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ABSTRACT

Many cellular and viral processes depend on site-
speci®c proteolysis. Here, a genetic system for the
identi®cation of such proteases and inhibitors is
described. The system utilizes the temperature-
sensitive Saccharomyces cerevisiae CDC25-2
mutant strain and exploits the strict requirement of
membrane localization of a constitutively active Ras
mutant for the complementation of the yeast growth
defect at the non-permissive temperature. Expres-
sion of a fusion protein in which a substrate peptide
of the TEV protease separates a myristoylation
signal from a constitutively active human Ras
protein confers temperature insensitivity. Co-
expression of the protease results in release of the
Ras mutant from the membrane and growth arrest at
the non-permissive temperature. This non-transcrip-
tional assay represents a new approach to the
in vivo analysis of site-speci®c proteases and may
be a valuable alternative to existing methods. It has
signi®cant potential for the selection of inhibitors of
cytoplasmic and membrane-associated proteases of
biotechnical and clinical relevance.

INTRODUCTION

Site-speci®c cleavage of proteins plays a crucial role in
cellular processes such as signal transduction (1±3), apoptosis
(4±6) and development (7±10). Furthermore, virion formation
in retroviruses and most eukaryotic positive strand RNA
viruses requires cleavage of precursor polypeptides (11,12).

In the yeast Saccharomyces cerevisiae, growth depends on
the production of cyclic adenosine monophosphate (cAMP) by
adenylyl cyclase, which is stimulated by activated Ras
proteins. The guanyl nucleotide exchange factor (GEF)
CDC25, the homologue of human `son-of-sevenless', activ-
ates Ras proteins by stimulating the release of GDP and the
uptake of GTP. The S.cerevisiae strain CDC25-2 harbours a
mutation in the CDC25 gene, rendering its product tempera-
ture sensitive, with nearly wild-type activity at 25°C and
almost completely diminished activity at 36°C (13). Growth at
36°C can be restored by expression of a membrane-associated,
constitutively active human Ras mutant. Membrane associ-
ation is strictly required for this complementation and can be

achieved by the endogenous C-terminal CAAX box for
farnesoylation or by a heterologous N-terminal signal for
myristoylation.

We took advantage of this effect to devise an in vivo system
for the detection of site-speci®c proteases and their inhibitors
as illustrated in Figure 1. Expression of a fusion protein, in
which the substrate peptide of a protease separates a signal for
myristoylation from a constitutively active Ras mutant
(lacking its farnesoylation signal) [hRas(Q61L)DF], leads to
growth at the non-permissive temperature of 36°C if no
protease is co-expressed or if a co-expressed protease is
inhibited. Presence of an active protease leads to release of the
Ras mutant from the membrane and the inability to grow at
36°C.

We used the nuclear inclusion protease of the tobacco etch
virus (TEV), a member of the potato virus Y group
(potyviridae) (14), as a model system. It is highly speci®c
and recognizes the seven amino acid consensus sequence
E-X-X-Y-X-Q¯G/S (15). The recent ®nding that the P1¢
speci®city (G or S in the consensus sequence) is not as
stringent as anticipated further increases the usefulness of the
TEV protease. This allows the removal of N-terminal tags
without leaving a novel amino acid at the N-terminus, which
potentially alters a given protein's characteristics (16).

Biochemical methods, including resonance energy transfer
(17), release of radioactive products (18) and spectrophoto-
metry of chromogenic peptide substrates (19), have been used
for the study of site-speci®c proteases. Since these assays are
laborious and inconvenient for cloning and selection pro-
cedures, several in vivo protease assays have been developed.
These include methods using phages or bacterial cells (20±23)
and yeast-based methods (24±30). Basically, available yeast
assays fall into two classes: assays in which a transcription
factor is inactivated by a proteolytic event and assays in which
a transcription factor is released from the membrane by
site-speci®c proteolysis. Both classes rely on protease-
mediated alteration of the expression of a reporter gene, e.g.
b-galactosidase. Most of these assays utilize the yeast
transcription factor Gal4 and corresponding reporter cassettes
to detect proteolysis. Thus, yeast strains need to be used in
which the endogenous Gal4 system has been deleted.
Furthermore, assays which exploit endogenous signal trans-
duction cascades may have the potential to be more sensitive
than those based on reporter gene expression (22).

We sought to develop a yeast-based assay for site-speci®c
proteases that uses interference with an endogenous signal
transduction pathway rather than changes in reporter gene
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expression. Our approach adds to available techniques for
studying site-speci®c proteases and may represent a useful
alternative in situations when existing methods are not
applicable. Furthermore, it offers the possibility to con®rm
results obtained with existing approaches in a second,
independent in vivo assay.

MATERIALS AND METHODS

Construction of plasmids

The myristoylated substrate±Ras constructs were cloned into
pYES2 (Invitrogen). The myristoylation signal is derived from
v-Src (31). The TEV protease substrate sequences were
generated by oligonucleotide synthesis. M-TPSo-Ras was
constructed using the coding oligonucleotide 5¢-TGG CCA
ACC ACA GAA AAC CTC TAC TTT CAG TCC GGA ACC
GTT GAC GCC GGC GGC CGC CCC-3¢ annealed to a
complementary oligonucleotide. The annealed oligonucleo-
tides contain a 5¢ BalI site, a 3¢ NotI site and a 3¢ SmaI half-site
and encode an optimal recognition sequence for the TEV
protease (TTENLYFQ¯SGTVDA) (32). They were ligated
into the SmaI site downstream of the myristoylation signal of
pYES-M-Ras. M-TPSs-Ras was constructed accordingly,
encoding a suboptimal recognition sequence (coding oligo-
nucleotide 5¢-TGG CCA ACC ACA GAA AAC CTC TAC
TTT CAG CGC GGA ACC GTT GAC GCC GGC GGC CGC
CCC-3¢; peptide TTENLYFQ¯RGTVDA) (32). M-TPSoi-Ras
and M-TPSsi-Ras contain the optimal and suboptimal sub-
strate sequence, respectively, in the inverse orientation, giving
rise to `random' peptide sequences, which are unrelated to the

protease substrate. These peptides are not recognized by the
TEV protease and served as uncleavable negative controls.
pYES-M-Ras encodes amino acids 1±185 of the human H-Ras
mutant Q61L fused to the myristoylation signal of v-Src. All
substrate constructs are expressed from the Gal1 promoter and
confer complementation of a uracil-negative phenotype.

The TEV-PR coding sequence was subcloned into BamHI
and XhoI sites of the low copy number shuttle vector
p414Gal1 [TEV-PR(l.c.)] and the high copy number shuttle
vector p424Gal1 [TEV-PR(h.c.)] conferring complementation
of a tryptophan-negative phenotype (33). The expression of
both the substrate constructs and the TEV-PR constructs is
induced by galactose and repressed by glucose.

Yeast growth and manipulation

CDC25-2 (MATa, ura3, lys2, leu2, trp1, hisD200, ade2-101,
cdc25-2) were transformed using a standard lithium acetate
procedure (34) and plated on synthetic dropout (SD) medium
containing 2% glucose, 0.5% ammonium sulfate, 0.015%
adenine sulfate, 0.17% yeast nitrogen base, 2.5% agar and
complete supplement mixture lacking tryptophan and uracil
and incubated at 25°C. Three independent clones were grown
to late log phase at 25°C in SD+Gluc±TU liquid medium
(identical to SD+Gluc±TU plates without agar). Cells were
transferred to plates or liquid medium containing either
glucose or galactose (SD+Gal±TU; 3% galactose, 2%
raf®nose and 2% glycerol instead of glucose) and incubated
at 25 or 36°C for 24 h. Growth in liquid medium was
quanti®ed by measuring the optical density at 600 nm.

RESULTS AND DISCUSSION

We developed an in vivo assay for site-speci®c proteases
based on the Ras/cAMP signal transduction pathway in yeast.
Fusion protein substrates for the TEV protease were created,
which will localize at the plasma membrane and complement
the growth defect of CDC25-2 at the non-permissive tem-
perature of 36°C. Co-expression of the active protease should
lead to release of the substrate from the membrane and the
restoration of the mutant phenotype.

At 36°C under conditions allowing the expression of the
foreign proteins, no growth was observed, when the protease
was expressed from the high copy plasmid together with the
myristoylated Ras substrate containing the optimal recogni-
tion sequence, whereas robust growth was observed in
conjunction with the uncleavable substrate construct. The
same holds true for the samples transformed with the
uncleavable substrate construct together with the low copy
TEV protease expression plasmid. Co-expression of the latter
with the cleavable substrate construct led to greatly reduced
growth (Fig. 2, GAL 36°C). To show that the observed effect
is due to the expressed foreign proteins, cells were incubated
at 36°C under non-inducing conditions on plates containing
glucose. No growth was observed, when the expression of the
protease and the substrate protein was repressed by glucose
(Fig. 2, GLUC 36°C). The growth observed at 36°C under
inducing conditions, with the uncleavable substrate protein,
suggests that even high level expression of the protease is
tolerated by the CDC25-2 cells. This is further underlined by
the ®nding that no differences in growth are observed when
incubating the cells at the permissive temperature of 25°C on

Figure 1. Schematic representation of the assay. CDC25-2 cells are growth
arrested at 36°C due to a mutation in the Ras GEF CDC25. The yeast Ras
function can be complemented by a membrane-localized constitutively
active human Ras mutant. Membrane localization is strictly required for this
complementation. A substrate (TPS) for the TEV protease (TEV-PR) separ-
ates a myristoylation signal from the mutant Ras protein (hRas,GTP). (A) In
the absence of active protease, the substrate is not cleaved and the mutant
Ras protein allows growth at 36°C. (B) In the presence of active protease,
the mutant Ras is released from the membrane, leading to growth arrest at
36°C.
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galactose plates (Fig. 2, GAL 25°C). These results show that
the system is suitable for the detection of the activity of a site-
speci®c protease.

Since growth of cells at 36°C, expressing the protease from
a low copy plasmid, was greatly diminished, but not
completely impaired, a dilution series of one of the three
clones analyzed in Figure 2 was performed in order to show
that the growth rate is dependent on the expression level of the
protease. Samples were diluted to an OD600 of 6.0 and these,
together with four 10-fold dilutions, were spotted on two
galactose-containing plates and incubated at either 25 or 36°C
(Fig. 3). The growth difference at 36°C between samples
expressing the protease from the low copy plasmid, compared
to expression from the high copy plasmid, was evident. This
was not due to a general growth reduction under these
conditions, since the samples containing the uncleavable
substrate showed no differences in growth (Fig. 3, 36°C).
Surprisingly, at 25°C, a small reverse effect was observed.
Samples containing an uncleavable substrate construct dis-
played reduced growth compared to the ones in which the Ras
protein is released from the membrane (Fig. 3, 25°C). This
may be due to competition of the foreign Ras protein with the
endogenous, activated Ras proteins. For example, the foreign
Ras protein might be ef®cient in binding certain components
of the Ras/cAMP signal transduction pathway, but less
ef®cient in activating them. This might make them unavailable
for activation by the endogenous Ras protein, resulting in
reduced intracellular cAMP levels. On the other hand, high

level expression of a constitutively active Ras protein might
lead to an overproduction of cAMP which could impair yeast
growth. This effect was also observed in other experimental
settings, when a constitutively active Ras protein is localized
at the membrane of CDC25-2 and cells were incubated at 25°C
(personal observations). Though speculative, it may be
possible, by tuning expression levels of the protease and the
Ras substrate, to generate a system in which expression of an
active protease leads to growth at 25°C and incubation of the
same yeast cells at 36°C also leads to growth, but only if the
protease is inactive. This would allow for screening for
proteases as well as for their inhibitors using the same yeast at
different temperatures.

In order to quantify the observed effects, and to show that
different cleavage ef®ciencies can be discriminated by the
assay, liquid cultures of cells transformed with different
substrate and protease constructs were diluted to an OD600 of
0.1 and growth was determined by measuring OD600 after
incubation at 36°C for 24 h. Figure 4 shows that the assay
discriminates between optimal and suboptimal substrate
sequences. Comparison of samples expressing the protease
from the high copy plasmid together with the suboptimal
substrate with those expressing the protease together with the
optimal substrate clearly reveals that growth is dependent on
the nature of the substrate sequence. These results are in good
agreement with the results obtained by Dougherty et al. (32),
who performed mutational analyses of the cleavage ef®ciency
of the TEV protease with substrates derived from the 54 kDa
Mr nuclear inclusion protein/30 kDa Mr capsid protein
junction.

Differences in growth with the suboptimal substrate con-
struct were only observed at high expression levels of the
protease. Although in most applications of this assay, an
optimal substrate sequence will be used, there might be
situations in which substrate sequences with different cleav-
age ef®ciencies are to be analysed. In this respect, the question
arises as to whether the assay is applicable to other, less
site-speci®c proteases or proteases that cleave endogenous

Figure 2. Differential growth of CDC25-2 at 25 and 36°C. Three indepen-
dent clones of CDC25-2 transformed with the indicated plasmids were
spotted on plates containing 2% glucose (GLUC) or 3% galactose, 2%
raf®nose and 2% glycerol (GAL), respectively, and incubated at the indi-
cated temperatures for 24 h. TPSoi, inverted optimal TEV protease sub-
strate; TPSo, optimal TEV protease substrate; TEV-PR(l.c.), TEV-PR(h.c.),
TEV protease expressed from a plasmid with low copy number (CEN/ARS
origin) and with high copy number (2m origin).

Figure 3. Differential growth of CDC25-2 at 25 and 36°C. CDC25-2 trans-
formed with the indicated plasmids was grown to late log phase in liquid
medium for 2 days at 25°C and diluted to an OD600 of 6.0. These and four
10-fold dilutions were spotted on plates and incubated at the indicated tem-
peratures for 24 h. TPSoi, inverted optimal TEV protease substrate; TPSo,
optimal TEV protease substrate. TEV protease is expressed from plasmids
with low copy number [CEN/ARS origin; TEV-PR(l.c.)] and with high
copy number [2m origin; TEV-PR(h.c.)].

Figure 4. Quanti®cation of growth at 36°C. CDC25-2 transformed with the
indicated plasmids was diluted to an OD600 of 0.1 and incubated at 36°C.
After 24 h incubation, OD600 was determined. Values represent means of
three independent clones.
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substrates. High levels of expression of such proteases might
cause intolerable toxicity, as has been observed for members
of the caspase family of proteases (28). However, it has been
shown that TEV protease rapidly cleaves itself to generate a
truncated protein with greatly diminished activity (35). This
inactivation increases with the concentration of the protease
(36). In addition, the TEV protease has a temperature optimum
of 30°C and its activity is reduced at higher temperatures.
Thus, it is likely that there is no need for high level expression
when analysing proteases which do not display auto-
inactivation or which are optimally active at 36°C.
Furthermore, there is a certain threshold for the amount of
activated membrane-associated Ras protein to effect comple-
mentation of the CDC25-2 phenotype (personal observations).
The expression level used in this study is far beyond this
threshold. Therefore, reduction of the expression level of the
substrate±Ras fusion protein will further increase the sensi-
tivity of the assay without compromising its discriminatory
parameters. Potential toxicity caused by expression of
proteases in the cytoplasm of a living cell is an inherent
problem which the presented system shares with other in vivo
assays for proteases. Future studies are required to determine
if this technique is applicable to a wide range of less selective
proteases.

These data show that an in vivo protease assay can be
designed by coupling proteolytic activity to an essential signal
transduction pathway of the yeast S.cerevisiae.

Several in vivo protease assays have been described. Some
of them utilize bacterial or yeast cells (20±30). For cDNA
library screening approaches, protease assays based on phages
or bacterial cells may be advantageous due to high transform-
ation ef®ciencies. However, many post-translational modi®-
cations are not carried out by these organisms. Furthermore, it
has been noted that site-speci®c proteases are highly regulated
and their activity often requires interaction with additional
cellular components (37). In this respect, yeast is a highly
suitable organism as it combines the characteristics of a
eukaryotic cell with an ease of manipulation comparable to
that of bacteria.

Since in this assay, proteolysis takes place at the plasma
membrane, it may be specially useful for the analysis of
membrane-associated proteases or proteases that process
membrane-bound substrates. Many such proteases play
critical roles in normal (38±40) and pathological cellular
conditions (41,42). These proteases often strictly require
membrane association for activity or cleave their substrates
only within or close to the membrane (43,44). This makes
them highly refractory to biochemical analyses that include
protein puri®cation steps. Furthermore, most of the in vivo
assays described to date require the expression of soluble
proteins (20±26). Available yeast-based assays suitable for the
analysis of membrane-associated site-speci®c proteases all
function by releasing a transcription factor from the mem-
brane, which then translocates to the nucleus and stimulates
transcription of a reporter gene (27±30). These assays produce
false positive results when introducing proteins that bind to the
regulatory regions of the reporter gene and activate transcrip-
tion. Although readily backchecked, this is a limitation that is
not encountered with the presented approach. The main source
of false negatives in our system may be the introduction of

heterologous Ras proteins, which can be eliminated by
co-expression of a GTPase-activating protein (45).

When dealing with proteins that are potentially toxic
when expressed in yeast, the ability to tightly regulate their
expression is highly desirable. Most of the available yeast
assays for site-speci®c proteases are based on Gal4-mediated
transcriptional activation in a yeast strain devoid of a
functional endogenous Gal system. In these strains, Gal
promoters for the inducible expression of foreign proteins,
which are extremely tightly regulated, cannot be used. This
problem can be circumvented by using transcription factors
other than Gal4 (e.g. LexA/B42) in a Gal(+) strain or by
choosing other regulatable promoters (e.g. copper- or
methionine-responsive promoters) in a Gal(±) strain (30).
However, these systems are by far less widespread and less
well characterized compared to Gal-based systems. These
limitations originate from the use of transcription-based
readouts reporting protease activity. Potentially, assay systems
based on endogenous signal transduction pathways may
display increased sensitivity as compared to reporter gene
assays (22). Since the non-transcriptional assay presented in
this study exploits interference with an endogenous signal
transduction pathway, it may be applicable to a wider range of
yeast assay scenarios. This new assay approach will not
replace current assay techniques, but may provide a useful
additional route for looking at protease function in yeast.

The system presented here overcomes some of the
constraints of previously described assays and may contribute
to the cloning and characterization of biotechnically or
clinically relevant site-speci®c proteases and their inhibitors.
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