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Polymerase basic protein 1 (PB1) of influenza virus (AIWSN/33), when expressed from cloned cDNA in the
absence of other viral proteins, accumulates in the nucleus. We have examined the location and nature of the
nuclear localization signal of PB1 by using deletion mutants and chimeric constructions with chicken muscle
pyruvate kinase, a cytoplasmic protein. Our studies showed some novel features of the nuclear localization
signal of PBl. The signal was present internafly within residues 180 to 252 of PBl. Moreover, unlike most
nuclear localization signals, it was not a single stretch of contiguous amino acids. Instead, it possessed two
discontinuous regions separated by an intervening sequence which could be deleted without affecting its nuclear
localization property. On the other hand, deletion of either of the two signal regions rendered the protein
cytoplasmic, indicating that the function of both regions is required for nuclear localization and that one region
alone is not sufficient. Both of these signal regions contained short stretches of basic residues. Possible ways by
which this novel bipartite signal can function in nuclear localization are discussed.

In eucaryotic cells, the nucleus is separated from the
cytoplasm by a nuclear membrane, which is punctuated by
the presence of nuclear pores. These nuclear pores have an
average diameter of 9 nm (range, 7 to 11 nm [8, 34]) and
function as the gateways for the nuclear-cytoplasmic ex-
change of macromolecules. Therefore, while smaller pro-
teins (Mr >60,000) may passively diffuse through the nuclear
pores, larger proteins or protein complexes are actively
transported into the nucleus (6. 7, 10, 43). The proteins that
are selectively transported into the nucleus have been shown
to possess the nuclear localization signal(s). The function of
these signals in nuclear localization has been clearly demon-
strated for a number of nuclear proteins (10, 43). For
example, when these signals are deleted, the proteins be-
come cytoplasmic, whereas when these signals are attached
to a cytoplasmic protein, the marker protein is transported
into the nucleus (5, 43). For the majority of the nuclear
proteins studied to date, the nuclear signal appears to be a
short stretch of seven to nine contiguous basic amino acids,
which directs the protein into the nucleus.
Among the well-characterized nuclear signals, the one

derived from the simian virus 40 (SV40) T antigen has been
studied in great detail. It consists of a proline residue
followed by a stretch of basic residues (PKKKRKV [19,
24]). This short sequence of seven amino acids, when
attached to cytoplasmic proteins, can translocate the protein
efficiently into the nucleus (19). However, this sequence
motif shows little homology to other sequences implicated in
nuclear localization except that many of them also possess
basic residues. Moreover, similar stretches of basic residues
have also been found in many nonnuclear cytoplasmic
proteins (43). Furthermore, in a number of proteins, e.g.,
influenza virus NP protein (6) and MATa2 protein of Sac-
charomyces cerevisiae (17, 18), nonbasic residues have also
been implicated in nuclear localization. In addition, some

* Corresponding author.
t Present address: Diagnostic Products Corporation, 5700 W.

96th St., Los Angeles, CA 90045.

proteins, such as polyoma virus T antigen (39, 40), human
T-lymphotropic virus (HTLV) p27x (41), and influenza virus
NS1 protein (16), possess multiple nuclear signals which can
function independently.
Among the RNA viruses, influenza virus, a segmented

negative-strand RNA virus, is unique in that both the repli-
cation and the transcription of the viral RNA occur within
the nucleus of the infected cell (12). Furthermore, the
influenza virus transcriptase consists of three polymerase
proteins (PB1, PB2, and PA), which function as a heterotri-
mer complex. The heterotrimer complex plays a multifunc-
tional role in the transcription and replication of the viral
RNA and must be transported into the nucleus of the
infected cell (22). Earlier studies have shown that each of the
three polymerase proteins as well as NS1, NS2, and NP of
influenza virus, when expressed individually from the cloned
cDNA in the absence of other viral proteins, accumulates in
the cell nucleus (1, 6, 16, 22, 23, 43), and therefore, each of
these proteins probably has the nuclear localization sig-
nal(s).
Although the nuclear localization signals of influenza virus

NP (6) and NS1 (12) have been identified, little is known
about the nature of the signals of the three polymerase
proteins and the mechanism of their nuclear entry. We have
therefore undertaken systematic studies to define the func-
tion of different domains within the individual polymerase
proteins, including the mechanism of their nuclear localiza-
tion.

In the present study, our data show that the influenza virus
polymerase protein PB1 possesses two discrete domains,
both of which are required for nuclear localization; one
domain alone is not sufficient.

MATERIALS AND METHODS

Virus, CDNA clones, and antiserum. Strain A/WSN/33
influenza virus was grown as described previously (33). The
isolation and analysis of the cDNA clone of WSN PB1 have
been reported (42). The cDNA of the PB1 gene of A/WSN/33
was cloned into the HindIII site of pSP64. Recombinant
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vaccinia virus VTF7.3 and plasmid pTF7.5 were obtained
from B. Moss (14). Monospecific antiserum against PB1 was
obtained as described before (1). The cDNA of chicken
muscle type Ml pyruvate kinase (PK) and the rabbit antise-
rum against PK were provided by A. Smith (19). All plas-
mids were grown in Escherichia coli SCS-1 cells. All DNA
manipulations, including restriction digestion, linker addi-
tion, ligation of DNA fragments, and transformation of E.
coli with plasmid DNA, were carried out by standard pro-
cedures (28). All expression experiments were carried out in
CV-1 cells (1).

Construction of PB1 deletion mutants. For the construction
of PB1A667, the plasmid PB1/SP64 was digested with
BamHI. The large fragment (4,973 base pairs [bp]) was
isolated, end-filled by using DNA polymerase, and then
digested with HindIlI to obtain a 2,026-bp PB1 fragment
possessing a HindIII site at its 5' end and a blunt end at its
3' end. The plasmid pGem-3 was digested with PstI, blunt-
ended with mung bean nuclease, and then digested with
HindlIl. The vector was dephosphorylated and ligated to the
PB1 DNA fragment. This recombinant plasmid encodes
amino acids (aa) 1 to 667 of PB1.
For the construction of PB1A711, the plasmid PB1/SP64

was digested with Hindlll to release the 2,341-bp PB1 DNA.
This DNA fragment was then digested with EcoRV to
generate a 2,154-bp PB1 DNA having a HindlIl site at its 5'
end and a blunt end at its 3' end. Plasmid pGem-3 was
digested with EcoRI, and the ends were filled by DNA
polymerase I and then digested with HindIll. This vector
was then ligated to the PB1 fragment to generate a deletion
mutant having aa 1 to 711 of PB1. Three (GRL) and five
(IPVSL) amino acids at the COOH end of PB1A667 and
PB1A711, respectively, came from the restriction linkers.
The HindIII-Aval fragment of PB1A667 and HindIII-HhaI
fragment of PB1A711 containing the PB1 region were blunt-
ended and then ligated to the blunt-ended BamHI site of the
plasmid pTF7.5 (14).

Construction of PB1-PK chimera. PB1-PK chimeras were
constructed by using the convenient restriction sites within
the PB1 cDNA (42). Three single restriction sites for AccI
(nucleotide [nt] 778), EcoRI (nt 1495), and BglIl (nt 2258) of
PB1 were used to construct PB1(1-252)-PK, PB1(254-490)-
PK, and PB1(492-746)-PK, respectively. EcoRI linkers were
used to construct chimeras so that the PB1 sequences were
always at the amino terminus joined to the PK sequences (aa
17 to 529 of PK) in phase at the COOH terminus. Subse-
quently, the PB1(1-252)-PK chimera was used for making
additional deletion mutants from appropriate restriction
sites. For example, BalI (nt 452), NcoI (nt 117), HphI (nt
621), and Sau3AI (nt 564) were used to construct PB1(1-
143)-PK, PB1(1-33)-PK, PB1(1-203)-PK, and PB1(182-252)-
PK, respectively. Chimeras which were constructed from
pGem-4 with the gene under the 17 promoter were used
directly for transfection. The pGem-3 chimeras were di-
gested by HindIIl and BamHI to release the PB1-PK chi-
meric fragment, which was blunt-ended and then ligated to
the blunt-ended BamHI site of pTF7.5 (14). In chimeras
which required an ATG initiation codon, an NcoI linker
sequence was ligated in phase to the 5' end of the PB1
fragment. Figure 1 lists the PB1 constructs and chimeras
used in this study. Two to three amino acid residues were
often acquired from the restriction linkers at the junction of
PB1 and PK. For site-specific deletions (Table 1), the PB1
cDNA fragment (bp 1 to 778) was first inserted into the
HindIII-EcoRI site of M13mpl9. Oligonucleotides ranging
from 30 to 36 bases long were used to create specific
deletions of 7 to 20 amino acids with an Amersham in vitro
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FIG. 1. Schematic presentation of PB1 deletion mutants and
PB1-PK chimeras. Solid line, PB1; broken line, PK; N, nucleus; C,
cytoplasm; wt, wild type.

mutagenesis system. All deletions were checked by se-
quence analysis.

Expression of PB1-PK chimeras and PB1 deletion mutants.
For transient expression in CV-1 cells, the procedure de-
scribed by Fuerst et al. (14) was used. Briefly, approximately
4 x 105 CV-1 cells were seeded on cover slips placed in a
30-mm-diameter tissue culture dish. On the following day,
the cells were infected with recombinant vaccinia virus
VTF7.3 (2 PFU per cell). One hour after infection, 5 ,u.g of
the recombinant expression plasmid containing the desired
PB1 construct was introduced by lipofection-mediated trans-
fection (12). At 16 h posttransfection, cells were examined
for expression of the chimeric proteins by indirect immuno-
fluorescence.

Immunofluorescence. Cells were fixed with methanol-ace-
tone (1:1) at -20°C and used for intracellular immunofluo-
rescence (1). Usually, PB1 antibody (1:20) for the deletion
mutants and PK antibody (1:20) for the PK chimeras was
added to the cover slips containing fixed cells and incubated
in a humidified chamber for 30 min at 37°C. The antibody-
treated cells were then washed with phosphate-buffered
saline and layered with a 1: 50 dilution of fluorescein isothio-
cyanate-conjugated goat anti-rabbit immunoglobulin G (Cap-
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TABLE 1. Analysis of the region involved in nuclear localization of influenza virus PB1

Construct PB1 sequencea Localizationb

200
1 180 190 210 217 252

PB1 (1-252) PK MXXX EITTHFQRKRRVRDNMITKKMVTQ1RTIGKRKQRLNKRSY XXXV VNS-PK N

PB1 (182-252) PK MG TTHFQRKRRVRDNM TKKMVTQ RTIGKRKQRLNKRSY XXXV VNS-PK N

PB1 (A181-201) PK MXXX E Q RTIGKRKQRLNKRSY XXXV VNS-PK C
PB1 (A187-190) PK MXXX EITTHFQ VRDNM TKKMVTQ RTIGKRQRLNKRSY XXXV VNS-PK C/N
PB1 (A183-186) PK MXXX EIT RIKRVRDNM TKKMVTQ RTIGKRKQRLNKRSY XXXV VNS-PK N
PB1 (181-200) PK M ITTHFQRKRRVRDNM TKKMV NS-PK C
PB1 (A196-202) PK MXXX EITTHFQRKRRVRDNM RTIGKRKQRLNKRSY XXXV VNS-PK N
PB1 (A203-216) PK MXXX EITTHFQRKRRVRDNM TKKMVTQ Y XXXV VNS-PK C

a Amino acids added during cDNA construction are underlined. Basic residues involved in nuclear localization are in boldface letters. An intervening sequence
that can be deleted without affecting nuclear localization is boxed. X, Any amino acid residue.

b N, Nucleus; C, cytoplasm.

pel Laboratories) for 30 min at 37°C and examined with a
Nikon photomicroscope by epifluorescence.

RESULTS

Nuclear localization of signal PB1 is present in the NH2-
terminal third of the PB1 sequence. Earlier studies have
shown that the influenza virus PB1, when expressed from a
cloned cDNA in CV-1 cells, is transported into the nucleus
(1, 44). Furthermore, it was predicted from computer anal-
ysis that a short region, Pro-668-Lys-Arg-Asn-Arg-Ser, near
COOH terminus of PB1, which possesses partial homology
to the nuclear localization signal of the SV40 large T antigen,
might function as a possible nuclear localization signal of
PB1 (1). To test the function of this region in the nuclear
transport of PB1, two deletion mutants were made and
expressed in CV-1 cells. PB1A711 lacks sequences encoding
47 aa at the COOH end but retains the putative nuclear
localization signal, whereas PB1A667 lacks sequences for
the last 89 aa (aa 668 to 757), including the putative signal
sequence. When PB1A667 and PB1A711 were expressed in
CV-1 cells, both proteins, PB1A667 (Fig. 2C) and PB1A711
(Fig. 2B), migrated into the nucleus, indicating that neither
the Pro-668-Lys-Arg-Asn-Arg sequence nor any other se-
quence in the last 89 aa of the COOH terminus of PB1 was
required for transport of PB1 into the nucleus. We therefore
made three chimeric constructs in which either the NH2-
terminal third, the middle third, or the COOH-terminal third
of the PB1 cDNA was joined in phase to the PK cDNA
encoding aa 17 to 519 of PK (Fig. 1). The chimeric proteins
encoded by these constructs possessed over 750 aa and
therefore are unlikely to be transported by passive diffusion
into the nucleus. When expressed in CV-1 cells, the PB1
(254-490)-PK and PB1(493-746)-PK proteins were present
only in the cytoplasm (Fig. 2E and F), whereas the chimeric
protein PB1(1-252)-PK was found in the nucleus (Fig. 2D).
These results indicate that the nuclear localization signal of
PB1 is present within the NH2-terminal 252 residues of PB1
and is absent in aa 254 to 757. In addition, these results show
that the PB1 signal can transport a heterologous cytoplasmic
protein into the nucleus.

Identification of the nuclear localization signal in PB1. To
define the nuclear localization signal of PB1 more precisely,
a number of deletion mutations in the NH2 terminus of PB1
were made and expressed in CV-1 cells as a chimeric protein
with the chicken PK. The results showed that PB1(1-33)-PK

and PB1(1-143)-PK were cytoplasmic proteins (Fig. 3A and
B), whereas PB1(40-252)-PK, PB1(169-252)-PK, and PB1
(182-252)-PK were transported into the nucleus (Fig. 3D, E,
and F). These results indicate that the nuclear localization
signal was present within residues 182 to 252 of PB1.
To further define the location of the signal, internal

deletions were made within these regions. In one such
deletion construct, 21 aa (aa 181 to 201) were removed while
aa 1 to 180 and 202 to 252 ofPB1 were retained. This protein,
PB1(A181-201)-PK, when expressed in CV-1 cells, was cy-
toplasmic (Fig. 4A), suggesting that residues 181 to 201
might possess the nuclear localization signal. Two con-
structs were then made: in one [PB1(1-203)-PK], the first 203
aa were joined in phase to PK; in another [PB1(181-200)-
PK], only 20 aa (aa 181 to 200) plus a methionine at the NH2
terminus were fused to PK. However, both of these pro-
teins, when expressed in CV-1 cells, were cytoplasmic (Fig.
3C and 4B). These results showed that although the removal
of 21 aa (aa 181 to 201) caused disruption of the nuclear
signal (Fig. 4A), these residues alone [as in PB1(181-200)-
PK] or along with the rest of the PB1 NH2 terminus [as in
PB1(1-203)-PK] were not sufficient for transporting the cy-
toplasmic PK into the nucleus.
These results suggested two possibilities: (i) the residues

around aa 202 were an integral part of a single nuclear signal
and the deletion of the amino acids in this region [as in
PB1(A181-201)-PK, PB1(1-203)-PK, or PB1(181-200)-PK]
caused disruption of the nuclear signal and consequently of
the nuclear localization of the chimeric proteins; (ii) alterna-
tively, aa 202 and the adjacent region did not constitute a
nuclear signal, but two discrete signals were present in the
flanking regions of residue 202. These two signals need to
function cooperatively, and neither signal alone is sufficient
for nuclear localization. Consequently, the removal of either
of these signals would disrupt nuclear localization.
To distinguish between these two possibilities, a construct

was made in which seven amino acids (residues 196 to 202)
were deleted. This protein, PB1(A196-202)-PK, was present
in the nucleus (Fig. 4C), demonstrating that residues 1% to
202 were not a part of the nuclear localization signal and that
a single continuous sequence was not responsible for the
nuclear localization of PB1. These results also indicated that
two of more discrete regions were functioning cooperatively
for nuclear localization.
To further define the location of these signals, smaller

deletions were made in which fewer amino acids were
removed from each of these two regions of PB1. Two
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FIG. 2. Localization of PB1 wild type, deletion mutants, and
chimeric PB1-PK proteins in CV-1 cells. CV-1 cells were infected
with recombinant vaccinia virus VTF7.3 and transfected with a
plasmid construct as described in Materials and Methods. At 16 h
posttransfection, cells were stained by indirect immunofluorescence
with specific antiserum against either PB1 (A, B, C) or PK (D, E, F).
Approximately 10% of the cells exhibited specific immunofluores-
cence. Although the degree of expression as demonstrated by the
intensity of fluorescence did vary, all cells transfected with a given
construct exhibited a similar phenotype. Kodak Ektachrome 400
film was used with an exposure time of 5 to 15 s. (A) PB1 wild type;
(B) PBlA711; (C) PB1A667; (D) PB1(1-252)-PK; (E) PB1(254-490)-
PK; (F) PB1(493-746)-PK.

constructs were made on the left-hand flanking region. In
PB1(A187-190)-PK, four basic amino acids (RKRR) were
deleted, whereas PB1(A183-186)-PK lacked four adjacent
residues (THFQ). One construct [PB1(A203-216)] was made
on the right-hand flanking region in which 14 residues
(RTIGKRKQRLNKRS), including a set of basic residues
(KRKQR), were deleted. Upon expression, PB1(A187-190)-
PK was found in both the cytoplasm and the nucleus (Fig.

FIG. 3. Localization of chimeric PB1-PK proteins in CV-1 cells.
The conditions for transfection and immunofluorescence were same
as described in the legend to Fig. 2. (A) PB1(1-33)-PK; (B) PB1(1-
143)-PK; (C) PB1(1-203)-PK; (D) PB1(40-252)-PK; (E) PB1(169-
252)-PK; (F) PB1(182-252)-PK.

4D). Since the deletion of four basic amino acids only
partially disrupted the nuclear localization whereas the de-
letion of 20 amino acids (aa 181 to 200) made the protein
entirely cytoplasmic, these results indicate that the four
basic residues (RKRR) constitute a part of a larger nuclear
signal present within the 20 aa of this region (aa 181 to 200).
Another construct, PB1(Al183-186)-PK, was present primar-
ily in the nucleus (Fig. 4E), suggesting that these residues are
not a part of the nuclear signal. PB1(A203-216)-PK was
present only in the cytoplasm (Fig. 4F), demonstrating the
presence of another signal sequence in this region, which
also contained a set of charged residues (KRKQR). These
data indicate that two discontinuous signal sequences are
present and that both of them are required for nuclear
localization.
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FIG. 4. Localization of chimeric PB1-PK proteins after finer
deletions. The conditions for transfection and immunofluorescence
were same as described in the legend to Fig. 2. (A) PB1(A181-201)-
PK; (B) PB1(181-200)-PK; (C) PB1(A196-202)-PK; (D) PB1(A187-
190)-PK; (E) PB1(A&183-186)-PK; (F) PB1(A203-216)-PK.

DISCUSSION

The majority of the nuclear localization signals studied to
date consist of a single stretch of seven to nine amino acids
possessing a cluster of basic amino acids along with one or
more proline residues (43) (Table 2). However, the nuclear
localization signal of PB1 possesses some novel features.
For example, it is not a single stretch of contiguous residues
but appears to be a bipartite signal consisting of two discon-
tinuous regions separated by an intervening sequence. Our
study shows that both regions are required for nuclear
localization and that either region alone is not sufficient.
Although both regions possess a cluster of positive charges
(Table 2), they lack the proline residue often present in
nuclear signals or the proposed consensus sequence for
nuclear transport (K-R/K-X-R/K [5]). Also, the nonbasic

nuclear accumulation sequence found in smaller nuclear
proteins, such as influenza virus NP and yeast MATa2 (6,
17, 18), is absent in both of these two regions (Table 2). The
left-hand domain of the PB1 nuclear signal appears to be
present within the nine residues (residues 187 to 195, Table
1), since the removal of residues 183 to 186 or 196 to 202 did
not affect nuclear transport. Furthermore, the left-hand
boundary of this part of the signal may be Arg-187, since it is
the first of the four charged residues (RKRR) present in this
region and removal of these four charged residues also
partially disrupted nuclear localization (Fig. 4D). However,
since the nuclear transport was only partially disrupted, it
would suggest that the left-hand domain of the signal extends
beyond the four charged residues but ends before residue
196. The right-hand subdomain of the signal is contained
within the 14 residues (residues 203 to 216) which also
contain a set of charged residues (KRKQR, Table 2).
Although further work is needed to define the precise

boundaries of the intervening sequence and the two subdo-
mains as well as the role of the individual amino acids in
nuclear localization of PB1, the data presented here demon-
strate that two spatially distinct sequences are required for
nuclear localization. However, it should be noted that since
these experiments were done with chimeric proteins which,
although it is unlikely, may have different requirements for
nuclear localization, the function of the signal sequences
needs to be verified with the native PB1 protein. Also, the
minimal sequence requirement of a bipartite signal to trans-
locate a heterologous cytoplasmic protein into the nucleus
remains to be determined.
Even though the nuclear localization signals in many

proteins appear to be single continuous stretches of amino
acids, recent studies have suggested that some nuclear
proteins may require the function of two discontinuous
regions either for nuclear localization or for localization with
the specified intranuclear components. For example, it has
been suggested that two signals may be required for the
nuclear transport of Xenopus nucleoplasmin (4, 9, 11),
although recent studies have demonstrated that a single
stretch of amino acids of Xenopus nucleoplasmin can trans-
locate a cytoplasmic protein (PK) into the nucleus (11).
However, this signal is more complex and larger than that of
the SV40 T antigen (11). Similarly, the additive function of
multiple signals appears to be more efficient in the nuclear
translocation of polyomavirus T antigen (39). However,
unlike the influenza virus PB1, each of these signals can
partially transport the polyomavirus large T antigen into the
nucleus. In HTLV p27x proteins, two adjacent signals have
been found around its NH2 terminus (41). Each signal can
independently transport the protein into the nucleus, but
both of them are required for the nucleolar localization of
p27X.
Recent studies with deletion and mutation analyses have

shown that at least two other proteins, Xenopus protein Ni
(21) and adenovirus DNA-binding protein (31), possess
bipartite signals for nuclear localization. Xenopus protein
Ni requires two signal sequences (VRKKRKT and AK
KSKQE) separated by a 10-aa spacer (21). Similarly, it has
been shown that the adenovirus DNA-binding protein re-
quires two signals (aa 42 to 46 and aa 84 to 89, Table 2) for
nuclear transport and that deletion of either of these se-
quences disrupts nuclear localization (31). However, dele-
tion analysis of the spacer region was not carried out for
either Xenopus Ni or adenovirus DNA-binding protein.
Like the nuclear localization signal of influenza virus PB1,
the signal regions of both Xenopus Ni and adenovirus
DNA-binding protein also possess clusters of basic amino
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TABLE 2. Comparison of nuclear localization signal sequences'

Protein (reference)

Influenza virus PB1 (42)
Xenopus protein Ni (21)
Adenovirus DNA-binding

protein (31)
SV40 T antigen (19)
SV40 VP1 (45)
SV40 VP2/3 (15, 46)
Yeast Mata2 (17)
Polyomavirus large T antigen (40)

Influenza virus NP (6)
Xenopus nucleoplasmin (4, 9, 11)
Influenza virus NS1 (16)

HTLV p27X (41)

Human A/C' lamin (26)
Adenovirus ElA (27)
Consensus sequence (5)

Sequence (aa nos.)

(181)-ITTHFQRKRRVRDNMITKKMVT RTIGKRKQRLN KRS Y-(217)
(530)-L V R K K R K T E E E S P L K D K D A K K S K Q E-(554)
(42)-P P K K R X X X X P K K K K K-(84)

PKKKRKVE
PTKRKGS
PNKKKRK
MNKIPIK
(i)VSRKRPRP
(ii) P P K K A R E D
AAFEDLRVIS
AVKRPAATKKAGQAKKKKLD
(i) Q R L R R
(ii) P K K K R K
(i)MPKTRRRPRR
(ii) S Q R K R P P T P
SVTKKRKLE
LSVKRPRCN
K-R/K-X-RIK

a See Table 1, footnote a.
b A/C, A lamin and C lamin.

acids. However, the spacer region appears to be variable in
both size and content of amino acids. Although the precise
boundaries of the signal regions and spacer regions have yet
to be determined, these studies show that some nuclear
proteins do possess multiple discontinuous signals required
either for entry into the nucleus or for binding to specific
components within the nucleus.
The mechanism by which two distinct regions can function

in nuclear translocation is not clear. One possibility is that
one region functions as the nuclear transport signal and the
other is the nuclear accumulation (or retention) signal (43),
but this is unlikely for the influenza virus PB1. If this were
the case, one of the chimeric proteins possessing the nuclear
transport signal but lacking the nuclear retention signal
would be present both in the nucleus and in the cytoplasm
since large proteins, once translocated into the nucleus, are
unlikely to passively diffuse out into the cytoplasm effi-
ciently. The second possibility is that these signals have an
additive function in nuclear transport, each being rather
inefficient alone. Previous studies have shown that the
efficiency of nuclear transport may be dependent on the
multiple signals present in the proteins (25). A number of
proteins, including influenza virus NS1 (16), HTLV p27 (41),
rat glycocorticoid receptor (37), and polyomavirus T antigen
(39), have two nuclear signals, each of which, however, can
function independently of the other, albeit inefficiently, in
transporting the protein into the nucleus. However, for the
PB1 signal, this possibility also appears unlikely, because
even at 16 to 20 h posttransfection, the chimeric proteins
containing only one signal sequence were present only in the
cytoplasm and not in the nucleus (Fig. 4A, B, and F). The
third possibility, that two discrete sequences function coop-
eratively for nuclear transport, is the most plausible expla-
nation of the data presented in this article. Both regions may
act directly in some of the steps involved in nuclear trans-
port, or one of the regions may be indirectly involved in
providing the proper structural conformation for presenting
the "true" signal. Therefore, the deletion of one region may
alter the conformation of the protein, thereby masking or
inactivating a more distant signal. Further work is needed to
define the specific role of each region in the steps involved in
the nuclear transport of PB1.
The sequences of PB1 from influenza A and B viruses

possess extensive homology and conservation. The se-
quence in this region of PB1 also exhibits homology and
conserved charges, especially in the basic amino acid resi-
dues, and could therefore function as a nuclear signal in both
A (42) and B (20) PB1 proteins. Secondary structure analysis
ofWSN PB1 (42) shows that the region possesses mostly the
undefined or random structures which usually form loops
and become exposed to the outer surface, thus making this
region available for interaction with other proteins, e.g.,
nuclear pore proteins.

In summary, WSN PB1 possesses a novel type of nuclear
localization signal different from the prototype found in
SV40 T antigen. It is a bipartite signal consisting of two
independent regions separated by an intervening sequence.
Recent studies with adenovirus DNA-binding protein (31),
Xenopus protein Ni (21), Xenopus nucleoplasmin (4, 9, 11),
and polyomavirus T antigen (39) also support the idea that
discontinuous signals may be present in other proteins and
required for nuclear localization. Further analysis will be
required to define the boundaries of each of the signal
regions and the intervening sequence and to delineate their
specific roles in transporting proteins into the nucleus.
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