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uously that the helices of the four subunits had to be
arranged in an antiparallel manner. Thus, from con-
siderations of symmetry we could readily ascertain
that the basic topology consisted of a four-helix
bundle and a pair of antiparallel B sheets. Initial
calculations were therefore carried out on the basis
of the following NOEs: unambiguous intrasubunit
NOEs relating to the secondary structure; intersub-
units relating to the two antiparallel g sheets, one
between subunits A and C, the other between sub-
units B and D (overlap of the two sheets could be
unambiguously excluded from a qualitative interpre-
tation of the NOE data as well as considerations of
symmetry), and intersubunit NOEs that could not be
partitioned into particular intersubunit interactions
and were therefore treated as r,]—6 sum averages
(where ris distance) to allow the computer to parti-
tion any given restraint between all pairwise subunit
interactions [M. Nilges, Proteins Struct. Funct. Gen-
et. 17, 297 (1993)]. With this pairing of the B strands,
the interactions between the A and B subunits are
symmetrically equivalent to those between the C

and D subunits, the interactions between the A and -

C subunits are symmetrically equivalent to the inter-
actions between the B and D subunits, and the
interactions between the A and D subunits are
symmetrically equivalent to those between the B
and C subunits. In addition to the initial structure
calculations, a physical model was built on the basis
of the data and proved to be very helpful in sorting
out the tetramer arrangement. Once the tetramer
topology was clearly established from the initial
structure calculations, an iterative strategy was used
to assign all structurally useful intra- and intersubunit
NOEs explicitly. The final structure calculations were
based on 3252 approximate interproton distance
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restraints (2412 intra- and 840 intersubunit, parti-
tioned into 758 for the AC and BD subunits, 72 for
the AB and CD subunits, and 10 for the AD and BC
subunits). These were supplemented by 160 dis-
tance restraints for 68 intra- and 12 intersubunit
hydrogen bonds, 268 torsion angle restraints (144
&, 104 x,, and 20 x,), 144 3J,,, coupling constant
restraints, and stereospecific assignments for 104 of
the 144 B methylene groups and for the methyl
groups of all 16 Leu residues. (The number of
restraints and stereospecific assignments applies to
the tetramer; as the tetramer is completely symmet-
ric, each observed NOE, for example, gives rise to
four interproton distance restraints, one for each
subunit.) The coordinates of the 30 final simulated
annealing (SA) structures of the tetrameric oligomer-
ization domain of p53, together with the coordinates
of the restrained minimized mean structure, (SAyr,
and the complete list of experimental NMR restraints
and 'H, SN, and '3C assjgnments have been de-
posited in the Brookhaven Protein Data Bank.
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A subset of patients who have undergone coronary angioplasty develop restenosis, a
vessel renarrowing characterized by excessive proliferation of smooth muscle cells
(SMCs). Of 60 human restenosis lesions examined, 23 (38 percent) were found to have
accumulated high amounts of the tumor suppressor protein p53, and this correlated with
the presence of human cytomegalovirus (HCMV) in the lesions. SMCs grown from the
lesions expressed HCMV protein IE84 and high amounts of p53. HCMV infection of
cultured SMCs enhanced p53 accumulation, which correlated temporally with IE84 ex-
pression. IE84 also bound to p53 and abolished its ability to transcriptionally activate a
reporter gene. Thus, HCMV, and IE84-mediated inhibition of p53 function, may contribute

to the development of restenosis.

Coronary angioplasty causes vessel wall
injury and induces a SMC proliferative
response similar to the healing response of
other tissues to injury. This response is so
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excessive in 25 to 50% of patients that it
leads to coronary restenosis. On the basis of
a proposal that atherosclerosis (also charac-
terized .by SMC proliferation) might be a
form of benign neoplasia (1), we hypothe-
sized that formation of the neointimal le-
sion during restenosis may be driven by
alterations that confer to cells a selective
growth advantage; upon activation, as by
injury, such cells would undergo excessive
proliferation.

* We investigated two molecular mecha-
nisms that might contribute to the abnor-
mal SMC proliferation: (i) aberrant expres-
sion of p53, a tumor suppressor protein
that inhibits cell cycle progression and
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that is functionally inactivated in many
human cancers (2); and (ii) activation of
latent HCMV, a herpesvirus that has been
associated with the development of ath-
erosclerosis (3). Conceivably, an HCMV
protein or proteins could impair p53’s
growth suppressor function, as is the case
for proteins encoded by several DNA tu-
mor viruses (4, 5).

We studied 60 patients (age 36 to 89
years; mean 59) who had undergone pri-
mary balloon angioplasty for severe symp-
toms secondary to coronary artery disease.
Each had a satisfactory angiographic result
at the time of angioplasty but later devel-
oped recurrent angina and were subsequent-
ly found to have stenosis at the site of
angioplasty. Coronary atherectomy was
performed 1 to 6 months after angioplasty,
and the specimens obtained from such
patients are referred to here as restenosis
lesions. Atherectomy tissue was also ob-
tained from an additional 20 patients who
were undergoing atherectomy for angina
but who had not previously undergone
angioplasty. These specimens are referred
to as primary lesions. The restenosis le-
sions were firm, cylindrical fragments 1 to
5 mm long and 0.2 to 0.4 mm in diameter.
They were cellular and nearly all cells
were identifiable as SMCs by immuno-
staining with an antibody to muscle actin
(6). In contrast, primary lesions were hy-
pocellular and often contained thrombus.

In normal cells, wild-type p53 has a
short half-life (5 to 20 min) (7) and hence

391



is immunohistochemically undetectable
(8). In cancers in which p53 loses its
inhibitory function, (usually because of a
mutation in the p53 gene), the protein
often displays enhanced stability and is
detectable by immunostaining (8).

We examined restenosis lesions from 60
patients and found that 23 (38%) were p53-
immunopositive [defined as such when
=10% of the SMC:s stained with p53-specif-
ic antibodies (Fig. 1)]. Of these, 83% con-
tained 225% immunopositive cells and 60%
contained =50% immunopositive cells. In
contrast, none of the 20 primary lesions were
p53-immunopositive. It is unlikely that p53-
immunopositivity is a consequence of rapid
proliferation of SMCs or is a normal feature
of the vessel wall as no p53 immunopositiv-
ity was found in (i) cultured primary rat and
human aortic SMCs that were stimulated by
serum (9); (ii) tissue derived from a rat
internal carotid artery obtained 2 to 75 days
after balloon-induced injury and treated
identically to the patient atherectomy spec-
imens (9); (iii) frozen sections of “normal”
human coronary arteries from two 18-year-
old trauma victims, each having concentric
accumulation of SMCs in the neointima
(Fig. 1G); and (iv) frozen sections from
normal internal mammary arteries obtained
from 11 patients undergoing coronary bypass
surgery (9).

To determine whether the accumulation

Fig. 1. A restenosis lesion
(24) immunopositive for
p53 from a patient who had
undergone coronary an-
gioplasty 4 months earlier.
Tissue was stained with
antibody 1801 to p53 (A,
E, and G), antibody HHF35
to muscle actin (B), anti-
body CM-1 to p53 (C), Mo-
vat pentachrome (extracel-
lular matrix is blue, colla-
gen is yellow, and muscle
is red) (D), and MOPC 21
(nonimmune mouse my-
eloma protein) (F). Shown
in (@) is a normal human
coronary artery. Magnifica-
tion: (A, B, and F) x28, (C,
D, and E) x173, and (G)
x8.

of p53 in the restenosis lesions was due to
mutations in the p53 gene, we amplified by
polymerase chain reaction (PCR) the ge-
nomic DNA of 10 p53-immunopositive le-
sions (in which >35% of the SMCs showed
immunostaining) with primers complemen-
tary to the introns surrounding exons 2 to
11 of the p53 gene (10). Sequencing of the
PCR products demonstrated that the le-
sions contained only wild-type p53 (11).

In certain tumors that are immunoposi-
tive for wild-type p53, the protein has been
shown to be inactivated and stabilized by
interaction with cellular or virally encoded
transforming proteins (5, 12). We investi-
gated whether the herpesvirus HCMV was
present in the atherectomy specimens be-
cause previous studies had demonstrated an
association between HCMV infection and
atherosclerosis or SMC proliferation (3). In
addition, other herpesviruses had been
shown to induce SMC proliferation and
atherosclerotic-like lesions in the coronary
arteries and the aorta of chickens (Marek’s
disease virus) (13) and in aortic allografts
placed into rats (rat CMV) (14).

We used PCR analysis to search for
HCMV sequences in 24 human restenosis
lesions, 13 of which were p53-immunopos-
itive (>35% of the SMCs showed immu-
nostaining) and 11 of which were p53-
immunonegative. There was a significant
concordance between p53 immunoreactiv-
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ity and the presence of the HCMV genome;
amplified viral-specific PCR products were
found in 11 of 13 (85%) of the p53-
immunopositive lesions, but in only 3 of 11
(27%) of the p53-immunonegative lesions
(P < 0.01). Conversely, almost 80% of the
HCMV-positive lesions (11 of 14) were
p53-immunopositive. None of the 11 pri-
mary lesions analyzed by PCR contained
HCMV sequences (15).

To determine whether HCMV sequences
in the restenosis lesions could express
HCMV gene products, we immunostained
SMCs cultured from atherectomy specimens
with antibodies specific for two major imme-
diate-early proteins, IE72 and IE84 (the 72-
and 84-kD products of the HCMV IEI and
IE2 genes, respectively). These viral pro-
teins are expressed in many cell types wheth-
er or not viral replication ensues and are
believed to be involved in activating the
cellular DNA replication machinery (16).
We focused mainly on IE84 because it trans-
activates a variety of heterologous promoters
(17). We found that SMCs from four of nine
specimens were immunopositive for IE84
and for p53 at passages 1 and 2, whereas the
remaining five cultures were immunonega-
tive for both.

The concordance between p53 accumula-
tion and IE84 expression raised the possibility
that IE84 might functionally interact with
p53. To test this idea, we determined whether
HCMYV infection of SMCs affects p53 accu-
mulation. Normal human coronary SMCs
were infected with HCMV and assayed im-
munohistochemically for p53 and IE84. The
SMCs, initially immunonegative for p53 and
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Fig. 2. Time-dependent expression of |IE72,
IE84, and p53 in human coronary SMCs infect-
ed with HCMV at a multiplicity of infection of 10
(25). After fixation and staining with immuno-
peroxidase, the cells were dehydrated in grad-
ed alcohols, then in xylenes, and-mounted on
cover slips. The ratio of infected cells (brown
nuclei) to uninfected cells was determined by
counting 100 cells per well, in duplicate wells.
Shown in the insert is an immunoblot of SMC
lysates probed with an antibody to p53 (1801).
The left lane contains uninfected cells and the
right lane contains cells harvested 72 hours
after HCMV infection.



Fig. 3. Double immuno-
fluorescence staining
(26) of HCMV-infected
human coronary SMCs
for IE84 (red) and p53
(green). (A and B) A
colony of SMCs with
normal morphology 24
hours after infection.
Most of the cells that
were immunopositive
for IE84 were also im-
munopositive for p53.
(C and D) Two SMCs
with virus-mediated cy-
tomegaly 72 hours after
infection are intensely
stained for both |IE84

-

and p53. A phase-contrast micrograph of the same field as (C) and (D) showed that the cells around
the immunopositive cells did not exhibit cytomegaly and were not stained for either protein (9). As
controls, infected cells were treated with nonimmune primary antibodies, and uninfected cells were
treated with immune primary antibodies (9). Magnification x24.

IE84, became immunopositive for both pro-
teins within 2 days after infection, and there
was a striking similarity in the kinetics of
accumulation of the two proteins (Fig. 2).
Immunoblotting with a p53-specific antibody
confirmed that HCMYV infection leads to p53
accumulation (Fig. 2; insert). IE72 was ex-
pressed earlier and more transiently than IE84
(18). Double immunofluorescence staining
revealed that IE84 and p53 accumulated in
the same cells (Fig. 3).

We next determined whether IE84 alters
p53 function, in particular, its ability to stim-
ulate transcription. Human coronary SMCs
were cotransfected with plasmids encoding
wild-type p53, the HCMV IE84 gene, and a
chloramphenicol acetyl transferase (CAT) re-

Flig. 4. Detection of a functional interac-
tion between p53 and HCMV in primary
human coronary SMCs. Plasmid p50-2
contains two copies of the 50-bp p53-
responsive element of the murine mus-
cle creatine kinase (MCK) promoter po-
sitioned upstream of the CAT reporter
gene; plasmid p11-4 plasmid contains a
murine wild-type p53 cDNA under the
control of the SV40 promoter (79); plas-
mid pRc/RSVIE84 contains cDNA en-
coding HCMV |E84 under the control of
the RSV promoter (27). Separate trans-
fection studies demonstrated that IE84
did not inhibit the transcriptional activity
of the SV40 promoter. Shown in the
insert is an immunoblot analysis of p53-
|IE84 interaction. Lysates were prepared
from insect cells that were uninfected
(lane 1), doubly infected with baculovi-
ruses encoding p53 and IE84 (lane 2),
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porter construct (19). Although p53 alone
efficiently transactivated the reporter gene,
this activity was abolished when p53 was
co-expressed with IE84 (Fig. 4).

To investigate whether IE84 physically
interacts with p53, we expressed the two
proteins individually or together in insect cells
using a baculovirus system (20). Cell lysates
were first immunoprecipitated with an anti-
body to p53 (Fig. 4, insert; lanes 1 to 4) and
then probed with an IE84-specific antibody by
immunoblotting (21). IE84 was indeed de-
tectable in the p53 immunoprecipitate (Fig.
4, lane 2), suggesting that the viral protein
mediates its effects on p53, at least in part,
through a protein-protein interaction. A
small amount of IE84 was consistently seen on
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infected with a baculovirus encoding IE84 only (lane 3), or infected with a baculovirus encoding p53
only (lane 4). Lysates were precipitated with antibody 1801 to p53, analyzed by SDS-polyacryl-
amide gel electrophoresis, transferred to nitrocellulose, and then probed with antibody 12E2 to
IE84. The presence of the IgG heavy chain at 50 to 55 kD (arrowhead) precluded the reciprocal
co-immunoprecipitation. Total cell lysate from HCMV-infected human embryonic lung fibroblasts
(HEL) cells was loaded in lane 5 as a positive control for IE84. cpm, counts per minute. Molecular

size of 86 kD is indicated.
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the immunoblots in the absence of p53 (Fig.
4, lane 3), indicating that some IE84 may
bind nonspecifically to the protein A-Sepha-
rose beads. Similar nonspecific binding was
seen when an irrelevant first antibody was
used. We estimated that less than 10% of the
p53 and IE84 in the cells were in a stable
complex under the conditions used.

Given that HCMV infection can cause
proliferation of a variety of cells (16) includ-
ing SMCs (22), that herpesviruses can cause
atherosclerotic-like lesions in animals (13),
and that latent herpesviruses can be reactivat-
ed (23), we propose the following model for
restenosis. Angioplasty-induced injury to the
vessel wall may reactivate latent HCMV,
which in turn may cause multiple cellular
changes and predispose SMCs to proliferate.
Although there are many mechanisms by
which HCMV could potentiate the develop-
ment of restenosis, our data point to a role for
viral protein IE84 in blocking p53’s inhibition
of cell cycle progression. It is of interest that
restenosis shares many pathophysiologic fea-
tures with atherogenesis, and that atheroscle-
rotic vessels often contain HCMV. Conceiv-
ably, HCMV-mediated inhibition of p53 may
also be important in the development of
atherosclerosis and may in part explain the
monoclonality observed in some atheroscle-
rotic lesions (1I).
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Medium 199, 20% FBS, 1% antibiotic-antimycotic
for 72 hours. After removal of the medium, the
cells were infected with 50 pl of viral supernatant
for 2 hours. The virus suspension was then re-
moved and replaced with 0.4 ml of growth medi-
um. Four wells each of infected or uninfected
controls for each time point were analyzed by
immunocytochemistry. Cells were fixed, incubat-
ed with monoclonal antibodies 6E1 (to IE72) or
12E2 (to IEB4) (Vancouver Biotech.) or with p53-
specific antibodies 1801 or 421 overnight at 4°C,
then reacted with biotinylated goat antibody to
mouse IgG and ABC complex (Vector Labs) and
with diaminobenzidine [E. Speir et al., in (24)].
Whereas IE72 expression was maximal at 48
hours after infection and then declined, IE84
expression was low at 48 hours but was apparent
in 70% of the infected cells at 7 days and in 100%

. of the cells at 14 days after infection.
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7 min. Cells were then air-dried, washed in PBS,
and blocked with 1% goat serum (Vector Labs)
for 20 min. Antibody 12E2 (50 wl), diluted 1:200 in
0.1% crystalline bovine serum albumin (BSA),
was added to the wells for 1 hour at 22°C. Cells
were washed in warm PBS and the lissamine-
rhodamine conjugated goat secondary antibody
(Jackson ImmunoResearch, West Grove, PA; di-
luted in 1% rabbit serum in PBS at 1:50) was
added for 30 min at 37°C. Cells were again
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washed with warm PBS and polyclonal antibody
CM1 (Signet, Dedham, MA; diluted 1:200 in 0.1%
BSA) was added to the wells for 1 hour at 22°C.
Cells were washed in PBS, fluorescein isothiocy-
anate-conjugated secondary antibody [diluted in
1% rabbit IgG in PBS (Vector Labs) at 1:50] was
added for 30 min, and the cells were washed
again. Finally, cells were mounted in 0.1% p-phe-
nylenediamine dissolved in PBS (pH 8), and
adjusted with carbonate buffer (pH 9.0).

27. The complete coding region of /E2 was PCR-
amplified from complementary DNA (cDNA) and
cloned into the pRc/RSV expression vector with
Hind Ill and Xba | linkers. Human coronary SMCs
were grown in Medium 199 and 10% FBS for 48
hours, then synchronized with 5 mM thymidine for 24
hours [E. Speir and S. E. Epstein, Circulation 86, 538
(1992)] and transiently transfected by lipofection
(Dotap, Boehringer) with 2 ng of each plasmid and
1 ng of the reporter plasmid p50-2. The results are
the average CAT activity of duplicate samples.
Three separate transfections were performed. Cell
extracts were prepared by three freeze-thaw cycles
and then measured for CAT activity with [“C]chlo-
ramphenicol and butyryl coenzyme A [T. Finkel, J.
Duc, E. R. Fearon, C. V. Dang, G. F. Tomaselli, J.
Biol. Chem. 268, 5 (1993)].
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Mitotic Regulation of Microtubule Cross-Linking
Activity of CENP-E Kinetochore Protein

Hong Liao, Gang Li, Tim J. Yen*

CENP-E is a kinesin-like protein that is transiently bound to kinetochores during early
mitosis, becomes redistributed to the spindle midzone at anaphase, and is degraded after
cytokinesis. At anaphase, CENP-E may cross-link the interdigitating microtubules in the
spindle midzone through a motor-like binding site at the amino terminus and a 99—amino
acid carboxyl-terminal domain that bound microtubules in a distinct manner. Phospho-
rylation of the carboxyl terminus by the mitotic kinase maturation promoting factor (MPF)
inhibited microtubule-binding activity before anaphase. Thus, MPF suppresses the mi-
crotubule cross-linking activity of CENP-E until anaphase, when its activity is lost.

Chromosome segregation is a highly com-
plex process that relies on the interactions
between microtubules of the spindle and a
chromosomal domain called the kineto-
chore. This microtubule-kinetochore con-
nection is essential for the alignment of
chromosomes to the metaphase plate as
well as for their separation toward opposite
ends of a dividing cell. CENP-E is a 312-kD
protein that belongs to the kinesin super-
family of microtubule-based motors (1).
The subcellular distribution of CENP-E
changes markedly during the cell cycle (1,
2). CENP-E is initially detected as a diffuse
cytoplasmic protein in cells that are in the
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late stages of the cell cycle (G, and
prophase). It is associated with the kineto-
chores at prometaphase, but this interac-
tion persists only to metaphase. At ana-
phase, CENP-E dissociates from the kine-
tochores and is redistributed to a set of
fibers in the spindle midzone. CENP-E be-
comes concentrated into the midbody at
telophase and is degraded after cytokinesis.
The specific localization of CENP-E at the
kinetochores and the spindle midzone sug-
gests that it may be one of the motors
underlying chromosome movement as well
as spindle pole elongation during anaphase
B (3, 4).

The localization of CENP-E to the spindle
midzone during anaphase may reflect cross-
linking of the overlapping microtubules with-
in this region because CENP-E appears to
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