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The processivity factor of the human cytomegalovirus
(HCMV) DNA polymerase phosphoprotein ppUL44 plays
an essential role in viral replication, showing nuclear
localization in infected cells. The present study examines
ppUL44’s nuclear import pathway for the first time, ecto-
pic expression of ppUL44 revealing a strong nuclear loca-
lization in transfected COS-7 and other cell types,
implying that no other HCMV proteins are required for
nuclear transportation and retention. We show that of
the two potential nuclear localization signals (NLSs)
located at amino acids 162-168 (NLS1) and 425-431
(NLS2), NLS2 is necessary and sufficient to confer nuclear
localization. Moreover, using enzyme-linked immunosor-
bent assays and gel mobility shift assays, we show that
NLS2 is recognized with high affinity by the importin
(IMP) a/p heterodimer. Using gel mobility shift and tran-
sient transfection assays, we find that flanking
sequences containing a cluster of potential phosphoryla-
tion sites, including a consensus site for protein kinase
CK2 (CK2) at Ser*'® upstream of the NLS, increase
NLS2-dependent IMP binding and nuclear localization,
suggesting a role for these sites in enhancing UL44
nuclear transport. Results from site-directed mutagenic
analysis and live-cell imaging of green fluorescent pro-
tein (GFP)-UL44 fusion protein-expressing cells treated
with the CK2-specific inhibitor 4,5,6,7-tetrabromobenzo-
triazole are consistent with phosphorylation of Ser*'®
enhancing ppUL44 nuclear transport.
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The B-herpesviridae subfamily member human cytomega-
lovirus (HCMV) is a major human pathogen (1). Replication
of its double-stranded DNA (dsDNA) genome occurs in the
nuclei of infected cells via a rolling circle process mediated
by 11 virally-encoded proteins (2,3). The product of ORF
UL44 (ppUL44) is readily detectable by Western blot as a
family of proteins in lysates of infected cells — its most
abundant member is a 52-kDa phosphoprotein of 433
amino acids — with a strong dsDNA-binding ability (4,5).
The protein is phosphorylated by pUL97, a viral-encoded
kinase (6,7) and by at least one host cell kinase (7). During
viral infection, ppUL44 localizes in the nucleus of infected
cells (8), where it is thought to interact with the product of
ORF ULb4, the catalytic subunit of the viral DNA poly-
merase, to confer processivity to the DNA polymerase
holoenzyme (9).

Defined as a ‘polymerase accessory protein’ (PAP), an
essential factor for DNA replication (10,11), ppUL44 and
its homologues are highly conserved among herpes-
viruses (12). The catalytic activity of ppUL44 resides in
the N-terminal portion as deletion of amino acids 291-
433 does not alter its known biochemical properties
(5,13). The role of the C-terminus of ppUL44 in HCMV
infection remains to be elucidated (14). Significantly, the
last 24 amino acids of several B-herpesvirus PAPs, includ-
ing those from HCMV, murine CMV, human herpesvirus 6
(HHV-6) and HHV-7, are extremely well conserved, all
harbouring putative or confirmed nuclear localization
signals (NLSs) preceded by potential protein kinase CK2
(CK2) phosphorylation sites (15,16).

Molecules of >45 kDa cannot diffuse passively into the
nucleus through the aqueous channel delimited by the
nuclear pore complex (NPC), instead being actively trans-
located into the nucleus in NLS-dependent fashion
through the action of members of the importin (IMP)
superfamily of intracellular transporters (17). The IMPs
mediate docking of the NLS-containing protein to the
NPC and its translocation through it into the nucleus.
Most NLSs consist of a single cluster of basic amino
acids such as that of the simian virus SV40 large tumour
antigen (T-ag) (18), which is recognized by the IMPao/B
heterodimer, where IMPa recognizes the NLS, and IMPf
facilitates the IMPa—NLS interaction by effecting a



conformational change in IMPa to release an autoinhibi-
tory domain from the IMPa NLS-binding site, thereby
greatly increasing the affinity of the interaction (19).
IMP B subsequently mediates interaction with NPC com-
ponents to facilitate passage through the NPC, and then
with the guanine nucleotide-binding protein Ran, to
achieve cargo release in the nucleus (17). NLS-dependent
nuclear import is often regulated by phosphorylation
through a number of specific mechanisms (17,20). In the
case of T-ag, the modular CcN motif confers phos-
phorylation signal transduction-responsive NLS-dependent
nuclear localization through CK2 and cyclin-dependent
kinase (cdk) phosphorylation sites (21-24).

Although functional NLSs have been described within
ppUL44 homologues (15,16,25), sequences responsible
for the nuclear transport of ppUL44 have not yet been
described. The aim of the present study is to identify
candidate NLSs within ppUL44, to define their role in
ppUL44 nuclear import pathway and to ascertain whether
their activity may be influenced by phosphorylation. Our
results define the C2N motif, reminiscent of the CcN motif
of T-ag, responsible for CK2-enhanced and IMPa/B-dependent
nuclear import of ppUL44.

Results

ppUL44 nuclear localization is dependent on NLS2

Examination of the primary sequence of ppUL44 indicated
the presence of the putative basic NLSs PHTRVKR'®®
(NLS1) and PNTKKQK*®" (NLS2) (Figure 1). To test whether
NLS1 or NLS2 may play a role in ppUL44 nuclear trans-
port, we transfected COS-7 cells with UL44-encoding con-
structs. Immunostaining indicated nuclear localization of
ppUL44 and ppUL44ANLS1, but cytoplasmic localization
of ppUL44ANLS?2 (Figure 1). Similar results were obtained
after transfection of U373-MG cells (data not shown).
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Results were confirmed by performing live-cell imaging
using confocal laser scanning microscopy (CLSM;
BioRAD MRC500, Hercules, CA) on COS-7 cells trans-
fected to express green fluorescent protein (GFP)-UL44
fusion proteins with the GFP-B-galactosidase (Gal) and
GFP-T-ag-NLS-B-Gal-encoding constructs pHM830 and
pHMB830-T-ag as negative and positive controls, respec-
tively. GFP-T-ag-NLS-B-Gal, GFP-UL44 and UL44ANLS1 all
showed nuclear localization in transfected cells, whereas
UL44ANLS2 showed cytosolic fluorescence comparable
with that seen for GFP-B-Gal alone (Figure 2A,B). The
clear implication was that NLS2 but not NLS1 was neces-
sary for ppUL44 nuclear localization.

ppUL44-NLS2 is sufficient to target GFP to the
nucleus

To determine whether the ppUL44-NLS2, out of the con-
text of the ppUL44 molecule, was capable of directing the
heterologous GFP protein to the nucleus, COS-7 cells
were transfected to express GFP-UL44NLS1, GFP-
UL44NLS2, GFP-UL44NLS1A and GFP-UL44NLS2A fusion
proteins and imaged live using CLSM 16 h post-transfection
(Figure 3A). As a control, cells were transfected to
express GFP alone, a 27-kDa protein able to freely diffuse
through the NPC, and thus distribute equally in nuclear and
cytoplasmic compartments (26). Confocal images were
analysed quantitatively for the nuclear to cytoplasmic
ratio (Fn/c). No marked difference between cells
transfected to express GFP, GFP-UL44NLS1, GFP-
UL44NLST1A and GFP-UL44NLS2A was observed, but
cells expressing GFP-UL44NLS2 showed significantly
higher nuclear accumulation, with an Fn/c of 3.2 signifi-
cantly higher (p < 0.0001) than that observed for GFP
alone (Fn/c of 1.9) (Figure 3B). Thus, ppUL44-NLS2 but
not ppUL44-NLS1 was sufficient to confer nuclear accu-
mulation on GFP. That GFP-UL44NLS2A protein showed a
significant reduction in nuclear accumulation (Fn/c of 2)
compared with GFP-UL44NLS2 implied that the basic

Merge

Figure 1: Subcellular localization
of ppUL44 wild-type protein and
NLS1 and NLS2 mutants. COS-7
cells transfected with constructs
encoding ppUL44 carrying site-spe-
cific mutations were processed
for immunofluorescence 16 h post-
transfection as described in Materials
and Methods. Scale bars represent
25 um. NLS, nuclear localization
signal.
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Figure 2: ppUL44-NLS2 but not ppUL44-NLS1 is y for nuclear accumulation of ppUL44. (A) COS-7 cells were transfected to

express GFP fusion proteins and imaged live 16 h after transfection using confocal laser scanning microscopy (CLSM) and a 40x water
immersion objective. (B) Quantitative results for the nuclear to cytoplasmic ratio (Fn/c) for GFP-UL44 fusion proteins. Confocal images such as
those shown in Figure 2A were analysed as described in Materials and Methods using the IMAGE J software. Data represent the mean 4+ SEM
(n > 40). Scale bars represent 50 um. GFP, green fluorescent protein; NLS, nuclear localization signal.

residues of NLS2 were critical for this nuclear targeting
function. Similar results were obtained after transfection
of Hela cells (data not shown).

ppUL44 is recognized with high affinity by IMPc. /3

Totest whether NLS2 and/or NLS1 were able to bind IMPs, the
HiseGFP-UL44NLS1 and HisgGFP-UL44NLS2 fusion proteins
were subjected to native gel electrophoresis without and with
preincubation with different IMP combinations (Figure 4). In
the absence of IMPs, HisgGFP-UL44NLS1 and HisgGFP-
UL44NLS?2 fusion proteins migrated with similar mobility on
the native gel. Results for preincubation with IMPs showed
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that HisgGFP-UL44NLS2 was able to interact specifically with
both IMPo and IMPa/ in contrast to HisgGFP-UL44NLS1, on
the basis of altered mobility in the native gel (Figure 4). To
confirm these observations, enzyme-linked immunosorbent
assay (ELISA)-based binding assays were performed to
test the ability of bacterially expressed Hisg-tagged UL44
proteins to interact with IMPs (Figure 5). HisgUL44 and
HissUL44ANLS1 showed a very high affinity interaction with
the IMPa/B heterodimer (left panel), exhibiting apparent dis-
sociation constants (Ky) of approximately 2 nm. IMPa bound
to the UL44 proteins with high affinity (Ky of approximately
20 nwm, central panel), while IMPB bound to the UL44 proteins
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Figure 3: ppUL44-NLS2 but not ppUL44-NLS1 is sufficient to target green fluorescent protein (GFP) to the nucleus. (A) COS-7 cells
were transfected to express GFP fusion proteins and imaged live 16 h after transfection using confocal laser scanning microscopy (CLSM) and
a 40x water immersion objective. (B) Quantitative results for the nuclear to cytoplasmic ratio (Fn/c) for GFP-UL44NLS fusion proteins,
performed as described in the legend to Figure 2. Data represent the mean + SEM (n > 40) with p-values for the test of significance between
the Fn/c-values for the proteins indicated compared to GFP. NS = not significant. Scale bars represent 50 pm. NLS, nuclear localization signal.
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Figure 4: ppUL44-NLS2 confers
specific importin (IMP) binding.
The indicated GFP fusion proteins
were incubated as described in
Materials and Methods in the absence
or presence of 10 um of glutathione S-
transferase (GST) and GST-IMPs prior
to native gel electrophoresis. Arrows
indicate the positions of GFP fusion
proteins and fusion protein—IMP com-
plexes. GFP, green fluorescent pro-
tein; NLS, nuclear localization signal.
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Figure 5: ppUL44-NLS2 is recognized with high affinity by the importin (IMP) /B heterodimer. An ELISA-based binding assay was
performed in which fusion proteins HisgUL44, HisgUL44ANLS1 and HisgUL44ANLS2 were coated onto microtitre plates and incubated
with increasing concentrations of mouse IMPa/B (left panel), o (centre) or B (right) followed by successive incubation with primary and

secondary antibodies and chromogenic substrate. Data were fitted to the function B(x) = Bmax(1 — €

~kB) where x is the concentration of

IMP, k is the rate constant and B is the level of IMP bound. The results are from a single typical experiment performed in triplicate. The
values for the apparent Ky representing the IMP concentration yielding half-maximal binding are indicated. Ky, apparent dissociation

constant; NLS, nuclear localization signal.

with only low affinity (Ky of approximately 100 nm, right panel).
Mutation of basic residues within NLS2 resulted in remarkably
reduced binding affinities between HisgUL44 and both IMPa
and o/B (Ky of approximately 150 nm). The clear implication of
the results for native polyacrylamide gel electrophoresis
(PAGE) and the ELISA assays was that ppUL44 nuclear import

Relative position to the NLS core

-14-12-9 12345
CK2 sites PKC site
Human CMV KEESDSEDSVTFEFVPNTKKQKCG *
Murine CMV KEESDSEDSVTFEYTPNTKKOKCAA*
Rhesus CMV KEESDSEDSVSFEFVPSSKKQKCT *
Rat CMV KEESESDESVTFEYTPSAKKQKC *
TupaiaCMV KEESDSEESVTFEFVSNPKKQKCA *

Chimpanzee CMV KEESDSEDSVTFEFVPNPKKQKCG*

HHV-7 KEDSESDDSAHFDY TPNSKRQRCGM*
HHV-6B KEDSESDDSMHFEYSSNPKRQRCVV *
HHV-6A KEDSESDDSMHFEYSSNPNPKRQRCVV *
EBV BMRF1 RKRTS5SEARQKQOKHPKKVKQAFNPLI
SV-40 T-ag SSDDEATADSQHSTPPKKKRRV

Figure 6: Human cytomegalovirus (HCMV) ppUL44 homolo-
gues share a well-conserved C-terminal motif, the C2N (CK2
and NLS) motif, which resembles the T-ag CcN motif. Putative
nuclear localization signals (NLSs) are indicated in boldface type, with
the NLS core indicated by grey boxes. White boxes indicate
conserved CK2 consensus sequences. Putative PKC consensus
sequences are underlined. (*) = C-terminus of the protein;
(o) = CK2 putative phosphorylation site; () = CK2 putative phosphor-
ylation site dependent on Ser*'® phosphorylation; (8) = dsDNA-PK
phosphorylation site; (*) = p34 cdk phosphorylation site. Arrows
indicate putative phosphorylation sites on ppUL44 sequence. The
single-letter amino acid code is used. dsDNA-PK, double-stranded
DNA-dependent protein kinase; PKC, protein kinase C; T-ag, tumour
antigen.
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was likely to be mediated by the IMPa/B heterodimer which
specifically recognized NLS2 with very high affinity.

Sequences upstream of UL44NLS2 modulate NLS2
activity

A putative CK2 phosphorylation site has been previously
described upstream of putative NLS sequences on PAPs
encoded by herpesviruses (15,16). Sequence alignments
for HCMV ppUL44 and various viral homologues revealed
a high degree of conservation over the 24 C-terminal
amino acids, including NLS2 and several potential phos-
phorylation sites upstream and adjacent to the NLS
(Figure 6). In particular, all homologues retain a Ser resi-
due representing a potential phosphorylation site for CK2
activity at position —14 with respect to the NLS core. The
consensus site for CK2 requires an acidic residue at the
+3 position — acidic residues in +1/4+2 and —1/-2/-3
positions increase the likelihood of phosphorylation —
with phosphoserine/phosphothreonine able to substitute
functionally for glutamic acid/aspartic acid in this respect
(27). This means that phosphorylation at the serine at
position —9, a putative target of phosphorylation according
to the prediction software nNetpHos (Center for Biological
Sequence Analysis, Technical University of Denmark,
Lingby, Denmark) (score: 0.970) (28), would make the
serine at position —12, a second potential site for CK2
phosphorylation. An exception with respect to the
arrangement of CK2 sites upstream of the NLS is the
HHV-6 A homologue, which possesses an additional two
amino acids between the NLS and the phosphorylation
sites, while Epstein-Barr virus BMRF1 is divergent, with
only a single-consensus CK2 site in the form of the threo-
nine at position —11. Five of eight ppUL44 homologues
display one or two potential phosphorylation sites for pro-
tein kinase C at position +1 and/or —1 with respect to the
NLS core.

Traffic 2005; 6: 1002-1013



Significantly, the 24 amino acid-conserved motif depicted
in Figure 6 shows overall similarity to the T-ag CcN motif,
where CK2 and a dsDNA-dependent protein kinase
(dsDNA-PK) synergistically phosphorylates Ser'''? and
Ser'?% (22), respectively, to enhance NLS activity. By con-
trast, the cdk cdc2 phosphorylates Thr'?4, adjacent to the
NLS, to inhibit NLS-dependent nuclear import (24). We
decided to name the motif present in ppUL44 and homo-
logues the C2N (CK2 and NLS) motif, by analogy.

To test whether the sequences flanking the NLS within
the ppUL44-C2N motif could regulate nuclear import, we
compared the localization of GFP fused either to the C2N
motif or to NLS2 alone in transfected live COS-7 cells
(Figure 7A). Image analysis revealed significantly higher
(p < 0.0001) levels of nuclear accumulation in the case
of GFP-UL44C2N (Fn/c of 11.5), well over three times
higher than that shown by GFP-UL44NLS2 (Figure 7B).
Clearly, the sequences including the putative phosphoryla-
tion sites flanking NLS2 significantly enhance its activity.

A

425 433 410
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To determine whether CK2 was involved in modulating the
activity of ppUL44-NLS2 by phosphorylating Ser*'3, we
generated the C2N-Gly*'® and C2N-Ala*'® mutant deriva-
tives and compared their localization in transfected live
COS-7 cells (Figure 8A) in the absence (left panel) and
presence of 4,5,6,7-tetrabromobenzotriazole (TBB), a selec-
tive inhibitor of CK2 (29) (right panel). GFP-T-ag-CcN, carry-
ing the T-ag CcN motif, was used as a control. In the
absence of TBB, both mutant derivatives showed a signifi-
cantly impaired (p < 0.003) nuclear accumulation (Fn/c of
approximately 7) when compared with the wild-type. In the
presence of TBB, a significant reduction (p = 0.0003) of
nuclear accumulation of GFP-C2N (Fn/c of 7.6), but not of
C2N-Gly*™ (Fn/c of 7.0) or C2N-Ala*'® (Fn/c of 8.5), was
observed. The Fn/c of the control protein GFP-T-ag-CcN
was decreased approximately 40% (p = 0.003) by TBB
treatment (Figure 8B). These results strongly suggest that
CK2 enhances ppUL44 nuclear accumulation, with the
results for the point mutant derivatives being consistent
with Ser*® being the key phosphorylation site.
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Figure 7: Upstream sequences
enhance ppUL44-NLS2 activity.
(A) COS-7 cells were transfected
to express the indicated GFP
fusion proteins and imaged live
16 h after transfection by using
confocal laser scanning micro-
scopy (CLSM) and a 40x
water immersion objective. (B)
Quantitative  results  for  the
nuclear to cytoplasmic ratio (Fn/
c), performed as described in the
legend to Figure 2. Data represent
the mean £ SEM (n > 40), with
p-values for the test of signifi-
cance between the Fn/c-values
for the proteins indicated. Scale
bars represent 50 um. GFP,
green fluorescent protein; NLS,
nuclear localization signal.
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To determine whether the basis of the enhancement of
ppUL44-NLS2 action by the flanking sequences was
through an improved binding by IMPa/B, as shown pre-

viously for T-ag and the CcN motif

shift assays were performed to compare the IMP-binding
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Figure 8: CK2 enhances ppUL44-
NLS2 activity dependent on
Ser*'3, (A) COS-7 cells were trans-
fected to express GFP fusion pro-
teins and imaged live 16 h after
transfection by using confocal laser
scanning microscopy (CLSM) and a
40x water immersion objective.
Just after transfection, 0.25%
dimethyl sulphoxide (DMSO) (left
panel) or 10 um of TBB in 0.25%
DMSO (right panel) was added. (B)
Quantitative results for the nuclear
to cytoplasmic ratio (Fn/c) for the
GFP-UL44C2N  fusion  proteins.
CLSM images such as those
shown in Figure 8A were analysed
as described in the legend to
Figure 2. Data shown represent
the mean + SEM (n > 40) with
p-values for the test of significance
between the Fn/c-values for the
indicated proteins in the presence
and absence of TBB inhibitor
shown. NS = not significant. Scale
bars represent 50 um. GFP, green
fluorescent protein; NLS, nuclear
localization signal; TBB, 4,5,6,7-
tetrabromobenzotriazole.

properties of HisgGFP-UL44C2N and HisgGFP-UL44NLS2.
The results indicated that HisgGFP-UL44C2N was able to
bind both IMPa and o/ to a greater extent than HisgGFP-

(23,24), gel mobility UL44NLS2 (Figure 9). The binding affinity of HisgGFP-

UL44C2N for IMPa/p was calculated to be approximately

Traffic 2005; 6: 1002-1013
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170 nm (Figure 10), a value comparable to that recently
reported for HisgGFP-T-ag-CcN and IMPa/B using native
PAGE (30).

The estimated affinity of binding of IMPa/B to HiseGFP-
UL44C2N based on the gel mobility shift technique was a
higher Ky value than that estimated using the ELISA assay,
consistent with the differing sensitivities of the two binding
assays; the lower sensitivity of the native PAGE approach is
attributable in part to dissociation of the protein—protein com-
plex during electrophoretic movement through the gel (31,32).

That binding of IMPo/B to the C2N motif was dependent
on NLS2 was supported by the finding that mutation
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Figure 9: ppUL44-C2N binds impor-
tin (IMP) more efficiently than
ppUL44-NLS2. The indicated GFP
fusion proteins were incubated as
described in Materials and Methods
in the absence or presence of 10 pm
of GST and GST-IMPs prior to native
gel electrophoresis. Arrows indicate
the positions of GFP fusion proteins
and fusion protein—IMP complexes.
GFP, green fluorescent protein; GST,
glutathione S-transferase; NLS, nuclear
localization signal.

=
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of NLS2 severely impaired both ppUL44 nuclear localiza-
tion and IMP-binding properties (Figures 1-5) and
confirmed in competition experiments using the gel mobi-
lity shift assay. HisegGFP-UL44C2N incubation with IMPa/B
was performed in the presence of either HisgUL44
or HisgUL44ANLS2, the results showing that HisgUL44
but not HisgUL44ANLS2 is able to compete for
IMPo/B  binding with HisgGFP-UL44C2N (Figure 11).
The implication was that the enhancement by the flanking
sequences of the C2N motif of IMPa/B binding
and nuclear import mediated by the UL44NLS was
not attributable to an additional NLS activity within
the flanking sequences but rather was dependent on
NLS2.

Figure 10: The IMPo/B heterodi-
mer recognizes ppUL44-C2N
with high affinity as shown by
native PAGE/fluorimaging. (A)
Fluorescent image of a native gel
after electrophoresis for 8 h at
30 mA. The position of HisgGFP-
UL44C2N (2 pv) is shown in the
absence (lane 1) or presence
(lanes 2-10) of preincubation with
increasing amounts (0.04-10 pm)
of  precomplexed  GST-mouse
IMPa/B prior to native PAGE. (B)
Results of quantitation of specific
fluorescence from Figure 10A for
the relative amount of HisgGFP-
UL44C2N-shifted fluorescence due
to IMP binding to the total fluores-
cence (left panel) and the relative
amount of unshifted HisgGFP-
UL44C2N is expressed as a ratio
of the total fluorescence (right
panel). The values for the apparent
Ky representing the IMP concentra-
tion vyielding half-maximal binding
for shifted relative to total fluores-
cence ratio are indicated. GFP,
green fluorescent protein; GST, glu-

-

-

0 T T T T 1 0.4

o tathione S-transferase; IMP, impor-
tin. Ky, apparent dissociation

0 2 4 6 8 10 0
IMPo/B (um)
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constant; PAGE, polyacrylamide

IMPa/B (uv) gel electrophoresis.
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Discussion

We have characterized the nuclear import mechanism of
ppUL44, defining the C2N motif, which appears to be highly
conserved among several herpetic PAPs. This also repre-
sents the first quantitative analysis of the binding affinity of
IMPo/B for an HCMV-encoded NLS. Results from a variety
of in vitroassays and transfection experiments (Figures 1-5)
show that ppUL44-NLS2, in contrast to ppUL44-NLS1, is
sufficient and necessary for nuclear accumulation of
ppUL44. Mutation of ppUL44-NLS2 results in cytoplasmic
localization of ppUL44, in either full length or GFP-UL44
fusion protein contexts, with ppUL44-NLS2 alone suffi-
cient to target GFP to the nucleus. Comparable experi-
ments for ppUL44-NLS1 indicate that it is neither sufficient
nor necessary for ppUL44 nuclear localization, although the
mutation of ppUL44-NLS1 altered the localization pattern of
ppUL44 within the nucleus, resulting in a loss of ‘speckled’
localization (see Figure 2A). We hypothesize that the
speckled nuclear pattern observed with wild-type UL44
results from ppUL44 interacting with nuclear components;
interaction with nuclear components has been hypothesized
for HHV-7 U27 (15) and is consistent with the recent propo-
sition that residues 163-174, spanning ppUL44-NLS1, are
involved in DNA binding (33). Irrespective of whether the
sequences mutated in ppUL44-NLS1 affect ppUL44 interac-
tion with DNA or nuclear proteins, our results clearly support
the conclusion that ppUL44-NLS2 but not ppUL44-NLS1 is
required for nuclear localization of ppUL44.

ppUL44 is known to bind strongly to DNA once within the
nucleus via residues 1-290 (4,5). It thus seems likely that
nuclear retention contributes markedly to the ability of
ppUL44 to accumulate in the nucleus. This increased
nuclear retention is presumably the basis for the weaker
nuclear accumulation we reported for the GFP-UL44NLS2
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Figure 11: ppUL44-NLS2 is required
for IMPo/B binding as shown by
native polyacrylamide gel elec-
trophoresis (PAGE). HisgGFP-
UL44C2N (2 uv) was incubated
alone (lane 1) or with 1.5 pm of pre-
complexed GST-IMPa/B (lanes 2-8)
in the presence of increasing
amounts of HisgUL44 (lanes 3-5)
or HisgUL44ANLS2 (lanes 6-8).
Results are expressed as the per-
centage of maximal binding in the
absence of added unlabelled UL44.
Analysis  was  performed as
described in  the legend to
Figure 10. GFP, green fluorescent
protein; GST, glutathione S-trans-
ferase; IMP, importin; NLS, nuclear
localization signal.
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fusion protein, which lacks the DNA-binding domain,
when compared to GFP-UL44.

Our binding results, performed using several different
techniques, imply that ppUL44 is translocated to the
nucleus through a conventional IMPa/B-mediated path-
way conferred by NLS2, as supported by the ability of
ppUL44-NLS2 to confer IMP-binding ability to GFP
when fused to its C-terminus in gel mobility shift experi-
ments. In ELISA assays, bacterially expressed wild-type
UL44 and its NLS1-mutated derivative bound IMPa/p
with higher affinity than IMPa, consistent with autoinhibi-
tion of NLS binding in IMPa in the absence of IMPf
(19). The finding that the NLS2-mutated derivative did
not bind IMPs with high affinity is consistent with the
idea that the cytoplasmic localization of NLS2-mutated
ppUL44 in transfection experiments is a consequence
of the lack of interaction with IMPa/B. In ELISA-based
assays, the affinity of binding of ppUL44 to the IMPa/p
heterodimer was calculated to be approximately 2 nm, a
value comparable to that reported for T-ag and IMPa/B
previously (23,24).

That the nuclear import of NLS-carrying proteins can
be modulated by phosphorylation near to and within
NLSs has been documented for a number of proteins.
Phosphorylation-mediated  regulation may enhance
nuclear import, as in the case of T-ag and the synergistic-
ally acting CK2 and dsDNA-PK (23,24), or inhibit it, as in
the case of T-ag and its cdk site (22), or the v-Jun protein,
which shows cell cycle-dependent phosphorylation of a
serine in position 1 of the NLS (34). The ppUL44-C2N
motif (amino acids 410-433) possesses potential phos-
phorylation sites for CK2 at Ser*'® and, eventually, in
case Ser*'® becomes phosphorylated, also at Ser*'®,
located at position —14 and —12 with respect to the NLS
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core (see Figure 6), as well as a potential phosphorylation
site at Thr*?’, located at position 1 of the NLS core. The
ability of these sequences to alter the properties of ppUL44-
NLS2 was demonstrated in gel mobility shift assays, where
ppUL44-C2N was found to confer higher-affinity interaction
with IMPa/B than ppUL44-NLS2 alone. This higher-affinity
binding is presumably the basis of the increased nuclear
accumulation conferred by the ppUL44-C2N motif on GFP
than the ppUL44-NLS2 alone. This conclusion is strength-
ened by the recent crystallographic demonstration that
sequences N-terminal to the T-ag NLS participate directly
in interaction with specific residues of IMPa (35).

The evidence that Ser’'® is the likely target of CK2-
mediated phosphorylation, which appears to enhance
C2N activity in terms of nuclear import, strengthens the
similarity between the ppUL44-C2N and T-ag CcN motifs.
Substitution of Ser*'® or treatment with TBB diminished,
but did not abolish, the enhancing effect of flanking
sequences on NLS2 activity, suggesting that C2N activity
could be modulated by phosphorylation-effected changes in
conformation affecting its ability to interact with IMPa. The
implication is that action of CK2 on the C2N motif may play
an important role in determining the ppUL44 nuclear import
rate during viral infection. Future work in this laboratory is
directed at investigating the effect of TBB-mediated CK2
inhibition on viral replication in infected cells.

Materials and Methods

Plasmid construction by conventional approaches
HCMV ORF UL44 sequence and the UL44ANLS2 mutant in which
KKQK**" was replaced with VAQL were amplified by polymerase chain
reaction (PCR), using appropriate primers and the HCMV Towne strain
genome as a template, and subcloned into plasmid pCAP vector (Roche
Diagnostics, Basel, Switzerland), to generate constructs pCAPUL44 and
pCAPUL44ANLS2. Site-directed mutagenesis of pCAPUL44 was per-
formed using the Quickchange™ mutagenesis kit (Stratagene, La Jolla,
CA, USA) to generate plasmid pCAPUL44ANLS1 in which UL44 residues
RVKR'®® were substituted by GVNG. Fragments generated by digestion of
the latter plasmids were cloned into plasmid vectors pCDNA3.1 and
pRSETA (Invitrogen, Carlsbad, CA, USA), to generate mammalian cell and
bacterial expression constructs, respectively.

To generate mammalian cell expression construct pHM830 T-ag, encoding
a fusion protein with the T-ag NLS (PKKKRKV'3?) between the coding
sequence of GFP and B-Gal, an appropriate oligonucleotide pair was
annealed and cloned into expression vector pHM830 (36).

GFP fusion protein expression plasmid construction

using the Gateway™ technology

All prokaryotic and mammalian constructs expressing GFP-UL44 fusion pro-
teins were generated using the Gateway™ system (Invitrogen). Primers
including the attB1 and attB2 recombination sites were used to amplify the
UL44 sequences of interest. PCR fragments were introduced into plasmid
vector pPDONOR207 (Invitrogen) via the BP recombination reaction, according
to the manufacturer’'s recommendations, to generate the entry clones pDNR-
UL44 (residues 2-433), pDNR-UL44ANLS1 (residues 2-433, GVNG'®),
pDNR-UL44ANLS2 (residues 2-433, VAQL*®"), pDNR-UL44NLS1 (residues
1566-179), pDNR-UL44NLS1A (residues 156-179, GVNG'®), pDNR-
UL44NLS2 (residues 425-433), pDNR-UL44NLS2A (residues 425-433,
VAQL*®"), pDNR-UL44C2N (residues 410-433), pDNR-UL44C2N (residues
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410-433, Ala*'®) and pDNR-UL44C2N (residues 410-433, Gly*'®). The
entry clone pDNR-T-ag-CcN, encoding T-ag residues 111-135, has been
described previously (37). Entry clones were then used to perform LR recom-
bination reactions with the Gateway system compatible expression plasmids
('DEST') pGFPrfB (37) and pDEST53 (Invitrogen) according to the manufac-
turer's recommendations. The integrity of all constructs was confirmed by
DNA sequencing (MWG-BIOTECH, Ebersberg, Germany).

Cell culture and transfection

COS-7, U373-MG and Hela cells were maintained in DMEM supplemen-
ted with 5% (v/v) foetal bovine serum, 50 U/mL of penicillin, 50 U/mL of
streptomycin and 2 mm of L-glutamine. Cells were trypsinized and 4 x 10*
cells were seeded onto coverslips in a 12-well multiwell plate 1 day before
transfection, which was performed using Lipofectamine 2000 (Invitrogen),
according to the manufacturer's recommendation.

According to the method described previously (38), TBB was synthesized;
it was resuspended in DMSO and added to the cells after transfection at
a final DMSO concentration of 0.25% (v/v). The integrity of expressed
proteins was verified by Western blot as described previously (11).

Fluorescence microscopy and image analysis

Following fixation with 4% (w/v) paraformaldehyde, untagged UL44 pro-
teins were visualized in transfected cells by using the mouse monoclonal
antibody CH16 (Goodwin Institute, Plantation, FL, USA) and a fluorescein-
labelled goat anti-mouse secondary antibody (Dako, Carpinteria, CA, USA).
Samples were mounted on coverslips in PBS/glycerol (50% w/v) and
imaged using a Nikon eclipse EB00 fluorescence microscope equipped
with a Nikon DXM 1200 digital camera and a Nikon Plan Fluor 40x objec-
tive (Nikon, Tokyo, Japan). Subcellular localization of GFP-UL44 fusion
proteins in living cells was visualized 16 h after transfection by CLSM
(BioRAD MRC500, BioRad Laboratories, Hercules, CA), using a Nikon
40x water immersion lens. The Fn/c was determined as described pre-
viously (23,24) using the maGe J 1.62 public domain software (NIH), from
single cell measurements for each of the nuclear (Fn) and cytoplasmic (Fc)
fluorescence, subsequent to the subtraction of fluorescence due to auto-
fluorescence/background.

Expression and purification of Hisg- and glutathione

S-transferase-tagged fusion proteins

The HisgUL44, HisgUL44ANLS1 and HisgUL44ANLS2 proteins were
expressed in Escherichia coli strain BL21 (DE3), while HisgGFP-
UL44NLS1, HisgGFP-UL44NLS2 and HisgGFP-UL44C2N were expressed
in E. coli strain M15 carrying plasmid pREP4, essentially as described
previously (37,39). Protein expression was induced for 6 h with isopropy!
B-p-thiogalactoside (1 mm) at 28 °C, and proteins were purified by nickel-
affinity chromatography, as described previously (39). Expression and pur-
ification of glutathione S-transferase (GST)-tagged mouse IMPs a1 and B1
was performed as described previously (23).

Gel mobility shift assay

To test the ability of IMPs to bind UL44, native PAGE/fluorimaging was
used as described previously (37,39). GFP fusion proteins (2 um) were
incubated for 156 min at room temperature with different concentrations
of mouse IMPa-GST, IMPB-GST, precomplexed IMPa/IMPB-GST [per-
formed as described previously (23)] or GST as a control in PBS.
Competition experiments between HisgUL44 or HisgUL44ANLS2 and
HisgGFP-UL44C2N for IMPa/B binding were performed as follows: differ-
ent concentrations of HisgUL44 and HisgUL44ANLS2 were preincubated
for 15 min at room temperature with 1.5 pm of IMPa/B heterodimer, and
then HisgGFP-UL44C2N was added to a final concentration of 2 um to the
reaction and incubated for a further 15 min at room temperature. Sucrose
was added to reactions to a final concentration of 15% (w/v), and the
mixture was electrophoresed at 30 V for 8 h on a native PAGE 4-20%
gradient gel (Gradipore, Frenchs Forest, NSW, Australia) run in TBE buffer.
The gels were visualized using a Wallac Arthur 1422 Multi-wavelength
Fluorimager (Perkin Elmer, Boston, MA, USA), using side illumination,
and exposure times of 0.25-2 seconds. Digital images so obtained were
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analysed using IMAGE J 1.62 software (39), where the fluorescence of the
shifted band(s) was expressed as a fraction of the total fluorescence within
the lane of the gel, subsequent to the subtraction of background fluores-
cence. Data were plotted and fitted using the KaLEIDAGRAPH 2.1 software
(Synergy Software, Reading, PA, USA).

ELISA binding assay

An established ELISA-based binding assay (23,24,40) was used to examine
the binding affinity between IMPs and HisgUL44, HisgUL44ANLS1 and
HissUL44ANLS2. Briefly, 96-well microtitre plates (Nunc, Denmark) were
coated with 5 pmol of protein per well and incubated with increasing
concentrations of GST-IMP subunits. Detection of bound IMP-GST was
performed using a goat anti-GST primary antibody (Pharmacia Biotech Inc.,
Piscataway, NJ, USA), an alkaline phosphatase-coupled rabbit anti-goat
secondary antibody (SIGMA, St Louis, MO, USA) and p-nitrophenyl phos-
phate (SIGMA) as substrate. Absorbance measurements at 405 nm were
performed over 90 min using a plate reader (Molecular Devices,
Sunnyvale, CA, USA), with values corrected by subtracting absorbance
both at 0 min and in wells incubated without IMPs. Data were fitted to
the function B(X) = Bryax(1 — e*B), where x is the concentration of IMP, k
is the rate constant and B is the level of bound IMP.

Analysis of sequence motifs within ppUL44

Putative NLS sequences and phosphorylation sites within the ppUL44
coding sequence were identified using the psorTi (28) and the NETPHOS
(41) softwares, respectively.
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