used for all subsequent infections.
HIV PR inhibitors. The two substrate-based inhibitors,

UK-88,947 and Ro 31-8959, used in this study were synthesized
in the laboratories of Pfizer Central Research, Sandwich,
United Kingdom. UK-88,947 is an inhibitor reported by Ba-
boonian et al. (2), and Ro 31-8959 was synthesized by pub-
lished methods (16, 40). Inhibitors were dissolved in dimethyl
sulfoxide, and 10 mM stocks were stored at - 70°C.

Infectivity assays. Cultures of H9 cells (106/ml) were in-
fected with HIV-lIIB at a multiplicity of infection (MOI) of
-0.1 IU for 1 h. After infection, the cells were washed three
times in phosphate-buffered saline (PBS), resuspended in
culture medium, and maintained at 37°C. When tested, inhib-
itors were added to the cells at various time points prior to, at
the time of, or after infection and were present at all subse-
quent stages. In some experiments, H9 cell cultures were

harvested at 18, 36, and 120 h postinfection for analysis of
presence of viral cDNA, then inhibitors were removed from
the culture medium by resuspending cells in fresh medium, and
cells were further cultured for up to 21 days. Aliquots of
culture supernatant were collected at the indicated time points
and analyzed for RT activity (34).

Colony formation assay. HeLaT4 cells (2 x 105 cells per
well in a six-well plate) were infected with HIV-gpt(HXB-2)
virus preparation (MOI of 0.1 to 0.2). Virus was allowed to
adsorb for 1 h at 37°C, and then fresh culture medium was
added. PR inhibitors or AZT were added to the cultures 1 h
prior to or 2.5 h after virus infection. Compounds were present
at all subsequent stages. Culture medium was replaced by
selection medium containing mycophenolic acid (50 pg/ml) 18
h after virus infection (33). Twelve days after infection, colo-
nies of drug-resistant HeLaT4 cells were stained with metha-
nol containing methylene blue (0.25%) and basic fuchsin
(0.25%) and counted. Percent inhibition of virus infection by
the PR inhibitors was calculated as mean number of colonies in
inhibitor-treated wells compared with the number of colonies
in untreated wells; 50 and 90% inhibitory concentrations (IC50
and IC90) were than calculated by the Hill equation (8), using
the Fig. P program (Fig. P Software Corp., Durham, N.C.).
MAGI assay. HeLaCD4-LTR/,B-gal cells were seeded in

24-well plates (4 x 104 cells per well) 1 day prior infection.
Cultures were infected with an MOI of 0.1 to 0.2 of HIV-
gpt(HXB-2) or HIV-1IIIB for 1 h at 37°C, and then fresh
medium (1 ml per well) was added. PR inhibitors with various
concentrations were added to the cultures prior to or after
virus infection and were present throughout the experiments.
To prevent virus spread, recombinant soluble CD4(rsCD4; 5
,ig/ml; DuPont) was included to the medium of HIV-1IIIB-
infected cultures 1 h postinfection. Forty hours after infection,
infected cells were counted in situ with a light microscope by
virtue of their blue color after incubation with 5-bromo-4-
chloro-3-indolyl-13-D-galactopyranoside (X-Gal) (21). Percent
inhibition was calculated as mean numbers of blue cells of
inhibitor-treated cultures compared with those of untreated
cultures. IC50 and IC90 values were determined by Hill analysis
with 95% confidence limit.

Coinfection of H9 cells with HIV-1 and HTLV-I. H9 cells
(106/ml) were incubated in culture medium containing UK-
88,947 (24 ,uM) for 1 h prior to infection, and inhibitor was
present throughout all subsequent stages. The cell cultures
were (i) infected with HTLV-I virus alone (5.8 x 106 cpm/ml)
(11), (ii) infected with HIVIIIB alone (MOI of 0.1), or (iii)
coinfected with HTLV-I and HIV-1IIIB in the presence of 10
,ug of DEAE-dextran per ml for 4 h at 37°C; then cells were
washed and cultured at 37°C. Samples of untreated and
inhibitor-treated infected H9 cells were collected 18 h postin-
fection. Synthesis of HIV-1 and/or HTLV-I cDNA was assayed
by DNA hybridization analysis after amplification of viral
DNAs by PCR.
PCR amplification of cDNA. To analyze viral DNA, H9 cells

(106/ml) acutely infected with HIV-lIIIB and/or HTLV-I were
washed once in PBS and resuspended in 0.1 ml of a lysis buffer
(1) (10 mM Tris HCl [pH 8.3], 1 mM EDTA, 0.5% Triton
X-100, 0.001% sodium dodecyl sulfate, 300 ,g of proteinase K
per ml). The samples were incubated at 55°C for 1 h and then
boiled for 15 min. These lysates were used directly in PCR
amplification as described below.
The primer sets used for HIV DNA amplification were

M667 and AA55 (48), which amplify a 140-bp fragment
corresponding to sequences in the R/U5 region of long termi-
nal repeat (LTR); AA943 and AA946 (49), which amplify a
218-bp fragment corresponding to sequences in the nef gene
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that proceed and overlap the U3 region of the 3' LTR; JA4
(positions 1319 to 1338) and JA7 (positions 1615 to 1596) (1),
which amplify a 298-bp fragment corresponding to a conserved
sequence in the capsid (CA) region of the gag gene; and M667
and M661 (48), which amplify a 200-bp fragment in the
LTR/gag region including the viral primer binding site. Primers
used for HTLV-I DNA amplification were gag3 (5'TTATGC
CAGACCATCCGGC) and gag4 (5'TATCTAGCTGCTGGT
TGATGG), which amplify a 119-bp fragment corresponding
sequences of the capsid protein region of the HTLV-1 gag gene
(42). These primers were selected in order to monitor the
progression of cDNA synthesis in infected cells in the presence
and absence of PR inhibitors. The conditions for DNA ampli-
fication reactions using HIV-specific primers were those de-
scribed in the HIV detection kit by Perkin Elmer/Cetus Corp.
Typically, DNA from 105 cells was used in each amplification
reaction. Target DNA sequences were amplified for 35 cycles,
each consisting a 1-min denaturation step at 94°C followed by
a 1-min annealing at 55°C and a 1-min extension phase at 72°C.
An 8-min primer extension at 72°C completed the sequence.

Southern blot hybridization. Amplified DNA resolved on
2.5% agarose gel was transferred to a nylon membrane (Pho-
toGene; Bethesda Research Laboratories) under capillary
conditions and hybridized overnight at 42°C as described by
Sambrook et al. (41) with the relevant purified biotinylated
DNA probe (BioNick labeling system; Gibco BRL) of either
HIV or HTLV. For the HIV-1 probe, a 5.3-kb 5' fragment of
HIV-1 clone 4803 (13) was inserted into a pGEM-5Zf(-)
(Promega) vector at the Sacl sites, and this construct was
amplified in Escherichia coli DH1OB. For the HTLV-I probe,
plasmid pCS95 (6) was used. Hybridized products were visu-
alized by using the PhotoGene chemiluminescence nucleic acid
detection system (BRL Life Technologies).
RT assay. HTLV-I and HIV-1 RT activity was determined

as previously described (7, 34).
Determination of HIV p24 protein by ELISA. H9 cells (106'),

untreated or treated with UK-88,947 (24 ,uM) for 1 h prior to
infection with HIV-IIIB (equivalent to approximately 9.7 ng of
HIV-1 p24 protein), were collected at 5, 10, 30, and 60 min
after infection. Cells were washed three times in I ml of PBS
to remove unbound viral particles. These washing fluids were
collected and reserved for subsequent detection of viral p24.
Cell pellets were resuspended in 0.3 ml of 0.25% trypsin
solution and incubated at 37°C for 3 min. Viral particles bound
to the surface of the cells were released by the trypsin
treatment and subsequent centrifugation (1,500 x g). The
resulting cell pellets were suspended in 1 ml of disruption
buffer (of the enzyme-linked immunosorbent assay [ELISA]
kit); these samples represented the internalized HIV-1. The
amount of viral p24 capsid proteins in the washing fluids and
cell lysates was quantitatively determined by HIV-1 core
profile ELISA (DuPont, Boston, Mass.). Four parallel deter-
minations were averaged and recorded as single data points
(coefficient of variation < 12% of the means).

RESULTS

Kinetics of HIV cDNA synthesis. To detect virus infection
during the initial stages of the viral life cycle, the cDNA
synthesis in H9 cells acutely infected with HIV-IIIIB (MOI of
0.1) was analyzed by PCR using gag-specific primers JA4 and
JA7. The specificity of the PCR product was determined by
hybridization with the HIV-1 DNA probe. Figure 1 shows the
analysis of PCR-amplified cDNA from cells harvested at
various time points postinfection. No cDNA was detected
immediately after infection (O h). As the PCR assay used is

hr: M 0 0.5 1 4 8

1s!s

FIG. 1. Kinetics of HIV-1 cDNA synthesis in H9 cells acutely
infected with HIV-11IB (MOI of 0.1). Shown is hybridization analysis
after amplification of 298-bp DNA (-) by PCR using gag-specific
primers JA4 and JA7. Numbers at the top indicate hours after
infection. M, marker DNA, biotinylated (X174 (HaeIII digested).

able to detect <10 copies of gag-containing DNA (data not
shown), the absence of specific PCR products at 0 h demon-
strates that the input viral preparation did not contain detect-
able gag-specific cDNA. As shown in Fig. 1, gag-specific cDNA
was first detected 1 h after infection, and the amount of cDNA
increased over a period of 8 h and beyond (see also Fig. 2).

Effect of PR inhibitor UK-88,947 on HIV-lIIIB infectivity. To
characterize the effect of the PR inhibitor on the course of
HIV-1 infection, the synthesis of the cDNA in the presence of
UK-88,947 was analyzed in acutely infected H9 cells by South-
ern hybridization after amplification of cDNA by PCR using
the gag primer set (JA4-JA7). Initially, we studied the effect of
this inhibitor on cDNA synthesis under the conditions de-
scribed by Baboonian et al. (2). In agreement with this report,
we observed a dose-dependent inhibitory effect of UK-88,947
when cell lysates were analyzed 18 h after infection. However,
at a concentration of 12 ,uM (the reported IC90), the results
were variable. Therefore, in subsequent experiments, we used
this inhibitor at a concentration of 24 F.M. When UK-88,947
(24 ,uM) was added I h prior to infection, no cDNA was

detected in H9 cells harvested at 18, 36, and 120 h postinfec-
tion (Fig. 2). However, cDNA was detected when the inhibitor
was added to the cells together with the virus (time 0). Figure
2 also shows that 8 ,uM AZT inhibited synthesis of gag-specific
sequences when added to the cells 1 h prior to infection. RT
activity was also determined in the culture medium at the time

Harvest:

Inhibitor:
Time Added:

18 hr 36 hr 120 hr

UK 88947 AZT UK 88947 AZT UK 88947 AZT
- ,0 - 1 - --1 0 -I 0 -1 0 -1 -1 0 -I 0 I I

FIG. 2. Hybridization analysis of HIV-i,,,i3 cDNA synthesis in
acutely infected H9 cells treated with UK-88,947 (24 FM) or AZT (8
F.M) 1 h prior to (- I lanes) or at the time of (0 lanes) infection with
HIV-1iiiB (MOI of 0.1). Cells were harvested at 18, 36, and 120 h

postinfection. DNA of 10i cells was subjected to 35 cycles of amplifi-
cation with gag-specific primers JA4 and JA7.
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FIG. 3. Reversibility of inhibition of primary HIV infection by early
removal of PR inhibitor. UK-88,947 (at a final concentration of 24
FM) was added to cultures of H9 cells 1 h prior to infection with
HIV-lIIIB (MOI of 0.1). Inhibitor was removed ( T) from the medium
of cultures at 18 h (A), 36 h (0), and 120 h (-) time points
postinfection. l, HIV-1IIB infection without PR inhibitor treatment.
Cells were cultured after removal of inhibitor, and the presence of viral
particles in the medium of the cultures was determined by RT assay.

of cell harvests (Fig. 2 and 3). No RT activity higher than
background was found in the culture medium of inhibitor-
treated cells at the time periods indicated. Furthermore, when
the inhibitor was removed from the culture medium at 120 h
after viral infection, the cultures remained free of RT activity
for up to 21 days (Fig. 3). However, when the inhibitor was
removed from the cultures at 18 or 36 h postinfection, a low
level of virus production was observed after a lag of 7 to 9 days,
as shown by RT assays (Fig. 3), indicating the reversibility of
the inhibition at the earlier time points.

Analysis of viral entry and kinetics of HIV uptake. Quanti-
tative analysis of the kinetics of HIV p24 uptake during
primary infection of H9 cells was carried out to evaluate
whether the observed inhibitory effect of UK-88,947 was HIV
specific or was due to unspecific inhibition of entry of viral
particles. Figure 4 illustrates the time course of virus uptake in
untreated and UK-88,947-treated H9 cells.

Consistent with previous observations of others (25, 26), a
maximum of 29% (2,100 pg) of the input p24 had been
internalized into untreated H9 cells after incubation for 60 min
at 37°C. A similar amount, 2,380 pg of p24 (34.5%), was found
to have entered inhibitor-treated H9 cells. This finding indi-
cates that the inhibitory effect of UK-88,947 on primary
infection is not the result of inhibition of viral entry.

In an independent experiment, immunogold-electron micro-
scopic analyses of H9 (and MT4) cells acutely infected with
HIV-1IIB in the presence and absence of UK-88,947 also
suggested that the PR inhibitor did not affect the interaction of
HIV-1 with the plasma membrane of the cells (35a).

Selectivity of UK-88,947. It was also important to confirm
specificity of the PR inhibitor. Toward this end, H9 cells
pretreated with UK-88,947 (24 p,M) were coinfected with
HIV-IIIIB and HTLV-I. HTLV-I was used in this assay be-
cause it can infect H9 cells (11), and UK-88,947 does not
inhibit the HTLV-I PR (29a), nor does it affect infection by or
maturation of the virus (la). The synthesis of the cDNA of
both HIV and HTLV was studied 18 h postinfection by PCR
amplification using the relevant gag primer sets (JA4-JA7 and
gag3-gag4, respectively). Figure 5 shows the results of Southern
blot hybridization for the detection of amplified cDNA with
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0 10 20 30 40 50 60

Time (minutes)
FIG. 4. Kinetics of HIV-1 uptake by H9 cells during acute infec-

tion. Cells were treated with UK-88,947 (24 ,uM) 1 h prior to infection
with HIV-1IIB. Cell samples collected at indicated time points postin-
fection were washed and treated with 0.25% trypsin for 3 min at 37°C.
Data are expressed as picograms of HIV-1 p24 antigen determined by
ELISA. Shown are results for internalized p24 in H9 cells untreated
(-) and treated (0) with UK-88,947, total amount of p24 recovered
from washing fluids and cell lysates (M), and surface-bound p24
removed by trypsin treatment (A).

probes specific for HIV-1 (Fig. 5A) and HTLV-I (Fig. SB). As
expected, in H9 cells infected with either HIV-1 alone (Fig.
SA, lane 1) or HTLV-I alone (Fig. SB, lane 4), only the specific
cDNAs were detected. However, detection of the cDNAs of
both HIV-1 and HTLV-I in the coinfected H9 cells (Fig. 5A
and B, lanes 3) indicates that infection by both viruses occurred
in the same cell culture. In contrast, when H9 cells pretreated

A
M 1 2 3 4 5

B
1 2 3 4

. j

6 M

FIG. 5. Hybridization analysis of HIV and HTLV cDNA in H9
cells coinfected with HIV-1I1IB and HTLV-I. Cells were treated with
UK-88,947 (24 ,uM) 1 h prior to infection and harvested 18 h later.
DNA of 105 cells was amplified by PCR with gag-specific primer sets
(JA4-JA7 for HIV and gag3-gag4 for HTLV), electrophoresed in a
2.5% agarose gel, transferred to a nylon membrane, and hybridized
with the HIV-1 probe (A) or the HTLV-I probe (B). Arrows indicate
the 298-bp HIV-1 gag fragment in panel A and the 119-bp HTLV-I gag
fragment in panel B. Lanes: 1, HIV-1-infected, untreated H9 cells; 2,
H9 cells treated with UK-88,947 and doubly infected with HIV-1 and
HTLV-I; 3, the same as lane 2 but without PR inhibitor; 4, H9 cells
treated with UK-88947 and infected with HTLV-I; 5, HIV DNA; 6,
HTLV plasmid DNA; M, DNA marker, biotinylated 4~X174 (HaeIII
digested).
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UK 88947 AZT -
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FIG. 6. Hybridization analysis of HIV-1 proviral DNA synthesis in
acutely infected H9 cells in the presence of the PR inhibitor UK-
88,947. H9 cells were treated with UK-88,947 (24 1iM) or AZT (8 ,uM)
1 h prior to infection with HIV-IIIIB (MOI of 0.1). Cells were
harvested at 4- and 18-h time points postinfection, and DNA of 105
cells was subjected to 35 cycles of amplification with R/U5-, nef/U3-,
gag-, or LTR/gag-specific primers (see Materials and Methods). -,

untreated, infected H9 cells. Zero-hour samples were not analyzed for
cDNA of input virus by PCR and Southern hybridization, but in the
AZT-treated samples, very little (upper-panel 4-h lane) or no cDNA
was detected.

with UK-88,947 were doubly infected, no synthesis of HIV-1
cDNA was detected (Fig. 5A, lane 2), whereas HTLV-I cDNA
synthesis was not affected (Fig. SB, lane 2). HeLaT4 cells were
also coinfected with HIV-1 and HTLV-I, and UK-88,947
pretreatment resulted in the inhibition of the synthesis of
HIV-1 cDNA but not HTLV-I cDNA (data not shown). The
untreated, coinfected H9 cells were cultured further, and the
presence of HIV-1 and HTLV-I particles in the culture
medium was determined by appropriate RT assays (7, 34) up
to 19 days, which indicate the establishment of the productive
infection. The results showed that the inhibitory activity of
UK-88,947 is selective for HIV and that it did not block entry
and infectivity of another T-lymphotropic retrovirus, HTLV-I.
PCR amplification of cDNA by using various primers. To

obtain a better insight into the early progression of HIV cDNA
synthesis and for a more complete characterization of the
effects of PR inhibitors, lysates of H9 cells treated with
UK-88,947 1 h prior to infection with HIV-l111l were analyzed
for cDNA by PCR at 4 and 18 h postinfection, using a panel of
primer sets. In addition to the gag-specific primers (JA4 and
JA7) described above, primer sets specific to R/U5 (M667 and
AA55), nef/U3 (AA943 and, AA946), and LTR/gag (M667 and
M661) were used. The DNA hybridization results are shown in
Fig. 6. At 4 h after infection, cDNA was detected with all four
primer pairs. This result indicates that as expected on the basis
of the results described above, the virus entered the cell and
reverse transcription was initiated in the presence of the PR
inhibitor. Surprisingly, after 18 h, only the R/U5- and the
nef/U3-specific primers were able to detect cDNA. Consistent
with experiments described above, the gag-specific primers and
now the LTR/gag-specific primers were unable to amplify

cDNA (Fig. 6). These results suggest that by 18 h after
infection, the full-size cDNA detected at 4 h in PR inhibitor-
treated cells may have been degraded rather than integrated in
the presence of UK-88,947. Although a 0-h time point was not
included, the observation that very little or no cDNA was
detected at any time points in the AZT-treated cells indicates
again that the input virus did not contain a detectable amount
of cDNA.

Antiviral effect of PR inhibitors in a single cycle of infection
by wild-type HIV-l1,,B and a replication-defective virus, HIV-
gpt(HXB-2). Two assay systems were used to quantitate HIV
infectivity in a single cycle of infection. First, the effect on
primary infection of UK-88,947 as well as Ro 31-8959 was
quantitatively determined in the genetic assay system (33)
which utilizes the replication-defective HIV-gpt(HXB-2) virus.
Infection of HeLaT4 cells leads to the formation of drug-
resistant colonies after 10 to 12 days under the conditions of
selection medium. As described by Page et al. (33), the number
of HeLaT4 cell colonies is proportional to the titer of input
virus and secondary infection is prevented because the progeny
virus is not infectious. Treatment of HeLaT4 cell cultures with
UK-88,947 or Ro 31-8959 1 h prior to infection with HIV-
gpt(HXB-2) resulted in the reduction of the number of drug-
resistant (infected) cell colonies in a dose-dependent manner.
When added to the cultures 1 h prior to virus, UK-88,947 (6 to
24 ,uM) inhibited the formation of infected HeLaT4 colonies
by 60 to 90%, and 55 to 90% inhibition was obtained with 5 to
20 plM Ro 31-8959. However, the additions of the PR inhibi-
tors to the HeLaT4 cultures 2.5 h after infection did not
prevent formation of colonies, i.e., infection (data not shown).
We also studied HIV infectivity in the presence and absence

of PR inhibitors in the MAGI assay, which is based on the
activation of the integrated 3-galactosidase gene of HeLaCD4-
LTR/3-gal cells by HIV Tat protein (21). This assay is rapid
and can utilize both replication-defective and replication-
competent viruses. Results of representative experiments are
presented in Table 1. UK-88,947 and Ro 31-8959 effectively
inhibited infection with both HIV-gpt(HXB-2) and HIV-1 IIIB
when added to the cells 1 h prior to infection. UK-88,947 had
IC50s of 15.8 and 12.6 ,uM and IC9,,s of 25.5 and 24.6 p.M,
respectively, against the two viruses, while Ro 31-8959 had
'C50S of 3.1 and 4.3 ,uM and IC90s of 12.8 and 10.2 p.M,
respectively. Addition of the compounds 15 min after infection
also inhibited progression of replication of HIV-1 IIB1 whereas
addition 30 min after infection had a minimal inhibitory effect
(Table 1).
When the replication-competent HIV-1 l1l was used in the

MAGI assay, rsCD4 was added to parallel cultures after virus
infection to prevent possible spread of the virus. It should be
noted that omission of the rsCD4 did not result in increase of
blue (i.e., infected) cells; however, a higher number of multinu-
cleated giant cells was observed, which were counted as one
infectious unit as suggested by Kimpton and Emerman (21).
Treatment of extracellular virus with PR inhibitor. The

infectious virus stock was incubated at room temperature in
medium containing 24 puM UK-88,947 or 10 ,uM Ro 31-8959,
and after 50-fold dilution to reduce the concentrations of
UK-88,947 and Ro 31-8959 to 0.48 and 0.2 F.M, respectively,
infectivity was assayed at an MOI of 0.1 (Fig. 7). As shown in
Fig. 7A and B for UK-88,947 and Ro 31-8959, respectively,
virus infectivity gradually decreased with time, and 85 to 90%
inhibition of infectivity was obtained after 60 min of treatment.
It is also shown that the inhibition was partially reversible by
allowing the inhibitors taken up by the virus to leach out (Fig.
7 and legend).
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TABLE 1. Effects of PR inhibitors UK-88,947 and Ro 31-8959 on a
single cycle infection of HeLaCD4-LTR/l3-gal cells with

HIV-gpt(HXB-2) or HIV-lIIIBa
% Inhibition'

Concn" 1onM) -1 h +15 min, +30 min,
HIV-gpt(HXB-2) HIV-tIIIB HIV-lI11B HIV-IIIIB

UK-88,947
6 15 34.5 25 1
12 34 48.8 35 5
24 81 88.1 72 8.9
IC50 15.8 12.6 18
IC90 25.5 24.6

Ro 31-8959
1 45.2 18.6 17 1
5 58.3 54.3 48 8
10 75.2 88.6 80 13.2
20 90.1 99.7 80.8 13
IC50 3.1 4.3 5.3
IC90 12.8 10.2

a HIV-gpt(HXB-2) was produced with cotransfection of COS-7 cells with
HIV-gpt plasmid DNA and HXB-2 env DNA (1.2 x 104 IU/ml). HIV-lIIIB was
cultured in H9 cells (2.1 x 105 IU/ml). HeLaCD4-LTR/,B-gal cells were infected
with of each of the viruses at an MOI of 0.1 for 1 h. To prevent virus spread,
rsCD4 (5 jig/ml) was added to the cultures I h after infection with HIV-1IIIB.

h Inhibitor was added to the cultures at the indicated time intervals before or
after infection with virus. At 40 h after infection, X-Gal was added and blue foci
of treated and untreated cultures were counted. Percent inhibition was calcu-
lated as mean number of blue cells in inhibitor-treated cultures compared with
the number in untreated cultures. IC values were determined by Hill analysis.
When added at - I h, AZT inhibited HIV-lIIB infection with IC50 and IC90 of
0.2 and 2.3 ,uM, respectively.

' Stock solutions were made in dimethyl sulfoxide. No cytotoxicity was seen
even at the highest concentration of dimethyl sulfoxide (0.2%) and inhibitors.
The 5t)% toxic dose of UK-88,947 was 72 ,uM, and that of Ro 31-8959 was 40 pM.

DISCUSSION

The results presented in this report demonstrate the antivi-
ral activity of HIV-1 PR inhibitors in a single cycle of infection
and suggest that the HIV-1 PR has an important function in
the early steps (from entry to integration) of viral replication.
Specific inhibitors of HIV-1 PR, UK-88,947 and Ro 31-8959,

A
100

80 -

2._
._L
- 0

0 40 -

20 -

B

were used in studies of the progression of cDNA synthesis in
acutely infected H9 cells. As the length of one cycle of HIV
replication is approximately 24 h (20), harvesting the cells for
PCR amplification at earlier time points after infection en-
sured that only viral DNA synthesized in single round of
replication was analyzed. We also determined the antiviral
effects of the two inhibitors in acutely infected HeLaT4, H9,
and HeLaCD4/,B-gal cells by using infectivity assays which
allowed quantitation of wild-type HIV-1 and a replication-
defective virus, HIV-gpt(HXB-2).
We found that UK-88,947 inhibited infection of HeLaCD4-

LTR/P-gal cells by HIVIIIB with an IC90 of 24.6 pM and
infection by HIV-gpt(HXB-2) with an IC90 of 25.5 ,uM in the
MAGI assay. Ro 31-8959 inhibited the wild-type and replica-
tion-defective viruses with IC90s of 10.2 and of 12.8 ,uM,
respectively. Previously, Jacobsen et al. (18) used Ro 31-8959
at a single concentration of 1 ,uM to show an apparent lack of
inhibition of the progression of early steps of HIV-1 replica-
tion. At this concentration, Ro 31-8959 did not block HIV-1
infection in our assays either. However, it showed a dose-
dependent inhibition of both HIV-gpt(HXB-2) and HIVIIIB
(Table 1). It should be pointed out that although both inhibi-
tors showed substantial antiviral activity when added to
HeLaCD4-LTR/3-gal cells 15 min postinfection, complete
inhibition could not be reached even with the highest doses
used if added at this time point (Table 1) or at the time of
infection (data not shown). The uptake of the PR inhibitors by
the cell is both dose and time dependent, and it is apparently
slower than the receptor-mediated entry of the virus. There-
fore, in order to determine IC90s and evaluate progression of
cDNA synthesis by PCR, the inhibitors were added 1 h prior to
infection. It is also significant that in the experiments in which
the infectious virus stocks were pretreated with the inhibitors,
pretreatment of the cells was not necessary to obtain nearly
complete (-90%) inhibition (Fig. 7). These results demon-
strate that the PR inhibitors were capable of penetrating the
virus and that tightly bound inhibitor (it is assumed that the
inhibitor is bound to the PR inside the particle) entered the
cells rapidly, together with the virus. Pretreatment of the
infectious extracellular virus was done at the approximate
inhibitor concentrations (24 p.M UK-88,947 and 10 ,.M Ro

Minutes Minutes

FIG. 7. Treatment of extracellular HIV-1 with PR inhibitors. HIV-1lH1B (105 IU/ml) in culture medium was incubated in presence or absence
of 24 p.M UK-88947 (A) or 10 ,uM Ro 31-8959 (B) at room temperature. Aliquots were taken at the indicated time points, and infectivity was
determined in the MAGI assay. Samples were diluted 50-fold as added to HeLaCD4-LTR/3-gal cells (MOI of 0.1; 0.48 puM UK-88,947 or 0.2 ,uM
Ro 31-8959): 0, inhibitor-treated virus; A, untreated virus (MOI of 0.1). After 60 min of incubation, the virus suspensions with and without
inhibitor were diluted 1:10 with inhibitor-free medium and incubated further. Infectivity of the samples taken at the indicated times was assayed
(MOI of 0.1) again at final inhibitor concentrations of 0.48 pLM (A) and 0.2 ,uM (B): 0, inhibitor-treated virus; A, untreated virus.
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31-8959) that were required to give -90% inhibition in the
assays when the cells were pretreated. However, at the time of
infection with an MOI of 0.1, the inhibitors had been diluted
50-fold as added to cells. Although under this condition, the
inhibitor concentrations for the cells were not higher than 0.48
,uM UK-88,947 and 0.2 ,uM Ro 31-8959, the infectivity was
almost completely blocked.
The source of virus used in our assays was the 24-h super-

natant from chronically infected H9 cells. One could speculate
that the observed inhibitory effects after treatment of the
extracellular virus with PR inhibitors were primarily the results
of preventing a late maturation step rather than an early event
of replication. However, this is unlikely. During the prepara-
tion of this report, Kaplan et al. (19) reported that 86% of the
extracellular virus produced under similar conditions by CEM
cells were morphologically normal mature particles. These
authors also observed that HIV-1 of such supernatants from
inhibitor treated cells showed a reduction of infectivity unpro-
portionate to the processing of precursor polyproteins. At the
inhibitor concentration at which the infectivity titer was re-
duced by about 80%, approximately two-thirds of the particles
appeared to contain fully processed CA protein p24. On the
basis of our earlier proposal (36-38), Kaplan et al. (19)
considered the possibility "that residual inhibitor carried in the
treated virus stock inhibited the protease which caused a
failure to cleave the NC protein after infection."
The results obtained when the virus was pretreated indicate

that the effects of inhibitors are on the viral PR and not on
some cellular protease. Furthermore, the specificity of UK-
88,947 was demonstrated by the fact that replication of
HTLV-I was not affected by this inhibitor and when inhibitor-
treated H9 cells were coinfected with HIV-1 and HTLV-I, only
HIV-1 replication was inhibited. This finding together with the
results of the experiments on virus uptake (p24 ELISA) and
the cDNA analyses (Fig. 6) provided convincing evidence that
the effects of the PR inhibitors are not due to unspecific
inhibition of virus entry.
Although it is not clear what steps in the early phase of the

viral life cycle are affected by the PR inhibitors, analysis of the
cDNA synthesized in cells treated with UK-88,947 (Fig. 6)
shows that the initiation of reverse transcription is not affected.
Similar results have been obtained from in vitro endogenous
RT assays with the EIAV cores (38). The fact that the LTR/gag
primer set was able to amplify cDNA 4 h after infection
indicates that reverse transcription has progressed beyond the
synthesis of the positive-strand strong-stop DNA and the
positive-strand jump and that synthesis has continued at least
into the positive-strand gag sequence. It has previously been
shown that these virus sequences can be detected 1 to 4 h after
infection with HIV-1 (15, 20). The lack of any detectable (gag
sequence) cDNA 18 h after infection in cells treated with the
PR inhibitor suggests that the cDNA transcribed in these cells
is not integration-competent, stable cDNA. If this DNA is not
integrated into the host genome, it may become a target for
degradation by cellular nucleases. Kim et al. (20) have sug-
gested that integration of viral cDNA may be the limiting
factor to the efficiency of a productive infection. They also
reported a decrease in unintegrated linear cDNA detected
between 12 and 24 h postinfection and suggested that this may
be due to degradation of the reverse transcripts. In addition,
the amount of HIV-1 DNA harvested from acutely infected
quiescent peripheral blood lymphocytes appears to decrease
with time, with an apparent half-life of 1 day (48).
On the basis of in vitro experiments with capsids of EIAV,

we have proposed that the PR cleaves the NC protein in the
early stages of the viral replication cycle (36-39). In fact, these

in vitro experiments have been extended to show that the PR
cleavage of the NC protein which occurs during the progres-
sion of endogenous reverse transcription is required for the
formation of a large-molecular-weight protein-DNA complex
(47a). Thus, it seems that the target of the PR in the early
phase of viral replication is the NC protein and that its
cleavage may be necessary not for reverse transcription per se
as previously suggested (2) but for subsequent events, such as
the formation of a properly assembled cDNA-protein complex,
formation of the preintegration complex, and/or its transport
to the nucleus.

This hypothesis also implies that not only the PR but also the
NC protein itself and/or its proteolytic fragments may have an
active role in the early phase of virus replication. The activity
of the NC protein in the early steps has been suggested by
studies carried out in vivo (4, 10, 14, 30, 35) and in vitro (23).
We have shown that the in situ cleavage of EIAV NC protein
inside the capsid is ordered such that the first cleavage occurs
within the first zinc finger, followed by the second cleavage
within the second zinc finger (36). Interestingly, it has been
shown that the two zinc fingers in the HIV-1 NC protein and
Rous sarcoma virus NC protein are not functionally equivalent
(4, 10, 14). In fact, replacing the second zinc finger of the
HIV-1 NC protein with the first motif (pNC1/1) resulted in a

virus which was defective in replication, yet RNA packaging
and virus maturation were not significantly impaired (14). The
fact that this mutant retains the double zinc finger structure of
the wild-type virus suggests that the amino acid sequence of
the second finger is important for efficient replication of the
virus (in the early phase). It is possible that the defect in the
replication of the pNC1/1 mutant is due to aberrant proteolytic
processing during the early phase of replication.
The exact role of the NC protein in the early phase of

replication has not been determined. Therefore, it is hard to

speculate on what the function of NC cleavage by the protease
would be. It has been reported (9) that the HIV-1 NC protein,
as well as synthetic fragments of the NC protein similar to that
which would be generated by proteolytic cleavage of the
Phe-Asn scissile bond (45) in the first zinc finger, is capable of
binding RNA, unwinding tRNA, and promoting RNA anneal-
ing and cDNA synthesis, while the synthetic fragments which
are similar to the products of the putative second cleavage
event are no longer capable of unwinding tRNA and promot-
ing cDNA synthesis. In addition, it has been shown that the NC
protein binds to strong-stop cDNA and promotes annealing of
this cDNA to HIV-1 RNA (23). The proteolytic processing of
the NC protein may play a regulatory role in which the initial
cleavage would activate or enhance the activity of the NC
protein and the second cleavage would inactivate the protein.

It is also possible that the cleavage of the NC protein is
necessary (i) to allow a metamorphosis of the viral core

structure to form the preintegration DNA-protein complex or

(ii) for transport and protein-driven nuclear localization. Pre-
integration complexes have been isolated from HIV-1, murine
leukemia virus, and avian leukosis virus (3, 5, 12, 24, 46). They
have been shown to contain DNA, integrase, and some Gag
protein. Future studies should be focused on further charac-
terization of these complexes to fully define their protein
compositions and determine whether the NC protein or its
proteolytic fragment(s) is present in these structures. In this
report, we provided evidence for antiviral activity of HIV-1 PR
inhibitors and the role of Pr in the early phase. Their signifi-
cance deserves further study.
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