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The human cytomegalovirus (HCMV) protease is a potential target for antiviral chemotherapeutics; how-
ever, autoprocessing at internal sites, particularly at positions 143 and 209, hinders the production of large
quantities of stable enzyme for either screening or structural studies. Using peptides encompassing the
sequence of the natural M-site substrate (P5-P5*, GVVNA/SCRLA), we previously demonstrated that substi-
tution of glycine for valine at the P3 position in the substrate abrogates processing by the recombinant protease
in vitro. We now demonstrate that introduction of the V-to-G substitution in the P3 positions of the two major
internal processing sites, positions 143 and 209, in the mature HCMV protease renders the enzyme stable to
autoprocessing. When expressed in Escherichia coli, the doubly substituted protease was produced almost
exclusively as the 30-kDa full-length protein. The full-length V141G, V207G (V-to-G changes at positions 141
and 207) protease was purified as a soluble protein by a simple two-step procedure, ammonium sulfate
precipitation followed by DEAE ion-exchange chromatography, resulting in 10 to 15 mg of greater than 95%
pure enzyme per liter. The stabilized enzyme was characterized kinetically and was indistinguishable from the
wild-type recombinant protease, exhibiting Km and catalytic constant values of 0.578 mM and 13.18/min,
respectively, for the maturation site (M-site) peptide substrate, GVVNASCRLARR (underlined residues
indicate additions to or substitutions from peptides derived from the wild-type substrate). This enzyme was
also used to perform inhibition studies with a series of truncated and/or substituted maturation site peptides.
Short nonsubstrate M-site-derived peptides were demonstrated to be competitive inhibitors of cleavage in vitro,
and these analyses defined amino acids VVNA, P4 through P1 in the substrate, as the minimal substrate
binding and recognition sequence for the HCMV protease.

At least seven major virally encoded proteins involved in
herpesvirus capsid assembly have been identified (32, 40, 43).
Among these proteins is a major structural protein, the assem-
bly protein (16, 17), the product of the human cytomegalovirus
(HCMV) UL80.5 gene (44). In both HCMV and the related
herpes simplex virus (HSV), the assembly protein interacts
with the major capsid protein and acts as a scaffold in the
nucleus around which the capsid assembles (19, 28, 30, 33, 42).
The presence of the assembly protein inside the immature B
capsid is, however, incompatible with the incorporation of the
infectious genome (10, 11, 23). Therefore, the assembly pro-
tein must be removed concordantly with or prior to the encap-
sidation of the viral DNA. The removal of the assembly protein
during the process of capsid maturation requires specific cleav-
age by a virally encoded protease, assemblin (46). The impor-
tance of the herpesvirus protease in capsid maturation prior to
the encapsidation of the DNA genome has been described for
HSV by a number of investigators using temperature-sensitive,
deletion, and point mutations in the protease (8, 10, 34). The
HCMV protease provides a potential target for the develop-
ment of an anti-HCMV agent, thus requiring the development
of a system to provide sufficient quantities of enzyme for struc-
tural and enzymological studies as well as for high-throughput
inhibitor screens.
The HCMV protease, UL80, is composed of an N-terminal

256-amino-acid proteolytic domain, a linker region, and a C-

terminal structural domain which is colinear with the assembly
protein, UL80.5 (44, 46) (see Fig. 1). A similar organization is
displayed by other related herpesviruses (1, 2, 7, 9, 12, 13, 27,
29, 29a, 37–39, 41, 44, 45), including HSV with its UL26 pro-
tease and UL26.5 (ICP35 family) assembly protein (24–26, 29,
35). Genetic linkage of the protease and the assembly protein
substrate within the UL80 open reading frame may facilitate
capsid maturation by localizing the protease to the inside of
the capsid through interactions specified within the assembly
protein structural domain. The assemblin protease processes at
two related sites, the maturation or M site (P3-P19, VNA/S)
and the release or R site (P3-P19, VKA/S) (46). The M site is
present in both the UL80 and UL80.5 gene products, whereas
the R site is present only within the UL80 protease domain.
Processing at the M site liberates the bulk of the assembly
protein from the C-terminal residues (11, 35) which associate
with the major capsid protein (19, 28, 30, 42). R-site processing
releases the mature N-terminal 256-amino-acid proteolytic do-
main (46). After processing, the assembly protein is lost from
the capsid. In contrast, the mature protease is retained inside
the capsid, suggesting either a potential second structural or
functional role for this enzyme in the virus growth cycle.
At late times during infection, the HCMV protease is also

processed at internal sites, predominantly at alanine 143 and to
a lesser extent at alanine 209, both of which retain valine in the
P3 position (valines 141 and 207, respectively) (3, 18). The
internal site at position 143 is conserved in the proteases of
simian and murine CMVs (27, 44, 45) but not in the proteases
of human herpesvirus 6 (12), human herpesvirus 7 (29a), or the
a or g herpesviruses (1, 2, 9, 13, 29, 37, 38); the internal site at
position 209 is unique to HCMV (5, 20). It has been proposed
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that the apparent conservation of internal processing sites by
the CMV proteases might suggest a mechanism by which to
regulate proteolytic activity (3). However, with the demonstra-
tion that the two-chain recombinant HCMV protease cleaved
at position 143 retains catalytic function (15), the significance
of autoprocessing remains unclear. When the mature HCMV
protease is expressed in recombinant systems (4, 15, 31, 39),
processing occurs at the internal sites, making the large-scale
production of enzyme difficult. In addition, the purified wild-
type enzyme is unstable and degrades into a two-chain form,
which although active (15) is not optimal for biophysical studies.
Previously, we demonstrated that the valine in the P3 posi-

tion is the most critical residue affecting processing of 10-
amino-acid M-site peptide mimics in vitro (37). Substitution of
the P3 valine with glycine resulted in a peptide substrate that
was not detectably cleaved by the recombinantly expressed
HCMV enzyme. In the present study, we have used these
peptide cleavage studies as a guide to introduce amino acid
substitutions in both of the internal protease processing sites.
The resulting protease, V141G, V207G (V-to-G changes at
positions 141 and 207), was stably expressed in Escherichia coli
and was readily purified as an enzymatically active protein
from the soluble fraction rather than the particulate fraction as
previously described (37). Although others have introduced
substitutions in and around the internal position 143 cleavage
site, changes around the internal 209 site have not been exam-
ined, and in all cases the enzyme was either expressed as a
fusion protein and/or purified as an insoluble protein and sub-
sequently refolded (9, 15, 31, 39). The soluble V141G, V207G
enzyme was characterized in in vitro cleavage assays and re-
tained kinetic properties with respect to M-site peptide sub-
strates similar to those of the wild-type protease. In addition,
the enzyme was used to examine the ability of modified M-site
peptides to act as competitive inhibitors of cleavage.
Expression of a stabilized HCMV protease. The organiza-

tion of the HCMVUL80 and UL80.5 open reading frames (44,
46) is depicted schematically in Fig. 1. The locations of the
release or R sites (UL80, position 256) and maturation or M
sites (UL80, position 643, and UL80.5, position 308), as well as
the internal processing or I sites (UL80, positions 143 and
209), are indicated. The location of the peptide (amino acids 4
to 15) used to generate the rabbit 177 antiserum for these
analyses is also noted. When the wild-type mature HCMV
protease (amino acids 1 to 256) is expressed in E. coli, this
antiserum reacts with the full-length mature protease which
migrates with an apparent molecular mass of 30 kDa, as well as
with a major 16-kDa N-terminal cleavage product, the result of
internal processing at position 143. As shown in Fig. 2, West-
ern (immunoblot) analysis demonstrated that 50% of the re-
combinant wild-type enzyme expressed in E. coli was processed
internally at this site (Fig. 2, lane 2). Since internal processing
complicates the production and purification of large quantities
of enzyme for structural studies and inhibitor screening, we
and others have taken the approach that amino acid substitu-
tions which alter the residues surrounding the major internal
cleavage site(s) may limit the extent of autoprocessing and
facilitate the production of a stable enzyme in vitro (9, 15, 21,
31). Substitutions at single amino acids surrounding the posi-
tion 143 site have been shown to reduce autoprocessing in the
recombinantly expressed enzyme purified in an insoluble form
or as a fusion protein from E. coli. However, since internal
processing occurs predominantly at position 143 and to a lesser
extent independently at position 209 during a virus infection
(3, 18), mutation of both sites within the mature protease may
be necessary for producing a recombinant enzyme with signif-
icantly enhanced stability.

To produce a source of the intact HCMV protease, we
therefore introduced amino acid substitutions around both of
the potential internal cleavage sites in an attempt to prevent
autoprocessing. Both the wild-type and the substituted HCMV
256-amino-acid proteases were expressed in E. coli by using the
T7 system (36), and the lysates were analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blotting. As shown by Western blot analysis, sub-
stitution of the P1 alanine at position 143 with serine reduced
processing at this site (Fig. 2, lane 3) and resulted in an in-
crease in the amount of the 30-kDa protein relative to the
16-kDa internal cleavage product in comparison to the wild-
type protein (Fig. 2, compare lanes 2 and 3). In contrast,
substitution of a glycine at this position had only a minor effect
(Fig. 2, lane 4). Introduction of glycine for the P3 valine at
position 141 essentially abolished cleavage at the 143 site;
however, several smaller immunoreactive polypeptides with
apparent molecular masses of 21, 25, and 27 kDa, respectively,
were still detected (Fig. 2, lane 5). Although these species
would be consistent with processing at the alanines located at
positions 189 (P3-P19, LTAA), 209 (P3-P19, VDAS), and 228
(P3-P19, VDAL), processing at these sites may be autocatalytic
or may be the result of cleavage by endogenous E. coli pro-
teases.
Processing at the 209 position has been observed to occur in

CMV-infected cells (18), while autoprocessing at positions 189
and 228 has not been described, suggesting that only the 209
site was the result of autoprocessing in E. coli. The 209 site was
therefore altered in the V141G background, again changing
the P3 residue at position 207 from valine to glycine. This
additional substitution resulted in a significant increase in the
amount of polypeptide produced with an apparent molecular
weight consistent with the size expected for the full-length
protein (Fig. 2, lane 6). In comparison with either the wild-type
enzyme or the singly substituted V141G protein, only minor

FIG. 1. Organization of the HCMV UL80 and UL80.5 open reading frames.
The UL80 gene product contains a protease domain (solid block) and a domain
colinear with the UL80.5 structural assembly protein domain (dark bricks),
tethered by a linker domain (light bricks). Antiserum was raised against an
N-terminal epitope comprising amino acids 4 to 15 (a4-15). The P3-P19 residues
for the I-143 and I-209 sites, as well as the R site at position 256 and the M site
at position 643 of the UL80 gene product, are indicated by arrows. The M site is
also depicted by the arrow at position 308 of the UL80.5 assembly protein.
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immunoreactive species of lower molecular weights were de-
tectable for the doubly substituted enzyme (Fig. 2, compare
lanes 2 and 5 with lane 6). Since Fig. 2 depicts equivalent
loadings of E. coli lysate containing the wild-type, A143S,
A143G, and V141G enzymes, while the V141G, V207G lysate
was reduced by one-third, we conclude that the introduction of
the V-to-G substitution at the second internal processing site
resulted in a marked increase in the amount of full-length
30-kDa enzyme. We estimate that the HCMV V141G, V207G
protease is expressed to a level of approximately 15 to 30
mg/liter in E. coli.
Purification of the stabilized V141G, V207G protease. Func-

tional wild-type protease has previously been recovered and
purified from the particulate fraction of lysed E. coli (37).
However, purification could potentially be improved by puri-
fying the enzyme from the soluble fraction, eliminating dena-
turation and the requirement for renaturation and refolding
via dialysis. Therefore, in an attempt to increase the fraction of
soluble enzyme expressed in E. coli, we examined the induction
conditions for the V141G, V207G protease with regard to
time, temperature, and concentration of isopropyl-b-D-thioga-
lactopyranoside (IPTG). As a result of these studies, we ob-
served that induction for 2 h at 308C with 0.1 mM IPTG
resulted in greater than 60% of the protease partitioning into
the soluble fraction upon lysis (20).
Large-scale cultures of E. coli expressing the V141G, V207G

protease were grown, induced, and lysed under these modified
conditions. With the low-temperature induction, the V141G,
V207G protease was produced at high levels in the soluble
fraction (Fig. 3B, lane 2). As outlined in Fig. 3A, a simple
two-step procedure involving precipitation with 40% ammo-
nium sulfate (Fig. 3B, lane 3) followed by DE52 anion-ex-
change chromatography (Fig. 3B, lane 4) resulted in HCMV
protease that was purified to greater than 95% homogeneity
and a yield of greater than 10 mg/liter. The V141G, V207G
enzyme was stable both structurally and functionally when
subjected to repeated freeze-thaw cycles and when incubated
for 5 days at room temperature and at least 7 days at 48C (22),
similar to what others have observed for position 143 singly
substituted protease (31). Thus, the V141G, V207G protease is
suitable for both screening and structural studies.
Recombinant HCMV proteases containing amino acid sub-

stitutions at internal processing sites are indistinguishable
from the wild-type enzyme in vitro. Although the V141G,
V207G protease was expressed to high levels, was easily puri-
fied in quantities sufficient for structural studies, and exhibited
desirable characteristics with regard to stability, it was essential
to compare the enzymatic activity of the doubly substituted
protease with that of the authentic, wild-type enzyme. In ear-
lier studies using the P5-P59 M-site peptide, GVVNASCRLA,

FIG. 2. Western blot analysis of the mature wild-type and substituted HCMV
proteases expressed in E. coli. HCMV AD169 DNA was prepared as described
elsewhere (37). Cloning of the wild-type mature 256-amino-acid protease from
the UL80 open reading frame of HCMV AD169 (5) by PCR (14) and ligation
into the T7 expression vector pET3c (36) have been described previously (37).
Amino acid substitutions were introduced around the internal cleavage site at
amino acid 143 by standard PCR mutagenesis techniques (14). The amino acid
substitutions and the oligonucleotides used for the mutagenesis, with the muta-
genic nucleotides underlined, are as follows: A143S, 59GACGTGGAGTCCGC
GACGTCG; A143G, 59GACGTGGAGGGCGCGACGTCG; V141G, 59GACG
GGGAGGCCGCGACGTCG. A second substitution, V207G, was introduced
into the V141G protease by PCR mutagenesis by using the oligonucleotide
59GCAGCACTGCTGGCGACGCG. As with the wild-type enzyme, all enzymes
were cloned into pET3c for expression in E. coli BL21(DE3). Except where
noted, E. coli lysates representing 0.1 ml of bacteria at an optical density at 600
nm equal to 1.0 were electrophoresed through 10% Tricine gels (Novex, Encini-
tas, Calif.), transferred to polyvinylidene difluoride, and analyzed by using the
177 antiserum and goat anti-rabbit immunoglobulin G-coupled alkaline phos-
phatase and colorimetric development with Nitro Blue Tetrazolium and 5-bro-
mo-4-chloro-3-indolylphosphate toluidinium (Bio-Rad, Richmond, Calif.). M,
molecular size markers (in kilodaltons); lane 1, E. coli lysate; lane 2, E. coli
expressing the wild-type mature 256-amino-acid protease domain; lane 3, E. coli
expressing A143S protease; lane 4, E. coli expressing A143G protease; lane 5, E.
coli expressing V141G protease; lane 6, E. coli expressing V141G, V207G pro-
tease (0.067 ml); lane 7, 1 mg of purified V141G, V207G protease. Relative
mobility of the mature 256-amino-acid protease is indicated by the arrow.

FIG. 3. Purification of the soluble HCMV V141G, V207G protease. (A)
Flow chart of protease purification. For large-scale production of the V141G,
V207G HCMV protease (VG, VG protease), cultures were grown in M9 me-
dium supplemented with 0.1% Casamino Acids to an A600 of 1.0 at 378C. For
induction, 0.1 mM IPTG was added and the cultures were incubated for 2 h at
308C. Under these conditions, 60 to 70% of the protease partitions in the soluble
fraction of E. coli upon lysis. For purification, packed cells from 6-liter cultures
were resuspended in 40 ml of buffer A (50 mM Tris-HCl, pH 7.8; 25 mM NaCl;
1 mM dithiothreitol; 1 mM EDTA; 10% glycerol) with 1 mg each of leupeptin,
aprotinin, pepstatin, and bestatin per ml. Cells were lysed by a single passage
through a French press at 19,000 lb/in2. The debris was clarified by centrifugation
(40,000 rpm, 1 h [Ti 70; Beckman, Fullerton, Calif.]), and the S100 soluble
fraction was made 40% ammonium sulfate by the slow addition of a saturated
solution. After incubation on ice for 30 min, the ammonium sulfate precipitate
was pelleted by centrifugation (12,000 rpm, 15 min). The pellet was resuspended
in and then dialyzed for 4 h against buffer B (50 mM Tris-HCl, pH 7.8; 10%
glycerol; 5 mM 2-mercaptoethanol). The dialyzed protease was loaded onto an
8-ml column of DE52 (Whatman) previously equilibrated in buffer B. The col-
umn was washed with 10 volumes of buffer B plus 25 mM NaCl, and then the
protease was eluted by using a linear NaCl gradient (25 to 200 mM) in buffer B.
Protease fractions were identified following fractionation, by SDS-PAGE with
Coomassie staining and by Western analysis. Peak fractions were pooled and
concentrated to 10 mg/ml by using a Centriprep concentrator (Amicon, Beverly,
Mass.). Purity was assessed by SDS-PAGE and isoelectric focusing. (B) Protein
samples were subjected to SDS-PAGE, and proteins were stained with Coomas-
sie blue. Lane 1, molecular size markers with sizes (in kilodaltons) indicated to
the left; lane 2, total soluble fraction of lysed E. coli expressing the V141G,
V207G protease; lane 3, pellet following 40% ammonium sulfate precipitation;
lane 4, 5 mg of purified soluble HCMV V141G, V207G protease. The arrow
indicates the relative mobility of the mature 256-amino-acid protease.
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the wild-type recombinant enzyme purified from the particu-
late fraction was shown to have a Km of 0.515 mM and a
catalytic constant (kcat) of 12.37/min in in vitro peptide cleav-
age assays (37).
In the present study, we used an M-site mimic, GVVNAS

CRLARR (P5-P59 RR) (underlined residues in peptide sub-
strates indicate additions to or substitutions from peptides
derived from the wild-type substrate), as described below. Km
analysis for the singly and doubly substituted I-site protease
mutants is presented in Table 1. The A143S, A143G, and
V141G enzymes were prepared from the particulate fraction of
lysed E. coli as previously described. For comparative purposes
the V141G, V207G protease was prepared both from the par-
ticulate fraction, as described previously (37), and from the
soluble fraction, as described above. As shown in Table 1, with
the M-site mimic peptide, the Km values exhibited by all four of
the substituted enzymes were indistinguishable. The values of
0.578 and 0.590 mM obtained in these studies for the doubly
substituted enzyme are also comparable to the previous values
determined for the wild-type protease by using the P5-P59
substrate (37). Others have observed similar Km values for the
enzyme in in vitro cleavage assays, despite minor differences in
the lengths of the respective peptide substrates used by various
investigators (4, 15, 31, 39).
The kcat values for these enzymes were also determined and

were also seen to be equivalent for the five enzymes tested:
wild type; A143S; A143G; V141G; and V141G, V207G. The
values of 14.5/min and 13.18/min for the refolded and soluble
V141G, V207G enzymes were nearly identical to those previ-
ously published for the wild-type enzyme (4, 37). Therefore,
mutation of the internal processing sites had no apparent effect
on the activity of the recombinant HCMV protease in peptide
cleavage assays in vitro. The observation that equivalent ki-
netic parameters are observed for wild-type and singly and
doubly substituted proteases suggests that the substitutions
around internal sites 143 and 209 do not affect the active site.
Elucidation of the relationship of these amino acids relative to
the active-site catalytic residues histidine 63 (45), serine 132
(39, 45), and glutamic acid 122 (6) awaits the solution of the
three-dimensional structure of the enzyme. The availability of
large amounts of active, recombinant enzyme should facilitate
these studies.
It should be noted that the published kcat values for HCMV

proteases expressed as fusion proteins are somewhat lower (31,
39), and this decreased activity may reflect on the importance
of the native N terminus as defined by previous deletion mu-
tagenesis studies (3). However, the ease of the purification and
the yields which we have achieved by expressing the stabilized
protease in a soluble form make purification by means of
affinity tags unnecessary.

Short M-site peptides which are not processed can act as
competitive inhibitors. As described above, the M-site peptide
mimic, P5-P59 RR, was processed by the soluble V141G,
V207G protease with kinetics equivalent to those observed for
the wild-type enzyme using the authentic P5-P59 M-site pep-
tide. The presence of the two additional arginine residues in
the M-site mimic, however, allows the P9 side cleavage product,
SCRLARR, to be separated by high-performance liquid chro-

FIG. 4. Analysis of inhibition by the peptide GVVNAACRLA. The in vitro
peptide cleavage assays were performed essentially as described previously (37)
by using 50 nM protease in 100 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid) (pH 7.8)–25 mM NaCl–1 mM EDTA for 30 min at ambient
temperature. For competitive peptide inhibition studies, the substrate GVVNA
SCRLARR was titrated from 0.2 to 1 mM. The peptide inhibitor GVVNAA
CRLA was dissolved in dimethyl sulfoxide (DMSO) and titrated by twofold
dilution from 400 to 12.5 mM. All reactions were performed in a final concen-
tration of 10% DMSO. This DMSO concentration was shown to have no effect
on protease activity in vitro. HPLC analysis using a Western Nova-Pak C18
column (Millipore, Milford, Mass.) was performed as described previously (37).
Shown are elution profiles from 3.2 to 5 min. The P side cleavage product,
GVVNA, elutes in the solvent front, and unprocessed substrate elutes at 14 min.
(A) With 1 mM substrate, the peak at 4.5 min represents the P9 cleavage product
SCRLARR. (B) With 1 mM substrate and 200 mM competitor, the peak at 4.5
min represents the P9 cleavage product SCRLARR and the competitor peptide
P9 cleavage product, ACRLA, has a retention time of 3.5 min. (C) With 200 mM
competitor alone, the peak at 3.5 min represents P9 cleavage product ACRLA.
mAU, milliunits of absorbance at 280 nm. (D) Lineweaver-Burk analysis using
the substrate GVVNASCRLARR and 0 to 400 mM competitor peptide GV
VNAACRLA as indicated by the various symbols.

TABLE 1. Kinetic analysis of HCMV protease variants

Enzyme Km (mM)
(6 SD)

kcat (min21)
(6 SD)

Wild type 0.5156 0.05a 12.37 6 0.87
A143S 0.488 6 0.068b 10.89 6 0.036
A143G 0.633 6 0.065b NDc

V141G 0.414 6 0.035b 14.14 6 0.13
V141G, V207G
Refolded 0.590 6 0.043b 14.50 6 0.08
Soluble 0.578 6 0.053b 13.18 6 0.06

a Substrate, GVVNA/SCRLA.
b Substrate, GVVNA/SCRLARR.
c ND, not determined.
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matography (HPLC) from the M-site P9 product, ACRLA, as
shown in Fig. 4. HPLC analyses of proteolysis reaction mix-
tures containing either the GVVNASCRLARR substrate
alone, the substrate plus GVVNAACRLA (10-amino-acid
peptide with a P19A substitution), or the GVVNAACRLA
peptide alone are presented in Fig. 4A, B, and C, respectively.
The unprocessed substrate, GVVNASCRLARR, has a reten-
tion time of 14 min. In the presence of the protease, specific
processing of the GVVNASCRLARR substrate is indicated by
the generation of a new peak at 4.5 min with the retention time
expected for the cleavage product SCRLARR (Fig. 4A). Pro-
cessing of the substrate GVVNAACRLA generates a peak at
3.5 min, indicative of the product ACRLA (Fig. 4C). The
differential separation of the two products permits the P5-
P59RR M-site mimic peptide to be used as the substrate in
inhibition studies wherein M-site-derived peptides are used as
potential competitors. As shown in Fig. 4B, when 1 mM GVV
NAACRLA is added to the reaction mixture containing the
GVVNASCRLARR substrate, the peak at 4.5 min character-
istic of the SCRLARR cleavage product is significantly reduced.
Amounts of substrate and competitor were varied relative to each
other, with the amount of enzyme remaining constant, and the
SCRLARR cleavage product was quantified; the analysis of these
results is shown in Fig. 4D. The P19 A-substituted M-site peptide
competitively inhibited cleavage of the GVVNASCRLARR sub-
strate by the HCMV protease with a Ki of 0.072 mM.
These analyses can be used to examine inhibition by M-site

peptides independently of cleavage and can, therefore, poten-
tially be used to distinguish the requirements for substrate
binding from the requirements for catalysis. We examined a
series of substituted and/or truncated M-site peptides using
this approach. The Km values are compared with the Ki values
for these peptides used as inhibitors of M-site mimic P5-
P59RR peptide processing. The inclusion of an acetyl group on
the amino terminus (acetylated peptides are indicated by an
amino-terminal “a”) was observed to decrease both the Km and
Ki values for all peptides analyzed. Therefore, for truncations
from P5 to P3 the data for both the acetylated and nonace-
tylated peptides are presented.
As shown in Table 2, truncations in P4 and P3 resulted in

both an increase in the Km for cleavage and a loss of compet-

itive inhibition. Comparison of either peptides VVNA/SCRL,
VNA/SCRL, and NA/SCRL or aVVNA/SCRL, aVNA/SCRL,
and aNA/SCRL showed that removal of the P4 residue re-
sulted in a dramatic increase in the Km, and poor inhibitory
activity and elimination of the P3 residue essentially abolished
processing as well as binding. This effect was not simply due to
deletion of the amino acid in these positions. The 10-amino-
acid peptide GGGNA/SCRLA, wherein the P3 and P4 valine
resides were replaced with glycine, also neither was processed
nor inhibited cleavage of the authentic P5-P59RR substrate,
suggesting that the P3 and P4 valines in the substrate are
essential for binding. In contrast, with acetylated peptides
which retain P4 to P1, although truncating the P39 residue
substantially reduced cleavage and elimination of the P29 res-
idue abolished cleavage, neither of these alterations signifi-
cantly affected the ability of these peptides to competitively
inhibit the reaction. In fact, peptides consisting exclusively of
aVVNA were essentially indistinguishable from aVVNA/SCR
in their ability to inhibit cleavage and were only 5- to 10-fold
less effective than the P5-P59 peptide. These studies demon-
strate that the four amino acid residues specified by P4 to P1 in
the substrate are probably sufficient for specific binding to the
HCMV protease active site.
The amino acid requirements for substrate cleavage have

been investigated in some detail previously, by using both
HCMV M- and R-site peptide analogs (37). Efficient cleavage
of peptide substrates by the HCMV protease in vitro requires
amino acid residues from P4 to P49, and substitution of any
amino acid within this sequence has been shown to adversely
affect proteolysis. In agreement with these data, it was also
shown by Stevens et al. that R P5-P49 and M P4-P59 are the
minimal peptide substrates spanning the release and matura-
tion sites, respectively (39). In this paper, we now demonstrate
that although larger peptides are required for efficient cleav-
age, smaller nonsubstrate peptides can be recognized and bind
to the HCMV protease with affinities which are relatively good
compared with those of the peptides which are efficient sub-
strates for this enzyme. In particular, in competition studies the
acetylated P4-P1 M-site peptide bound to the enzyme only
four- or fivefold less well than did the acetylated P4-P49 sub-
strate, suggesting that recognition of the substrate may be
determined predominantly by residues amino terminal to the
cleavage site. Although these peptides are weak inhibitors of
the enzyme in vitro, we note that given the best Ki value of
0.072 mM for peptide GVVNA/ACRLA and the difficulties of
stability and cell penetration by peptides, the lack of antiviral
activity exhibited by these peptides when used in cell culture
infectivity studies is to be anticipated. However, these in vitro
data would suggest that low-molecular-weight nonpeptide in-
hibitors of the protease based on the P4-P1 peptide can be
designed. The identification of the P4-P1 peptide, VVNA, as a
minimal substrate recognition sequence for the HCMV pro-
tease may therefore serve to facilitate any such future model-
ing efforts in this regard.
In conclusion, we have described the construction of a doubly

substituted, stabilized HCMV protease; purified this enzyme as a
soluble protein from E. coli; and demonstrated that this engi-
neered enzyme is essentially indistinguishable from the wild-type
enzyme in in vitro cleavage assays. In addition, we have used this
enzyme to study the requirements for substrate binding and have
identified a 4-amino-acid minimal element, VVNA, specified by
P4 to P1 in the substrate which may serve as a core structure
against which nonpeptide inhibitors may be modelled.
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TABLE 2. Inhibition of HCMV protease by M-site peptidesa
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GVVNA/ACRLA 0.122 0.072
GGGNA/SCRLA NCb pc

aVVNA/SCRL 0.225 0.390
aVVNA/SCR 1.45 0.628
aVVNA/SC NDd 1.52
aVVNA/S NCb 2.17
aVVNA/A NCb 2.94
aVVNA NCb 1.36
VVNA/SCRL 1.07 0.699
VNA/SCRL 7.5 p
NA/SCRL NCb p
aVVNA/SCRL 0.225 0.390
aVNA/SCRL 2.16 p
aNA/SCRL NCb p

a Peptide competition studies were performed as described in the legend to
Fig. 4.
b NC, no cleavage detected. Km values could not be calculated in the absence

of cleavage.
c p, inhibition observed only at .10 mM.
d ND, value could not be determined because of solubility problems at high

concentrations.
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