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22), microtubule-associated proteins (30), bcl-2 (25), and precursors of NF-B (19) providing a likely explanation for the
capacity of the protease to induce apoptosis.
We report here on the development of a new reporter system that allows monitoring of HIV-1 protease activity and the
effect of protease inhibitors in living cells. The reporter relies
on transient expression of a nontoxic protease precursor harboring the green fluorescent protein (GFP). The reporter becomes toxic upon autocatalytic cleavage of the protease, and
the consequent disappearance of fluorescence provides a simple means of quantifying protease activity and searching for
inhibitors of this important enzyme.

The protease encoded by human immunodeficiency virus
type 1 (HIV-1) plays an essential role in the retroviral life cycle
by processing the viral p55Gag and p160Gag-Pol polyprotein
precursors into structural proteins and enzymes. The activity of
the protease is required for conformational rearrangement of
the immature virion and production of infectious virus particles, thus providing an attractive target for development of
antiviral agents to treat AIDS and related disorders (29). Several potent HIV-1 protease inhibitors are widely used in clinics
(7, 10). However, the constant emergence of resistant strains
due to the additive effect of multiple amino acid substitutions
within and outside the catalytic site motivates the continuous
development of new protease inhibitors (26). The availability
of reliable and convenient assays for protease activity is, in this
context, of great importance.
The majority of assays available today are based on trans- or
autocatalytic cleavage of reporter proteins in bacteria, in
yeasts, or in vitro (1, 8, 17, 24) or on the in vitro hydrolysis of
synthetic peptides encompassing the scissile bonds in p55Gag
and p160Gag-Pol (3, 14, 23). However, none of these assays
allows probing of all the native HIV-1 protease specificity sites
under physiologic conditions, a situation for which a human
cell environment would be required. An important reason for
the lack of convenient mammalian cell-based assays is the
cytotoxicity observed upon expression of the protease in cells.
Thus, while this retroviral aspartic protease possesses unique
structural and functional properties that distinguish it from its
cellular counterparts (6), several cellular proteins are efficient
substrates of the protease. Among those are cytoskeletal proteins such as vimentin, actin, troponin, and tropomyosin (20,

MATERIALS AND METHODS
Plasmids. The HIV-1 protease coding and flanking regions were amplified
from the pK-HIV plasmid (12) using the sense primer 5⬘-AGCTGTACATTTG
GGGAAGAGACAACAACTCCCT-3⬘ (SspBI site underlined) and the antisense primer 5⬘-CGAGATATCTTTTGGGCCATCCATTCCTGGCTTTA-3⬘
(EcoRV site underlined). The PCR product was cloned in frame with the GFP
open reading frame from EGFP-N1 (Clontech, Palo Alto, Calif.) into the
pcDNA3 vector (Invitrogen), yielding the pcDNA3/GFP-PR construct. For the
pcDNA3/PR construct, the protease was amplified using the primers 5⬘-CCCA
AGCTTATGGAATTCCCTCAGATCACTCTTTGGCAGCG-3⬘ (HindIII site
underlined and start codon in bold) and 5⬘-CCCGCGGCCGCTTAAAAATTT
AAAGTGCAGCCAATCTG-3⬘ (NotI site underlined and stop codon in bold)
and cloned in pcDNA3. The identities of the plasmids were confirmed by DNA
sequencing using dye terminator cycle sequencing (Applied Biosystems). The
plasmid pT7-HIV1Gag was kindly provided by S. Schwartz (Uppsala University,
Uppsala, Sweden).
Transfection and vaccinia infections. HeLa (human cervical carcinoma cell
line) and COS-1 (green monkey kidney cell line) cells were grown in Iscove’s
modified Eagle’s medium supplemented with 10% fetal calf serum and antibiotics (Life Technologies, Grand Island, N.Y.). The cells were transfected with a
mixture of plasmid DNA and Lipofectamine (Life Technologies) as recommended by the supplier. Stable sublines were generated by selection in 500 g of
G418 (Sigma, St. Louis, Mo.) ml⫺1 and screened by flow cytometry. The vaccinia
virus-T7 RNA polymerase-based expression system was utilized for transient
high-level expression of pT7-HIV1Gag as described previously (9). HeLa cells
were infected with the recombinant virus vTF7-3 (provided by S. Schwartz) for
2 h before transfection. Where indicated, the transfected cells were treated with
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The human immunodeficiency virus type 1 (HIV-1) protease is essential for production of infectious virus
and is therefore a major target for the development of drugs against AIDS. Cellular proteins are also cleaved
by the protease, which explains its cytotoxic activity and the consequent failure to establish convenient
cell-based protease assays. We have exploited this toxicity to develop a new protease assay that relies on
transient expression of an artificial protease precursor harboring the green fluorescent protein (GFP-PR). The
precursor is activated in vivo by autocatalytic cleavage, resulting in rapid elimination of protease-expressing
cells. Treatment with therapeutic doses of HIV-1 protease inhibitors results in a dose-dependent accumulation
of the fluorescent precursor that can be easily detected and quantified by flow cytometric and fluorimetric
assays. The precursor provides a convenient and noninfectious model for high-throughput screenings of
substances that can interfere with the activity of the protease in living cells.
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RESULTS

FIG. 1. The GFP-PR chimera retains the capacity to cleave a
natural viral substrate and is autocatalytically cleaved from the
GFP-PR precursor. (A) Schematic representation of the GFP-PR chimera. The plasmid was constructed by linking the HIV-1 protease
coding and flanking sequences to the 3⬘ end of the GFP open reading
frame. The 5⬘ and 3⬘ flanking sequences of the protease are indicated
(p6 and RT, respectively). In the amino acid sequences of the protease
borders, cleavage sites are underlined and scissile bonds are marked by
asterisks. (B) Lysates of HeLa cells cotransfected with GFP-PR and
HIV-1 p55Gag were analyzed by Western blotting. Increasing concentrations of saquinavir were added to the culture medium immediately
after transfection. The p55Gag precursor and the specific cleavage
products p41Gag and p24Gag are indicated. Molecular masses are on
the left. Results are from one representative experiment out of three.
(C) Lysates of HeLa cells transiently transfected with GFP-PR were
analyzed by Western blot using an anti-GFP antibody. The transfected
cells were incubated with increasing concentrations of ritonavir for
24 h. The GFP-PR precursor and the GFP released upon autocatalytic
cleavage are indicated. (D) Densitometric quantification of the
GFP-PR and GFP bands in the Western blot. Results are from one
representative experiment out of three.

protease inhibitors for 24 h before harvesting. For protease inhibitor treatment
of cultured cells, the inhibitors were initially dissolved in dimethyl sulfoxide and
diluted to appropriate concentrations in Iscove’s modified Eagle’s medium supplemented with 10% fetal calf serum. Where indicated, the transfected cells were
treated with protease inhibitors immediately after transfection until cells were
harvested 24 h later.

Construction of the GFP-PR reporter. The toxicity of the
HIV-1 protease has prevented the development of convenient
assays for protease inhibitors in living cells. We reasoned that
expression of a precursor in which the protease is fused to a
reporter protein might circumvent this problem, since the chimera would be detected only when the activity of the protease
is inhibited. As a reporter we chose the autofluorescent GFP
from the jellyfish Aequorea victoria because its expression can
be easily monitored and quantified in vivo (27). The GFP-PR
chimera was generated by fusing a PCR product containing the
HIV-1 protease open reading frame and the flanking sequences coding for 23 amino acids upstream and 20 amino
acids downstream from the protease to the 3⬘ end of the GFP
open reading frame (Fig. 1A). The flanking regions contain the
endogenous p6/PR and PR/RT cleavage sites that are used for
generation of an enzymatic active protease in virus-infected
cells.
The HIV-1 protease is activated in vivo by autocatalytic
cleavage of the GFP-PR chimera. In order to test whether the
GFP-PR chimera retains the enzymatic properties of the
HIV-1 protease, HeLa cells were cotransfected with the
pcDNA3/GFP-PR plasmid and the plasmid pT7-Gag, which
expresses the HIV-1 polyprotein p55Gag, a natural substrate of
the protease (29). Processing of p55Gag is expected to yield the
p41 (matrix and capsid protein) and p24 (capsid protein) products that can be detected in Western blots with a polyclonal
antibody specific for p24 (15). High levels of unprocessed
p55Gag were detected in HeLa cells transiently transfected with
pT7-Gag and infected with a recombinant vaccinia virus expressing the T7 polymerase, as expected (Fig. 1B). In addition,
some low-molecular-weight species were also detected by the
anti-p24 antibody, probably due to processing of the overexpressed polyprotein by cellular proteases (S. Schwartz, personal communication). A characteristic band corresponding to
the p24 capsid protein was readily detected in cells coexpressing the GFP-PR reporter (Fig. 1B). Similar results were obtained upon cotransfection with the pcDNA3/PR plasmid,
which expresses an enzymatic active HIV-1 protease devoid of
flanking sequences (data not shown). Furthermore, the generation of p24 from the p55Gag precursor was inhibited in GFPPR-expressing cells by the HIV-1 protease inhibitors saquina-
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Western blot analysis. Lysates of 105 HeLa cells were fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto Protan BA
85 nitrocellulose filters (Schleicher & Schuell, Keene, N.H.). The filters were
probed with a rabbit polyclonal anti-GFP serum (Molecular Probes Europe,
Leiden, The Netherlands) or anticapsid (p24) serum (kindly provided by H.-G.
Krausslich, Heinrich-Pette-Institut, Hamburg, Germany) (15). The filters were
developed by enhanced chemiluminescence (Amersham, Aylesbury, United
Kingdom). Quantification of Western blot bands was performed by densitometry
(Molecular Dynamics).
Flow cytometry, fluorescence microscopy, and fluorimetric analysis. Expression of GFP was detected 24 h after transfection using a FACSort flow cytometer
(Becton Dickinson, Mountain View, Calif.) and Cellquest software. For fluorescence microscopy, the cells were grown on coverslips and fixed with 4% paraformaldehyde in phosphate-buffered saline. A Leitz-BMRB fluorescence microscope (Leica, Heidelberg, Germany) was used with appropriate filter settings for
GFP or Hoechst staining. Photographs were taken with a Hamamatsu 800 cooled
charge-coupled device camera (Hamamatsu, Osaka, Japan) and processed with
Adobe Photoshop software. Fluorimetric analyses were performed with an LS50B luminescence spectrometer (Perkin-Elmer, Beaconsfield, United Kingdom),
with excitation wavelengths at 480 nm and emission at 510 nm.
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vir, ritonavir, nelfinavir, and indinavir in a dose-dependent
manner (Fig. 1B and data not shown), further confirming that
the GFP-PR reporter harbors authentic protease activity.
The detection of HIV-1 protease activity in transfected cells
indicates that processing of the chimera and activation of the
protease occur in vivo. This was investigated by probing Western blots of transiently transfected HeLa cells with polyclonal
antibodies to GFP, which should detect the intact chimera and

TABLE 1. Comparison of yield of fluorescent clones
No. of clones
Protein

GFP
GFP-PR
GFP-PR ⫹ inhibitor
a

ted.
b

Analyzed

35
34
36

With %
fluorescent cells

Fluorescent

16
2
5

⬍20

20–80

⬎80

3
2
3

7

6

a

1

1b

Clone showed irreversible loss of fluorescence once the inhibitor was omitClone died after a few generations.

its processed product GFP. The intact GFP-PR chimera was
not detected while a weak band corresponding to the GFP
moiety of the reporter could be identified (Fig. 1C). The failure to detect intact GFP-PR suggests that the reporter may be
rapidly processed in the transfected cells. To test this possibility, increasing concentrations of the specific protease inhibitors
saquinavir or ritonavir were added to the culture medium
immediately after transfection (Fig. 1C and data not shown). A
dose-dependent increase in the intensity of a band corresponding to the intact GFP-PR was observed, indicating that processing of the chimera is blocked by the inhibitor (Fig. 1C).
Densitometric quantification of the GFP- and GFP-PR-specific bands confirmed that accumulation of the precursor was
accompanied by disappearance of the GFP cleavage product
(Fig. 1D). Taken together, these results indicate that the
GFP-PR reporter behaves as a bona fide protease precursor
which is activated in vivo by autocatalytic cleavage of the protease.
The HIV-1 protease is toxic in GFP-PR-expressing cells.
The GFP reporter allows accurate quantification in living cells.
Thus, accumulation of GFP fluorescence should provide a
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FIG. 2. Dose-dependent accumulation of GFP in cells treated with inhibitors of the HIV-1 protease. (A) HeLa cells transiently transfected with
GFP-PR were treated for 24 h with increasing concentrations of indinavir, and the accumulation of GFP was monitored by flow cytometry. The
percentage and mean fluorescence intensity (FL) of cells in the upper right quadrant are indicated. Data are from one representative experiment
out of six. (B) Low-magnification fluorescence micrographs of HeLa cells transiently transfected with GFP-PR cultured with or without 1 M
saquinavir.
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convenient method for monitoring the presence of the HIV-1
protease in cells expressing GFP-PR. However, only a small
number of weakly fluorescent cells were detected by fluorescence-activated cell sorting (FACS) analysis and fluorescence
microscopy of HeLa cells transfected with the pcDNA3/
GFP-PR plasmid. The poor fluorescence was not due to inefficient transfection, since dose-dependent increases in the
number of fluorescent cells and fluorescence intensity of the
positive cells were observed upon treatment with the HIV-1
protease inhibitor indinavir (Fig. 2A), and similar results were
obtained on transfection of COS-1 cells (not shown). A dramatic increase in fluorescence intensity was also detected by
fluorescence microscopic analysis of cells treated with 1 M
saquinavir (Fig. 2B).
Failure to accumulate GFP in the absence of protease inhibitors could be due to inactivation of GFP or early elimination of the GFP-expressing cells by the cytotoxic effect of the
protease. To discriminate between these possibilities, HeLa
cells were transfected with plasmids encoding the GFP-PR
chimera or GFP alone and the yield of fluorescent clones was
compared after selection in G418. In anticipation of the cytotoxic effect of GFP-PR, a parallel selection was performed in
continuous presence of the HIV-1 protease inhibitor saquinavir. Transfection with the GFP-expressing plasmid yielded a
high proportion of clones that stably expressed high levels of
GFP, as expected (Table 1). In contrast, only two poorly fluorescent clones out of 34 selected were obtained from GFPPR-transfected cells. Inclusion of saquinavir throughout the
selection procedure improved the yield of fluorescent clones
and the percentage of fluorescent cells in each clone, but these
remained in all cases far lower than those observed in cells
transfected with GFP alone (Table 1). Furthermore, the fluorescence was gradually lost, and attempts to select stable populations of fluorescent cells by FACS sorting or cloning by
limiting dilution failed, suggesting that the fluorescent cells
may be progressively eliminated due to toxicity of the protease.
This was confirmed by analysis of one fluorescent GFP-PR
clone, which was originally selected with 1 M saquinavir and
later maintained in the presence of 10 M ritonavir. At the
time of first testing, the clone contained approximately 40%
fluorescent cells, but the number decreased progressively and

the fluorescent population was completely lost within a few
weeks. Omission of ritonavir when only 12% of the cells remained fluorescent resulted in disappearance of the fluorescent cells within 24 h. The loss was irreversible, since subsequent administration of 10 M ritonavir did not lead to
reappearance of the fluorescent population (Fig. 3).
Titration of HIV-1 protease inhibitors in GFP-PR-expressing cells. Since expression of the GFP-PR chimera can
be detected only when the HIV-1 protease is suppressed, the
reporter may provide a convenient tool for monitoring the
inhibition of protease activity in vivo. To explore this possibility, we quantified the effects of indinavir, nelfinavir,
ritonavir, and saquinavir in pcDNA3/GFP-PR-transfected
HeLa cells. Increasing concentrations of the inhibitors were
added immediately after transfection, and the cells were
cultured for 24 h before analysis by flow cytometry. The
inhibitors induced a dose-dependent increase in fluorescence intensity of the positive cells (Fig. 4A). Significant
accumulation of the reporter was detected in cells treated
with concentrations of the inhibitor as low as 0.01 M,
which is lower than the effective concentration achieved in
plasma in protease inhibitor-treated patients (28). A maximum of approximately a ninefold increase in fluorescence
was reached at 10 to 50 M inhibitor (Fig. 4A). The possibility of using the GFP-PR reporter in fluorimetric assays
would facilitate its employment in high-throughput screens.
We therefore compared the fluorescence intensity of GFPPR-expressing cells in response to the HIV-1 protease inhibitors indinavir, nelfinavir, saquinavir, and ritonavir and
irrelevant inhibitors of aminopeptidases (bestatin), cysteine
proteases (leupeptin), and proteasomes (carboxybenzylleucyl-leucyl-leucine vinyl sulfone [Z-L3-VS]) (5). An approximately threefold increase in total fluorescence was
demonstrated by fluorimetric analysis of GFP-PR-transfected cells following treatment with the four HIV-1 protease inhibitors, whereas bestatin, leupeptin, and Z-L3-VS
had no effect (Fig. 4B). The level of fluorescence accumulation detected by fluorimetry was well in line with the
approximate ninefold increase in mean fluorescence intensity recorded in parallel experiments where the effect of
HIV-1 protease inhibitors on the accumulation of GFP was
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FIG. 3. Irreversible loss of GFP-PR-expressing cells upon withdrawal of protease inhibitor. (Left) Flow-cytometric analysis of HeLa cells stably
expressing GFP-PR after selection in the presence of 10 M ritonavir. The subpopulation of highly fluorescent cells expressing GFP-PR is
indicated with an arrow. The fluorescent cells disappear after culture for 24 h in ritonavir-free medium (middle) and do not reappear 24 h after
reintroduction of 10 M ritonavir into the culture medium (right).
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monitored by FACS analysis. Although a stronger effect was
measured by flow cytometry, the clear and highly reproducible increase detected by fluorimetric analysis in transiently
transfected cells indicates that the GFP-PR reporter can be
used in high-throughput screens of protease inhibitors using
a multiwell plate fluorimeter.

DISCUSSION
Here we present a new and convenient method for monitoring HIV-1 protease activity in human cells, which is based
on expression of a precursor protein harboring the viral protease fused to the reporter protein GFP. Expression of this
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FIG. 4. Specific and sensitive assays for HIV-1 protease inhibitors based on the GFP-PR reporter. (A) HeLa cells transiently transfected with
pcDNA3/GFP-PR were treated with increasing concentrations of indinavir, nelfinavir, ritonavir, and saquinavir for 24 h and analyzed by flow
cytometry. Nelfinavir was toxic at concentrations higher then 10 M. Relative fluorescence is expressed as fold induction over that of transfected
cells cultured without inhibitor. Data are means ⫾ standard deviations from three experiments. (B) Fluorimetric analysis of HeLa cells transiently
transfected with pcDNA3/GFP-PR. Cells were treated for 24 h with the HIV-1 protease inhibitors indinavir (10 M), nelfinavir (10 M), ritonavir
(10 M), and saquinavir (10 M), the aminopeptidase inhibitor bestatin (1 mM), the cysteine protease inhibitor leupeptin (1 mM), and the
proteasome inhibitor Z-L3-VS. (8 M). Data are means ⫾ standard deviations from three experiments. Excitation and emission wavelengths were
480 and 510 nm, respectively.

VOL. 45, 2001

2621

tations in the protease due to ongoing replication of incompletely suppressed virus (16). This consecutive accumulation of
mutations that are often located in regions distant from the
active site confers broad resistance to various protease inhibitors. In order to optimize treatment and to ensure a long-term
antiviral response, it appears to be crucial to monitor antiviral
resistance and to adjust the therapeutic regimen accordingly.
Phenotypic assays are currently the only way to directly determine resistance and give a rationale for therapeutic adjustments, since they measure susceptibility of the actual viral
strains to antiretrovirals (18). These assays are based on inserting PCR-amplified protease sequences from patient blood
into a proviral clone defective in the protease gene, followed by
transfection and analysis of the resulting virus population for
susceptibility to various drugs. Although effective, these tests
can be performed only in specialized laboratories, require several weeks for readout, and are quite expensive. Thus, there is
still an urgent need for faster and cheaper assays which accurately monitor the development of resistance in vivo. The
GFP-PR reporter assay may allow rapid evaluation of the
sensitivity of different HIV-1 protease mutants by replacing the
original protease open reading frame with the mutated variants. Thus, the GFP-PR system represents a step toward the
development of a reliable, noninfectious system for analysis of
viral resistance in AIDS patients treated with HIV-1 protease
inhibitors.
It seems reasonable to assume that the strategy of expressing
a toxic protease in the form of an artificial precursor harboring
the GFP reporter could be applied to other viral proteases.
The perfect stoichiometry between toxic protease and the reporter accomplished by the GFP-PR precursor is a prerequisite in this assay, since cotransfection of independent plasmids
harboring GFP and protease open reading frames did not give
similar results (K. Lindsten, unpublished results). Thus, the
GFP-PR reporter can easily be adapted to other viral proteases, provided that overexpression of these proteases leads to
cell death and that insertion of the GFP moiety does not
disturb the autocatalytic release of the protease from the precursor. This new approach opens the possibility for a line of
protease assays that allow monitoring the inhibitory effects of
drugs in human cells.
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