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The human immunodeficiency virus type 1 (HIV-1) protease (PR) has recently been shown to be
inhibited by its propeptide p6* in vitro. As p6* itself is a PR substrate, the primary goal of this study was
to determine the importance of p6* cleavage for HIV-1 maturation and infectivity. For that purpose, short
peptide variants mimicking proposed cleavage sites within and flanking p6* were designed and analyzed
for qualitative and quantitative hydrolysis in vitro. Proviral clones comprising the selected cleavage site
mutations were established and analyzed for Gag and Pol processing, virus maturation, and infectivity in
cultured cells. Amino-terminal cleavage site mutation caused aberrant processing of nucleocapsid pro-
teins and delayed replication Kkinetics. Blocking the internal cleavage site resulted in the utilization of a
flanking site at a significantly decreased hydrolysis rate in vitro, which however did not affect Gag-Pol
processing and viral replication. Although mutations blocking cleavage at the p6* carboxyl terminus
yielded noninfectious virions exhibiting severe Gag processing defects, mutations retarding hydrolysis of
this cleavage site neither seemed to impact viral infectivity and propagation in cultured cells nor seemed
to interfere with overall maturation of released viruses. Interestingly, these mutants were shown to be
clearly disadvantaged when challenged with wild-type virus in a dual competition assay. In sum, we
conclude that p6* cleavage is absolutely essential to allow complete activation of the PR and subsequent

processing of the viral precursors.

The production of mature infectious human immunodefi-
ciency virus type 1 (HIV-1) critically depends on complete
processing of the precursor polyproteins by the virus-encoded
aspartic protease. Unlike in Rous sarcoma virus, where the
protease (PR) is an integral part of the Gag precursor, the
HIV-1 PR is expressed from a separate pol reading frame. Due
to a ribosomal —1 frameshift initiated by cis-active signals
within the unspliced genomic 9-kb RNA, two polyprotein pre-
cursors, Gag and Gag-Pol are translated at a ratio of 20:1
(reviewed in reference 5). Whereas Gag comprises the struc-
tural components matrix protein (MA), capsid protein (CA),
nucleocapsid protein (NC), the late domain p6, and two spacer
peptides p2 and pl (also referred to as SP1 and SP2, respec-
tively), the Gag-Pol precursor provides the viral enzymatic
activities PR, integrase (IN), and reverse transcriptase (RT)
(reviewed in reference 20).

Despite comprehensive analyses of PR-mediated processing
events giving rise to infectious virions (40-44, 57), the mecha-
nism stringently controlling spatiotemporal PR activation dur-
ing the late phase of viral replication is not yet fully under-
stood. Correct folding of the enzyme within the dimerized
Gag-Pol precursors is a prerequisite to allow formation of a
functional active site (32, 58). As dimerization events become
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more frequent with Gag-Pol polyproteins accumulating be-
neath the cytoplasmic membrane during virus assembly, in-
creasing PR activity results in stepwise autoprocessing and
subsequent cleavage of the viral precursors while particles are
being readied for release (24).

These sequential processing steps driving maturation of Gag
and Gag-Pol precursors have largely been clarified (10, 30, 43,
44, 57), and kinetic analyses revealed significantly differing
hydrolysis rates for individual PR cleavage events (15, 25, 42,
43). It is widely accepted that cleavage of the Gag precursor is
initiated at the carboxyl terminus of the spacer peptide p2,
separating the MA-CA-p2 polypeptide from the NC-pl-p6
moiety (39, 43). Subsequently, MA and p6 are cleaved off the
corresponding intermediates at an approximately 10-fold-
lower rate (43). Finally, the rate-limiting release of the spacer
peptides p2 and p1 is catalyzed, allowing CA and NC domains
to adopt their final conformation (16, 57). While most cleav-
ages within Gag are mediated by the mature PR in trans, initial
processing steps within Gag-Pol are accomplished by the pre-
cursor-associated immature enzyme, for which intrinsic activity
has repeatedly been demonstrated (26, 30, 46, 61). However,
sequential proteolysis of Gag-Pol via clearly defined interme-
diates remains difficult to determine under ex vivo conditions,
as PR-containing precursors are characterized by very short
half-lives (28, 52).

Apart from sterical and biochemical processes governing PR
activation, we and others have ascribed a role for the trans-
frame domain p6* (p6P°") in the regulation of PR activity (38,
51, 63). Nuclear magnetic resonance analysis of recombinant
p6* protein revealed a widely flexible structure (3, 22), and its
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TABLE 1. Primers used for generation of p6* mutants, reporter constructs, and sequencing
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Nucleotide positions

Primer Primer sequence (5'—3") within HX10“
M1 AGACAGGCTAATTTTTTTGGGAAGATCTGGCCTTCC 1284-1319
GGAAGGCCAGATCTTCCCAAAAAAATTAGCCTGTCT 1319-1284
M2 GCTAATTTTTTAGGGAAGATCTGGCCGTCCTACAAG 1290-1325
CTTGTAGGACGGCCAGATCTTCCCTAAAAAATTAGC 1325-1290
M3 CAAGGGACGGCCAGGGAATTTTCTTCAGAGC 1322-1352
GCTCTGAAGAAAATTCCCTGGCCGTCCCTTG 1352-1322
M4a GGAACTGTACCCTTTAACCTCCCTCAGATCACTCTITTGG 1478-1516
CCAAAGAGTGATCTGAGGGAGGTTAAAGGGTACAGTTCC 1516-1478
M4b GGAACTGTACCCTCTCACCTCCCTCAGATCACTCTTTGG 1478-1516
CCAAAGAGTGATCTGAGGGAGGTGAGAGGGTACAGTTCC 1516-1478
M5 GGAACTGTACCCATTGACCTCCCTCAGATCACTCTTTGG 1478-1516
CCAAAGAGTGATCTGAGGGAGGTCAATGGGTACAGTTCC 1516-1478
M6 GGAACTGTACCCTTTGACTTCCCTCAGATCACTCTTTGG 1478-1516
CCAAAGAGTGATCTGAGGGAAGTCAAAGGGTACAGTTCC 1516-1478
fs1 AGACAGGCTAATTTTTTTGGGAAGATCTGGCCTTCC ND
GGAAGGCCAGATCTTCCCAAAAAAATTAGCCTGTCT
fs2 GCTAATTTTTTAGGGAAGATCTGGCCGTCCTACAAG ND
CTTGTAGGACGCCAGATCTTCCCTAAAAAATTAGC
fs3 CCTACAAGGGACGGCCAGGGAAATCC ND
GGATCCTTCCCTGGCCGTCCCTTGTAGG
S1f GCACCAGGCCAGATGAGAGAACC 669-690
S2f GCATTGGGACCAGCGGCTACAC 1005-1025
S3f CTACAAGGGAAGGCCAGGG 1319-1337
S4r GGATACAGTTCCTTGTCTATCGGC 1489-1466
S5r CCATTGTTTAACTTTTGGGCC 1866-1847
Sof GGAAATGTGGAAAGGAAGGACACC 1240-1262
S7r CTGTCTTACTTTGATAAAACCTCC 1671-1649

“ Nucleotide positions within HX10 (48) with respect to Gag ATG. ND, not determined.

presence directly upstream of the PR is reminiscent of the
propeptides flanking eukaryotic aspartic proteases and has
been proven to prevent folding of the PR to its dimeric struc-
ture (6). Indeed, we could provide evidence that recombinant
p6* protein is a strong competitive inhibitor of PR activity in
vitro, and we proposed a model in which the carboxyl-terminal
tetrapeptide of p6* following release from the Pol precursor,
blocks the substrate binding cleft of the PR, thereby delaying
overall processing (37).

Nevertheless, the in vivo function of p6™* is still not clearly
understood, and our recent data indicate that p6* functional
domains are confined to the highly conserved amino- and car-
boxyl-terminal regions, whereas the sequence context of the
entire central part does not appear essential for productive
viral replication (8, 38). It is noteworthy though that p6* itself
is a substrate of PR and is therefore likely involved in stepwise
autoactivation of the enzyme. Whereas functional relevance of
amino-terminal p6* cleavage separating the Pol moiety from
the NC domain has not yet been demonstrated, there is accu-
mulating evidence that carboxyl-terminal cleavage of p6* is a
prerequisite for complete activation of the PR (8, 38, 53).
Furthermore, p6* has been shown to contain a conserved in-

ternal PR cleavage site between Pheg and Leu, (see Fig. 1)
hydrolyzed early during precursor maturation (1, 7, 29, 40, 41,
64). Interestingly, natural polymorphisms of the p6* cleavage
sites have been reported to impact PR release with consider-
able effects on susceptibility toward PR inhibitors (56).

On the basis of variant p6*-derived peptide sequences that
were proven to exhibit strictly altered hydrolysis rates in an in
vitro cleavage assay, proviral clones comprising mutations in
the three proposed PR cleavage sites of p6™ were generated
and analyzed in different cell cultures to elucidate the impor-
tance of correct p6* cleavage for virus maturation and infec-
tivity.

MATERIALS AND METHODS

Generation of provirus p6* mutants. For mutation of the p6* sequence, the
pUCI18-derived vector plin8Pr558*¢ (55) comprising the Gag-encoding region of
the HIV-1y; isolate BH10 (48; GenBank accession number M15654) was used
as the template. Mutations csM1, csM2, csM3, and csM6 were introduced by
PCR with primer pairs M1, M2, M3 and M6, respectively (Table 1) using a
QuikChange site-directed mutagenesis kit (Stratagene, Heidelberg, Germany).
Likewise, csM4 mutations were introduced using primer pairs M4a and M4b in
successive PCRs. csM6 mutant served as the template for the generation of csM5
mutant using primer pair M5. The final provirus constructs csM1 to csM6 were
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obtained by replacing the Spel-Bcll fragment of the infectious provirus clone
HX10 (48) with the corresponding Spel-Bcll fragments from the modified plin
vectors. The entire Spel-BclI region of the provirus clones csM1 to csM6 com-
prising Gag, p6*, and part of the PR was then verified by sequencing with primers
S1f, S2f, S3f, S4r, and S5r. The provirus mutant csM7 has been described
previously (38), where it was designated MS8.

Generation of frameshift reporter constructs. Extension of the 5’ end of the
firefly luciferase gene from pGL2 (Promega) by the frameshift region of BH10
(pGLfs-wt) and generation of the control plasmids pGL-fsA and pGL-fsM1 has
been described previously in detail (38). Frameshift modifications of the p6*
mutants csM1, csM2, and csM3 were introduced into fs-wt sequence by site-
directed mutagenesis using a QuikChange kit and primer pairs fs1, fs2, and fs3
(Table 1). All reporter constructs were verified by sequencing.

Synthetic oligopeptides. The chromogenic substrate Lys-Ala-Arg-Val-Nle-Phe
(p-NO,)-Glu-Ala-Nle-NH, was obtained from Bachem Biochemica (Bubendorf,
Switzerland), and all unmodified synthetic oligopeptides were purchased from
G. J. Arnold (Gene Center, Munich, Germany). The chemical composition and
purity of the synthetic oligopeptides were analyzed by electrospray ionization
mass spectrometry (17). Concentrations of peptide dilutions were determined by
Analytical Research and Services (University of Bern, Switzerland) by quantita-
tive analysis of amino acid composition.

Peptide cleavage assay. Affinity-purified HIV-1 PR for peptide cleavage was
purchased from Bachem Biochemica. Oligopeptides were cleaved at concentra-
tions of 140 uM at 25°C in 0.1 M sodium acetate (pH 5.0), 4 mM EDTA, 5 mM
dithiothreitol, and 0.3% dimethyl sulfoxide in a PCR cycler with a heated lid to
avoid condensation. Reactions were started by adding 450 nM PR dimer and
were stopped by adding trifluoroacetic acid at a total concentration of 0.1%. To
exclude unspecific cleavage, samples were incubated with 5 uM PR inhibitor RO
31-5989 (49) from Roche (Mannheim, Germany). Reaction products were sep-
arated via a linear acetonitrile gradient (0 to 50% in 0.1% trifluoroacetic acid)
within 20 min at a flow rate of 0.2 ml/min using a wRPC C,/C,5 SC 2.1/10 column
(Amersham Pharmacia Biotech) and were detected at 215 nm. Cleavage prod-
ucts were collected and analyzed by electrospray ionization mass spectrometry
(17) and gas phase sequencing. Total substrate turnover was calculated using
external standards from the integrated peak area.

Cell lines, transfections, and infections. H1299 human lung carcinoma and
293T human kidney epithelial cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100
pg/ml streptomycin. The CD4-positive human cervix carcinoma cell line HeLa-
CD4-LTR-B-gal (Magi cells) was maintained in Dulbecco’s modified Eagle’s
medium containing 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin
supplemented with 0.2 mg/ml G418 and 0.1 mg/ml hygromycin B. The HIV-1
permissive human T-cell lines CEM4 (P. R. Clapham, AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH) and MT-4 (27)
were grown in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin.

Adherent H1299 and 293T cells were transfected with 30 ug of provirus
plasmid DNA or with 3 pg of frameshift reporter constructs using the calcium
phosphate precipitation technique, and cells and supernatants were harvested as
described in Results. For analysis of replication kinetics, 5 X 10® logarithmically
growing CEM4 or MT-4 suspension cells were transfected with 1 pg of provirus
plasmid DNA using Fugene 6 from Roche according to the manufacturer’s
protocol. Samples were collected, and cultures were diluted with 1 volume of
fresh medium every 48 h over a total period of 20 to 30 days.

Single-round infection of Magi cells was performed as previously described
(38) with serial dilutions of virus-containing supernatants from transfected
H1299 cells.

Quantification of HIV-1 capsid antigens. To determine the amount of HIV-1
capsid protein in culture medium, supernatants were clarified of cell debris
(300 X g, 10 min), filtered through a 0.45-pm-pore-size filter and used in a
CA-specific capture enzyme-linked immunosorbent assay (ELISA). Alterna-
tively, particle-associated antigens were enriched by centrifugation of clarified
supernatants through a 20% sucrose cushion. For quantification of CA, 96-well
Maxi Sorb microtiter plates (Nunc, Wiesbaden, Germany) were coated overnight
(4°C) with a 1:300 dilution (0.1 M carbonate buffer [pH 9.5]) of the CA-specific
antibody M01 (Polymun, Vienna, Austria). After three washes (with phosphate-
buffered saline [PBS] containing 0.05% Tween), the wells were incubated with
the serially diluted samples (PBS containing 1% bovine serum albumin [BSA])
for 1 h at 37°C. Following six washes, the wells were incubated with a 1:20,000
dilution (PBS containing 1% BSA) of the biotinylated CA-specific antibody
37G12 (Polymun) for 1 h at room temperature. After 10 further washes, a
1:10,000 dilution of horseradish peroxidase-conjugated streptavidin (Roche) was
added for 30 min at room temperature, and after 10 final washes, the plates were
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developed with 3,3',5,5'-tetramethylbenzidine (TMB) substrate (Becton Dickin-
son, Heidelberg, Germany). The reaction was stopped with 1 N H,SO,/well, and
plates were measured at 450 nm. CA content was quantified using a calibration
curve based on serial dilutions of a CA standard (Polymun).

Western blot analysis. To characterize cell-associated virus proteins, lysates of
transfected H1299 cells were prepared and quantified as previously described
(38), and 100 pg of total protein was separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellu-
lose. Capsid protein species were visualized with the CA-specific monoclonal
antibody (MAb) 16/4/2 (59) and an alkaline phosphatase-labeled anti-mouse
antibody (Bio-Rad), and proteins were detected with Nitro Blue Tetrazolium
and 5-bromo-4-chloro-3-indolylphosphate (BCIP) solutions from Roche.

For analysis of virion-associated proteins, particles were purified from cell
supernatants as previously described (38), and virus proteins were separated by
SDS-PAGE and detected by immunoblotting with the CA-specific MAb 13/5
(59), the pl7-specific MAb 3-H-7 (33), the polyclonal IN-specific rabbit anti-
serum 757 (D. P. Grandgenett, NIH AIDS Research and Reference Reagent
Program), the polyclonal PR-specific sheep antiserum ARP413 (D. Bailey and
M. Page, NIH AIDS Research and Reference Reagent Program), the polyclonal
RT-specific antiserum 4F8 (P. Chandra, Gustav-Embden-Center of Biological
Chemistry, University of Frankfurt, Germany), and polyclonal rabbit antisera
raised against glutathione S-transferase (GST)-p6#*¢ and GST-NC fusion pro-
teins. Proteins were visualized by enhanced chemiluminescence using SuperSig-
nal WestFemto (Pierce, Rockford, IL).

Frameshift luciferase reporter assay. For quantification of cell-associated
luciferase activity, transfected cells were harvested and lysed as described pre-
viously (38), and 100 pg of total protein was used in a luciferase assay from
Promega according to the manufacturer’s protocol. Luciferase activity was mea-
sured by recording light emission for 10 s in a Lumat 9501 luminometer
(Berthold, Bad Wildbach, Germany).

Growth competition assay. Supernatants of 293T cells transfected with provi-
rus plasmid DNA were harvested 48 h later, and the amounts of CA in the
supernatants were quantified by ELISAs. Equal CA amounts (500 ng) of wild-
type (wt) and mutant particles were mixed at ratios of 1:1, 4:1, and 1:4 and used
to infect 2 X 10° CEM cells. After 6 h, infected cultures were transferred to flasks
and cultivated for 3 weeks in a total volume of 4 ml. Every 2 days, samples were
collected, and half of the cultures were replaced with fresh cells. Infected cells
were pelleted (300 X g, 10 min), and genomic DNA was extracted using the
QIAamp DNA Mini kit (Qiagen). DNA was PCR amplified with primers S6f and
S7r (Table 1). Purified PCR products were then subjected to DNA sequencing
with primer S7r. Chromatograms were analyzed using Vector NTI 10.3.0 soft-
ware from Invitrogen (Karlsruhe, Germany).

RESULTS

Design of altered p6* PR cleavage sites. The major goal of
this study was to determine the critical contribution of PR
cleavage sites within and flanking p6™ to viral maturation and
infectivity. For analysis of the p6* cleavage sites in the proviral
context, we had to take into account maintenance of (i) the
overlapping p15“¢ and p65“¢ reading frames limiting alterations
to gag wobble positions (Fig. 1A), as well as (ii) the slippery
sequence and (iii) a downstream stem-loop structure, the latter
two regulating ribosomal frameshifting and the generation of
Gag-Pol precursors (Fig. 1B).

To screen for cleavage site variants capable of (i) completely
blocking cleavage or (ii) altering hydrolysis rates, an algorithm
was used to predict the probability for any sequence of eight
amino acids to be cleaved by the HIV-1 PR (9). Those residues
predicted to either block cleavage or alter cleavage kinetics
according to the algorithm were introduced into the infectious
provirus HX10. To block cleavage of the amino-terminal scis-
sile bond (Py) of p6*, Arg in the P3’ position was replaced by
an aromatic Trp residue (54), yielding mutant csM1 (Fig. 1A).
This mutation was associated with a nucleotide substitution
turning the conserved slippery site UUUUUUA into UUU
UUUU (Fig. 1B). However, this sequence has previously been
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FIG. 1. Mutagenesis of p6*-associated PR cleavage sites in the proviral context. (A) The entire HIV-1 BH10-derived p6* amino acid sequence
(white box) is shown in the context of the Gag-Pol precursor with adjacent p7 and PR sequences (dotted boxes). The p6* region is overlapped by
the gag open reading frame encoding the p1 (gray box) and p6 (dark gray box) proteins. PR cleavage sites are indicated by open triangles (N,
amino-terminal; I, internal; C, carboxyl-terminal), and functional residues are depicted in boldface type. Amino acids replaced in p6* to alter PR
cleavage sites are indicated by black arrows and are represented by provirus clones csM1 to csM7. CR1 and CR2 are conserved regions within p6™*.
(B) Proposed structure of the HIV-1 frameshift region according to Dulude et al. (13). Mutations introduced to modify amino-terminal (csM1)
or internal (csM2, csM3) p6* cleavage are indicated by arrows. See text for more details.

shown to promote frameshifting in vitro (12). The amino-
terminal p6* mutation also resulted in a Leu-to-Phe substitu-
tion at the P2’ position of the overlapping NC-p1 cleavage site
(60), which according to the employed algorithm (9) was not
expected to prevent cleavability of this modified site.

On the basis of the previous findings that the introduction of
a B-branched amino acid at position P1 prevents cleavage by
the PR (45, 54), Pheg was replaced by Val to block internal
cleavage (P;) of p6* (Fig. 1B). As the corresponding csM2
mutation reduced base pairing in the upper stem region, pos-
sibly affecting overall stem-loop stability (4, 35), a second mu-
tant (csM3) was generated in which base pairing was restored
(Fig. 1B). This resulted in a Lys-to-Thr substitution within a
variable p6* portion without altering the gag open reading
frame.

Since carboxyl-terminal cleavage of p6* from the Pol pre-
cursor is an essential prerequisite for PR autorelease and ac-
tivation (37, 53), we further substituted the conserved carboxyl-
terminal tetrapeptide of p6* by four different amino acid
combinations predicted to be cleaved according to the criteria
of Chou et al. (9) to analyze potential effects of altered hydro-
lysis rates on subsequent virus maturation. The modified tet-
rapeptides encoded by the resulting virus mutants contained
either two (csMo6), four (csM4 and csM5), or five (csM7) amino
acid substitutions compared to wt p6* (Fig. 1A). Again the gag
reading frame remained intact, as overlapping p6%*¢ residues
have been proposed to be involved in packaging of envelope
proteins (34).

In vitro characterization of peptides with cleavage site vari-
ations. In order to determine the influence of cleavage site
modifications on hydrolysis rates in vitro, synthetic oligopep-
tides comprising wt cleavage site sequences (Py, P;, and P.) or
mutated cleavage site sequences (P1 to P7, corresponding to
virus mutants csM1 to csM7, respectively) were incubated with
recombinant HIV-1 PR for at least 24 h to guarantee quanti-
tative turnover of the peptide substrates. To confirm that cleav-
age products were originating from PR activity, parallel sam-
ples were incubated in the presence of an HIV-1 PR-specific
inhibitor. Cleavage products were separated by reverse-phase

high-performance liquid chromatography and analyzed by
mass spectrometry and sequencing (data not shown). As ex-
pected, cleavage of the modified amino-terminal cleavage site
(Pn) was efficiently blocked in peptide P1. However, this sub-
strate was cleaved two amino acids downstream of the wt site,
instead (Table 2). Likewise, the original internal cleavage site
(P;) was blocked by the mutations in P2 and P3 and replaced
by a new scissile bond emerging two amino acids upstream.
Consistently, altered internal cleavage was also observed when
GST-p6* full-length proteins harboring the corresponding P2
and P3 mutations were processed in frans (data not shown),
excluding the possibility that the observed cleavage site mod-
ifications were restricted to the short oligopeptide substrates.
Deviating from predictions by the algorithm (A values in Table
2), only two of the four carboxyl-terminal cleavage site (Pc)
variations were processed by the PR in substrates PS5 and P6,
whereas cleavage of this site was completely blocked in P4
and P7.

In order to determine cleavage rates of the modified sites,
turnover of the oligopeptide substrates was monitored over
time. As illustrated in Fig. 2 and summarized in Table 2, all
mutated cleavage sites exhibited significantly altered hydrolysis
rates compared with the original wt sites Py, P, and P..
Whereas the novel site in P1 was processed much faster than
the wt site, the internal p6™* substitutions led to retarded cleav-
age of the substrates P2 and P3 which was consistent with
relative cleavage rates determined for the corresponding GST-
p6* full-length proteins (data not shown). Lower hydrolysis
rates were also calculated for the carboxyl-terminal cleavage
site mutations in P5 and P6. It is worth mentioning though that
P6 was initially cleaved at the wt rate with hydrolysis deceler-
ating after approximately 30% turnover, suggesting product
inhibition of the PR. In sum, we have established a series of
p6* cleavage site mutations exhibiting cleavage attributes com-
pletely differing from the respective wt sites.

Influence of p6* mutations on frameshifting in mammalian
cells. In order to exclude the possibility that p6* mutations
interfered with frameshift function on the RNA level, amino-
terminal and internal mutations were tested in a previously
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TABLE 2. In vitro cleavage of the p6* peptide substrates with recombinant HIV-1 PR
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Cleavage site

Calculated

Blockage of

Comparison of

Peptide” Peptide sequence” Cleavage products® attribute? A value® orqii%iel}al hydrolysis rates?

Py ERQANFFRED ERQAN * FFRED wt ND -

P, ERQANFFWED ERQANFF * WED — ND + 240-fold?
P, EDLAFLQGKA EDLAF * LOGKA wt ND -

P, EDLAVLQGKA EDL * AVLOQGKA <« ND + 5.3-fold|
P; EDLAVLQGTA EDL * AVLQGTA <~ ND + 10.5-fold |
Pc VSENFPQITL VSENF * PQITL wt 1.38 -

P, VPSHLPOITL VPSHLPQITL - 1.97 +

Ps VPIDLPQITL VPIDL * PQITL wt 1.14 - 15-fold|
Py VPEDFPQITL VPEDF * PQITL wt 1.53 = 1.5-fold|
P, IPPYEPQITL IPPYEPQITL - 1.16 +

@ Synthetic oligopeptides representing natural (Py, P;, and P¢) and modified (P, to P;) p6* cleavage sites were incubated with mature HIV-1 PR for at least 24 h.

® Amino acid substitutions relating to the wild-type sequence are underlined.

¢ Cleavage products as determined by mass spectrometry and sequencing. The cleavage sites are indicated by asterisks.
@ Cleavage occurred at the wild-type site (wt) or 2 amino acids upstream (—) or downstream (<) of the wild-type site, or cleavage was blocked (—).
¢ A values for the carboxyl-terminal p6* modifications were calculated by the method of Chou et al. (9). Values of >0 are predictive for cleavability by the HIV-1

PR. ND, not determined.
/ —, no blockage; +, blockage.

& Relative hydrolysis rates of the modified peptide substrates compared to wild-type peptides (rate determined at 50% substrate turnover, respectively). Symbols: 1,

increase; |, decrease.

described frameshift reporter assay (38). To render expression
of a luciferase reporter frameshift dependent, the gene encod-
ing firefly luciferase was fused to the frameshift region of the
HIV-1 isolate BH10, comprising the slippery site and stem-
loop region. The resulting reporter sequence fs-wt was then
further modified to introduce csM1-, csM2-, and csM3-specific
point mutations (Fig. 3A). For quantification of frameshift
rates, construct fsA was generated allowing for constitutive
full-length luciferase expression from the —1 frame (corre-
sponding to a frameshift rate of 100%). In addition, we used
the formerly described frameshift mutant fsM1 as a negative
control to detect luciferase background activity (38). This mu-
tant harbors a destroyed slippery site driving expression of
luciferase exclusively from the 0 frame (corresponding to a 0%

frameshift rate), which results in premature translation termi-
nation. To analyze frameshift modifications, H1299 cells were
transfected with the corresponding reporter plasmids, and lu-
ciferase activity was quantified after 48 h and related to values
determined for fsA. As shown in Fig. 3B, frameshift-dependent
luciferase expression from the reporter constructs fs-wt, fs-
csM1, fs-csM2, and fs-csM3 ranged between ~4 and 8% and
was therefore clearly distinguishable from fsM1-transfected
cells, which gave luciferase activities around the mock-trans-
fected level. Basically, all tested mutants were capable of driv-
ing frameshift-dependent luciferase expression. However, tak-
ing into account the limited sensitivity of this assay system, a
slight increase in frameshifting could be observed for the stem-
loop variants fs-csM2 (8.2%) and fs-csM3 (7.2%) in H1299
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FIG. 2. Cleavage of wild-type and modified peptide substrates with recombinant PR. Synthetic oligopeptides containing wt (Py, P, and P) and
modified cleavage sites (P1, P2, P3, PS, and P6) of p6* were cleaved with recombinant HIV-1 PR in a total volume of 200 pl. To monitor cleavage
kinetics, 15-pl samples were collected at given time points and analyzed by reverse-phase high-performance liquid chromatography. The data

shown are representative of three independent experiments.
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FIG. 3. Luciferase frameshift reporter assay. (A) The sequence encoding firefly luciferase (highlighted in gray) was extended at its 5" end by
the frameshift region of BH10 to render luciferase expression frameshift dependent (fs-wt). Reporter constructs fs-csM1, fs-csM2, and fs-csM3
carrying the frameshift regions of the corresponding cleavage site mutants are indicated. For a control, the slippery site has been destroyed in fsA,
allowing for constitutive expression of luciferase from the —1 frame. In contrast, luciferase is exclusively expressed from the 0 frame in mutant
fsM1, resulting in a premature translational stop soon after the luciferase ATG. Point mutations introduced in the slippery site (boldface) or the
upper stem-loop region are underlined, and deletions are expressed by spaces. The positions of start and stop signals within the 0 frame and the
—1 frame are indicated. (B) H1299 cells were transiently transfected with the indicated frameshift reporter plasmids or pcDNA3 (mock), and
cell-associated luciferase activity was quantified after 48 h. Luciferase activity (relative light units [RLU]) determined for fsA was set at 100%, and
all other values were related to the fsA value accordingly. The results from one representative blot comprising mean values plus standard deviations
(SDs) (error bars) from four independent transfection experiments are shown.

cells, whereas luciferase activity derived from expression of
fs-csM1 (4.3%) was clearly diminished compared to fs-wt
(6.9%). Similar frameshift ratios were obtained in multiple
transfection experiments performed with different DNA prep-
arations, basically excluding the possibility that differential lu-
ciferase expression resulted from variations in transfection ef-
ficiencies. Furthermore, comparable results were obtained in
293T cells (data not shown), indicating that the altered hep-
tamer sequence in fs-csM1 was less efficient in promoting ri-
bosomal slippage.

Influence of the mutated PR cleavage sites on expression of
viral proteins. To further examine the modified p6* cleavage
sites in the viral context, H1299 cells were transiently trans-
fected with the infectious provirus clone HX10 (wt) or HX10
derivatives carrying the respective p6* mutations (csM1 to
csM7). Forty-eight hours posttransfection, cell lysates were
analyzed by immunoblotting with a CA-specific antibody to
reveal potential effects of the cleavage site modifications on
expression and cell-associated processing of viral Gag proteins.
As shown in Fig. 4A, all cells yielded protein patterns compa-
rable to wt virus transfections with trace amounts of uncleaved
55-kDa Gag precursors and MA-CA-p2 intermediates. This
demonstrates that the p6* mutations do not affect expression
or stability of viral Gag proteins. However, significant levels of
an approximately 48-kDa protein and increased amounts of
the CA-p2 intermediate were detected in cells transfected with
csM4 and csM7 proviruses, whereas the mature CA species
predominated in all other lysates. These findings suggest that

both carboxyl-terminal mutations shown to block cleavage in
the peptide cleavage assay (Table 2) are associated with Gag-
specific processing defects, which might result from either de-
creased PR activity or altered substrate specificity. Compara-
ble protein patterns were observed in transfected 293T cells
(data not shown), confirming that the above findings are not
cell specific. An additional 50-kDa product also present in
mock-transfected controls likely results from cross-reactivity of
the anti-CA antibody with an unknown cellular protein.
Influence of p6* cleavage site mutations on composition and
maturation of virus particles. To analyze effects of the p6*
mutations on virus maturation, particles released from H1299
cells 72 h posttransfection were subjected to immunoblot anal-
ysis with Gag- and Pol-specific antibodies. Like wt particles,
most of the virus mutants contained largely the mature CA and
MA species (Fig. 4B, panels 1 and 2). In contrast, only full-
length Gag precursors and two smaller CA intermediates of
approximately 41 and 48 kDa were found in csM4 and csM7
virions. Whereas the 41-kDa product exactly correlates with
the molecular mass calculated for the MA-CA-p2 polyprotein,
the 48-kDa product does not appear to be a natural product
of the Gag processing cascade. These observations strongly argue
for Gag-specific processing defects induced by the correspond-
ing mutations, thus resulting in a lack of mature CA and MA
proteins. These findings were confirmed and extended by anal-
ysis of virus-associated NC proteins. As shown in Fig. 4B, panel
3, the carboxyl-terminal p6* mutants csM4 and csM7 were
lacking mature NC proteins and NC-p1-p6 precursor, both of
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FIG. 4. Influence of p6* mutations on expression and maturation
of Gag-Pol proteins. H1299 cells were transfected with the indicated
provirus plasmids or pcDNA3.1 (mock). (A) For analysis of Gag ex-
pression, cells were harvested at 48 h posttransfection, and equal
amounts of cell lysates were subjected to immunoblot analysis using a
CA-specific antibody. (B and C) To characterize virion-associated Gag
and Pol proteins, particles released into cell supernatants were har-
vested 72 h posttransfection and sedimented through a 20% sucrose
cushion. Viral proteins were separated by SDS-PAGE and analyzed by
immunoblotting. For detection of Gag-specific products, CA (B1)-
specific or MA (B2)-specific monoclonal antibodies or polyclonal sera
directed to NC (B3 and B4) or p6&*t (BS) were used. Pol-derived
products were analyzed using IN (C1)-, RT (C2)-, and PR (C3)-
specific polyclonal antisera. The positions of molecular mass markers
(in kilodaltons) are shown to the left of the gels, and the arrows to the
right of the gels indicate specific protein bands.

which were found in all other virus mutants. Additional analysis
of wt and csM7 particles for larger NC-associated products re-
vealed a csM7-specific band likely corresponding to the ~ 48-kDa
product detected with the CA-specific antibody in csM4 and csM7
particles and which might thus represent a MA-CA-p2-NC-pl
intermediate (Fig. 4B, panel 4). The presence of a faint double

INFLUENCE OF p6* CLEAVAGE ON HIV-1 PROTEASE REGULATION 4579

band further suggests that the spacer peptide p1 has been partially
released from this aberrant precursor.

Whereas csM2, csM3, csM5, and csM6 mutants showed wt-
like processing of NC proteins, csM1 virions contained addi-
tional NC-specific bands that were not detected in any other
particle preparation. Since the csM1 mutation is associated
with an amino acid substitution in the p1%*® domain, the prom-
inent 8-kDa band found in csM1 particles might represent a
NC-pl intermediate, suggesting retarded hydrolysis of the cor-
responding cleavage site. However, the identities of two addi-
tional NC-specific products of 16 to 20 kDa remain unknown,
as these proteins were not recognized by any other antibody
used in this study. Immunoblot analysis of csM1 particles with
a p6%*e-specific antibody (Fig. 4B, panel 5) did not reveal any
differences compared to wt virions. Hence, the csM1-associ-
ated processing defect appears to be limited specifically to the
NC protein.

To further examine packaging and maturation of Pol pro-
teins, particle preparations were analyzed with IN-, RT-, and
PR-specific antibodies. As shown in Fig. 4C, none of the p6*
mutations interfered with packaging of Pol proteins into virus
particles. However, processing patterns revealed differing lev-
els of maturation. Along with the mature IN and RT species,
we could clearly detect traces of the 98-kDa RT-IN precursor
in csM4 and csM7 particles (Fig. 4C, panels 1 and 2), whereas
all other virions contained exclusively the mature enzymes.
Finally, a PR-specific antibody failed to identify the mature
11-kDa PR in csM4 and csM7 particles (Fig. 4C, panel 3),
where a protein of approximately 17 kDa was detected instead.
This product likely represents a p6*-PR precursor as verified
with a p6*-specific antiserum (data not shown). These results
strongly indicate that the carboxyl-terminal csM4 and csM7
mutations completely block cleavage between p6* and PR.
Although this processing defect clearly affected maturation of
the Gag precursor, quantitative cleavage of the Pol compo-
nents was influenced to a minor extent. Interestingly, in addi-
tion to the mature PR, trace amounts of this p6*-PR interme-
diate were also observed in csM5 and csM6 particles. These
data suggest that amino-terminal autorelease of the PR was not
completely impaired but rather delayed in csM5 and csM6 vi-
ruses, with csM5-specific mutations causing the most striking ef-
fect. This observation is in accordance with the results obtained by
in vitro cleavage of the corresponding peptides (Fig. 2).

In contrast, the amino-terminal (csM1) and internal (csM2
and csM3) p6* mutations did not visibly influence the release
of the viral PR or otherwise affect the maturation of virus-
associated Pol proteins yielding only the mature IN, RT, and
PR species. Since we could not detect any aberrant p6*-specific
cleavage intermediates in those particles probably owing to the
narrow time frame in which p6* cleavages occur, these results
make it tempting to speculate that the modified cleavage sites
of corresponding peptides P1, P2, and P3 were either not used
in the viral precursors or did not impact on Pol-specific mat-
uration.

Influence of p6* cleavage site mutations on viral replication
and infectivity. Next, the influence of p6* mutations on virus
growth in permissive cells was studied following transfection of
CD4-positive MT-4 lymphocytes with the various provirus
clones. Virus production was followed over a period of 3 to 4
weeks by measuring the amount of total CA protein in culture
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FIG. 5. Influence of p6* mutations on viral in vitro replication and
infectivity. (A) MT-4 lymphocytes were transiently transfected with the
indicated provirus clones. Cells were subcultivated at a 1:2 ratio every
48 h, and the total amount of virus-associated CA antigen in culture
supernatants was determined by an ELISA. The data shown are mean
values from two independent transfections performed in duplicate exper-
iments with different DNA preparations, and the error bars indicate the
standard deviations. (B) Magi indicator cells were infected with different
dilutions of wt and mutant viruses obtained from transient transfections of
H1299 cells and normalized to the amount of CA amount as described in
Materials and Methods. Forty-eight hours postinfection, Magi cells were
fixed and stained, and blue nuclei in each well were counted. The data
shown are the mean values from three independent infections, and the
standard deviations (error bars) are indicated.

supernatants. As depicted in Fig. SA, wt viruses replicated to
high titers in MT-4 cells peaking at days 10 to 12 posttransfec-
tion and followed by a rapid decline as cell populations died.
p6* mutants csM2, csM3, csMS5, and csM6 showed similar
replication kinetics (csM3- and csM5-specific replication
curves have been omitted for clarity), indicating that none of
the underlying internal or carboxyl-terminal mutations had a
major impact on viral growth in cultured cells. In contrast,
replication of the csM1 mutant was significantly delayed and
reached lower peak titers compared to wt viruses. This re-
tarded phenotype was also observed in a second T-cell line
(data not shown), confirming the above results. A reversion of
the amino acid substitution to the wt or the emergence of
compensatory mutations within the monitored period was
widely excluded by PCR sequencing of the entire Gag-p6™
region and part of the PR, suggesting that the delayed repli-
cation profile of these viruses was rather due to compromised
frameshifting (Fig. 3B) and/or retarded NC-p1 cleavage (Fig.
4B, panel 4). As expected from deficient Gag processing, no
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productive replication of the csM4 (data not shown) and csM7
mutants in the analyzed lymphocytes was detectable within the
monitored period.

To further reveal minor differences in viral infectivity, we
assessed the capability of selected virus mutants to infect Magi
indicator cells in a single-round replication assay. Thus, virus
preparations of mutants csM1, csM2 (representative of csM3),
csM5, ¢sM6 and csM7 (representative of csM4) produced in
H1299 cells were titrated on this cell line and compared to wt
infectivity. Compatible with the results obtained from replica-
tion analyses in permissive lymphocytes, infectivity of csM1
particles was reduced about twofold on Magi cells (Fig. 5B),
and csM7 viruses proved to be hardly infectious on this cell
line, which confirms our former results (38). In contrast, the
number of infectious units determined for csM2, csM5, and
csM6 mutants ranged within 80 to 90% of the wt level, sug-
gesting that corresponding mutations affected viral infectivity
only to a moderate extent. Together, these data imply that
internal and carboxyl-terminal p6* cleavage site mutations had
only minor effects on viral in vitro replication and infectivity as
long as PR was fully released.

Modifications in csMS and ¢sM6 mutants result in a loss of
viral fitness when competing with wt virus. Although carboxyl-
terminal csM5 and csM6 mutations showed significantly al-
tered hydrolysis rates of the corresponding cleavage site in
vitro (Fig. 2), resulting in a retarded autorelease of the PR
(Fig. 4), we could not observe any severe effects of these
mutations on viral replication or infectivity in the cell lines
examined. This prompted us to further assess viral fitness of
these candidates when challenged with wt virus. Therefore, a
dual competition assay was designed, where CEM4 cells were
infected by wt viruses mixed at different ratios with mutant
csMS, csMo6, or csM7. Spread of virus infection was monitored
via quantification of integrated virus cDNA. Overlapping
peaks at the modified p6™* positions of the resulting chromato-
grams were then used to determine the relative amounts of wt
versus mutant sequences in a sample. Taking into account the
fact that peak heights were dependent on the base due to
different kinetics in base incorporation during the sequencing
reaction, the wt to mutant inoculation ratios of 1:1 or 1:4 were
nicely reflected by the corresponding peak heights obtained at
day 1 postinfection (see for example csMS5 versus wt infection
in Fig. 6). Surprisingly, csM7-specific peaks were found 1 day
following infection, suggesting that csM7-derived cDNA was at
least partially capable of integrating into target cell genomes.
This observation is in accordance with the faint infection of
Magi cells by csM7 viruses (Fig. 5B). However, no csM7-spe-
cific peaks could be detected beyond 5 days postinfection con-
firming the above experiments in lymphocytes, where no pro-
ductive replication of this mutant was visible (Fig. 5A). To
more precisely quantify the loss of viral fitness, ratios of wt
versus mutant peak heights were calculated for each individual
time point (Fig. 6). Accordingly, slopes of the resulting curves
are indicative of the rate at which mutants are overgrown by wt
viruses with the fastest shift determined for mutant csM7 (Fig.
6C). It is interesting, however, that at day 5 postinfection with
1:1 mixtures, there was a also a significant reduction of csM5-
and csM6-specific peaks compared to wt peaks, indicating that
wt viruses were more successful in the following infection
rounds (Fig. 6A and B). Twenty-one days postinfection, wt
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FIG. 6. Dual competition of wild-type and mutant viruses in permissive T lymphocytes. CEM4 cells were infected with CA-normalized amounts
of wt and mutant viruses csM5, csM6, and csM7, mixed at 1:1 or 1:4 ratios prior to infection. At the indicated days postinfection (p.i.), genomic
DNA from infected cells was prepared, and the p6* region of integrated virus genomes was sequenced. As an example, one chromatogram showing
a section of mixed wt and csMS5 sequences at day 1, 5, and 21 postinfection is shown. Ratios of wt versus mutant peak heights were determined
for all mixed nucleotide positions (asterisks) and averaged to one mean ratio per analyzed time point (shown at the bottom of figure). Peak ratios
were calculated for cells infected with wt and mutant viruses mixed at a ratio of 1:1 or 1:4, and resulting data were plotted as binary logarithms

(A to C). n.d., not determined.

virus was the dominant species in all samples even when mu-
tant viruses were inoculated at a fourfold excess. These data
clearly indicate that carboxyl-terminal p6* modifications in
mutants csM5 and csM6, albeit allowing for amino-terminal
release of the PR, result in a loss of viral fitness that becomes
apparent when competing with wt virus.

DISCUSSION

On the basis of a functional similarity with the propeptides
of cellular aspartic proteases, the transframe protein p6* was

hypothesized to play a role in the regulation of PR activation
(36, 37, 51, 63). However, conflicting results have been re-
ported regarding the rate and order of PR-mediated cleavages
in Gag-Pol (references 1, 7, 29, 41, 42, and 64 and references
therein) partially owing to different experimental conditions
influencing PR activity, stability, or substrate specificity (23, 29,
31, 47). Moreover, truncated or in vitro-translated Gag-Pol
precursors do not necessarily reflect the physiological situation
where tight condensation of full-length precursors within the
virion might affect accessibility of distinct PR cleavage sites
(18, 53). Finally, viral cofactors, such as the accessory Vif
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protein, have been shown to modulate cleavage of individual
sites in vivo (2). Owing to the limited informative value of
reduced assay formats, our various in vitro approaches to char-
acterize the biological function of p6* cleavage in this study
have been extended to include an in-depth analysis of the p6*
modifications in the context of viral replication.

Mutagenesis of p6* in the context of an infectious provirus
appears challenging, as parts of the pol reading frame are
superimposed by cis-active RNA frameshift signals and func-
tional Gag protein domains. Thus, giving priority to frameshift
function, only a single mutation predicted to affect amino-
terminal cleavage of p6* appeared reasonable without com-
pletely destroying the slippery site. Albeit we could prove func-
tionality of this modified slippery site in a cell culture-based
frameshift reporter assay, frameshift rates were clearly reduced
compared to the wt level, confirming recent observations by
others (14). Further analysis of this modification in the csM1
virus mutant revealed a clearly delayed replication profile in
cultured lymphocytes associated with a ~50% loss of infectiv-
ity in single-round replication. Furthermore, we observed NC-
associated processing defects in csM1 particles likely associ-
ated with a substitution in the NC-p1 cleavage site introduced
by amino-terminal p6* mutation. Albeit hydrolysis of the
NC-pl site has been reported to be rate limiting in virus mat-
uration (16, 62), recent analyses by Coren et al. (10) have
provided evidence that NC-p1 cleavage is not required for viral
replication and infectivity. Together, these findings suggest
that the aberrant csM1 phenotype is mainly due to compro-
mised frameshifting at the altered slippery site.

Surprisingly, the modified amino-terminal p6* cleavage site,
although resulting in a 240-fold-increased hydrolysis rate in
vitro, did not influence the order and rate of PR-mediated
precursor maturation. In contrast to our in vitro analyses, Chen
et al. (7) did not observe amino-terminal cleavage of p6* when
deploying a similar peptide cleavage assay and hypothesized
that NC released from the Gag-Pol precursor might be ex-
tended by eight residues of p6*. However, our in vitro cleavage
experiments have shown that substrate turnover was not com-
pleted until 24 h of incubation, suggesting that an observation
period of 60 min selected by Chen et al. might not be sufficient
to draw this conclusion. Furthermore, peptides representing
the amino-terminal octapeptide of p6* were formerly isolated
from HIV-1 virions (19), and mutations in the NC-p6* cleav-
age site have been implicated in compensating for the loss of
viral fitness in PR inhibitor-resistant mutants (11), which
clearly points to a biological function of amino-terminal p6*
cleavage.

As internal cleavage of p6* between Pheg and Leu, is an
early event in the Gag-Pol processing cascade (1, 40, 53),
modification of this site in the viral context appeared particu-
larly informative. However, the mutation introduced to block
this cleavage site resulted in a shift of the scissile bond asso-
ciated with a 5- to 10-fold-decreased hydrolysis rate. Surpris-
ingly, this mutation did not influence correct processing of the
viral precursor proteins or replication of csM2 and csM3 vi-
ruses in permissive T lymphocytes. Further confirming our
observations, a comparable mutation did not impact viral in-
fectivity, when analyzed in the context of stem-loop stability
studies (21). These results indicate that the original cleavage
site might be functionally replaced by the novel proximal site
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which has also been used in full-length GST-p6* proteins car-
rying the respective mutation. In a current model, the internal
cleavage site is processed intramolecularly by the precursor-
embedded PR which exhibits a substrate specificity different
than that of the mature free enzyme (30, 40, 41, 61). Taking
into account the fact that in vitro peptide cleavage was per-
formed by a mature PR dimer in frans, we cannot completely
exclude the possibility that the internal mutation might have
different effects in the context of the Gag-Pol precursor.

Although carboxyl-terminal mutagenesis of p6* was care-
fully designed, cleavability predicted by the algorithm used (9)
was achieved only for the amino acid combinations in P5 and
P6. In contrast, cleavage was completely blocked in peptides P4
and P7 and in the respective virus mutants csM4 and csM7.
Corroborating previous work by others and us, completely
blocking carboxyl-terminal p6* cleavage resulted in immature
viruses with impaired infectivity and severe Gag processing
defects (38, 53). Interestingly, the amino-terminally extended
PR species found in the corresponding virions was not capable
of processing the MA-CA scissile bond, indicating that this
cleavage can be carried out only by the mature enzyme. Even
though the amino-terminal PR extension is likely to restrict
accessibility of the Gag substrates within the condensed viral
shell (53), similar observations have been made with uncon-
densed, in vitro-translated Gag-Pol and Gag precursors, rather
suggesting that the precursor-embedded PR exhibits a cleav-
age site affinity or substrate specificity different from that of the
mature enzyme (40).

In contrast, those carboxyl-terminal p6* modifications allow-
ing peptide cleavage in vitro (P5 and P6) at 15- and 1.5-fold-
lower hydrolysis rates than the wt site, which was reflected
perfectly by the retarded release of the PR in csM5 and csM6
virions, did not result in Gag-specific processing defects. As
traces of a PR-specific 17-kDa precursor were detected in
those particles along with the mature 11-kDa species, the 17-
kDa protein likely represents the very last PR intermediate.
This implies that internal hydrolysis of p6* precedes carboxyl-
terminal cleavage in virus particles, albeit the carboxyl-termi-
nal site was processed at a 60-fold-higher hydrolysis rate in the
in vitro cleavage assay. Hence, our data are concordant with a
recently proposed model where p6* cleavage is initiated in cis
at an internal site (P;) that appears to be best accessible to the
active site of the precursor-embedded PR (40, 41). However,
as mature RT and IN species together with an RT-IN inter-
mediate were present in csM4 and csM7 virions where amino-
terminal cleavage of the PR was blocked, our results also
indicate that amino-terminal release of the PR is not a pre-
requisite for removal of the carboxyl-terminal RT-IN moiety.

Whereas blockage of PR release severely affected matura-
tion and infectivity of csM4 and csM7 particles with a potential
impact on the natural processing cascade, the retarded PR
release in mutants csM5 and csM6 did not visibly interfere with
virus infectivity or replication on cultured cells, suggesting that
altered cleavage rates at the PR amino terminus are well tol-
erated. These findings are concordant with former reports that
viral infectivity is not significantly impaired unless PR activity
is reduced by more than fourfold (50). Nevertheless, these
mutants were rapidly overgrown by wt viruses in a more sen-
sitive dual competition assay. It is noteworthy that the csM5
mutant, albeit showing a significantly delayed amino-terminal
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release of the PR, performed better in this assay than csM6, for
which PR release was scarcely affected. Interestingly, csM6-
specific p6* residues seemed to cause product inhibition in the
in vitro cleavage assay, suggesting that compromised growth of
the csM6 mutant in the competition assay might be due at least
partially to secondary effects exerted by the released carboxyl-
terminal p6* tetrapeptide (37). Additional support for this
assumption has been given by analysis of purified p6* proteins
an in vitro PR inhibition assay, where a p6* variant carrying the
csMo-specific carboxyl terminus showed a slightly stronger in-
hibitory capacity than the wt protein did (unpublished data).
In sum, this study has provided further evidence that correct
processing of p6* is essential to drive temporal and stepwise
activation of the PR. However, our results have also shown
that individual cleavage site variations of p6* did not interfere
with viral replication in cultured cells as long as overall pro-
cessing of the viral Gag and Pol precursors was guaranteed.
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