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Human cytomegalovirus (HCMYV) stimulates arrested cells to enter the cell cycle by activating cyclin-
dependent kinases (Cdks), notably Cdk2. Several mechanisms are involved in the activation of Cdk2. HCMV
causes a substantial increase in the abundance of cyclin E and stimulates translocation of Cdk2 from the
cytoplasm to the nucleus. Further, the abundance of the Cdk inhibitors (CKIs) p21<P/*2f1 (p21¢iP1) and p27*ie!
is substantially reduced. The activity of cyclin E/Cdk2 increases as levels of CKIs, particularly p21°'*', fall. We
have previously shown that these phenomena contribute to priming the cell for efficient replication of HCMV.
In this study, the mechanisms responsible for the decrease in p21°P' levels after HCMV infection were
investigated by measuring p21*' RNA and protein levels in permissive human lung (LU) fibroblasts after
HCMYV infection. Northern blot analysis revealed that p21<?* RNA levels increased briefly at 3 h after HCMV
infection and then decreased to their nadir at 24 h; thereafter, RNA levels increased to about 60% of the
preinfection level. Western blot analysis demonstrated that the relative abundance of p21“*' protein roughly
paralleled the observed changes in initial RNA levels; however, the final levels of protein were much lower than
preinfection levels. After a transient increase at 3 h postinfection, p21°'** abundance declined sharply over the
next 24 h and remained at a very low level through 96 h postinfection. The disparity between p21<?' RNA and
protein levels suggested that the degradation of p21<°P' might be affected in HCMV-infected cells. Treatment
of HCMV-infected cells with MG132, an inhibitor of proteasome-mediated proteolysis, provided substantial
protection of p21°P' in mock-infected cells, but MG132 was much less effective in protecting p21“P' in
HCMV-infected cells. The addition of E64d or Z-Leu-Leu-H, each an inhibitor of calpain activity, to HCMV-
infected cells substantially increased the abundance of p21°P! in a concentration-dependent manner. To verify
that p21°'?! was a substrate for calpain, purified recombinant p21°*! was incubated with either m-calpain or
jr-calpain, which resulted in rapid proteolysis of p21<'P'. E64d inhibited the proteolysis of p21°'P! catalyzed by
either m-calpain or p-calpain. Direct measurement of calpain activity in HCMV-infected LU cells indicated
that HCMYV infection induced a substantial and sustained increase in calpain activity, although there was no
change in the abundance of either m- or p-calpain or the endogenous calpain inhibitor calpastatin. The
observed increase of calpain activity was consistent with the increases in intracellular free Ca>* and phos-
pholipid degradation in HCMV-infected LU cells reported previously from our laboratory. Considered to-
gether, these results suggest that the increase in calpain activity observed following HCMYV infection contrib-

utes significantly to the reduction of p21<P! levels and the resultant cell cycle progression.

Human cytomegalovirus (HCMV) infection is widespread
among human populations, primarily as a subclinical persistent
infection. Furthermore, HCMYV infection is a majsor cause of
morbidity and mortality in several well-studied risk groups.
These include congenitally infected infants and individuals
with compromised immune systems, particularly after human
immunodeficiency virus infection or immunosuppressive ther-
apy for tissue transplantation (for reviews, see references 8, 29,
68, and 72). The clinical management of these infections is still
problematic. Although several agents with potent antiviral ac-
tivity for HCMV infection both in vitro and in vivo have been
identified, the toxicity associated with the long-term use of
these drugs makes clinical management difficult, and drug-
resistant strains of HCMV have emerged (for a review, see
reference 61). Thus, there continues to be great interest in
improving our understanding of the replication of HCMV with

* Corresponding author. Mailing address: Department of Micro-
biology and Immunology, University of Texas Medical Branch,
Galveston, TX 77555-1019. Phone: (409) 772-4902. Fax: (409) 772-
3757. E-mail: thomas.albrecht@utmb.edu.

3613

a view toward developing more effective approaches to control
these infections.

HCMYV replication is associated with extensive modifications
of cellular metabolism (reviewed in references 4 and 5), lead-
ing to a number of physiologic changes and the activation of a
large number of cellular genes (91). Initially, HCMV infection
induces a series of cellular responses that resemble the imme-
diate-early events observed following activation of serum-
arrested cells by serum growth factors (4). These include hy-
drolysis of phosphatidylinositol 4,5-bisphosphate, yielding
increased cellular levels of sn-1,2-diacylglycerol (DG) and ino-
sitol 1,4,5-trisphosphate (81); increased release of arachidonic
acid and its metabolites (1, 2); changes in Ca?>* homeostasis,
including Ca?" influx, release of Ca?" stores, and an increase
in intracellular free Ca®* (58); transcriptional activation of
cellular oncogenes c-fos, c-jun, and c-myc (11, 12, 13); and
increased activity of the DNA-binding proteins NFkB, AP-1,
and CREB (14). The signaling cascade induced by HCMV
infection induces a robust mitogenic response, as evidenced by
the ability of HCMV to stimulate cell cycle entry by density-
arrested cells, which are resistant to stimulation by serum
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growth factors (19). Recent results indicate that productive
HCMV infection stimulates cell cycle progression in either
serum- or density-arrested cells through late G, phase to a
point at or near the G,/S boundary (19, 30, 52). Closely asso-
ciated with this limited traverse of the cell cycle is an increase
in cyclin E/cyclin-dependent kinase 2 (Cdk2) activity, hereafter
referred to as E kinase activity, and hyperphosphorylation of
pRb, releasing E2F (45). Activation of E2F, together with Myc,
leads to an increase in the cellular levels of a large number of
genes involved in nucleotide biosynthesis which primes the
infected cell for DNA synthesis (5, 7).

Three HCMV-induced events appear to be necessary for
activation of E kinase activity: (i) transcriptional activation of
cyclin E (17), (ii) translocation of Cdk2 from the cytoplasm to
the nucleus (20), and (iii) a substantial decrease in the nuclear
levels of the cyclin kinase inhibitors (CKIs) p21<P'*2 (here-
after p21°P') and p27"P! (19). Activation of E kinase appears
to be critical for efficient HCMYV replication, since drugs that
interfere with the activity of Cdk2 substantially reduce infec-
tious yields (18). The precise mechanisms through which these
virus-induced cellular modifications are achieved are poorly
understood. Our long-term goal is to better understand the
events that prime the cell for HCMV replication. We are
especially interested in the mechanism of reduction of cellular
levels of p21°P! during HCMYV infection, since this event ap-
pears to be closely associated with the increase in E kinase
activity (19).

p21°P! is a potent inhibitor of Cdks (41, 42, 84) and is a
critical pS3-induced downstream effector in the growth-sup-
pressive pathway (33). p21°P' binds cyclin-Cdk complexes,
thereby inhibiting the activity of Cdks, such as Cdk2, Cdk3,
Cdk4, and Cdk6, and consequently inhibiting cell cycle pro-
gression. In addition, p21°P! interacts with proliferating cell
nuclear antigen (36) and gadd45 (48), affecting their function,
e.g., interfering with DNA replication and repair (24, 36, 51,
60, 62, 82, 86). p21€P! may also be involved in p53-mediated
apoptosis (39) and in the control of cell senescence (57).

Despite significant advances in our understanding of how
p21P! exerts its biological effects and is transcriptionally reg-
ulated, little is known about how the stability of p21°P! is
regulated under the physiologic conditions associated with dis-
ease and other forms of stress. Nonlysosomal cytoplasmic pro-
tease systems have been identified as important regulators of
cell cycle progression (26, 28, 35, 59, 70, 71). Two prominent
cytoplasmic protease pathways have been identified: the ubig-
uitin-proteasome pathway and the calpain pathway. Many of
the cell cycle regulatory proteins that are degraded at specific
points in the cell cycle, e.g., cyclins A, B, and E, are substrates
of the ubiquitin-proteasome pathway. It has also been reported
that p21°'P! is subject to proteolysis by ubiquitin-mediated pro-
teasome degradation (10, 35, 38, 85). In this study, we under-
took a series of experiments to investigate the proteolytic deg-
radation of p21°P! in cells productively infected with HCMV.
Consistent with previous work, we observed that the ubiquitin-
proteasome pathway is the predominant mechanism mediating
the proteolysis of p21°P! in mock-infected or noninfected hu-
man embryonic lung (LU) cells. In HCM V-infected LU cells,
calpain is activated and is the predominant proteolytic mech-
anism mediating degradation of p21°', HCMV infection in-
duced a substantial and prolonged increase in calpain activity
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when measured in intact cells using fluorogenic substrates or in
lysates of infected cells by zymography. The time course for the
HCMV-induced increase in calpain activity was consistent with
the temporal pattern of p21°P! degradation, and inhibitors of
calpain-mediated proteolysis interfered with p21°P! degrada-
tion, resulting in a substantial increase in its abundance. These
findings provide an explanation for the sustained decrease in
p21¢P! abundance observed in HCMV-infected cells and, ac-

cordingly, help to explain the prolonged activation of E kinase
in HCMV infection.

MATERIALS AND METHODS

Cell culture and growth arrest. LU cells (3) were propagated in Eagle’s
minimum essential medium containing 10% fetal bovine serum (FBS) and pen-
icillin (100 U/ml)-streptomycin (100 pg/ml) in a 5% CO, in air atmosphere. The
cells were density arrested as described previously in detail (19).

Virus stocks and productive infection. The AD169 strain of HCMV was
propagated in LU cells as previously described in detail (6). The infectivities of
virus stocks, determined by plaque assay (3), typically were between 8.0 X 10°
and 4.0 X 107 PFU/ml. LU cells were infected with HCMV at a multiplicity of 5
PFU/cell to provide a uniform infection as described in detail by Bresnahan et al.
(19). Virus stocks and cell cultures were routinely examined for mycoplasma and
were free from detectable contamination.

RNA isolation. RNA was extracted using Tri Reagent (Molecular Research
Center, Inc., Cincinnati, Ohio), which contains phenol and guanidine thiocya-
nate, according to the manufacturer’s protocol (25).

Preparation of probes. A 3?P-labeled DNA probe was prepared from plasmid
pC-wafl-S (generously provided by B. Vogelstein [33]), which harbors a p21°iP!
insert. A probe derived from plasmid p5B (16), which contains the cDNA for 18S
rRNA, was used to ensure uniform loading of gels. Plasmids were introduced
into competent Escherichia coli DH5a cells and amplified. DNA fragments
comprising p21<P! and 18S ¢cDNA were excised from isolated plasmid DNA by
using the the restriction endonucleases Notl and BamHI-EcoRI, respectively.
The probes were labeled using the Megaprime DNA Labelling System (Amer-
sham Pharmacia Biotech, Piscataway, N.J.).

Electrophoresis and Northern hybridization. Northern hybridization was per-
formed as described previously (17). Total cellular RNA (20 pg/lane) was eval-
uated under denaturing conditions in formaldehyde-agarose gels, containing 1%
agarose, 20 mM 3-(N-morpholino) propanesulfonic acid, 1 mM EDTA, 8 mM
sodium acetate, and 2.2 M formaldehyde. After separation, the RNA was trans-
ferred to MSI nylon membranes (Micron Separations, Inc., Westborough, Mass.)
for 18 h. The RNA was prehybridized in Rapid-Hyb buffer (Amersham Life
Science, Arlington Heights, Ill.) containing denatured salmon sperm DNA (100
pg/ml) at 65°C for 1 h. 32P-labeled p21°P! or 18S probe was added and hybrid-
ized for 2 h at 65°C. Membranes were washed twice with 2X SSPE (1X SSPE is
0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.7])-0.1% sodium
dodecyl sulfate (SDS) for 15 min at 65°C, once with 1X SSPE-0.1% SDS at 42°C,
and twice with 0.1X SSPE-0.1% SDS at 42°C. The probe remaining on the filter
was detected by autoradiography (Kodak [Rochester, N.Y.] X-Omat film for 1 to
16 h at —80°C).

Western blots. Polyclonal and monoclonal antibodies for p21€P! were ob-
tained from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). Antibodies
against m-calpain, w-calpain, and calpastatin were generously provided by R. L.
Mellgren (88). Cells were harvested as we described previously (19) by dislodging
the cells with a cell lifter in phosphate-buffered saline (PBS). The cells were
collected by sedimentation and lysed in NP-40 lysis buffer (50 mM Tris-HCI [pH
7.4] containing 150 mM NaCl and 0.5% NP-40, with 1 mM dithiothreitol [DTT],
1 mM NaVOj;, 50 mM NaF, and protease inhibitors [1 mM phenylmethylsulfonyl
fluoride {PMSF}, 25 pg of trypsin inhibitor/ml, 25 pg of aprotinin/ml, 1 mM
benzamide, and 25 pg of pepstatin A/ml] added just before use). Cellular debris
was removed by sedimentation, and the supernatant fluids were reserved. The
protein concentration was determined by the bicinchoninic acid protein assay
(Pierce, Rockford, IIl.). Whole-cell extracts (40 wg/lane) were fractionated by
SDS-polyacrylamide gel electrophoresis (PAGE), and the polypeptides were
transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, Cal-
if.) as described previously (19). Antigen-antibody reactions were detected by the
enhanced chemiluminescence assay (Amersham Pharmacia Biotech) as recom-
mended by the manufacturer.

Measurement of intracellular calpain activity. Calpain activity was measured
using the cell-permeant fluorogenic calpain substrate fert-butoxycarbonyl-L-
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leucyl-L-methionineamide-7-amino-4-chloromethylcoumarin (Boc-Leu-Met-
CMAC; Molecular Probes, Eugene, Oreg.). HCMV- or mock-infected cells were
loaded with Boc-Leu-Met-CMAC (10 uM) for 15 min at selected times after
infection. Subsequently, the cells were dissociated by trypsinization and resus-
pended in PBS. After entering cells, Boc-Leu-Met-CMAC is conjugated to
thiols, particularly glutathione, becoming impermeant for the plasmalemma.
Cleavage of thiol-conjugated Boc-Leu-Met-CMAC by calpain releases thiol-
conjugated 7-amino-4-methylcoumarin (AMC), unquenching the fluorescence.
Thus, when cleavage is the rate-limiting step, the observed increase in fluores-
cence is proportional to the activity of calpain (67). Fluorescence intensities of
Boc-Leu-Met-CMAC-loaded cells were measured with a SLM 4800S spectroflu-
orometer. The relative fluorescence intensities were determined by measuring
the fluorescence emission values at intervals from 390 to 550 nm, with excitation
set at 380 nm. The fluorescence signal was calculated by integrating the area
under the peak at 460 nm. The time interval for loading the cells with Boc-Leu-
Met-CMAC, harvesting the loaded cells, and measurement of fluorescence was
constant for all samples.

Zymography. Casein zymography was performed by the method of Zhao et al.
(90). Cells were removed from culture dishes with a cell scraper into cold PBS,
collected by sedimentation, and homogenized in freshly made homogenization
buffer [20 mM Tris-HCI (pH 7.4) containing 5 mM EDTA, 5 mM EGTA, 1 mM
DTT, 0.5 mM PMSF, 10 pg of 4-(2-aminoethyl)benzenesulfonly fluoride
(AEBSF)/ml, 5 pg of leupeptin/ml and 10 wg of pepstatin A/ml] at 4°C. Cellular
debris was removed by sedimentation, and the supernatant fluids were collected,
quick-frozen with liquid nitrogen, and maintained at —80°C until needed.

For electrophoretic separation of the target proteins, 100 pg of protein from
each sample was mixed with the appropriate amount of 5X sample buffer (pH
6.8), containing 150 mM Tris-HCI, 20% glycerol, 2 mM 2-mercaptoethanol, and
0.004% bromophenol blue, to obtain a 1X sample buffer concentration. The
samples were then fractionated in polyacrylamide gels. The separating gel con-
tained 2% casein (wt/vol; sodium salt) copolymerized with 12% acrylamide,
0.32% (wt/vol) bisacrylamide, 375 mM Tris-HCI (pH 8.8), 0.04% ammonium
persulfate, and 0.028% (vol/vol) N,N,N',N'-tetramethylethylenediamine (TEMED).
The stacking gel contained 4% acrylamide, 0.11% (wt/vol) bisacrylamide, 380
mM Tris-HCI (pH 6.8), 0.04% ammonium persulfate, and 0.028% (vol/vol)
TEMED, without casein. The electrophoresis buffer contained 25 mM Tris base,
192 mM glycine, 1 mM EDTA, and 1 mM DTT (pH 8.3). After electrophoresis,
the gel was removed and incubated in incubation buffer for 60 min at room
temperature with slow agitation and with two changes of buffer. The incubation
buffer contained 20 mM Tris-HCl, 10 mM DTT, 3 mM CaCl, (pH 7.5 for
p-calpain; pH 7.3 for m-calpain). The gel was incubated for an additional 20 to
24 h and then stained with Coomassie brilliant blue.

Cleavage of p21°'P! by calpain. Recombinant p21P! was a gift from J. Wade
Harper (41) or Hengming Ke (53). We also prepared the recombinant p21P! by
using the expression plasmid pET-p21, provided by J. Wade Harper (41), ac-
cording to the published method (32). To evaluate the effect of calpains on
p21¢P!. 400 ng of purified recombinant p21°P! was incubated with 0.004 U of
either pure p-calpain or m-calpain at 30°C for 30 min in 40 wl of cleavage buffer
(25 mM Tris-HCI [pH 7.5] with 100 mM NaCl, 3 mM DTT, and 5 mM CacCl,)
(50). EDTA was added to 10 mM to stop the reaction. An equal volume of 2X
SDS-PAGE gel-loading buffer (19) was mixed with the digestion mixture, and the
mixture was immediately boiled for 5 min. The digestion products were evaluated
by Western blot analysis and SDS-PAGE. Antibody preparations used for the
detection of p21€P! (SC-397 and SC-6246) were obtained from Santa Cruz
Biotechnology.

Chemicals. The calpain inhibitors E64d [trans-epoxysuccinyl-L-leucylamido (4-
guanidino)-butane] and Z-Leu-Leu-H (carbobenzoxy-L-leucyl-L-leucinal) were
purchased from Peptides International, Inc. (Louisville, Ky.). Calpain II (m-
calpain), AEBSF, casein, penicillin, streptomycin, diethyl pyrocarbonate, Tris,
NaCl, NaVO,, NaF, PMSF, DTT, trypsin inhibitor, aprotinin, benzamide, and
pepstatin A were purchased from Sigma (St. Louis, Mo.). Calpain I (j.-calpain)
and NP-40 were obtained from Calbiochem (San Diego, Calif.). Boc-Leu-Met-
CMAC and CMAC were purchased from Molecular Probes.

Image processing. All experiments were repeated at least twice, and either
data from a representative experiment or means of data from two or more
experiments were selected for presentation. Chemiluminescent samples were
exposed for intervals that ensured a linear response, as determined by standard-
ization. All radiographic films were analyzed using an Alphalmager 2000 docu-
mentation and analysis system (Alpha Innotech Corp.) and the manufacturer’s
software (Alphalmager 2000, version 3.x). The images were quantified and re-
corded as tagged image format files, which were then used to prepare the graphic
images presented in this report.
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RESULTS

p21<P* RNA and protein levels in HCMV-infected LU cells.
Previous studies from our laboratory demonstrated that
HCMYV infection resulted in a substantial decrease in the
abundance of p21°P! protein in LU cells (19). To investigate
the mechanism responsible for this drop, p21°P' transcript
levels were measured by Northern blot analysis in density-
arrested LU cells following stimulation with 10% FBS, HCMV
(5§ PFU/cell) infection, or mock infection. The results of a
representative experiment are shown in Fig. 1A. In density-
arrested cells, FBS treatment or mock infection had little effect
on p219P! RNA levels. Following HCMYV infection of density-
arrested LU cells, p21°P' RNA levels increased briefly at 3 h
postinfection (p.i.) and then decreased over the next 21 h p.i,,
whereupon they began to recover, reaching 60% of their pre-
infection level at 96 h p.i. (determined by densitometry [Fig.
1B]). Western blot analysis (Fig. 1C) demonstrated that p21°'P*
protein abundance was not correlated with the observed
changes in RNA levels after 24 h p.i. After an early increase at
3 h p.i., p21°P! protein levels fell dramatically from 3 to 24 h
p.i., asymptotically approaching the limits of detection from 48
to 96 h p.i. (Fig. 1D). These findings provide clear evidence of
a disparity between p21°P! RNA and protein levels in the
HCMV-infected cells after 24 h p.i.

Differential effects of an inhibitor of the ubiquitin-protea-
some proteolytic pathway on p21“P' degradation during
HCMY infection and mock infection. Since the ubiquitin-pro-
teasome pathway is reported to be responsible for degrading
many of the cell cycle regulatory proteins, we investigated
whether or not the decrease of p21°P" in HCM V-infected cells
was due to a proteasome-mediated mechanism. HCMV (5
PFU/cell)-infected and mock-infected LU cells were treated
with MG132, an inhibitor of proteasome-mediated proteolysis
(56, 69), at 1 h p.., and p21°P! abundance was evaluated at
24 h p.i. The results of a representative experiment are shown
in Fig. 2A. By 24 h p.i., p21°P! levels were substantially lower
in HCMV-infected LU cells (Fig. 2A) than in the control
(mock-infected cells). MG132 stabilized p21'P* in mock-in-
fected, density-arrested LU cells but had only a limited effect
on stabilization of p21“P! in HCMV-infected cells (Fig. 2).
Mock-infected, density-arrested LU cells treated with MG132
(0 to 10 pM) demonstrated a concentration-dependent in-
crease in the abundance of p21°P!. A greater than fivefold
increase in p21°'P! abundance relative to either the dimethyl
sulfoxide (DMSO) control (lane 2) or cells in the absence of
any chemical (lane 1) was observed at concentrations of 5 and
10 pM (Fig. 2). In HCMV-infected cells, smaller increases in
p21°P! abundance were observed at MG132 concentrations
from 2.5 to 10 wM, reaching a maximum 2.5-fold increase at 10
wM. That the p21°'P* abundance was less responsive to pro-
tection by MG132 in HCMV-infected cells than in mock-in-
fected cells is demonstrated by the significant difference (P <
0.01) in the slopes (determined by linear regression analysis) of
the concentration effect of MG132 in HCM V-infected (0.800,
P < 0.01) and mock-infected (1.964, P < 0.01) LU cells. These
findings suggested that some additional MG132-insensitive
pathway(s) may be involved in the proteolysis of p21<P! in
HCMV-infected cells. As the unidentified mechanism(s)
seemed to be quantitatively more important in p21°P! prote-
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FIG. 1. (A) Northern blot analysis of the effect of HCMYV infection
(HCMV), serum growth factors (Serum), or mock infection (Mock) on
p21°P! RNA transcripts in density-arrested LU cells. The density-
arrested cells were infected with HCMV at a multiplicity of 5 PFU/cell,
exposed to fresh FBS (10%), or mock infected. RNA was isolated at
the times indicated, and 20 ng of RNA from each lysate was applied to
the gel. 18s rRNA (18S) was used as a loading standard. (B) Results of
the representative experiment illustrated in panel A and of two addi-
tional independent experiments, evaluated by densitometric analysis
and plotted as the abundance relative to the mock-infected control at
0 h p.i. with standard deviation shown (®, p21°P" RNA, HCMV-
infected cells; ¢, p219P' RNA, mock-infected cells). (C) Western blot
analysis of the abundance of p21°P' after HCMV infection or mock
infection. Parallel cultures of density-arrested LU cells were treated as
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FIG. 2. Effect of MG132, an inhibitor of proteasome activity, on
p21°P! abundance in HCMV- or mock-infected, density-arrested LU
cells. (A) Results of a representative experiment in which density-
arrested LU cells were infected with HCMV (5 PFU/cell) or mock
infected and then exposed to the indicated concentrations of MG132
beginning at 24 h p.i. Cell lysates were prepared at 30 h p.i. and 40 pg
of protein from each lysate was resolved by SDS-PAGE. The proteins
were transferred to nitrocellulose and probed with antibodies against
p21°P!, Control, cells cultured in the absence of MG132 or its solvent,
DMSO; 0, DMSO control, consisting of cells treated with the same
concentration of DMSO (0.1%) present in the cultural fluids contain-
ing the highest concentration of MG132 (10 pM). (B) Change in
abundance of p21°P! after MG132 treatment, determined by densi-
tometry of the results illustrated in panel A. The results for mock-
infected cells (open bars) were calculated relative to the p21<P! abun-
dance in untreated mock-infected cells; the results for HCMV-infected
cells (closed bars) were determined relative to the p21°P! abundance
in untreated HCM V-infected cells.

olysis in HCMV-infected cells than was proteasome-mediated
degradation, we were interested in identifying the proteolytic
mechanism(s) stimulated by HCMV infection.

The calpain inhibitors E64d and Z-Leu-Leu-H protect
p21<*! from degradation during HCMYV infection. HCMV in-

in the legend to panel A. Whole-cell lysates were prepared at the
indicated intervals, and 40 pg of protein from each was resolved by
SDS-PAGE. The proteins were transferred to nitrocellulose mem-
brane and probed with antibodies against p21°P'. The results of a
representative experiment are illustrated. (D) The results of the ex-
periment illustrated in panel C and two additional experiments, eval-
uated by densitometric analysis and plotted as the abundance relative
to the mock-infected control at 0 h p.i. with standard deviation shown
(®, p21°P! protein, HCMV-infected cells; <, p21°P! protein, mock-
infected cells).
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fection induces substantial increases in intracellular free Ca*"
(58) and in phospholipid degradation (1, 2, 81), raising the
possibility that Ca**-activated neutral proteases (calpains)
might be activated by HCMYV infection and participate in the
proteolysis of p21°P!, Previous work has demonstrated that
calpains are able to cleave cell cycle regulatory proteins, such
as cyclin D1, cellular oncogene products (e.g., c-Mos, c-Jun,
and c-Fos), and p53 (43, 59; for reviews, see references 21 and
28). The possibility that calpain-mediated proteolysis was in-
volved in the degradation of p21P! in HCMV-infected cells
was investigated first by examining the effect of the cell-per-
meable calpain inhibitors E64d (79) and Z-Leu-Leu-H (69) on
p21°P! Jevels following HCMYV infection.

In initial experiments, we measured the effect of E64d (100
wM) on p21°P! levels by Western blot analysis beginning at
48 h p.i., when p21°P' was near its lowest level (Fig. 1) in
HCMV-infected (5 PFU/cell), density-arrested LU cells. The
abundance of p21°P! was determined at selected intervals for
24 h following treatment with E64d. The results of a represen-
tative experiment are shown in Fig. 3. As noted previously, a
substantial decrease in p21°"P! levels was observed at 48 h p.i.
in HCMV-infected cells just prior to treatment with E64d (Fig.
3, compare lane 1 [lysate of mock-infected cells prepared at 0 h
p.i.] to lane 2 [lysate of HCM V-infected cells in the absence of
E64d prepared at 48 h p.i.]). Except at 3 h after treatment with
E64d, when there was about a 1.5-fold increase in p21'P* in the
presence of E64d, the calpain inhibitor had little, if any, effect
on the abundance of p21°P! in mock-infected, density-arrested
LU cells. In contrast, in HCMV-infected cells in the presence
of E64d, a substantial accumulation of p21°P! was observed,
with a fourfold increase in the abundance of p21°P! in HCMV-
infected cells observed after 12 h of E64d treatment. In the
absence of E64d, levels of p21P* in HCMV-infected cells
remained at a constant low level. The maximum level of p21¢iP!
in the E64d-treated cells under these conditions was about
84% of that observed at 0 h. These data suggested that an
E64d-sensitive proteolytic pathway was induced in HCMV-
infected cells and was largely responsible for a substantial
decrease in the abundance of p21<P!,

The concentration effect of E64d on p21°P* abundance was
examined in HCMYV (5 PFU/cell)- and mock-infected, density-
arrested LU cells by addition of selected concentrations of
E64d at 48 h p.i. Whole-cell extracts were prepared 6 h later
and evaluated by Western blot analysis. The results of a rep-
resentative experiment are shown in Fig. 4. Since E64d had
little, if any, effect on p21€P! levels in mock-infected cells even
at a concentration of 100 pM, as demonstrated in Fig. 3, the
data for mock-infected cells are not illustrated in Fig. 4. In
HCMV-infected cells, protection of p21°'P! was observed at all
concentrations evaluated (6.25 to 100 wM), while the quanti-
tative effect was directly dependent on the concentration of
E64d. Cells treated with the highest concentration of E64d
(100 uM) demonstrated about 85% of the p21°P! abundance
measured in mock-infected cells over the same time period
(Fig. 4B, compare the first and last columns).

Protection of p21°P! by Z-Leu-Leu-H was evaluated by the
same approach as described above. Z-Leu-Leu-H also pro-
tected p21€P! in a concentration-dependent manner in HCMV
(5 PFU/cell)-infected, density-arrested LU cells, with some
protection provided by all concentrations of Z-Leu-Leu-H
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FIG. 3. Cumulative effect of the calpain inhibitor E64d (100 nM)
on p21¢P! protein levels in HCMV- or mock-infected, density-arrested
LU cells. (A) LU cells arrested by contact inhibition as described in
Materials and Methods were infected with HCMV (5 PFU/cell) or
mock infected and then exposed to E64d beginning at 48 h p.i. At the
times indicated, whole-cell lysates were prepared, and 40 g of protein
from each lysate was analyzed by SDS-PAGE. The proteins were
transferred to nitrocellulose and probed with antibodies against
p21°iP1 The results of a representative experiment are shown. Hours
PT (posttreatment) indicates the duration of E64d exposure. Hours PI
indicates the time of harvest after infection. The exposure time for
blots of lysates from HCMV-infected cells was about three times
longer than that required for blots of lysates from mock-infected cells.
Accordingly, to permit a quantitative comparison between the p21°P!
abundance at 0 h p.i. and at later times, lane 1 for the HCMV-infected
cell lysates was loaded with a lysate from mock-infected cells not
treated with E64d. (B) Accumulation of p21°P! after E64d treatment,
determined by densitometry of the data illustrated in panel A and from
two additional experiments. The results for p21“P! abundance in
HCMV- and mock-infected cells with standard deviation shown are
plotted relative to the p21°P! abundance at 0 h in the absence of E64d
in HCMV- and mock-infected cells, respectively (O, mock-infected
cells; @, mock-infected cells treated with E64d; &, HCMV-infected
cells; ®, HCMV-infected cells treated with E64d).
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A. Western blot analysis
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FIG. 4. Effect of E64d concentration on p21°P' abundance in
HCMV-infected cells. (A) LU cells were density arrested as described
in Materials and Methods, HCMV infected (5 PFU/cell) or mock
infected, and at 48 h p.i. treated with the indicated concentrations of
E64d. Whole-cell lysates were prepared 6 h later, and 40 pg of protein
from each lysate was resolved by SDS-PAGE. The proteins were trans-
ferred to nitrocellulose and probed with antibodies to p21°P'. The
results from a representative experiment are shown. Mock, mock-
infected cells in the absence of drug; Control, untreated HCMV-
infected cells; 0, DMSO control, consisting of HCMV-infected cells
treated with the same concentration of DMSO (0.1%) contained in the
highest concentration of E64d. (B) Densitometric analysis of the re-
sults shown in panel A.

evaluated. The results of a representative experiment are
shown in Fig. 5. The levels of protection provided by Z-Leu-
Leu-H were similar to those observed with E64d (Fig. 4). A
concentration of 100 uM of Z-Leu-Leu-H resulted in detec-
tion of about 72% of the mock-infected levels of p21°P! (Fig.
5B, compare the first and last columns), compared to 85% for
cells treated with E64d. Z-Leu-Leu-H had little, if any, effect
on the abundance of p21“P! in mock-infected cells (data not
shown).

Sensitivity of p21“'"! degradation to inhibition by E64d dur-
ing the HCMYV replication cycle. To determine the effect of
E64d (100 uM) on p21<P! Jevels throughout the time course of
HCMYV infection, density-arrested LU cell cultures were either
infected with HCMV (5 PFU/cell) or mock infected and
treated with E64d up to 12 h before harvest. For cells har-
vested at 12 h p.i. or before, the cells were treated with E64d
from 1 h p.i. to the time of harvest (Fig. 6). E64d had little
effect on p21°P! levels in mock-infected cells, as previously
noted (Fig. 3), and therefore the results for mock-infected cells
are not shown. The results for HCMV-infected cells from a
representative experiment are shown in Fig. 6A. In the absence
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FIG. 5. Effect of Z-Leu-Leu-H concentration on p21¢P! abundance
in HCMV-infected cells. (A) LU cells were density arrested as de-
scribed in Materials and Methods, infected with HCMV (5 PFU/cell)
or mock infected, and at 48 h p.i. treated with selected concentrations
of Z-Leu-Leu-H. Whole-cell lysates were prepared 6 h later, and 40 pg
of protein from each lysate was resolved by SDS-PAGE. The proteins
were transferred to nitrocellulose and probed with antibodies to
p21°P1 The results illustrated are those from a representative exper-
iment. Mock, Control, and 0 are defined in the legend to Fig. 4. (B)
Densitometric analysis of the results illustrated in panel A.

of E64d, p21°P! levels in HCMV-infected cells increased at 3 h
and began to drop off by 6 h. By 72 and 96 h p.i., p21°P! was
only faintly detectable in the HCMV-infected cells in the ab-
sence of E64d. In the presence of E64d, p21°P! levels in
HCMV-infected cells were significantly (P < 0.05) greater
(from 3 h to 96 h p.i., except at 12 and 96 h, when the differ-
ence, although greater, was not significant) than the levels
observed in the absence of the calpain inhibitor (Fig. 6B). As
a result of E64d treatment, p21°'P! levels remained at or above
the preinfection levels through 9 h p.i. and within 85% of the
preinfection levels through 24 h. After 48 h, p21<P! levels in
E64d-treated, HCMV-infected cells remained well above the
levels in the absence of the calpain inhibitor, but the p21¢P!
abundance dropped progressively below the preinfection lev-
els. Considered together, these data suggested that calpain-
mediated proteolysis contributed substantially to the degrada-
tion of p21°P! in HCMV-infected cells from 3 h through the
late phase of HCMYV infection.

Calpain is activated by HCMYV infection. The level of cal-
pain activity is normally very low in unstimulated cells due to
the presence of the endogenous calpain inhibitor calpastatin
(21). The findings that treatment of HCM V-infected cells with
E64d or Z-Leu-Leu-H led to stabilization and accumulation of
p21°P! suggested that calpain is activated during HCMV in-



VoL. 75, 2001

A. Western blot analysis
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FIG. 6. Time course for the effect of E64d on p21°P! abundance in
HCMV-infected, density-arrested cells. (A) LU cells density arrested
as described in Materials and Methods were infected with HCMV (5
PFU/cell) or mock infected; at the intervals indicated, beginning 1 h
p.i., subsets of the cells were treated with E64d (100 pM). Whole-cell
lysates were prepared at the times indicated (up to 12 h posttreatment
[PT]), and 40 pg of protein from each lysate was resolved by SDS-
PAGE. The proteins were transferred to nitrocellulose and probed
with antibodies to p21€P!, The results of a representative experiment
are illustrated. (B) Densitometric analysis of the results shown in panel
A and two additional experiments with standard deviation. Open bars,
HCMV-infected cells; diagonally striped bars, HCMV-infected cells
treated with E64d; cross-hatched bars, mock-infected cells.

fection. To investigate this possibility, we used the fluorogenic
calpain substrate Boc-Leu-Met-CMAC to measure calpain ac-
tivity in density-arrested LU cells (67). Density-arrested LU
cells were infected with HCMV (5 PFU/cell) or mock infected
and exposed to Boc-Leu-Met-CMAC (10 uM) 15 min before
assay. The cells were harvested (see Materials and Methods),
and the relative fluorescence was determined. The results (Fig.
7A) demonstrated that fluorescence from the product (AMC)
of cleavage of the fluorogenic substrate fell gradually in mock-
infected cells during the 48-h course of these experiments.
HCMYV infection, however, induced a substantial increase in
calpain activity. An increase in AMC fluorescence was ob-
served by 6 h p.i. in HCMV-infected cells. After 24 h, the AMC
fluorescence in HCMV-infected cells increased to a value
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about 2.5-fold greater than that observed in mock-infected
cells. The relative fluorescence observed in the HCMV-in-
fected cells increased further by 48 h p.i., when it was about
eightfold greater than the fluorescence in mock-infected cells.
The increases in calpain activity from 24 and 48 h were signif-
icant (P < 0.05). These data closely reflect the time course for
the changes in the abundance of p21°P! following HCMV
infection in our earlier work (19) and in this study. In these
studies, a decrease in p21°P* levels was first detected at 6 h p.i.,
and the abundance of p21°P! continued to decrease through
48 h p.i.

Zymography. Since casein is a well-established target of cal-
pain-mediated proteolysis (87), we used casein zymography to
verify that calpain was activated in HCMV-infected cells, to
determine which calpain isoenzymes were activated, and to
extend the time course data for calpain activity. Density-ar-
rested LU cells were infected with HCMV (5 PFUj/cell) or
mock infected, harvested at times from 0 to 96 h p.i., and
evaluated by casein zymography. The results of casein zymog-
raphy to evaluate cellular proteolysis are illustrated in Fig. 7B.
When both of the ubiquitous calpains are activated, p.-calpain
is observed as the upper band, while m-calpain is observed at
a slightly lower position in the nondenaturing gels (89). The
intensity of the bands was related linearly to the amount of
protease activity. Since w- and m-calpain have slightly different
pH optima, duplicate gels were incubated at pH 7.5 or 7.3 to
evaluate quantitative changes in isoenzyme activity. There was
substantial activity of both ubiquitous calpains at each pH
shown when both calpains were activated. The results for a
representative experiment from this series of experiments (Fig.
7B) demonstrated that calpain activity gradually decreased in
mock-infected cells during the 96-h time course of the exper-
iment. In contrast, HCMYV infection induced an increase in
both - and m-calpain activities by 6 to 9 h p.i. (Fig. 7B, part
2). By 24 h, the calpain activity of HCMV-infected cells was
about fourfold (p-calpain) or fivefold (m-calpain) greater than
that of mock-infected cells. The enzyme activity continued to
increase and reached its maximum level at 72 h p.i. when it was
about 23-fold (u-calpain) or 25-fold (m-calpain) greater than
that observed in mock-infected cells. The increases in calpain
activities from 12 to 96 h were significant (P < 0.05) relative to
the preinfection levels. Overall, the changes in calpain activity
measured by casein zymography were remarkably similar to
those obtained using the fluorogenic calpain substrate Boc-
Leu-Met-CMAC in intact cells (Fig. 7A) and indicate that
HCMYV infection was activating both - and m-calpain.

To determine if the increased calpain activity observed in
Fig. 7A and B was a result of increased expression of calpains
or a decrease in the abundance of calpastatin, the abundance
of these proteins was measured by Western blot analysis (Fig.
7C) in cells treated in parallel with those used to measure
calpain activity (Fig. 7B). HCMYV infection had little, if any,
detectable effect on the abundance of p-calpain or calpastatin
through 96 h p.i. m-Calpain levels demonstrated a very slight
increase from 6 h to 72 h p.i. over the abundance observed in
mock-infected cells, and by 96 h, HCMV- and mock-infected
cells demonstrated similar levels of m-calpain. Given the very
small difference in the abundance of m-calpain in HCMV- and
mock-infected cells, it was questionable if this difference had
any significance. Mock infection had little, if any, effect on the
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cellular levels of w-calpain, m-calpain, or calpastatin during the
time course of this series of experiments. Thus, it is unlikely
that the substantial increase in calpain activity observed in
HCMV-infected cells was a result of a decrease in calpastatin
abundance or of increases in the abundance of the ubiquitous
calpains.

Calpain cleaves p21°*". Although a number of proteins are
now recognized as targets of calpain-mediated proteolysis (21),
p21P! has previously not been included among them. Accord-
ingly, we were interested in directly testing the sensitivity of
p21€P! to calpain-mediated proteolysis by incubating purified
recombinant p219P!, obtained from J. Wade Harper (41) or
Hengming Ke (53), with either purified p.-calpain or m-calpain
and evaluating the products by Western blot analysis. We also
prepared recombinant p21<'P! by using the expression plasmid
pET-p21, provided by J. Wade Harper (32, 41). Incubation of
any of the purified p21P! preparations with purified p-calpain
or m-calpain resulted in the rapid cleavage of p21°P!, as illus-
trated with findings for w-calpain in Fig. 8A. Two prominent
p21°P! fragments were observed after incubation with calpain,
consistent with the results from earlier studies indicating that
calpain typically cleaves its target proteins at a limited number
of sites (for a review, see reference 78). Inclusion of E64d in
the digestion inhibited the proteolysis of p21°P! (Fig. 8A). To
investigate if either of the ubiquitous calpains was removing or
modifying the availability of the epitope that was the target of
the anti-p21°P! antibody used in the Western blot analysis, we
incubated p21°P?! and casein separately with either w-calpain
or m-calpain and examined the proteolytic products by SDS-
PAGE. The location of polypeptides in the gels was demon-
strated by Coomassie brilliant blue staining. To minimize the
loss of small peptides, electrophoresis of proteins applied to
these gels was for a period of time shorter than used for
Western blot analysis (Fig. 8A). A limited number of cleavage
products was observed in the Coomassie blue-stained gels (Fig.
8B) for either casein or p21°P! incubated with either of the
ubiquitous calpains, as had been observed by Western blot
analysis (Fig. 8A). Thus, p21°P! appeared to be a target for
proteolysis mediated by either - or m-calpain.

DISCUSSION

Involvement of p21<P! in cell cycle progression in HCMV-
infected cells. Progression through the cell cycle is regulated by
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FIG. 8. Cleavage of purified recombinant p21°P' by purified cal-
pain. (A) p219P! (0.4 pg) was incubated with p-calpain (0.004 U) for
30 min at 30°C in the presence or absence of E64d (100 uM), and the
resulting products were analyzed by Western blot analysis as described
in Materials and Methods. The data illustrated are from a represen-
tative experiment. (B) p21°P' (4 pg) or casein (3 pg) was incubated
with 0.04 U of p-calpain or m-calpain for 30 min at 30°C, and the
products of the digestion were examined by SDS-PAGE and Coomas-
sie brilliant blue staining. M, Rainbow colored protein molecular
weight markers of 97.4, 66, 46, 30, 21.5, and 14.3 kDa (Amersham Life
Science). The data illustrated are from a representative experiment.

mechanisms that are beginning to be understood (31, 73, 74).
Induction of cyclin E-associated kinase activity is essential for
progression through the G, phase of the cell cycle (for a re-
view, see reference 49) and preparation of the cell for DNA

FIG. 7. (A) The time course for calpain activity in HCMV (5 PFU/cell)-infected (solid bars) and mock-infected (open bars) density-arrested
cells. Calpain activity was measured by exposing the cells to the cell-permeant fluorogenic calpain substrate Boc-Leu-Met-CMAC (18 uM) for 15
min before the fluorescence intensity was measured for equal numbers of HCMV- and mock-infected cells, using an SLM 4800S spectrofluorom-
eter. Excitation was at 380 nm; emission was at 460 nm. The polarizers were set at 0° and 50°. The data plotted are the means (* standard
deviation) of the findings from three independent experiments. (B) 1, representative casein zymogram. Density-arrested LU cells were either
infected with HCMV (5 PFU/cell) or mock infected. The cells were harvested at the times indicated and processed for zymography as described
in Materials and Methods. Since calpain activity is pH dependent, the gels were incubated in incubation buffer at either pH 7.5 (optimal for
p-calpain) or pH 7.3 (optimal for m-calpain). Purified - and m-calpain (0.1 U of each) were added to the sample in lane 1 as a positive control.
The upper band in each lane corresponds to p-calpain, whereas the lower band corresponds to m-calpain (89). 2, data for calpain activity based
on the means (= standard deviation) of the intensity of bands at each time relative to the intensity of the corresponding band at 0 h p.i. for the
zymograms shown above (®, p-calpain, HCM V-infected cells; <, p-calpain, mock-infected cells; @, m-calpain, HCM V-infected cells; O, m-calpain,
mock-infected cells). (C) 1 to 3, abundances of m-calpain, p.-calpain, and calpastatin in parallel cell cultures as determined by Western blot analysis
(results of a representative experiment); 4, densitometric analysis of the results shown in panel A and two additional experiments with standard
deviation. Solid symbols (®, m-calpain; @, p-calpain, A, calpastatin) and line represent the means of the results for HCM V-infected cells; open
symbols (<, m-calpain; O, w-calpain; A, calpastatin) and dashed line represent the results for mock-infected cells. Error bars not shown are smaller
than the symbol.
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synthesis. Data from this laboratory (19) and others (45) have
demonstrated that HCMYV infection substantially increases E
kinase activity in arrested cells. In density-arrested cells, E
kinase activity is first substantially increased at 24 h p.i.,
reaches its maximum level by 72 h, and is still detectable at 96 h
(19), well into the late phase of HCMYV replication.

Several mechanisms have been identified that regulate the
activity of E kinase. For example, an increased cellular abun-
dance of cyclin E is associated with activation of E kinase
(reference 65 and references therein). HCMV infection has
been shown to transcriptionally activate the expression of cy-
clin E, but the time course for the increase in E kinase activity
is delayed relative to the changes in the cellular abundance of
cyclin E (19). The cellular levels of cyclin E protein in density-
arrested cells increase substantially by 12 h p.i., peak by 24 h,
and are in decline by 48 h (19). Accordingly, not only does
activation of E kinase lag behind the increase in cyclin E
abundance, but E kinase remains activated longer than would
be anticipated based solely on cyclin E abundance (19). For
example, despite the decrease in cyclin E levels at 48 h and
continuing reduction thereafter, E kinase activity increases
remarkably at 48 h p.i., peaks at 72 h, and still remains high at
96 h p.i. The lack of congruity in the data for cyclin E abun-
dance and E kinase activity suggest that other mechanisms are
involved in the regulation of E kinase activity in HCMV-in-
fected cells.

The activity of cyclin E-Cdk2 complexes is also regulated by
CKIs, including p21¢P!. In fact, it has been suggested that
p21¢iP! establishes a threshold in the nucleus (34, 44, 75, 86),
which must be exceeded if E kinase activity is to develop from
cyclin E-Cdk2 complexes. Increases in E kinase activity in
HCMV-infected, density-arrested cells closely parallel a sub-
stantial reduction in the abundance of p21<'P! by 24 h p.i. (19).
Our earlier results suggest that the delay in activation of E
kinase activity after the increase in cyclin E abundance and the
persistence of the cyclin E-associated kinase activity after cy-
clin E levels are sharply reduced are related to the effects of
the CKIs p21°'P* and p27"P! (19). Both p21°P! and p27-P! are
abundant in quiescent LU cells, contributing to the observed
delay between increasing cyclin E levels and activation of E
kinase until cyclin E-Cdk2 complexes exceed the threshold
established by p21°'P! and p275iP!. Later, as cyclin E levels are
falling, E kinase remains active because HCMV infection stim-
ulates reduction of both p21<P' and p27""P!, particularly of
p21¢P! (19). Thus, the initial phase of activation of E kinase
activity is associated with a substantial increase in cylin E levels
and decrease in p21°P! levels, while a substantial and sustained
decrease in p21P! is associated with the persistence of E
kinase activity observed during HCMYV infection (Fig. 1D).

Proteolysis of p21°?' in mock- and HCMV-infected cells.
The abundance of each protein in a living cell depends on the
balance between its synthesis and degradation, and therefore
intracellular proteolysis is of critical importance in maintaining
functional concentrations. In fact, many regulatory proteins
are subject to proteolytic degradation, which allows cells to
rapidly adjust their concentration. Reduction of p21°P! levels
in noninfected cells is reported to be mediated by ubiquitina-
tion and proteasome degradation (10, 35, 38, 85). Indeed, in
mock-infected LU cells, proteasome degradation was the pre-
dominant pathway for p21°P! proteolysis (Fig. 2). In contrast,

J. VIROL.

the present results indicate that in HCMV-infected cells, the
proteosome is responsible for little, whereas calpain activity is
responsible for much, of the degradation of p21°P* observed
during the progression of the virus infection. The early de-
crease in p21°P! abundance appears to be related in part to
decreasing RNA levels (Fig. 1) and in part to increasing cal-
pain-mediated degradation (Fig. 6). Since the half-life of
p21°P! is reported to be approximately 2 h (46), a decrease in
RNA levels would predictably result in lower levels of the
protein. When the activity of calpain was inhibited at these
early times (e.g., 9 h p.i.), p21°P! levels rose to 158% of the
preinfection levels, compared with 83.1% in the absence of
calpain inhibitors (Fig. 6). At 24 h p.i., when a substantial
increase in E kinase activity is first detected, p21°P! levels are
at 23% of their preinfection levels, but when calpain activity is
blocked, p21°P! levels are at 85% of their preinfection levels.
This level of p21°P! is similar to the levels observed in absence
of calpain inhibition at 9 and 12 h p.i. (83 and 72%, respec-
tively), when E kinase activity is at a very low level (19). Thus,
calpain-mediated mechanisms appear to be responsible for the
degradation of a substantial portion of p21°P!, even at early
times in HCMV replication. At later times (after 48 h), when
RNA levels are relatively constant, calpain-mediated mecha-
nisms are largely responsible for the continuing decrease in
p21°P! abundance. During this period (48 and 72 h p.i.), inhi-
bition of calpain-catalyzed proteolysis produced cellular levels
of p21°P! that were from 77.5 to 36.4% of the preinfection
levels, whereas in the absence of calpain inhibitors, the level of
p21¢iP! fell to 10.8 and 6.2%, respectively, of the preinfection
level (Fig. 6). Thus, HCMV-induced activation of calpain is
important at both early and late times in controlling the abun-
dance of p21°P! and, accordingly, the activity of the cyclin
E-associated kinase. The calpain effect seems particularly note-
worthy in extending the activation of E kinase well into the late
phase of HCMYV replication. Since E kinase activity has been
shown to be necessary for high infectious yields of HCMV (18),
it is tempting to speculate that the sustained calpain activity
and persistent low levels of p21°'P* support durable activation
of E kinase and production of high yields of infectious HCMV.
Indeed, preliminary experiments indicate that a single expo-
sure to Z-Leu-Leu-H (100 pM) is sufficient to reduce HCMV
infectious yields at 96 h PI by 99.7% (P < 0.05).

Several experimental approaches support the view that cal-
pain activity and p21°'P* levels are closely coupled in HCMV-
infected cells. Calpain activity increases in a temporal pattern
that is consistent with the time courses for the decrease in
p21€P! abundance and the increase in E kinase activity in
HCMV-infected cells (compare Fig. 7 with Fig. 1; see also
reference 19). The time course for E64d protection of p21¢P!
(Fig. 3) closely parallels the decrease in p21°P! (Fig. 1) and the
increase in calpain activity (Fig. 7). The presence of inhibitors
of calpain activity (E64d, Z-Leu-Leu-H) protects up to about
80% of p21°P! (Fig. 4 and 5). The concentration effect of E64d
in providing protection of p21°P' in HCMV-infected LU cells
is in the range (6.25 to 100 pM) observed in earlier studies to
protect other targets of calpain-mediated proteolysis (54). In
cell-free studies, purified calpain degrades purified recombi-
nant p21°P!' (Fig. 8). Considered together, these results indi-
cate that calpain activity is largely responsible for the substan-
tial decrease in p21°P! observed during HCMV infection.
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Analysis of PEST sequences in p21°°P'. The degradation of
cellular proteins frequently depends on some structural feature
or consensus sequence. For example, PEST sequences, regions
that are rich in proline (P), glutamic acid (E), serine (S), and
threonine (T), flanked by clusters rich in basic amino acids, are
routinely found in short-lived proteins (66; for a review, see
reference 64). It has been demonstrated that many of the
preferred substrates of calpain possess the PEST motif (64).
Thus, the observation that p21°"P* is rich in PEST amino acids
(33, 41) is of particular interest. Identification of putative
PEST sites from these PEST amino acids can be facilitated by
analysis with the PEST-FIND computer program (available at
either http://www.icnet.uk/LRITu/projects/pest/index.html or
http://embl.bcc.univie.ac.at/embnet/tools/bio/PESTfind). Re-
sults of PEST-FIND analysis indicate that p21°'P* contains a
PEST site, located between amino acids 122 and 140 (RSG
EQAEGSPGGPGDSQGR), with a PEST-FIND score of
+5.11, a mole fraction of PEDST of 33.47, and a hydropho-
bicity index of 26.59. Although p21°P! also contains several
other PEST amino acid-rich sequences, PEST-FIND analysis
predicts that these motifs are poor target PEST sequences,
because their PEST-FIND scores are less than 5 (—13.73,
—5.23, +1.57 —21.61). PEST sequences are often conditional
proteolytic signals that may be masked in certain situations but
may be activated after binding to ligands or after posttransla-
tional modification, such as protein phosphorylation (64). Al-
though statistical analysis has shown a significant relationship
between PEST motifs and rapid protein degradation (64, 66),
the direct role of the sequence in calpain-mediated proteolysis
is still not clear. For some proteins, PEST sequences are not
required for calpain-mediated proteolysis (reference 22 and
references therein).

Calpain-mediated cleavage of p21°P'. Our results show that
cleavage of purified recombinant p21°'P! resulted in two major
protein fragments in cell-free experiments (Fig. 8), consistent
with earlier work indicating that cleavage at a limited number
of sites is a characteristic of calpain-mediated proteolysis (for
a review, see reference 78). The absence of these calpain-
mediated p21°P! fragments in lysates of HCMV-infected LU
cells suggests that these p21°'P! fragments are unstable in living
cells. The products of calpain-mediated p21P! cleavage may
be subject to further degradation by the ubiquitin-proteasome
or other proteolytic pathways. This latter possibility is sup-
ported by the demonstration that calpain-dependent cleavage
of p53 is necessary for subsequent ubiquitin-dependent degra-
dation (50).

Calpain activity in HCMV infection. These results are the
first indication that calpain activity is involved in HCMV in-
fection. Calpains (EC 3.4.22.17) are a family of cysteine pro-
teases. The two major calpain isoforms, p-calpain and m-cal-
pain, which are ubiquitously distributed in cells, differ in the
amount of Ca®" required for activation in cell-free assays.
They possess a calmodulin-like Ca**-binding domain and are
subject to intracellular Ca®* regulation. Therefore, they are
considered to participate in Ca*"-associated signal transduc-
tion pathways. Calpain activity is associated with the propaga-
tion of Ca®* signaling (21), in some instances converting tran-
sient signals to more durable and amplified signals (92). It has
been known for some time that HCMV infection induces a
substantial increase in cytosolic Ca®" activity (58). The timing
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of the intracellular free Ca®" increase in HCM V-infected cells
(58) is consistent with the increase in calpain activity illustrated
in Fig. 7. Activation of calpains is also influenced by phospho-
lipid degradation (9, 27), and HCMYV infection has been pre-
viously shown to stimulate the breakdown of phospholipids.
Valyi-Nagy et al. (81) reported that HCMV infection stimu-
lated the hydrolysis of phosphatidylinositol 4,5-bisphosphate,
yielding increases in the cellular levels of inositol 1,4,5-
trisphosphate and DG. Increased cellular levels of DG are
associated with activation of arachidonic acid metabolism. In-
deed, in HCMV-infected cells, arachidonic acid metabolism is
also stimulated, as revealed by the release of arachidonic acid
and its metabolites (1, 2).

Considered together, these findings indicate that HCMV
infection induces an intracellular environment that is consis-
tent with stimulation of calpain activity. Further, the data sup-
port the interpretation that the enhanced calpain activity plays
a role in modulating p21°P' abundance, facilitating initiation
of cyclin E-associated kinase activity, and permitting continued
E kinase activity well into the late phase of HCMV infection.
We have postulated previously that the limited progression of
the cell cycle observed with productive HCMV infection es-
tablishes a cellular environment conducive to efficient HCMV
replication (5, 19). Activation of the ubiquitous calpains and
degradation of p21°P! appear to be important components in
the cellular changes supporting limited cell cycle progression
and HCMYV replication.

A role for HCMV IE2-86 in cell cycle regulation has been
reported. As noted previously, IE2-86 participates in activating
transcription from the cyclin E gene (17). Other roles for
IE2-86 in cell cycle regulation have also been proposed. IE2-86
interacts with p53 (15, 77, 80) and pRb (37, 40, 47, 63), which
could help to facilitate HCMV-induced cell cycle traverse.
IE2-86 has been reported to interact also with p21°P! (76),
which could potentially assist in releasing the p21°P'-mediated
block of cell cycle progression. The observation that p21¢iP!
abundance substantially declines during productive HCMYV in-
fection (19) (Fig. 1) suggests that IE2-86 binding to p21°P! may
not be a quantitatively important mechanism for relief of the
p21°P! block in productively infected cells. It is possible that
degradation of p21°P' may have the peripheral effect of pre-
venting a substantial reduction of the effective abundance of
IE2-86 and a corresponding decrease in its transcriptional ef-
fect. It seems somewhat paradoxical that IE2-86 has also been
reported to block cell cycle progression in the S phase (55, 76),
since the published effects of IE2-86 on cyclin E expression and
Cdk activities (through interaction with p21°P') suggest that
IE2-86 should promote cell cycle progression (23). A number
of studies of HCMYV infection in permissive arrested cells have
noted that traverse of the cell cycle during productive infection
is limited to a point at or near the G,/S boundary (19, 30, 52).
Other studies of productive HCMYV infection in which arrest is
observed in the S phase (45, 55, 76) may be related to inter-
preting uncharacterized DNA synthesis as cellular, when it
may be viral, or the effects of transfection and expression of
IE2-86 in the absence of the entire repertoire of HCMV genes.
Indeed, Wiebusch and Hagemeier (83) observed that IE2-86
blocked cell progression in G,. Although it is clear that IE2-86
participates in cell cycle activation by HCMV, additional work
is needed to characterize its role and the role of cellular mol-
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ecules in the limited cell cycle progression induced by produc-
tive HCMYV infection.
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