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A critical step in the formation of infectious retroviral particles is the activation of the virally encoded
protease (PR) and its release from the Gag-Pol precursor polyprotein. To identify factors that influence this
step, the maturation of human immunodeficiency virus type 1 PR from various Gag-PR polyproteins was
assayed in vitro by a using rabbit reticulocyte lysate as a coupled transcription-translation-autoprocessing
system. Highly efficient autoprocessing was detected with polyproteins containing the viral nucleocapsid (NC)
domain. In contrast, polyproteins consisting of only p6* and PR domains or containing a truncated NC domain
exhibited no autoprocessing activity. Experiments designed to test the dimerization capability of short PR
polyproteins revealed that precursors containing the NC domain exhibited very efficient homotypic protein-
protein interactions while PR precursors consisting of only p6* and PR did not interact efficiently. The strong
correlation between autoprocessing activity and PR polyprotein precursor dimerization suggests that NC and
p6* domains play a role in PR activation by influencing the dimerization of the PR domain in the precursor.

All retroviruses express their structural and enzymatic func-
tions as precursor polyproteins, designated Gag and Gag-Pol,
respectively (33). In human immunodeficiency virus type 1
(HIV-1), the Gag precursor contains domains for the matrix
(MA), capsid (CA), p2, and nucleocapsid (NC) as well as two
C-terminal domains, pl and p6 (35). Gag-Pol precursors are
generated after a rare ribosomal frameshift event which occurs
at the NC-p1 junction (11). Gag-Pol precursors therefore con-
sist of MA, CA, and NC domains followed by the transframe
domain (p6*), protease (PR), reverse transcriptase, and inte-
grase. Both types of precursors are assembled into viral parti-
cles and processed by the virus-encoded PR. An important step
in the life cycle of retroviruses is the activation of PR since
inhibition of polyprotein precursor processing results in imma-
ture and noninfectious virus particles (13, 15). In the case of
HIV, the important role of PR in the formation of infectious
virions has made it the focus of intense investigations. Active
HIV-1 PR is a dimer of two identical 11-kDa monomers, each
providing one of the two Asp-Thr-Gly (DTG) sequences at the
active center of aspartic PRs (36). The cellular and fungal
members of the family of aspartic PRs are monomeric proteins
with two DTG-containing domains. Their activation is mostly
regulated by N-terminal pro-sequences (e.g., pepsinogen [12]).
The mechanism of activation of retroviral enzymes has not
been elucidated. In type C viruses and lentiviruses, which as-
semble at the plasma membrane, premature PR activation is
believed to be prevented by the limited concentration of Gag-
Pol precursors in the cytoplasm. Since each Gag-Pol precursor
contains only one PR domain, Gag-Pol precursor dimerization
is necessary for the formation of the PR active site. However,
additional mechanisms of regulation must be present during
assembly and budding because HIV Gag-Pol precursors can
undergo autoprocessing in the cytoplasm of some cells and in
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some in vitro systems (14, 16, 28). Moreover, in type C viruses,
PR activation does not occur before the viral particle is com-
pletely released from the host cell even though viral precursors
are highly concentrated at this stage (33). In addition, type B
and type D retroviruses assemble their particles entirely intra-
cytoplasmically but do not activate the PR function until the
particles are released from the host cell (27).

In the avian type C retrovirus Rous sarcoma virus, a region
in Gag was speculated to function as a negative regulator of PR
activation (2). In HIV-1, the transframe region (p6* domain)
may be involved in PR activation since deletion of this domain
increases the autoprocessing activity of Gag-PR precursors in
vitro (25). In this study we report a further characterization of
the effect of regions immediately upstream of PR on autopro-
cessing and precursor dimerization.

Autoprocessing of Gag-PR precursors. To analyze autopro-
cessing, constructs were designed to express polyproteins con-
taining the wild-type PR domain preceded by upstream se-
quences of increasing lengths (Fig. 1). Control constructs
encoded a PR domain containing an inactivating mutation of
the catalytic Asp-25 residue to Ala (PRA). All inserts were
cloned into the unique BamHI site of vector pET3 under the
control of the promoter for T7 RNA polymerase (30). Inser-
tion at BamHI results in in-frame fusion with sequences coding
for the first 11 amino acids from bacteriophage T7 gene 10 plus
an arginine specified by the linker sequence for BamHI. This
T7 tag provides the methionine start codon for all constructs.
To study only the effects of upstream sequences on PR activity,
a stop codon was placed at the C terminus of the PR-coding
region. The exclusive synthesis of PR-containing precursors
was ensured by introducing 4 bp next to the natural frameshift
site (16). Plasmids were grown in Escherichia coli C600 and
JM101, and DNA was prepared by using the Promega Magic
Mini Prep system. To ensure uniform translational efficiency of
all constructs, equal amounts of supercoiled DNA were then
used to direct transcription and translation in TNT T7 rabbit
reticulocyte lysate (RRL; Promega) in the presence of [*>S]me-
thionine (specific activity, >1,000 Ci/mmol; ICN). Incubation
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FIG. 1. Extended precursors used for analysis of autoprocessing. A schematic representation of the parental Gag-PR polyprotein precursor is shown at the top.
Open boxes represent Gag domains (MA, CA, p2, and NC); shaded boxes represent Pol domains (p6* and PR). The number of the amino acid (aa) at the start of each
domain is given (HIV-1 strain BH10 [26]). Amino acid numbers in the Pol domain are in italics. PR cleavage sites between domains (arrows) are identified by the
residues flanking the scissile bond. The hatched region in CA and the symbols above NC denote the major homology region (MHR) (35) and the Cys-His motifs,
respectively. The bars below show the domains present in the extended constructs. The first amino acid encoded at the beginning of each precursor and the PR cleavage
sites present in the precursors are indicated. The small shaded boxes represent the T7 tag sequence (30). Control constructs, denoted as PRA, contain an inactivating
mutation of the PR active site residue Asp-25 to Ala. p6*PR and p6*PRA, plasmids gplI and gpIIA (16), respectively, were cut with Bg/II and EcoRI. The resulting
494-bp fragments were ligated into the pET3c vector which had been digested with BamHI and EcoRI. 1/2 NC-PR, a linker containing a BamHI restriction site was
inserted at the Apal site (nucleotide 1555 of BH10) of plasmid FSIII (24). The resulting construct was digested with BarmHI and EcoRI, and the 583-bp restriction
fragment was subcloned into pET3b. 1/4 p6*PR, 1/4 p6*PRA, NC-PR, and NC-PRA, inserts were generated by PCR from template plasmid FSIII and FSIIIA,
respectively. Synthesis at the 5" ends of the inserts for 1/4p6*PR and 1/4p6*PRA was primed by oligonucleotidle CGGGATCCTCAGAAGCAGGAGCCG, which
annealed at nucleotides 1786 to 1803 (BH10). The 5’ primer for NC-PR and NC-PRA, CGCGGATCCATGCAGAGAGGCAATTTTAGG, annealed at positions 1465
to 1485 (BH10). Both primers also contained a BamHI site. Synthesis at the 3’ ends of all four inserts was primed with the M13 reverse primer (Stratagene). The
resulting PCR fragments were digested with EcoRI and BamHI and inserted into pET3a. 1/4 CA-PR, 1/4 CA-PRA, MHR-PR, and MHR-PRA, PCR fragments primed
at the 5’ ends with oligonucleotide CGCGGATCCGCTTCACAGGAGGTAAAAAATTGG, nucleotides 1258 to 1281 (1/4 CA-PR and 1/4 CA-PRA), and with
oligonucleotide CGCGGATCCCCTACCAGCATTCTGGAG, nucleotides 1168 to 1185 (MHR-PR and MHR-PRA), were synthesized. The oligonucleotide for the 3’
end was complementary to the Apal site (nucleotide 1555). Both fragments were digested with BamHI and Apal and exchanged with the BamHI-Apal insert of NC-PR
and NC-PRA. PCRs were carried out in a thermal cycler (Perkin-Elmer) with Vent DNA polymerase (New England Biolabs) under conditions recommended by the
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supplier. All PCR-derived sequences were confirmed by sequencing.

conditions were as recommended by the supplier, at 30°C for
1 h. This in vitro system was selected over other expression
systems because it represents an efficient and sensitive assay
for HIV-1 PR autoprocessing activity in an eukaryotic back-
ground (3). It permits the analysis of processing products and
transient intermediates which might be unstable or undetect-
able in tissue culture or in E. coli expression systems.
Translation products were analyzed either directly by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) or after immunoprecipitation (17, 24). Translation re-
actions directed by the control construct Gag-PRA, which
contains an inactivating mutation of the catalytic aspartic acid
residue of PR (D-25 to A), accumulated full-length precursor
Pr69 as the primary translation product along with several
smaller proteins that are most likely the products of internal
initiation or premature termination (Fig. 2A, lane 1). Since
Gag-PRA exhibits no proteolytic autoprocessing, immunopre-
cipitation with an antibody directed against PR detected only
full-length and internally initiated products (Fig. 2A, lane 2).
Products presumed to be prematurely terminated were iden-
tified by immunoprecipitation with antibodies directed against
the T7 tag sequence, CA, and p6* (data not shown). In contrast

to the results obtained with the catalytically inactive precursor,
efficient autoprocessing was detected in translation reactions
directed by construct Gag-PR, which encodes wild-type PR
(Fig. 2A, lane 3). The principal radiolabeled products were the
MA-CA processing intermediate (p41), CA protein (p25/p24),
and PR (11 kDa). They were identified by immunoprecipita-
tion with antibodies against MA or CA (data not shown) and
PR (lane 4). Although autoprocessing was efficient, the pres-
ence of residual precursor and processing intermediates indi-
cated that it was incomplete.

Autoprocessing was very inefficient when PR was expressed
as part of a precursor that lacked Gag sequences. Products
generated from a construct that lacked most of the p6* domain
but included the N-terminal F/P cleavage site of PR (Fig. 1,
construct 1/4p6*PR, and Fig. 2B, lane 2) comigrated mainly
with the sole translation product from the inactive control
construct 1/4p6*PRA (Fig. 2B, lane 1). Only a small amount of
processed 11-kDa PR was detected (Fig. 2B, lane 2 [arrow-
head]). Precursors that contained the complete p6* domain
(construct p6*PR) or, in addition, the distal Cys-His motif of
NC (construct 1/2NC-PR) exhibited very little or no detectable
autoprocessing activity in this assay (Fig. 2B, lanes 3 to 5).
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FIG. 2. SDS-PAGE analysis of autoprocessing of extended precursors. Total lysates were either analyzed directly (0.5 pl of lysate per lane) or after immunopre-
cipitation (4 wl of lysate per reaction) with antibody directed against PR, p6*, or CA. (A) Translation products of parental constructs Gag-PRA (lanes 1 and 2) and
Gag-PR (lanes 2 and 3). Construct Gag-PRA contains an inactivating mutation of the active site residue (D-25 to A). Lanes: 1 and 3, total lysate; 2 and 4, lysate
immunoprecipitated with anti-PR antibody. The positions of the full-length precursor, Pr69, and major processing products, p41 (MA-CA intermediate), p25 and p24
(CA proteins), and 11-kDa mature PR, are indicated on the right. (B) Translation of constructs exhibiting little or no autoprocessing activity. Since the globin protein
present in RRL migrates with approximately the same mobility as some of the products, only products detected after immunoprecipitation with anti-PR antibody are
shown. The position of the 11-kDa mature PR in the immunoprecipitated lysate is indicated. (C) Translation of constructs exhibiting efficient autoprocessing. Lanes:
1, 6, and 11, total lysate; 2, 7, and 12 and 3, 8, and 13, lysate immunoprecipitated with anti-p6* or anti-PR antibodies, respectively. The migration of mature 11-kDa
PR is indicated by arrowheads. The migration of unprocessed precursors expressed from constructs encoding inactivated PRA, NC-PRA (lanes 4 and 5), 1/4CA-PR
(lanes 9 and 10), and MHR-PRA (lanes 14 and 15), is shown. The molecular weights (in thousands) of marker proteins are indicated on the left (A) and right (B and
C). The products generated by autoprocessing of cleavage sites in the precursors are indicated by letters a to e (for details, see the text).

Even after prolonged incubation at 30°C (up to 4 h), no auto-
proteolytic cleavage was detected at the N-terminal F/P site of
PR, at the sites in p6* (39), or at the N/F site in the NC-p6*
junction (37). The lack of proteolytic activity was not due to
misfolding since these precursors were readily cleaved by exo-
geneously added purified HIV-1 PR (data not shown), indicat-
ing that the cleavage sites in the precursor were accessible.
Moreover, p6*PR and 1/2NC-PR exhibited autoproteolytic ac-
tivity upon overexpression in E. coli (data not shown), suggest-
ing that they can function as enzymes when expressed at very
high concentrations.

In contrast to these results, extremely efficient proteolytic
activity with complete processing of PR-containing precursors
was obtained with constructs that included the entire NC do-
main (construct NC-PR) or NC and additional upstream se-
quences (constructs 1/4CA-PR and MHR-PR) (Fig. 2C, lanes
1, 6, and 11). The efficiency was such that no residual PR-
containing precursors were detected in the translation reaction
mixture. The identity of the cleavage products was confirmed
by immunoprecipitation with antibodies directed against PR
(lanes 3, 8, and 13), p6* (lanes 2, 7, and 12), and the T7 tag
(data not shown). In addition to the 11-kDa PR, autoprocess-
ing of the cleavage sites present in precursor NC-PR generated
products consisting of T7 tag-NC-p6* (product a, lanes 1 and
2) and T7 tag-NC (product b, lane 1). The p6* protein does not
contain methionine residues and therefore could not be de-
tected. Precursors 1/4CA-PR and MHR-PR produced NC-p6*
(product c, lanes 6, 7, 11, and 12), NC (p7) (NC comigrated
with the 11-kDa PR and could not be resolved in this gel
system [data not shown]), T7 tag-1/4CA (product d, lane 6),
and T7 tag-MHR (product e, lane 11). Only full-length pre-

cursors and precursors presumably initiated internally accumu-
lated in lysates directed by the control constructs with inacti-
vated PR (lanes 4 and 5, 9 and 10, 14 and 15).

Together these results demonstrate that autoprocessing of
HIV-1 PR is influenced by regions located upstream of the PR
domain. Whereas the presence of only the p6* domain ap-
peared to be inhibitory, the addition of the NC (p7) domain
resulted in a striking increase in PR autoprocessing. Thus, the
p6* and NC domains had opposite effects on PR autoprocess-
ing.

Dimerization activity of PR precursors. Since dimerization
is necessary for PR activity, p6* and NC domains might influ-
ence the dimerization capability of PR-containing precursors.
To test this possibility, we measured the protein-protein inter-
actions of PR and the PR-containing precursors in the two-
hybrid system (9). The two-hybrid system is based on the re-
constitution of the activity of the yeast Saccharomyces
cerevisiae GALA4 transcriptional activator. Protein-protein in-
teraction is indicated by GAL4 promoter-dependent expres-
sion of the lacZ reporter gene. GAL4 hybrid proteins contain-
ing PR, p6*PR, and NC-PR polyproteins were constructed in
the yeast vectors pMA424 (20) and pGAD (4), which contain
the GAL4 DNA binding (residues 1 to 147) and activation
(residues 768 to 881) domains, respectively. Since HIV-1 PR
activity has been demonstrated previously in a similar system
(23), we used the inactive version of PR (PRA) in all fusion
constructs in this study to avoid PR autoprocessing from
the GAL4 fusion domain. It has been reported that the
mutated residue (Asp-25) does not affect PR dimerization
(5). The fusion constructs were transformed into S. cerevi-
siae GGY1::171 (MATo ura3-52 leu2-3, 112 his3-200 met
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TABLE 1. Reconstitution of GAL4 activity by
GALA4 hybrid proteins”

-Galactosidase No. of

Construct P activity (U) assays ¢
APR =4 5 <1
BPR 325 9 3.5
APR + BPR 71.1 17 5.5
APRA =4 5 <1
BPRA =4 5 <1
APRA + BPRA =4 5 <1
Ap6*PR =4 6 <1
Bp6*PR 98.2 7 5.6
Ap6*PR + Bp6*PR 1243 5 12.9
ANC-PR =4 5 <1
BNC-PR =4 10 <1
ANC-PR + BNC-PR 228.0 5 71.6
SNF4-A + BSNF1 203.2 7 59.4

“ Transformants grown in inducing medium (2% galactose, 2% ethanol, 2%
glycerol) were disrupted by three cycles of freezing and thawing and resuspended
in assay buffer (50 mM potassium phosphate [pH 7.8], 1 mM MgCl,, 0.008%
SDS) containing 8% (vol/vol) chloroform. Following the addition of the sub-
strate, chlorophenol red-B-p-galactopyranoside (CPRG, 5 mM; Boehringer-
Mannheim), and incubation at 30°C for 1 h, the absorption of the cleared
supernatant was measured as the optical density at 574 nm. B-galactosidase
activity was calculated according to method described by Miller (21) and repre-
sents the average activity determined from several different assays. The standard
deviation of the mean (o) is also shown. The inserts for all constructs were
generated by PCR. The 3’ ends of all inserts except PRA were primed with
oligonucleotidle GAAGATCTATTAGAAGTTTAAAGTGC, which anneals at
the end of the PR coding region. The 3’ end of the PRA insert was primed with
oligonucleotide GAAGATCTCACTAACCAATCTGAGTCAAC, which an-
neals at positions 2082 to 2098 (HIV-1, strain BH10 [26]), resulting in a deletion
of the last five residues of the PR coding region. The primers for the 5’ ends were
oligonucleotides GGAAGATCTCCCCTCAGATCACTCTTTGGC (positions
1832 to 1850) for PR and PRA, GGGAAGATCTGGCCTTCC (positions 1636
to 1653) for p6*PR, and CGCGGATCCATGCAGAGAGGCAATTTTAGG
(positions 1465 to 1485) for NC-PR.

mutant #yrl ade2 gal4D gal80D URA3::GALI-lacZ), which
contains an integrated copy of the GALI-lacZ reporter
gene. Transformations were performed with the alkali-cat-
ion yeast transformation kit (Bio101, Inc., La Jolla, Calif.),
and transformants were selected on minimal medium lack-
ing histidine and leucine.

Initially, transformants were examined for B-galactosidase
activity by filter assay. Yeast colonies were replica plated to
filter paper, dipped in liquid nitrogen, and incubated in Z
buffer containing 20 mM 5-bromo-4-chloro-3-indolyl-B-p-ga-
lactopyranoside (X-Gal) at 30°C. The activation of B-galacto-
sidase expression results in cleavage of X-Gal and blue colora-
tion of the yeast colonies. Cotransformation of the GAL4
activation domain hybrids (designated APR, Ap6*PR, and
ANC-PR) and the GAL4 DNA binding domain hybrids (des-
ignated BPR, Bp6*PR, and BNC-PR) resulted in blue colonies
when tested on filters. Since filter assays provide only qualita-
tive information, we quantitated the B-galactosidase activity in
single colonies grown in liquid culture. From each transforma-
tion a minimum of five different colonies was assayed (Table
1). Control experiments with the GAL4 hybrids of the yeast
proteins SNF4 and SNF1, which are known to interact, re-
sulted in an average of 203 U of B-galactosidase activity from
cotransformants (Table 1), a value comparable to the previ-
ously reported activity of 180 U for these constructs (9). Con-
trol transformations with either one of the hybrid constructs
alone or cotransformations of one hybrid together with vectors
containing no insert did not result in any transcriptional acti-
vation.

Cotransformation of APR and BPR resulted in an average
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B-galactosidase activity of 71 U. However, transformation with
BPR alone or with BPR and construct A without the insert also
produced blue colonies in filter assays and 32.5 U of B-galac-
tosidase activity in liquid culture (Table 1). The background
activity of BPR was most likely due to nonspecific transcrip-
tional activation mediated by the high beta sheet content of
PR, since it has been reported that the transcriptional activa-
tion function of GALA4 is due to its B sheet conformation (31).
This conclusion is supported by the fact that deletion of the five
C-terminal residues of PR which contribute to formation of a
4-stranded antiparallel B sheet in the dimer (36) abolished the
BPR background signal (Table 1, BPRA). This structure is
critical for the stability of the PR dimer (32), and as expected,
the deletion also obliterated PR-PR interaction (Table 1,
APRA + BPRA).

Cotransformation of yeast cells with both GAL4-p6*PR hy-
brids induced levels of B-galactosidase that were increased in
comparison to the levels induced by GALA-PR hybrids (124 U)
(Table 1). However, as in the latter case, transformation with
the Bp6*PR hybrid alone or together with vector lacking the
insert produced blue colonies in filter assays and significant
levels of B-galactosidase activity (98 U).

Yeast cells coexpressing GAL4-NC-PR hybrids produced
even higher levels of B-galactosidase activity than did PR and
p6*PR hybrids (228 U) (Table 1). However, in contrast to the
results obtained with BPR and Bp6*PR hybrids, BNC-PR ex-
hibited negligible background activity (Table 1).

Yeast cells coexpressing GAL4-NC hybrids containing the
NC (p7) domain alone showed no interaction (data not
shown). While it is not clear why the hybrid NC construct did
not interact, as the NC domain has been demonstrated previ-
ously to be important for Gag-Gag interaction (1, 10, 34), the
results are consistent with the interpretation that the strong
signal observed with the NC-PR hybrids was not due to inter-
actions between the NC domains alone.

To examine protein-protein interactions in a more direct
assay, tags consisting of six consecutive histidine residues were
added to the amino terminus of precursors NC-PRA and
p6*PRA. His-tagged and untagged precursors were translated
in RRL in the presence of [**S]methionine. Aliquots of control
and cotranslation reaction mixtures were incubated with nick-
el-nitrilotriacetic acid (Ni-NTA)-affinity resin (Quiagen) in
binding buffer at room temperature. Zinc chloride (1 mM) was
included in the binding buffer to compete for nonspecific bind-
ing of the zinc fingers in NC to the nickel resin. Bound com-
plexes were collected by centrifugation, washed, and eluted
with a pH step gradient. Equal volumes of the eluants were
analyzed by SDS-PAGE and fluorography. Protein-protein in-
teractions were assayed by determining whether untagged pre-
cursors were retained on the resin by their interaction with
tagged precursors.

The tagged 6xHisNC-PRA precursor was distinguished from
the untagged NC-PRA precursor by its slightly slower migra-
tion during SDS-10% PAGE (Fig. 3). The 6xHisNC-PRA pre-
cursor bound efficiently to the resin and eluted at pH 5 to 4
(Fig. 3, lanes 1 to 7). Control experiments established that
precursors did not elute at a pH above 5 and that no proteins
remained bound after the last elution at pH 3.5 (data not
shown). When cotranslation mixtures containing tagged and
untagged precursors were incubated with the Ni-affinity resin
(Fig. 3 lanes 8 to 14), a significant amount of untagged pre-
cursor was specifically retained on the resin and coeluted with
the tagged precursor (lanes 11 to 13). Coelution peaked at pH
4, indicating strong and relatively acid-stable protein-protein
interaction. The control experiment (lanes 15 to 21) demon-
strated that this retention was dependent on the presence of
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FIG. 3. Analysis of protein-protein interactions between 6xHis-tagged and untagged NC-PRA precursors by nickel-affinity binding and coelution. For construct
6xHisNC-PRA, the PCR fragment prepared for the construction of NC-PRA was ligated with plasmid pET-28a (Novagene) restricted with BamHI and EcoRI. The
insert was confirmed by sequencing. Insertion at BamHI placed the coding sequence of NC-PRA behind a leader sequence coding for the 6xHis tag, a protease cleavage
site for thrombin followed by the T7 tag (total length of leader, 33 amino acids). Purified DNA of constructs 6xHisNC-PRA or NC-PRA alone or of both constructs
together was transcribed and translated in TNT T7 RRL (Promega) in the presence of [**S]methionine. Each translation reaction mixture (6 pl) was incubated with
Ni-NTA resin, washed, and eluted. Equal volumes of each fraction were mixed with SDS sample buffer, boiled, and analyzed by SDS-10% PAGE and fluorography.
Lanes: 1, 8, and 15, aliquots of binding reaction mixtures removed for analysis prior to addition of Ni-NTA resin; 2, 9, and 16, flow-through fractions; 3, 10, and 17,
wash fractions; 4 to 7, 11 to 14, and 18 to 21, eluted fractions. The positions of the 6xHisNC-PRA and NC-PRA precursors are indicated on the right.

the tagged precursor, since an amount of untagged precursor from untagged p6*PRA by their slower migration during SDS—
1.5 times greater than the amount of the untagged precursor 12.5% PAGE. Two additional bands migrating above and be-

present in the cotranslation reaction resulted in only insignif- low 6xHis-p6*PRA were observed consistently (Fig. 4, lane 1).
icant background binding. In addition, cotranslation experi- The more slowly migrating band was not related to the insert
ments with decreasing amounts of tagged precursor led to a and appeared to be initiated elsewhere in the vector. The faster
loss of detectable coelution (data not shown). band was most likely the result of internal initiation in the

In contrast to the results obtained with NC-PRA, p6*PRA T7 tag and did not contain the 6xHis tag. Precursor 6xHis-
precursors failed to coelute with 6xHis-p6*PRA precursors p6*PRA efficiently bound the resin and eluted with a peak at
when binding was examined by the same protocol (Fig. 4). pH 4. No retention of the untagged precursor was observed
Tagged 6xHis-p6*PRA precursors were readily distinguished when aliquots of cotranslation reaction mixtures were analyzed
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FIG. 4. Analysis of protein-protein interactions between 6xHis-tagged and untagged p6*PRA precursors by nickel-affinity binding and coelution. Construct
6xHis-p6*PRA was generated from construct p6*PRA by insertion of a linker coding for six histidines (CTAGTCATCACCATCACCATCACAGGC) at the unique
Nhel site of pET3 located at the 5" end of the T7 tag-coding sequence. The correct orientation of the insert was confirmed by sequencing. Purified DNA of constructs
6xHis-p6*PRA or p6*PRA alone or of both constructs together was transcribed and translated in TNT T7 RRL (Promega) in the presence of [>*S]methionine. Binding
and elution were as described in the legend to Fig. 3. Samples were analyzed by SDS-12.5% PAGE and fluorography. The positions of the 6xHis-p6*PRA and p6*PRA
precursors are indicated on the right.
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(Fig. 4, lanes 8 to 14). The control experiment (lanes 15 to 21)
confirmed that the small amount of untagged p6*PRA precur-
sor coeluting at pH 5 (lane 11) was due to background binding
(lane 18). In additional cotranslation experiments, different
ratios of tagged and untagged precursors did not improve the
ability to bind untagged precursors (data not shown). Thus, the
lack of detectable untagged precursor retained by the tagged
precursor suggests that p6*PRA precursors did not interact
efficiently.

These experiments confirm the results obtained with the
GAL4 two-hybrid system, which indicated that the most effi-
cient protein-protein interactions occur between NC-PRA pre-
cursors. Thus, the highly efficient autoprocessing activity of
NC-PR correlated well with its strong protein-protein interac-
tion.

These results demonstrate that regions upstream of the PR
domain in a Gag-PR polyprotein of HIV-1 directly influence
the autoprocessing activity of PR. It will be necessary to con-
firm the role of these regions in the context of full-length
Gag-Pol; however, we concentrated our efforts on regions up-
stream of PR since regulatory domains would be expected to
be translated before synthesis of the PR domain occurs. What
is the mechanism by which NC facilitates PR autoprocessing?
One possibility is that extension of p6*PR to the NC domain
provided a critical length of N-terminal sequence required for
accessibility or appropriate conformation of the cleavage site
at the N terminus of PR. This possibility suggests that precur-
sor length and not the NC sequence was important for efficient
autoprocessing. However, we have observed that deletion of
the NC domain in the context of Gag-PR prevents autopro-
cessing at the N-terminal F/P site of PR, indicating that NC
sequences may play a more direct role (38). It is noteworthy
that mutations in HIV-1 NC which affect PR activity or cleav-
age site accessibility have been reported previously (8, 19).

An alternative explanation, supported by our results with the
GAL4 two-hybrid assay and nickel-affinity chromatography, is
that the NC domain facilitates efficient dimerization of the PR
domain. Such an effect could be mediated through stabilization
of PR-PR interaction, since no signal for NC-NC interaction
was detected in the GAL4 two-hybrid system. The fact that
BNC-PR exhibited negligible B-galactosidase background ac-
tivity, compared with that of BPR and Bp6*PR, suggests that
changes in the conformation of the polyprotein upon addition
of the NC domain masked the regions in PR responsible for
nonspecific transcriptional activation. The NC protein com-
plexes zinc and assumes a tightly structured conformation
while the p6* domain appears to be unstructured (22, 29).
Thus, the presence of a highly structured region juxtaposed
with the p6* domain might stabilize PR dimerization. PR
dimerization might also be facilitated by NC binding of RNA.
Both specific and nonspecific RNA binding by NC has been
reported previously (6, 7, 18) and could bring otherwise dif-
fusible NC-PR precursors into close contact. Regions in NC
have also been found to be important for protein-protein in-
teractions of Gag precursors (10) and play a role in particle
assembly of both HIV and Rous sarcoma virus (AD3) (1, 34).
The effects on PR autoprocessing described here may be a
reflection of this NC function. Thus, it appears that in addition
to RNA packaging, the NC domain also functions during virus
particle assembly and PR activation.

The presence of positive (i.e., NC) and negative (p6*) effec-
tor domains in Gag-Pol may provide a means of regulating
autoprocessing to ensure spatial and temporal control of pre-
cursor cleavage. The Gag and Gag-Pol precursors of other
retroviruses may include regions that play similar roles (2). In
the case of HIV, we previously demonstrated that PR matu-
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ration from the precursor was required for efficient formation
and release of mature particles (39). Thus, cleavage of Gag-Pol
at sites that produce PR-containing intermediates with the NC
domain may be an important determinant of PR maturation
and thus formation of infectious viral particles.
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