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Human Cytomegalovirus Capsid Assembly Protein Precursor
(pULS8O0.5) Interacts with Itself and with the Major Capsid
Protein (pULS86) through Two Different Domains
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We have used the yeast GAL4 two-hybrid system to examine interactions between the human cytomegalo-
virus (HCMYV) major capsid protein (MCP, encoded by UL86) and the precursor assembly protein (pAP,
encoded by ULS80.5 and cleaved at its carboxyl end to yield AP) and found that (i) the pAP interacts with the
MCP through residues located within the carboxy-terminal 21 amino acids of the pAP, called the carboxyl
conserved domain (CCD); (ii) the pAP interacts with itself through a separate region, called the amino
conserved domain (ACD), located between amino acids His34 and Arg52 near the amino end of the molecule;
(iii) the simian CMV (SCMYV) pAP and AP can interact with or replace their HCMV counterparts in these
interactions, whereas the herpes simplex virus pAP and AP homologs cannot; and (iv) the HCMV and SCMV
maturational proteinase precursors (AC,,,, encoded by UL80a and APNG1, respectively) can interact with the
pAP and MCP. The ACD and CCD amino acid sequences are highly conserved among members of the
betaherpesvirus group and appear to have counterparts in the alpha- and gammaherpesvirus pAP homologs.
Deleting the ACD from the HCMV pAP, or substituting Ala for a conserved Leu in the ACD, eliminated
detectable pAP self-interaction and also substantially reduced MCP binding in the two-hybrid assay. This
finding indicates that the pAP self-interaction influences the pAP-MCP interaction. Immunofluorescence
studies corroborated the pAP-MCP interaction detected in the GAL4 two-hybrid experiments and showed that
nuclear transport of the MCP was mediated by pAP but not AP. We conclude that the pAP interacts with the
MCP, that this interaction is mediated by the CCD and is influenced by pAP self-interaction, and that one
function of the pAP-MCP interaction may be to provide a controlled mechanism for transporting the MCP into

the nucleus.

Capsid structure and formation in herpes group viruses has
been studied most extensively in herpes simplex virus (HSV),
where it has been established that the most abundant intranu-
clear capsid is composed of, and can be constituted in vitro
from (52, 76, 80), six protein species (15, 29, 36). Four of these
make up the icosahedral outer shell and are also present in the
mature virion (29, 53, 54); the other two are internally situated
(5) and have a more transient role in capsid formation. The
internal proteins are made as precursors that are cleaved dur-
ing capsid formation. One of them is a proteinase presurser,
Pra, whose autoproteolytic cleavage yields two smaller internal
proteins, one of which (VP24) remains with the capsid and is
present in the mature virion (17, 29, 61). The second internal
protein, called ICP35c,d, is cleaved by the proteinase to yield
ICP35e,f (also called VP22a, p40, NC-3, or scaffold protein)
and is not found in the virion (29, 64).

Counterparts of these six HSV capsid proteins have been
identified in cytomegalovirus (CMV). The four outer shell
proteins of CMV capsids are called the major capsid protein
(MCP, human CMV [HCMV] ULS86) (11), the smallest capsid
protein (HCMV ULA48/49) (6, 28), the minor capsid protein
(HCMV ULSS) (6), and the minor capsid protein-binding pro-
tein (HCMV ULA46) (27). The internal proteins A and C,,, are

* Corresponding author. Mailing address: Virology Laboratories,
Department of Pharmacology and Molecular Sciences, The Johns
Hopkins University School of Medicine, 725 N. Wolfe St., Baltimore,
MD 21205. Phone: (410) 955-8680. Fax: (410) 955-3023. E-mail: Wade
_Gibson@qmail.bs.jhu.edu.

179

derived from the precursor proteinase (AC,,,) by autoproteo-
Iytic cleavage, and the internal assembly protein (AP) is de-
rived by cleavage from its precursor, pAP (30) (Fig. 1).
Studies done to define the assembly pathway of herpes
group viruses have resulted in the identification and charac-
terization of multiple particle forms (e.g., A-, B-, and C-cap-
sids, virions, noninfectious extracellular particles, dense bod-
ies, and light particles [29, 38, 60, 74, 75]). Among these,
capsids composed of the four outer shell proteins and the
cleaved proteinase and substrate precursors are routinely re-
covered from nuclei of herpesvirus-infected cells (25, 29) and
are typically the most abundant capsid form present. These
particles, generally called B-capsids, contain little or no DNA
(44, 45, 60, 72), accumulate under conditions of inhibited viral
DNA synthesis (22, 45, 58), and, as suggested by pulse-chase
radiolabeling experiments (44, 59), may be precursors to DNA-
containing particles and functionally analogous to bacterio-
phage proheads (8, 43). Although immature B-capsids (e.g.,
pre-B-capsids [26]) containing noncleaved forms of the pro-
teinase and its substrate (i.e., HSV ICP35c,d or CMV pAP)
have not been recovered from infected cells, there are three
lines of evidence that are consistent with their existence. First,
capsids are formed in cells infected at the restrictive temper-
ature with the HSV proteinase mutant #51201, even though
cleavage of the proteinase and substrate do not occur at the
restrictive temperature (63). Second, the amino and carboxyl
halves of the cleaved proteinase precursor are present in ap-
proximately equimolar amounts in B-capsids (29, 55), which is
compatible with incorporation of the precursor proteinase into
the particle first, followed by cleavage. And third, HSV capsids
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FIG. 1. HCMV proteinase and assembly protein precursors, products, and
landmarks. Shown in schematic representation are the HCMV proteinase and
assembly protein precursors and their primary cleavage products. The name of
each protein is indicated on the left, and its abbreviation is shown on the right.
Landmark features of the proteins are indicated, and sequence-derived molec-
ular weights are shown above each. Shaded portions of the top two proteins
indicate sequence shared with pAP. The SCMV and HSV homologs of these
HCMV proteins that were used in some experiments have similar features (46,
82).

can be isolated that contain a mutant proteinase precursor
unable to be cleaved to yield VP21 and VP24, demonstrating
that the proteinase precursor can be incorporated into capsids
(65).

Although the mechanistic requirement for these internal
proteins, and the circumstances and consequences of their
cleavage, are only beginning to be understood, there is good
evidence that (i) they are required to coordinate association of
the outer shell proteins into the capsid structure (18, 76, 80),
(ii) they must be cleaved to enable viral DNA to be packaged
(23, 63), and (iii) there is a correlation between DNA packag-
ing and their elimination from the particle (39, 64). In addition,
there is evidence indicating that the HSV pAP homolog binds
to the MCP (18, 37, 79) and enhances its nuclear translocation
(57) and that VP22a aggregates with itself when extracted from
B-capsids and renatured (53). These observations suggest that
the HSV pAP homolog is involved in at least two intermolec-
ular interactions, either or both of which may be critical to
capsid formation.

As a means of studying these and other intermolecular in-
teractions among the herpesvirus capsid proteins, we have
used the yeast GAL4 two-hybrid system (14, 20). This system is
a genetic method for studying protein-protein interactions that
takes advantage of the fact that the GAL4 transactivator pro-
tein is comprised of two distinct functional domains, a DNA-
binding (DB) domain and a transactivation (TA) domain.
When the DB and TA domains are cloned into separate ex-
pression vectors and coexpressed in yeast cells, they do not
interact and there is no expression of the reporter gene, lacZ,
which encodes B-galactosidase (B-Gal). Likewise, when the
DB and TA domains are expressed as fusions with proteins
that do not interact, the expression of lacZ is not activated
(e.g., Fig. 2c to e). However, when the GAL4 domains are
expressed as fusions with proteins that do interact, a functional
GALA transactivator is reconstituted, leading to B-Gal expres-
sion that can be detected and measured (e.g., Fig. 2a and b).

We have focused on interactions of the CMV assembly pro-
tein precursor in the work reported here and have taken ad-
vantage of the two-hybrid system to delineate two domains in
this protein that account for its self-interaction and for its
interaction with the major capsid protein. An influence of the
self-interaction domain on the ability of the assembly protein
precursor to interact with MCP was also found, which suggests
that pAP multimer formation may be one of the first steps in
the capsid assembly pathway.

(Initial reports of this work were presented at the 1995
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meetings of the American Society for Virology, 14th Annual
Meeting [Austin, Tex., July 8 to 12], Phage and Virus Assembly
[Johnstown, Pa., June 16 to 21], Viruses and Cells Gordon
Conference [Tilton, N.H., June 11 to 16], and The 20th Inter-
national Herpesvirus Workshop [Groningen, The Netherlands,
July 29 to August 3].)

MATERIALS AND METHODS

Yeast strain and growth media. Saccharomyces cerevisiae PCY2 (MATo Agal4
Agal80 URA3:GALI-lacZ lys2-801°%" his- A200 trpl- A63 leu2 ade2-101°°"¢)
was used (13). Yeast were grown in yeast extract-peptone-dextrose or in minimal
medium containing dextrose (SD) supplemented with an amino acid mixture
selective for growth of the transformants (3). SD-leu-trp is SD supplemented
with 1X amino acid mixture without leucine and tryptophan.

Yeast transformation. Yeast transformation was by the lithium acetate
method performed essentially as described previously (3) except that 50 pl of
competent cells was transformed with 5 wg of plasmid DNA without carrier
DNA.

B-Gal assays. Yeast colonies were assayed for 3-Gal activity by using the yeast
colony filter lift assay as described previously (9) except that 5-bromo-4-chloro-
3-indolyl-B-p-galactoside (X-Gal; Bethesda Research Laboratories, Gaithers-
burg, Md.) was used at 1 mg/ml and incubation was at 37°C. The B-Gal activity
of liquid yeast cultures was quantitated as described previously (3, 68) except that
the units of B-Gal activity were normalized either to the protein concentration of
the crude yeast extracts (expressed as nanomoles/minute/milligram of protein)
(18, 70) or to cell density (expressed in Miller units) (3, 51). Any value for B-Gal
activity presented here is either the mean obtained from assays of at least three
dilutions of each crude yeast lysate or the mean calculated from assays per-
formed in triplicate on at least two yeast transformants. The standard deviations
of values obtained in each experiment were typically within 10 to 20% of the
mean.

Plasmids. The GAL4 two-hybrid vectors used in this study were obtained from
Daniel Nathans and have been described previously (13). Vector pPC86 encodes

Blue Colony  P-Cial
Color Activity®

f-Galactesidase
Fxpression
—

+ 9.2 (L.om

[-Galacissntane
Exprewson

Tar Z ——— +

1.2 {thiM}

- —
T e, @TA\
MLy At ,__/J
‘“‘?\DB S
(9} —L——_— - [ fwZ p—— - < 0.0]

— G A )
(™. L I
D r—
) - L dar 2 - < (i
g T
_/\___/

Mo \ Qf
) \.Z\DB T
@ —e—— - <001

*nmolessminute/mg protein

FIG. 2. HCMV MCP interacts with HCMV and SCMV pAPs, but not APs or
HSV pAP homolog, in the yeast GAL4 two-hybrid system. Shown are schematic
representations of GAL4 two-hybrid coexpression experiments described in the
text. The horizontal bar represents DNA, the empty rectangle toward its left end
represents the upstream activation sequence (UASg) to which the GAL4 com-
plex binds, and the larger rectangle designated Lac Z represents the B-Gal-
encoding gene. Viral protein fusions with the DB and TA domains of the GAL4
protein are shown as interacting (a and b) or noninteracting (c, d, and e) pairs.
MCP denotes HCMV major capsid protein (HCMV MCP); other abbreviations
are defined in Fig. 1 or explained in the text. Results of qualitative (filter lift) and
quantitative (liquid) B-Gal assays, obtained as described in Materials and Meth-
ods, are shown in the right-hand columns as blue colony color (+ denotes
positive interaction) and B-Gal activity, respectively. Values in the right-hand
column shown in parentheses were normalized to the B-Gal activity obtained for
the HCMV pAP-HCMYV MCP interaction on line a. The value <0.01 is given for
cotransformants with no detected B-Gal activity.
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the GAL4 TA domain. Vector pPC97 encodes the GAL4 DB domain and is a
derivative of pPC62 (13). pPC97 has been modified so that its polylinker is
identical to that of pPC86.

The eukaryotic expression vectors used in this study were pcDNA I/Amp
(Invitrogen catalog no. V460-20) and pRSV.5neo (47).

Plasmid construction. Standard techniques were used to construct, clone, and
propagate plasmids (69). All constructs were verified by DNA sequence analysis.

(i) Subcloning of viral genes into the two-hybrid vectors. The subcloning of
many full-length viral genes into the two-hybrid vectors was carried out according
to the following general scheme: (i) PCR amplification of the 5’ end of the gene
using a reverse primer that includes a unique internal restriction site and a
forward primer that introduces an appropriate polylinker restriction site imme-
diately upstream of the start codon such that upon cloning, the gene is fused in
frame to the 3’ end of the GAL4 domain coding sequence; (ii) excision of the rest
of the gene from an existing plasmid clone, using the internal restriction site and
a polylinker restriction site downstream of the stop codon; and (iii) three-piece
ligation of the PCR product, the excised gene fragment, and the vector (cleaved
with the appropriate restriction enzymes). For example, the HCMV pAP con-
structs were cloned with a Sall site upstream, the internal Xmal site, and an
Xbal/Spel fusion downstream (5'Sall-ATG-Xmal-Xbal/Spel3’). The HCMV
MCP constructs were cloned with 5'Bg/II-ATG-Spel-NotI3', the simian CMV
(SCMV) pAP constructs were cloned with 5'Sall-ATG-Avall-BamHI/Bg/113’,
the wild-type SCMV AC,,, constructs were cloned with 5'Sal/l-ATG-EcoRV-
BamHI/BglII3', the wild-type SCMV assemblin constructs were cloned with 5’
Sall-ATG-EcoRV-BamHI/BglII3', the mutant SCMV assemblin (S118A.S) con-
structs were cloned with 5" Sa/I-ATG-EcoRV-BamHI/BglII3', and the HSV type
1 (HSV-1) pAP constructs were 5’ BglII-ATG-BsmI-Xbal/Spel3'.

The HCMV AP constructs were produced by cleaving the pAP constructs at
the polylinker SstI site, blunting the 3’ overhang with T4 DNA polymerase,
cutting at the internal Xmal site, and replacing the 3’ end of the gene with the
3’ end from an existing HCMV AP clone. The SCMV AP clones were made by
replacing the 3’ end of the SCMV pAP constructs, from an internal Aspl site
onward, with a PCR product which introduced a stop codon at the maturational
(M) site.

The HSV-1 MCP constructs were made by (i) PCR amplification of the gene
by using a forward primer which introduced a Bg/II site just upstream of the start
ATG and a reverse primer which incorporated a Spel site downstream of the stop
codon, (ii) ligation into BglII-Spel-digested pPC97, and (iii) replacement of the
internal portion of the gene from the BspEI site to the CellIl site with the
corresponding sequence from a genomically derived clone of the gene.

The S118A mutant form of SCMV AC,,,,, (S118A.L) was cloned into pPC86 by
cutting the S118A.S construct at an internal BsrGI site and at the Spel site in the
polylinker of pPC86 and replacing the 3’ end of the gene with the 3’ end of the
wild-type SCMV AC,,, construct.

HCMYV pAP deletion mutants were generated by PCR amplification using (i)
forward primers that introduced a Sall site at the 5’ end such that the gene
fragments were fused in frame to the 3’ end of the GAL4 sequence and (ii)
reverse primers that introduced either a Bg/II (for deletions 8c1 to dc5, dn1/dc4,
and amino conserved domain ACDY) or an EcoRI (8nl to 8n6) site at the 3’ end
of the gene fragment. The HCMYV carboxyl conserved domain (CCD) was gen-
erated by PCR amplification using a forward primer that introduced a BamHI
site at the 5’ and a reverse primer that generated a Spel site at the 3’ end of the
CCD.

The SACD pAP construct (SACDhcmv) was made in the following way. The
HCMV pAP fragment upstream of the ACD (Met1 to Pro33) was generated by
PCR amplification using a forward primer that introduced a Sall site at the 5’
end and a reverse primer which introduced a Spel site at the 3’ end of the
fragment. The sequence immediately downstream of the ACD (Ser53 onward)
was generated by PCR amplification using a forward primer that introduced a
Spel site at the 5’ end of the fragment and a reverse primer which included a
unique Xmal site at the 3’ end. The Sall-Xmal fragment from TA-pAPhcmv was
replaced with the PCR-generated Sall-Spel and Spel-Xmal fragments in a three-
piece ligation, such that the ACD sequence in the HCMV pAP was replaced by
the Spel site.

The construct encoding the L47A mutant pAP was made by first digesting
TA-pAPhcmv with Sall and Xmal and then gel isolating the fragment containing
the pPC86 backbone and the coding sequence for the carboxyl two-thirds of the
pAP gene. Two PCR products were then generated: one using a forward primer
that introduced a Sall site at the 5’ end of the fragment and a reverse primer that
introduced a unique Eagl site at the 3’ end and encoded the alanine substitution
for leucine at amino acid 47, and the other using a forward primer that intro-
duced an Eagl site at the 5’ end of the fragment and a reverse primer that
included the unique Xmal site at the 3’ end of the fragment. L47A resulted from
a three-piece ligation of the Sall-Xmal TA-pAPhcmv fragment with the two PCR
products.

A chimera composed of the HCMV CCD fused to the carboxyl end of the
HSV pAP homolog (pAPhsv-CCDhcmv) was constructed as follows. First, we
replaced the stop codon of the HSV-1 pAP construct with a Bgl/II site by PCR
amplifying the 3’ end of the gene by using a forward primer that included a
unique AfIII site and a reverse primer that changed the sequence TGATCT to
AGATCT. The resulting AfIIII-Bg/II fragment was ligated to an EcoRI-AfIIII
fragment containing the remaining portion of the gene in a three-piece ligation
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with EcoRI-Bglll-cleaved vector. The CCD was generated by PCR using a
reverse primer to include a Spel site at the 3’ end of the sequence and a forward
primer that introduced a BamHI restriction site. The CCD fragment was inserted
downstream of an in frame with the HSV-1 pAP gene Bg/Il/BamHI-Spel.

A second chimera encoding the HSV pAP tail fused to the carboxyl end of the
HCMYV pAP (pAPhcmv-Tailhsv) was produced by a three-piece ligation of (i) a
PCR product encoding the carboxy-terminal 25 amino acids of the HSV-1 pAP
with a flanking X%ol site at the 5’ end and an SstI site after the stop codon, (ii)
an Xmal-Xhol fragment from TA-pAPhcmv which encodes the carboxyl two-
thirds of the HCMV pAP, and (iii) the Xmal-SstI fragment from TA-pAPhcmv
which contains the vector portion of the construct along with the coding se-
quence for the amino-terminal third of the HCMV pAP.

A third chimera composed of the ACD-containing fragment Ala31-Tyr59
fused to the amino terminus of the HSV pAP homolog was constructed in the
following way. The HCMV fragment Ala31-Tyr59 (referred to as ACDt) was
generated by PCR amplification using a forward primer that included a Sall
restriction site at the 5’ end of the sequence and a reverse primer that introduced
a Bg/II site at the 3’ end. The ACDY fragment was ligated to the HSV-1 pAP
construct, which had been digested with Sall and Bg/II, so that it was upstream
of and in frame with the 5’ end of the HSV-1 pAP gene.

(ii) Subcloning of viral genes into eukaryotic expression vectors. The CMV
MCP gene was cloned into the eukaryotic expression vector pcDNA I/Amp by
excision from the GAL4 two-hybrid DB-MCPhcmv construct with EcoRI-Notl
digestion and ligation into EcoRI-NotI-digested vector. The SCMV pAP and AP
were cloned into the eukaryotic expression vector pRSV.5neo. The SCMV pAP
construct, AW1, has been described previously (84). The SCMV AP was excised
from the two-hybrid TA-APscmv construct by Sall-Spel digestion and then li-
gated into Sa/l-Xbal-digested pRSV.5neo.

Mammalian cells. COS-7 African green monkey cells (a kind gift from Carolyn
Machamer, Johns Hopkins University School of Medicine) were grown in Dul-
becco’s modified Eagle’s medium (catalog no. 12100-061; GIBCO, Grand Island,
N.Y.) containing 10% (vol/vol) fetal calf serum (HyClone, Logan, Utah), peni-
cillin (100 U/ml), streptomycin (100 U/ml), and nystatin (10 U/ml) (GIBCO).

Transfection. COS-7 African green monkey kidney cells were seeded (=~10,000
cells/well) onto eight-well chamber slides (Supercell, Erie, Pa.) and allowed to
attach and grow overnight at 37°C in maintenance medium.

Cells were transfected by a modification of the DEAE-dextran technique,
described previously (1). Briefly, the maintenance medium was aspirated, and the
plasmid DNAs (1.5 mg of the MCP plasmid and 1 mg of the pAP and AP
plasmids were transfected per well), in 250 wl of phosphate-buffered saline (PBS)
containing 25 pg of DEAE-dextran (Pharmacia LKB, Uppsala, Sweden) per ml,
were added to the cells and incubated at 37°C for 30 min. The DNA-containing
transfection solution was then aspirated and replaced with maintenance medium
containing chloroquine (10 wg/ml; Sigma, St. Louis, Mo.). Three to four hours
later, the drug-containing medium was removed and replaced with maintenance
medium, and the cultures were incubated at 37°C for 3 days.

Immunofluorescence. Three days after transfection, the maintenance medium
was aspirated from the cultures and the cell layers were washed once with PBS,
fixed for 25 min at room temperature in PBS containing 3% paraformaldehyde
(electron microscopy grade; Polysciences, Inc., Warrington, Pa.), and then
washed again three times with TN buffer (10 mM Tris HCI [pH 7.4], 0.9% NaCl)
containing 10 mM glycine (TNgly). The fixed cells were permeabilized by incu-
bating them for 4 min in TNgly buffer containing 0.5% Triton X-100 and then
washed three times with TNgly buffer. The permeabilized cells were incubated at
room temperature for 35 min with a rabbit antipeptide antiserum to either MCP
(anti-MCP [unpublished data]) or the CMV AP (anti-N1 [71]). Anti-MCP and
anti-N1 were used at dilutions of 1:500 and 1:80, respectively, in 5% bovine
serum albumin (BSA) (Calbiochem-Novabiochem Corp., La Jolla, Calif.) made
in TN containing 0.02% NaNj3). After removal of the primary antibodies, the
cells were washed three times with TNgly, incubated at room temperature for 35
min with whole goat serum (1:20 in 5% BSA; catalog no. 005-000-121; Jackson
Immunoresearch Laboratories, Inc., West Grove, Pa.) to block nonspecific bind-
ing of the secondary antibodies, washed three times with TNgly, incubated at
room temperature for 35 min with fluorescein isothiocyanate-labeled goat anti-
rabbit antibodies (1:150 in 5% BSA; catalog no. 111-095-144; Jackson Immu-
noresearch Laboratories), and washed three times in TNgly. Coverslips were
attached to the processed slides with a drop of Mowiol mounting medium, which
contained Mowiol 4-88 (catalog no. 475904; Calbiochem, San Diego, Calif.) and
the antifade agent DABCO (Sigma), prepared as described previously (35). Cells
were examined and photographed with an Olympus BH-2 microscope equipped
with a 40X SPlan objective lens, using Kodak Ektachrome Elite 400 ASA film.

RESULTS

All two-hybrid constructs used in the work reported here
encoded a fusion between the amino end of a viral protein and
the carboxyl end of the GAL4 DB or TA domain. These fusion
constructs have been named by their GAL4 domain (i.e., TA
or DB), followed by the viral sequence present (e.g., pAP,
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TABLE 1. Requirement of the CCD of HCMV and HSV pAP homolog for interaction with MCP*

B-Gal activity® (nmol/min/mg of protein

Assay DBfuds(i):rllain TA domain fusion Bluci) IC(?ILOHY [relative activity])

Expt 1 Expt 2
a MCPhcmv pAPhcmv + 5.8 (1.0) 11.1 (1.0)
b MCPhemv pAPhsv-CCDhcmv + 25.9 (4.5) 57.4(5.2)
c MCPhsv pAPhsv-CCDhcmv + 65.0 (11.2) 138.9 (12.5)
d MCPhsv pAPhsv + 271.5 (46.7) 521.6 (47.0)
e MCPhsv pAPhcmv - <0.01 <0.01
f MCPhsv pAPhcmv-Tailhsv + 63.9 (10.9) 56.3 (5.1)
g MCPhcmv pAPhcmv-Tailhsv + 26.5 (4.6) 103.9 (9.4)

¢ Cotransformations were done as described in the text with plasmids expressing the DB and TA fusion proteins indicated. Abbreviations are explained in the text,

Fig. 1, and the legend to Fig. 2.
® Results of qualitative filter lift assays.

¢ Results of quantitative liquid assays from two independent experiments. Values were calculated and normalized as described in the legend to Fig. 2 and Materials

and Methods.

MCP, or deletion name), followed by the viral origin of the
sequence in lowercase letters (e.g., hcmv, scmv, or hsv).

All fusion proteins that gave positive results in cotransfor-
mations with other fusion proteins were tested to verify that
they did not yield false-positive reactions. This was done by
cotransforming the fusion protein construct with the comple-
mentary GAL4 vector and then assaying the transformed cells
for B-Gal expression by the filter lift assay. Only the HSV pAP
homolog in the GAL4 DB vector (i.e., DB-pAPhsv), cotrans-
formed with the GAL4 TA vector, gave a false-positive reac-
tion and was not used in further experiments.

We found that although the relative levels of B-Gal activity
were generally consistent from experiment to experiment, the
absolute values varied significantly (Table 1). To control for
this fluctuation, so that the B-Gal activities of different trans-
formants could be compared, each experiment included either
an HCMV pAP/pAP or an HCMV pAP/MCP cotransforma-
tion for normalizing the measurements in that set.

HCMY pAP and MCP interact. We first tested for an inter-
action between the HCMV pAP and MCP by cotransforming
yeast with the DB-MCPhcmv and TA-pAPhcmv plasmids. The
transformants were plated on SD-leu-trp, and a yeast colony
filter lift assay was done 2 days later. Permeabilized colonies on
the nitrocellulose replica turned blue after incubation with
X-Gal, indicating that the two viral proteins interact (Fig. 2a
and Table 1, assay a; also see Fig. 4, pAP, and Table 4, assay a).
The relative strength of the interaction was determined by
calculating units of B-Gal activity for each yeast transformant
in a liquid assay (Fig. 2a; also see Tables 1 and 4, assays a).

When the experiment was repeated using the reciprocal
constructs (i.e., TA-MCPhcmv plus DB-pAPhcmv), no inter-
action was detected by either assay. We attribute this negative
result to nonreactivity of the TA-MCPhcmv fusion protein
(e.g., conformation or low abundance), because the DB-pAPh-
cmv construct reacted well in other assays (e.g., Table 2, assays
a, ¢, and e).

pAP-MCP interaction shows species specificity. Given the
probable functional similarity between the assembly protein
homologs of different herpesviruses (38), we next tested
whether the pAP of one virus could substitute for that of
another in MCP binding. We did this by determining whether
the pAP from another betaherpesvirus (i.e., SCMV) or from
an alphaherpesvirus (i.e., HSV-1) (for nomenclature, see ref-
erence 67) could substitute for the HCMV pAP in interacting
with the HCMV MCP. Yeast colony filter lift assays showed
that the SCMV pAP interacted with the HCMV MCP but that
the HSV pAP homolog did not (Fig. 2b and e, respectively).

Failure of the HSV pAP homolog to interact with the HCMV
MCP was not due to lack of expression or stability of the
HSV-1 pAP fusion protein because it showed a strong inter-
action with the HSV MCP (Table 1, assay d).

The HCMV pAP appeared to interact more strongly than
the SCMV pAP with the HCMV MCP (compare Fig. 2a and
b); however, additional experiments revealed that all yeast
cotransformants expressing the SCMV pAP as a TA fusion
showed much lower B-Gal activities than those expressing the
same protein as a DB fusion (e.g., 29-fold [Table 2, assays ¢
and d] 6-fold [Table 4, assays f and g]). The experiment could
not be repeated for comparison with the pAP genes in the
GALA4 DB vector because the TA-MCPhcmv construct needed
as the partner was not active (see above). Such vector-depen-
dent or polarity effects on B-Gal activity have been observed by
others (19, 21, 31, 40) and indicate that factors other than the
strength of the interaction between fusion proteins can influ-
ence these results (e.g., amount and stability of transcript or
protein or conformational or other changes in the fusion pro-
tein).

CCD of CMV pAP is required for interaction with MCP.
The next series of experiments was done to identify the CMV
PAP domain involved in MCP binding. We began by compar-
ing the amino acid sequences of the HCMV and SCMV pAPs
(interactive with HCMV MCP) with that of the HSV pAP
homolog (not interactive with HCMV MCP) and identified
two highly conserved domains (Fig. 3). One has been noted

TABLE 2. Interaction of CMV pAPs with each other and with the
HSV pAP homolog®

-Gal activit
A DB. TA‘ Blue colony B(Miller uniti‘f
ssay domain domain .
fusion fusion color” [re!a't e
activity])
a pAPhcmv pAPhcmv + 39.4 (1.0)
b APhcmv APhcmv + 135.7 (3.4)
c pAPhcmv pAPscmv + 3.9(0.1)
d pAPscmv pAPhcmyv + 113.6 (2.9)
e pAPhcmv pAPhsv - <0.01
f pAPscmv pAPhsv - <0.01

“ Cotransformations were done as described in the text with plasmids express-
ing the DB and TA fusion proteins indicated. Abbreviations are explained in the
text and Fig. 1.

b Results of qualitative filter lift assays.

¢ Results of quantitative liquid assays. Values were claculated and normalized
as described in the legend to Fig. 2 and Materials and Methods.
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FIG. 3. Amino and carboxyl conserved domains of CMV pAP. (A) Sche-
matic representation of the HCMV, SCMV, and HSV-1 pAPs. Relative amino
acid length is indicated on the scale at bottom. Hatched boxes labeled ACD and
CCD indicate conserved amino acid sequences discussed in text and specified in
panels B and C. Arrows at right end of bars indicate M cleavage sites (84). (B)
Alignment of the 19-amino-acid conserved sequence near the amino ends of the
HCMYV and SCMV pAPs, and the corresponding sequence of the HSV pAP
homolog. The program PILEUP from the Genetics Computer Group sequence
analysis software package was used for the alignment. Numbers at beginning and
end of sequences indicate amino acid positions in sequences; regions of amino
acid identity between sequences are boxed; the symbols % and { indicate the
conserved Leu and Pro discussed in the text. (C) Alignment of the 21-amino-acid
conserved sequence at the carboxyl ends of the HCMV and SCMV pAPs, and
the corresponding sequence of the HSV pAP homolog. PILEUP was used for the
alignment; numbers and boxing are as explained in panel B; the symbol *
indicates the conserved Phe discussed in the text. Sequences used for the align-
ments were from GenBank: HCMYV strain AD169 (12), SCMV strain Colburn
(82), and HSV-1 (50).

before (66) and comprises the carboxy-terminal 21 amino acids
of the two CMV proteins (Fig. 3A and C, CCD; also see Fig.
6). Nineteen of these 21 residues are identical. The second
domain is located toward the amino end of both proteins and
is comprised of a 19-amino-acid sequence, 18 residues of which
are identical (Fig. 3A and B, ACD; also see Fig. 6). Neither of
these sequences show strong homology to corresponding re-
gions of the HSV pAP homolog (Fig. 3B and C; also see Fig.
6).

To test the influence of these domains on the pAP-MCP
interaction, we first deleted the entire tail sequence (i.e., M site
to carboxy terminus, including the CCD [Fig. 1]) from the
HCMYV and SCMYV pAP to generate the mature form of each
(i.e., AP) as GALA4 fusion proteins (i.e., TA-APhcmv and TA-
APscmv). Neither of the mature APs interacted with the
HCMV MCP (Fig. 2c and d; Fig. 4, AP). Similarly, when just
the carboxy-terminal half of the HCMV pAP tail was deleted
(i.e., 37 amino acids), no interaction with the MCP was de-
tected (Fig. 4, 8cl). These results indicate that sequences
within the carboxyl half of the tail of the HCMV and SCMV
pAPs are required for MCP binding.

Given that the 21-amino-acid CCD is the most highly con-
served sequence present in the SCMV and HCMV pAP tails,
we tested its ability to interact with the HCMV MCP. Three
constructs were made for this purpose. The first was a fusion of
the HCMV CCD with the GAL4 TA domain (TA-CCDhcmv).
No interaction between this construct and the MCP was de-
tected (Fig. 4, dn7). The second construct, in which the entire
65-amino-acid HCMV pAP tail was fused to the GAL4 TA
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domain (Fig. 4, dn6), also showed no interaction with the
MCP. The third construct was made to test the possibility that
the CCD sequence was not presented correctly in the first two
constructs. Considering that the HSV pAP homolog may have
general structural similarities with the HCMV pAP, even
though it is not interactive with the HCMV MCP (Fig. 2e), we
fused the HCMV CCD to the carboxyl end of the HSV-1 pAP
to create the HSV/HCMV chimera, TA-pAPhsv-CCDhcmv.
This chimera did interact with HCMV MCP (Table 1, assay b),
demonstrating that when the 21-amino-acid CCD of the
HCMV pAP is added to the carboxyl end of the HSV pAP
homolog, the HSV protein is converted from noninteractive to
interactive with the HCMV MCP. Interestingly, this HSV/
CMYV chimera interacted fivefold better with the HCMV MCP
than did the HCMV pAP itself (Table 1; compare assays a and
b). Evidence described below suggests that this effect is due to
a stronger self-interaction of the HSV pAP than the HCMV
pAP.

An analogous chimera, composed of the 25-amino-acid
HSV-1 pAP tail fused to the carboxyl end of the HCMV pAP,
was made to determine whether the HSV pAP-MCP interac-
tion, like that of the counterpart CMV proteins, is mediated by
residues located within the HSV pAP homolog tail. This chi-
mera interacted with the HSV MCP (Table 1, assay f), indi-
cating that residues in the tail of the HSV pAP homolog
mediate its binding to the HSV MCP. In contrast to the results
described above for the pAPhsv-CCDhcmv chimera, interac-
tion of the pAPhcmv-Tailhsv chimera with the HSV MCP was
decreased by four- to ninefold compared with the HSVpAP-
MCEP interaction (Table 1; compare assays f and d). The ap-
parent influence of the pAP domain of these chimeras on their
MCP interactions is noteworthy and is further discussed below.

To determine whether these chimeric pAPs were still able to
interact with their homologous MCPs, we did two additional
cotransformations: TA-pAPhsv-CCDhcmv plus DB-MCPhsv
and TA-pAPhcmv-Tailhsv plus DB-MCPhcmy. Both homolo-
gous interactions occurred (Table 1, assays ¢ and g). The
HCMV pAP with an HSV tail interacted somewhat better with
the HCMV MCP than did the native HCMV pAP (Table 1;
compare assays g and a), whereas the HSV chimera pAP with
the HCMV CCD on its carboxyl end interacted somewhat
more weakly with the HSV MCP than did the native HSV pAP
homolog (Table 1; compare assays ¢ and d). Because the
HCMYV pAP does not interact with the HSV MCP (Table 1,
assay e) and the HSV pAP homolog does not interact with the
HCMYV MCP (Fig. 2e), these results indicate that the homol-
ogous pAP-MCP interaction of both chimeras is mediated by
its internally situated MCP-binding domain and demonstrate
that the MCP-interactive domain of the pAP does not have to
be at its extreme carboxy terminus to be functional.

The tail of pAP participates in translocation of MCP into
nucleus. Results of our two-hybrid experiments indicated that
the MCP-interactive domain of the CMV pAP is located in its
tail. To corroborate this in a more functionally representative
assay, we compared the abilities of the two forms of the CMV
assembly protein, the pAP (with tail) and the AP (without tail),
to change the subcellular localization of the HCMV MCP in
transfected cells. The HSV MCP distributes throughout the
cytoplasm and nucleus of transfected cells in the absence of
other viral proteins, but when coexpressed with the HSV pAP
homolog, the HSV MCP localizes predominantly to the nu-
cleus (57). If interaction between the CMV pAP and MCP is
mediated only by the CCD, and if interaction between the
MCP and pAP is required for MCP nuclear translocation, we
expected that cotransfections of the CMV MCP and pAP (but
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FIG. 4. Deletional mapping of pAP self-interaction domain. HCMV pAP deletion mutants, represented by the horizontal open boxes, were constructed and tested
for the ability to interact with the HCMV pAP and MCP in the two-hybrid system, all as described in the text. The names of the deletion mutants and the amino acid
sequences that they contain are indicated in the left two columns. The ACD, CCD, M site, and amino acids referred to in the text are indicated above and below the
protein representations. Interaction between the mutants and HCMV pAP (pAP Binding) was determined qualitatively by the filter lift assay (Blue Colony Color) and
quantitatively by the liquid assay (B-Gal Activity*). Interaction between the mutants and HCMV MCP (MCP Binding) was determined by liquid assay (3-Gal Activity).
Assays were done and data are presented as described in the legend to Fig. 2 and Materials and Methods. The results shown for names footnoted with the letter a are
for deletions expressed as DB fusions; all other deletion mutants were expressed as TA fusions. Only deletions expressed as TA fusions could be tested for interaction
with the MCP. ACDf is the ACD with several amino and carboxyl flanking residues, as explained in the text. In SACD, the 19-amino-acid ACD is replaced by Thr
and Ser which correspond to a Spel site used in constructing this mutant (see Materials and Methods). N.T. indicates that the pair was not tested.

not AP) would result in nuclear translocation of the HCMV
MCP.

This was tested by transfecting COS-7 cells with a plasmid
encoding the HCMV MCP, alone or together with a second
plasmid encoding either the SCMV pAP or AP, as described in
Materials and Methods. Three days after transfection, the cells
were fixed, permeabilized, incubated with either anti-MCP
(specific for the carboxyl end of the MCP) or anti-N1 (specific
for the amino end of both the pAP and AP), and examined by
indirect immunofluorescence. We found that the MCP ex-
pressed alone was confined to the cytoplasm (Fig. SA) and that
both the pAP (Fig. 5B) and AP (Fig. 5C) were localized en-
tirely in the nucleus when expressed alone. When MCP and
pAP were coexpressed, we observed nuclear localization of
both the MCP (Fig. 5D1 to D3) and the pAP (Fig. SE) and a
more coalesced pattern of MCP fluorescence than was seen in
cells expressing either of the proteins alone. Parenthetically,
some cells in the pAP/MCP coexpression experiments exhib-
ited cytoplasmic MCP localization, consistent with a less than
complete efficiency of cotransfection using the DEAE-dextran
protocol (reference 41 and data not shown). In contrast to the
results obtained when pAP and MCP were coexpressed, no
nuclear localization of the MCP was seen in cells coexpressing
the MCP and AP (Fig. 5F), even though the transfection effi-
ciency for the plasmid encoding AP appeared to be equivalent
to that encoding pAP in these coexpressions (e.g., compare

Fig. 5G and E). Thus, the tail of the pAP, which is required for
the pAP-MCP interaction in the two-hybrid system (Fig. 2a to
d; Fig. 4, pAP and AP), is also needed to promote nuclear
localization of the HCMV MCP in transfected cells.

HCMYV pAP interacts with itself. During the course of the
experiments described above, we observed that the HCMV
pAP interacted with itself when coexpressed as fusion proteins
with the GAL4 DB and TA domains (i.e., DB-pAPhcmv plus
TA-pAPhcmv) (Table 2, assay a; Fig. 4, pAP; Table 3, assay a;
Table 4, assay d). The HCMV AP also interacted with itself,
and the interaction was stronger than the pAP-pAP interaction
(Table 2; compare assays a and b), suggesting that the CMV
pAP tail interferes with self-interaction in the two-hybrid sys-
tem. The HCMV pAP self-interaction, like the pAP-MCP in-
teraction, showed virus species specificity in that the HCMV
pAP interacted with the SCMV pAP but neither of the CMV
pAPs interacted with the HSV pAP homolog (Table 2, assays
c to f).

The ACD of CMYV pAP is required for pAP self-interaction.
Our preliminary mapping of the domain responsible for
HCMYV pAP self-interaction ruled out the CCD but not the
ACD, because the AP was able to interact with itself (Table 2,
assay b). We used a series of deletion mutants to identify the
pAP self-interactive domain and focused on the ACD as a
candidate. The constructs that were tested are shown in Fig. 4,
and the assay results that were obtained can be summarized as
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FIG. 5. The HCMV pAP tail promotes translocation of MCP into the nucleus. COS-7 cells were transfected, fixed and permeabilized, reacted with antisera to the
CMYV MCP or pAP, and examined by indirect immunofluorescence, all as described in the text. Shown are photomicrographs of representative cells in each preparation.
The top three panels show cells expressing only the HCMV MCP and stained with anti-MCP (A), only the SCMV pAP and stained with anti-N1 (against the amino
end of pAP) (B), and only SCMV AP and stained with anti-N1 (C). The middle panels show cells coexpressing HCMV MCP and SCMV pAP and stained with either
anti-MCP (D1 to D3) or anti-N1 (E). The bottom panels show cells coexpressing HCMV MCP and SCMV AP and stained with either anti-MCP (F) or anti-N1 (G).

Panels D1 to D3 are three different fields of the same preparation.

follows. (i) Deletion of the tail, and up to 250 amino acids from
its carboxyl end, did not eliminate the ability of pAP to interact
with full-length pAP (Fig. 4, 8c1, AP, 8c2, 8¢3, and 8c4). All of
these carboxy-terminal deletions interacted better with pAP
than did full-length pAP (Fig. 4, B-Gal Activity). Deletion of
the carboxyl 314 residues abolished self-interaction (Fig. 4,
dc5). (ii) Deletion of the amino-terminal 30 residues did not
noticeably affect interaction with pAP, compared with the
pAP-pAP interaction (Fig. 4, 8nl), but all deletions that re-
moved the 19-amino-acid ACD (i.e., Fig. 4, dn2 to dn7) abol-
ished interaction with pAP. (iii) All constructs containing the

sequence Ala31-Tyr123, including a double deletion mutant
lacking both the amino-terminal 30 residues and the carboxy-
terminal 250 residues (Fig. 4, 8n1/3c4), interacted with the
pAP. Thus, deletional analysis mapped the sequence respon-
sible for pAP self-interaction to the region between Ala31 and
Tyr123, which contains the ACD.

Considering that nonreactivity of the shortest ACD-contain-
ing constructs (i.e., Fig. 4, 8c5 and ACD¥) may be due to some
indirect effect (e.g., size or presentation), as was observed for
the shortest CCD constructs (Fig. 4, 3n6 and dn7), we made
three additional constructs. The first was a deletion mutant in
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TABLE 3. Requirement of the ACD for HCMV pAP self-

interaction”
DB TA Blue B-Gal activity (nmol/
Assay domain domain colony min/mg of protein
fusion fusion color” [relative activity])
a pAPhcmv  pAPhcmv + 8.0 (1.0)
b pAPhcmv ~ ACDthcmv-pAPhsv  + 10.3 (1.3)
¢ pAPscmv  ACDthcmv-pAPhsv  + 10.5 (1.3)
d pAPhcmv  3ACDhcmv - <0.01
e dnl/dc4hcmv ACDthemv-pAPhsv  + 47.1(5.9)

“ Cotransformations were done as described in the text with plasmids express-
ing the DB and TA fusion proteins indicated. Abbreviations are explained in the
text, Fig. 1, and the legend to Fig. 4.

b Results of qualitative filter lift assays.

¢ Results of quantitative liquid assays. Values were calculated and normalized
as described in the legend to Fig. 2 and Materials and Methods.

which the 19-amino-acid ACD was removed from the pAP
(Fig. 4, 8ACD). This mutation eliminated detectable interac-
tion with the HCMV pAP (Fig. 4, 8ACD; also see Table 3,
assay d). The second construct had the point mutation Leu47
to Ala. This change altered one of the three amino acids that
are highly conserved among all herpesvirus ACDs (marked
with f in Fig. 6). This mutant also failed to give detectable
interaction with the pAP (Fig. 4, LA7A).

Because the lack of interaction between pAP and 8ACD, or
between pAP and L47A, could be attributed to conformational
changes that affected a different site, our third construct was a
chimera composed of the HCMV ACD{ (HCMV sequence
Ala31-Tyr59, which contains the HCMV ACD) fused to the
amino terminus of the HSV pAP homolog (TA-ACD{hcmv-
pAPhsv), which in its native form does not interact with
HCMYV or SCMV pAP (Table 2, assays e and f). ACD¥ differs
from ACD by a three-residue amino extension and a seven-
residue carboxyl extension that were added to provide short
spacer sequences between it and the GAL4 TA domain at one
end and the HSV pAP homolog at the other. This chimera
interacted with both the HCMV and SCMV pAPs (Table 3,
assays b and c), consistent with the ACD being the sequence
involved in the pAP self-interaction. The ACD{hcmv-pAPhsv
chimera interacted with the 93-amino-acid sequence of the
double deletion mutant DB-8n1/8c4hcmv (Table 3, assay e),

TABLE 4. Interaction of the CMV proteinase precursor with CMV
MCP, pAP, and itself

DB TA Blue B-Gal activity® (nmol/

Assay domain domain colony min/mg of protein

fusion fusion color? [relative activity])
a MCPhcmv ~ pAPhcmv + 23.8 (1.000)
b MCPhemv  AC,,scmv - 0.1 (0.004)
c MCPhcmv ~ S118A.Lscmv + 0.4 (0.017)
d pAPhcmyv pAPhcmv + 32.5 (1.000)
e pAPscmv pAPscmv + 14.8 (0.455)
f pAPscmv AC, scmv + 10.7 (0.329)
g AC,scmv pAPscmv + 1.7 (0.052)
h AC,scmv AC, scmv + 0.2 (0.006)
i pAPscmv S118A.Lscmv + 16.7 (0.514)

“ Cotransformations were done as described in the text with plasmids express-
ing the DB and TA fusion proteins indicated. AC,,, is the SCMV proteinase
precursor, and S118A.Lscmvy is an inactive form of the SCMV proteinase having
Ala substituted for the Ser nucleophile (83). Other abbreviations are explained
in the text, Fig. 1, and the legend to Fig. 2.

b Results of qualitative filter lift assays.

¢ Results of quantitative liquid assays. Values were calculated and normalized
as described in the legend to Fig. 2 and Materials and Methods.
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providing direct evidence that pAP self-interaction is between
two ACD-containing domains.

The amino-end-deleted pAPs, the SACD pAP, and the
L47A pAP were also tested for their interaction with the
HCMV MCP. Surprisingly (i.e., because the pAP-MCP inter-
action mapped to the CCD at the carboxyl end of the pAP),
only one of these mutants interacted well with the MCP. Re-
moving the amino-terminal 30 residues from the pAP had no
observed effect on its interaction with the MCP in a liquid
assay (Fig. 4, dnl). However, when the amino-terminal 72
amino acids or the ACD was removed, or when Leu47 was
replaced with Ala, interaction with the MCP was either elim-
inated or reduced by 32- or 4-fold, respectively (Fig. 4, 8ACD,
dn2, and L47A). Removal of the amino-terminal 117 residues,
or more, abolished MCP interaction (Fig. 4, 8n3 to 8n7). Thus,
the 19-amino-acid ACD and possibly additional residues be-
tween Ser53 and Pro117 appear to contribute to the pAP-MCP
interaction, as well as mediate the pAP-pAP interaction, in the
GAL4 two-hybrid system.

The CMV proteinase precursor also interacts with CMV
MCP and pAP. Because of their in-frame, 3'-coterminal ge-
netic organization, the entire amino acid sequence of the pAP
is present in the carboxyl half of the herpesvirus proteinase
precursor (Fig. 1) (46, 82). As a result, the proteinase precur-
sor also contains the ACD and CCD (Fig. 1, AC,,) and,
consequently, the potential to interact with the MCP, the pAP,
and itself. We tested for these interactions by making a GAL4
TA fusion with the SCMV proteinase precursor, AC,,, (TA-
AC,,,scmv), and coexpressing it with GAL4 DB fusions of
either the HCMV MCP (DB-MCPhcmv), the SCMV pAP
(DB-pAPscmv), or itself (DB-AC,,,scmv). Results of filter lift
assays indicate that this active proteinase fusion protein inter-
acted with the pAP and itself (Table 4, assays f and h) but not
with the MCP (Table 4, assay b). However, a weak interaction
was detected between AC,,, and the MCP in a liquid assay
(Table 4, assay b, B-Gal activity).

To test the possibility that the poor reactivity between the
MCP and the wild-type proteinase construct was due to auto-
proteolytic elimination of its CCD-containing tail (i.e., M-site
cleavage), we made a new fusion construct, TA-S118A.Lscmv,
with a proteolytically inactive mutant of AC,,, (i.e., S118A.L,
where “L” stands for “long” or full-length proteinase precursor
[83]). Coexpression of the MCP with this inactive proteinase
gave a positive reaction in the filter lift assay and an approxi-
mately fourfold-greater reaction strength than the AC,,,,/MCP
pair in the liquid assays (Table 4; compare assays b and c).
These results are consistent with M-site cleavage contributing
to the observed lack of interaction between AC,,, and the
MCP in the filter lift assay. Nevertheless, the relative strength
of the interaction between the inactive proteinase and the
MCP was slightly weaker than between the pAP and the MCP
(=~2-fold; compare Fig. 2b with Table 4, assay c), suggesting
that the amino half of the proteinase precursor may hinder its
MCP interaction in the two-hybrid system.

When assemblin, the proteolytic domain of AC,,,, was
tested as a TA fusion protein (TA-Ascmv), no self-interaction
was detected (DB-Ascmv), nor were interactions detected be-
tween it and the pAP (DB-pAPscmv) or the HCMV MCP
(DB-MCPhcmv) (data not shown). The inactive assemblin mu-
tant, S118A.S (i.e., TA-S118A.S, where “S” stands for “short”
or assemblin form of the proteinase), was also nonreactive with
itself, the pAP, and the MCP when tested as a TA fusion (data
not shown). Thus, these experiments did not detect the en-
zyme-substrate interactions that potentially occurred (e.g., as-
semblin with its own I site or with pAP M site), even when the
S118A mutant enzyme or a noncleavable M-site mutant (i.e.,
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FIG. 6. Amino acid sequence alignments of the HCMV ACD and CCD and their apparent homologs in other herpesviruses. Alignment of the pAP sequences was
done by using the program PILEUP. Sequences were obtained from GenBank: HCMYV strain AD169 (12), SCMYV strain Colburn (82), murine CMV (MCMV) (48),
human herpesvirus 6 (HHV-6) (32), human herpesvirus 7 (HHV-7) (56), HSV-1 (50), HSV-2 (73), varicella-zoster virus (VZV) (16), equine herpesvirus 1 (EHV-1)
(78), bovine herpesvirus 1 (BHV-1) (34), infectious laryngotracheitis virus (ILTV) (33), pseudorabies virus (PRV) (10), herpesvirus saimiri (HVS) (2), equine
herpesvirus 2 (EHV-2) (77), Epstein-Barr virus (EBV) (4). Classification as alpha-, beta-, or gammaherpesviruses is based on the nomenclature of Roizman et al. (67).
Amino acids that are identical or chemically similar among >50% of the viruses within a subfamily (e.g., alphaherpesviruses) are indicated by shading. Residues within
the HCMV ACD and CCD that are perfectly conserved among >70% of all herpesviruses are boxed. The first and last amino acids of each domain are numbered.
+ indicates the Phe residue conserved throughout all herpesvirus CCD homologs; # indicates the well-conserved Leu residue whose substitution abolished the pAP

self-interaction.

AS5567) (83) was used in an attempt to slow or stabilize the
interaction (data not shown).

DISCUSSION

We have used the GAL4 two-hybrid system to demonstrate
that the CMV pAP interacts with itself and with the MCP
through two different domains. Interaction with the MCP is
through a 21-amino-acid sequence, called the CCD, at the
carboxy terminus of the molecule; the self-interaction is
through a 19-amino-acid sequence, called the ACD, near the
amino end of the molecule (Fig. 3). All herpesvirus pAP ho-
mologs have ACD and CCD counterparts, and these domains
are conserved and distinct within each of the three herpesvirus
groups (i.e., alpha, beta, and gamma) (Fig. 6). Correspond-
ingly, the pAP of another betaherpesvirus (i.e., SCMV) could
substitute for the HCMV pAP in both the MCP interactions
and self-interactions, but the pAP of an alphaherpesvirus (i.e.,
HSV) could not (Fig. 2 and Table 2). An influence of the ACD
on the pAP-MCP interaction was identified and suggests that
PAP multimerization may be an early step in organizing the
MCP into precapsomeric elements. Evidence supporting these
conclusions is discussed below as it relates to previous findings
and provides insight into the capsid assembly pathway of CMV
and, by extension, other herpesgroup viruses.

pAP-MCP interaction. Our evidence that the pAP-MCP in-
teraction is mediated by the 21-amino-acid CCD is twofold.
First, HCMV pAP deletion mutants lacking the CCD (i.e.,
deletion of the 65-amino-acid tail or its carboxy-terminal 37
amino acids) failed to interact with the HCMV MCP (Fig. 4,
AP and &cl). A corresponding deletion of the entire 25-amino-
acid tail of the HSV pAP homolog likewise eliminated its
interaction with the HSV MCP in GALA4 two-hybrid (18) and
coimmunoprecipitation (79) experiments. Second, fusion of
the CMV CCD to a protein not interactive with the CMV

MCP (e.g., HSV pAP homolog) converted it to MCP-interac-
tive (Table 1, assay b). A comparable result was obtained when
the counterpart 25-amino-acid tail domain of the HSV pAP
homolog was fused to the HCMV pAP and expressed with the
HSV MCP (Table 1, assay f). The capacity of these HCMV/
HSV pAP chimeras to interact with the MCPs of both HCMV
and HSV (Table 1, assays ¢ and g) indicates that their resident
MCP-binding domains (e.g., CCD of HCMV pAP) can func-
tion when situated internally and suggests that interaction of
these sequences with the MCP is relatively unhindered by
steric constraints.

It has recently been shown that an even smaller sequence
(i.e., 12 amino acids) from near the carboxyl end of the tail of
the HSV pAP homolog can convert glutathione S-transferase
(GST) from noninteractive to interactive with the HSV MCP
(37) and that this interaction is hydrophobic and critically
dependent upon the presence of Phe321, which is conserved
among all herpesvirus pAP homologs (Fig. 6) (37). A similar
study done with the HCMV pAP has identified a 16-amino-
acid sequence within the CCD that promotes interaction of its
GST fusion protein with the HCMV MCP (7). The biological
importance of these carboxy-terminal domains was demon-
strated by the finding that capsid formation was perturbed,
both in the recombinant baculovirus HSV capsid assembly
system (42, 79) and in mutant HSV-infected cells (49), when
the mature form of the protein (without tail) was used in place
of the precursor (with tail).

The CMV pAP-MCP interaction detected by the two-hybrid
experiments was corroborated by immunofluorescence local-
ization assays, which also enabled us to begin investigating the
biological significance of this interaction. Results of the study
indicated that the CMV MCP did not enter the nucleus when
expressed alone but did when expressed together with the
CMYV pAP (Fig. 5). The mature CMV AP, which retains both
of the pAP nuclear localization signals (NLS) (62), did not
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promote MCP nuclear translocation. We interpret these re-
sults as indicating that the CMV MCP interacts with the tail
domain of the pAP in the cytoplasm, that this interaction
provides the MCP with an NLS-bearing escort that enables it
to be translocated into the nucleus, and that the resulting
pAP/MCP complexes appear to coalesce or partition within
the nucleus (Fig. 5D1 to D3).

Different results were obtained in a similar study of the
counterpart HSV proteins. Unlike the CMV MCP, which re-
mained in the cytoplasm when expressed alone, the HSV MCP
was distributed throughout the cell (57). Because this protein
is too large to diffuse into the nucleus (i.e., ~40- to 60-kDa size
cutoff [24]), this finding indicates that the HSV MCP may have
a weak NLS, be partially degraded into fragments small
enough to enter by diffusion and yet retain antigenic reactivity,
or utilize a cellular protein as a nuclear translocation escort.
Also in contrast to its CMV counterpart, the HSV AP homolog
(i.e., without tail) was reported to promote nuclear transloca-
tion of the HSV MCP (42). Whether this effect indicates the
presence of a second MCP-interactive domain within the AP
portion of the pAP that was not detected by GAL4 two-hybrid
(18) or coimmunoprecipitation (79) experiments, or is due to a
secondary effect, is not resolved and remains an important
question.

pAP self-interaction. The following evidence supports our
conclusion that pAP self-interaction is mediated by the ACD
(i.e., HCMV pAP, His34-Arg52). (i) A set of deletion mutants
defined the interactive domain as being within the sequence
Ala31 to Tyr123 (Fig. 4). (ii) A small ACD-containing frag-
ment (i.e., ACDY) converted a protein (i.e., HSV pAP ho-
molog) from noninteractive to interactive with the HCMV
pAP when fused to its amino terminus (Table 3, assay b). (iii)
Selective deletion of the ACD eliminated detectable pAP self-
interaction (Fig. 4, 3ACD). (iv) Replacement of the ACD
Leu47 with Ala, which would not be expected to dramatically
affect overall conformation, also eliminated pAP self-interac-
tion (Fig. 4, L47A). And finally, (v) ACDY (Ala31-Tyr59) in-
teracted with deletion mutant 3n1/dc4 (Ala31-Tyr123) (Table
3, assay e) indicating that the sequence with which ACD in-
teracts is present between Ala31 and Tyr123.

Because the ACD is nearly perfectly conserved between the
HCMYV and SCMV pAPs (Fig. 3B), it seemed likely that the
sequence in the dn1/3c4 mutant with which it interacts would
also be highly conserved. The fact that the ACD is the only
sequence within this region of the two proteins that is well
conserved in both HCMV and SCMYV suggests that pAP self-
interaction occurs by the ACD of one pAP interacting with the
ACD of another. If so, it is plausible that each ACD has two
interactive surfaces (e.g., “lock and key” model [Fig. 7A]) that
could enable multiple pAP monomers to associate into higher-
order structures (e.g., Fig. 7B).

A self-interaction for the HSV pAP homolog, initially sug-
gested by in vitro reconstitution experiments with the HSV AP
counterpart, VP22a (53), was demonstrated by using the two-
hybrid system (18), and the major interactive domain was
mapped to the region of Gly151 to Gly198, well away from the
predicted HSV counterpart of the CMV ACD (i.e., HSV
Glyl18 to Ala37 [Fig. 6]). More recent work has confirmed
these results for the primary self-interactive region of the HSV
pAP homolog and has defined it as being between His164 and
His219 (reference 15a). Interestingly, these later studies have
detected several additional domains of the HSV pAP homolog
that are involved in its self-interaction, but none of them ap-
pears to be a direct homolog of the CMV ACD.

Effect of ACD on pAP-MCP interaction. One of the most
intriguing observations to come out of this work was the ap-
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A. Self-Complementary ACD Interaction

FIG. 7. Hypothetical “lock and key” model of CMV pAP self-complemen-
tarity and ACD-mediated multimerization. (A) A schematic representation of
the self-complementary interaction between the ACDs of two CMV pAPs. The
“key” face of one domain is suggested to oligomerize with the complementary
“lock” face of another. Rods represent the amino and carboxyl ends of the pAP
molecule. (B) Diagram illustrating a hypothetical hexameric structure resulting
from the ACD-mediated interaction of six pAP molecules.

parent influence of the ACD on the pAP-MCP interaction.
This influence was first suggested by the results of experiments
designed to test the interaction of the CMV/HSV chimera
pAPs with CMV and HSV MCPs. Data from those experi-
ments showed that interaction of the CMV CCD with the
CMV MCP was influenced by the AP sequence to which it was
attached. Specifically, fusion of the CMV CCD to the carboxy
terminus of the HSV pAP homolog, which interacts compar-
atively strongly with its MCP (Table 1, assay d), resulted in a
chimera (DB-pAPhsv-CCDhcmv) that interacted more
strongly with the HCMV MCP than did the native HCMV
PAP (compare Fig. 5a and b). Conversely, when the HSV tail
was fused to the terminus of the HCMV pAP, which interacts
comparatively weakly with its MCP (Table 1, assay a), the
resulting chimera (DB-pAPhcmv-Tailhsv) interacted more
weakly with the HSV MCP than did the native HSV pAP
homolog (Table 1; compare assays d and f).

We also found that all deletions that eliminated the ACD,
and consequently pAP self-interaction, also dramatically re-
duced the pAP-MCP interaction (Fig. 4). The most notable of
these was 8ACD, which lacked only the specific ACD sequence
and gave severely reduced MCP binding (Fig. 4 and data not
shown). Because a substantial reduction in MCP binding was
also seen with a point mutation in one of the highly conserved
ACD residues (Fig. 4, L47A), it seems unlikely that the result
was simply due to an unexpected, deletion-induced conforma-
tional change in the pAP. A similar effect of the self-interactive
domain on MCP binding has been observed for the HSV pAP
homolog (reference 15a).

Taken together, these findings indicate that the pAP self-
interaction markedly enhances the pAP-MCP interaction and
that the self-interacting and MCP-interacting portions of the
molecule need not be from the same pAP species (e.g., HSV
tail works on CMV pAP). We have not tested whether an
unrelated, self-interacting protein can replace the viral pAP in
potentiating MCP interaction. However, this possibility is con-
sistent with the finding that short carboxy-terminal peptides of
either the HSV or CMV pAP fused to GST, a protein that
forms dimers (81), interact with their respective MCPs in vitro
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(7, 37). It would be instructive, in this connection, to know
whether the strength of these interactions would be altered by
using a nondimerizing fusion partner, such as the maltose-
binding protein.

Implications for assembly. Because the CMV MCP appears
unable to enter the nucleus unescorted (Fig. SA), pAP-MCP
interaction is expected to occur in the cytoplasm of CMV-
infected cells. Our results indicate that the pAP-MCP interac-
tion is enhanced when the pAP is able to multimerize, suggest-
ing that pAP self-association is important for the efficient
formation or stabilization of pAP/MCP complexes and that it
may represent an initiating or accelerating step in the capsid
assembly pathway. Self-associated pAP monomers, with or
without bound MCP, could recruit into the complex both ad-
ditional pAPs (through ACD interactions) and MCPs (through
CCD interactions). Growth of the nascent complex could pro-
ceed continuously (e.g., sequential addition of pAP and MCP
monomers) or discontinuously (e.g., stepwise association of
preformed pAP,/MCP, complexes or of pAP multimers with
MCP monomers). Because there is no evidence that capsids
can form in the cytoplasm of herpesvirus-infected cells, the
putative pAP/MCP assemblages presumably would be of lim-
ited size and complexity (e.g., hexameric or pentameric proto-
capsomer).

The role of the pAP in this cytoplasmic complex is suggested
to be at least twofold. First, it could provide a mechanism to
organize the MCP into the structural elements required for
subsequent steps in capsid assembly (e.g., association with the
triplex proteins). For example, pAP conformation may dictate
that its most stable multimer is a hexamer, as suggested in Fig.
7, thereby enabling its self-interaction to provide the directive
force to organize six MCP monomers into hexon precursors.
By extension, pentons could be formed by replacing some or all
of the pAP molecules with the proteinase precursor (e.g.,
AC,,,,), which contains the entire pAP sequence as its carboxyl
end (Fig. 1), but may have a conformation more compatible
with fivefold symmetry. A second role for the pAP in this
putative precapsomeric cytoplasmic complex would be to sup-
ply the NLS needed for translocating it into the nucleus, where
the capsid assembly process would continue.
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