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The protease (PR) from human immunodeficiency virus (HIV) is essential for viral replication: this aspartyl
protease, active only as a dimer, is responsible for cleavage of the viral polyprotein precursors (Gag and
Gag-Pol), to release the functional mature proteins. In this work, we have studied the structure-function
relationships of the HIV PR by combining a genetic test to detect proteolytic activity in Escherichia coli and a
bacterial two-hybrid assay to analyze PR dimerization. We showed that a drug-resistant PR variant isolated
from a patient receiving highly active antiretroviral therapy is impaired in its dimerization capability and, as
a consequence, is proteolytically inactive. We further showed that the polypeptide regions adjacent to the PR
coding sequence in the Gag-Pol polyprotein precursor, and in particular, the transframe polypeptide (TF),
located at the N terminus of PR, can facilitate the dimerization of this variant PR and restore its enzymatic
activity. We propose that the TF protein could help to compensate for folding and/or dimerization defects in
PR arising from certain mutations within the PR coding sequence and might therefore function to buffer
genetic variations in PR.

Human immunodeficiency virus (HIV), the causative agent
of AIDS, is a complex retrovirus. HIV proteins are translated
as large precursor polyproteins, Gag and Gag-Pol, which are
then processed to generate mature viral proteins that assemble
in infectious particles. This processing is performed by a virally
encoded aspartic protease (PR), HIV PR, which is excised
autocatalytically from the Gag-Pol precursor (10, 29). Because
of its importance in the viral cycle, HIV PR has been chosen as
a primary target for antiviral drug design (28, 30).

The 99-residue-long HIV PR is active as a homodimer: the
active site of the enzyme is formed at the dimer interface, with
each monomer contributing a catalytically essential aspartic
acid (Asp 25) (9, 15, 31). The activation of HIV PR, that is, the
dimerization and autocatalytic release from the Gag-Pol, is a
critical step in the viral cycle (16). Yet, the precise molecular
mechanisms leading to PR activation are still unclear (17, 18).
Folding and dimerization of the PR domain are required to
form an active site that will then cleave the peptide bond
flanking the N terminus of the mature PR (20). This initial
cleavage is accompanied by a large increase in proteolytic
activity of PR that can then process the Gag and Gag-Pol
polyproteins at specific sites to release the mature viral pro-
teins (19, 33).

The PR domain within the Gag-Pol precursor is flanked by
the transframe polypeptide (TF) (also known as p6*) at its N
terminus and by the reverse transcriptase (RT) at its C termi-
nus. Several studies have highlighted the critical role of the
transframe protein in the regulation of PR activity. First, it was

shown that deletion of TF sequence improves the rate of au-
toprocessing of a Gag-Pol precursor, suggesting that TF could
play the role of a proregion similar to zymogen (23). Although
TF does not exhibit a stable secondary and/or tertiary structure
(3), it was shown to destabilize the folded dimeric structure of
PR when expressed as a TF PR precursor (1, 24, 36). In
addition, it was suggested that TF could be a competitive
inhibitor of mature PR activity: the free carboxy-terminal end
of TF might block the substrate binding cleft of PR, to prevent
nonspecific degradation of viral proteins within the released
particles (24).

In this study, we analyzed the structure-function relation-
ships of PR by combining two bacterial genetic tools, an Esch-
erichia coli genetic assay for proteolytic activity and a bacterial
two-hybrid (BACTH) system, both based on Bordetella pertus-
sis adenylate cyclase (AC). We showed that a drug-resistant
PR variant isolated from a patient receiving highly active an-
tiretroviral therapy (HAART) is impaired in its dimerization
capability and, as a consequence, is proteolytically inactive. We
further showed that the polypeptide regions adjacent to the PR
coding sequence in the Gag-Pol polyprotein precursor, and, in
particular, the TF polypeptide, located at the N terminus of
PR, can facilitate the dimerization of this variant PR and
restore its enzymatic activity.

We propose that in vivo, TF could play a dual role: on the
one hand, it could negatively regulate the proteolytic activity of
wild-type PR to prevent early Gag-Pol precursor processing,
and on the other hand, it might facilitate the folding and/or
dimerization of certain drug-resistant PR mutants that could
be intrinsically less stable than the wild-type PR (34).

MATERIALS AND METHODS

Strain and growth media. DHT1 (F� glnV44[AS] recA1 endA1 gyrA96 [Nalr]
thi1 hsdR17 spoT1 rfbD1 cya-854 ilv 691::Tn10) is an AC-deficient (cya) strain
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constructed by cotransduction of cya-854 and ilv 691::Tn10 mutations into DH1
(7). Transformation of DHT1 was performed by standard techniques (27).
Growth medium used was the rich Luria-Bertani (LB) medium. Antibiotic con-
centrations were as follows: ampicillin (100 �g/ml) and kanamycin (50 �g/ml).
Screening for the ability to ferment sugar was performed on MacConkey agar
plates containing 1% maltose (21). Saquinavir mesylate (invirase [Roche] dis-
solved in ethanol at a concentration of 10 mM) was directly diluted into bacterial
growth media at the indicated concentrations.

Plasmid construction. All in vitro DNA manipulations were performed ac-
cording to standard protocols (27) using E. coli XL1-Blue strain (Stratagene) as
recipient cells. The plasmids used in this study are described in Tables 1 and 2.
All the plasmid constructs were verified by sequencing. Plasmid pST18C, used in
the two-hybrid assay, was constructed by hybridizing two oligonucleotides, ST1
(CTGTTGACAATTAATCATCGGCTCGTATAATGTACGCAGTTCTTCA
CACAGGAAACAGCTATGACCATGATTACGCCA) and ST2 (AGCTTGG
CGTAATCAGTGTCATAGCTGTTTCCTGTGTGAAGAACTGCGTACATT
ATACGAGCCGATGATAATTGTCAACAG), and ligating them into pUT18C
(14) linearized by PvuII and HindIII. Plasmids pKACPRD25N and pKACB3D25N

express fusion proteins AC-N22-PRD25N-C29 and AC-N22-B3D25N-C29, respec-
tively. The D25N mutation, which abolishes the catalytic activity of PR (16), was
inserted using the PCR overlap extension method (2) using pKACPR-L and
pKACB3-L as templates and primers P3, P4, P17 (GAAGCTCTATTAaATAC
AGGAGCAGATGATACAGTATTAG), and P18 (CATCTGCTCCTGTATtT
AATAGAGCTTCCTTTAGTTGC). The same method was used to introduce
the D25N mutation in pKACTFPR and pKACTFB3, except that P19 (ggggcgg
ctagcTTTTTTAGGGAAGATCTGGC) was used instead of P3. Plasmids
pKACTFPR and pKACTFB3 were constructed by amplifying DNA sequences
from pHNI and B3 viral clone (7), respectively, using P19 and P4 as primers. The
PCR products were then digested by NheI and KpnI and inserted into the
corresponding sites of pKACp5.

Analytical methods. �-Galactosidase assays were performed on toluene-
treated bacterial suspensions, as described by Pardee et al. (22). One unit of

activity corresponds to 1 nmol of o-nitrophenyl �-D-galactoside hydrolyzed per
min at 28°C. Cyclic AMP (cAMP) measurements were done by an enzyme-linked
immunosorbent assay, as described previously (13). The data presented here
represent the average values obtained for at least three independent cultures.

Western blot analysis. Western blot analysis was performed on whole-cell
bacteria from overnight cultures. The cell suspensions were precipitated by
trichloroacetic acid (10% final concentration, kept for 10 min at 4°C). After
centrifugation (10 min, 11,200 � g), pellets were resuspended in 8 M urea–20
mM HEPES (pH 7.5), neutralized with 1 M Tris-base (pH 8.8), dissolved in
sodium dodecyl sulfate-gel loading buffer and heated for 5 min at 100°C. Proteins
were then separated by migration on a sodium dodecyl sulfate–15% polyacryl-
amide gel, and electrotransferred on nitrocellulose membrane (27). After satu-
ration of the membrane with milk, AC polypeptides were detected with the
mouse monoclonal anti-AC antibody 5G12 (kindly provided by Mohammed
El-Azami El-Idrissi, Institut Pasteur) according to standard protocols (27).

RESULTS

Assay of HIV PR activity in E. coli. We have previously
designed a genetic test that permits an easy in vivo assay of the
proteolytic activity of HIV PR in E. coli (7). It is based on the
specific proteolysis of a signaling enzyme, the B. pertussis AC,
modified by an in-frame insertion of a PR processing site, p5
(TVSFNFPQITLW). The resulting ACp5 protein retains en-
zymatic activity and confers a Cya� phenotype to an E. coli cya
strain (i.e., lacking endogenous AC). When the PR was coex-
pressed in the same cells, it cleaved and inactivated ACp5, and
the host cells became Cya�. Cya� and Cya� cells can be easily
distinguished on appropriate indicator media, like MacConkey

TABLE 1. Plasmids used in the E. coli assay for proteolytic activities

Plasmid Expressed protein

Description of plasmid constructiona

Reference
Template

Primer

Name Sequence (5�33�)

pUCPR-Sb N7-PR-C7 pNHI P1 gcggtcgactcatatgGGAACTGTATCCTTTAAC 7
pUCB3-Sb N7-B3-C7 B3 viral DNA P2 cgcggatccAGTTTCAATAGGAC 7

pUCPR-Lb N22-PR-C29 pKACPR-L P5 ggggaagcttggctagcGGTAGAGACAACAAC This work
pUCB3-Lb N22-B3-C29 pKACB3-L P6 gcgcccggatccccttacccTTCTTCTGTCAATGG This work

pUCPR-L/Sb N22-PR-C7 pKACPR-L P5 ggggaagcttggctagcGGTAGAGACAACAAC This work
pUCB3-L/Sb N22-B3-C7 pKACB3-L P2 cgcggatccAGTTTCAATAGGAC This work

pUCPR-S/Lb N7-PR-C29 pKACPR-L P1 gcggtcgactcatatgGGAACTGTATCCTTTAAC This work
pUCB3-S/Lb N7-B3-C29 pKACB3-L P6 gcgcccggatccccttacccTTCTTCTGTCAATGG This work

pUC-TFPRb TF-PR-C7 pNHI P16 gcgcgcgcggtcgacgTTTTTTAGGGAAGATCTGGC This work
pUC-TFB3b TF-B3-C7 B3 viral DNA P2 cgcggatccAGTTTCAATAGGAC This work

pKACPR-Lc AC-N22-PR-C29 pNHI P3 ggggctagcGGTAGAGACAACAACTCC 7
pKACB3-Lc AC-N22-B3-C29 B3 viral DNA P4 cccggtaccTTCTTCTGTCAATGGCC 7

pKACPR-Sc AC-N7-PR-C7 pKACPR-L P7 ggggctagcGGAACTGTATCCTTT This work
pKACB3-Sc AC-N7-B3-C7 pKACB3-L P8 cccggtaccAGTTTCAATAGGAC This work

pKACPR-L/Sc AC-N22-PR-C7 pKACPR-L P3 ggggctagcGGTAGAGACAACAACTCC This work
pKACB3-L/Sc AC-N22-B3-C7 pKACB3-L P8 cccggtaccAGTTTCAATAGGAC This work

pKACPR-S/Lc AC-N7-PR-C29 pKACPR-L P7 ggggctagcGGAACTGTATCCTTT This work
pKACB3-S/Lc AC-N7-B3-C29 pKACB3-L P4 cccggtaccTTCTTCTGTCAATGGCC This work

a The plasmids were constructed by PCR amplification of DNA sequences using the indicated templates with corresponding primers (capital letters correspond to
HIV Gag-Pol sequence, and underlined sequences correspond to the restriction sites used for subcloning of PCR products). The PCR products were then digested and
inserted between the corresponding sites of pUC19 (26) or pKACp5 (7). The plasmids pUCPR-S, pUCB3-S, pKACPR-L, and pKACB3-L were previously named
pUCHIV, pUCB3, pKACPR, and pKACB3, respectively, in the work of Dautin et al. (7).

b Product inserted between corresponding sites of pUC19.
c Product inserted between corresponding sites of pKACp5.
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FIG. 1. Schematic representation of AC proteins and HIV PRs used in this work. (Panel 1) In ACp5 protein, a specific proteolytic site of HIV
PR, named p5 (amino acid sequence in one-letter code), was inserted in frame between the two complementary fragments of the catalytic domain
of B. pertussis AC, T25 (residues 1 to 224) and T18 (residues 225 to 400), represented as grey rectangles. (Panels 2 to 4) Wild-type HIV PR and/or
B3 variant (mature polypeptide of 99) are represented as white rectangles. The dotted rectangles (N7, N22, and TF) represent the various flanking
segments deriving from the TF protein coding regions of 7, 22, and 68 residues (full TF protein), respectively. The hatched rectangles represent
the RT-derived polypeptides (C7 or C29). HIV Gag-Pol represents the schematic organization of the HIV polyprotein precursor Gag-Pol. (Panels
5 and 6) Wild type or B3 variant of HIV PR, flanked by short (N7/C7) or long (N22/C29) flanking sequences, were inserted in frame between T25
and T18 fragments of AC.

TABLE 2. Plasmids used in two-hybrid assays

Plasmid Expressed protein

Description of plasmid constructiona

Template
Primer

Name Sequence (5�33�)

pKT25PR-Sb T25-N7-PRD25N-C7 pKACPRD25N P9 gcgggatcctcatatgGGAACTGTATCCTTTAAC
pKT25B3-Sb T25-N7-B3D25N-C7 pKACB3D25N P10 cgcggtaccAGTTTCAATAGGAC

pKT25PR-Lb T25-N22-PRD25N-C29 pKACPRD25N P11 gcgggatcctcatatgGGTAGAGACAACAA
pKT25B3-Lb T25-N22-B3D25N-C29 pKACB3D25N P12 cgcggtaccTTCTTCTGTCAATGGCCATTG

pKT25PR-L/Sb T25-N22-PRD25N-C7 pKACPRD25N P11 gcgggtacctcatatgGGTAGAGACAACAA
pKT25B3-L/Sb T25-N22-B3D25N-C7 pKACB3D25N P10 cgcggtaccAGTTTCAATAGGAC

pKT25TFPRb T25-TF-PRD25N-C7 pKACTFPRD25N P15 ggggatccgTTTTTTAGGGAAGATC
pKT25TFB3b T25-TF-B3D25N-C7 pKACTFB3D25N P10 cgcggtaccAGTTTCAATAGGAC

pST18CPR-Sc T18-N7-PRD25N-C7 pKACPRD25N P1 gcggtcgactcatatgGGAACTGTATCCTTTAAC
pST18CB3-Sc T18-N7-B3D25N-C7 pKACB3D25N P2 cgcggatccAGTTTCAATAGGAC

pST18CPR-Lc T18-N22-PRD25N-C29 pKACPRD25N P13 gcggtcgactcatatgGGTAGAGACAACAAC
pST18CB3-Lc T18-N22-B3D25N-C29 pKACB3D25N P6 gcgcccggatccccttacccTTCTTCTGTCAATGG

pST18CPR-L/Sc T18-N22-PRD25N-C7 pKACPRD25N P13 gcggtcgactcatatgGGTAGAGACAACAAC
pST18CB3-L/Sc T18-N22-B3D25N-C7 pKACB3D25N P2 cgcggatccAGTTTCAATAGGAC

pST18CTFPRc T18-TF-PRD25N-C7 pKACTFPRD25N P16 gggtcgacgTTTTTTAGGGAAGAT
pST18CTFB3c T18-TF-B3D25N-C7 pKACTFB3D25N P2 cgcggatccAGTTTCAATAGGAC

a The plasmids were constructed by PCR amplification of DNA sequences using the indicated templates with corresponding primers (capital letters correspond to
HIV Gag-Pol sequence, and underlined sequences correspond to the restriction sites used for subcloning of PCR products). The PCR products were then digested and
inserted between the corresponding sites of pKT25 (7) or pST18C. Plasmid pST18C expresses the T18 fragment of AC (aa 225 to 400) under the control of a constitutive
promoter (see Materials and Methods).

b Product inserted between corresponding sites of pKT25.
c Product inserted between corresponding sites of pST18C.
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or LB–X-Gal. Addition of a specific HIV PR inhibitor (sa-
quinavir) blocked the PR-mediated inactivation of ACp5 and
thus restored a Cya� phenotype of the host cells. With this test
(the trans assay), we were able to reveal the proteolytic activity
of different drug-resistant variants of PR isolated from patients
receiving HAART, with the exception of a an indinavir-resis-
tant variant, called B3 (with mutations: M46I, V77I, V82T),
found to be inactive, i.e., unable to cleave the ACp5 molecule.

Yet, the B3 variant was proteolytically active when tested in
a different setup of the AC-based genetic assay (the cis assay),
in which the full PR protein surrounded by its adjacent pro-
cessing sites was inserted in frame into the AC polypeptide.
The resulting AC-PR fusion protein, when expressed in E. coli
cya, underwent an autoproteolytic cleavage, thus inactivating
the AC enzyme (host cells are Cya�). Addition of HIV PR-
specific inhibitor (saquinavir) prevented autoproteolysis and,
therefore, inactivation of AC: host cells exhibited a Cya� phe-
notype.

Initially, we hypothesized that, in the case of B3 variant, the
discrepancy between the results obtained with the two different
set ups of the system, might reflect an intrinsic property of this
drug-resistant variant to perform differently cis and trans pro-
teolytic cleavages. Actually, as shown in Fig. 1, the HIV PRs
(wild type or B3 variant) used in cis and trans proteolysis were
not identical at their flanking sequences. The PR precursor
expressed in the trans system contained short flanking se-
quences of 7 residues at both N and C termini (N7 and C7),
surrounding the mature PR in the Gag-Pol precursor. In con-

trast, the PR precursor inserted within AC in the cis design
contained extended flanking sequences of 22 and 29 residues at
the N and C termini, respectively (N22 and C29). We have
therefore examined whether such variations in flanking se-
quences could explain the differences in the proteolytic activity
of the B3 variant observed between the cis and the trans ge-
netic assays.

PR flanking sequences are essential for the proteolytic ac-
tivity of the B3 variant. To test this hypothesis, we constructed
a vector, pUCB3-L (Fig. 1), that expressed B3 PR flanked by
the extended sequences N22 and C29 (N22-B3-C29). In fact,
the original patient’s blood sample (B3) was found to contain
a mixture of two PR variants, a triple mutant (M46I/V77I/
V82T), and a double mutant V77I/V82T. These two variants
exhibited the same phenotype in our bacterial assays (i.e.,
inactive in trans and active in cis, data not shown). Thus, to
simplify B3 structure-function analysis, all experiments were
performed using the B3 double mutant rather than with the
original triple mutant.

When the pUCB3-L vector was cotransformed with plasmid
pKACp5, which expresses ACp5, in the E. coli cya strain
DHT1, the resulting transformants displayed a Cya� pheno-
type (Fig. 2A, panel 4). Low levels of �-galactosidase activity
and cAMP were measured in these cells (Fig. 2C, lane 6),
compared to cells cotransformed with pKACp5 and pUCB3-S
(i.e., coexpression of ACp5 and N7-B3-C7) (Fig. 2C, lane 5),
indicating that B3, when fused to extended sequences N22 and
C29, could cleave the ACp5 molecule. In the presence of the

FIG. 2. Assays of HIV PR and B3 proteolytic activities in E. coli. (A and B) DHT1 cells were cotransformed with plasmids expressing ACp5
and N7-PR-C7 (section 1), ACp5 and N22-PR-C29 (section 2), ACp5 and N7-B3-C7 (section 3), or ACp5 and N22-B3-C29 (section 4) or with
empty vector (pUC19) and plasmids expressing ACp5 (section 5) or T25 (section 6). Cotransformants were plated on MacConkey-maltose plus
kanamycin and ampicillin (A) or on the same medium supplemented with 100 �M saquinavir (B) and grown for 48 h at 30°C. (C) Recombinant
ACp5 (apparent molecular mass of 45 kDa), in DHT1 cells expressing the indicated proteins, was detected by Western blot analysis as described
in Materials and Methods. �-Galactosidase activities and cAMP levels in the corresponding samples were measured as described in Materials and
Methods.
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HIV PR inhibitor saquinavir (100 �M), ACp5 cleavage was
prevented and cells were Cya� (Fig. 2B, panel 4). Western blot
analysis confirmed that ACp5 was not cleaved by N7-B3-C7
but was fully degraded by N22-B3-C29 (Fig. 2C, lanes 5 and 6).
Conversely, when B3 surrounded by short flanking sequences
(N7 and C7) was inserted in frame into AC, the resulting
fusion protein was unable to autoproteolyze. DHT1 cells ex-
pressing the corresponding AC-N7-B3-C7 hybrid protein (Fig.
1), exhibited a Cya� phenotype (red colonies on MacConkey-
maltose, Fig. 3A, panel 4), expressed �-galactosidase and pro-
duced cAMP (Fig. 3C, lane 9). Western blot analysis indicated
that this AC-N7-B3-C7 fusion protein was not autoproteo-
lyzed, in contrast to AC-N22-B3-C29 hybrid which contained
B3 surrounded by long flanking sequences (Fig. 3C, lanes 7 and
9). Altogether, these results show that the extended N22 and
C29 sequences are necessary for the proteolytic activity of B3
in both cis and trans assays.

In contrast, both long (N22-PR-C29) and short (N7-PR-C7)
forms of the wild-type HIV PR were proteolytically active (Fig.
2 and 3): DHT1 cells coexpressing ACp5 and N7-PR-C7 or
ACp5 and N22-PR-C29 exhibited a Cya� phenotype (Fig. 2A,
panels 1 and 2), indicating that ACp5 was cleaved and inacti-
vated by both forms of HIV PR. A similar Cya� phenotype was
observed when DHT1 cells expressed AC hybrid proteins, AC-
N22-PR-C29 or AC-N7-PR-C7, indicating that both AC-PR
fusion proteins were autoproteolyzed and inactivated (Fig. 3A,
panels 1 and 2). Western blot analysis confirmed that in all
cases recombinant ACs were inactivated by wild-type PR (Fig.
2C and 3C).

To further determine whether both flanking sequences N22
and C29 were equally essential for the B3 PR activity, we
tested in E. coli hybrid PRs with only one of these two polypep-
tide extensions. As shown in Fig. 4 (lane 2), N22-B3-C7 was
proteolytically active against ACp5, whereas N7-B3-C29 exhib-
ited a lower proteolytic activity (Fig. 4, lane 3), suggesting that
the N-terminal flanking sequence was important for B3 activ-
ity. As expected, both N22-PR-C7 and N7-PR-C29 were able
to inactivate ACp5, in agreement with the above observations
(Fig. 4, lanes 5 and 6). Finally, both wild-type and B3 PRs with
either N or C-terminal extensions were also tested for auto-
proteolytic activity, i.e., after insertion into AC. As shown in
Fig. 4, lanes 8 and 9, when expressed in DHT1, both AC-N22-
B3-C7 and AC-N7-B3-C29, were autoproteolytically cleaved,
as revealed by the Cya� phenotype of transformed cells. This
suggests that, in the cis configuration, the C-terminal flanking
sequence (C29) might also enhance the autoproteolytic activity
of the B3 variant. Similar constructs with wild-type HIV PR,
AC-N22-PR-C7 and AC-N7-PR-C29, were both able to auto-
proteolyze (Fig. 4, lanes 11 and 12).

We conclude that the sequence of 22 residues upstream
from the mature PR, N22, which encompasses the C-terminal
part of the TF, is essential to confer proteolytic activity to B3
PR variant. Besides, the C-terminal extension (C29) might also
contribute to some extent to B3 activity.

HIV PR B3 variant with short flanking sequences is unable
to dimerize in E. coli. To further define the role of the flanking
sequences on B3 activity, we examined if these segments might
modulate B3 dimerization.

FIG. 3. Assay of HIV PR and B3 variant autoproteolysis in E. coli. (A and B) DHT1 cells were transformed with plasmids expressing
AC-N22-PR-C29 (section 1), AC-N7-PR-C7 (section 2), AC-N22-B3-C29 (section 3), AC-N7-B3-C7 (section 4), ACp5 (section 5), or T25 (section
6) and plated on MacConkey-maltose plus kanamycin (A) or on the same medium supplemented with 100 �M saquinavir (B) and grown for 48 h
at 30°C. (C) Recombinant ACs (ACp5, apparent molecular mass of 45 kDa; ACPR or ACB3, apparent molecular mass of 56 kDa), in DHT1 cells
expressing the indicated proteins, were detected by Western blot analysis as described in Materials and Methods. �-Galactosidase activities and
cAMP levels in the corresponding samples were measured as described in Materials and Methods.
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Indeed, it has been shown previously that some drug-resis-
tant mutations can drastically affect the dimerization ability of
the HIV PR (34). In particular, Xie et al. (34) showed that
HIV PR mutants V82F, V82F/I84V, V82T/I84V and L90M,
exhibited reduced dimer stability compared to the wild-type
enzyme. As the B3 variant carries, among other mutations, a
V82T change, we hypothesized that this variant could have a
lower dimer stability and thus a decreased proteolytic activity.

To check this hypothesis, we used a BACTH system that
permits the detection of protein-protein interactions in E. coli.
This system, which has been used successfully to analyze inter-
actions between a large variety of polypeptides (8), is based on
the functional complementation between two complementary
fragments of B. pertussis AC (designated T25 and T18, encom-
passing residues 1 to 224 and 225 to 400 of AC, respectively)
(13). When the fragments are coexpressed in E. coli cya cells as
separated polypeptides, they are not able to associate and
cannot reconstitute a functional AC enzyme. When these frag-
ments are fused to two interacting proteins, their association
results in the reconstitution of AC enzyme that can comple-
ment the cya defect of the E. coli host cells (cells become

Cya�). Interaction between hybrid proteins can be monitored
easily on indicator plates and quantified by measuring cAMP
levels and/or �-galactosidase activity (13, 14).

To test whether the BACTH system could reveal HIV PR
homodimerization in E. coli, the PR coding region with its
short flanking segments (i.e., N7-PR-C7) was fused in frame to
the C termini of T25 and T18 fragments (expressed by two
compatible plasmids, pKT25 and pST18C). To avoid the au-
toproteolytic cleavage of the hybrid proteins, the essential Asp
residue at position 25 of the HIV PR was converted to an Asn
residue in all two-hybrid constructions.

When the fused proteins, T25-N7-PRD25N-C7 and T18-N7-
PRD25N-C7, were expressed separately in DHT1 cells (data not
shown) or when T25-N7-PRD25N-C7 was coexpressed with T18
(Fig. 5, lane 2), transformants exhibited a Cya� phenotype
(i.e., white colonies on MacConkey-maltose medium and back-
ground levels of cAMP and �-galactosidase activities). When
T25-N7-PRD25N-C7 and T18-N7-PRD25N-C7 were coexpressed
in DHT1, transformants exhibited a Cya� phenotype (i.e., red
colonies on MacConkey-maltose plates), indicating that the
two hybrid proteins interacted. Measurements of cAMP levels

FIG. 4. Role of flanking regions on HIV PR and B3 proteolytic activity in E. coli. The AC molecules and HIV (or B3) PRs are schematized
as in Fig. 1. The phenotype of DHT1 cells expressing the indicated proteins was scored on MacConkey-maltose plates plus kanamycin and
ampicillin (lanes 1 to 6) or plus kanamycin (lanes 7 to 12). �-Galactosidase activities and cAMP levels were measured on liquid cultures grown
overnight at 30°C in LB supplemented with appropriate antibiotics, as described in Materials and Methods. The plasmids expressing the indicated
hybrid proteins were as follows: lane 1, pKACp5 � pUCB3-S; lane 2, pKACp5 � pUCB3-L/S; lane 3, pKACp5 � pUCB3-S/L; lane 4, pKACp5
� pUCB3-L; lane 5, pKACp5 � pUCHIV-L/S; lane 6, pKACp5 � pUCHIV-S/L; lane 7, pKACB3-S; lane 8, pKACB3-L/S; lane 9, pKACB3-S/L;
lane 10, pKACB3-L; lane 11, pKACPR-L/S; 12, pKACPR-S/L.
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and �-galactosidase activities in liquid cultures confirmed that
functional complementation occurred between these two hy-
brid proteins (Fig. 5, lane 4). These data indicate that the
BACTH system is suitable to reveal the HIV PR dimerization
in E. coli. Next, the dimerization of the B3 variant was tested.
As shown in Fig. 5 lane 8, DHT1 cells coexpressing the T25-
N7-B3D25N-C7 and T18-N7-B3D25N-C7 hybrid proteins exhib-
ited a Cya� phenotype and expressed only background levels
of �-galactosidase or cAMP. This shows that the B3 PR with its
short flanking sequences cannot efficiently dimerize in E. coli.

Extended flanking sequences facilitate B3 variant dimeriza-
tion in E. coli. The inability of N7-B3-C7 to dimerize in vivo
might, therefore, explain its lack of proteolytic activity and
suggests that the extended sequences N22 and C29 could re-
store B3 activity by promoting its dimerization in E. coli. To
test this hypothesis, N22-B3-C29 was fused to the C termini of
T25 and T18 and tested in two-hybrid assays. As shown in Fig.
5, lane 9, DHT1 cells coexpressing T25-N22-B3D25N-C29 and
T18-N22-B3D25N-C29 synthesized cAMP, expressed �-galacto-
sidase, and exhibited a red phenotype on MacConkey-maltose.

This indicates that these two hybrid proteins are able to inter-
act. Hence, N22-B3-C29 is able to dimerize in vivo, albeit less
efficiently than wild-type PR. We can thus conclude that the
extended sequences N22 and C29 can facilitate the dimeriza-
tion of B3 PR and therefore are essential for B3 proteolytic
activity in E. coli. These extended sequences have only a mar-
ginal effect on the dimerization of the wild-type HIV PR (com-
pare Fig. 5, lanes 4 and 5), in good agreement with the results
showing that they have no influence on its proteolytic activity.

To determine the relative contribution of the N22 and C29
flanking sequences on B3 PR dimerization, hybrid proteins
with either one of these two polypeptide extensions were tested
in the BACTH system. As shown in Fig. 6, lane 4, the N22-
B3-C7 protein was able to dimerize efficiently whereas the
dimerization of the N7-B3-C29 hybrid was weaker (Fig. 6, lane
5). The lesser effect of C29 extension on B3 dimerization could
explain the reduced activity of N7-B3-C29 in the trans proteo-
lytic assays (Fig. 4). Assays performed with the wild-type PR
showed that both N22-PR-C7 and N7-PR-C29 were able to
dimerize, as expected (Fig. 6, lanes 8 and 9).

FIG. 5. BACTH assay of HIV PR dimerization. The two AC fragments T25 and T18 are schematized by ovals, and the PR and B3 polypeptides
are represented by white and grey rectangles, respectively. The N terminus HIV PR flanking sequences (TF derivatives: N7 and N22) are
represented as dotted rectangles, whereas C terminus flanking sequences (RT derivatives: C7 and C29) are represented as hatched rectangles. The
phenotype of DHT1 cells expressing the indicated pairs of proteins was scored on MacConkey-maltose plates plus kanamycin and ampicillin and
supplemented with 0.5 mM isopropyl �-D-thiogalactoside (IPTG). �-Galactosidase activities and cAMP levels were measured on liquid cultures
grown overnight at 30°C in LB supplemented with appropriate antibiotics and 0.5 mM IPTG. The plasmids expressing the indicated hybrid proteins
were as follows: lane 1, pKT25 � pST18C; lane 2, pKT25HIV-S � pST18C; lane 3, pKT25PR-L � pST18C; lane 4, pKT25PR-S � pST18CPR-S;
lane 5, pKT25PR-L � pST18CPR-L; lane 6, pKT25B3-S � pST18C; lane 7, pKT25B3-L � pST18C; lane 8, pKT25B3-S � pST18CB3-S; lane 9,
pKT25B3-L � pST18CB3-L.
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Taken together, results from the two-hybrid assays indicate
that the polypeptide sequence flanking the N terminus of ma-
ture PR is critical for the dimerization and subsequent proteo-
lytic activity of the HIV PR B3 variant.

The full TF protein can restore the proteolytic activity to the
drug-resistant B3 variant. We examined whether the full TF
could also favor the dimerization of B3 PR and therefore
stimulate its enzymatic activity. As shown in Fig. 7A, panel 3,
when a TF-B3-C7 fusion protein was coexpressed with ACp5
in DHT1, cells exhibited a Cya� phenotype, indicating that
TF-B3-C7 was proteolytically active in vivo and able to cleave
and inactivate the ACp5 target enzyme. Western blot analysis
of cell extracts confirmed that ACp5 was specifically cleaved at
the inserted p5 sequence by TF-B3-C7 (Fig. 7C, lane 3). In-
deed, the wild-type AC, i.e., lacking the p5 site, was not cleaved
by TF-B3-C7 (Fig. 7C, lane 2): DHT1 cells coexpressing AC
and TF-B3-C7 were Cya� (Fig. 7A, panel 2). The B3 PR with
short flanking sequences (N7-B3-C7) was unable to degrade
ACp5 (Fig. 7A, panel 1 and Fig. 7C, lane 1) as shown previ-
ously (Fig. 2A).

In addition, when TF-B3D25N-C7 was fused to T25 and T18
and tested in the BACTH system, complementation occurred:

cells were red on MacConkey-maltose and expressed �-galac-
tosidase (Fig. 7D, lane 5). These results demonstrate that the
TF, when fused to B3, restores its dimerization and its proteo-
lytic activity.

When wild-type PR was fused to TF, the obtained fusion
protein (TF-PR-C7) was able to dimerize efficiently in E. coli
(Fig. 7D, lane 4) and was proteolytically active against ACp5
(data not shown), indicating that, despite the presence of TF
sequence, the wild-type PR was able to mature to an active
form.

Interestingly, we noted that the TF protein isolated from the
B3 HIV clone contained amino acid substitutions and a dele-
tion of 11 residues (from 17 to 28) compared to the wild-type
TF sequence (Fig. 7E). The high variability of TF sequence has
already been reported (3, 4), although the influence of these
variations on HIV PR activity has not been examined.

DISCUSSION

Formation of the PR dimer is a prerequisite for PR activity
and represents a key step in HIV polyprotein maturation.
Although numerous studies on wild-type PR have revealed a

FIG. 6. Assay of HIV PR and B3 variant dimerization in E. coli. The T25 and T18 fragments and the HIV PRs are represented as in Fig. 4.
The phenotype of DHT1 cells expressing indicated pairs of proteins was scored as described in Fig. 4 and �-galactosidase activities were measured
as indicated in Fig. 4. The plasmids expressing the indicated hybrid proteins were as follows: lane 1, pKT25 � pST18C; lane 2, pKT25B3-L/S �
pST18C; lane 3, pKT25B3-S/L � pST18C; lane 4, pKT25B3-L/S � pST18CB3-L/S; lane 5, pKT25B3-S/L � pST18CB3-S/L; lane 6, pKT25PR-L/S
� pST18C; lane 7, pKT25PR-S/L � pST18C; lane 8, pKT25PR-L/S � pST18CPR-L/S; and lane 9, pKT25PR-S/L � pST18CPR-S/L.
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low dimer dissociation constant, with equilibrium constant
(Keq) values below nanomolar levels (5, 6, 11, 12, 35), Xie and
collaborators reported recently a weaker PR dimer stability at
neutral pH, with Keq values in the micromolar range (34).
Moreover, they showed that several drug-resistant PR mutants
exhibited a reduced dimer stability compared to wild-type en-
zyme. In particular, PR variants with mutations at position 82
and/or 84 had equilibrium dissociation constants up to 20-fold
higher than those for the wild type. Our present results are in
good agreement with Xie et al.’s in vitro data. In the BACTH
system, the wild-type PR was shown to dimerize efficiently in
the cytosol of E. coli, whereas an indinavir-resistant PR variant,
B3, which harbors a double mutation, V77I/V82T, was unable
to form dimers. Assays of PR proteolytic activity in an E. coli
genetic test based on the site specific cleavage and inactivation
of ACp5 (an AC modified by insertion of a PR processing site;
p5), confirmed that the dimerization defective B3 variant was
inactive. The defect in dimerization and proteolytic activity of
B3 variant seems to be mainly due to the V82T change, as
another PR variant with a V77I single mutation was shown to
be proteolytically active (variant B1 in reference 7).

More interestingly, we showed that the polypeptide regions
adjacent to the PR coding sequence in the Gag-Pol polyprotein
precursor, and in particular, the TF, located at the N terminus
of PR, can facilitate the dimerization of this mutant PR and
restore its proteolytic activity. When B3 was expressed as a
fusion with the last 22 amino acids of TF, it was able to
dimerize as revealed by the BACTH assay and was proteolyti-
cally active toward the ACp5 target in E. coli. Similarly B3,
when expressed as a fusion with the entire TF, was able to
dimerize and was active in the bacterial PR assay. Yet, the TF
protein had little effect on the dimerization and proteolytic
activity of wild-type PR.

Recently, Pettit and coauthors reported that PR variants
carrying mutations within the dimer interface could be com-
pensated to some extent when expressed as part of the Gag-Pol
precursor (25). The authors suggested that extra-PR sequences
could facilitate the dimerization of the defective PR variants.
Although, the precise location of these regions was not re-
ported, our present findings on the effect of the PR flanking
regions are in good line with this hypothesis. Beside, various
proteins encoded by Gag-Pol were shown to multimerize and

FIG. 7. The full TF protein restores proteolytic activity of B3 variant. (A and B) DHT1 cells were cotransformed with plasmids expressing ACp5
and N7-B3-C7 (section 1), AC and TF-B3-C7 (section 2), ACp5 and TF-B3-C7 (section 3), and ACp5 and N22-B3-C29 (section 4); plated on
MacConkey-maltose plus kanamycin and ampicillin, without (A) or with (B) 100 �M saquinavir; and grown 48 h at 30°C. (C) Recombinant ACp5
(apparent molecular mass of 45 kDa), in DHT1 cells coexpressing the indicated proteins, were detected by Western blot analysis as described in
Materials and Methods. (D) The phenotype and �-galactosidase activities of DHT1 cells expressing the indicated pairs of proteins were determined
as indicated in Fig. 4. The plasmids expressing the indicated hybrid proteins were as follows: lane 1, pKT25 � pST18C; lane 2, pST18C �
pKT25-TFPR; lane 3, pST18C � pKT25-TFB3; lane 4, pKT25-TFPR � pST18C-TFPR; lane 5, pKT25-TFB3 � pST18C-TFB3. (E) Amino acid
sequences of TF protein isolated from B3 variant and wild-type clones. The sequences underlined correspond to the consensus sequences defined
by Beissinger et al. (3).
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might contribute also to the overall dimerization of the PR
polypeptide.

Our present findings on the effect of the PR flanking regions
are in good support of this hypothesis.

How could the flanking sequences of PR assist the dimer-
ization of PR variants? One hypothesis is that these amino acid
sequences can establish transient contacts with the PR
polypeptide that could stabilize the dimer during the autopro-
teolytic reaction. A key structural element that maintains the
dimeric state of PR consists of a four-stranded �-sheet made of
the intertwined N- and C-terminal extremities of the mature
PR polypeptide (9). During the autoproteolytic cleavage of
PR, the N-terminal �-strand must transiently unfold from the
�-sheet structure to reach the catalytic site where it will be
processed. This intermediate, with only three �-strands, should
be intrinsically less stable than the mature PR dimer. In the
case of PR variants that have destabilizing amino acid substi-
tutions, the maintenance of such an active dimeric intermedi-
ate during the autoproteolytic cleavage might be compromised.
Additional contacts established between the TF sequence and
PR protein might help to stabilize this transient intermediate.
However, although the autoproteolytic release of PR from TF
is assumed to be a triggering event in HIV polyprotein pro-
cessing, the molecular mechanisms leading to PR activation,
including the contribution of the TF protein, remain to be
precisely determined.

Earlier studies have suggested that the TF may function as a
negative regulator for PR folding and dimerization (19, 20, 23,
32). Louis et al. (19) proposed that TF might function as a
proregion of PR that could destabilize the folded dimeric
structure in the polyprotein by interacting with the nascent
dimer interface and would thus prevent activation of the pro-
teolytic activity until assembly of viral particle is completed.
Our present results expand the potential role of TF in the
regulation of PR activity. They suggest that TF could also help
to compensate for defects in PR folding and dimerization
arising from amino acid substitutions in the enzyme. In other
words, the TF might function to “buffer” genetic variations in
PR in a manner similar to the heat shock protein Hsp90, which
chaperones the maturation of many regulatory proteins and
was shown to buffer genetic variation in morphogenetic path-
ways (26). By contributing to the tolerance of PR to certain
amino acid substitutions, the TF could allow the expansion of
the genetic variability of this key HIV enzyme and, in partic-
ular, could permit the emergence of certain drug-resistant mu-
tations.
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