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Mediate Their Own Nuclear Translocation and That
of the Major Capsid Protein
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The cytomegalovirus (CMV) assembly protein precursor (pAP) interacts with the major capsid protein
(MCP), and this interaction is required for nuclear translocation of the MCP, which otherwise remains in the
cytoplasm of transfected cells (L. J. Wood et al., J. Virol. 71:179-190, 1997). We have interpreted this finding
to indicate that the CMV MCP lacks its own nuclear localization signal (NLS) and utilizes the pAP as an
NLS-bearing escort into the nucleus. The CMV pAP amino acid sequence has two clusters of basic residues
(e.g., KRRRER [NLS1] and KARKRLK [NLS2], for simian CMV) that resemble the simian virus 40 large-
T-antigen NLS (D. Kalderon et al., Cell 39:499-509, 1984) and one of these (NLS1) has a counterpart in the
PAP homologs of other herpesviruses. The work described here establishes that NLS1 and NLS2 are mutually
independent NLS that can act (i) in cis to translocate pAP and the related proteinase precursor (pNP1) into
the nucleus and (ii) in frans to transport MCP into the nucleus. By using combinations of NLS mutants and
carboxy-terminal deletion constructs, we demonstrated a self-interaction of pAP and cytoplasmic interactions
of pAP with pNP1 and of pNP1 with itself. The relevance of these findings to early steps in capsid assembly,
the mechanism of MCP nuclear transport, and the possible cytoplasmic formation of protocapsomeric sub-

structures is discussed.

Herpesvirus capsids assemble in the nucleus during the late
phase of infection. The outer shell of the capsid is composed of
four protein species; in cytomegalovirus (CMV) these are
called the major capsid protein (MCP; e.g., human CMV
[HCMV] ULS6, 154 kDa), the minor capsid protein (mCP;
e.g., HCMV ULSS, 34 kDa), the minor capsid-binding protein
(mCBP; e.g., HCMV ULA46, 33 kDa), and the smallest capsid
protein (e.g., HCMV ULA48/49, 8.5 kDa). Organization of these
four proteins into a capsid appears to be coordinated by two
genetically related, internally situated proteins, in CMV called
the proteinase precursor (pNP1; e.g., HCMV ULS80a, 74 kDa)
and the assembly protein precursor (pAP; e.g., HCMV
ULS8O0.5, 38 kDa). During CMV capsid maturation, the inter-
nal proteins are cleaved by the autocatalytic proteinase
[(pNP1—NP1 + tail; NP1—=NP1_ + NP1_; NP1,—A, + A,)
and (pAP—AP + tail)], and most, if not all, of the cleavage
products are eliminated from the particle in conjunction with
DNA packaging (reviewed in reference 22).

In addition to the transient but essential roles played by the
CMV proteinase and assembly protein precursors, both are
distinguished among the capsid proteins in several ways: (i)
pNP1 and pAP are genetically related by the overlapping, 3’
coterminal arrangement of the genes encoding them (60)
(thus, pNP1 is an amino-terminal, in-frame extension of pAP)
(Fig. 1); (ii) both are proteolytically processed (23, 62) and are
modified by phosphorylation (21, 23, 32, 44b, 49); and (iii) both
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interact with the CMV MCP through a 21-amino-acid carboxyl
conserved domain and self-interact through a 19-amino-acid
amino conserved domain (63). The herpes simplex virus
(HSV) pAP homolog, pVP22a (ICP35c¢,d), has similar charac-
teristics (14, 24, 31, 38, 44, 45).

Insight into the functional significance of the intermolecular
interaction between pAP and MCP was obtained by using a
transient transfection/intracellular localization assay based on
indirect immunofluorescence (IF). In this assay system, the
CMV MCP does not enter the nucleus when expressed alone
but is efficiently transported into the nucleus by pAP and not
by its cleavage product, AP (63). Similar results were found
with the counterpart proteins of HSV, although exclusion of
HSV MCP from the nucleus appears to be less complete (36,
42, 47) (see Fig. 5B). We interpreted these observations as
indicating that the CMV MCP lacks its own nuclear localiza-
tion signal (NLS), forms an MCP-pAP complex in the cyto-
plasm, and through this complex takes advantage of NLS
present in pAP for transport into the nucleus.

Inspection of the amino acid sequences of the HCMV and
simian CMV (SCMV) proteinase and assembly protein pre-
cursors revealed two well-conserved sequences, designated
NLS1 and NLS2 (Fig. 1), resembling the simian virus 40
(SV40) large-T-antigen NLS. The work described here was
done to determine whether these sequences have a role in
mediating the nuclear translocation of pNP1 and pAP and
identify the complexes they form with themselves and with
MCP.

MATERIALS AND METHODS

Cells and transfection. African green monkey kidney cells transformed with
the SV40 large-T-antigen gene (COS-7 cells; ATCC CRL 1651; American Type
Culture Collection, Rockville, Md.) were grown in Dulbecco’s modified eagle
medium (catalog no. 12100-061; GIBCO, Grand Island, N.Y.) supplemented
with fetal calf serum (10%), penicillin (100 U/ml), streptomycin (100 U/ml), and
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FIG. 1. Landmarks of the SCMV pNP1 and pAP. Landmarks and abbrevi-
ations are as follows: NLS1 (dark gray rectangles) and NLS2 (light gray rectan-
gles); N1 (empty oval) and Cl1 (filled oval), which represent, respectively, the
13-amino-acid amino-terminal sequence and 21-amino-acid carboxy-terminal se-
quence used to prepare the antipeptide antisera, anti-N1 and anti-C1 (53); the
maturational (M; VNA | S), release (R; YVKA | S), and internal (I; INA | A)
sites that are cleaved autoproteolytically by pNP1 (or assemblin) to eliminate the
tail (61, 62), free the amino terminal 28-kDa proteolytic domain (assemblin)
(61), and convert assemblin from a one-chain to a two-chain enzyme (29, 30); and
X, which represents mutation S118A that replaces the catalytic nucleophile and
inactivates the proteinase (61). Designations for the proteinase precursor
(pNP1), a proteolytically inactive form of pNP1 (S118A) and its mature form
cleaved at the M site (S118A.m), the assembly protein precursor (pAP) and its
mature form (AP), and the carboxyl tail removed by M-site cleavage are indi-
cated at the left of each line, and the corresponding molecular weight (10°) is
indicated at the right. The amino acid sequences of NLS1 and NLS2 are given at
the lower left.

nystatin (10 U/ml). Transfections were done in COS-7 cells by using either a
calcium phosphate (61) or DEAE-dextran (63) procedure, as described before.

Plasmid construction. The construction, cloning, and propagation of plasmids
were carried out by standard techniques (52), and mutations were confirmed by
automated DNA sequence analysis at the JHMI Core DNA Analysis Facility or
Protein/Peptide/DNA Laboratory.

The parental plasmids were (i) AW2, the SCMV pAP gene in pGEM-4Z (62);
(ii) AW48, the SCMV gene for inactive proteinase precursor (SI118A.L) in
pRSV.5neo (61); and (iii) SP1, the AW2 plasmid modified to contain a unique
Xhol site and encoding a serine codon-to-glycine codon mutation at residue 144.
Other plasmids used included MB30, a pcDNA/AMP I construct encoding the
HCMV MCP (63), and AWI, which contains the SCMV pAP gene in
pRSV.5neo (62).

NLS mutations were made as follows. pAP/NLS1™~ was made in SP1 by chang-
ing NLS1 from KRRRER;5; to AAAAEA through oligonucleotide-directed
mutagenesis. The sequence between Xhol and Mlul was replaced with the oli-
gonucleotidle TCGAGATCTGGGGCCCTTGCTGCTGCTGCTGAAGCTGA
annealed to a complementary strand such that a 5’ Xhol and a 3" Mlul overhang
resulted. This oligonucleotide returns Alal44 to wild-type Ser144. NLS2™ was
made in AW2 by changing NLS2 from KARKRLK,4 to AAAAALA by replac-
ing the wild-type fragment between Mlul and Styl with the oligonucleotide
CGCGTCGAGTGATGAGGAAGAGGACATGAGTTTTCCCGGGGAAGC
TGATCATGGCGCGGCTGCTGCAGCGCTGGCTGCTCATCACGGTCGC
GATAATAACAACTCAGGTTCAGATGC annealed to a complementary
strand such that a 5" Mlul and a 3" StyI overhang resulted. pAP/NLS1,2™ con-
tains both the NLS1~ and NLS2™ mutations and was made by replacing the
wild-type fragment between Miul and Styl of the NLS1~ construct with the
NLS2~ mutational oligonucleotide. All three mutants were subcloned into
pRSV.5neo by cleaving the pPGEM-4Z plasmids with Sall and BamHI and ligat-
ing the respective genes into the Sall/BamHI polylinker sites of pRSV.5neo.

Each of the three NLS mutations was subcloned into the proteolytically inac-
tive SCMV proteinase precursor, SI18A.L, to generate SI18A/NLS1~, S118A/
NLS2™, and S118A/NLS1,2™. This was done by replacing the Dralll/BamHI
fragment of AW48 with the corresponding fragment from each of the three
mutants.

The mature form of the inactive, full-length proteinase (S118A.m; stops at
VNA_ of the M site [Fig. 1]), was constructed by replacing the small Dralll/
BamHI fragment of AW48 with the corresponding Dralll/BamHI fragment from
AP.RSV.5neo, a plasmid encoding the SCMV AP (63). S118A.m containing the
NLS1,2 mutation was made by replacing the small Dralll/BamHI fragment of
S118A.m. with the corresponding Dralll/BamHI fragment from AP/NLS1,2™.

AP/NLS1~, AP/NLS2™, and AP/NLS1,2” were made by replacing the
1,117-bp Bsu36l fragment of AP.RSV.5neo with the corresponding 1,117-bp
Bsu36l fragment from the respective pAP mutants.

The B-galactosidase (B-Gal) fusion constructs were made by first ligating a
PCR-generated lacZ gene into the BamHI site of the pRSV.5neo polylinker to
give LacZ.RSV.5neo. The NLS1, NLS2, or NLS1,2 coding sequences, preceded
by a translational start codon, were then inserted, in frame, at the NotI site 5’ of
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the lacZ sequence. This cloning strategy introduced an Ala triplet between the
NLS and lacZ sequence.

IF. Seventy-two hours after addition of the DNA, transfected cells were pro-
cessed for indirect IF as described previously (63) and typically photographed at
a magnification of X40 and exposure time of 40 s, using an Olympus BH-2
microscope and Kodak Ecktachrome Elite, ASA 400 film. The primary antibod-
ies were (i) anti-N1, a polyclonal antipeptide rabbit antiserum raised against a
peptide representing residues 2 to 14 of the SCMV AP (53), diluted at 1:80 in 5%
bovine serum albumin-10 mM Tris-0.15 M NaCl-0.02% sodium azide, pH 7.4
(TN/BSA); (ii) anti-C1, a polyclonal antipeptide rabbit antiserum raised against
a peptide representing the carboxy-terminal 21 residues of the SCMV pAP (53),
diluted at 1:80 in TN/BSA; (iii) anti-MCP, a polyclonal antipeptide rabbit anti-
serum raised against a peptide representing the carboxy-terminal 15 residues of
the AD169 HCMV MCP (63), diluted at 1:500 in TN/BSA; and (iv) anti-B-Gal,
a mouse monoclonal antibody to Escherichia coli B-Gal (catalog no. 1083104;
Boehringer Mannheim, Indianapolis, Ind.), diluted at 1:250 in TN/BSA. The
secondary antibodies were (i) fluorescein isothiocyanate-labeled goat anti-rabbit
antibodies (catalog no. 111-095-144; Jackson Immunolaboratories, Inc., West
Grove, Pa.) diluted 1:150 in TN/BSA and (ii) fluorescein isothiocyanate-labeled
goat anti-mouse antibodies (catalog no. 115-095-062; Jackson Immunolaborato-
ries) diluted 1:150 in TN/BSA.

RESULTS

NLS1 and NLS2 functionality was evaluated by testing their
ability to translocate target proteins from the cytoplasm into
the nucleus, as determined by IF assays of transfected cells.
The SCMV assembly protein and proteinase precursors used
in this study are illustrated in Fig. 1. To ensure that interpre-
tation of results would not be complicated by the ability of the
34-kDa pAP to enter the nucleus by non-NLS-mediated diffu-
sion (i.e., excluded size of =40 to 60 kDa) (5, 43), experiments
to study these NLS in their native context were done first by
using the genetically related 64-kDa proteinase precursor
(pNP1). An inactive mutant of the proteinase (S118A [61]) was
used to prevent its autoproteolytic cleavage at the M, R, and I
sites. Corresponding experiments done with pAP, despite its
small size, are also described.

NLS1 and NLS2 promote nuclear translocation of 3-Gal.
Initial experiments tested the ability of NLS1 and NLS2 to
direct a normally cytoplasmic protein, B-Gal, into the nucleus.
NLS1, NLS2, or the entire NLS1,2 region (i.e., amino acids 148
to 179) was fused to the amino terminus of B-Gal to create
B-Gal/NLS1, B-Gal-NLS2, and B-Gal/NLS1,2, respectively.
The fusion proteins were separately expressed by transfecting
COS-7 cells, and 72 h later their intracellular distribution was
determined by IF assay.

Wild-type B-Gal was essentially excluded from the nucleus
(Fig. 2A), due to its large size (116 kDa) and lack of an NLS
(25). B-Gal/NLS1, in contrast, was detected primarily in the
nucleus (Fig. 2C) but with some cytoplasmic fluorescence ev-
ident; B-Gal/NLS2 was also mainly nuclear (Fig. 2B) but
showed more cytoplasmic fluorescence than B-Gal/NLSI, in-
dicating that both of these CMV NLS are functional and that
NLS1 is inherently stronger than NLS2. 3-Gal/NLS1,2 showed
the strongest nuclear localization (Fig. 2D), indicating that the
two signals work additively, as observed for other NLS (re-
viewed in reference 20).

Mutation of NLS alters intracellular distribution of pNP1
and pAP. NLS1 and NLS2 were mutated individually or to-
gether to determine their influence on the intracellular local-
ization of the mutant proteinase precursor, S118A. The basic
residues of each NLS were replaced with alanines, and the
intracellular distribution of the mutants was determined by IF
assay. S118A and S118A/NLS2™ both localized to the nucleus
(Fig. 3A and C, respectively), and S118A/NLS1™ also distrib-
uted primarily to the nucleus but showed some fluorescence in
the cytoplasm (Fig. 3B). However, when neither NLS was
present (S118A/NLS1,27), the protein was essentially excluded
from the nucleus and distributed throughout the cytoplasm
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FIG. 2. B-Gal fusions with NLS1 or NLS2 localize to the nucleus. COS-7 cells
were transfected with plasmids encoding B-Gal/NLS fusion proteins and ana-
lyzed 3 days later by indirect IF using a monoclonal antibody to B-Gal, all as
described in the text. Shown are photomicrographs of the resulting cells express-
ing B-Gal (A), B-Gal/NLS2 (B), B-Gal/NLS1 (C), or B-Gal/NLS1,2 (D).

(Fig. 3D), demonstrating that either NLS1 or NLS2 is required
for nuclear localization of the proteinase precursor. These
results also indicate that pNP1 does not contain NLS other
than NLS1 and NLS2.

The experiment was repeated with the NLS mutations in the
context of pAP. Cells were transfected with plasmids encoding
either wild-type pAP or its NLS mutants, and the intracellular
distribution of the proteins was determined. When both NLS
were present (pAP [Fig. 4A]) or just NLS1 was present (pAP/
NLS2™ [Fig. 4C)), the protein localized strongly to the nucleus.
When only NLS2 was present (pAP/NLS1™ [Fig. 4B]), the
protein also localized to the nucleus but some cytoplasmic
fluorescence was detected, as noted with the corresponding
NLS1™ constructs, B-Gal/NLS2 (Fig. 2B) and S118A/NLS1~
(Fig. 3B). When both NLS were mutated to give pAP/
NLS1,27, all cells showed increased levels of cytoplasmic flu-
orescence, due to the absence of active NLS-mediated nuclear
translocation. However, because pAP/NLS1,2™, unlike S118A/
NLS1,27, can enter the nucleus by passive diffusion, its phe-
notype was varied: in some cells cytoplasmic fluorescence was
predominant (Fig. 4D1); in others cytoplasmic and nuclear
fluorescence were comparable (Fig. 4D2); and in some nuclear
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FIG. 3. S118A requires NLS1 or NLS2 for its nuclear transport. COS-7 cells
were transfected with plasmids encoding either S118A or its NLS mutants and
analyzed 3 days later by indirect IF assay using anti-N1, as described in the text.
Shown are photomicrographs of representative cells expressing S118A (A),
S118A/NLS1™ (B), S118A/NLS2™ (C), and S118A/NLS1,2™ (D).

fluorescence was predominant (Fig. 4D3), but no cells showed
the essentially exclusive nuclear fluorescence observed with
wild-type pAP (Fig. 4A).

NLS mutations in the proteinase and assembly protein pre-
cursors affect nuclear translocation of MCP. Nuclear translo-
cation of the CMV MCP requires its interaction with pAP (63)
or pNP1 (shown below), suggesting that NLS1 or NLS2, or
both, functions in frans to enable the resulting MCP complexes
to enter the nucleus. This was tested by comparing the intra-
cellular distribution of MCP expressed alone or coexpressed
with S118A or its NLS mutants. The HCMV MCP was used in
place of the SCMV MCP in these studies because it was more
easily detected and photographed in the IF assays. This sub-
stitution is justified on the basis that (i) the amino acid se-
quence of the SCMV and HCMV MCPs are 78% identical
(44a); (ii) the SCMV pAP interacts specifically (i.e., via its
carboxyl end) with the HCMV MCP (63); (iii) NLS1 and NLS2
are highly conserved between the SCMV and HCMV pAP
homologs (see Fig. 11); and (iv) comparable, but essentially
undocumentable (i.e., fluorescence too weak), results were ob-
tained in assays using the homologous SCMV MCP-pAP pair
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FIG. 4. NLS1 and NLS2 enhance nuclear localization of pAP. COS-7 cells
were transfected with plasmids encoding either pAP or its NLS mutants and
analyzed 3 days later by indirect IF assay using anti-N1, all as described in the
text. Shown are photomicrographs of representative cells expressing wild-type
pAP (A), pAP/NLS1™ (B), pAP/NLS2™ (C), and pAP/NLS1,2", which had a
comparatively heterogeneous distribution of fluorescence (D).

D. pAP/NLS1,2"

(data not shown). The HSV MCP was also expressed alone for
comparison.

When the HCMV MCP was expressed alone, it distributed
throughout the cytoplasm but was excluded from the nucleus
(Fig. 5A). In contrast, the distribution of the HSV MCP was
both cytoplasmic and nuclear (Fig. 5B), as observed by others
(36, 42, 47). When the HCMV MCP was coexpressed with
S118A, S118A/NLS1™, or S118A/NLS2™, both MCP (Fig. 6A,
B, or C, respectively) and the corresponding NLS-bearing es-
cort (Fig. 6E, F, or G, respectively) localized to the nucleus.
However, when MCP was coexpressed with the NLS-deficient
escort, SI18A/NLS1,27, neither protein entered the nucleus
and predominantly cytoplasmic immunofluorescence was ob-
served (Fig. 6D and H). These findings are consistent with both
NLS1 and NLS2 being able to act in trans, via S118A-MCP
complex formation, as signals for HCMV MCP nuclear trans-
location. Because both NLS function in this capacity, these
results also indicate that neither is selectively masked by the
S118A-MCP interaction.

When this experiment was repeated using the same NLS
mutations in the context of pAP, both MCP (Fig. 7A to C) and
its NLS-bearing escorts (pAP, pAP/NLS1™, and pAP/NLS2™)
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A.HCMV MCP

B. HSV-1 MCP

FIG. 5. When expressed alone, the HCMV MCP is excluded from the nu-
cleus, but the HSV-1 MCP is not. COS-7 cells were transfected with plasmids
encoding either the HCMV MCP or its HSV-1 counterpart, VPS5, and analyzed
3 days later by indirect IF assay using antisera to the HCMV MCP (A) or to the
HSV MCP, VPS5 (B), all as described in the text. Shown are photomicrographs of
representative immunopositive cells.

(Fig. 7E to G) localized to the nucleus, as observed above for
the corresponding S118A constructs. Unexpectedly, MCP-spe-
cific fluorescence was also detected in the nuclei of some cells
coexpressing MCP and the NLS™ mutant, pAP/NLS1,2™ (Fig.
7D). Such nuclear fluorescence was not observed for the cor-
responding proteinase construct (S118A/NLS1,2™ [Fig. 6D])
and is attributed to diffusion of the comparatively smaller pAP/
NLS1,2™ into the nucleus (Fig. 7H) and its trapping there of
immunoreactive breakdown fragments of MCP, as discussed
below.

Proteinase precursor interacts with itself and with pAP in
the cytoplasm. The proteinase precursor interacted with itself
and with the pAP when tested in the GAL4 two-hybrid system
(63). The experiments described below were done to deter-
mine whether these interactions can take place in the cyto-
plasm and, if so, whether they mask the function of either NLS.
The NLS™ M-site-cleaved forms of S118A and pAP (ie.,
S118A.m and AP, terminating at the M-site P1 alanine [Fig. 1])
were used as test escorts. Because these escorts lack the 33-
amino-acid carboxyl tail, which includes the 21-amino-acid se-
quence used to prepare the anti-Cl antiserum (53), they are
immunologically invisible to anti-C1 and enable the intracel-
lular distribution of the ST1S8A/NLS1,2™ target to be selectively
determined by IF assay.
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FIG. 6. Nuclear transport of MCP by S118A requires NLS1 or NLS2. COS-7 cells were cotransfected with plasmids encoding the HCMV MCP, together with either
S118A or its NLS mutants, and analyzed 3 days later by indirect IF assay using either anti-MCP (63) (A to D) or anti-N1 (E to H), all as described in the text. Shown
are photomicrographs of representative cells coexpressing MCP with S118A (A and E), SI18A/NLS1™ (B and F), S118A/NLS2™ (C and G), or S118A/NLS1,2™ (D

and H).

The proteinase self-interaction was tested by using S118A/
NLS1,2™ as the NLS™ target and S118A.m as the NLS™ escort.
When expressed alone, the S118A/NLS1,2™ target was ex-
cluded from the nucleus (Fig. 8B), as observed above (Fig.
3D), and the S118A.m escort localized entirely within the nu-
cleus (Fig. 8A). But when the two were coexpressed, the
S118A/NLS1,2" target was translocated into the nucleus (Fig.
8C). Nuclear fluorescence was not detected when S118A/
NLS1,2™ was coexpressed with the same escort lacking NLS
(i.e., SII8A.m/NLS1,2™ [Fig. 8D]), indicating that at least one
NLS per complex is needed for its nuclear translocation. These
data indicate that the S118A/NLS1,2” mutant is sufficiently
soluble to undergo nuclear translocation, corroborate the
S118A self-interaction detected in GAL4 two-hybrid assays
(63), and demonstrate that the interaction can take place in the
cytoplasm.

Interaction of the proteinase with pAP was tested next by
expressing S118A/NLS1,2™ alone (e.g., Fig. 3D and 8B) or
together with an AP escort containing both, one, or neither
NLS. When S118A/NLS1,2™ was coexpressed with AP (Fig.
9A1 and A2), AP/NLS1™ (Fig. 9B), or AP/NLS2™ (Fig. 9C),
most of the fluorescence was nuclear, indicating the formation
and nuclear translocation of cytoplasmic complexes composed
of the two proteins. Some nuclei in cells coexpressing S118A/

NLS1,2™ and AP showed a pattern of focally concentrated
fluorescence (e.g., Fig. 9A2) that was not observed with any of
the three AP/NLS mutants. Some nuclear fluorescence of
S118A/NLS1,2™ was also observed when it was coexpressed
with an NLS-deficient AP escort (i.e., AP/NLS1,2™ [Fig. 9D]).
This result may be due to a trapping effect similar to that
suggested above to explain the unanticipated nuclear fluores-
cence observed when the MCP target and pAP/NLS1,2™ escort
were coexpressed and is discussed below.

The pAP self-interaction was also tested, even though both
target and escort can enter the nucleus by diffusion (e.g., Fig.
4D). The target protein was NLS™ pAP (i.e., mutant pAP/
NLS1,27), the escort was NLS™ mature AP, and the target-
specific antiserum was anti-C1. Expression of the NLS™ target
alone resulted in both cytoplasmic and nuclear fluorescence
(Fig. 10A), as observed in Fig. 4D. Expression of the NLS™
escort alone gave a distribution of nucleus-only fluorescence
(Fig. 10F), with what appeared to be a more punctate or
coalesced pattern than was observed with the precursor, pAP
(e.g., Fig. 4A). Coexpression of the target and escort in an
equimolar ratio (i.e., based on input plasmid concentrations)
resulted in a noticeable shift toward a more nuclear distribu-
tion of fluorescence (Fig. 10B). When the amount of escort-
encoding plasmid was increased to two-, four-, and eightfold
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above that of the target (Fig. 10C, D, and E, respectively), the
distribution of fluorescence became progressively more nu-
clear (compare Fig. 10B and C) and then more punctate (com-
pare Fig. 10C and D with Fig. 10E). Thus, despite the small
size of these proteins, a pAP-AP interaction was evident from
the more complete nuclear localization of the NLS™ pAP tar-
get when it was coexpressed with NLS™ AP escorts. We ob-
served that the number of fluorescent cells was consistently
higher in the coexpressions than when pAP/NLS1,2™ was ex-
pressed alone, and we suspect that this phenomenon is caused
by masking of the C1 epitope when pAP is expressed alone.
Consistent with this explanation, Western immunoassays done
as part of a similar experiment revealed that although pAP
target protein fluorescence increased in the coexpressions, the
amount of target protein itself did not increase; in fact, it
decreased as the amount of escort increased (data not shown).

DISCUSSION

We have identified two SV40 large-T-antigen-like NLS in
the CMV pAP. The functionality and relative strengths of
these sequences, called NLS1 and NLS2, were established by
showing that each could change the localization of B-Gal (116
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C. NLS2

D. NLS1,2-

. G.
MCP + pAP Constructs

FIG. 7. NLS present in pAP mediate nuclear transport of MCP. COS-7 cells were cotransfected with plasmids encoding the HCMV MCP and either wild-type or
NLS mutant pAP proteins and analyzed 3 days later by indirect IF assay using anti-MCP (A to D) or anti-N1 (E to H), all as described in the text. Shown are
photomicrographs of representative cells coexpressing MCP with pAP (A and E), pAP/NLS1~ (B and F), pAP/NLS2™ (C and G), and pAP/NLS1,2™ (D and H). Note
focal pattern of intranuclear MCP fluorescence when expressed with pAP (A).

kDa) from cytoplasmic to nuclear when fused to its amino
terminus.

Mutagenesis experiments showed that both NLS were also
functional in their native context. An enzymatically inactive
mutant of the proteinase precursor pNP1 (i.e., SI118A [61]),
which has the entire pAP sequence as its carboxyl half (Fig. 1),
was used because its larger size (64 kDa, versus 34 kDa for the
pPAP) prevents it from entering the nucleus by non-NLS-me-
diated diffusion. Nuclear localization of S118A occurred when
either NLS1 or NLS2 was intact; when both were mutated, the
protein remained in the cytoplasm (Fig. 3D). Consistent results
were obtained when these experiments were done with pAP
(Fig. 4), but, as expected, their interpretation was complicated
by its smaller size and ability to diffuse into the nucleus.

NLS1 was functionally somewhat stronger than NLS2, as
evidenced by its better ability to promote nuclear translocation
of B-Gal, S118A, and pAP when acting in cis. Only NLS1 has
an apparent counterpart among the pAP homologs of all her-
pesviruses (Fig. 11), indicating that it may be the functionally
more important of the two. NLS2, however, is conserved
among all betaherpesvirus pAP homologs, suggesting that it
satisfies a group-specific requirement. Noteworthy in this re-
gard is that, in addition to their NLS being closely symmetric
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B. S118A/NLS1,2"
(Target)

A. S118A.m
(Escort)

C. Target + D. Target +
S118A.m S118A.m/NLS1,2"

Antisera: Anti-N1 (A), Anti-C1 (B-D)

FIG. 8. Precursor proteinase can self-interact in the cytoplasm of transfected
cells. COS-7 cells were transfected with plasmids encoding different constructs of
the proteinase precursor and analyzed 3 days later by indirect IF using anti-N1
(A) or anti-C1 (B to D), all as described in the text. Shown are photomicrographs
of representative cells expressing the NLS* S118A.m escort alone (A), the
S118A/NLS1,2™ target alone (B), and the S118A/NLS1,2™ target together with
the S118A.m escort (C) or together with the NLS™ S118A.m/NLS1,2~ escort
(D).

with respect to the putative helix-breaking PGE/D motif, the
termini of the betaherpesvirus pAP homologs are also more
symmetric about this motif than are those of the pAP ho-
mologs of most other herpesviruses (Fig. 11).

Having established that NLS1 and NLS2 can each function
independently as a transport signal, experiments were done to
test whether these sequences provide a mechanism, through
pAP-MCP complex formation, to enable MCP nuclear trans-
location. This possibility was suggested to explain the findings
that for both CMV and HSV type 1 (HSV-1), nuclear transport
of MCP requires (63) or is enhanced by (42) coexpression with
their respective pAP, both of which contain an NLS1 motif
(Fig. 11 and reference 19). This mechanism is supported for
CMV by the finding that either NLS1 or NLS2 must be present
in pAP (or pNP1) to mediate MCP nuclear translocation, and
as observed in the B-Gal and S118A self-translocation exper-
iments, both must be present for maximal effect. Although this
finding ascribes a functional role to at least one of these NLS

J. VIROL.

D. NLS1,2

C.NLS2
S118A/NLS1,2" + AP/NLS Constructs
Antiserum: Anti-Cl1

FIG. 9. Demonstration of AP-proteinase precursor interaction in cytoplasm.
COS-7 cells were cotransfected with plasmids encoding S118A/NLS1,2™ and AP
or its NLS mutants and analyzed 3 days later by indirect IF assay using anti-C1
to determine the intracellular distribution of STI8A/NLS1,27, all as described in
the text. Shown are photomicrographs of representative cells coexpressing
S118A/NLS1,2~ with AP (A), AP/NLS1~ (B), AP/NLS2™ (C), or AP/NLS1,2
(D). Note greater coalescence of SI18A/NLS1,2™ fluorescence when the AP
escort contained both NLS (e.g., top cell in panel Al and left cell in panel A2).

(i.e., promote nuclear translocation of MCP), it does not ex-
plain the presence of two in the CMV pAP.

Other proteins with multiple NLS have been described. In
some instances, one NLS overlaps a DNA- or protein-binding
domain (4, 58), whose interaction may block that NLS and
create the need for a compensating second NLS. In another
instance, a sequence that functioned alone as an NLS in a
heterologous fusion protein did not function alone as an NLS
in its native context (10). We considered the possibility that
multiple NLS could be required to maintain presentation of at
least one signal as the protein changes conformation or inter-
acts with other molecules, but our experiments provided no
support for this. Both NLS1 and NLS2 were functional in their
native context, and their strengths were NLS1 + NLS2 >
NLS1 = NLS2, whether their effect was exerted in cis (Fig. 2 to
4) or in trans (Fig. 6, 7, and 9).

The possibility that the two NLS act additively to enhance
the efficiency of transporting the large cytoplasmic complexes
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, Target + Escort ,
C.1:2

D. 14 E. 1:8 F. Escort

B. 1:1

A. Target

Antisera: Anti-C1 (A-E), Anti-N1 (F)

FIG. 10. pAP self-interacts in the absence of other viral proteins. COS-7 cells were transfected with plasmids encoding pAP/NLS1,2™ (target) alone, AP (escort)
alone (F), or pAP/NLS1,2™ together with increasing amounts of AP (B to E). The intracellular localization of pAP/NLS1,2™ was determined by indirect IF assay using
anti-C1 (A to E), and the distribution of AP alone was determined by using anti-N1 (F), all as described in the text. In cotransfections, the molar ratios of the
pAP/NLS1,2™ to AP plasmid were 1:1 (B), 1:2 (C), 1:4 (D), and 1:8 (E). Shown are representative cells from each transfection. Note the greater coalescence of

fluorescence (i.e., speckles and spots) in panels E and F.

that result from pAP, pNP1, and MCP interactions could not
be readily tested in these IF assays but is fully compatible with
our results. The ability of multiple NLS to enlarge the channel
of the nuclear pore complex (16), or increase the rate and
extent of nuclear accumulation (15, 16, 37, 48), has been dem-
onstrated in other systems (reviewed in reference 20). This
explanation for the two NLS in CMV pAP could account for
the difference in nuclear localization between the CMV and
HSV MCPs, if (i) optimal localization of pAP-MCP complexes
requires two NLS equivalents, as indicated here for CMV, and
(ii) these signals can be contributed by either protein. Thus,
the CMV MCP, which has no intrinsic ability to enter the
nucleus when expressed alone (Fig. 5SA and reference 63), has
no NLS and depends on its pAP or pNP1 escort to provide
both. In contrast, the HSV MCP, which does have some ability
to enter the nucleus when expressed alone (Fig. 5B and refer-
ences 36, 42, and 47), may contribute one NLS equivalent itself
and depend on its pAP or pNP1 escort homolog for only one
additional NLS. This interpretation could include as yet unde-
tected MCP sequences (e.g., an endogenous nuclear export
signal that overrides a possible endogenous NLS) that may be
involved in the overall transport process. Alternatively, the
apparent nuclear localization difference between the CMV and
HSV MCPs expressed alone could result from (i) a compara-
tively greater breakdown of the HSV MCP, resulting in the
diffusion of immunoreactive fragments into the nucleus, or (ii)
an interaction of the HSV MCP with a host escort (55) that
partially substitutes for the HSV pAP homolog, pVP22a
(ICP35c,d).

The ability of pAP and pNP1 to participate in self-interac-
tions, and to interact with one another and with MCP, was
demonstrated previously by using the GAL4 two-hybrid system
(63). In the same study, these interactions were related to the
capsid assembly pathway by two other observations, namely,
that nuclear transport of MCP depends on pAP-MCP complex
formation and that pAP multimerization promotes the pAP-
MCP interaction. These findings, and similar studies with the
HSV-1 counterparts of pAP and MCP (i.e., pVP22a and VPS5,
respectively) (42, 44), suggest that an ordered association of
capsid proteins takes place in the cytoplasm, proceeding from

initial interactions of pAP and pNP1 to form homo- and/or
hetero-oligomers, to their interaction with MCP to form pre-
capsomeric complexes, and possibly to the formation of pro-
tocapsomers that could be translocated into the nucleus for
capsid assembly. Features of this model provide mechanisms
for (i) potentiating or stabilizing pAP (or pNP1) interaction
with MCP, (ii) promoting delivery of MCP to the nucleus, and
(iii) ensuring incorporation of the maturational proteinase pre-
cursor, pNP1, into nascently forming capsids.

As a means of determining whether the putative nucleating
interactions in this cascade (i.e., formation of pAP and pNP1
homo- and hetero-oligomers) can take place in the cytoplasm,
as would be predicted, we assayed for a shift in the intracellular
distribution of NLS mutants of pAP and pNP1 when coex-
pressed with NLS™ escorts. Our results demonstrated that the
pNP1 self-interaction (Fig. 8) and the pAP-pNP1 interaction
(Fig. 9) can take place in the cytoplasm, but they did not give
unambiguous evidence for cytoplasmic interaction of pAP be-
cause both the target and escort proteins can diffuse into the
nucleus. It would be surprising if pAP did not self-interact in
the cytoplasm, however, given that the closely related pNP1
(S118A) does (Fig. 8C and 9). Moreover, the concentration-
dependent shift of pAP/NLS1,2™ from the cytoplasm to the
nucleus when coexpressed with increasing amounts of NLS™
escort (Fig. 10) is fully consistent with a cytoplasmic interac-
tion.

We were surprised that pAP lacking NLS showed some
ability to influence the intracellular distribution of MCP and
S118A/NLS1,2™ (Fig. 7D and 9D, respectively) and suspect
that this is due to a fraction of the indicator protein (i.e., MCP
or S118A/NLS1,27) being broken down by proteolysis to im-
munologically reactive fragments able to diffuse into the nu-
cleus. These fragments could then interact with NLS™ pAP
that had also diffused into the nucleus (Fig. 4D) and form a
complex too large to diffuse back out. Consistent with this
interpretation, (i) there is some breakdown of MCP and
S118A/NLS1,2™ to smaller fragments when expressed in trans-
fected cells (Western immunoassay [data not shown]) and (ii)
the effect was not observed when either MCP or S118A/
NLS1,2™ was expressed alone (i.e., no nuclear pAP or AP to
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FIG. 11. Positional homologs of NLS1 and NLS2 in the pAP homologs of herpes-group viruses. Amino acid sequences of available pAP homologs were aligned by
using the Pima program (Baylor College of Medicine), and positional homologs of CMV pAP NLS1 and NLS2 were identified as indicated. A conserved Pro-Gly-
Glu/Asp (PGE/D) sequence is indicated as an internal reference, and the carboxy-terminal amino acid number for each sequence is given. Sequences were obtained
from GenBank; the viruses are as follows: HSV-1 (40), HSV-2 (54), equine herpesvirus 1 (EHV-1) (57), varicella-zoster virus (VZV) (12), infectious laryngotracheitis
virus (ILTV) (27), pseudorabies virus (PRV) (7), bovine herpesvirus 1 (BHV-1) (28), HCMYV strain AD169 (9), SCMV strain Colburn (60), human herpesvirus 6
(HHV-6) (26), human herpesvirus 7 (HHV-7) (41), murine CMV (MCMV) (39), Epstein-Barr virus (EBV) (2), equine herpesvirus 2 (EHV-2) (56), herpesvirus saimiri
(HVS) (1), human herpesvirus 8 (HHV-8) (51), wildebeest herpesvirus (AHV-1) (17), murine herpesvirus 68 (MHV68) (59), and channel catfish virus (CCV) (11).
Classification as alpha-, beta-, or gammaherpesvirus is based on the nomenclature of Roizman et al. (50). The amino acid sequence of the SV40 large-T-antigen NLS

(33, 34) is shown at the bottom.

entrap immunoreactive target fragments). An alternative ex-
planation, namely, that a cryptic NLS is expressed in the pAP-
MCP or AP-S118A complexes, is weakened by the fact that this
effect was not observed when the escort was S118A/NLS1,2™
or S118A.m/NLS1,2” (Fig. 6D and 8D), which contain the
entire pAP/NLS1,2™ or AP/NLS1,2™ sequence, respectively
(Fig. 1).

In summary, we have shown that the two SV40 T-antigen-
like NLS, present in the CMV pAP and its genetically related
pNP1, can effect the nuclear translocation of pAP and pNP1 by
acting in cis and that of MCP by acting in frans. In addition, our
data demonstrate that multimeric complexes of capsid proteins
can form in the cytoplasm and that their nuclear transport can
be mediated by NLS1 and NLS2. These complexes can consist
of pAP-pAP, pNP1-pNP1, pAP-pNP1, pNP1-MCP, pAP-
MCP, and theoretically capsomeric or subcapsomeric assem-
blages (e.g., [pPAP-MCP], protohexamer).

Evidence that such complexes form and are required for
nuclear translocation of specific CMV (63) and HSV (36, 42,
47) proteins has been reported before. The experiments de-
scribed here indicate that the underlying reason for this re-
quirement is that not all of the capsid proteins contain the NLS
required for efficient translocation into the nucleus. In the case
of CMV, NLS present in pAP and pNP1 act in trans, through
pAP-MCP (and pNP1-MCP) complexes, to enable nuclear
translocation of the MCP (Fig. 6 and 7; reference 63). Simi-

larly, NLS present in another outer shell protein, the mCBP
component of the triplex, also appears to act in frans, through
mCBP-mCP complexes, to enable nuclear translocation of
mCP—its triplex partner (3, 3a). Similar pairwise interactions
between NLS™* and NLS™ or weak NLS™ capsid proteins have
been reported for the DNA-containing papovaviruses, poly-
omavirus (13, 18) and SV40 (35), and adenovirus (8), suggest-
ing this may be a general mechanism for nuclear replicating
viruses but not explaining why.

The presence of NLS in proteins destined for incorporation
into capsids forming in the nucleus would be expected to max-
imize their concentration in the assembly compartment and to
minimize their concentration in the cytoplasm, where prema-
ture capsid formation could decrease the efficiency of the as-
sembly pathway. Further, by endowing only one partner (e.g.,
pAP) of a protein pair (e.g., pAP-MCP) with an NLS, an
additional level of control could be imposed on the flow of
events leading to capsid assembly. For example, if the efficiency
or fidelity of capsid formation were enhanced by the availabil-
ity of correctly preassembled subunits (e.g., pAP-MCP com-
plexes), compartmentalizing the early (e.g., cytoplasmic pro-
tein-protein interactions) and late (e.g., nuclear subunit-
subunit interactions) steps in the pathway could be
advantageous. Thus, in CMV the essential capsid proteins
would be supplied to the nucleus as preformed pAP-(and/or
pNP1-)-MCP or mCP-mCBP subunits, thereby reducing the
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chances of incorporating a misfolded substituent into the nas-
cent capsid or having a stoichiometric imbalance of capsid
proteins in the assembly compartment. These speculations pre-
dict that a CMV mutant virus lacking NLS in both pAP and
mCBP would give rise to cytoplasmic capsids and have a higher
frequency of aberrant particles. Similar mechanisms could help
regulate the flow and incorporation of cellular protein subunits
into nuclear structures, such as transcription complexes (6) and
spliceosomes (46).
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