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NPI-1, the Human Homolog of SRP-1, Interacts with Influenza Virus Nucleoprotein
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We used the yeast interactive trap system to identify a cellular protein which interacts with the nucleoprotein of influenza
A viruses. This protein, nucleoprotein interactor 1 (NPI-1) is the human homolog of the yeast protein SRP1. SRP1 was
previously identified as a suppressor of temperature-sensitive RNA polymerase 1 mutations (R. Yano, M. Oakes, M. Yamaghi-
shi, J. Dodd, and M. Nomura, Mol. Cell. Biol. 12, 5640—-5651, 1992). A full-length cDNA clone of NPI-1 was generated from
Hela cell poly A+ RNA. The viral nucleoprotein, which had been partially purified from influenza A/PR/8/34 virus-infected
embryonated eggs, could be coprecipitated from solution by glutathione agarose beads complexed with a bacterially
expressed glutathione-S-transferase—NPI-1 fusion protein, confirming the resuits of the yeast genetic system. Antisera
raised against NPI-1 identified a 60-kDa polypeptide from total cellular extracts of both HeLa and MDBK cells. The viral
nucleoprotein was coimmunoprecipitated from influenza A/WSN/33 virus-infected MDBK cells by anti-NPI-1 sera, demonstra-
ting an interaction of these two proteins in infected cells. Similarly, NPI-1 was coimmunoprecipitated from MDBK cells by

anti-NP sera. These experiments suggest that NPI-1 plays a role during influenza virus replication.

INTRODUCTION

Influenza A virus is a negative strand RNA virus be-
longing to the orthomyxovirus family. The genome of the
virus consists of eight segments and encodes 10 poly-
peptides. Little is known about host cell functions which
contribute to the intracellular replication of influenza vi-
ruses, and cellular factors have not been characterized
which directly interact with the viral proteins.

Experimental evidence generated in the laboratory of
Scholtissek indicates that the nucleoprotein (NP) is a
major determinant of species specificity of influenza vi-
ruses (Scholtissek et al, 1985). Phylogenetic analysis
divides NP genes into two families: one containing NPs
predominantly of avian origin, and one containing those
of human origin (Bean, 1984; Buckler-White and Murphy,
1986; Gammelin et al., 1989; Scholtissek et al., 1985). The
human virus A/HK/1/68 and viruses having genetically
related NPs cannot rescue mutants of the avian virus
A/FPV/Rostock/1/34 with ts defects in the NP following
double infection of chicken embryo fibroblasts (CEF) at
40° (Scholtissek et a/., 1985, 1978). However, the human
viruses which failed to rescue the ts mutants on CEF
cells were able to do so on Madin-Darby canine kidney
(MDCK) cells (Scholtissek et al, 1978). Additionally, A/
HK/1/68 virus and A/FPV/Rostock/1/34 virus reassortants
containing the A/HK/1/68 virus-derived NP replicate in
MDBK cells but not in CEFs (Schaltissek et al, 1978).
The host-specific rescue of FPV ts mutants and the host
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restriction of A/HK/1/68 virus reassortants suggest thata
factor(s) of host origin, which differs between mammalian
and avian cells, is responsible for these phenomena,
and that this factor may interact with the influenza A
virus NP.

Replication and transcription of influenza virus RNA
require four virus-encoded proteins: the NP and the three
components of the viral RNA-dependent RNA polymer-
ase, PB1, PB2, and PA (Huang ef al, 1990). The NP is
the major structural component of the virion which inter
acts with genomic RNA, and is required for antitermina-
tion during RNA synthesis (Beaton and Krug, 1986). NP
is also required for elongation of RNA chains (Shapiro
and Krug, 1988) but not for initiation (Honda et a/., 1988).
We used the interactive trap, a yeast-based genetic se
lection system, to screen a Hel.a cell library for proteins
which bind to the influenza virus NP. One protein was
identified, NPI-1, which is the homolog of the yeast pro-
tein SRP1. SRP1 was originally characterized as & sup-
pressor of RNA polymerase | mutations in yeast (Yano
et al., 1992, 1994).

MATERIALS AND METHODS
Yeast, bacteria, and plasmids

Yeast strain EGY48 (Mata trp! ura3 his3 LEUZ2.: pLEX
Aop6-LEU2), constructed by E. Golemis, plasmids
pEG202, pSH18-34, and pRFHM1 and the Hela cel
cDNA library constructed in pJG4-5 by J. Gyuris were al
generously provided by R. Brent (Harvard Medical
School). pLexA-NP was constructed by subcloning the
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¢DNA of influenza A/PR/8/34 NP as a LexA translational
fusion gene into pEG202 (Fig. 1). Yeast strains con-
structed as part of these studies are described in Table
1. Escherichia coli MH3 (trpC araD lacX hsdR gall galK)
and W31005 were kindly provided by H. Smith (Columbia
University, NY) and J. Brosius (Mount Sinai), respectively.

Selection of NP interactors

Aninteractive trap selection was performed essentially
as has been previously described (Gyuris et a/, 1993;
Zervos et al., 1993). Strain R100 was transformed by the
HeLa ¢cDNA library using the lithium acetate method (Ito
gt al, 1983); 2 X 10° primary yeast transformants were
selected on twelve 26 X 25-cm? his"trp -glucose plates,
pooled, and stored at —70°. Library transformants were
selected for leu™ phenotype on his trp~leu™-galactose
plates; the efficiency of plating was approximately 10™*
leu* colonies per galactose™ colony. Plasmid DNA was
isolated from leu* library transformants as described by
Hoffman and Winston (1987) and introduced into MH3
cells by electroporation. Library plasmids were selected
by plating the transformation mix on 1 X A + amp +
glucose plates (Miller, 1972).

¢DNAs were analyzed by checking specificity of inter-
action with the NP. Each isolated plasmid was intro-
duced into strains R101 and R102. These strains harbor
pSH18-34, a reporter plasmid encoding S-galactosidase
with a GAL1 promoter transcriptionally controlled from
upstream LexA binding sites. Strain R102 was used as
a negative control for NP-specificity of cloned cDNAs.
It contains pRFHM1, which encodes LexA fused to a
transcriptionally inert fragment of the Drosophila melano-
gaster bicoid protein. f-Galactosidase activity was as-
sayed on nitrocellulose replicas of the colonies by freeze
fracturing the celfs and incubating in buffer containing 5-
bromo-4-chloro-3-indolyl-g-D-galactoside (X-gal) (Miller,
1972). Plasmids which conferred both a leu™ and 8-gal”
phenotypes in the presence of pLexA-NP but not in the
presence of pRFHM1 were saved for further study.

Cloning of the 5’ terminus of NPI-1

The 5’ terminus of NPI-1 was cloned by rapid amplifi-
cation of cDNA ends (RACE) by the method of Frohman
[Frohman, 1990; Frohman et a/., 1988). Reverse transcrip-
tion of 1 pug of poly A+ Hel.a cell RNA was performed
using the NPI-1 specific oligonucleotide 5’ GCAAAGCAG-
GAGAAACCACS'. First strand cDNA was tailed with
dCTP by terminal transferase. PCR amplification of the
reverse transcription product was performed with the
nested NPI-1 primer 5’GGGTCCATCTGATAGATATGA-
GAG3" and the 5'"RACE anchor primer 5'CUACUACUAC
UAGGCCACGCGTCGACTACTACGGGHGGGHGGGI!
@3' (Gibco/BRL). The PCR product was subcloned into
pGEM-T (Promega) and was sequenced by standard pro-

tocols. 5’RACE products from three independent experi-
ments were cloned and sequenced in order to avoid
errors introduced by PCR.

Bacterial expression and purification of GST fusion
proteins

The NPI-1 cDNA derived from a Hela cDNA library
was subcloned between the EcoRl and Xhol restriction
endonuclease sites of the glutathione-S-transferase fu-
sion vector pGEX-bX-1 (Pharmacia) to generate the plas-
mid pGST—NPI-1. Protein was induced from bacterial
expression plasmids in W31005 cells with isopropyl-3-
D-galactopyranoside according to standard protocols
(Smith and Johnson, 1988). Bacteria were pelleted 4 hr
after induction, washed in ice-cold phosphate-buffered
saline (PBS), and resuspended in 1/100 culture volume
PBS 4+ 1% Triton X-100. Bacteria were lysed on ice with
four 15-sec pulses in a Raytheon sonicator at an output
setting of 1 A. Insoluble material was pelleted at 100,000
g for 15 min in a Beckman TL-100.3 rotor.

GST—NPI-1 and GST were purified from bacterial ly-
sates on glutathione—agarose beads (Sigma Chemical
Co.). Beads were swelled according to the manufactur-
er's instructions and equilibrated in PBS. Typical binding
reactions were done in 500 ul of PBS/0.1% Triton X-100,
and included 50 ul bacterial lysate and 10 pl of a 50%
slurry of glutathione—agarose beads. Binding reactions
were incubated for 6 min at room temperature on a rotat-
ing wheel. Beads were colilected by centrifugation for 5
sec in a microfuge, and were washed three times in PBS.

NPI-1/NP binding assay

To assay binding of NP to GST—NPI-1/bead complexes
typical reactions were performed in 500 ul of ice-cold
PBS + 0.05% Nonidet P-40 and contained washed GST-
NPI-1/bead complexes and 10 ug partially purified influ-
enza virus polymerase and nucleoprotein preparations
(Pol/NP). Virus was prepared from embryonated eggs
infected by influenza A/PR/8/34 virus and Pol/NP prepa-
rations were purified as previously described (Enami et
al, 1990; Parvin et al, 1989). NP was bound for 1 hr at
4° on a rotating wheel. Beads were collected by centrifu-
gation for 5 sec in a microfuge, and were washed three
times in PBS + 0.05% NP-40. Washed beads were resus-
pended in 50 ul SDS sample buffer (Sambrook et al,
1989), boiled for 5 min, and pelleted in a microfuge; 10
ul of each supernatant was separated by electrophoresis
on a 12.5% SDS—polyacrylamide gel. Gels were either
stained with Coomassie blue or processed for immu-
noblot analysis. Nucleoprotein was detected by immu-
noblotting with the monoclonal antibody HT108.

Antisera and immunoblotting

Polyclonal rabbit antisera against NPI-1 was gener-
ated by immunization of a female NZY Rabbit (Buckshire
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Farms) with 200 pg of purified GST—NP!-1 in complete
Freund's adjuvant, followed by two boosts of 100 ug in
incomplete Freund's adjuvant at 3-week intervals. The
specificity of antisera was demonstrated by immunaoblot
analysis of GST—NPI-1 in bacterial lysates. Immunaobiots
were performed by standard methods (Harlow and Lane,
1988). Sera were used at a dilution of 1:1000.

Viruses and cells

Total cell lysates from Hela and MDBK cells were
generated by direct lysing of cells in SDS-sample buffer,
followed by shearing of chromosomal DNA by passage
through a 25-gauge syringe. Cytoplasmic extracts were
generated by lysing cells in ice-cold NP-40 lysis buffer
(10 mM Tris-Cl, pH 8.0; 100 mM NaCl; 1 mM EDTA; 1
mM DTT, 1% Nonidet P-40; 1 mM 4-(2-aminoethyl)ben-
zenesulfonylfluoride-hydrochloride (Pefabloc)). After 10
min on ice nuclei were removed by centrifugation. Pro-
teins were separated by SDS—PAGE, transferred to nitro-
cellulose, and visualized by immunoblotting.

To generate infected cell lysates containing metaboli-
cally fabeled proteins 1 X 10° MDBK celis were infected
with influenza A/WSN/33 virus at a multiplicity of 10 for
1 hr at 37°. Infection was allowed to proceed in DMEM
+ 0.1% BSA for 5 hr at which time celis were labeled
with 100 uCi **S-methionine in MEM-met + 0.1% BSA
for 1 hr. Label was chased for 1 hrin DMEM + 0.1% BSA
at which time total cell lysates were prepared. Extracts
prepared by resuspending infected cells in 500 ul ice-
cold RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM Pefabloc, 50 mM Tris, pH
8.0) were clarified by centrifugation at 100,000 g in a
Beckman TLA100.3 rotor. Unlabeled cell lysates were
prepared from infected cells at 6 hr after infection in a
similar manner.

Immune complexes were formed on ice by incubation
of 60 ul cell lysates with either 20 ul preimmune or im-
mune rabbit sera or 156 pug of HT103, a mouse monoclonal
antibody against NP, in 500 ul RIPA buffer. Immune com-
plexes were adsorbed to agarose-linked protein G beads
(Boehringer) for 1 hr. Beads were c¢ollected by centrifuga-
tion, washed three times in RIPA buffer, and resuspended
in SDS-sample buffer. A fraction of precipitated proteins
was separated by SDS-PAGE and visualized by autora-
diography (labeled proteins) or by immunoblotting (unla-
beled proteins).

RESULTS

Isolation of NPI-1

We used the interactive trap to identify proteins which
specifically interact with the influenza A virus nucleopro-
tein (NP). The interactive trap is one of several genetic
systems recently developed which use the modular na-

ture of transcription activators to detect protein:protein
interactions (Chien et a/, 1991; Dalton and Treisman,
1992; Durfee et al, 1993; Gyuris et al, 1993; Vojtek et
al., 1993; Zervos et al,, 1993). The interactive trap consists
of three components: (1) a reporter gene that has no
basal transcription; (2) a fusion protein which contains a
LexA DNA binding domain that is transcriptionally inert;
and (3) proteins encoded by an expression library, which
are expressed as fusion proteins containing an activation
domain (Fig. 1A). Interaction of the LexA fusion protein
and the fusion protein containing the activation domain
will constitute a bimolecular transcriptional activator
which, in this case, will confer the ability to grow on
media lacking leucine (Gyuris et al., 1993; Zervos et al,
1993). In the absence of this interaction the leu2 gene
is not transcribed.

The NP gene of influenza A/PR/8/34 virus was sub-
cloned as a trapslational fusion gene with the LexA gene
into pEG202 to generate pLexA-NP (Fig. 1B). Strain R100
(Table 1), which contains pLexA-NP, was transformed
with a Hela cell cDNA library constructed in pJG4-5.
plG4-5 contains an activation domain under control of a
GAL1 promoter (Gyuris et al,, 1993). Library plasmids
were rescued from 100 leu™ colonies. Reproducibility of
the interaction of the NP with the encoded library proteins
was tested by transforming library plasmids into strain
R101. Transformants were screened for galactose-de-
pendent B-galactosidase activity and growth on media
lacking leucine. Specificity for NP was analyzed by
checking the ability of library plasmids to confer growth
on leu™ media and (3-galactosidase activity in connection
with a different LexA fusion plasmid, pRHMB1, encoding
a fragment of the Drosophila melanogaster bicoid pro-
tein. Twenty-three library plasmids were confirmed 1
encode nucleoprotein-interactive proteins. Twelve ident-
cal 2.1-kbp clones encoded the carboxy terminal frag-
ment of a protein termed nucleoprotein interactor 1 (NP
1). Partial DNA seguencing showed that NPI-1 is the
human homolog of the yeast SRP1 gene (see below).
Other genes encoding proteins which interact with the
viral NP will be presented in a future publication once
they have been characterized.

Cloning and sequencing of the NPI-1 cDNA

The 2.1-kbp NPI-1 cDNA in plG4-5 was sequenced by
standard protocols. The 5’ cDNA terminus of the NP1
gene was cloned by 5’"RACE. cDNAs from three indepen-
dently derived NPi-1 5’"RACE products were cloned and
sequenced. Nucleotide and derived amino acid se
guences of NPI-1 are shown in Fig. 2. The sequence
reveals a 2940-bp cDNA which encodes a protein of 538
amino acids with a calculated molecular weight of 60,302
Da and a p/ = 4.65. The carboxy terminal 276 amino
acids were derived from the interactive trap library plas
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Fia. 1. (A) The interactive trap system. (Left) The R100 yeast strain contains the reporter gene LexAcp-LEU2 and a transcriptionally inactive LexA-
NP fusion protein. Library proteins are synthesized in R100 transformants in media containing galactose. (Middle) If the library protein does not
interact with the LexA-NP fusion protein, then the LEU2 reporter gene is not transcribed. (Right) If the library fusion protein interacts with NP, then
the LEU2 gene is transcriptionally active, and the cell forms a colony on leu™ medium. (B) The pLexA-NP bait plasmid used in the interactive trap.
The coding region of influenza A/PR/8/34 virus nucleoprotein was subcloned into the EcoRl and Sa/l restriction sites of pEG202. This construction
encodes a fusion protein which includes 202 amino acids of LexA and the entire coding region of NP (498 amino acids) separated by 3 amino

woids encoded by polylinker sequences derived from the cloning process.

mid. The putative AUG initiator codon is 47 nucleotides
fom the 5’ terminus; it is in a favorable context for effi-
cient translation initiation since there are A residues at
the —3 and +4 position {(Kozak, 1987, 1989).
Comparison of the deduced amino acid sequences in
the GenBank and EMBL data bases using the FASTA
and TFASTA programs (Deveraux et al, 1984) demon-
srated that NPI-1 is the human homolog of the Saccharo-
myces cerevisiae protein SRP1 (Yano et al, 1992). SRP1
was cloned as an allele-specific suppressor of ts muta-
tions in the zinc-binding domain of the A190 subunit of
RNA polymerase |. The amino acid seguence is highly

TABLE 1

YEAST STRAINS USED

Strains Genotype

EGY48 Mata trp1 ura3 his3 LEUZ:pLEXAop6-LEU2
R100 EGY48, pLexA-NP (TRP1)

R101 EGY48, pLexA-NP, pSH18-34 (HIS3)

R102 EGY48, pRFHM1 (TRP1), pSH18-34

conserved between NPI-1 and SRP1: 53% identity and
71% similarity at the amino acid level. The amino termi-
nus of NPI-1 has a potential nuclear localization signal
(Chelsky et al., 1989); amino acids 25 to 48 are rich in
arginine, and contain a stretch of four consecutive argi-
nines at amino acids 25 to 28. NPI-1, like SRP1, contains
a series of eight consecutive ARM motifs, which are de-
generate 42-amino acid protein subsequences originally
identified in the Drosophila armadillo protein (Peifer et
al, 1994, Yano et al., 1992) (Fig. 3; see below).

NPI-1 binds to NP in vitro

In order to demonstrate that the NPI-1 binds to the
viral NP, the NPI-1 cDNA fragment (amino acids 263 to
538) was subcloned into the bacterial expression vector
pGEX-5X-1 yielding a glutathione S-transferase fusion
gene. The expressed fusion protein was purified from
bacterial lysates on glutathione—agarose beads. NP,
which had been partially purified with the viral polymer-
ase from influenza A/PR/8/34 virus, was specifically pre-
cipitated from solution by glutathione—agarose beads
complexed with GST—NPI-1 (Fig. 4A, lane 3). NP was not
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-40 -20 -1
CTAACTTCAGCGGTGGCACCGGGATCGGTTGCCTTGAGCCTGARAT

20 40 60 80
ATGACCACCCCAGGAAAAGAGAACTTTCGCCTGAAAAGTTACAAGAACAAATCTCTGAATCCCGATGAGATGCGCAGGAG
M T T P G K ENPFIRUL K S Y KN KBS LN PUDEWUMMTZ RIRR R

100 120 140 160
GAGGGAGGAAGAAGGACTGCAGTTACGAAAGCAGAAAAGAGAAGAGCAGT TATTCAAGCGGAGAAATGTTGCTACAGCAG
R E E E G L @Q L R XK Q KR EE QL F KRI RNV A T A

180 200 220 240
AAGAAGAAACAGAAGAAGAAGTTATGTCAGATGGAGGCTTTCATGAGGCTCAGATTAGTAACATGGAGATGGCACCAGGT
E E E T EEEV M S DG G F HEAOQTI S NMUEMATPG

260 280 300 320
GGTGTCATCACTTCTGACATGATTGAGATGATATTTTCCARAACCCCAGAGCAACAGCTPTCAGCAACACAGARATTCAG
¢ VI TS S§DMTIZEMTITFSEK S PZESGQUQULSA AT QXK F R

340 360 380 400
GAAGCTGCTTTCAAAAGAACCTAACCCTCCTATTGATGAAGTTATCAGCACACCAGGAGTAGTGGCCAGGTTTGTGGAGT
XK L L §$ K E P N P P I DEV I S TP G V V A RTF V E

420 440 460 480
TCCTCAAACGAAAAGAGAATTGTTCACTGCAGTTTGAATCAGCTTGGGTACTGACAAATATTGCT TCAGGAAATTCTCTT
F L X R K ENC S5 L g F E S A W VL TNTIASGN 5 L

500 520 540 560
CAGACCCGAATTGTGATTCAGGCAAGAGCTGTGCCCATCTTCATAGAGTTGCTCAGCTCAGAGTTTGAAGATGTCCAGGA
Q R I VI ¢Q AR AV P I F I EL L 8 8 E ¥ E DV Q E

580 600 620 640
ACAGGCAGTCTGGGCTCTTGGCAACATTGCTGGAGATAGTACCATGTGCAGGGACTATGTCTTAGACTGCAATATCCTTC
Q AV WAL GNTIAGDST™MCI®RDY YV L DO CNTIL

660 680 700 720
CCCCTCTTTTGCAGTTATTTTCAAAGCAAAACCGCCTGACCATGACCCGGAATGCAGTATGGGCTTTGTCTAATCTCTGT
P P L L Q L F 8 K Q NRL TMTIRWN AUV WAIL S N L C

740 760 780 * 800
AGAGGGAAAAGTCCACCTCCAGAATTTGCAAAGGTTTCTCCATGTCTGAATGTGCTTTCCTGEGTTGCTGTTTGTCAGTGA
R G K s P P P EF A KV S P CLUNUVL S WIULL F V 8 D

820 840 860 880
CACTGATGTACTGGCTGATGCCTGCTGGGCCCTCTCATATCTATCAGATGGACCCAATGATAAAATTCAAGCGGTCATCG
T D vV L A D ACWATLS YL S DG P NDI KTIOQaAV I

900 920 9240 960

*
ATGCGGGAGTATGTAGGAGACTTGTGGAACTGCTGATGCATAATGATTATAAAGTGGTTTCTCCTGCTTTGCGAGCTGTG
D A GV CRU RILV ETLULMUHBENDYIKV V S P ATLRAYV

280 1000 1020 1040
GGAAACATTGTCACAGGGGATGATATTCAGACACAGGTAATTCTGAATTGCTCAGCTCTGCAGAGTTTATTGCATTTGCT
G NI VT GGDDTIQTQQV I L NCSATLUGQSULILHILL

1060 1080 1100 1120
GAGTAGCCCAAAGGAATCTATCAAAAAGGAAGCATGTTGGACGATATCTAATATTACAGCTGGAAATAGGGCACAGATCC

S s P K E 8 I K K E A C W T

I s N I TA G NZRAGQ I

Fia. 2. Nucleotide sequence of NPI-1 cDNA and deduced protein sequence. The coding sequence starts at nucleotide +1 and ends at nucleotide
1614. The 6’ terminus of the library clone is indicated by an asterisk. Regions complementary to nested reverse transcription and 5'RACE primers

are underlined.

precipitated from solution by glutathione beads com-
plexed with GST (Fig. 4A, lane 6). The NP band migrates
slightly slower than that of the GST—NPI-1 fusion protein;
an enlargement of lanes 1 to 4 is shown in Fig. 4B in
order to more clearly distinguish NP from NPI-1. The
identity of this protein was confirmed by immunoblot
analysis using the anti-NP monocional antibody HT103
(Fig. 4C, lane 5); in addition, no NP was detected by
immunoblot analysis of proteins precipitated by GST
alone (Fig. 4C, lane 3). Precipitation of NP by NPI-1 was
by direct interaction of these two proteins and not by
bridging through one of the viral polymerase proteins or

another mammalian peptide since NP expressed in £
colfi was also coprecipitated as a complex with GST-
NPI-1 (data not shown).

Immunodetection of NPI-1 in cell extracts

Rabbit antisera raised against GST—NPI-1 were used
to identify a polypeptide from total cellular extracts of :
both HelL.a and MDBK cells with an apparent molecular
weight of 60 kDa (Fig. 5). A lower amount of NPI-1 was :
present in the cytoplasmic fraction generated by lysis of
cells in the presence of NP-40 than in the total celluler |
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1140 1160 1180 1200
AGACTGTGATAGATGCCAACATTTTCCCAGCCCTCATTAGTATTTTACAAACTGCTGAATTTCGGACAAGAAAAGAAGCA
g TV I DANIVFPAL I S I L QT AZEVFIRTRZEKE A

1220 1240 1260 1280
GCTTGGGCCATCACAAATGCAACTTCTGGAGGATCAGCTGAACAGATCAAGTACCTAGTAGAACTGGGTTGTATCAAGCC
A WA I T NATT S GG S AEQ I K YLV ETLGT<CTITZKP

1300 1320 1340 1360
GCTCTGTGATCTCCTCACGGTCATGGACTCTAAGATTGTACAGGTTGCCCTAAATGGCTTGGAAAATATCCTGAGGCTTG
L ¢ Db L L TV MD S K IV QVALNGTILENTITTZLRIL

1380 1400 1420 1440
GAGAACAGGAAGCCAABRAGGAACGGCACTGGCATTAACCCTTACTGTGCTTTGATTGAAGAAGCTTATGGTCTGGATAAA
G E Q EA X RNGTGINP Y C AL I EEAY G L DK

1460 1480 1500 1520
ATTGAGTTCTTACAGAGTCATGAAAACCAGGAGATCTACCAAAAGGCCTTTGATCTTATTGAGCATTACTTCGGGACCGA
I E F L 9 S HENOQ E I ¥ Q KA FDIL I EHYF G T E

1540 1560 1580 1600
AGATGAAGACAGCAGCATTGCACCCCAGGTTGACCTTAACCAGCAGCAGTACATCTTCCAACAGTGTGAGGCTCCTATGG
D ED S S I A P QVDILINZGQQQYTIF Q Q CEAPM

1620 1640 1660 1680
AAGGTTTCCAGCTTTGAAGCAATACTCTGCTTTCACGTACCTGTGCTCAGACCAGGCTACCCAGTCGAGTCCTCTTGTGG
E G F Q L °

1700 1720 1740 1760
AGCCCACAGTCCTCATGCAGCTAACTTCTCAAATGTTTTCCATAATACTGTTTGCGCTCATTTGCTTGCCTTGCGCACCT

1780 1800 1820 1840
GCTCTCTTACACACATCTGGAAAACCTCCGGCTCTCTGTGGTGGGATACCCTTCTAATAAAAGGGTAACCAGAACGGCCC

1860 1880 1900 1920
ACTCTCTTTTACGGAAAAATCCCTAGGCTTTGGAGATCCGCACTTACATTAGAGTTATGGGAATATACACATATTAATGT

1940 1960 1980 2000
GGCTCCCTTTTTCTTGTGGGCGAATAAAAGAGGACTCCTCCTCATTCCCTTTAACATGGCGGGAAAAAACTGACATTAARA

2020 2040 2060 2080
GATGAGACTAAATCTTTATCTTGAATTTTACACAACTACTTACGACAAGGGAGATGTTTAGACCTGTTGGTATACTTCAG

2100 2120 2140 21€0
AGTACTTTTCATGAGTTCTTCCACAGTGAACCCTTGGATTACCTGGTGGCTTTTTCTAGCCAGATTGCATTAATCCTTAC

2180 2200 2220 2240
TGAGATTGGATGGTTTTCTTTCCTCTATTGGCGCCATTCTTCAGATATTAAAGTTAAACCATCCACTCCCTCACCTTCAG

2260 2280 2300 2320
CCTTCAGTGAATGTGCTTTCTAGTTGTCAGGAATGCTGAAGAATTAACACTTTGACTCCTAAATGTGATACTGGTGGGTA

2340 2360 2380 2400
AGAGCAGGGCACATTTAATTTGTTCGCTTTTGCTTCTCTTTGGTCTGGGCACATTTAATTTGTTCGCTTTTGCTTCTCTT

2420 2440 2460 2480
TGETCTTTTCGAATACTTAGTAATCGAAAACCATATCCTGTAATTTAATAAAAAAAACTARGGACGAAAAAACCCCTCCA

2500 2520 2540 2560
ATTTTCCCAAATGCAATCAGTGTAACTAGGGGCTGTGTTTCTGCATTAAAATAAATGTTTCAGGCTTTGTGGTCCTGATC

2580 2600 2620 2640
AAGGTCCTCATTAAAAAATTGGAGTTCACCCTAGGCTTTTCCCCTCTCGTGACTGGCAGATAACACATACTTTTGAAAGTA

2660 2680 2700 2720
ACTTTGGGATTTTTTTTCTTAGGTGCAGCTCGATTCTAATCTTTTCATGCTGCACACGATTCCTTTAATCGATAGCATCC

2740 2760 2780 2800
TTATCTGAAAGAAATAACCATCTTCTCAACATGACCTGCTTAACCCAAATAAGAACAGTGATCTTATAACCTCATTGTTT

2820 2840 2860 2880
CCTAATCTATTTTATTTCATCTCCTGCTAGTACTGTGCCGCTTCCCCCTCCCCCCACACAAAATAAAAACAGTATCTCGC

TTCTGGCTCATTTT
FiG. 2 — Continued
extract suggesting that most of NPI-1 is located in the unable to localize NPI-1 to a particular intracelfular com-
nucleus (Fig. 5). This is consistent with results localizing partment by immunofluorescence experiments using our
the NPI-1 homolog SRP1 to the nucleus of yeast cells by antisera due to the high background fluorescence of

immunofluorescence (Yano et al, 1992). We have been these preparations.
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Fig. 3. Comparison of NPI-1 and SRP1 proteins. Vertical lines indicate
identity; colons and periods indicate conservative changes. Forty-two
amino acid ARM repeats are aligned vertically according to Peifer et
al. (1994). For a complete comparison of SRP1 to other ARM repeat
containing proteins see Peifer ef al. (1994). The ARM consensus se-
quence is indicated at the bottom; +, indicates K, R, or H; —, indicates
D or E; ~, indicates a gap; *, indicates a non-consensus residue. Since
other residues are conserved within the repeats of NPI-1 and SRP, a
consensus sequence derived from only these two proteins is also
shown.

NPI-1 interacts with NP in infected cells

Since NP formed a complex with NPI-1 in vitro, we
examined whether NP and NPI-1 form a complex in in-
fected cells. Infected MDBK cells were pulse-labeled
with ¥S-methionine from 5 to 6 hr after infection; since
influenza virus inhibits translation of host mRNA, only
viral proteins were labeled (Fig. 6A, lane 1). NP was
specifically coimmunoprecipitated from extracts of influ-
enza A/WSN virus-infected MDBK cells by antiserum di-
rected against NPI-1 (Fig. 8A, lane 4). A protein of identi-
cal molecular weight was precipitated by a monoclonat
antibody directed against NP (Fig. 8A, lane 3). No protein
was precipitated by nonimmune rabbit serum (Fig. 6A,

lane 2). No labeled polypeptides were precipitated from
mock-infected celt extracts by anti-NPi-1 serum (Fig. 6A,
lane 8) since insufficient label was incorporated into NPI-
1 during the brief labeling period. This demonstrates an
interaction of the viral NP and the cellular NPI-1 during
influenza A virus infection. The reciprocal precipitation
experiment was also performed: NPI-1 was coprecipi-
tated from infected cells by antiserum directed against
the NP (Fig. 6B, lane 1).

DISCUSSION

We have cloned a novel human celiular protein (NPI-
1) based on its ability to interact with the influenza A

NP —
GST-NPt-1
GST —
NP:
B 1 2 3 4
NP
GST-NPi-1—
NP: + - + -
GST-NPI-1: - + + +
c.

NP: 4+ -+ - #

Fia. 4. GST—NPI-1 binds to NP in vitro. (A) GST-NPI-1 (lanes 2, 3,
4) and GST (lanes 5, 6, 7) were expressed in bacteria and precipitated
from cell lysates on glutathione agarose beads. The complexed beads
were then incubated with {lanes 3 and 6) or without (lanes 4 and 7}
partially purified influenza virus nucleoprotein and polymerase prepara-
tions (2 ug per lane). Precipitated proteins were fractionated on a 12.5%
SDS polyacrylamide gel, and stained with Coomassie blue. Unprecipi-
tated influenza A virus NP and polymerase preparation (1 ug) was
fractionated in lane 1. (B) Lanes 1 to 4 from (A) have been enlarged in
order to emphasize the presence of the NP band in lane 3. (C) Proteins
precipitated from solution as in (A) were immunoblotted using the
monoclonal antibody HT103 directed against the viral nucteoprotein.
Lane 1, unprecipitated nucleoprotein and polymerase preparation
Lanes 2 and 3, GST. Lanes 4 and 5, GST—-NPI-1. Incubation of fusion
protein/glutathione—agarose bead complexes in the presence or ab-
sence of viral NP is indicated below each lane.
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Fia. 5. immunoblot of total cellular proteins using polyclonal rabbit
sera against NPI-1, Total cell lysates and cytoplasmic cell extracts from
HeLa and MDBK cell lines were separated by SDS—-PAGE, transferred
to nitroceliulose, immunoblotted with anti-NPI-1 sera, and developed
ty #l-protein A. Each lane contains protein from 1 X 10° cells.

virus nucleoprotein. Interaction of NPI-1 and NP was
demonstrated by the yeast interactive trap system, in
vitro by coprecipitation of the NP with a bacterially ex-
pressed NPI-1 protein, and in infected cell extracts by
coprecipitation of the NP/NPI-1 complexes both with anti-
NPI-1 serum and with anti-NP serum. This suggests that

A
Uninfected

NPI-1 plays a role in the replication of influenza A viruses.
NPI-1 is the first cellular protein characterized which in-
teracts with a protein encoded by influenza viruses. In
the future, it must be demonstrated at what stage in the
replication cycle NPI-1 functions. The NPI-1 could affect
any of a number of NP functions which may include: (1)
movement of the ribonucleoprotein complex (RNP) to the
nucleus during viral entry; (2) vRNA synthesis, including
antitermination and elongation; (3) mRNA synthesis, in-
cluding elongation, polyadenylation, and transport to the
cytoplasm; and (4) exit of the RNP from the nucleus dur-
ing virion assembly.

The fact that both NPI-1 and SRP1 interact with pro-
teins involved in RNA synthesis may imply that there are
fundamental similarities between cellular DNA-depen-
dent transcription and influenza viral RNA-dependent
RNA synthesis. .Cellular factors, like NPI-1, may be
shared by the viral and the cellular RNA synthesis ma-
chinery performing similar functions. In addition, the NPI-
1 may tether the viral RNP to areas of the nuclear matrix
where splicing and polyadenylation of mMRNA occur (see
below). It should be noted that although NPI-1 was iso-
fated from Hela cells, this cell line is not productively
infected by influenza A virus. However, Hel.a cells syn-
thesize influenza viral RNA and protein, and have pre-
viously been used to examine viral RNA synthesis (Bea-
ton and Krug, 1986).

B.

1 2 3 4 5 6 7

214

111
74

AA

NP1

18

Fic. 6. NP and NPI-1 proteins are coimmunoprecipitated from infected cell extracts as a complex. (A) NP is coimmunoprecipitated from influenza
Avirus-infected cells by antisera against NPI-1. Infected (lanes 1 to 4) and uninfected (lanes 5 to 8) Hela cell proteins were labeled with 8-
methionine, and total cell lysates were made in RIPA buffer as described in the text. Complexes of NPI-1 and NP were precipitated using anti-NPI-
1 sera, Precipitated proteins were then fractionated by SDS—-PAGE and detected by autoradiography. Radiolabeled proteins were isolated from the
lysate by immunoprecipitation. Lanes 2 and 6, preimmune rabbit serum; lanes 3 and 7, mouse monoclonal antibody HT103 against NP; lanes 4
and 8, immune rabbit serum against NPI-1. Lanes 1 and 5 are unprecipitated infected and uninfected Hela cell lysates, respectively; lanes 1 and
5represent 26% of cell equivalents loaded in other lanes. (B) NPI-1 is coimmunoprecipitated from influenza A virus infected cells by antisera against
NP. Infected (lane 1) and uninfected (lane 2) cell lysates were made in RIPA buffer, and were immune-precipitated and fractionated as described
under Materials and Methods. For a control {(C) an uninfected cell lysate (2 X 10° cells) containing 1 ul of a bacterial extract expressing GST—NPI-
i is shown. The top bands (arrowheads) represent the bacterial GST-NPI-1 species. NPI-1 was detected by immunoblot using an '#l-immune
rabbit serum against NPI-1. NPI-1 antibodies were affinity-purified prior to iodination.
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The viral NP exists in two forms in the infected cell.
One form is associated with ribonucleoprotein com-
plexes (RNP), and the other is a free form (Shapiro and
Krug, 1988). Pol/NP preparations used in coprecipitation
experiments with NPI-1 were purified over cesium chlo-
ride/glycerol gradients (Honda et a/., 1988), which disso-
ciate and purify virion proteins away from vRNA. The
polymerase proteins were not detected on Coomassie-
stained gels (Fig. 4, lane 3); however, coprecipitation of
the viral polymerase proteins was not rigorously tested
by immunoblot experiments. Further analysis of the NP/
NPI-1 interaction will be necessary to identify the form(s)
of NP which bind to the cellular NPI-1.

Only one host factor has been assigned a definitive
function in the replication process of a negative strand
RNA virus. The cellular casein kinase Il has been shown
to phosphorylate the phosphoprotein P of the vesicular
stomatitis virus (VSV) RNA-dependent-RNA polymerase.
This is a step which appears to be required in order to
activate the viral polymerase (Barik and Banerjee,
1992a,b).

NPI-1 and SRP1 are 53% identical and 71% conserved
at the amino acid level. This is a very high degree of
conservation between proteins belonging to organisms
as distantly related as humans and yeast, and suggests
that the NPI-1/SRP1 performs a very basic function in the
cell. NPI-1 and SRP1 have eight internal repeats, each
of approximately 42 amino acids (Fig. 3). This repeat,
termed the ARM motif, was originally identified in the
Drosophila segment polarity gene armadillo (Riggleman
et al, 1989), and it has been identified in a number of
other proteins including B-catenin, plakoglobin, p120,
APC, and smGDS (Peifer et al, 1994, and references
therein). Several ARM proteins are associated with cell
adhesion structures. Armadillo and its homologs bind to
the C-terminal cytoplasmic tail of cadherins, a calcium-
dependent class of cell adhesion molecules (CAMs), link-
ing the CAMs to the underlying cytoskeleton at cell—
cell junctions (McCrea et al, 1991). In contrast to the
armadilio protein, SRP1 and NPI-1 appear to be localized
to the nucleus. SRP1 is essential for the maintenance of
the nucleolar structure and rRNA transcription (Yano et
al, 1994). It is also associated with Nupip1, a yeast
nuclear pore complex protein required for nuclear protein
import, mMBNA export and maintenance of normal nuclear
architecture (Belanger et al, 1994). If NPI-1, like SRP1
(Yano et al., 1992), is associated with the nuclear mem-
brane, it is possible that NPI-1 functions to tether viral
RNP to the nuclear membranes (Jackson et al., 1982). It
should be noted that after this work was submitted for
publication, two human cDNA sequences were pub-
lished which are members of the SRP1 family (Cortes et
al, 1994; Cuomo et al., 1994). These proteins, Rch1 and
hSRP1, bind to the RAG-1 protein, which is a protein

TABLE 2

IDENTITY MATRIX OF NPI-1 FAMILY MEMBERS (% AMINO ACID |IDENTITY)

NPI-1 hSRP1? mSRP1 Rcht?
NPI1 —
hSRP1# 99 —
mSRP1 97 98 —
Rcht? 46 46 47 -
SRP1 53 53 53 46

Note. Sequences were obtained from Cortes et al. (1994), Cuomo et
al. (1994), Yano et al. {1992), and this work.

2 hSRP1 represents a partial clone.

5 Rch1 represents a partial clone.

required for the V(D)) genomic rearrangement in devel-
oping B and T cells. Both of these genes are 53% identical
to SRP1 (Table 2). We assume that the hSRP1 protein is
the same as NPI-1 since our sequence differs only at
5 amino acids from the partial sequence of the hSRP1
protein.

The carboxy terminal 276 amino acids of the NPI-1,
which were sufficient for interaction with the viral NP,
contain 43 ARM repeats. Individual repeats, in general,
are approximately 30% identical with the ARM consensus
seguence. This is consistent with the degree of conser-
vation in ARM repeats of other proteins (Peifer et al,
1994). We are presently mapping interactive domains of
the viral NP and the cellular NPI-1. It will be interesting
to determine whether multiple NP-binding domains are
present in NPI-1.
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