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ABSTRACT We describe a genetic system for monitoring
the activity of a specific proteolytic enzyme by taking advantage
of the properties of the yeast transcriptional activator GAL4.
The GAL4 protein contains two separable and functionally
essential domains: the amino-terminal DNA binding domain
and the carboxyl-terminal transcriptional activating domain.
We constructed two hybrid proteins by inserting between the
DNA binding domain and the activation domain of GAL4
either (i) a self-cleaving protease (3C protease of a picornavi-
rus, coxsackievirus B3) or (ii) a mutant form of the protease
that is unable to cleave. We show that, although the hybrid
protein containing the mutant protease activates transcription
of GALI-lacZ reporter gene, the hybrid protein bearing the
wild-type protease is proteolytically cleaved and fails to activate
transcription. Our approach to monitor the proteolytic activity
could be used to develop simple genetic systems to study other
proteases.

Proteases play a critical role in the regulation of many
biological processes (1, 2). In particular, proteolysis of pri-
mary polypeptide precursors is essential to replication of
several viruses. For example, picornaviruses, a group of
small positive-strand RNA viruses, as well as retroviruses,
including human immunodeficiency virus type 1 (HIV-1),
encode proteins that are synthesized as large polyprotein
precursors and are later proteolytically processed to mature
viral proteins (3, 4). These proteases are very specific for
their cognate substrates and have been studied using various
techniques such as electrophoresis and chromatography (5,
6). Other biochemical methods that have been developed
recently to assay the HIV-1 protease activity in multiple
samples include resonance-energy transfer (7), release of
radioactive products (8), and spectrophotometry of chromo-
genic peptide substrates (9). As an alternative, we have
developed a genetic assay that could be used not only to
screen large numbers of compounds for specific protease
inhibitors but also to detect protease-deficient mutants.

To demonstrate our genetic system for monitoring protease
activity we chose the 3C protease of coxsackievirus (CV) B3
(10), a member of the picornavirus family. Picornaviruses, a
group of small positive-strand RNA viruses, produce all of
their gene products by proteolytic cleavage of a single
polyprotein precursor (11). The 3C protease, which is con-
served among the members of picornavirus family, plays a
major role during the virus replication cycle (12). The pro-
tease is contained within the polyprotein precursor and
functions intramolecularly to cleave itself out of the precur-
sor and also catalyzes other specific cleavages within the
polyprotein to generate mature viral proteins (13, 14).

We have exploited the autocatalytic activity of the 3C
protease to regulate the yeast transcriptional activator
GAL4. GAL4, a protein of 881 amino acids, binds specifically
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to the upstream activating sequence (UASg) and stimulates
transcription of the adjacent GALI and GAL10 genes (15, 16).
The amino-terminal fragment (amino acids 1-147) of GAL4
binds specifically to DNA in vivo but does not activate
transcription unless it is linked to one of the two activating
regions, regions I and II, contained in the carboxyl end of the
protein (16). We have fused the 3C protease coding sequence
between the two functional domains of GAL4. When ex-
pressed in yeast, this modified GAL4 protein is cleaved by
the autocatalytic activity of the viral protease and fails to
activate transcription. An otherwise identical GAL4 hybrid
protein with a mutant 3C protease inserted between the two
functional domains of GAL4 is not proteolytically cleaved
and therefore is capable of activating transcription from the
GAL1 promoter. Thus transcriptional activation by GALA4,
which is easily monitored by a reporter gene expression,
provides a simple assay for the 3C protease.

MATERIALS AND METHODS

Strains and Media. The yeast strain used was
GGY1::RY171 (Agal4, Agal80, ura3, his3, leu2; carries a
GALI-lacZ fusion integrated at the URA3 locus of the
genome) (17). Yeasts were grown in either YEPD-rich me-
dium or minimal media (18) that lacked histidine and uracil,
and the carbon sources of induction media were 2% galac-
tose, 2% glycerol, and 2% ethanol instead of glucose. Esch-
erichia coli strain XL1-Blue (Stratagene) was used to perform
all plasmid construction, and bacteria were grown in LB
medium with the appropriate antibiotic (ampicillin, 100 ug/
ml) for selection of plasmids.

Plasmid Construction. The plasmid pBD1009, which ex-
presses the GAL4/3C protease hybrid protein, was con-
structed as described below. An Xba I-BamHI DNA frag-
ment of about 1100 base pairs (bp), encoding the CV 3C
protease and the flanking regions, was isolated from the
plasmid pC1B1 (10). The isolated fragment was further di-
gested with Hinfl and treated with Klenow fragment of E. coli
DNA polymerase to fill in the ends. The 795-bp DNA
fragment was then purified and ligated to the plasmid
pMA236, which had been linearized with EcoRlI, treated with
alkaline phosphatase to remove 5’ phosphate groups, and
blunt-ended with Klenow polymerase. To construct the plas-
mid pBD1013, we used the plasmid pC11B9 (10) containing
the mutant 3C protease [which was constructed by inserting
a 12-bp linker fragment (GGATCCGGATCC) within the 3C
coding sequence of the plasmid pC1B1]. The mutation, which
inserts four amino acids (Asp-Pro-Asp-Pro) after the Gly-166
in the protease sequence, abolishes the proteolytic activity
(10, 19).

Abbreviations: MUG, methylumbelliferyl galactoside; HIV-1, hu-
man immunodeficiency virus type 1; UASg, upstream activating
sequence galactose; CV, coxsackievirus.
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Yeast Transformation and Assay of -Galactosidase. Yeast
cells were made competent for transformation by treatment
with lithium acetate (20). To assay B-galactosidase, 50 ul of
the induced yeast culture (10° cells) was aliquoted into a
96-well microtiter plate and lysed by adding one drop each of
0.1% SDS and chloroform (21). Cells were incubated with 100
wml of freshly prepared MUG reagent mix [4:1 (vol/vol) Z
buffer (60 mM Na,HPO,/40 mM NaH,PO,/10 mM KCl/1.0
mM MgSO,/50 mM 2-mercaptoethanol) and MUG reagent
(12.5 mg of methylumbelliferyl galactoside in 100 ml of
distilled water)] at 30°C for 1 hr and read on the DYNATECH
plate reader at 340 nm. B-Galactosidase activity for each
sample was determined in quadruplicate, and the average
value was expressed in fluorescence (MUG) units (22, 23).

RESULTS AND DISCUSSION

The basic strategy of our experiments is shown in Fig. 1. The
native GALA4 protein, an activator of transcription, contains
two functional domains (Fig. 1a). The amino-terminal domain
binds specifically to UASg but fails to stimulate transcrip-
tion. The carboxyl-terminal domain contains two activating
regions, region I (amino acids 148-236) and region II (amino
acids 768—881), either of which activates transcription when
fused to the DNA binding domain (amino acids 1-147). A
chimeric protein that contains an autocatalytically active 3C
protease fused in frame between the two functional domains
of GAL4 protein is proteolytically cleaved. Because an
activator requires DNA binding and activating domains, the
autoprocessing activity of the 3C protease dissociates the two
domains of GAL4, thus inactivating the protein (Fig. 1b).
However, the chimeric protein bearing an inactive protease
is not proteolytically processed and is able to activate tran-
scription by maintaining the physical association of the two
functional domains of GAL4 protein (Fig. 1c).

The chimeric proteins that are expressed from the recom-
binant plasmids and are used in the experiments are shown in
Fig. 2. The hybrid protein expressed from the plasmid
pBD1009 comprises GAL4 (amino acids 1-147), CV B3
peptide [(amino acids 1505-1770) (24), containing the car-
boxyl-terminal 13 amino acids of 3A, all of 3B and 3C, the
amino-terminal 47 amino acids of the 3D protein], and GAL4
(amino acids 768—881). This GAL4/CVB3 hybrid protein
contains three potential cleavage sites for the 3C protease
(Fig. 2). As a control, we constructed a similar fusion protein
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Fic. 2. Constructs expressing GAL4 derivatives. The GAL4
derivative containing the DNA binding domain, D (amino acids
1-147), fused to activation region II, A (amino acids 768-881), is
expressed from the plasmid pMA236 (16). The hybrid peptide
expressed from the plasmid pBD1009 provides three potential cleav-
age sites for the 3C protease: A3A/3B, 3B/3C, and 3C/A3D (shown
by arrows). The hybrid protein expressed from the plasmid pBD1013
contains a mutant protease (3C’) instead of the wild-type 3C protease
flanked by the same viral and the GAL4 sequences. The amino acid
sequences surrounding the cleavage sites between A3A and 3B and
3B and 3C are given in single-letter code.

using a mutant form of the CVB3 3C protease that is defective
in the autocatalytic and trans processing activities (10). We
introduced each of these plasmids into the yeast strain
GGY1::RY171 (17), which is deleted for GAL4 but contains,
at the URA3 locus, an integrated GALI-lacZ fusion gene that
can be activated by GAL4 protein. B-Galactosidase activity
was used as a measure of the transcriptional activation
function of each GAL4 hybrid protein expressed.

Results of these experiments are shown in Table 1. As
expected, there was no B-galactosidase activity in the ab-
sence of any GAL4-expressing plasmid. Approximately 1800
MUG units (22) of B-galactosidase were produced in cells
expressing the GAL4 derivative [GAL4(1-147)(768-881)];
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FiG. 1.

Model of transcriptional activation by GALA4 derivatives. (a) The native GAL4 protein containing the DNA binding domain and both

activating regions activates GALI-lacZ transcription. (b) A hybrid protein containing the native 3C sequence fused in frame between the coding
sequences of the GAL4 DNA binding domain and activating region II fails to activate transcription due to the autocatalytic cleavage of the 3C
protease that physically separates the two GAL4 functional domains. (c) A hybrid protein bearing the mutant 3C protease prevents the proteolysis
from occurring and by maintaining the physical association of two domains can activate transcription.
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Table 1. pB-Galactosidase activity resulting from activation of
transcription by GAL4 derivatives

B-Galactosidase
Plasmid GALA4 derivative activity
None —
pMA210 GALA4(1-881) 3877
pMA236 GALA4(1-147)(768-881) 1770
pBD1009  GAL4(1-147)-3C-GAL4(768-881) 14
pBD1013  GAL4(1-147)-3C'-GAL4(768-881) 466

B-Galactosidase activity in MUG units was obtained by substract-
ing the fluorescence values with the MUG reagent mix only.

the wild-type GAL4 (amino acids 1-881) was twice as active
as the derivative. Although the GAL4 hybrid protein bearing
the native viral protease 3C (expressed from the plasmid
pBD1009) did not activate transcription, the GAL4 fusion
protein that contained the mutant protease 3C’ (expressed
from the plasmid pBD1013) activated transcription effec-
tively (466 MUG units of B-galactosidase). These results are
consistent with the idea that the autoprocessing activity of
the 3C protease dissociates the activating region II from the
DNA binding domain, thus inactivating GAL4 protein.

To test that the inactivation of the GAL4/3C hybrid protein
is due to the endogenous proteolysis and not to degradation
of the fusion protein per se, we have analyzed the GAL4
derivatives by immunoprecipitation using antisera to the
GAL4 DNA binding domain. Results are shown in Fig. 3.
Lanes A and B represent the proteins immunoprecipitated by
the antisera from cells expressing GAL4 derivatives
GAL4(1-147)(768—-881) and GAL4(1-147), respectively. The
multiple GAL4 species immunoprecipitated by the antisera
(lane A) result from phosphorylation within the activation
domain of GAL4 (26). Lanes C and D represent the proteins
expressed in the cells bearing the GAL4 protease constructs.
We observe that although the fusion protein containing the
mutated 3C protease migrates slower than the 66 kDa protein
(Fig. 3, lane D, single arrow), most of the fusion protein
bearing the wild-type 3C protease is degraded to a peptide
migrating close to the GAL4 (amino acids 1-147) (lane C,
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Fic. 3. Immunoprecipita-
tion of GALA4 derivatives. Yeast
cells expressing GAL4 deriva-
tives were metabolically labeled
with [*S]Imethionine and lysed
by Vortex mixing with glass
beads. GALA4 proteins were iso-
lated by immunoprecipitation as
described (25) and resolved by
electrophoresis on a SDS/10%
polyacrylamide gel. The GAL4
derivatives are as follows: lane
A, GALA4(1-147)(768-881); lane
B, GAL4(1-147); lane C,
pBD1009; lane D, pBD1013. The
proteolytically processed ami-
no-terminal fragment of
‘ GALA4/3C hybrid protein is indi-
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cated by the double arrow (lane
C). Migration of size markers (in
kDa) is indicated. The multiple
species of the GAL4 derivatives
(lanes A and D) result from phos-
phorylation within GAL4’s acti-
vating region 11 (26).
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double arrow). This result is consistent with the idea that the
3C protease cleaves itself out of the hybrid precursor and
catalyzes the cleavage at the A3A/3B site to generate a
GALA4(1-147 amino acid)-A3A(13 amino acid) peptide. We
believe that the degradation of this hybrid protein is a specific
cleavage event because nuclear extracts of yeast cells ex-
pressing the GAL4/3C hybrid protein exhibit CV 3C protease
activity when tested in vitro (data not shown). We also note
that the cleavage is not complete since a small amount of the
protein larger than the 66-kDa marker protein is observed
(lane C). This is consistent with the observation that cells
expressing the GAL4/3C hybrid protein turn slightly blue
after an extended incubation (1-2 weeks) on plates containing
5-bromo-4-chloro-3-indolyl B-D-galactoside. It should be
noted that the 13-amino acid peptide that remains attached to
the GAL4 DNA binding domain (amino acids 1-147) fails to
activate transcription; this peptide is neither rich in acidic
amino acids nor capable of forming an amphipathic helix, two
features that are shared by many eukaryotic transcriptional
activating sequences (27).

Our current genetic system to assay proteolytic enzymes is
not limited to the picornavirus protease. We have performed
similar experiments using the HIV-1 protease. We con-
structed plasmids that express analogous GAL4 fusion pro-
teins bearing the wild-type and the mutant HIV-1 protease in
yeast. We found that the GAL4/HIV-1 protease hybrid
protein did not activate transcription, whereas the fusion
protein containing the mutant HIV-1 protease activated tran-
scription (B. Dasmahapatra, unpublished results).

This system also provides a unique method to generate and
analyze various mutants as well as revertants of important
proteases. For these purposes it should be noted that the
hybrid proteins are stable in yeast cells and are not rapidly
degraded by endogenous yeast proteases. The genetic system
may be used for studying proteases that are not autocatalyt-
ically active; in these cases, the protease cleavage site would
be inserted between the two functional domains of GAL4 and
the protease would be supplied in trans, as recently reported
by Smith and Kohorn (28). Finally, since the GAL4 protein
also activates transcription in mammalian cells (29), our
approach will provide an opportunity to study the structure—
function relationship of these proteases in their natural en-
vironment as well as the ability to screen a large number of
compounds for specific inhibitors of these therapeutically
important proteases.

We are grateful to Bill Sugden for suggesting this experiment. We
thank Drs. Claude Nash, George Miller, and Roberta Hare for their
support and Dr. Wesley Hung for scientific help.
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