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Polymerase basic protein 2 (PB2), a component of the influenza virus polymerase complex, when expressed
alone from cloned cDNA in the absence of other influenza virus proteins, is transported into the nucleus. In this
study, we have examined the nuclear translocation signal of PB2 by making deletions and mutations in the PB2
sequence. Our studies showed that two distant regions in the polypeptide sequence were involved in the nuclear
translocation of PB2. In one region, four basic residues (K-736 R K R) played a critical role in the nuclear
translocation of PB2, since the deletion or mutation of these residues rendered the protein totally cytoplasmic.
However, seven residues (M K R K R N S) of this region, including the four basic residues, failed to translocate
a cytoplasmic reporter protein into the nucleus, suggesting that these sequences were necessary but not
sufficient for nuclear translocation. Deletion of another region (amino acids 449 to 495) resulted in a mutant
protein which was cytoplasmic with a perinuclear distribution. This novel phenotype suggests that a
perinuclear binding step was involved prior to translocation of PB2 across the nuclear pore and that a signal
might be involved in perinuclear binding. Possible involvement of these two signal sequences in the nuclear

localization of PB2 is discussed.

Influenza virus, a negative-strand RNA virus, carries an
RNA-dependent RNA polymerase (often referred to as
transcriptase or replicase) in the virion particle. The viral
polymerase functions as a heterocomplex (3P complex) and
consists of three polymerase proteins, polymerase basic
protein 1 (PB1), polymerase basic protein 2 (PB2), and
polymerase acidic protein, encoded by the three largest viral
RNA segments (segment 1, 2, and 3). However, unlike most
other negative- or positive-strand RNA viruses, influenza
virus requires the host cell nucleus for both the transcription
and the replication of the virus RNA (see reference 22).
Therefore, the polymerase proteins, either individually or as
a part of a complex, must be transported into the nucleus,
the site of their function.

In virus-infected cells, at least six of the virus-encoded
proteins, PB1, PB2, PA, NP, NS1, and NS2, are found in the
cell nuclei. Furthermore, when these proteins are expressed
independently from cloned cDNAs, they are transported to
the nucleus in the absence of other viral proteins (1, 6, 15,
16, 23, 27, 37, 39), indicating that each protein is capable of
nuclear localization independently and must carry one or
more nuclear localization signal(s) in its polypeptide se-
quence. Of these, NP appears to possess a nuclear accumu-
lation signal which is acidic in nature (6). NS1, on the other
hand, contains two nuclear localization signals, both of
which are basic in nature (15). Both of these NS1 nuclear
localization signals possess a single stretch of contiguous
amino acids and can function independently of each other in
nuclear translocation. By using chimeric constructions of
PB1 with chicken pyruvate kinase (PK), a cytoplasmic
protein, we have recently shown that PB1 contains a novel
bipartite nuclear localization signal separated by a spacer
sequence (27). Both domains of the signal are required for
nuclear localization of the PB1 chimeric protein, whereas the
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intervening spacer sequence could be deleted without af-
fecting nuclear localization.

In this report, we have analyzed the signal requirement(s)
for nuclear localization of PB2 and shown that two signals
are required for its nuclear localization. However, the re-
quirement, function, and structural features of these two
signals appear to be different from those of the PB1 nuclear
translocation signal, since only one of the PB2 signal do-
mains possesses a stretch of basic residues and since dele-
tion of the other yields a novel perinuclear phenotype.

MATERIALS AND METHODS

Viruses, cDNA clones, and antisera. Influenza virus
A/WSN/33 (HIN1) was grown in MDCK cells as reported
previously (28). Isolation and sequence analysis of cDNA
clones of PB2 of A/WSN/33 have been described before (18).
Recombinant vaccinia virus VTF7.3 expressing T7 RNA
polymerase was obtained from B. Moss of the National
Institutes of Health (14). Monospecific antisera against the
fusion polymerase proteins, expressed in Escherichia coli,
were prepared in rabbits (1). Standard procedures were
followed for all DNA manipulations (24).

Construction of PB2 deletion mutants and chicken muscle
PK chimeras. (i) Deletion 1 (del 1). The plasmid PB2/pGEM 4
was digested with Bg/Il and Sphl. The large fragment was
isolated, end-filled with DNA polymerase I (Klenow frag-
ment), and ligated with Clal linkers to insert the initiation
codon (ATG).

(ii) del 2. The plasmid PB2/pGEM 4 was digested with
BgllII and treated with mung bean nuclease and then digested
with HindIII and treated with Klenow fragment. The large
fragment was isolated and recircularized by ligation.

(iii) del 3. The plasmid PB2/pGEM 4 was digested with
HindIII and Ncol and treated with mung bean nuclease. The
large fragment was isolated and recircularized.

(iv) del 4. The plasmid PB2/pGEM 4 was digested by Ncol
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FIG. 1. Schematic representation of deletion mutants of PB2 of A/WSN/33 virus and chimeric construction with PK. Numbers on the top
of the lines denote the specific amino acid numbers of the polypeptide. N, Nuclear; NM, nuclear membrane; C, cytoplasmic; x, PK amino

acids from aa 17 to 529 (32).

and BstXI and treated with mung bean nuclease. The large
fragment was isolated and recircularized.

(v) del 5. The plasmid PB2/pGEM 4 was digested by BstXI
and Smal and treated with Klenow fragment. The large
fragment was isolated and ligated with a Hpal linker to
generate a stop codon.

(vi) del 6. The plasmid PB2/pGEM 4 was digested by
EcoRI and treated with Klenow fragment. The large frag-
ment was isolated and ligated with Hpal linker to generate a
stop codon.

(vii) del 8 to 12. To remove the residues specific for nuclear
localization, the PB2 cDNA fragment was first inserted into
the PstI site of M13mp18. Oligonucleotides ranging from 34
to 40 bases were used to create specific deletions of DNA
encoding the desired amino acids by using an Amersham in
vitro mutagenesis system.

To construct the chicken muscle PK chimera (Fig. 1, M5),
the following two complementary DNA primers with an
EcoRI site on each end were made and inserted into the
EcoRlI site at the 5’ end of the PK DNA (17):

AA TTC ATG AAA CGG AAA CGG AAC TCT AGC G
G TAC TTT GCC TTT GCC TTG GGA TCG C TTAA

Transfection, labeling, and lysis of cells. The vaccinia
virus-T7 expression system (14) was used for the transient
expression of PB2 proteins in baby hamster kidney (BHK)
cells. Procedures for the transfection of plasmid DNA under
the control of the T7 promoter and infection by vaccinia
virus have been described previously (14, 27). Usually, 30 pg
of DNA was used for lipofectin-mediated transfection of
cells in a 60-mm dish (12). At the appropriate time, the
transfected BHK cells were labeled with [**S]methionine
(100 pCi/ml) and [**S]cysteine (100 wCi/ml) for 15 min at
39°C. Cells were washed twice with phosphate-buffered
saline (PBS) and then chased for various times in a medium
containing an excess of unlabeled amino acids (20 mM).
Cells were then scraped from the plates, centrifuged, and
lysed in the appropriate lysis buffer. For preparing total cell
lysates, cells were suspended in 1 ml of lysis buffer (50 mM
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Tris hydrochloride [pH 7.6], 150 mM NaCl, 1% Nonidet
P-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate
[SDS], 2 mM EDTA, 1 pM phenylmethylsulfonyl fluoride,
and 10 pg of aprotinin per ml) and sheared through a
25-gauge needle. The lysate was clarified by centrifugation in
an Eppendorff microcentrifuge for 20 min at 4°C.

Subcellular fractionation. The procedure of Ramsay et al.
(32) was used for isolation of nuclear and cytoplasmic
fractions. Briefly, cells were resuspended in hypotonic TMK
buffer (25 mM Tris hydrochloride [pH 7.4], 1 mM MgCl,,
and S mM KCl). After incubation on ice for 15 min, an equal
volume of hypotonic TMK buffer containing 1% Nonidet
P-40 was added, making the final Nonidet P-40 concentration
0.5%. After an additional 5 min on ice, nuclei were pelleted
at 1,000 x g for 5 min at 4°C. The nuclei were washed twice
with the hypotonic TMK buffer containing 0.5% Nonidet
P-40, then resuspended in lysis buffer, sheared through a
25-gauge needle, and clarified by centrifugation. For frac-
tionation of the nuclear envelope, cells were treated as
described above to obtain the cytoplasmic and nuclear
fractions. The nuclear fraction was then treated further with
a buffer containing a higher detergent concentration, which
has been shown to remove the nuclear membrane (1, 3).
Briefly, the nuclear fraction obtained above was mixed with
ice-cold buffer containing 10 mM Tris hydrochloride (pH
7.4), 2 mM EDTA, 100 mM NacCl, 0.5% Nonidet P-40, 0.5%
Triton X-100, 0.2% sodium deoxycholate, and 1 mM MgCl,
and kept for 20 min on ice. The nuclear and nuclear
membrane fractions were separated by centrifugation. The
salt and detergent concentrations of the cytoplasmic and
nuclear membrane fractions and of nuclear fractions were
adjusted to those of lysis buffer. Each fraction was immu-
noprecipitated and analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE).

Immunofluorescence, immunoprecipitation, and PAGE
analysis. Procedures for indirect immunofluorescence, im-
munoprecipitation, sample preparation, and PAGE analysis
have been described previously (1, 27).

RESULTS

Construction and expression of PB2 deletion mutants. It has
been previously shown that the influenza virus PB2, ex-
pressed alone from cDNA, becomes translocated into the
nucleus (16, 37). Since a computer search failed to identify
any obvious nuclear localization signal, we made a series of
deletions (Fig. 1, del 1 through 7) covering the entire coding
region of PB2, as described in Materials and Methods. These
deleted DNAs were expressed in BHK cells by using a T7
vaccinia virus expression system (14). Intracellular localiza-
tion of the wild-type (wt) and mutant PB2 proteins was
examined by indirect immunofluorescence with monospe-
cific rabbit antiserum against PB2 (1). Results showed that
the wt PB2, as expected, was localized into the nucleus (Fig.
2A). Analysis of deletion mutants showed that the nuclear
signal was not present in either the extreme amino terminus
(Fig. 2B, del 1) or the carboxy terminus (Fig. 2G, del 6).
Furthermore, since del 1 (Fig. 2B), del 2 (Fig. 2C), and del 3
(Fig. 2D) were also present in the nucleus, whereas del 7
(Fig. 2H) was present in the cytoplasm and not in the
nucleus, the nuclear signal was not present in the amino
acids (aa) 1 to 402 of PB2. del 4, lacking 190 amino acids (aa
403 to 591), presented a different picture: its distribution was
not intranuclear, but rather perinuclear (Fig. 2E). However,
its distribution was also different from that of the cytoplas-
mic PB2 proteins such as del 5 (Fig. 2F), del 7 (Fig. 2H), and
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del 8 (Fig. 2I), which presented a diffuse cytoplasmic distri-
bution. Since del 6 (Fig. 2G, aa 1 to 754) was positive for
nuclear translocation but del 5 (Fig. 2F, aa 1 to 591) was
totally cytoplasmic, the nuclear localization signal(s) was
likely to be present in the region encompassing aa 592 to 754.
Upon further examination for a possible nuclear localization
signal, a stretch of four basic residues K-736 R K R was
found within this region. Since putative nuclear localization
signals often consist of a stretch of basic residues, we
examined the function of these residues by making specific
deletion of them (Fig. 1, del 8). del 8, when expressed in
BHK cells, was totally cytoplasmic (Fig. 2I), indicating that
these four basic residues (K R K R) formed a critical part of
the nuclear localization signal of PB2.

Effect of single-amino-acid changes in the nuclear localiza-
tion signal of PB2. Since basic residues have been found to be
critical in providing the nuclear localization signal and since
the positions of some residues in the nuclear localization
signal appear to be more critical than others (36), we
changed each of these four residues separately to glutamine,
a nonbasic residue (M1 to M4, Fig. 1), and determined the
effect of each replacement in the nuclear transport of PB2.
Results show that the replacement of K-736—Q (Fig. 3B) or
R-739—Q (Fig. 3E) reduced the efficiency of nuclear trans-
location of PB2, since both mutant proteins were present in
the nucleus as well as in the cytoplasm. However, the
replacement of R-737—Q (Fig. 3C) or K-738—Q (Fig. 3D)
made the protein completely cytoplasmic. These results
showed that all four basic amino acids were important for
efficient nuclear localization of PB2, but R-737 and K-738
played the most critical roles in nuclear translocation of PB2
since replacement of either of these basic amino acids with a
nonbasic amino acid rendered the protein totally cytoplas-
mic. Mutation of the second lysine (K-128) to a nonbasic
residue in the simian virus 40 large T nuclear signal also
rendered the mutant protein totally cytoplasmic (36).

Role of the PB2 nuclear localization signal in translocating a
heterologous protein into the nucleus. Since the residues
K-736 R K R formed a critical part of the nuclear localization
signal, we wanted to determine whether this sequence was
sufficient to transport a heterologous cytoplasmic protein
into the nucleus. Since S to 7 residues have been shown to be
a minimum requirement for a nuclear translocation signal
and in some cases were shown to translocate a heterologous
cytoplasmic protein into the nucleus (17), seven residues
including a methionine (M K R K R N S) were tethered at the
NH, terminus of PK, a cytoplasmic protein (26) which has
been extensively used as a reporter protein for nuclear
translocation (36). The results showed that the chimeric PK
was cytoplasmic (Fig. 3F) and was not transported into the
nucleus, indicating that these basic residues alone were not
sufficient for nuclear translocation of a foreign cytoplasmic
protein.

Deletion analysis of the sequence required for binding to the
perinuclear region. Since the intracellular distribution of del
4 [A(403 to 591)] was different from either the cytoplasmic or
the nuclear distribution of PB2 and appeared to be bound to
the perinuclear region, we wanted to further delineate se-
quences responsible for this phenotype. We therefore made
four smaller deletions within this 190-aa region, each ranging
from 46 to 50 residues (Fig. 1; del 9, del 10, del 11, and del
12), and determined the phenotype of these proteins upon
expression in BHK cells. The results show that del 9 [Fig.
4A, A(403 to 448)], del 11 [Fig. 4C, A(496 to 542)], and del 12
[Fig. 4D, A(543 to 591)] were transported to the nucleus and
exhibited the same phenotype as the wt, whereas del 10 [Fig.
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FIG. 2. Localization of PB2 protein in BHK cells transfected with wt or mutant PB2 cDNAs. At 16 h after transfection and T7 vaccinia
virus infection, cells were fixed and stained with anti-PB2 antiserum by indirect immunofluorescence as described in Materials and Methods.
BHK cells were transfected with wt PB2 DNA (A) and with del 1 (B), del 2 (C), del 3 (D), del 4 (E), del S (F), del 6 (G), del 7 (H), and del

8 (I) mutants of PB2 DNA.

4B, A(449 to 495)] exhibited the nuclear membrane pheno-
type of del 4. These results indicated that the region (aa 449
to 495) was required for nuclear translocation, since the
protein lacking this region remained bound to the nuclear
membrane and was not translocated into the nucleus.
Subcellular localization of the wt PB2 and mutant proteins
by cell fractionation. To further determine the subcellular
localization of the wt and mutant proteins, relative distribu-
tion of the wt and the two mutants del 8 and del 4 were
determined. Accordingly, transfected cells were pulse-la-
beled for 15 min and chased for different times in the
presence of unlabeled amino acids in excess. Cytoplasmic

and nuclear fractions were isolated as described in Materials
and Methods. Cells were fractionated into either the cyto-
plasmic and total nuclear fractions (Fig. SA) or the cytoplas-
mic, nuclear, and nuclear membrane fractions (Fig. SB). The
results showed that after a 15-min pulse, the wt PB2 (Fig.
SA, upper panel) was present both in the cytoplasm and in
the nucleus, indicating that a fraction of PB2 was already
transported into the nucleus. During the chase, PB2 disap-
peared from the cytoplasm with a half-life (¢,,,) of 30 to 40
min. However, there was no corresponding increase in the
nucleus, where PB2 was also unstable (t;, < 1 h). It
therefore appeared that the wt PB2 was being degraded with
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FIG. 3. Mutational analysis of the nuclear signal of PB2 protein. BHK cells were transfected with wt PB2 DNA (A), with K-736—Q (B),
R-737-Q (C), K-738—Q (D), and R-739—Q (E) one-amino-acid exchange mutants, and witt M K R K R N S-PK DNA (F). At 16 h
posttransfection, the cells were fixed and stained with anti-PB2 (A to E) or anti-PK antisera (F) by using indirect immunofluorescence as

described in Materials and Methods.

a relatively high turnover rate in PB2-expressing cells. del 8
(Fig. 5A, lower panel), on the other hand, was present only
in the cytoplasm and not in the nucleus, and unlike the wt
PB2, it did not exhibit a fast turnover rate (z,, > 2 h),
suggesting that the degradation of the wt PB2 was probably
taking place in the nucleus and not in the cytoplasm. These
results concurred with the immunofluorescence data (Fig.
2A and I), which showed that the wt PB2 was transported
into the nucleus, whereas the del 8 was transport defective
and present only in the cytoplasm.

Since del 4 presented an intracellular distribution different
from that of either the wt PB2 or del 8 and exhibited a
perinuclear staining by immunofluorescence assay (Fig. 2E),
we wanted to determine if del 4 would fractionate with the
nuclear membrane. Accordingly, subcellular fractionations
were carried out in two steps, as described in Materials and
Methods. In the first step, cells were swelled in a hypotonic
solution and treated with a mild detergent concentration
(32). Such treatment removes the soluble cytoplasmic com-
partment and other membranous compartments, leaving the
perinuclear membrane and perinuclear endoplasmic reticu-
lum still attached to the nucleus. Subsequently, these nuclei
were treated with a higher detergent concentration, which
removes the perinuclear membrane components from the
nuclear fraction (1, 3). The results show that during the
15-min pulse and subsequent chase of 2 h, the wt PB2 was
present in the cytoplasm and nucleus and that very little, if
any, PB2 cofractionated with the nuclear membrane (Fig.
5B, upper panel). On the other hand, during this period, del

4 was not found in the nucleus and a significant fraction
cofractionated with the nuclear membrane (Fig. 5B, lower
panel). These biochemical data support the immunofluores-
cence observations that del 4 was present in the perinuclear
region and bound to the nuclear membrane.

Intranuclear PB2 was not degraded in influenza virus-
infected cells. Since the wt PB2, expressed from the cDNA,
exhibited a high turnover rate (Fig. 5A), we wanted to
determine if PB2 has a similar turnover rate in influenza
virus-infected cells. Accordingly, WSN virus-infected cells
were pulse-labeled for 15 min and chased for different times.
Nuclear fractions were obtained as described for Fig. SA and
analyzed by immunoprecipitation and SDS-PAGE. The re-
sults (Fig. 6) show that PB2 was present in the nucleus
within a 15-min pulse. But unlike the PB2 expressed from
cDNA, the level of PB2 in the nuclei of virus-infected cells
essentially remained the same during the 2-h chase period.
These results therefore indicate that the turnover rate of PB2
in virus-infected cells was different from that observed in
transfected cells. In the nuclei of virus-infected cells, PB2
remained stable (#,,, > 2 h), whereas in the nuclei of
transfected cells, PB2 was unstable with a high turnover rate
(t1/, 30 to 40 min). In another expression system using a
bovine papillomavirus vector and NIH 3T3 cells, influenza
virus PB2 was also found to be unstable (2), suggesting that
PB2 expressed alone may be unstable and that complex
formation with other viral proteins (e.g., 3P complex) and/or
viral ribonucleoproteins may be required for the structural
stability of PB2.
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FIG. 4. Deletion analysis of the sequence required for binding to the perinuclear region. Small deletion mutants between aa 463 to 591 were
used to determine the region required for binding to the perinuclear region. BHK cells were transfected with del 9 [A(403 to 448)] (A), del 10
[A(449-495)] (B), del 11 [A(496-542)] (C), and del 12 [A(543 -591)] (D) mutant DNA.

Subcellular fractionation data show that only a small
fraction of the labeled PB2 cofractionated with the nucleus
(Fig. 5), although most of the protein appeared to be present
in the nucleus by immunofluorescence staining (Fig. 2A).
This could be partly due to the fact that, unlike in the
influenza virus-infected cells, the vaccinia virus-expressed
PB2 was not present as a 3P-ribonucleoprotein complex and
therefore was more prone to leach out from the nucleus into
the cytoplasm during fractionation with detergent treatment.
This could also explain the failure by another group to detect
PB2 in the nuclei of PB2-expressing cells (2).

DISCUSSION

The data presented in this paper demonstrate that the
function of two regions (aa 448 to 496 and aa 736 to 739) was
required for the nuclear localization of influenza virus PB2.
Deletion of either of these two regions abolished nuclear
translocation of the protein. However, the phenotypes of
these two mutant proteins were different. One, lacking a
short stretch of basic amino acids (aa 736 to 739), exhibited
a diffuse cytoplasmic distribution characteristic of a soluble
cytoplasmic protein. However, the other, missing aa 448 to

496, exhibited a novel phenotype. Both the biochemical and
immunofluorescence data showed that the mutant protein
did not enter the nucleus but remained bound to the perinu-
clear membrane.

Although many nuclear proteins possess nuclear translo-
cation signals consisting of a single stretch of contiguous
basic amino acids, a number of nuclear proteins have re-
cently been shown to possess a bipartite nuclear transloca-
tion signal consisting of two discontinuous regions separated
by a spacer sequence (4, 9, 11, 20, 25, 31, 35). We have
recently shown that the nuclear localization of influenza
virus PB1 consisted of two discrete regions and that deletion
of either one would result in cytoplasmic expression of the
protein, whereas the removal of the intervening spacer
sequence would not affect nuclear localization (27). Both
nuclear localization signals of PB1 contained stretches of
basic amino acid sequences. Unlike PB1, only one of the two
PB2 signal regions contained a stretch of four basic residues
(K-736 R K R), which upon deletion rendered the protein
totally cytoplasmic. Furthermore, mutation of individual
amino acids in this region showed that although each of the
basic residues played an important role in nuclear localiza-
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FIG. §. Intracellular transport and processing of PB2 wt and
mutant proteins. At 10 h posttransfection, BHK cells were labeled
with [**S]methionine (100 wCi/ml) and [**S]cysteine (100 wCi/ml) for
15 min and chased in the presence of an excess of unlabeled
methionine and cysteine for different time periods, as noted on the
top of the gel (in hours). Cells were separated into cytoplasmic (C),
nuclear (N) fractions and nuclear membrane (NM) fractions as
described in Materials and Methods. Each fraction was immunopre-
cipitated with anti-PB2 antiserum. Panel A shows the wt PB2
(upper) and the del 8 mutant (lower). Panel B shows the wt (upper)
and the del 4 mutant (lower). Precipitated proteins were analyzed on
SDS-8% polyacrylamide gels containing 4 M urea. M, Molecular
weight markers.

tion, residues R-737 and K-738 played the most critical roles.
The conversion of either of these basic residues to nonbasic
residues rendered the protein totally cytoplasmic (Fig. 3C
and D).

This region of PB2 appears to be highly conserved among
influenza A and B viruses. Six of the eight residues including
the same four basic residues K-740 R K R were present in
this region of influenza A and B viruses (7), suggesting that
these residues might play an important role in nuclear
transport in both influenza virus A and B PB2s. Further-
more, these four residues of PB2 would also fit the proposed
consensus sequence, K R/K X R/K, predicted for the
nuclear localization signal (5). However, in experiments
reported here (MS, Fig. 1), the PB2 sequence was unable to
translocate a heterologous cytoplasmic protein into the
nucleus (Fig. 3F), indicating that other adjacent or distant
sequences might also be required for nuclear localization. It
should be noted that the proposed consensus sequence (K
R/K X R/K) was predicted from experiments in which
multiple synthetic peptides were randomly joined to a re-
porter protein and that it was not determined whether a
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FIG. 6. Intracellular. transport and processing of PB2 protein in
the WSN virus-infected cells. BHK cells were pulse-labeled with
[**SImethionine (100 wCi/ml) and [**S]cysteine (100 n.Ci/ml) for 15
min and chased in the presence of unlabeled methionine and
cysteine for different time periods, as noted on the top of the gel (in
hours). Nuclear (N) fractions were isolated as described in the
legend to Fig. 5, adjusted to the detergent and salt concentrations of
lysis buffer, immunoprecipitated with anti-PB2 antiserum, and ana-
lyzed by SDS-PAGE.

single synthetic peptide was capable of nuclear translocation
of a cytoplasmic protein (5).

The other region of PB2 (W-4499GIESIDNVMGM
IGILPDMTPSTEMSMRGVRISKMGVD
ETS S A E K I V-495) involved in nuclear translocation
neither contains stretches of basic amino acids nor exhibits
any sequence homology to known nuclear signals. Finer
deletion and mutation analyses of this region have to be done
to define the functional requirement and boundaries of this
domain. However, neither of these domains encompasses
the sequence P-579 F Q S L, predicted by Jones et al. (16) to
be the probable nuclear localization sequence of PB2 on the
basis of its partial homology to A F E D L, the nuclear
accumulation signal of influenza virus NP (6). ‘

Deletion analyses reported in this paper exhibited two
cytoplasmic phenotypes: (i) totally cytoplasmic or (ii) peri-
nuclear. These results would suggest that perinuclear bind-
ing may be involved prior to the translocation of PB2 into the
nucleus. However, since this phenotype was not observed
with the wt protein, it is likely that the perinuclear binding
was occurring only transiently just prior to nuclear translo-
cation via nuclear pores and that the kinetics of the steps
involved in nuclear transport subsequent to perinuclear
binding was fast. Simian virus 40 VP1 exhibited a similar
perinuclear phenotype, which became more pronounced in
the absence of agnoprotein (19, 33, 38). However, the
sequence requirement of simian virus 40 VP1 for its perinu-
clear binding remains to be determined. It should also be
noted that like the PB2 basic residues, the nuclear localiza-
tion signal of simian virus 40 VP1 could not translocate
chicken serum albumin, a carrier protein, into the nucleus
(5), indicating that additional sequences may be involved in
nuclear translocation. These data would suggest that at least
some nuclear proteins may undergo perinuclear binding
prior to translocation into the nucleus through nuclear pores.

Although recent studies have elucidated the steps in-
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volved in translocation through nuclear pores (8, 10, 13, 29,
30, 34-36, 39) and the interaction of the nuclear signal with
the pore proteins, little is known about the posttranslational
cytoplasmic processes involved in transporting these pro-
teins to the nuclear pore, the gateway to the nucleus. Studies
with herpesvirus proteins have suggested that the cytoskel-
eton might be involved in nuclear transport (21). However,
whether active transport involving the cytoskeleton or other
structures (as opposed to passive diffusion) is used in trans-
porting proteins to the nuclear pores prior to nuclear trans-
location remains to be determined.

Since deletion of aa 736 to 739 rendered the protein totally
cytoplasmic (i.e., no perinuclear binding and consequently,
no intranuclear translocation), whereas deletion of aa 449 to
495 made the protein perinuclear (but with no intranuclear
translocation), the signal for perinuclear binding was likely
to be present in the region encompassing aa 736 to 739.
However, six residues (aa 736 to 741) from this region failed
to render the reporter protein PK, perinuclear (Fig. 3F, M5),
suggesting that these residues may be necessary but not
sufficient for perinuclear binding. However, an alternative
explanation that the deletion (aa 449 to 495) may have altered
the conformation of PB2 by partially masking the nuclear
signal and thereby causing the protein to accumulate around
the nucleus cannot be ruled out at present. A computer
search did not reveal any obvious sequence homology within
this region between influenza virus A and B PB2s. Further
work is needed to determine whether there is a specific step
involving perinuclear binding prior to the interaction with
the nuclear pore and whether such a step requires a specific
signal(s). This would involve making finer deletions and
mutations and ultimately reconstructing the perinuclear
binding signal with a reporter protein.

In conclusion, we have shown that influenza virus PB2,
when expressed alone from cloned cDNA, is transported
into the nucleus and that two discrete regions of the poly-
peptide are required for nuclear translocation. Deletion of
one of the regions yields a novel phenotype protein with
perinuclear distribution, suggesting the existence of a signal
for binding the protein to the perinuclear region without
translocating into the nucleus. Characterization of this signal
should yield important information towards defining the
steps in nuclear transport.
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