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HIV-1 PROTEINASE IS REQUIRED FOR SYNTHESIS OF PRO-VIRAL DNA
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HIV-1 proteinase activity is thought to occur primarily post-integration by cleaving the
viral Gag and Gag-Pol polyproteins. Its role in the pre-integration stages of viral
replication, however, has not been studied in detail. Here we report that a synthetic
peptide analogue, UK-88,947, which is a specific inhibitor of purified HIV-1 proteinase,
inhibits the processing of the viral polyproteins in cultures of HIV-1 infected cells and
prevents the formation of mature, infectious virions. Analysis of DNA from HIV-1
infected cells treated with UK-88,947 showed that viral DNA synthesis was inhibited when
the compound was added to cultures one hour before infection. Similar results were
obtained when AZT was used. Neither HIV-1 reverse transcriptase or the replication of
FIV are inhibited by UK-88,947. ¢ 1091 academic Press, Inc.

The proteolytic cleavage of Gag (p55) and Gag-Pol (p165) polyproteins of human
immunodeficiency virus type 1 (HIV-1) by the virus encoded proteinase (PR) is required for viral
maturation and infectivity (1-4). In the absence of PR, non-infectious viral particles devoid of
electron dense cores are produced (2,3). The PR is enzymatically active as a dimer and is
thought to function primarily post-integration (5-10). Studies with equine infectious anemia
virus (EIAV) (11), however, showed that the nucleocapsid (NC) protein purified in capsids,
undergoes further proteolytic processing, which suggests the viral PR may play a role in the early
stages of the replication cycle. This report describes how a synthetic peptide analogue UK-
88,947, which inhibits HIV-1 PR in both cell-free and cell-based assays, is used to demonstrate

that this enzyme is involved in the steps after the entry of the virus prior to viral DNA synthesis.
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The sequence of amino acids in S28 was searched for internal duplications and one
possible repeat was found: MDTSR (at positions 1-5) and MDDTSR (at positions 35-40).

The determination of the sequence of amino acids in rat $28 is a contribution to a data
set which it is hoped will eventually include the structure of all the proteins in the ribosomes of
this mammalian species. The primary purpose for the accumulation is its anticipated use in
arriving at a solution of the structure of the organelle. However, the information may also help
in understanding the evolution of ribosomes, in unraveling the function of the proteins, in
defining the rules that govern the interaction of the proteins and the rRNAs, and in uncovering

the amino acid sequences that direct the proteins to the nucleolus for assembly on nascent TRNA.
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798-829. The blots were washed three times with 6xSSC containing 1% SDS at room
temperature, three times at 70°C and exposed to X-ray film for 24 hours.

Feline Immunodeficiency Virus (FIV) replication assay: anti-FIV activity was determined by
assaying viral core antigen (p26) production in Crandle feline kidney cells infected with FIV
(Glasgow 8 strain, donated by Professor O. Jamett, Veterinary School, Glasgow). UK-88,947
was added to cells at the time of infection. One week later FIV antigen present in the supernatant
of infected cells was quantitated using an ELISA kit (Idexx, Inc).

RESULTS AND DISCUSSION

The activity of UK-88,947 (Figure 1) against purified HIV-1 PR was determined using an in
vitro assay system. This compound was 90-fold more active against the HIV-1 PR than the
aspartyl proteinase inhibitor, pepstatin A (Table 1). Specificity of UK-88,947 for the viral
enzyme was apparent as its IC,s against HIV-1 PR, renin and pepsin were 12nM, 580nM and
450nM respectively. The antiviral activity of UK-88,947 was determined by quantitating
infectious virus produced from cells initially infected and subsequently treated with inhibitor.
UK-88,947 showed similar activity to AZT as it reduced p24 levels by 90% at 3uM and blocked
production of infectious virus at 6tM. Pepstatin A showed no antiviral activity at 15uM (Table
1). UK-88,947 at 60uM was not toxic to proliferating H9 cells since it had no effect on cellular
DNA, RNA or protein synthesis. To confirm that HIV-1 PR was the target of UK-88,947, the
cleavage of HIV-1 p55 in treated HOIIIB cells was studied. Western blot analysis (Figure 2a)
showed that processing of viral p55 to p24 was inhibited by UK-88,947 (12uM). When viewed
by electron microscopy, the virus from treated cells (Figure 2c), consisted of predominantly
(97%) immature particles lacking the condensed cone-shaped core (capsid) which is
characteristic of mature infectious virus (Figure 2b), indicating that this compound does not

prevent post-integration synthesis of viral proteins, virus assembly and budding.

To determine whether PR has a role in viral replication prior to integration, DNA synthesis in H9

cells infected with HIV-1 in the presence of UK-88,947 was analysed with the PCR, using

NH:OH

Figure 1. Chemical structure of UK-88,947: N-isopentyl-(S)-5-[1-aminocyclohexylcarbonyl-(S)-
phenylalanyl-(S)-asparaginylamino]-(S)-4-hydroxy-(R)-2-isobutyl-6-phenylhexanamide,
hydrochloride.
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Table 1. Inhibition of HIV-1 replication and viral replication by UK-88,947. *- p24, IC,,:
concentration that inhibits p24 levels by 90%. ° - IT, IC,o: concentration that inhibits
infectious titre by 100%.

COMPOUND HIV-1 PROTEINASE ANTI-HIV-1;3 ACTIVITY
ICgo (nM)
p24%, IC,y (UM) IT®, ICyq (WM)
UK-88,947 12 3 6
PEPSTATIN 1100 >15 >15
AZT - 378 15

primers that hybridize to the gag region of HIV-1 DNA. As the length of one cycle of HIV-1
replication in H9 cells has been reported to be approximately 24 hours (16), a time course
experiment was performed whereby a single dose of the inhibitor (12 uM) was added 1 h before
infection, at infection, or 2.5, 5 and 18 hours post-infection. The cells were harvested 18 hours
post-infection to ensure that only first-round DNA synthesis was analysed, separated into nuclear
and cytoplasmic fractions from which DNA was isolated and subjected to PCR. When UK-
88,947 was added to cells one hour prior to infection, no viral DNA was detected in the
cytoplasmic or nuclear fractions (Figure 3). Increasing the time interval before addition of
compound resulted in a steady increase in the amount of HIV-1 DNA synthesised. This suggests
that viral uncoating and DNA synthesis occur more rapidly than diffusion of the compound to its
site of action, as cytoplasmic proviral DNA was detected even when compound was added
simultaneously with virus. When compound was added 2.5 h after infection, proviral DNA
synthesis was depressed but not completely inhibited. This implies that UK-88,947 achieves this
affect without interfering with virus binding to the cell. This was investigated further with a cell-
based assay using Jurkat-tat-III cells (17). Transformation with the plasmid pIllenv3-1, encoding
the gp120 protein (17), and production of normal levels of CD4-gp120-induced syncytia could
not be inhibited with UK-88,947 (120uM) (data not shown). The quantity of virus specific DNA
detected in the nucleus was consistently lower than that observed in the cytoplasm (Figure 3).
Proviral DNA was first detected in the nucleus when UK-88,947 was added 2.5 h after infection,
but not when compound was added simultaneously, indicating that a minimum of 2.5 hours is
required for HIV-1 DNA to be translocated to the nucleus. Identical results were obtained in a
parallel experiment using AZT (7.5pM), which when added 1 h before infection completely
inhibited viral DNA synthesis (Figure 3). Addition of AZT at increasing time intervals after
infection was progressively less effective at inhibiting viral DNA synthesis in the cytoplasm and

the nucleus (Figure 3).
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Figure 2. Inhibition of HIV-1 p55 processing in HIIIIB cells by UK-88,947. (a) Westem blot
analysis: proteins profiles from lysates of H9IIIB celis cultured with 0, 1.5, 3, 6, or 12uM UK-
88,947 (lanes 1 and 3-6) respectively, and with 7.5¢M AZT (lane 2) are shown. (b and ¢)
Electron Microscopy: samples of the HOIIB cells either untreated (b) or treated with 12uM UK-
88,947 (c).
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Figure 2 -~ Continued
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Figure 3. Southern blot analysis of HIV-1 DNA synthesis in acutely infected H9 cells cultured in
the presence of UK-88,947. UK88,947 (12uM) or AZT (7.5uM) was added to the cultures one
hour prior to infection (5), 0 hours (4), 2.5 hours (3), 5 hours (2) and 18 hours (1) post infection.
Cell cultures were harvested at the 18 hour time point.
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Table 2. The effect of UK-88,947 on replication of feline
immunodeficiency virus

COMPOUND CONCENTRATION FIV p26
(M) (%)
UK-88,947 0 100
3 95
6 100
12 109
AZT 75 44

Additional evidence that UK-88,947 specifically inhibits HIV-1 PR is that the compound at
12pM (i) did not affect replication of another lentivirus, FIV, in CRFK cells as determined by
ELISA (Table 2), and (ii) did not inhibit HIV-1 reverse transcriptase activity at 12uM in an in
vitro assay (18) (data not shown). These results suggest that, as well as preventing late phase
maturation of virions, UK-88,947 restricts productive infection at an earlier phase in the HIV-1
replication cycle, i.e. after binding of the virus to cellular receptors, up to and including reverse

transcription of viral DNA. The role of PR at this stage of the replicative cycle is unknown.

When EIAV particles are stripped of their envelope, the packaged PR in these capsids is able to
cleave the p11 NC protein to p6 and p4 proteins (19) in situ. The pl1 cleavage is inhibited when
UK-88,947 (12uM) is incubated with isolated capsids (M. Roberts, P.J. Whittle, and S. Oroszlan,
unpublished). This cleavage was not observed in the whole virus which implies that the early PR
cleavage activity is invoked only when internalisation has occurred. It is not known whether

cleavage of the corresponding HIV-1 NC protein, p7, occurs upon entry into susceptible cells.

The role of p11 cleavage in EIAV is uncertain but it may be required to allow access for reverse

transcriptase to transcribe genomic viral RNA. A similar mechanism may be occurring in HIV-1.

As the inhibitor is effective at preventing proviral DNA synthesis only when present in the
culture prior to infection, it is likely that protein cleavage is required before viral DNA can be

made, and that this occurs rapidly upon entry and uncoating of HIV-1 in H9 cells.
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