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The protease encoded by the human cytomegalovirus (HCMV) is an attractive target for antiviral drug
development because of its essential function in viral replication. We describe here a cellular assay in the yeast
Saccharomyces cerevisiae for the identification of small molecule inhibitors of HCMV protease by conditional
growth in selective medium. In this system, the protease cleavage sequence is inserted into the N-(5�-phos-
phoribosyl)anthranilate isomerase (Trp1p), a yeast protein essential for cell proliferation in the absence of
tryptophan. Coexpression of HCMV protease with the engineered Trp1p substrate in yeast cells results in
site-specific cleavage and functional inactivation of the Trp1p enzyme, thereby leading to an arrest of cell
proliferation. This growth arrest can be suppressed by the addition of validated HCMV protease inhibitors.
The growth selection system presented here provides the basis for a high-throughput screen to identify HCMV
protease inhibitors that are active in eukaryotic cells.

Herpesviruses are widely present in nature and afflict many
species throughout the animal kingdom (14). The most fre-
quent human infection is caused by the human cytomegalovi-
rus (HCMV), affecting up to 80% of the general population.
This highly prevalent member of the herpesvirus family is re-
sponsible for opportunistic infections in immunocompromised
individuals, notably AIDS patients and organ transplant recip-
ients (for reviews, see references 9 and 29). Antiviral agents
currently licensed for the treatment of HCMV infections in-
clude ganciclovir and its orally bioavailable prodrug valganci-
clovir as well as foscarnet, cidofovir, and fomivirsen (9). All
these drugs are nucleoside analogues that ultimately target,
either directly or indirectly, the viral DNA polymerase. The
only exception is fomivirsen, an antisense oligonucleotide ap-
proved for HCMV retinitis that blocks translation of HCMV
immediate-early mRNA. Unfortunately for the patients, the
clinical usefulness of these drugs is limited: they exhibit toxic
side effects, including bone marrow toxicity and nephrotoxicity,
and they need to be injected either intravenously or intraocu-
larly (9). Moreover, HCMV strains with reduced susceptibility
resulting from chronic antiviral treatment are becoming more
and more frequent. Thus, improved alternative drugs with
novel mechanisms of action are needed for treating HCMV
infections.

Herpesviruses encode a serine protease that cleaves the as-
sembly protein precursor, a major component of the interme-
diate capsid (reviewed in reference 23). Studies with herpes
simplex virus type 1 protease, a close homologue of HCMV
protease, showed that viral DNA cannot be packaged into
virions without this cleavage, resulting in an empty nucleocap-
sid (17, 32). HCMV protease is expressed as a 708-amino-acid
precursor encoded by the UL80 open reading frame. Autocat-
alytic cleavage is observed at two consensus sequences called
maturational (M) and release (R) sites (23). M-site cleavage

removes a 6-kDa C-terminal tail, which mediates interaction
with the major capsid protein at the earliest stage of capsid
assembly. Cleavage at the R-site releases the N-terminal 28-
kDa proteolytic domain. Enzymatic in vitro assays with short
peptide substrates demonstrated a 10-fold increase in the
kcat/Km value for an M-site peptide substrate over that for an
R-site substrate (37).

Four different groups elucidated the X-ray crystallographic
structure of HCMV protease in 1996 (8, 33, 36, 38). These
studies have unequivocally confirmed the status of this enzyme
as a serine protease with a unique catalytic triad. Instead of the
His-Ser-Asp/Glu residues present in the active site of classical
serine proteases, HCMV protease contains an unusual His
residue at the third position. Moreover, only the dimeric form
is active, which sets it further apart from other serine proteases
(28). The two active sites are well separated on opposite faces
of the dimer and act in an independent manner (4). The fact
that the protease is essential for the propagation of the virus
and that it markedly differs from mammalian serine proteases
makes this enzyme an attractive therapeutic target.

Though peptidomimetic drug design delivered a number of
HCMV protease inhibitors with good in vitro potency in the
submicromolar range, e.g., translactams (5) and 2-substituted
benzoxazinones (1), their activity in cell culture remained lim-
ited. In addition, high-throughput screening (HTS) campaigns
in the industry, based on enzymatic in vitro assays, did not lead
to the identification of hits with good activity in cell culture
assays. Remarkably, very few reports describe the investigation
of HCMV protease activity in a cellular environment (26, 41),
and to our knowledge, no cell-based HTS has been performed
so far. More efforts should be invested in such cellular assays,
since they not only allow for screening in a natural cellular
environment but also directly exclude compounds that are un-
stable or toxic or that cannot penetrate biological membranes.
Thus, appropriate cell-based assays can accelerate the drug
discovery process (for reviews, see references 2 and 3).

In an effort to select for HCMV protease inhibitors in an in
vivo environment, we have established a target-specific HTS
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system in Saccharomyces cerevisiae that detects protease activ-
ity by conditional growth in selective medium. In a proof-of-
principle experiment, we show that the application of known
HCMV protease inhibitors results in a concentration-depen-
dent stimulation of cell proliferation.

MATERIALS AND METHODS

Yeast strains. The genes encoding the three major ABC transporter proteins
Pdr5p, Snq2p, and Yor1p were deleted in the S. cerevisiae JPY5 strain (MAT�
ura3-52 his3�200 leu2�1 trp1�63 lys2�385) to generate the RLY07 strain (MAT�
ura3-52 his3�200 leu2�1 trp1�63 lys2�385 pdr5� snq2� yor1�). All recombinant
proteins described in this study were expressed in RLY07 cells.

Recombinant plasmids. The S. cerevisiae TRP1 gene was amplified by PCR
from the plasmid YCplac22 (20). All TRP1-M constructs generated hereupon
were subcloned via unique XbaI and SalI restriction sites in the CEN4-ARS1
plasmid pMH4. pMH4 carries a LEU2 auxotrophic marker and expresses sub-
cloned TRP1-M constructs under the control of a 5� truncated version of the
ADH promoter and the GAL11 terminator. The HCMV protease cleavage se-
quence GGVVNA2SCRLAGG, derived from the M site of the 75-kDa pro-
tease precursor, was flanked with unique NcoI and NotI sites and inserted by
PCR directly to the C-terminal end of amino acid residues 49, 102, 132, 165, and
194 of the Trp1 protein. This generated a plasmid series encoding the recombi-
nant proteins Trp149-M, Trp1102-M, Trp1132-M, Trp1165-M, and Trp1194-M. In
order to generate Trp1194-Me (for Trp1194-M elongated), the 13-amino-acid
cleavage sequence was replaced (via NcoI and NotI sites) by an extended M-type
sequence consisting of 39 amino acids (see Fig. 3). For Western blotting, hem-
agglutinin (HA) epitope tags were added to both termini of the Trp1194-Me
construct. The HCMV protease gene encoding amino acids 1 to 256 of the
708-amino-acid protease precursor was obtained by PCR from HCMV-infected
MRC5 human cells and subcloned via unique XbaI and NotI sites in pMH51, a
CEN4-ARS1 plasmid with a URA3 selection marker and a full-length (100%)
GAL1 promoter. In the experiment for which results are shown in Fig. 4, the
HCMV protease gene was subcloned in a plasmid series with distinct GAL1
promoters that express the protease with 71%, 46%, and 16% protein production
levels relative to the original 100% GAL1 promoter. The GAL1 promoter con-
tains four different pseudopalindromic binding sites for the transcription factor
Gal4p. Liang et al. have shown that modifications in the number and type of
Gal4p binding sites modulate transcription of a downstream cloned reporter
gene (27). We have differentially deleted those binding modules and validated
promoter strength with a downstream cloned lacZ reporter gene (above 71%,
46%, and 16% protein production levels).

Yeast media and transformation. All media were prepared according to Burke
et al. (7). Transformation of yeast cells was performed following the lithium
acetate method (19).

Spotting assay. RLY07 cells transformed with the different TRP1-M constructs
were inoculated in 3 ml synthetic dropout (SD) glucose medium lacking Leu
(�Leu) and grown to an optical density at 595 nm (OD595) of 1 to reach an
exponential growth phase. Cultures were hereupon washed with 5 ml H2O,
resuspended in �Leu �Trp SD glucose medium and diluted to 106 cells/ml. Ten
microliters of serially diluted culture was spotted on nonselective (�Leu) and
selective (�Leu �Trp) glucose SD plates and incubated at 30°C for 3 days.

Liquid growth assays. RLY07 cells transformed with the different TRP1-M
constructs and the HCMV protease gene were inoculated in 3 ml �Leu �Ura
galactose SD medium and grown at 30°C to an OD595 of 1. They were then
washed with 5 ml H2O and resuspended in �Leu �Ura �Trp galactose SD
medium supplemented with 10% glycerol (growth selection medium). It is likely
to assume that glycerol promotes HCMV protease dimerization and subsequent
proteolytic activity, as it has been shown in in vitro assays (28). In yeast, glycerol
is taken up by a proton symport mechanism (13). Liquid growth assays were
started at an inoculation OD595 of 0.01 in growth selection medium in 96-well
microtiter plates in a volume of 150 �l per well. Cultures were incubated at 30°C
without shaking. At defined time points (as specified in figure legends), plates
were shaken at 1,000 rpm for 1 min to completely resuspend cells, and cell
density was measured at 595 nm on a Tecan GENios reader (Männedorf, Swit-
zerland). HCMV protease inhibitors BI31 and BI36 (Boeringher Ingelheim,
Québec) were dissolved in dimethyl sulfoxide and added to the cultures directly
at the beginning of the growth assay; final dimethyl sulfoxide concentration was
1%.

Western blot analysis. Yeast whole-cell extracts were prepared as described by
Burke et al. (7). Proteins were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and Western blot analysis was performed according to

standard procedures. An anti-HA monoclonal antibody from Sigma (clone 3F10)
was used at a concentration of 30 ng/ml to detect expression of Trp1194-Me.

RESULTS

A cell-based system to detect protease activity. In the
present work, we describe a cell growth selection system in the
yeast S. cerevisiae that (i) can detect and characterize HCMV
protease activity and (ii) is applicable to screen for HCMV
protease inhibitors in a high-throughput format. To establish
this system, we inserted an HCMV protease cleavage site into
a yeast protein that is conditionally essential for cell prolifer-
ation. This protein was chosen from the auxotrophic growth
markers, considering that most laboratory strains are already
deleted for these genes and that therefore, such a system could
be applied in almost any genetic background. Since the N-(5�-
phosphoribosyl)anthranilate isomerase (Trp1p) enzyme has
been intensively studied (10, 11, 22, 24) and its three-dimen-
sional structure has been determined for different organisms,
we have chosen this member of the tryptophan synthesis path-
way as a substrate for HCMV protease.

Thus, in our setup, such an engineered Trp1 enzyme should
be cleaved and subsequently inactivated by HCMV protease,
resulting in a reduced growth in selective medium lacking
tryptophan.

Insertion of the HCMV protease cleavage sequence at five
different locations in Trp1p. Two conditions are critical for
appropriate operation of the above-described system. (i) In-
sertion of the HCMV protease cleavage sequence must pre-
serve Trp1 function in the tryptophan biosynthesis pathway.
(ii) On the other hand, cleavage at the inserted sequence must
result in functional inactivation of the Trp1 enzyme.

The Trp1 enzyme is a member of the prominent class of
proteins that fold into a (�/�)8 barrel, which is the most com-
monly occurring fold among enzymes (12) (Fig. 1). The S.
cerevisiae Trp1p structure has not yet been determined, but
amino acid sequence alignments with the N-(5�-phosphoribo-
syl)anthranilate isomerase from Escherichia coli and Thermo-
toga maritima provide us with a reliable model. S. cerevisiae
Trp1p shares 28% identical amino acids with E. coli Trp1p and

FIG. 1. Modeled structure of the S. cerevisiae N-(5�-phosphoribo-
syl)anthranilate isomerase Trp1p. Residues preceding the inserted M-
cleavage sequences are indicated in blue.
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33% with T. maritima Trp1p. Alignment and modeling for S.
cerevisiae Trp1p was performed with the SWISS-MODEL pro-
tein modeling server (http://swissmodel.expasy.org/repository/)
(21, 35).

To determine suitable sites for insertion of the cleavage
sequence, several constructs were designed. Since turn se-
quences are in general highly mutable in (�/�)8 barrels, five
insertion sites were chosen that are located in such turns be-
tween an �-helix and a �-sheet, after amino acids Asp49,
Asp102, Ala132, Gly165, and Gly194 (Fig. 1A). Respective con-
structs will therefore be referred to as Trp149-M, Trp1102-M,
Trp1132-M, Trp1165-M, and Trp1194-M. The inserted sequence
consists of 13 amino acids derived from the M site of the
75-kDa protease precursor (see Fig. 3A, sequence a).

In order to evaluate the functionality of the Trp149-M,
Trp1102-M, Trp1132-M, Trp1165-M, and Trp1194-M fusion pro-
teins, a spotting assay was performed (Fig. 2A). RLY07 cells
were transformed with these constructs, and their ability to
proliferate was assessed on selective plates lacking tryptophan.
For Trp1132-M-, Trp1165-M-, and Trp1194-M-expressing cells,
growth was indistinguishable from that of cells expressing wild-

type Trp1p, indicating that M-site insertion did not interfere
with the functionality of the enzyme. In contrast, Trp149-M and
Trp1102-M constructs produced nonfunctional enzymes, as
demonstrated by likewise-transformed cells unable to grow on
selective plates (Fig. 2A).

Sequence-specific cleavage of Trp1194-M by HCMV protease
in yeast. We next investigated whether the three functional
Trp1-M proteins are cleaved and inactivated by HCMV pro-
tease. Trp1132-M, Trp1165-M, and Trp1194-M were coexpressed
with the viral protease in the RLY07 strain, and cell prolifer-
ation was assayed by measuring OD595 of transformed cells
cultured in growth selection medium (Fig. 2B). After 36 h, cells
coexpressing Trp1194-M with the protease exhibited a growth
reduction of 35% compared to control cells that contained an
empty vector instead of the protease-expressing plasmid, indi-
cating that cleavage between helix �7 and strand �8 reduces
activity of the Trp1 enzyme. Interestingly, this region is situ-
ated close to the phosphate binding site of the anthranilate
substrate. Crystallographic studies have shown that the two
neighboring loops between �7 and �7 and between �8 and �8
are important for binding of the phosphate ion (40). Cleavage
in this region might cause structural changes, thus preventing
binding of the substrate. As opposed to Trp1194-M cells,
Trp1132-M- as well as Trp1165-M-expressing cells did not show
growth reduction upon coexpressing HCMV protease (Fig.
2B). Thus, the latter two engineered Trp1 substrates were
either not cleaved or, alternatively, cleavage occurred but the
separated fragments still formed an active enzyme.

To improve cleavage frequency at the M site of the
Trp1194-M substrate, the 13-amino-acid target sequence was
replaced by a longer sequence consisting of 39 amino acids
(Fig. 3A, sequence b). Cells expressing the modified
Trp1194-Me together with the active protease showed 85%
reduction of cell proliferation compared to the 35% reduction
with the original, shorter cleavage site (Fig. 3B). This indicates
that the extended recognition site is more efficiently cleaved by
the protease.

The HCMV protease has been shown to hydrolyze both the
M site and R site of the protease precursor between an alanine
and a serine (6). To demonstrate site-specific cleavage of the
Trp1194-Me substrate, we replaced the alanine of the scissile
bond with glutamic acid (Fig. 3A, sequence c), a mutation
known to prevent cleavage (39). As expected, the proliferation
of cells coexpressing the Trp1194-Me(A3E) mutant with
HCMV protease was comparable to the proliferation of cells
expressing Trp1194-Me alone, providing evidence that the
Trp1194-Me substrate is cleaved in a sequence-specific manner
at the scissile bond (Fig. 3B). A further control experiment was
performed by using an enzymatically inactive version of
HCMV protease harboring the S132A mutation at the active-
site serine (8). As shown in Fig. 3B, this mutant was not able to
cleave the Trp1194-Me substrate.

To demonstrate actual cleavage of the substrate in yeast,
Trp1194-Me was tagged with an HA epitope and analyzed by
Western blotting. The full-length substrate migrates at the
level of 33-kDa proteins in a sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis assay (Fig. 3C, lane 1). Coexpres-
sion of active HCMV protease (Fig. 3C, lane 2) causes the
disappearance of the full-length substrate upon Western blot
analysis of the respective yeast extracts. However, no cleaved

FIG. 2. Functional tests of the five engineered Trp1p constructs.
(A) Serial dilutions of RLY07 cells transformed with wild-type (wt)
Trp1p (positive control), empty vector (negative control), Trp149-M,
Trp1102-M, Trp1132-M, Trp1165-M, or Trp1194-M were spotted on se-
lective �Trp plates and incubated 3 days at 30°C. (B) Wild-type Trp1p,
Trp1132-M, Trp1165-M, and Trp1194-M constructs, cotransformed in
RLY07 either with an empty vector (dashed bars) or with active
HCMV protease (black bars) were grown in selective �Trp medium
for 35 h; cell density was measured at 595 nm. Data are expressed as
means from three independent experiments � standard deviations.
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fragments could be detected. We suppose that they are either
degraded or below the detection threshold of the Western blot.
Lane 3 of Fig. 3C shows that the inactive viral protease does
not cleave Trp1194-Me since the full-length substrate band
does not disappear. Lane 4 shows that the active protease has
no effect on the point-mutated Trp1194-Me(A3E) substrate.

Taken together, the above-described experiments demon-
strate that the Trp1194-Me substrate is cleaved in a sequence-
specific manner by HCMV protease and that this cleavage
results in a slow-growth phenotype.

Modulation of HCMV protease expression level correlates
with distinct changes in cell proliferation. A prerequisite for a

successful HTS is that even only partial inhibition of the pro-
tease can be detected in the assay. We were therefore inter-
ested to find out whether different concentrations of intracel-
lular active protease result in distinguishable and selectable
levels of growth rate on the HTS read-out. In the experiments
described above, HCMV protease was expressed from the full-
length GAL1 promoter (100% activity). To express the pro-
tease at distinct lower levels, thus mimicking partial protease
inhibition by a small molecule in a screening experiment, the
protease was subcloned on a GAL1 vector series, with discrete
protein production levels of 71%, 46%, and 16% compared to
the original 100% promoter. These plasmids were cotrans-
formed with the Trp1194-Me substrate in RLY07 cells, and cell
growth was measured after 36 h at OD595. Figure 4 shows that
a gradual decrease of promoter strength, and thus of intracel-
lular protease activity, is inversely proportional to cell prolif-
eration. For example, a reduction of 29% of protease expres-
sion (from the 100% promoter to the 71% promoter) resulted
in a 53% stimulation of cell proliferation. Likewise, a reduction
of 54% of protease expression caused a stimulation of 138%.
Therefore, even weak inhibitors that cause only a partial re-
duction of HCMV protease activity should be detectable in our
system.

Two validated HCMV protease inhibitors stimulate cell pro-
liferation in a screening assay format. The assay described
above was developed to identify cell-permeable small molecule
inhibitors of HCMV protease in high-throughput screening
experiments. We have already shown that the system is able to
distinguish different levels of intracellular protease activity. In
order to assess sensitivity of the selection system towards small
molecules, the two validated HCMV protease inhibitors BI31
and BI36 of Boehringer Ingelheim were applied (42). BI31 and
BI36 show 50% inhibitory concentration values of 1.7 and 0.5
�M in an enzymatic in vitro assay and inhibit viral replication
in cell culture with 50% effective concentration (EC50) values
of 95 and 78 �M, respectively (42). Both compounds are based
on a 4-thioalkyl �-lactam scaffold. Lactam derivatives have

FIG. 3. Sequence-specific cleavage of the Trp1194-Me substrate by
the HCMV protease. (A) HCMV protease cleavage sequences in-
serted C terminal to G194 of Trp1p. a) 13 residues (short) with the M
site; b) 39 residues (long) with the M site; c) long M-site sequence with
the point mutation A3E at the scissile bond. (B) RLY07 cells were
cotransformed with the different Trp1194-M substrates and a plasmid
expressing either active or inactive (active-site point mutation S132A)
HCMV protease, as indicated. Cells were grown in selective �Trp
medium, and OD595 was measured after 38 h. Data are expressed as
means from three independent experiments � standard deviations.
(C) Western blot analysis of Trp1194-Me cleavage by HCMV protease.
The uncleaved 33-kDa Trp1194-Me substrate, which carries HA tags at
both termini, is detected by immunoblotting with an anti-HA antibody.
Protein extracts were made from transformed RLY07 cells expressing
Trp1194-M (lane 1), Trp1194-M and active HCMV protease (lane 2),
Trp1194-M and inactive HCMV protease (lane 3), Trp1194-Me(A3E)
and active HCMV protease (lane 4), and empty vectors (negative
control) (lane 5). The calmodulin antibody was used as an internal
control for protein amount.

FIG. 4. A gradual decrease of HCMV protease expression corre-
lates with distinct stimulation of cell proliferation. In the first four
columns, RLY07 cells were cotransformed with Trp1194-Me and with
active HCMV protease expressed from a GAL1 promoter series (see
Materials and Methods for detailed information). The last column
shows cell growth mediated by the inactive protease. Cell densities
were monitored after 30 h by measuring OD595. Data are expressed as
means from three independent experiments � standard deviations.
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initially been published as inhibitors of classical serine pro-
teases, such as human leukocyte elastase (15). Further devel-
opment of such scaffolds by rational design delivered inhibitors
specific for HCMV protease (42).

RLY07 cells coexpressing the Trp1194-Me substrate and
HCMV protease were incubated with various concentrations
of BI31 and BI36 in a 96-well microtiter plate and cultivated
under selective conditions at 30°C for 44 and 28 h, respectively.
Figure 5A shows that increasing concentrations of both BI31
and BI36 in cells expressing the active protease correlate with
increasing cell proliferation. The calculated EC50 of 31 �M for
BI36 suggests that the yeast-based assay exhibits the same
sensitivity as that of a mammalian cellular assay, at least for
this class of compounds (42). At BI36 concentrations of 	100
�M, HCMV protease was strongly inhibited, as evidenced by
proliferation rates similar to those of cells expressing the in-
active protease. Though BI31 also restored cell growth in a
concentration-dependent manner, stimulation was not as pro-
nounced as with BI36 due to cellular toxicity of this compound.
This toxicity is also shown by the fact that increasing concen-
trations of BI31 in RLY07 cells expressing the inactive (active-
site mutated S132A) HCMV protease caused a gradual de-
crease of cell proliferation. Importantly, despite this toxicity,
BI31 still stimulated growth of cells expressing the active pro-
tease. For example, at 50 �M cell density is multiplied by a
factor 4 despite 25% toxicity. This suggests that in an HTS,
compounds will be scored as positives even if they exert some
intrinsic toxicity.

Inhibition of HCMV protease activity in yeast by BI36 was
also addressed by Western blot analysis (Fig. 5B). As already
shown in Fig. 3C, a 33-kDa band corresponding to the un-
cleaved full-length Trp1194-Me substrate can be detected in
cells coexpressing the Trp substrate with the inactive (S132A)
protease. In cells cotransformed with the active protease in-
stead of the inactive version, disappearance of the 33-kDa
band can be observed. Importantly, the addition of 100 �M
BI36 to the growth selection medium of those cells almost
completely prevented cleavage of the substrate (Fig. 5B).
When using lower concentrations of BI36 (10 �M), the full-
length substrate band disappears again, suggesting that at con-
centrations well below the calculated EC50 of 31 �M in yeast,
only a small percentage of protease activity is inhibited.

In summary, we have shown that two well-validated active-
site inhibitors of HCMV protease cause a concentration-de-
pendent stimulation of cell growth in our yeast assay. Impor-
tantly, sensitivity of the yeast system towards these two
compounds is comparable to the sensitivity of a mammalian
cell-based assay. The calculated Z� factor values of 0.85 for 50
�M BI36 and 0.75 for 50 �M BI31 clearly demonstrate the
suitability of this bioassay for high-throughput applications.

DISCUSSION

The frequent emergence of cytomegalovirus strains resistant
against classical antiviral agents, which all directly or indirectly
target viral DNA polymerase, spurred the search for alterna-
tive therapeutic targets of the virus (reviewed in reference 29).
The cytomegalovirus protease, or assemblin, has gained much
attention as a target due to the unique serine protease fold and
catalytic triad that is expected to facilitate the design of virus-

specific inhibitors. Though past screening campaigns have cul-
minated in the identification of inhibitors with nanomolar ac-
tivities in enzymatic in vitro assays, their activity in cell-based
assays was limited in most cases. Examples include benzoxazi-
nones (16), lactams (5, 18), and the highly toxic enedione
derivatives (30). To our knowledge, no cell-based HTS on

FIG. 5. Validated HCMV protease inhibitors BI31 (upper panel)
and BI36 (lower panel) stimulate cell proliferation in a concentration-
dependent manner. (A) RLY07 cells expressing Trp1194-Me and active
HCMV protease (triangles) or Trp1194-Me and inactive protease
(squares) were cultivated either in the absence (0) or presence of
increasing concentrations of BI31 and BI36. Cells were grown in
150-�l cultures in a 96-well microplate for 44 h (BI31) and 28 h (BI36)
before OD595 was measured. Data are expressed as means from three
independent experiments � standard deviations. (B) Western blot
analysis with HA antibody showing that application of BI36 prevents
cleavage of the Trp1194-Me substrate by HCMV protease. RLY07 cells
were transformed with Trp1194-Me and inactive protease (positive
control), Trp1194-Me and active protease, or Trp1194-Me with active
protease in the presence of distinct concentrations of BI36, as indi-
cated. RLY07 cells containing two empty plasmids were used as a
negative control. The calmodulin antibody served as an internal con-
trol for protein amount. DMSO, dimethyl sulfoxide.
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herpesviral proteases has so far been performed successfully.
Compared to in vitro assays, cellular systems allow for the
screening of the therapeutic target in its natural configuration
within the cell. In addition, they select for compounds that are
stable within a metabolic environment, that are able to pene-
trate biological membranes, and that show no or only limited
toxic effects on the cell (for reviews, see references 2 and 3).
Therefore, appropriate cellular systems potentially accelerate
the drug discovery process.

We have established a cellular assay in the yeast S. cerevisiae
that detects HCMV protease activity and that enables screen-
ing for small molecule protease inhibitors with a positive
growth read-out. Yeast provides a eukaryotic environment in a
single cell with a high degree of conserved basic molecular
mechanisms with mammalian cells. In addition, yeast is inex-
pensive to propagate and can be easily genetically engineered.

For establishing the growth selection system described here,
a 39-amino-acid HCMV protease cleavage sequence derived
from the M site of the 75-kDa protease precursor was inserted
into the phosphoribosylanthranilate isomerase, a yeast enzyme
involved in the biosynthesis of tryptophan and therefore essen-
tial for cell proliferation in the absence of tryptophan. Coex-
pression of HCMV protease with this engineered substrate
caused sequence-specific cleavage at the M site, resulting in
growth arrest (Fig. 3B). Importantly, the addition of validated
cell-active �-lactam inhibitors restored cell proliferation in a
concentration-dependent manner (Fig. 5B). Since yeast en-
codes a pleiotrophic drug resistance network with a variety of
ABC transporters that efficiently clear small molecules within
the cell, we sensitized the strain by deleting the three major
drug efflux pumps Pdr5p, Snq2p, and Yor1p. In such a setup,
the yeast system shows a sensitivity towards small molecules
similar to that shown in a mammalian cellular assay, at least for
the �-lactam inhibitors tested, with a calculated EC50 of 31 �M
in the yeast assay versus 78 �M in a mammalian plaque reduc-
tion assay (42).

HCMV protease has been shown to be active as a dimer
(28). Remarkably, enzymatic in vitro assays require high con-
centrations of dimerization-promoting agents, such as anti-
chaotropic salts and glycerol, that dramatically increase the
kcat/Km value to obtain reasonable turnover rates of the en-
zyme (25, 28). The fact that in our cellular assay a gradual
increase of glycerol concentration correlates inversely with cell
proliferation (data not shown) underscores the hypothesis that
HCMV protease is also a dimer in yeast. This is confirmed by
the observation that the point mutation L221A completely
inactivates HCMV protease in yeast (data not shown). It has
been demonstrated for Kaposi’s sarcoma-associated herpesvi-
rus protease that mutating the homologous residue L196 to an
alanine abrogates protease activity by preventing dimerization
(31).

It is a subject of debate whether the 29-kDa assemblin or the
75-kDa protease precursor is the physiologically relevant pro-
tease responsible for capsid maturation and therefore the ap-
propriate therapeutic target. While all enzymatic HTS has
been performed with the 29-kDa domain, Robertson et al.
suggested the 75-kDa precursor to be the “real” target. Indeed,
transcomplementation studies with mutant herpes simplex vi-
rus type 1 viruses have shown that the proteolytic activity
essential for capsid maturation is provided by the full-length

precursor protein (34). We coexpressed Trp1194-Me with the
75-kDa protease precursor and observed a minor but statisti-
cally significant reduction in cell growth (data not shown). We
are currently investigating whether this proteolytic activity is
derived from the protease precursor per se or whether the
29-kDa assemblin, generated upon autocatalytic cleavage, is
responsible for cleavage of the Trp1 substrate.

Applicability of the above-described Trp1p-based yeast as-
say is not limited to HCMV protease and can be exploited for
other proteases. We have replaced the M site of the
Trp1194-Me substrate with a 13-amino-acid cleavage sequence
of the coxsackievirus 3C cysteine protease. Coexpression of the
likewise-engineered Trp1 substrate with the 3C protease re-
sulted in an arrest of cell proliferation (data not shown). In a
proof-of-concept study, we have used the Trp1-M system as a
validation tool for hits identified in a high-throughput screen of
a 15,000-chemical-compound library. With this approach, we
have identified a number of compounds that also show activity
in a mammalian plaque reduction assay in the low-micromolar
range (unpublished data).
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