
Nucleolar trafficking is essential for nuclear export
of intronless herpesvirus mRNA
James R. Boyne* and Adrian Whitehouse*†‡

*Institute of Molecular and Cellular Biology, Faculty of Biological Sciences, and †Astbury Centre for Structural Molecular Biology, University of Leeds,
Leeds LS2 9JT, United Kingdom

Edited by Jae U. Jung, Harvard Medical School, Boston, MA, and accepted by the Editorial Board August 15, 2006 (received for review June 12, 2006)

The nucleolus is the largest subnuclear structure and is plurifunc-
tional in nature. Here, we demonstrate that nucleolar localization
of a key herpesvirus regulatory protein is essential for its role in
virus mRNA nuclear export. The herpesvirus saimiri ORF57 protein
is a nucleocytoplasmic shuttle protein that is conserved in all
herpesviruses and orchestrates the nuclear export of viral intron-
less mRNAs. We demonstrate that expression of the ORF57 protein
induces nucleolar redistribution of human TREX (transcription�
export) proteins that are involved in mRNA nuclear export. More-
over, we describe a previously unidentified nucleolar localization
signal within ORF57 that is composed of two distinct nuclear
localization signals. Intriguingly, point mutations that ablate
ORF57 nucleolar localization lead to a failure of ORF57-mediated
viral mRNA nuclear export. Furthermore, nucleolar retargeting of
the ORF57 mutant was achieved by the incorporation of the HIV-1
Rev nucleolar localization signal, and analysis demonstrated that
this modification was sufficient to restore viral mRNA nuclear
export. This finding represents a unique and fundamental role for
the nucleolus in nuclear export of viral mRNA.

mRNA export � nucleolus � virus

The eukaryotic cell nucleus is a highly organized environment
containing distinct and often dynamic compartments (1). Of

these, the nucleolus is the most prominent, and, for many years, its
exclusive role was thought to be the site of ribosomal RNA
transcription, processing, and assembly into the ribosome subunits
(2). Recent studies, however, suggest that it has additional non-
classical roles in many aspects of cell biology, including cell cycle
regulation, viral replication, tumorigenesis, and cellular stress re-
sponses (3–5). This plurifunctional nature of the nucleolus has been
highlighted by extensive proteomic analysis of human nucleoli (6,
7). To date, the nucleolar proteome database archives 728 nucleolar
proteins, and functional classification of these proteins reinforces
the multiple roles of the nucleolus (8). Furthermore, there is
constant dynamic trafficking of nucleolar proteins, and this con-
comitant dynamic nature of nucleolar structure may provide reg-
ulation of nonclassical nucleolar functions.

Interestingly, an increasing number of key proteins from both
RNA and DNA viruses have been shown to localize to the
nucleolus. These proteins include those encoded by viruses such as
coronaviruses, influenza, HIV-1, adenoviruses, and herpesviruses
(9). Therefore, virus–nucleolar interactions are likely to have
important implications in the life cycle of many viruses. However,
at present, the precise functional role of these virus–nucleolar
colocalizations has not been determined. One such key viral protein
that traffics to the nucleolus is the herpesvirus saimiri (HVS)
ORF57 protein. HVS is the prototype �-2 herpesvirus, or rhadi-
novirus (10), which has become an important family of viruses since
the identification of the first human �-2 herpesvirus, the oncogenic
Kaposi’s sarcoma-associated herpesvirus (11, 12). ORF57 encodes
an essential multifunctional transregulatory protein that is func-
tionally conserved in all herpesvirus subfamilies (13). We have
characterized the role of the ORF57 protein in the herpesvirus life
cycle and demonstrated that transactivation of late viral genes by
ORF57 occurs independently of target gene promoter sequences

and appears to be mediated at a posttranscriptional level (14).
Further analysis has demonstrated that the ORF57 protein has the
ability to bind viral RNA and shuttle between the nucleus and
cytoplasm and is required for efficient cytoplasmic accumulation of
virus mRNA (15). More recently, we have shown that ORF57
interacts with two distinct cellular pathways involved in cellular
nuclear import and export (16, 17). We have demonstrated that the
ORF57 protein interacts with importin-� through a classical nu-
clear localization signal (NLS) within ORF57, allowing it to shuttle
into the nucleus (16). In addition, we have demonstrated that
ORF57 interacts with a cellular protein, Aly�Ref, and utilizes this
interaction to gain access to the TAP (transporter associated with
antigen processing)-mediated nuclear export pathway (17). Aly also
associates with members of the human THO complex to form the
recently described hTREX (human TREX, human transcription�
export) complex, which has been shown to be essential for cellular
mRNA nuclear export (18). These findings show that ORF57 is a
nucleocytoplasmic shuttle protein that plays a pivotal role in
mediating the nuclear export of viral transcripts.

Intriguingly, we demonstrate that expression of ORF57 results in
the redistribution of cellular mRNA nuclear export factors, such as
hTREX components, into the nucleolus. This finding suggests that
the nucleolus plays a critical role in ORF57-mediated viral mRNA
export and possibly has a role in herpesvirus RNA processing. The
data presented here confirm this hypothesis and demonstrate a key
role for the nucleolus in viral mRNA nuclear export.

Results
ORF57 Localizes to the Nucleolus. We have previously shown that
ORF57 localizes to subnuclear structures during infection (19). To
investigate this observation in more detail, a time-course experi-
ment of HVS-infected cells was performed. Owl monkey kidney
(OMK) cells grown on glass coverslips were infected with the HVS
A11-S4 strain at a multiplicity of infection of 1 and cultured at 37°C
for 6, 9, 12, 15, 18, 21, and 24 h. ORF57 expression was first detected
around the 12-h mark, and, after 18 h, ORF57 expression was
abundant in a large percentage of the cells. In addition to a speckled
nuclear pattern of localization that was evident from 12 h, we
observed defined nuclear substructure staining (reminiscent of the
nucleolus) for ORF57 in many of the infected cells from 16 h
onward (Fig. 1a i). To investigate whether ORF57 was localizing to
the nucleolus, OMK cells 18 h postinfection were costained for
ORF57 and nucleolin (Fig. 1a ii). Results clearly show that ORF57
and nucleolin colocalize, confirming that ORF57 does traffic to the
nucleolus (Fig. 1a iii).
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HVS Infection Results in a Redistribution of Key mRNA Export Proteins
to the Nucleolus. The major functional role attributed to ORF57
(and its homologous herpesvirus proteins) is the nuclear export of
intronless viral mRNA. Cooper et al. (19) showed that, during a
HVS infection or after transfection of cells with CMV-ORF57, the
splicing factor SC-35 displayed an altered pattern of localization.
Therefore, we were interested in determining whether ORF57
localization to the nucleolus during infection had any effect on the
distribution of key cellular mRNA export proteins. The hTREX
complex has only recently been described in metazoan cells, but
early data suggest that it is a crucial exponent of nuclear mRNA
export in the cell (18, 20). Indirect immunofluorescence on unin-
fected OMK cells using polyclonal antibodies to several members of
the hTREX complex revealed a speckled pattern of staining that is
consistent with the findings of others (18) (Fig. 1b i, v, and ix).
However, double indirect immunofluorescence labeling of A11-S4
HVS-infected OMK cells with ORF57 and hTREX antibodies
revealed a drastic alteration in the localization for each of the
mRNA export proteins. In contrast to the speckled pattern of
localization seen in uninfected OMK cells, the hTREX components
were almost exclusively redistributed to the nucleolus (Fig. 1b iii, vii,
and xi), where they colocalized with ORF57 (Fig. 1b, iv, viii, and xii).
This finding is unique in its demonstration that the hTREX
complex is relocalized to the nucleolus and indicates a possible role
for the nucleolus in viral mRNA nuclear export.

Characterization of a Previously Unidentified Nucleolar Localization
Signal (NoLS) Within ORF57. To delineate a minimal NoLS within
ORF57, a deletion series of ORF57–GFP fusion constructs was
engineered (Fig. 2a). Characterization of these deletion mutants by
transient transfection of HeLa cells and immunofluorescence mi-
croscopy identified two distinct NLSs positioned toward the N
terminus of the protein. To assess whether these NLSs were
contributing to the observed nucleolar localization phenotype, each
NLS was deleted in the context of the full-length ORF57 protein.
Interestingly, analysis of these deletion mutants revealed that a loss
of either NLS was sufficient to prevent ORF57 from localizing to
the nucleolus; however, the nuclear localization of ORF57 re-

Fig. 1. Redistribution of TREX components by ORF57 into the nucleolus. (a)
ORF57 localizes to the nucleolus during HVS infection. OMK cells were cul-
tured on glass coverslips until fully confluent and then infected with HVS
A11-S4 strain and incubated at 37°C for 18 h. Cells were fixed, and coimmun-
ofluorescence was carried out by using an ORF57-specific monoclonal anti-
body (i) and a nucleolin-specific polyclonal antibody (ii). A merged image is
shown in iii. (b) Components of the hTREX complex are redistributed to the
nucleolus and colocalize with ORF57 in HVS-infected cells. OMK cells were
cultured on glass coverslips until fully confluent and then infected with the
HVS A11-S4 strain and incubated at 37°C for 18 h. Cells were fixed, and
coimmunofluorescence was carried out by using an ORF57-specific monoclo-
nal antibody (ii, vi, and x) and Aly-, UAP56-, and hTho2-specific polyclonal
antibodies (iii, vii, and xi). (i, v, and ix) Uninfected OMK cells served as negative
controls.

Fig. 2. Characterization of a previously unidentified NoLS within ORF57. (a)
Schematic representation of the ORF57 deletion and point mutants. Deletion
analysis identified two distinct nuclear localization sequences within ORF57.
These sequences were deleted from ORF57–GFP constructs and subsequently
rendered nonfunctional by the alanine substitution mediated by site-directed
mutagenesis. (b) HeLa cells were cultured on glass coverslips to 80% conflu-
ency and transfected with the respective ORF57–GFP constructs. Twenty-four
hours after transfection, cells were fixed, and immunofluorescence was car-
ried out by using a nucleolin-specific polyclonal antibody as a marker of the
nucleolus.
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mained unperturbed, confirming that both NLSs were functional
(Fig. 2b iv–ix). As one would predict, removal of both NLSs resulted
in an accumulation of ORF57 in the cytoplasm (Fig. 2b x–xii). To
discount any artifacts that may arise from the use of deletion
mutants, we next generated site-directed point mutants for either or
both NLSs. The first two basic residues in each ORF57 NLS were
converted to alanines, and the phenotype of these mutants was
compared with their deletion mutant counterparts. Immunofluo-
rescence data for the point mutants matched those of the deletion
mutants exactly, demonstrating that both NLSs were required for
nucleolar targeting (see Figs. 7 and 8, which are published as
supporting information on the PNAS web site). These data describe
a previously uncharacterized NoLS composed of two distinct NLSs
that function in tandem to localize ORF57 to the nucleolus.

Nucleolar Trafficking of ORF57 Is Essential for Viral mRNA Nuclear
Export. The core function of ORF57 is the nuclear export of
intronless viral mRNA. Having shown earlier that several key
cellular mRNA export factors are redistributed to the nucleolus,
where they colocalize with ORF57, one intriguing possibility is that
the nucleolar localization of ORF57 may be important for its role
in viral mRNA nuclear export. To test this hypothesis, viral mRNA
export assays were performed. 293T cells were transfected with a
vector expressing glycoprotein B (gB, an intronless late structural
gene from HVS), in addition to mock control, CMV-ORF57, and
ORF57–GFP, and the ORF57–GFP deletion and point mutants
described above. Twenty-four hours after transfection, total RNA
was extracted from the nuclear and cytoplasmic cell fractions. RNA
from each fraction was then analyzed by Northern blot using a
gB-specific radiolabeled probe. As observed in Fig. 3a, cells that
were transfected with the gB vector alone retain the vast majority
of gB mRNA in the nuclear RNA fraction (Fig. 3a, lanes 1 and 2).
Upon cotransfection of gB and CMV-ORF57 or ORF57–GFP,
there is a shift in gB mRNA localization from the nuclear fraction
to predominantly the cytoplasmic fraction, symptomatic of ORF57-
mediated viral mRNA nuclear export (Fig. 3a, lanes 3–6). However,
when gB is cotransfected with ORF57�NLS1, ORF57�NLS2, or

the double ORF57�NLS1�2, the majority of gB mRNA is no
longer found in the cytoplasmic fraction; instead, it is retained in the
nuclear pool, indicative of a failure in ORF57-mediated viral
mRNA nuclear export (Fig. 3a, lanes 7–12). This experiment was
also performed by using the ORF57 point mutants, and data shown
in Fig. 3b clearly illustrate the same loss of viral mRNA nuclear
export phenotype depicted in Fig. 3a.

ORF57 NoLS Mutants Still Bind Viral mRNA and Interact with Cellular
mRNA Export Machinery with Similar Affinities to WT Protein. We next
sought to establish whether the ORF57 nucleolar localization
mutants were still able to bind viral mRNA and interact with
cellular mRNA export proteins. If the mutant ORF57 proteins
lacked these properties, this finding would offer an alternative
explanation for the observed failure to export viral mRNA. First,
to test whether ORF57 NLS mutants were still able to associate with
HVS mRNA transcripts, RNA immunoprecipitation (RNA-IP)
assays were performed. Initially, we confirmed that WT ORF57
interacted with ORF47 (a late structural gene) mRNA by RNA-IP
in HVS A11-S4-infected OMK cells (see Figs. 7 and 8). Next, a
vector expressing HVS ORF47 was transfected into 293T cells
either alone or in addition to a vector expressing the ORF57 NLS1
mutant, and total cell extracts were harvested in RNase-free lysis
buffer. After immunoprecipitation with an ORF57-specific poly-
clonal antibody, samples were treated with proteinase K, and total
RNA was phenol�chloroform-extracted for DNase treatment, re-
verse transcription, and nested PCR. RNA extracted from trans-
fected 293T total cell lysates served as negative and positive
controls. ORF57 immunoprecipitation of extracts from 293T cells
that had been transfected with ORF47 and ORF57 NLS1 mutant
displayed a clear interaction between ORF57 NLS1 mutant and the
viral ORF47 mRNA, when compared with no-antibody controls
(Fig. 4a), this PCR product was also absent in the reverse tran-
scription negative control, indicating no DNA contamination.
Moreover, to determine whether WT ORF57 and ORF57NLS1M
had similar RNA-binding affinities, RNA-IPs were repeated by
using 10-fold dilutions of extracted RNA. The results showed that
both WT ORF57 and ORF57NLS1M bind RNA at similar dilu-
tions (Fig. 4b). These data clearly show that the ORF57 NLS1
mutant, although unable to traffic to the nucleolus, retains the
ability to bind intronless viral mRNA. Second, GST pull-downs
were performed to determine whether the ORF57 NLS mutants
maintained the ability to interact with nuclear export factors.
Recombinant GST-Aly was expressed in Escherichia coli, purified
on GST-agarose beads, and used in pull-downs with total cell lysate
from 293T cells transfected with the WT or mutant ORF57
constructs. GST alone served as a negative control. Western blot
analysis revealed that GST-Aly binds to full-length ORF57 as
described in ref. 17. Moreover, all three of the ORF57 NLS point
mutants were able to interact with Aly in vitro (Fig. 4c). Further-
more, to determine whether WT ORF57 and ORF57NLS1M have
similar binding affinities with Aly, GST pull-downs were again
performed. GST-Aly bound to glutathione-agarose beads was
incubated with 10-fold dilutions of total cell lysate from 293T cell
transfected with WT ORF57 or ORF57NLS1M constructs. The
results showed that both WT ORF57 and ORF57NLS1M bind Aly
at similar dilutions (Fig. 4d). This result confirmed that although
pORF57NLS1M was unable to localize to the nucleolus, it had not
lost the ability to interact with Aly.

Retargeting of Nucleolar Localization with a Heterologous NoLS
Reinstates ORF57-Mediated Viral mRNA Nuclear Export. The observed
loss of ORF57-mediated viral mRNA nuclear export in ORF57
NLS mutants that are unable to traffic to the nucleolus is not caused
by a loss of binding to the viral mRNA or a failure to interact with
cellular export factors. Therefore, we set out to demonstrate a direct
role for the nucleolus in the ORF57-mediated export of intronless
viral mRNA. Because the only phenotypic change we have ob-

Fig. 3. ORF57 mutants that lack a NoLS can no longer export viral mRNA. (a)
293T cells were cultured in 35-mm plates to 80% confluency and transfected
with the respective ORF57–GFP deletion constructs plus pBK-gB. Cells were
incubated at 37°C for 24 h, and total RNA was extracted from nuclear and
cytoplasmic fractions by using a PARIS kit. RNA was separated on a denaturing
agarose gel, and Northern blotting was carried out by using a gB-specific
radiolabeled probe. A probe to the 18S subunit of ribosomal RNA was used as
a loading control. (b) The experiment outlined in a was repeated by using the
ORF57–GFP point mutants to confirm that these mutants possessed the mRNA
export defect.
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served in the 57NLS1M mutant from WT ORF57 is the inability to
traffic to the nucleolus, it was of interest to determine whether
reconstitution of nucleolar localization would be sufficient to
restore ORF57NLS1M-mediated viral mRNA export. The HIV-1
Rev protein contains an extensively characterized minimal NoLS
(21, 22); this 16-aa region was inserted at the C terminus of the
ORF57 NLS1 mutant vector to create pORF57NLS1M-Rev. In
addition, pEGFPC1-Rev expressing the Rev NoLS fused to GFP
alone was engineered. Immunofluorescence microscopy per-
formed on transiently transfected HeLa cells confirmed that
pEGFPC1-Rev was targeted to the nucleolus (Fig. 5a i–iii). As
reported earlier, the ORF57 NLS1 mutant displays a nuclear
localization pattern but is absent from the nucleolus (Fig. 5a iv–vi);
however, the ORF57NLS1M-Rev protein readily localized to both
the nucleus and the nucleolus, reminiscent of the WT ORF57
protein (Fig. 5a vii–ix), confirming that the C-terminal insertion of
the Rev NoLS had successfully restored the ORF57 NLS1 mutant’s
ability to traffic to the nucleolus.

Having established that ORF57NLS1M-Rev was able to traffic to
the nucleolus, we then asked: Does restoration of nucleolar traf-
ficking also restore the defect in ORF57-mediated viral mRNA
nuclear export? 293T cells were transfected with a gB expression
vector in addition to mock control, pORF57–GFP,
pORF57NLS1M, and pORF57NLS1M-Rev. Twenty-four hours
after transfection, total RNA was extracted from the nuclear and
cytoplasmic cell fractions. The RNA from each fraction was then
analyzed by Northern blot using a gB-specific radiolabeled probe.
As reported earlier, gB mRNA is retained in the nuclear fraction
in the mock control but exported into the cytoplasm when cotrans-
fected with ORF57–GFP. The ORF57 NLS1 mutant lacks this
export function; however, data shown in Fig. 5b clearly show that
ORF57-mediated mRNA nuclear export function is restored in the
presence of the ORF57NLS1M-Rev protein. These data show that
nucleolar trafficking of a key viral mRNA export protein is an
essential event in viral mRNA nuclear export.

Discussion
The mechanisms that are responsible for trafficking of a protein to
subnuclear structures, such as the nucleolus, are not clearly defined.
Several cellular and viral NoLSs have now been identified and

characterized, although no obvious consensus sequence has been
described. At present, most of the reported NoLSs are rich in
arginine and lysine residues and invariably encompass a pat4 or pat7
NLS (3, 23–25). We have identified two distinct NLSs within
ORF57, either of which is necessary and sufficient for ORF57
nuclear localization. The first NLS is a classical pat4 motif (KRPR),
and the second consists of 10 amino acids, five of which are basic
residues (RRPRSPFRKP). Uniquely, either NLS is sufficient for
nuclear localization, but both NLSs are essential to traffic ORF57
to the nucleolus. How exactly the two NLSs facilitate ORF57
nucleolar localization is unclear. Current thinking states that pro-
teins that localize to the nucleolus do so by means of an interaction
with other nucleolar components (3, 26–28). Therefore, one pos-
sible explanation is that either NLS is capable of nuclear import by
means of an interaction with importins. However, the remaining
NLS is then required for nucleolar targeting by means of an as-yet-
unidentified nucleolar component. This protein has yet to be
identified, but it is possible that its identification may be accom-
plished by comparing the nucleolar interactions between WT
ORF57 and 57NLS1M. Alternatively, the close proximity of the two
NLSs may function in an additive manner to drive ORF57 into the
nucleolus. To our knowledge, there are no examples of two distinct
NLSs functioning in tandem to facilitate nucleolar localization;
therefore, this nucleolar targeting mechanism is unique. The im-
portance of nucleolar targeting to ORF57 function is highlighted
when a heterologous NoLS is placed distal to the mutated ORF57
NoLS. This modification fully rescues the mRNA nuclear export
function of the ORF57 NLS1 mutant and suggests that it is the
actual localization of ORF57 in the nucleolus that is critical for its
function in viral mRNA nuclear export, rather than a specific
feature of the ORF57 NoLS per se.

An increasing number of virus proteins, including examples
from retroviruses, DNA�RNA viruses, and plant viruses, have
been reported to exhibit nucleolar localization (9, 22, 29–35).
However, no specific function has been assigned to the nucleolar
localization of any of these proteins. It is likely that these viruses
are utilizing the plurifunctional nature of the nucleolus to enhance
virus gene function and replication or subvert host cell function. Of
all virus proteins known to localize to the nucleolus, HIV-1 Rev is
the best characterized. The function of Rev is to promote the export

Fig. 4. The ORF57 NLS1 mutant retains the ability to bind viral RNA and interact with mRNA export proteins with similar affinity to WT ORF57. (a) 293T cells
were transfected with the labeled expression vectors and cultured for 24 h. After UV cross-linking, RNA-IPs were performed by using an antibody to ORF57, and
nested RT-PCR was carried out on the extracted RNA for ORF47 mRNA. Total RNA extracted from mock-transfected and ORF47�ORF57-transfected 293T cells was
used as a negative and positive control for the RT-PCR (Input). (b) RNA-IPs were repeated to compare the binding affinities of WT ORF57 and ORF57NLS1M. Nested
RT-PCRs were performed by using 10-fold dilutions of extracted RNA (10, 1, 0.1, and 0.01 �l). (c) BL-21 cells were transformed with either pGEX-4T or pGEX-Aly,
and expression of the fusion protein was induced. GST-Aly and control GST protein was bound to glutathione-agarose beads and purified by washing before
incubating bound beads with total cell lysate from 293T cells transfected with the labeled constructs. Beads were washed, and bound proteins were analyzed
by Western blot using a GFP-specific antibody. (d) GST pull-down assays were repeated to compare the binding affinity of GST-Aly with WT ORF57 and
ORF57NLS1M. GST-Aly bound to glutathione-agarose beads was incubated with 10-fold dilutions (1,000, 100, 10, and 1 �l) of total cell lysate from 293T cells
transfected with WT ORF57 or ORF57NLS1M constructs.
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of the unspliced 9-kb and singly spliced 4-kb HIV-1 RNAs out of
the nucleus (36–39), and, as such, Rev is functionally similar to the
ORF57 protein from herpesviruses. Although the actual localiza-
tion of Rev itself to the nucleolus has yet to be shown to be essential
for its role in HIV-1 replication, it appears that the nucleolus has
a fundamental role to play in HIV-1 replication. Some elegant
experiments using a hammerhead ribozyme targeted to the nucle-
olus and specific for HIV-1 RNA showed that HIV-1 RNA
trafficking through the nucleolus is essential for HIV-1 replication
(40). Similarly, nucleolar targeting of a RNA-based inhibitor of
HIV-1 Tat (a second HIV-1 nucleolar protein) was also able to
significantly decrease HIV-1 replication, confirming that nucleolar
targeting of Tat is required for HIV-1 replication (41).

The data reported here describe a direct functional role for
nucleolar trafficking of a viral protein, specifically in viral mRNA
nuclear export. We have generated specific ORF57 point mutants
that retain the ability to localize to the nucleus, bind viral mRNA,
and interact with nuclear export factors; however, they do not
localize to the nucleolus. These mutants are unique in the fact that
they retain every feature of the WT protein apart from localizing
to the nucleolus. Intriguingly, these data highlight a previously

unrecognized and essential role for the nucleolus in ORF57-
mediated viral mRNA nuclear export (Fig. 6), a role that was
confirmed by rescuing the ORF57 point mutant’s nucleolar traf-
ficking defect by means of insertion of the HIV-Rev NoLS at its C
terminus.

There is a growing precedence for the nucleolus to have regu-
latory function in mRNA export in eukaryotic cells. For example,
in fission yeast, the nucleolus is essential for the nuclear export of
intron-containing mRNA transcripts (42). Furthermore, the human
nucleolar proteome currently contains in excess of 30 proteins that
are known to be involved mRNA modification and export, strongly
suggesting that the nucleolus has an as-yet-unidentified role in
cellular mRNA modification or export. The redistribution of nu-
clear export proteins to the nucleolus in HVS-infected cells, and,
specifically, the observation that hTREX colocalizes with ORF57
in the nucleolus, poses the question: Is the nucleolus acting as an
assembly point for viral messenger ribonucleoproteins? Although
this scenario remains a possibility, our data show that the ORF57
NLS1 mutant retains the ability to interact with components of
hTREX (namely, Aly), indicating that the viral mRNA export
complex and ORF57 are more likely to assemble in the nucleoplasm
and then shuttle through the nucleolus before nuclear export.

Presumably, there is some advantage for the herpesvirus to
colocalize its mRNA export protein and cofactors inside the
nucleolus, although exactly what this advantage may be remains
largely unknown. A number of different RNAs are known to be
processed during nucleolar trafficking. Examples include the 2�-O-
methylation and�or pseudouridylation of small nucleolar RNAs
(43); modification�processing of N-myc, c-myc, and myoD1 mRNA
(44); U6 small nuclear RNA (45); the signal recognition particle
(46); telomerase RNA (47); and the RNase P RNA (48). It is
possible that the herpesvirus mRNA is also being modified in a
similar fashion. Alternatively, nucleolar trafficking of viral messen-
ger ribonucleoproteins could allow the virus to avoid surveillance
mechanisms that may otherwise degrade foreign viral intronless
mRNAs before translation.

To summarize, our results establish that the nucleolus has an
essential role in ORF57-mediated viral mRNA nuclear export. We
describe nucleolar localization of ORF57 and show that ORF57
also promotes the redistribution of key mRNA export proteins to
the nucleolus. ORF57 nucleolar localization occurs by means of a
previously unrecognized NoLS that is composed of a pat4 NLS and
a second NLS, either of which is capable of ORF57 nuclear import,
but both of which are required for trafficking of ORF57 to the
nucleolus. ORF57 point mutants that abrogate nucleolar trafficking

Fig. 5. Insertion of the HIV-1 Rev NoLS at the C terminus of pORF57NLS1M
reconstitutes nucleolar localization and restores viral mRNA export. (a) HeLa
cells were cultured on glass coverslips to 80% confluency and transfected with
the labeled constructs. Twenty-four hours after transfection, cells were fixed,
and immunofluorescence was carried out by using a nucleolin-specific poly-
clonal antibody. (b) 293T cells were cultured in 35-mm plates to 80% conflu-
ency and transfected with the respective ORF57–GFP constructs plus pBK-gB.
Cells were incubated at 37°C for 24 h, and total RNA was extracted from
nuclear and cytoplasmic fractions by using a PARIS kit. RNA was separated on
a denaturing agarose gel, and Northern blotting was carried out by using a
gB-specific radiolabeled probe. A probe to the 18S subunit of ribosomal RNA
was used as a loading control.

Fig. 6. Proposed model for viral mRNA export in HVS. These data led to the
findings that ORF57 trafficking through the nucleolus is essential for viral
mRNA nuclear export. WT ORF57 is able to traffic through the nucleolus, bind
intronless viral mRNAs, and associate with cellular mRNA export proteins to
achieve viral mRNA nuclear export (i). However, ORF57 mutants incapable of
nucleolar trafficking are unable to export bound viral mRNA, even though
assembly of the export complex appears to be unperturbed (ii).
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also render ORF57 nonfunctional for viral mRNA nuclear export,
a phenotype that was rescued by the insertion of a nonrelated NoLS
at the C terminus of the ORF57 mutant. Together, these data
describe a direct functional role for nucleolar targeting of a viral
protein and warrant further investigation into the essential events
occurring during ORF57 nucleolar trafficking and how they serve
to regulate herpesvirus mRNA nuclear export. Moreover, these
findings serve to highlight the plurifunctional role of the nucleolus
in RNA processing.

Methods
Plasmids. Details of plasmid construction and oligonucleotides are
available on request.

Cell Culture and Transfection. HeLa, HEK-293 (HEK 293T), and
OMK cells were cultured in DMEM (Invitrogen, Paisley, U.K.)
supplemented with 10% FCS (Invitrogen), glutamine, and pen-
icillin-streptomycin. Plasmid transfections were performed by
using Lipofectamine 2000 (Invitrogen) per the manufacturer’s
instructions.

Fluorescence Microscopy. Immunofluorescence on adherent cells
was carried out as described in ref. 17. Briefly, cells were grown on
glass coverslips, washed in PBS, and fixed by successive 10-min
incubations with formaldehyde [4% (vol�vol) in PBS] and Triton
X-100 [1% (vol�vol) in PBS]. Cells were washed three times in PBS
and blocked in PBS containing BSA [1% (wt�vol), Sigma-Aldrich,
Poole, U.K.] for 1 h at 37°C. Primary and secondary antibodies were
diluted 1:100 in PBS�1% BSA solution and incubated sequentially
for 1 h at 37°C in the dark with 5� PBS washes carried out after
incubation with the primary and secondary antibody. Coverslips
were mounted in Vectorshield mounting medium (Vector Labo-
ratories, Peterborough, U.K.), and staining was visualized on an
upright LSM 510 META Axioplan 2 microscope (Carl Zeiss,
Berlin, Germany) using LSM Imaging software (Carl Zeiss).

Immunoprecipitations. GST pull-downs and coimmunoprecipita-
tions, in addition to subsequent protein analysis by SDS�PAGE and
Western blot, were carried out as described in ref. 17. RNA-IPs
were carried out as follows: �2 � 107 293T cells were washed with
ice-cold PBS and UV-irradiated (at 900 mJ�cm2 for 4 min) in a
Stratalinker 2400 (Stratagene, Amsterdam, The Netherlands) to

cross-link protein and RNA. Cells were scraped, transferred to an
RNase-free tube, and pelleted at 300 � g for 3 min. Cell pellets were
resuspended in 2 ml of TAP lysis buffer [10 mM Hepes�10 mM
KCl�2 mM MgCl2�0.5% (vol�vol) Nonidet P-40�5% (vol�vol)
glycerol�protease inhibitor mixture (Roche, Lewes, U.K.)�RNase
Out (1 �l�ml�1, Invitrogen)]. Cells were incubated on ice for 30 min
with occasional vortexing to lyse cells. Protein A-Sepharose beads
were prepared, coupled to the desired antibody (10 �l of antibody
per immunoprecipitation), and added to the cleared cell lysate
described above; samples were mixed end-over-end for 2 h at 4°C.
Protein A beads were then washed five times with NT2 wash buffer
[50 mM Tris�HCl, pH 7.4�150 mM NaCl�1 mM MgCl2�0.05%
(vol�vol) Nonidet P-40], and RNA was eluted by incubating beads
at 55°C for 15 min in 100 �l of NT2 buffer containing SDS [0.1%
(vol�vol)] and 0.5 mg�ml proteinase K. Beads were pelleted, and
the supernatant was transferred to a fresh RNase-free tube. RNA
was extracted by using TRIzol (Invitrogen), and precipitation was
aided by the addition of 20 �g of glycogen (Sigma-Aldrich). Any
contaminating DNA was removed from RNA samples by using the
DNA-free kit (Ambion, Huntingdon, U.K.) per the manufacturer’s
instructions. Nested RT-PCR (SuperScript II, Invitrogen) was
carried out on each RNA sample to identify any positive interac-
tions; total RNA extractions from the relevant samples served as
negative and positive controls.

Northern Blots. Nuclear and cytoplasmic RNA for Northern blots
was extracted from transiently transfected cells by using the PARIS
kit (Ambion) per the manufacturer’s instructions. Northern blots
were carried out as described in ref. 14. Briefly, nuclear and
cytoplasmic RNAs were separated by electrophoresis on 1% de-
naturing formaldehyde-agarose gel. The RNA was transferred to
Hybond-N membrane (Amersham Pharmacia, Chalfont St. Giles,
U.K.) and hybridized with 32P-radiolabeled random-primed probes
specific for gB and 18S rRNA.
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