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We have used feline immunodeficiency virus (FIV) protease (PR) as a mutational system to study the
molecular basis of substrate-inhibitor specificity for lentivirus PRs, with a focus on human immunodeficiency
virus type 1 (HIV-1) PR. Our previous mutagenesis studies demonstrated that discrete substitutions in the
active site of FIV PR with structurally equivalent residues of HIV-1 PR dramatically altered the specificity of
the mutant PRs in in vitro analyses. Here, we have expanded these studies to analyze the specificity changes
in each mutant FIV PR expressed in the context of the natural Gag-Pol polyprotein ex vivo. Expression mutants
were prepared in which 4 to 12 HIV-1-equivalent substitutions were made in FIV PR, and cleavage of each
Gag-Pol polyprotein was then assessed in pseudovirions from transduced cells. The findings demonstrated
that, as with in vitro analyses, inhibitor specificities of the mutants showed increased HIV-1 PR character when
analyzed against the natural substrate. In addition, all of the mutant PRs still processed the FIV polyprotein
but the apparent order of processing was altered relative to that observed with wild-type FIV PR. Given the
importance of the order in which Gag-Pol is processed, these findings likely explain the failure to produce

infectious FIVs bearing these mutations.

We have used feline immunodeficiency virus (FIV), a mem-
ber of the lentivirus family, as a small-animal model to develop
intervention strategies against lentiviral infection (11, 12, 16).
One of our goals is to understand the molecular basis of human
immunodeficiency virus type 1 (HIV-1) and FIV protease (PR)
substrate and inhibitor specificity in order to develop broad-
spectrum PR inhibitors that will inhibit wild-type and drug-
resistant PRs. This approach has led to the development of
TL-3, an inhibitor that is capable of inhibiting FIV, simian
immunodeficiency virus, HIV-1, and several drug-resistant
HIV-1 strains ex vivo (5, 25, 26), as well as other potential
inhibitors with broad efficacy (24, 33, 34). FIV PR, like HIV-1
PR, is a homodimer, but each monomer is composed of 116
amino acids, as opposed to 99 amino acids for HIV-1 PR
(Fig. 1A). The structure of FIV PR has been determined and
compared to that of HIV-1 PR (23, 53). FIV PR is very similar
to HIV-1 PR, particularly in the active core region, but only
shares 27 identical amino acids (23% identical at the amino
acid level) and exhibits distinct substrate and inhibitor speci-
ficity (1, 30, 31, 44, 53). FIV and HIV-1 PR each prefer their
own matrix (MA)-capsid (CA) junction substrate, and FIV PR
prefers a longer substrate than HIV-1 PR. Current clinical
drugs against HIV-1 PR are poor inhibitors of FIV PR, pri-
marily because of a smaller S3 substrate binding site in FIV PR
(25, 26).
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FIV PR is responsible for processing FIV Gag and Gag-Pol
polyprotein into 10 individual functional proteins, including
MA, CA, pl, nucleocapsid (NC), and p2 from the Gag
polyprotein and PR, reverse transcriptase (RT), RNase H
(RH), dUTPase (DU), and integrase (IN) from the Pol
polyprotein (13) (Fig. 1B). Distinctions relative to HIV-1 Gag-
Pol include an additional small spacer protein, p1, between NC
and p6 of the HIV-1 Gag polyprotein and the lack of DU in
HIV-1. FIV PR, similar to HIV-1 PR, regulates its own activity
through autoproteolysis at four cleavage sites in PR (22). The
processing sequence of Gag and Gag-Pol precursor proteins,
highly regulated by PR, is critical for producing mature viruses
for infection and replication (40, 48). Thus, PR is an attractive
target for development of antiretroviral drugs and PR inhibi-
tors have drastically slowed the progression of disease and
reduced the mortality rate in HIV-1-infected patients (2, 19,
21, 47). However, the high error rate of reverse transcription
and high levels of viral replication, combined with a lack of
adherence to medication regimens, have led to the develop-
ment of drug-resistant strains. Additional strategies are there-
fore needed for drug design to minimize resistance and cross-
resistance problems.

We have compared the properties of FIV PR and HIV-1 PR
to better understand the molecular basis of retroviral PR sub-
strate and inhibitor specificity. In our previous studies, we
replaced up to 24 amino acid residues in and around the active
site of FIV PR with positionally equivalent residues of HIV-1
PR and examined the specificity of mutant PRs in vitro (1, 25,
30, 31). Substrate specificity of mutant FIV PRs was analyzed
by examining their cleavage efficiency on peptides representing
HIV-1 and FIV cleavage sites. The inhibitor specificities of
mutant PRs were assessed by measuring the 50% inhibitory



VoL. 80, 2006 Gag POLYPROTEIN CLEAVAGE SPECIFICITY OF FIV-HIV 7833
A active core region flap region
6 15 25 %k 35 45 59
FIV YNKVGTTTTLEKRPE ILIFVNGYPI KFLLDTGADI TILNRRDFQV KNSIENGRQNMIGV
HIV-1 PQITLWORPL VTIKIGGQLK EALLDTGADD TVLEEMNLPG RW--—--KPKMIGGI
i 10 20 30 40 50
90's loop
69 97 107 116
FIV GGGKRGTNYI NVHLEIRDENYKTQC IFGNVCVLEDNSL IQPLLGRDNM IKFNIRLVM
HIV-1 GGFIKVRQYD QILIEIC-——-- GHK AIGTVLVGP---T PVNIIGRNLL TQIGCTLNF
60 80 90 99
B 1 2
FIV Gag | MA I CA I NC |
FIV Gag-Pol | | I'F PR RT RH DU IN
2 1
HIV-1 Gag | MA I CA | NC |p6|
HIV-1 Gag-Pol l l | TF | PR | RT | RII | IN

FIG. 1. (A) Amino acid sequence alignment of FIV and HIV-1 PRs. FIV PR monomer is composed of 116 residues, as opposed to 99 residues
for HIV-1 PR. There are 27 identical residues between the FIV and HIV-1 PRs. *, catalytic aspartic acid, D25 for FIV PR and D30 for HIV-1
PR. The substitutions made in this study are in boldface. (B) Schematic representation of FIV and HIV-1 Gag and Gag-Pol polyprotein. Cleavage
sites and individual mature proteins are shown. HIV-1 has an additional spacer protein, pl, between NC and p6 in the Gag polyprotein, whereas
FIV has an additional enzyme, DU, between RH and IN compared to HIV-1. TF, transframe region.

concentrations (ICs.s) and K; values of potent HIV-1 PR in-
hibitors. Two substitutions, 135°°D (HIV-1-equivalent num-
bering is shown as a superscript) of the active core and 157**G
of the flap, were intolerant to change in FIV PR. The lost
activity of I57*%G was rescued by additional secondary substi-
tutions, G62°°F and K631, at the top of the flap, whereas the
recovery of lost activity of the 135D mutation was evident but
limited with additional mutations. In addition, we have learned
that some mutants, such as I37°?V in the active core, N55°M,
M56*’1, and V59°°I in the flap region, and L975°T, 198%'P,
Q99%2V, P100%*N, and L1013 in the “90’s loop” region, re-
tained comparable activity against FIV substrates while sub-
stantially changing substrate and inhibitor specificity compared
with that of HIV-1 PR (30, 31).

Our previous studies of FIV PR specificity have measured in
vitro cleavage of fluorogenic substrates by using purified PR,
which has been informative but does not address either cleav-
age or inhibitor specificity of PR in the context of the natural
polyprotein substrate. In this study, we employed an ex vivo
tissue culture system coupled with expression of wild-type and
mutant PRs in the context of the Gag-Pol polyprotein to ad-
dress several pertinent questions. First of all, we wished to
determine the relative substrate specificity of wild-type and
mutant FIV PRs in the context of Gag-Pol polyprotein by
measuring the processing sequence and pattern of Gag
polyprotein cleavage by each PR. The processing sequence and
efficiency of HIV-1 Gag polyprotein have been studied in great

detail and are critical for viral replication (39, 40). Although
the processing sites of the FIV Gag-Pol polyprotein have been
identified, little is known about the processing sequence or
efficiency of cleavage at each site. Secondly, we wanted to
determine how inhibitors affect the processing of the Gag-Pol
polyprotein. Finally, we wanted to assess whether such a cell-
based system could serve as an accurate screening venue for
PR inhibitors. The analysis of the substrate and inhibitor spec-
ificity of mutant FIV PR was facilitated by the use of the
pCFIVAorf2Aenv expression plasmid (17) transfected into the
293T human kidney cell line in order to express Gag and
Gag-Pol polyprotein and produce viral particles. The process-
ing capability of the mutant PRs was then assessed by Western
blot analysis of MA and CA processing, as well as release of
RT activity, in the presence and absence of a panel of potent
HIV-1 PR inhibitors. The data show that the processing effi-
ciency of the Gag polyprotein and release of RT activity were
significantly affected by substitutions of specific HIV-1 amino
acid residues in FIV PR. Specifically, the NC-p2 cleavage junc-
tion was processed efficiently by the wild type but poorly by the
“HIVinized” FIV mutants. In addition, several potent HIV-1
PR inhibitors markedly inhibited the processing of the Gag
polyprotein in mutants ex vivo, with specificities similar to that
observed against HIV-1 PR and to a greater extent than ob-
served with wild-type FIV PR. This study will further aid the
development of the next generation of broad-spectrum PR
inhibitors against native and drug-resistant retroviral PRs.
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FIG. 2. Structural locations of substitutions in FIV PR. Substituted residues are shown on one chain of dimeric PR. Substitutions include I137°2V
in the active core; N55°M, M56*71, 157G, V59°°I, G62°°F, and K631 in the flap; and L975°T, 198°'P, Q99%2V, P100%*N, and L101**I in the 90’s

loop.

MATERIALS AND METHODS

Construction of pCR2.1-S/N-based plasmids encoding mutant PRs. To facil-
itate the mutagenesis of FIV PR in the Gag-Pol region, the unique Sacl- and
Nsil-digested fragment encoding wild-type FIV PR of clone 34TF10 (49) was
transferred into vector pCR2.1 (Invitrogen Corporation, Carlsbad, CA) to gen-
erate the pCR2.1S/N plasmid. PCR-mediated megaprimer mutagenesis (43) of
the FIV PR gene was performed on the EcoRI/Nsil fragment of the pCR2.1-S/N
plasmid. The sequence of the 5" primer encoding the EcoRI site was 5'-GGAA
ATAGAAAGAATTCGGGAAACTGGAAGG-3'. The sequence of the 3’
primer encoding the Nsil site was 5'-CAAGAGGAATGGTGAAATATGCAT
CCCCTATATC-3'. Sequences of mutagenic primers for FIV PR have been
described in detail previously (30, 31). Substitutions for equivalent residues of
HIV-1 PR (FIV numbering with HIV-1 numbering in superscript) included
135D, 157%3G, 4s (I37°2V/N55**M/M56*71/V59*1), 7s (137°2V/N55*°M/M56*7
1/157*G/V59°° /G627 F/K63%T), 8s (N554°M/M56*T/V59*T/LI7*T/198%'P/Q
99%2V/P100%N/L101%4T), 9s (I37*2V/N55*°M/M56*71/V59*51/L975°T/198%' P/Q
9952V/P100%3N/L101%T), and 12s (I37°2V/N55*°M/M56*71/157*G/V59>°1/G62%3
F/K63>*1/L975°T/198°! P/Q99%2V/P100**N/L101%4I). Alignment of the amino acid
sequences of the FIV and HIV-1 PRs is shown in Fig. 1A. The structural
locations of the above substitutions in FIV PR are shown in Fig. 2. Mutation
135°°D is located in the active core, and I57*3G is in the flap region. 135°°D and
157*G were shown to have no detectable activity in a fluorogenic assay in vitro
(30, 31). 137°2V is in the active core, whereas N554°M, M56471, V59°°I, G62F,
and K631 are in the flap region. L975°T, 198%'P, Q99%2V, P100**N, and L101%
are in the 90’s loop region. Two single-substitution mutants, D30*N and
N554D, were also constructed. D30°N (equivalent to D25N of HIV-1 PR) is an
inactive PR mutant in which the catalytic Asp of the active core is replaced with
Asn (23). N55*°D is an active flap mutant with biochemical characteristics similar
to those of wild-type PR (9). In order to assess the relative substrate specificity
between FIV mutant PR and HIV-1 PR against the FIV Gag polyprotein, two
chimeric constructs containing FIV Gag/HIV-1 PR were also prepared. The
sequences of the 5’ mutagenic primers used to construct FIV-HIV-1 chimeras
are as follows: FHIV-5A, 5'-GGAGGAGAAACTATTGGATTTGTAAGCTT

TAGCTTCCCTCAGATCACTCTTTGG-3'; FHIV-5B, 5'-ACCTCCAATGGAG
GAGAAACTATTGGATTTGTAAATCCTCAGATCACTCTTTGGCAGCGAC
CC-3'. The sequence of the 3'mutagenic primer is 5'-GGCTGCACTTTAAATTT
TTAAATGCATAGAGGG-3'. The primer contains a stop codon at the end of
HIV-1 PR; therefore, the rest of pol was not transcribed in both chimeric constructs.
All substitutions and mutations were verified by DNA sequencing.

Construction of mutant pCFIV expression plasmids containing mutant PRs.
The strategy for examining the processing efficiency and specificity of FIV Gag
or Gag-Pol polyprotein by mutant PRs was to use the pCFIVAorf2Aenv pack-
aging expression vector (17). The high expression of FIV Gag and Gag-Pol
polyprotein is driven by the strong cytomegalovirus promoter. The system is
useful for investigating the biological relevance of PR function, since PR is
expressed as part of the whole Gag-Pol polyprotein in cell culture. To generate
mutant pCFIV clones containing mutant PRs, the wild-type unique PAFI/Nsil
restriction fragment was replaced with a fragment from pCR2.1-S/N clones that
contained mutant PR as described above. The pCFIV mutants F4s, F7s, F8s, F9s,
and F12s, containing 4, 7, 8, 9, and 12 substitutions, respectively, were con-
structed, and mutations were verified by DNA sequencing. In addition to F4s,
F7s, F8s, F9s, and F12s, four single-point mutants, D30%°N, 135°D, N554°D, and
157*8G (23, 30, 31), were also constructed.

Cell culture and transfection. Human 293T cells (10), used for transfection,
were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 1 mM L-glutamine, and 1 mM sodium pyruvate. The
pCFIV expression plasmids were transfected into 293T cells for expression of
Gag and Gag-Pol polyprotein. Fresh 293T cells were plated at 150,000/35-mm
dish or 300,000/60-mm dish overnight. The HIV-1 PR inhibitors saquinavir,
ritonavir (RTV), and TL-3 (25, 26) and new compounds (3, 4, 29) APV-1, AB-2,
AB-6, and AB-8 were used to study inhibitor specificity by examining the effects
of the inhibitors on the processing of Gag polyprotein in the context of expres-
sion in 293T cells. Fresh medium with or without inhibitor was exchanged 3 h
before transfection 1 day following initial seeding. FuGene6 transfection reagent
(9 pl; Roche Diagnostics) and 3 g of plasmid pCFIV were used for transfection
according to the manufacturer’s instructions. Fresh PR inhibitor was replenished
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FIG. 3. (A) Expression and processing of FIV Gag polyprotein in viral particles produced by 293T cells transfected with pCFIV constructs are
shown in a Western blot assay probed with anti-MA antibodies. (B) Expression and processing of Gag polyprotein in mutants D30*N, 135*’D, and
157%8G are shown in a Western blot assay probed with anti-MA antibodies. wt, wild type. The values on the left are molecular sizes in kilodaltons.

24 h after transfection at the same concentration. The expression and processing
of Gag polyprotein of cell-associated, viral particle-associated, and RT activities
of cell-free supernatant were analyzed 48 h after transfection.

Western blot and RT assays. The transfected cells and cell-free supernatants
were harvested after 48 h. The cells were lysed in 50 mM Tris-HCI (pH 8.0)-150
mM NaCl-1% NP-40. The viral particles were pelleted from the cell-free super-
natant by ultracentrifugation at 50,000 rpm for 30 min in a Beckman TLA-100.3
rotor. The viral particles were lysed in 8 M urea—20 mM Tris-HCl (pH 8.0)-5
mM EDTA. The cleared lysate of cells and viral particles was subjected to 10 to
20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and separated
protein bands were transferred to nitrocellulose membrane. Rabbit antisera
against MA (~15 kDa), CA (~24 kDa), and PR (~13 kDa) were used at a
1:2,000 dilution to examine the processing of Gag and Gag-Pol polyprotein in a
Western blot assay. Horseradish peroxidase-conjugated secondary antibodies at
a 1:10,000 dilution and SuperSignal West Dura enhanced chemiluminescent
substrate (Pierce Biotechnology, Inc.) were used to reveal the protein bands of
unprocessed and processed Gag-Pol polyprotein. ImageQuant software (GE
Healthcare) was used for quantitation of the relative intensities of protein bands.
Viral particle production 48 h after transfection was also monitored by release of
RT activity into the culture supernatant as previously described (8). Briefly,
cell-free supernatants (50 pl) were mixed with 10 pl of lysis buffer (0.75 M KCl,
20 mM dithiothreitol, 0.5% Triton X-100) and incubated for 10 min at room
temperature. A 40-pl volume of a mixture containing 125 mM Tris-HCI (pH 8.1),
12.5 mM MgCl,, 1.25 ng of poly(rA)-poly(dT),,_;s (Amersham Biosciences/GE
Healthcare, Piscataway, NJ), and 1.25 uCi of [’H]dTTP (Dupont NEN, Boston,
MA) was added to the lysate, and the mixture was incubated for 2 h at 37°C. The
mixture was spotted onto DES81 paper and then washed in 0.1 M sodium pyro-
phosphate, followed by three washes in 0.3 M ammonium formate and one wash
in 95% ethanol. The filter papers were then dried, and the radioactivity was
determined with a scintillation counter.

PR assay, ICs,s, and K; values. The activity of FIV PR was assayed in 50 mM
sodium citrate-100 mM phosphate buffer (pH 5.25)-200 mM NaCl-1 mM di-
thiothreitol with the fluorogenic substrate ALT(2-aminobenzoic acid)KVQ/(p-
NO,)FVQSKG (14). The data were obtained continuously at an excitation wave-
length of 325 nm and an emission wavelength of 410 nm with an F-2000
fluorescence spectrophotometer (Hitachi Inc.). The ICs, the inhibitor concen-
tration that inhibits PR activity by 50%, was determined with the Grafit 4
program (Erithacus Software Ltd.). The K; (inhibition constant) value was de-
rived from the ICs, by using the following equation for a competitive inhibitor:
K; = 1Cs5o/(1 + [S)/K,,)-

RESULTS

Expression and processing of Gag polyprotein in pCFIV
constructs. The combined substitutions in the mutant con-

structs were selected on the basis of our previous studies,
wherein all substitutions except 135°°D and 157**G generated
functionally active PRs in vitro (30, 31). The lost activity of
157*3G could be restored successfully when combined with
additional G62°°F and K63°*I substitutions, whereas the lost
activity of 135°°D could be recovered only slightly with other
secondary substitutions (31). F4s, F9s, and F12s were shown to
have comparable activities against a fluorogenic substrate in
previous studies (31). Expression levels of Gag polyprotein in
the cells and in the viral particle lysate from cell-free superna-
tant (viral particle associated) were examined in a Western blot
assay with anti-MA antibodies. The expression levels of Gag
polyprotein in the cells were comparable between the wild type
and the different mutant pCFIV constructs, and most of the
Gag polyprotein remained unprocessed in the cell cytoplasm,
as typically observed with cells infected with wild-type FIV
(data not shown). Also, the total amounts of Gag polyprotein
and processed MA in the viral particles were similar between
the wild type and the mutants, indicating that the assembly,
budding, and release of Gag-Pol-bearing viral particles were
not affected by PR mutations and processing efficiency of mu-
tant PRs (data not shown). However, the processing efficiency
of Gag polyprotein by mutant PRs differed from that observed
with wild-type FIV PR, as shown by Western blot analysis
(Fig. 3A). Processing of Gag polyprotein (~50 kDa) express-
ing either wild-type PR or N55%°D PR was very efficient, with
only residual unprocessed Gag polyprotein remaining in viral
particles produced from these two constructs. However, effi-
ciency of cleavage was affected by various other substitutions in
PR. Little or no processing of Gag was evident in virus parti-
cles expressing mutant D30*°N, as expected, since D30 is the
catalytic aspartate in FIV PR. Mutants 135°°D and 157*3G,
which have no detectable activity in a PR assay in vitro against
a fluorogenic synthetic substrate (30, 31), also failed to effi-
ciently process the Gag polyprotein in this ex vivo assay (Fig.
3B). However, some level of cleavage of Gag-Pol did occur
with the 135°°D mutant, as the full-length band disappeared
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FIG. 4. (A) Processing efficiency of Gag polyprotein in wild-type and mutant pCFIV constructs. Average percent MA (percent processed
MA/total unprocessed Gag) was quantified by densitometry. (B) Average percent RT activity (fraction of wild-type activity) of virus-associated

supernatant in FIV mutants. wt, wild type. SQV, saquinovir.

and another band of ~60 kDa appeared. On the basis of the
size of the observed product and antibody reactivities, cleavage
likely occurred at the junction of PR and RT to produce a
Gag-PR polyprotein. MA processing efficiency, quantified by
densitometry (Fig. 4A), indicated that mutant F4s had the
most efficient processing among the multiple-substitution mu-
tants. However, other multiple-substitution mutants, including
F7s, F9s, and F12s, had reasonable processing efficiencies, with
50 to 75% MA processing under the same conditions that
yielded nearly 100% cleavage by wild-type PR. Processing of
Gag polyprotein by mutant F8s was the least efficient, with less
than 50% cleavage under the same conditions (data not shown).
This mutant was thus not included in further studies. A faint
intermediate band with a molecular mass of >37 kDa was also
observed in wild-type PR constructs (Fig. 3A). This band was also
detected by anti-CA antibodies, consistent with this species cor-
responding to an MA-CA-pl intermediate polyprotein product
from cleavage at the p1-NC junction. Similar results for relative
processing efficiency were noted when using anti-CA to identify
Gag cleavage intermediates (not shown). However, as indicated
below, altered processing patterns of Gag polyprotein cleavage
were noted with “HIVinized” mutants.

RT activity of pCFIV mutants. Antibodies to Pol polypro-
tein, including RT, DU, and IN, were also employed to exam-
ine the processing of the Pol region in these experiments.
However, the efficiency of detection of the much lower (ap-
proximately 20-fold lower) expression of the Pol portion of the
Gag-Pol polyprotein was poor by Western assay (data not
shown). Thus, in order to assess the processing of the Pol
region, we measured the level of RT activity in viral particles
released by each construct (Fig. 4B). Different substitution

mutants yielded different levels of RT activity, ranging from
near wild-type levels with the N55*D single mutant to basal
RT values of around 25% to 30% for the inactive D30**N
mutant. Interestingly, since there was no significant processing
of Gag and Gag-Pol polyprotein in this mutant, the results
indicated that unprocessed FIV Pol polyprotein had measur-
able RT activity, similar to the observations in other retroviral
systems (7, 36, 37, 46, 50). Moreover, both the 135°°D and
157*%G mutants had significant RT activity (~70% and ~40%
of wild-type levels, respectively), despite having little or no
detectable activity in previous PR assays in vitro against syn-
thetic substrates (31). These findings suggest that these two
mutants, particularly 135°°D, exhibit some level of PR activity
in the context of the polyprotein and are able to process Gag-
Pol polyprotein above the basal level. There is little full-length
Gag-Pol polyprotein (~170-kDa band) remaining in virus par-
ticles expressing the 135°°D PR mutant compared to those in
D30*N or I57*%G (Fig. 3B), consistent with the notion that
135°°D has residual activity sufficient to process the Pol portion
of the Gag-Pol polyprotein and generate RT activity above
baseline levels. Further studies on the processing of the Pol
polyprotein are needed to clarify the observation. Of the mul-
tiple-substitution mutants, F4s had the highest RT activity,
followed by F12s. These findings correlate with the processing
efficiency of the Gag polyprotein detailed above.

IC5os and K; values of HIV-1 PR inhibitors against FIV
wild-type and mutant PRs in vitro. To examine inhibitor spec-
ificity for the FIV and HIV mutant PRs, several HIV-1 PR
inhibitors, including TL-3 and several new compounds, APV-1,
AB-2, AB-5, AB-6, and AB-8, were tested for the ability to
inhibit polyprotein processing in virus particles expressing the
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FIG. 5. Chemical structures of HIV-1 PR inhibitors used to assess the inhibitor specificities of mutants in vitro and ex vivo.

wild-type, F4s, F9s, and F12s PRs. The new compounds have
core structures similar to that of amprenavir and have been
shown to be potent inhibitors for HIV-1 PR by in vitro assay
against a fluorogenic substrate (3, 4, 29) (Fig. 5). The inhibition
potencies (ICs,s and K; values) of these compounds for HIV-1,
FIV, and FIV mutant PRs were measured in vitro (Table 1).
All inhibitors were highly efficacious against HIV-1 PR, with
1C,4s below 10 nM. However, most of these inhibitors were not
effective against FIV wild-type PR, with the exceptions of TL-3
(ICsy = 90 nM) and compound AB-2 (ICs5, = 1,100 nM). Of
importance, the efficacy of the other inhibitors was substan-

TABLE 1. ICsys and K; values of potent HIV-1 PR inhibitors
for FIV and HIV-1 PRs

1Cs, (K; value)” (nM) for:

Inhibitor

HIV-1 FIV F4s” F9s© F12s¢
TL-3 6(2) 90 (41) 108 (21) 115 (15) 71 (10)
APV-1 8 >1,000 133 (26) 109 (14) NA®
AB-2 5 1,100 97 (19) 84 (11) 111 (16)
AB-6 6 >1,000 130 (25) 130 (17) 81 (11)
AB-8 6 >8,000 92 (18) 80 (10) 93 (13)
RTV 4 >45,000 129 (25) 231 (30) 192 (27)

¢ K; were derived from ICsys by using the equation K; = ICs¢/(1 + [S]/K,,).

b F4s, 13732V/N55M/M56771/V595°1.

€ F9s, I37°2V/N554M/M56*7T/V59°° /L9750 T/198° P/Q9952V/P10053N/L101%T.

4 F12s, 137°2V/N55*M/M56*1/157*G/V59°°1/G62°F/K63°*1/L97%°T/198%' P/
Q99%2V/P100*3N/L101%L.

¢ NA, not assayed.

tially better against multiple-substitution mutants F4s, F9s, and
F12s, with markedly improved inhibition constants (Table 1).
TL-3 also showed improved inhibition constants against mu-
tants. These results are consistent with the previous findings
that these mutant PRs have inhibitor specificities very similar,
but not identical, to that of wild-type HIV-1 PR in vitro (31).

Effect of HIV-1 PR inhibitors on the processing of Gag
polyprotein in pCFIV mutants. To assess the effect of inhibi-
tors on the Gag polyprotein processing in pCFIV in cell cul-
ture, TL-3 and selected compounds mentioned above were
tested. Inhibition of processing in F4s, F9s, or F12s constructs
by TL-3 at 2.5 uM was much greater than against the wild-type
pCFIV construct (Fig. 6A). The results were correlated with
the inhibitor potencies (ICsys and K; values) assayed in vitro
(Table 1). TL-3, tested at concentrations ranging from 1 to 10
wM, inhibited polyprotein processing by wild-type PR, but
relatively inefficiently, with maximal inhibition of MA process-
ing to approximately 60% at the highest concentrations. How-
ever, TL-3 was very potent against F4s, F9s, and F12s, even at
lower concentrations, and completely inhibited the processing
of the Gag polyprotein in the mutants at 1 pM (data not
shown). Inhibition by the FDA-approved HIV-1 PR inhibitors
saquinavir and nelfinavir was also evaluated at concentrations
ranging from 2.5 uM to 20 pM and showed little inhibition of
wild-type FIV or the FIV-HIV mutants, even at the highest
concentrations (data not shown), consistent with previous in
vitro findings (31). As with the above drugs, the new com-
pounds APV-1, AB-2, AB-6, and AB-8, although exhibiting
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FIG. 6. (A) Processing of Gag polyprotein by wild-type and mutant PRs in the presence and absence of 2.5 uM TL-3. Processed bands are
shown by a Western blot assay probed with anti-MA antibodies. (B) Processing of Gag polyprotein by F4s and F9s PRs in the presence of additional
inhibitors including APV-1, AB-2, AB-6, AB-8, and RTV at 2.5 uM. Western blot assays were probed with anti-MA antibodies. wt, wild type. The

values on the left are molecular sizes in kilodaltons.

low nanomolar efficacy against wild-type HIV-1 PR in vitro (3,
4, 29), were poor inhibitors of FIV wild-type PR in vitro (Table
1). However, both APV-1 and AB-2 strongly inhibited ex vivo
processing of the Gag polyprotein of the F4s and F9s mu-
tants. AB-6 also strongly inhibited the Gag polyprotein pro-
cessing of F9s but not that of F4s (Fig. 6B). Under the same
conditions, RTV showed poor inhibition of processing. The
quantitation data (percent processed MA) for wild-type,
F4s, and F9s processing in the presence of inhibitors are
summarized in Fig. 7 and correlate well with the low ICy,s
and K; values of TL-3, APV-1, and AB-2 against the respec-
tive PRs in vitro (Table 1). However, AB-8, although exhib-
iting a similar low inhibition constant against these mutants,
was not a good inhibitor ex vivo, consistent with presumed
lower bioavailability in cell culture.

Altered processing pattern of FIV Gag polyprotein in mu-
tants. The cleavage sites and mature products of FIV Gag and
Gag-Pol polyprotein have been mapped and identified in pre-
vious studies (13, 44). However, there has been no study of the
processing sequence or pattern of FIV Gag or Gag-Pol
polyprotein. To examine the processing pattern of the FIV
Gag polyprotein by the wild type and the F4s, F9s, and F12s

mutants in the pCFIV system, various concentrations of TL-3
were used to modulate the activity of PRs expressed in the
context of the Gag-Pol polyprotein in order to reveal the in-
termediate cleavage products generated during Gag processing
(Fig. 8). Although TL-3 is the best-known inhibitor for FIV PR
(K; = 41 nM), it was not potent enough to completely inhibit
the processing of the wild-type FIV Gag polyprotein in cell
culture, even at the solubility limits of the compound in tissue
culture medium (approximately 10 to 15 uM). Under these
partial-cleavage conditions, intermediate cleavage products
can be detected by anti-CA antibodies in particles expressing
wild-type FIV PR, including an approximately 48-kDa band
(Fig. 8A, second band from top) corresponding to MA-CA-
p1-NC and an approximately 39-kDa band (Fig. 8A, third band
from the top) corresponding to MA-CA-pl. Of particular in-
terest, the 48-kDa band (band 2) was missing in all of the
mutants (Fig. 8B, C, and D), indicating that there is little or no
cleavage at the NC-p2 junction in the FIV-HIV mutants under
conditions in which wild-type FIV PR elicits that cleavage. In
addition to these two bands, there were two additional bands
detected by anti-CA antibodies in the construct expressing
wild-type PR. One is an approximately 35-kDa species (Fig.
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8A, fourth band from top) which represents CA-pl-NC-p2
(not detected by anti-MA antibodies), and the other is a lower
band of approximately 32 kDa corresponding to CA-p1-NC.
Consistent with the above observations, the latter band was not
detected in the mutants, since cleavage did not occur at the
NC-p2 junction in the “HIVinized” mutants. The equivalent
HIV-1 site (p2-NC site) is the most rapidly cleaved site among
all of cleavage sites of the HIV-1 Gag polyprotein (39, 40).
Likewise in this study, p1-NC cleavage occurred efficiently with
wild-type FIV PR. In contrast, the data indicate that cleavage
at the MA-CA site occurs more efficiently in all of the mutants,
with band 4 more intense than band 3 (Fig. 8B, C, and D).
Given that the order of cleavage is critical for generation of
infectious particles, this may explain our failure to generate
infectious viruses encoding the F4s, F9s, and F12s FIV-HIV
mutant PRs (data not shown).

Processing pattern of FIV Gag polyprotein by HIV-1 PR in
pCFIV chimeric constructs. To determine if wild-type HIV-1
PR could process the FIV Gag polyprotein in a manner similar
to that noted with the mutants, two chimeric pCFIV constructs
that contained HIV-1 PR in place of FIV PR were generated.
One construct (FHIV-5B) contained only HIV-1 PR substi-
tuted for FIV PR, whereas the other (FHIV-5A) also con-
tained four amino acids (P4 to P1 [SFSF]) within the HIV-1
TF-PR cleavage junction (Fig. 1B) in order to facilitate the
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FIG. 8. (A) Pattern of FIV Gag polyprotein processing by wild-type FIV PR in pCFIV constructs, shown by Western blot assays probed with
anti-CA antibodies. Various concentrations of TL-3 (1 to 5 uM) were used (note the increase in inhibitor sensitivity) to temper processing and
reveal Gag polyprotein processing intermediates. Altered patterns of Gag polyprotein processing in F4s (B), F9s (C), and F12s (D) are shown in
Western blot assays probed with anti-CA antibodies. Various concentrations of TL-3 (25 to 100 nM) were used (note the increase in inhibitor
sensitivity). Four Gag polyprotein processing intermediates are indicated. The values on the left are molecular sizes in kilodaltons.
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FIG. 9. Comparison of processing of FIV Gag polyprotein gener-
ated by wild-type (wt) FIV PR, “HIVinized” FIV mutants, and HIV-1
PR expressed in the context of FIV Gag-Pol. Processed bands are
revealed by Western blot assays with anti-CA antibodies. F4s, F9s, and
F12s represent FIV mutants containing 4, 9, and 12 HIV-equivalent
substitutions, respectively. FHIV-5A represents the FIV Gag polypro-
tein expressing wild-type HIV-1 PR, with the entire N-terminal PR
cleavage junction composed of HIV residues; FHIV-5B also expresses
wild-type HIV-1 PR, but the N-terminal half (P4 to P1) of the N-
terminal PR cleavage junction is FIV derived. The efficiency of cleav-
age of FHIV-5A is greater than of FHIV-5B, consistent with more-
efficient release of PR activity from the former construct. The values
on the left are molecular sizes in kilodaltons.

efficient release of HIV-1 PR. Both constructs contained a stop
codon at the end of HIV-1 PR so that the rest of the Pol
polyprotein was not expressed. The processing efficiency of
FIV Gag polyprotein by FIV and HIV-1 PRs was examined in
a Western blot assay probed with anti-CA antibodies (Fig. 9).
TL-3 at various concentrations was used to reveal the process-
ing intermediates in wild-type and mutant FIVs. The findings
showed that the FIV Gag polyprotein was processed, but only
by the FHIV-5A construct encoding the entire TF-PR cleavage
junction of HIV-1, consistent with inefficient cleavage of the
chimeric junction in FHIV-5B. These data were consistent with
the interpretation that blocking of the release of HIV-1 PR
decreased the processing efficiency of the Gag polyprotein
(54). These results also showed that the pattern of processing
was altered in a manner similar to that observed with the
FIV-HIV F4s, F9s, and F12s mutant constructs; i.e., there was
little or no processing at the FIV NC-p2 site, since band 2
(MA-CA-p1-NC) was missing. In addition, the results indi-
cated that there was better processing at the MA-CA site by
HIV-1 PR, as the fourth band (CA-p1-NC-p2) is more intense
than the third band. Thus, the overall findings indicate that the
discrete mutations in FIV PR to introduce HIV-1 character
yielded both cleavage phenotype and inhibitor specificities sim-
ilar to those of HIV-1 PR.

DISCUSSION

We have previously identified residues in the active site of
FIV PR that dictate substrate and inhibitor specificities rela-
tive to HIV-1 PR by using extensive mutational analysis, en-
zyme assays, and crystallographic approaches (23, 25, 26, 28,
30, 31). These in vitro findings confirmed and extended studies
using similar approaches to demonstrate substrate and inhib-
itor specificity of Rous sarcoma virus PR substituted with
HIV-1 PR-specific residues (6, 15, 27, 42). By inserting
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certain of the HIV-specific residues into FIV PR, we were
able to partially impart HIV cleavage and inhibitor speci-
ficities to FIV PR.

In the present study, we extended these experiments to as-
sess the ability of “HIVinized” FIV PRs to facilitate cleavage
in the context of the natural Gag-Pol polyprotein substrate by
measuring the degree and specificity of polyprotein processing
in the context of pseudovirions encoding Gag-Pol. Further, we
demonstrated the utility of this ex vivo culture system as a tool
for determining the relative efficacy of specific compounds to
inhibit processing by the wild-type, chimeric, and drug-resis-
tant PRs. Such analyses complement and extend the in vitro
measurements of the cleavage and inhibition properties of
purified PRs done with synthetic peptides and fluorogenic sub-
strates. The cell culture system not only allows direct assess-
ments of PR function in the context of the natural substrate but
also yields a measurement of the ability of PR inhibitors to
enter living cells, as well as an indication of the relative toxicity
of such compounds. The efficiency of expression of the Gag
polyprotein in this packaging system is comparable between
the wild type and the mutants, and the assembly and release of
viral particles are not affected by PR mutations, since the
proper cleavage and maturation of Gag and Gag-Pol polypro-
tein are not required for virus production and particle release.
Thus, analysis of the Gag-Pol polyprotein in released virions as
a function of PR structure and inhibitor treatments can be
carried out to assess processing efficiency and ordering of
cleavage events. The substrate specificity can be examined by
analyzing the processing of Gag and Gag-Pol polyprotein. The
inhibitor specificity can be examined by analyzing the temporal
degree of processing in the presence or absence of any inhib-
itor. Of importance, these expression constructs provide a use-
ful system to analyze the substrate and inhibitor specificity of
wild-type and mutant FIV or HIV PRs ex vivo without the
biohazards associated with the use of infectious virus.

These findings show that FIV PRs into which specific HIV-1
substitutions have been introduced take on cleavage and in-
hibitor characteristics with increased similarity to those of
HIV-1 PR. Further, these studies show that although polypro-
tein cleavage is facilitated by these mutant PRs, the order of
site cleavage is not the same as for wild-type FIV PR. Given
the importance of the ordering of site cleavage for generation
of infectious, competent virus (18, 20, 39, 52), these findings
likely explain the noninfectious nature of chimeric FIVs en-
coding either wild-type HIV-1 PR or the specific FIV-HIV
mutant PRs.

Interestingly, the RT activity of the active-site mutant D30N
(D25N in HIV-1), as well as two other inactive point mutants,
135°°D and 157*%G, remained around 70% to 40% of that of
the wild type (Fig. 4B), with little or no processing of Gag
polyprotein (no detectable MA or CA in the Western blot
assay in Fig. 3B). The latter findings agree with our previous
findings that these PRs are active-site mutants and were shown
to have no detectable activity in an in vitro PR assay (23, 30)
but further indicate that nonprocessed FIV RT in the Gag-Pol
polyprotein retains measurable activity, similar to reported
findings obtained with HIV-1 RT in the context of the polypro-
tein (36, 37). Temporal processing of wild-type and mutant
FIV Gag polyproteins was controlled by addition of the broad-
based PR inhibitor TL-3, which allowed detection of the inter-



VoL. 80, 2006

mediate cleavage products as a function of PR structure. All of
the “HIVinized” mutants tested showed marked changes in
substrate specificity against the Gag polyprotein. Processing
occurred in each mutant, but the processing pattern and order
of Gag polyprotein cleavage were altered relative to those of
that generated by wild-type FIV PR. Specifically, there was
little or no cleavage at the FIV NC-p2 junction (VNQM-
QQAV) with any of the F4s, F9s, and F12s mutants, since the
48-kDa band corresponding to the intermediate cleavage prod-
uct MA-CA-p1-NC was observed when cleavage was facilitated
by wild-type PR but not in the blot patterns generated by any
of the mutants (Fig. 8 and 9). The observation of a change in
specificity at this cleavage site but not other sites was somewhat
surprising, since the mutant PRs, particularly F4s and to a
lesser degree F9s and F12s, were shown to have activity com-
parable to that of wild-type PR against a fluorogenic substrate
representing the p1-NC junction in vitro (31). Consistent with
the above results, an ~32-kDa intermediate (band 5) corre-
sponding to CA-p1-NC was also missing from the analysis of
the cleavage patterns of the three mutants (Fig. 9). These
results indicate that either one or some combination of the
four mutations 137°2V, N55%M, M56*71, and V59°°I might be
responsible for the change in specificity at this processing junc-
tion. Experiments are under way to construct single-substitu-
tion pCFIV mutants and examine the processing patterns of
Gag polyprotein by these mutants in order to determine the
residue(s) responsible for dictating the observed changes in
processing specificity.

The small C-terminal peptide p2 of the FIV Gag polyprotein
represents the functionally equivalent p6 domain of the HIV-1
Gag polyprotein and contains conserved PSAP and LLDL
motifs that are critical for particle formation (35). The assem-
bly and production of viral particles in all of the FIV mutant
constructs were not affected by PR mutations in spite of the
resulting poor processing efficiency at the NC-p2 cleavage site,
which indicates that release of p2 from the polyprotein is not a
prerequisite for its function in particle release. However, the
proper ordered and efficient processing of the NC-p2 cleavage
junction to generate mature NC and p2 may be crucial for the
infectivity of FIV. The amino acid sequences from P4 to P4'of
the equivalent cleavage junctions, the NC-pl junction (RQA
N-FLGK) and the pl-p6 junction (PGNF-LQSR), of HIV-1
are very different from that of the NC-p2 junction (VNQM-
QQAYV) of FIV. Important to the present observations, the P2
side chain of the FIV NC-p2 junction is Gln, which is not found
in any HIV-1 cleavage junction or any peptide cleaved by
HIV-1 PR (1, 2) and is thus consistent with the failure of the
“HIVinized” PRs to cleave at this site. The processing effi-
ciency of equivalent cleavage sites between NC and p6 of the
HIV-1 Gag polyprotein has been shown to be important to the
fitness of HIV-1 and poor or delayed processing of the NC-p1
or pl-p6 junction was associated with reduced viral infection
and replication capacity (32, 41, 45, 51). Overall, these findings
suggest that cleavage junctions NC-p1-p6 in HIV-1 and NC-p2
in FIV may offer a valuable structural framework for inhibitor
design.

In addition to the poor processing at the FIV NC-p2 site by
FIV mutants, processing of the MA-CA cleavage site in the
Gag polyprotein of the mutants appeared to be enhanced rel-
ative to cleavage at the two junctions between CA and NC
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(CA-pl and p1-NC). This is demonstrated by an increase in the
intensity of the 35-kDa band (band 4) representing CA-pl-
NC-p2 (only detected by anti-CA antibodies and not by
anti-MA antibodies) in the mutant constructs compared to that
generated by wild-type PR (Fig. 9). FIV wild-type PR pro-
cessed the FIV pl1-NC site efficiently, similar to the reported
efficient cleavage of the equivalent HIV-1 p2-NC site by HIV-1
PR (38-40). This observation indicated that the efficiency and
sequence of processing at the p1-NC cleavage site were also
altered by one or some combination of the mutations in FIV
PR. The results indicated that the F4s, F9s, and F12s PRs
cleaved the FIV MA-CA site (PQAY-PIQT) in the context of
the polyprotein with greater efficiency than the pl-NC site
(TKVQ-VVAQS). These results were surprising, since F4s and
the other mutants processed FIV p1-NC efficiently when it was
presented as a fluorogenic substrate in vitro (31). However, the
efficient cleavage of FIV MA-CA (PQAY-PIQT) by the mu-
tants is consistent with an increased HIV-1 character, since this
cleavage site is strikingly similar to the HIV-1 MA-CA (SQONY-
PIVQ) site.

TL-3, a broad-based inhibitor, is potent against wild-type
FIV and all of the mutants tested in this study by both in vitro
and cell-based ex vivo assays. In fact, TL-3 was more efficient
in blocking the activity of “HIVinized” PRs, consistent with a
10-fold better activity of the inhibitor against HIV-1 PR in
vitro (25, 26). Our results showed that TL-3 was also a more
efficient inhibitor ex vivo than the other compounds tested
(Fig. 7), consistent with findings in vitro against wild-type FIV
(Table 1). However, on the basis of the in vitro findings, we
expected better performance against some of the mutants,
particularly with AB-2 and APV-1, both of which would have
been predicted to perform as well as TL-3 against some mu-
tants. No overt cell toxicity was noted with any of the com-
pounds. These results may indicate either poorer uptake by the
target cells of the latter inhibitors or an increased rate of
breakdown ex vivo.
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