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A yeast two-hybrid screen for cellular proteins that interact with the murine leukemia virus (MuLV) Gag
protein resulted in the identification of nucleolin, a host protein known to function in ribosome assembly. The
interacting fusions contained the carboxy-terminal 212 amino acids of nucleolin [Nuc(212)]. The nucleocapsid
(NC) portion of Gag was necessary and sufficient to mediate the binding to Nuc(212). The interaction of Gag
with Nuc(212) could be demonstrated in vitro and was manifested in vivo by the NC-dependent incorporation
of Nuc(212) inside MuLV virions. Overexpression of Nuc(212), but not full-length nucleolin, potently and
specifically blocked MuLV virion assembly and/or release. A mutant of MuLV, selected to specifically disrupt
the binding to Nuc(212), was found to be severely defective for virion assembly. This mutant harbors a single
point mutation in capsid (CA) adjacent to the CA-NC junction, suggesting a role for this region in Moloney
MuLV assembly. These experiments demonstrate that selection for proteins that bind assembly domain(s) can
yield potent inhibitors of virion assembly. These experiments also raise the possibility that a nucleolin-Gag
interaction may be involved in virion assembly.

The retroviral gag gene products play crucial roles at late
stages in the viral life cycle, mediating virion assembly and
RNA packaging (reviewed in references 65 and 72). The gag
gene of the type C retroviruses is expressed as a precursor
protein that moves to the plasma membrane, assembles into
large structures, and induces the formation and release of
virion particles. gag mutations have often been found to block
virion assembly (1, 33, 61), and expression of the gag gene
alone in mammalian cells is sufficient to direct the formation
and release of “bald particles” from the cell (19, 63). Thus, the
Gag precursor is both necessary and sufficient for assembly,
earning the protein the name “particle making machine” (21).
In addition, Gag is important early in infection, during virus
entry; many mutations in the gag gene have no effect on as-
sembly but rather block early stages of infection (3, 17, 31, 73).
These studies indicate that some of the Gag domains are ac-
tively involved in the process of uncoating, reverse transcrip-
tion, and perhaps nuclear transport and entry.

During and after the assembly process, the Gag protein of
Moloney murine leukemia virus (Mo-MuLV) is cleaved by the
viral protease into four products found in the mature virion:
matrix (MA), p12, capsid (CA), and nucleocapsid (NC). The
MA domain is required for membrane targeting of Gag and for
virion assembly (57). The p12 protein includes an L domain
that is required for late stages of viral assembly and efficient
release from the cell (74). In addition, some mutations in p12
block early events (17, 75). The CA domain of Mo-MuLV is
important for virion assembly, as most deletions and many
point mutations in CA block this process. A few point muta-
tions do not affect assembly but rather block the early stages of

infection (3, 37). The NC domain is a highly basic sequence
containing a single Cys-His box, a conserved zinc-binding motif
(CX2CXnHX4C) found in most Gag proteins. Although NC is
not absolutely required for assembly, it contains a sequence,
termed the I (interaction) domain (65), that is important for
multimerization of Gag, and deletion of NC results in a drastic
reduction in particle production. Point mutations in NC often
affect the process of encapsidation of the viral RNA (32, 48,
56), and very subtle mutations, in which Cys and His residues
in the Cys-His box are changed to His or Cys, result in defects
in reverse transcription of the RNA or the stability of the
resulting DNA (31).

The complex and diverse activities of the Gag protein raise
the possibility that cellular factors are involved in regulating
Gag functions. Indeed, several cellular gene products have
been suggested to serve as negative or positive factors for Gag
activities during the retrovirus life cycle. Cyclophilin A, a prolyl
isomerase thought to be involved in protein folding, is an
example of a cellular factor that interacts with human immu-
nodeficiency virus type 1 (HIV-1) Gag and serves as a positive
factor for virus replication (44). Cyclophilin A is incorporated
at substantial levels into the HIV-1 virion particle, and this
incorporation enhances virus infectivity (25). A number of
other Gag-interacting proteins have recently been identified.
These include H03, a putative histidyl-tRNA synthetase that
binds to MA of HIV-1 (41); KIF4, a microtubule-associated
motor protein in the kinesin superfamily that interacts with
different retroviral Gag proteins, including that of Mo-MuLV
and HIV-1 (40, 67); actin and other cytoskeletal proteins
(ezrin, moesin, and cofilin) found in HIV-1 virions (50); and
translation elongation factor 1a, bound to MA and NC do-
mains of HIV-1 Gag (14). Proteins may also interact with Gag
protein early in infection; one example is the Fv-1 gene prod-
uct, which blocks virus infection through effects on the CA
domain (7, 20, 30, 51). It is likely that many other cellular
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proteins interact with Gag and are also involved in Gag func-
tions.

To identify new host proteins that bind to Gag, we have
applied the yeast two-hybrid system to screen a mouse cDNA
expression library for proteins that interact with an MuLV Gag
polyprotein serving as the bait. One protein recovered repeat-
edly was identified as a fragment of nucleolin, a host protein
known to shuttle between the nucleus and the cytoplasm and to
function in ribosome biogenesis. Here we describe the inter-
action of MuLV Gag with the C-terminal portion of nucleolin.
We find that this interaction can potently inhibit virus as-
sembly. Furthermore, a single point mutation adjacent to
the CA-NC boundary, selected to abolish this interaction, also
profoundly diminished assembly. Thus, these experiments in-
dicate that the region of Gag that contains the CA-NC junction
is important for Mo-MuLV assembly and that this region can
serve as a target for inhibiting assembly. These data also raise
the possibility that nucleolin may play a role in this process.

MATERIALS AND METHODS

Yeast plasmids. The yeast expression vector pGADNOT encodes the C-ter-
minal Gal4 activation domain (Gal4AD) and carries the LEU2 marker (44);
plasmids pSH2-1 (35) and pBTM116 (6) encode the N-terminal LexA DNA-
binding domain (LexADB) and carry HIS3 and TRP1 markers, respectively;
plasmids pMA424 (45) and pAS1 (23), generously provided by S. Elledge, Baylor
College of Medicine, encode the N-terminal Gal4 DNA-binding domain
(Gal4DB), with HIS3 and TRP1 markers, respectively. Plasmids containing the
Gag sequences of HIV-1, simian immunodeficiency virus type 1 (SIV-1), Mason-
Pfizer monkey virus (MPMV), Mo-MuLV, N- and B-tropic MuLVs, and Rous
sarcoma virus (RSV) were as described previously (4, 42, 44). The NC domain of
the Mo-MuLV Gag was removed by partial digestion with MscI plus SalI, and the
deleted DNA was transferred into pSH2-1 to generate a LexA-gagDNC fusion.
The CA-NC and NC domains of Mo-MuLV were amplified by PCR (Expand
High Fidelity PCR system [Boehringer Mannheim]) according to the manufac-
turer’s protocol, using oligonucleotides 59TCGCAGGGATCCCCCTCCGCGCA
GGA39 and 59GCGGGATCCGAGCCACTGTCGTTAGTGG39, respectively,
together with oligonucleotide 59CGCGCGGTCGACAGGAGGGAGG39 (nonvi-
ral sequences are in boldface) from plasmid pNCA (16). The amplified frag-
ments were digested with BamHI and SalI and cloned into the same sites in
pSH2-1. The resulting plasmids, pSH2-1-CANC and pSH2-1-NC, encode an
N-terminal LexADB fused in frame to the CA-NC and NC domains, respec-
tively. A construct expressing LexADB fused to lamin (39) was generously
provided by R. Sternglanz (Stony Brook, N.Y.). Plasmid pGADNOT-Nuc(212)
was isolated from the yeast two-hybrid screen and harbors a cDNA encoding the
last 212 amino acids of the cellular protein nucleolin [Nuc(212)]. A construct
expressing LexADB fused to Nuc(212) was made by transferring an EcoRI-BglII
fragment from pGADNOT-Nuc(212) (EcoRI and BglII sites are located at a
short polylinker at the 59 end of the cDNA and at the plasmid backbone, re-
spectively) to plasmid vector pBTM116, creating pBTM-Nuc(212).

Yeast strains. Saccharomyces cerevisiae strains GGY::171 and CTY10-5d (39)
were generously provided by R. Sternglanz. BY3171 is the MaV103 reverse
two-hybrid S. cerevisiae strain (70), generously provided by E. Harlow (Massa-
chusetts General Hospital).

Yeast two-hybrid library construction and screening. Mouse cDNAs were
obtained from a lambda phage library of cDNAs derived from the murine cell
line WEHI-3 (a BALB/c macrophage/monocyte-derived cell line) in the direc-
tional UNI-ZAP vector (Stratagene). Roughly 106 plaques were pooled, the
phage were propagated in liquid culture, and DNA was prepared by standard
procedures (59). Inserts were excised by cleavage of NotI and XhoI (resulting in
a short polylinker attached to the 59 end of the cDNAs) and separated by
electrophoresis on a 1% agarose gel. DNA inserts in the range of 0.5 to 4 kb were
isolated and ligated into the NotI and SalI sites in the yeast vector pGADNOT,
and the products were used to transform bacteria. A total of seven pools of at
least 105 colonies were generated and used to prepare large amounts of plasmid
DNA. More than 98% of the DNAs contained inserts. Since this library is
directional, one clone in three should be in frame with the Gal4AD, and all
should be the correct orientation.

To screen for Gag-interacting proteins, yeast strain CTY10-5d was cotrans-
formed with a 1:1 mixture of pLexADB-Ngag plasmid and a given Gal4AD
library plasmid pool, selecting for transformation by both plasmids. The colonies
were transferred onto nitrocellulose filters and assayed for b-galactosidase (b-
Gal) activity as described elsewhere (44). Blue transformants were restreaked
and retested, and DNA was recovered from positive clones. The DNA was used
to transform Escherichia coli strain Leu2 BAI, and Leu1 transformants were
selected to allow recovery of the cDNA-containing plasmid pGADNOT. These
plasmids were then retested in yeast for activation of b-Gal to confirm their
ability to activate in concert with plasmid pLexADB-Ngag. The sequence of each

insert in these plasmids was determined and compared with entries in the
GenBank database.

Reverse two-hybrid system. A BamHI-SalI fragment, containing the Mo-
MuLV CA and NC sequences from plasmid pSH2-1-CANC, was cloned into the
same sites in the yeast expression vector pAS-1. The resulting plasmid, pAS1-
CANC, encodes a Gal4DB-CA-NC fusion. This plasmid was randomly mutated
using an E. coli mutator strain (XL-1 Red; Stratagene) according to the manu-
facturer’s protocol, and the library of mutagenized DNA was used to transform
E. coli strain ElectroMAX DH10B (GIBCO-BRL) to yield about 5 3 106 inde-
pendent colonies. To obtain a rough estimate of the mutagenesis efficiency of the
XL-1 Red strain, a parallel random mutagenesis procedure was performed on
plasmid pUC18, and the mutated plasmid library was isolated and used to
transform E. coli DH5a. Colony staining for b-Gal activity revealed that about
1% of the colonies were white.

Yeast strain BY3171 harboring plasmid pGADNOT-Nuc(212) was trans-
formed with the randomly mutated pAS1-CANC library and plated on medium
lacking Leu and Trp and containing 0.1% 5-fluoro-orotic acid (5-FOA). Out of
approximately 104 transformants, only three 5-FOA-resistant colonies were ob-
tained. Plasmid DNA was recovered and used to transform Trp2 His2 Leu2

KC8 bacteria (Clontech). The pAS1-CANC plasmids recovered were used to
transform yeast strain BY3171 harboring plasmid pGADNOT-Nuc(212) and
were confirmed not to activate the reporter. Restriction digestion of these plas-
mids revealed that one was a rearranged plasmid lacking the insert. DNA se-
quence analysis of the other two plasmids showed that only one was mutated in
the CA-NC sequence. This mutation (L477P) changed a leucine codon (CTA) at
position 477 of Gag to a proline codon (CCA).

To confirm that no other mutations in the backbone of the plasmid contrib-
uted to the lack of interaction with the Gal4AD-Nuc(212) fusion protein, the
CA-NC sequence was excised by BamHI and SalI digestion and then cloned into
the same sites in plasmid pGADNOT. The resulting plasmid, pGADNOT-
L477P, was transformed together with pBTM-Nuc(212) into yeast strain CTY10-
5d, and Leu1 Trp1 colonies were selected. No activation of the lacZ gene was
observed in these colonies, indicating that the L477P mutation is sufficient to
disrupt the CA-NC–Nuc(212) interaction. In addition, these experiments dem-
onstrated that L477P disrupts this interaction whether the CA-NC sequence is
fused to Gal4DB or to Gal4AD.

In vitro binding experiments. The Nuc(212) cDNA insert was excised from
plasmid pGADNOT-Nuc(212) by cleavage at an XbaI site (located at a short
polylinker at the 59 end of the cDNA) and a BglII site (located at the pGADNOT
plasmid backbone). This insert was cloned into the same sites in plasmid
pGEX2TKPL, a derivative of pGEX-2TK (Pharmacia), to form a glutathione
S-transferase (GST)–Nuc(212) fusion. Cultures of E. coli DH5a (200 ml) har-
boring pGEXT2TKPL or pGEXT2TKPL-Nuc(212) were grown to an optical
density at 600 nm of 0.5, induced by the addition of isopropyl-b-D-thiogalactoside
(IPTG) to a final concentration of 1 mM, and incubated at 37°C for 2 h. The
bacteria were chilled on ice, washed twice with TNEN (50 mM Tris-HCl [pH 7.5],
0.5% Nonidet P-40 [NP-40], 10 mM EDTA, 50 mM NaCl), and 25% of the
bacterial pellet was resuspended in 1 ml of TNENI solution (TNEN solution
mixed with 2 mM phenylmethylsulfonyl fluoride (PMSF), aprotinin [1 mg/ml],
leupeptin [1 mg/ml], and pepstatin A [1 mg/ml]). The bacteria were disrupted by
sonication, and the cell debris was removed by centrifugation. Extracts of mam-
malian cells containing Gag proteins were prepared by lysing Mo-MuLV-in-
fected NIH 3T3 cells with ice-cold TNENI (1 ml per 100-mm-diameter dish); the
lysates were passed through a 19-gauge needle and clarified by centrifugation. A
500-ml aliquot of each bacterial lysate was mixed with 500 ml of the mammalian
cell extract. After 1 h of rotation at 4°C, a slurry of glutathione-agarose beads (20
ml; Sigma) was added, and incubation was continued for 1 h at 4°C. The beads
were then washed four times with TNENI solution and boiled in 60 ml of 23
loading buffer (125 mM Tris-HCl [pH 6.8], 2.5% sodium dodecyl sulfate [SDS],
20% glycerol, 50 ml of b-mercaptoethanol/ml); 20 ml of this mixture was analyzed
by Western blotting. In typical experiments, the bound protein obtained from 15
to 20% of the original lysate was loaded per lane; to allow comparison with the
input protein, 2% of the original 1-ml lysate was loaded directly in a parallel lane.

Mammalian expression plasmids. Plasmid pNLENV-1 (46), which lacks the
simian virus 40 (SV40) origin of replication, was used to express HIV-1 gag and
pol genes (NL4-3 strain). pHIV-HSA, which contains the SV40 origin of repli-
cation, carries the HIV-1 genome (HXB2 strain) with a portion of its envelope
gene substituted by the mouse heat-stable antigen gene (58) (generously pro-
vided by Manfred Schubert, National Institutes of Health, Bethesda, Md.).

Plasmid pXM-MoZipWT expresses a modified Mo-MuLV Gag in which the
BZip domain from human CREB (77) was fused to the capsid C terminus,
replacing the NC domain (E. Barklis, personal communication). The plasmid
was generously provided by E. Barklis (Oregon Health Sciences University).

Mo-MuLV was expressed from plasmid pNCA (16) or from pNCS, a deriva-
tive carrying an SV40 origin of replication in the plasmid backbone. To introduce
the L477P mutation into the Mo-MuLV provirus, an XhoI-SalI fragment was
excised from pNCS and from pGADNOT-L477P and cloned into the same sites
in pBluescript KS (Stratagene) to create pBLS-wt and pBLS-L477P, respectively.
An internal XhoI-NruI fragment (560 bp) was excised from pBLS-wt and re-
placed with the corresponding fragment derived from pBLS-L477P, to create
pBLS-wt-L477P. The mutated gag sequence was then exchanged for the wild-
type gag sequence in pNCS, using the XhoI-SalI sites, to form pNCS-L477P. The
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L477P change abolished an AluI site, which was used to confirm the presence of
this mutation.

To construct a protease-defective Mo-MuLV, the protease sequence in plas-
mid pBLS-wt was mutated by using the GeneEditor in vitro site-directed mu-
tagenesis system (Promega) as instructed by the manufacturer along with the
oligonucleotide 59CGTCACCTTCCTGGTCGCGACTGGGGCCCAACAC39
(bold letters represent changes from the wild-type sequence); the mutation
results in replacement of the aspartic acid in the protease catalytic site with
alanine. The existence of this mutation was verified by the presence of a new NruI
site and by additional DNA sequence analysis. The mutated protease sequence
was then exchanged for the wild-type sequence in pNCS, using the XhoI-SalI
sites, to form plasmid pNCS-Prot2.

To create a Mo-MuLV with a deletion in the RT, a BclI-BlpI fragment was
deleted from pNCA; the termini were blunted with the Klenow fragment of
DNA polymerase I and ligated. An XhoI-SacII fragment harboring the deletion
was then exchanged for the wild-type sequence in pNCS, using the same sites, to
create pNCSDRT.

A construct expressing hemagglutinin (HA)-tagged cyclophilin A was gener-
ously provided by J. Luban (Columbia University).

A C-terminally Myc-tagged, full-length nucleolin was constructed as follows.
Total RNA extracted from WEHI cells was subjected to reverse transcription
using oligo(dT) as a primer and SuperScript RNase H2 RT (GIBCO-BRL)
according to the manufacturer’s protocol. The open reading frame of nucleolin
(8) was amplified from the WEHI cDNA by PCR (Expand High Fidelity PCR
system) as instructed by the manufacturer, using the oligonucleotides 59CGGA
ATTCCGGCGCCGTAATCCGCCACC39 and 59TCCGCCCGGGCATTCAAA
CTTCGTCTTCTTTCC39 (nucleotides that flank the nucleolin sequence are in
boldface). The resulting amplified fragment contains an EcoRI site, 20 nucleo-
tides of the 59 untranslated region just upstream of the nucleolin start codon, and
the nucleolin open reading frame with an SrfI site fused at its 39 (lacking the stop
codon). This fragment was cloned into the SmaI site in plasmid pUC18, using a
SureClone ligation kit (Pharmacia) as instructed by the manufacturer, creating
pUC18-1b. The EcoRI-SrfI fragment was excised from plasmid pUC18-1b and
cloned into the same sites in pMT21myc (22), creating a full-length open reading
frame of the mouse nucleolin cDNA, fused at its 39 end in frame to the Myc
epitope. N-terminally HA-tagged Nuc(212) was expressed from plasmid pCGN-
Nuc(212), which was constructed by excision of the Nuc(212) cDNA insert from
pGADNOT-Nuc(212), using XbaI and BglII sites (located at a short polylinker at
the 59 end of the cDNA and at the pGADNOT plasmid backbone, respectively),
and was cloned into the XbaI and BamHI sites of the mammalian expression
vector pCGN (66). An N-terminally HA-tagged, full-length nucleolin was con-
structed as follows. The full-length open reading frame of nucleolin was ampli-
fied from plasmid pUC18-1b by PCR, using the oligonucleotides 59GGACCTT
CTAGAATGGTGAAGCTCGCAAAGGCTGGC39 and 59CGGCGGAGATCTC
TATTCAAACTTCGTCTTCTTTCC39 (nucleotides that flank the nucleolin
sequence are in boldface). The amplified PCR fragment was digested with XbaI
and BamHI (an internal BamHI site exists in the C-terminal portion of the
nucleolin sequence) and cloned into the same sites in pCGN-Nuc(212), to gen-
erate pCGN-Nucleolin. This plasmid encodes the full-length nucleolin cDNA
fused at its amino terminus in frame to the HA epitope. Both HA-tagged and
Myc-tagged full-length nucleolin migrated with the same apparent size as the

endogenous nucleolin when extracts of cells expressing these proteins were
analyzed by Western blotting using a monoclonal antibody against the N termi-
nus of wild-type nucleolin (data not shown).

Transformation of 293T and COS-7 cells. 293T cells were transfected using
calcium phosphate (52). Subconfluent COS-7 cells were transfected using
DEAE-dextran (55). Expression was analyzed 2 days after transfection for both
293T and COS-7 cells.

RT assay. Exogenous RT assay mixtures (68) were incubated for various times,
and the radioactivity of the DNA product was quantitated by PhosphorImager
analysis (26). Relative RT activity was calculated from the slope of the graph of
radioactivity in DNA (in arbitrary pixel units), plotted against the reaction time
(in minutes).

Equilibration centrifugation of virion particles. Virions were purified on 25%/
45% sucrose step gradients (62). Virions were also analyzed on 20 to 60%
continuous sucrose gradients by centrifugation for 16 h at 80,000 3 g at 4°C.
Gradient fractions of 0.5 ml were collected; proteins were precipitated with
trichloroacetic acid in the presence of 1 mg of bovine serum albumin, resus-
pended, and analyzed by SDS-gel electrophoresis and Western blotting.

Subtilisin digestion of virions. COS-7 cells (33100-mm plates) were trans-
fected with 5 mg of pNCS expressing Mo-MuLV, together with 5 mg of plasmid
expressing HA-Nuc(212). Two days later the virions were purified from culture
supernatants by sucrose step gradients, and virion pellets were resuspended in
subtilisin buffer (40 mM Tris [pH 8], 2 mM CaCl2). Various amounts of subtilisin
(Boehringer Mannheim D-68298) were added; after incubation at room temper-
ature, reactions were stopped by adding PMSF and aprotinin to final concen-
trations of 2 mM and 1 mg/ml, respectively. Particles were purified through a 25%
sucrose cushion, and the pellets were resuspended and boiled in 23 loading
buffer. For subtilisin treatment in the presence of detergent, NP-40 was added to
a final concentration of 0.2%; after the reactions were stopped, the mixture was
supplemented with an equal volume of 23 loading buffer and boiled.

Western blot analysis and antibodies. Western blot analyses were performed
using 10 to 12% polyacrylamide gels and Immobilon-P transfer membrane
(Millipore) according to the manufacturer’s protocol. Peroxidase-conjugated sec-
ondary antibodies were detected by staining the membrane with ECL Western
blotting detection reagent (Amersham Pharmacia Biotech) according to the
manufacturer’s protocol. Goat polyclonal anti-Gag antiserum, raised against
Rauscher MuLV, was obtained from the National Cancer Institute (product no.
79S-804). This antiserum cross-reacts with Mo-MuLV Gag and was used at a
1:5,000 dilution. Monoclonal anti-p15E envelope antibody, in culture superna-
tants of hybridoma line 42-114 (53), was diluted 1:2 before use. Mouse mono-
clonal antibody against HIV-1 capsid (HIV-018-48171) was purchased from
Capricorn, Scarborough, Maine, and used at a 1:5,000 dilution. Mouse mono-
clonal antibody against the HA epitope (Boehringer Mannheim) was used at a
final concentration of 0.4 mg/ml. Peroxidase-conjugated polyclonal antisera
raised against goat immunoglobulin G (Boehringer Mannheim) and mouse im-
munoglobulin G (Amersham Life Sciences) were used at 1:10,000 and 1:3,000
dilutions, respectively.

Transformation of Phoenix cells and assays for transduction. 293T-based,
amphotropic or ecotropic Phoenix helper cell lines (34) (generously provided by
G. Nolan, Stanford University) were transfected with 2 mg of a Mo-MuLV-based,

FIG. 1. In vitro binding of Mo-MuLV Gag to Nuc(212). An extract of Mo-
MuLV-infected NIH 3T3 cells was divided and mixed with extracts of bacteria
expressing either GST or GST-Nuc(212); the GST proteins were recovered on
glutathione-coated beads. Proteins in whole lysates and proteins bound to the
beads and eluted were analyzed by Western blotting using a polyclonal antibody
against capsid protein. Migration of size marker is shown on the right. Positions
of Pr65gag and capsid are indicated on the left.

TABLE 1. b-Gal activity in yeast expressing different Gag
and Nuc(212) hybrid proteinsa

Protein
Partner

Gal4AD-Nuc(212) Gal4AD

LexADB-Ngag 1 2
LexADB-Bgag 1 2
LexADB-Mgag 1 2
LexADB-CANC 1 2
LexADB-MgagDNC 2 2
LexADB-NC 1 2
LexADB-lamin 2 2
LexADB 2 2
Gal4DB-Mgag 1 2
Gal4DB-RSVgag 1 2
Gal4DB-MPMVgag 2 2
Gal4DB-SIVgag 1 2
Gal4DB-HIVgag 1/2 2
Gal4DB 2 2

a Yeast were transformed with different combinations of plasmids encoding
the indicated fusion proteins. The LexADB or Gal4DB fusion proteins were
expressed in yeast strain CTY10-5d or GGY::171, respectively. Yeast colonies
were lifted and stained for b-Gal activity as described elsewhere (5). Entries
indicate the presence or absence of blue color with transformants. 1/2 indicates
only faint blue color.
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green fluorescent protein (GFP)-containing retroviral vector (MFG-GFP; gen-
erously provided by G. Nolan) and the indicated plasmid DNAs, using the
calcium phosphate method (52). The next day the supernatants were replaced
with 3 ml of fresh medium. Two days after transfection, the cells were analyzed
by fluorescence-activated cell sorting (FACS) for GFP fluorescence. Mock-trans-
fected cells were used to determine the background autofluorescence level of
GFP-negative cells. Total fluorescence of the GFP-positive cell population was
calculated by multiplying the percentage of GFP-positive cells with their mean
fluorescence value. Supernatants of transfected cells were filtered through a
0.45-mm-pore-size filter (GelmanSciences) and diluted 1:3 with culture medium;
then Polybrene was added to a final concentration of 5 mg/ml. These virus
preparations (2 ml) were used to infect NIH 3T3 cells (2 3 105 cells in 60-mm-
diameter dishes) for 2 h. Two days later, fluorescence of the infected, GFP-
positive cells was measured by FACS and total fluorescence was calculated.
Normalized infectivity was calculated by dividing the total fluorescence of in-
fected cells by the total fluorescence of transfected cells. FACS analysis of
GFP-positive cells revealed that between 15 and 45% of the transfected Phoenix
cells were transfected and that between 0.1 and 55% of the NIH 3T3 cells were
infected.

RESULTS

Yeast two-hybrid screen for MuLV Gag-interacting pro-
teins. To screen for cellular proteins that interact with the
MuLV Gag protein, the LexADB-Ngag fusion protein was
used as a bait to screen a mouse cDNA library of sequences
expressed as fusions to the Gal4AD. Out of approximately 106

yeast colonies screened, we identified 12 plasmids that repro-
ducibly activated the lacZ reporter gene in the presence of
LexADB-Ngag. Three of these clones were independent iso-
lates of the same cDNA, approximately 1.3 kb long, showing
complete identity to mouse nucleolin (8). In these clones the
Gal4AD sequence was fused in frame to the last 212 amino
acids of nucleolin [Nuc(212)]. Nucleolin is a ubiquitous, abun-
dant 100-kDa phosphoprotein with a complex structure and
diverse activities (for a recent review, see reference 29). The
carboxy two-thirds of nucleolin consists of four RNA-binding
domains, also called RNA recognition motifs (RRM) (8–10,
18), followed by a fifth distinct domain, rich in glycine, dim-
ethylarginine, and phenylalanine, called a glycine-arginine-rich
(GAR) domain (36, 43). The GAR domain also binds RNA
(28, 36, 49) and possesses a nucleic acid helicase activity (27,
69). The region recovered in the yeast plasmid contains a
partial copy of the third RRM, a complete copy of the fourth
RRM, and the complete GAR helicase region. Three other
clones recovered in the screen had no similarity to nucleolin
but showed similarity to the DEAD box family of RNA heli-
cases; the corresponding gene was named GIP2.

Gag-Nuc(212) interactions in the yeast two-hybrid system.
To evaluate the range of Gag proteins that interact with
Nuc(212), various pairs of plasmids encoding different fusion
proteins were tested in the yeast two-hybrid system (Table 1).
Gag proteins of Mo-MuLV and of N- and B-tropic viruses
fused to LexADB (LexADB-Mgag, -Ngag, and -Bgag, respec-
tively) all interacted strongly with Gal4AD-Nuc(212). Gag pro-
teins from RSV and SIV fused to Gal4DB (Gal4DB-RSVgag and
SIVgag, respectively) also interacted strongly with Gal4AD-
Nuc(212). However, the Gag protein of HIV-1 fused to Gal4DB
(Gal4DB-HIV) showed only weak interaction, and the Gag
protein of MPMV fused to Gal4DB (Gal4DB-MPMV) did not

detectably interact. All of these Gag constructs did not interact
with Gal4AD alone, and Gal4AD-Nuc(212) did not interact
with an irrelevant protein (lamin) fused to LexADB, with
LexADB alone, or with Gal4DB alone. These results indicate
that a specific interaction occurs between Nuc(212) and many,
though not all, Gag proteins in the yeast two-hybrid system.

The region of the Mo-MuLV Gag protein required for in-
teraction with Nuc(212) was determined by testing LexADB
fusions with various domains of Gag for interaction with
Gal4AD-Nuc(212) (Table 1). A LexADB fusion containing
MA, p12, and CA but lacking NC (LexADB-MgagDNC), did
not interact with Gal4AD-Nuc(212), indicating that the NC
domain was required. A fusion containing the CA and NC
domains, LexADB-CANC, interacted as strongly as the com-
plete Gag protein. LexADB fused to NC alone (LexADB-NC)
did interact, though this interaction was somewhat weaker than
the interaction with LexADB-CANC. These data suggest that
the NC domain is necessary and sufficient for the interaction of
Nuc(212) and that addition of the CA domain to the NC
domain may stabilize or enhance this interaction.

Nuc(212) binds Mo-MuLV Gag in vitro. To verify the results
from the yeast two-hybrid system, we tested for the ability of
Nuc(212) to bind to Mo-MuLV Gag in vitro. A GST fusion
protein containing Nuc(212), or GST protein alone, was ex-
pressed in bacteria, extracted, and incubated with lysates
of Mo-MuLV-infected NIH 3T3 cells. The GST and GST-
Nuc(212) proteins were then recovered by binding to glutathi-
one beads. The beads were washed, and the bound proteins
were eluted and analyzed by SDS-gel electrophoresis followed
by Western blotting using polyclonal anti-Gag antisera (Fig. 1).
Analysis of the initial Mo-MuLV-infected NIH 3T3 lysates
revealed the presence of the full-length Gag precursor, Pr65gag,
and the mature CA domain, p30. The GST-Nuc(212) fusion
protein efficiently bound the full-length Gag protein but not
CA. In contrast, beads containing the GST protein alone did
not bind the full-length Gag from the same lysate. These data
demonstrate that Nuc(212) can specifically bind to the full-
length Mo-MuLV Gag protein in vitro.

Incorporation of Nuc(212) into Mo-MuLV virions. To inves-
tigate whether Nuc(212) can interact with Mo-MuLV Gag in
vivo, we tested for the incorporation of Nuc(212) into virion
particles. COS-7 cells were transfected with DNAs containing
the complete Mo-MuLV genome together with DNA encod-
ing the Nuc(212) fragment tagged with an influenza virus HA
epitope. Plasmid DNA encoding an irrelevant HA-tagged pro-
tein (annexin II light chain; hereafter called HA-p11) was used
as a negative control. Virions were purified from the culture
supernatants of the transfected cells by sucrose step gradients,
and virion proteins recovered in the pellets were analyzed by
gel electrophoresis followed by Western blotting (Fig. 2A).
Probing the membrane with monoclonal anti-HA antibody re-
vealed that the HA-Nuc(212) protein was present at high levels
in the virions isolated from cultures expressing both Mo-
MuLV and HA-Nuc(212) protein. No HA-Nuc(212) protein
was detected in virion preparations from cultures that sepa-
rately expressed HA-Nuc(212) or Mo-MuLV alone, nor was it

FIG. 2. In vivo binding of Mo-MuLV Gag to Nuc(212). Five micrograms of plasmid expressing Mo-MuLV and/or 5 mg of plasmid expressing the indicated
HA-tagged protein were transiently expressed in COS-7 cells. All plasmids contained the SV40 origin of replication. Two days later the cells were extracted, and the
virions were purified from supernatants, analyzed by Western blotting with a monoclonal antibody against the HA epitope (top panels), and reprobed with a polyclonal
antibody against the capsid protein (bottom panels). (A and B) Virions purified through 25 and 45% sucrose step gradients, followed by a second purification step
through a 25% sucrose cushion. About 2% of each cell extract and 30% of each virion pellet were analyzed by Western blotting. The fork-like line indicates that the
supernatants of the indicated transfections were mixed prior to virion purification. M, protein size marker. Positions of migration of size marker bands (right) and of
capsid and HA-tagged proteins (left) are shown. (C) Virions purified through a 25% sucrose cushion, followed by purification through a 20 to 60% continuous sucrose
gradient. 1 to 27, gradient fraction numbers. Top and Bottom designate the top and bottom gradient fractions, respectively. The locations of HA-Nuc(212) and capsid
are shown on the left. The plot of the gradient density is shown at the bottom.

VOL. 74, 2000 Gag-NUCLEOLIN INTERACTION AND RETROVIRAL ASSEMBLY 11031



detected if the supernatants from the singly transfected cells
were mixed before the virion purification step. Coexpression of
Mo-MuLV with HA-p11 did not result in the recovery of
HA-p11 in the virion pellet. These data indicate that Nuc(212)
interacts with Mo-MuLV in vivo and is associated with the
virions.

Not all proteins that interact with Gag in the yeast system
are incorporated into virions in mammalian cells. Two seg-
ments of GIP2, another protein that also interacted strongly
with Mo-MuLV NC in the yeast two-hybrid system, were ex-
pressed with HA tags (HA-GIP2, and HA-GIP2*) and tested
for incorporation into virions (Fig. 2B). Although these pro-
teins were expressed at high levels in the virion-producing
cells, neither HA-GIP2 protein could be detected in the puri-
fied virions released by these cells. Thus, the interaction of
Nuc(212) with Gag is distinct in that it results in efficient
incorporation into virion particles.

To probe the association of Nuc(212) with Mo-MuLV par-
ticles further, we transiently expressed in COS-7 cells both
Mo-MuLV and HA-Nuc(212), purified the virions from super-
natants of transfected cultures by sucrose step gradients, and
then separated the particles by equilibrium centrifugation in a
20 to 60% linear sucrose gradient. Fractions were collected
from the gradient and analyzed by Western blotting (Fig. 2C).
Probing the fractions with antibodies directed against either
the HA tag or the capsid protein revealed that the peak of the
HA-Nuc(212) coincided precisely with the peak of the capsid
protein. Control experiments showed that Mo-MuLV virions
could be readily separated from an irrelevant membrane pro-
tein, the Tyro3 receptor (data not shown). These results sug-
gest that the Nuc(212) is genuinely associated with the viral
particles.

Nuc(212) is incorporated inside Mo-MuLV virions. HA-
Nuc(212) might in principle copurify with Mo-MuLV particles
because of an association with membrane vesicles with a den-
sity similar to the density of the virions (50) or because it can
bind to the outer surface of the budding virions. Cellular pro-
teins associated with vesicles, however, are sensitive to diges-
tion by subtilisin, while proteins in the virion core are protect-
ed from digestion by the virion envelope (50). To test whether
Nuc(212) was localized inside the viral envelope, virions were
purified by sucrose step gradients from supernatants of COS-7
cells that coexpressed Mo-MuLV and HA-Nuc(212) and di-
gested with various concentrations of subtilisin (50). After di-
gestion, the particles were purified through a 25% sucrose
cushion, and proteins in the pellets were separated by SDS-gel
electrophoresis and detected by Western blotting. The enve-
lope protein on the virion surface was degraded by treatment
of the virions with low levels of protease, but the internal Gag
protein and the HA-Nuc(212) protein were protected from
digestion even at very high levels of protease (Fig. 3A). The
virion-associated Gag and HA-Nuc(212) proteins were digest-
ed by low levels of protease, however, if the treatments were
performed in the presence of detergent to disrupt the virion
membrane (Fig. 3B). These experiments strongly suggest that
the HA-Nuc(212) is incorporated inside the virions.

Nuc(212) incorporation into virions requires the NC do-
main. The incorporation of Nuc(212) into virions might be
mediated by nonspecific interactions with the membrane, or
even by the flow of protein by mass action into assembling
particles, or could result from direct binding to Gag. To de-
termine whether Nuc(212) incorporation required a specific
interaction with the Gag NC domain, we tested both a modi-
fied Mo-MuLV Gag lacking its NC domain and the HIV-1 Gag
for the ability to incorporate Nuc(212). Deletion of NC from
Mo-MuLV Gag causes a drastic reduction in the yield of viri-

ons, precluding a direct test of a mutant Gag simply lacking
NC. However, Zhang et al. generated an assembly-competent
variant of the Mo-MuLV Gag (MoZipWT) in which the NC
domain was replaced by a foreign protein, the BZip domain
from human CREB (77). The substituted region of the result-
ing construct, pXM-MoZipWT, replaces the assembly function
of the NC domain to allow the formation of high levels of
immature virion particles. COS-7 cells were transfected with
DNAs expressing MoZipWT and HA-Nuc(212), and virions
were recovered on sucrose step gradients as before. Western
blot analysis showed that although substantial levels of parti-
cles were produced, no HA-Nuc(212) associated with these
particles was detected (Fig. 4A). Thus, the incorporation of
Nuc(212) into Mo-MuLV virions required the presence of the
NC domain.

The pXM-MoZipWT construct expresses only the altered
Gag protein and does not allow incorporation of Gag-Pol,
processing of Gag by the viral protease, or virion maturation.
To test whether these properties were responsible for the
inability of the variants to incorporate Nuc(212), additional
mutants of Mo-MuLV were used in the assay. Mo-MuLV
carrying a point mutation that inactivated the protease (Mo-
MuLVProt2) and a variant with a deletion affecting RT
(Mo-MuLVDRT) were able to induce high levels of virions;
when coexpressed with HA-Nuc(212), the resulting virions were
found to contain high levels of the tagged protein, similar to
the levels in wild-type virions (Fig. 4B and C). Thus, Gag pro-
cessing and an intact Gag-Pol protein are not required for in-
corporation of Nuc(212). Thus, the failure of MoZipWT to
incorporate Nuc(212) must be attributed to its lack of an NC
domain.

The initial tests for interaction of Nuc(212) with retroviral
Gags in yeast indicated only a very weak interaction with the
HIV-1 Gag (Table 1). To test for the incorporation of Nuc
(212) into virions assembled by the HIV-1 Gag, COS-7 cells
were transfected with DNAs containing the HIV-1 provirus
and DNA encoding Nuc(212), and virions were collected and
analyzed as before. Particles assembled by HIV-1 Gag did not
incorporate detectable HA-Nuc(212) but did incorporate HA-
tagged cyclophilin A, known to be packaged into HIV-1 virions
(Fig. 4D). Examination of very high amounts of HIV-1 parti-

FIG. 3. Subtilisin treatment of Mo-MuLV virions. COS-7 cells were tran-
siently transfected with plasmids expressing Mo-MuLV and HA-Nuc(212) pro-
tein, and virions were purified as for Fig. 2A. Twenty percent of the pellet was
digested with the indicated amount of subtilisin, after which PMSF and aprotinin
were added to terminate the digestion. (A) Subtilisin digestion in the absence of
detergent for 17 h at room temperature, followed by particle purification through
25% sucrose cushion. Thirty percent of the pellet was analyzed by Western
blotting. (B) Subtilisin digestion in the presence of 0.2% NP-40 for 1 h at room
temperature. Twenty percent of the sample was analyzed by Western blotting.
The membranes were probed with a monoclonal anti-HA epitope antibody
reprobed with a polyclonal anticapsid serum, and probed again with a monoclo-
nal antienvelope antibody, as indicated on the left. The locations of HA-
Nuc(212) and capsid are shown on the right.
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cles, encoded by a different construct expressing high levels of
HIV Gag, similarly failed to detect any incorporated HA-
Nuc(212) protein (data not shown). Estimates from these blots
suggest that there was at least 30-fold less incorporation of
HA-Nuc(212) than HA-cyclophilin A into the HIV virions. As
before, HA-Nuc(212) could not be detected in mock virion
preparations from supernatants of control cultures that sepa-
rately expressed either HA-Nuc(212), Mo-MuLV, MoZipWT,
or HIV alone. These data strongly suggest that HA-Nuc(212)
protein is specifically incorporated into Mo-MuLV particles,
and not generally assembled into budding viruses, and that this
incorporation is dependent not on the presence of Gag-Pol
protein or on Gag processing but rather on the presence of the
Mo-MuLV NC domain.

Overexpression of Nuc(212), but not full-length nucleolin,
inhibits retroviral infectivity. The interaction of Nuc(212) with
Mo-MuLV Gag in vivo could have various consequences; very
high-level expression of Nuc(212) might sequester Gag, block
Gag-Gag interactions, or otherwise interfere with normal vi-
rion assembly. To test this possibility, we developed a quanti-
tative assay which measures the effect of high-level expression
of a candidate inhibitory gene on the ability of a producer cell
line to release transducing virus. Phoenix cells, which consti-
tutively express the Mo-MuLV Gag, Pol, and Env proteins,
were cotransfected with a retroviral vector DNA transducing
the GFP marker and a DNA encoding a potential inhibitor.
The transfected cells could be analyzed by flow cytometry to
determine the number of cells transfected and the level of
expression of the GFP marker. The virus produced by these
cells could then be collected, and the yield of infectious virus
could be determined by infecting fresh NIH 3T3 cells and
analyzing these recipients for the GFP marker by flow cytom-
etry. To achieve high-level expression of the inhibitors, the
DNAs encoding these products contained the SV40 origin of
replication and thus would be amplified to high copy number
by the T antigen present in the Phoenix cells.

Transfection of the Phoenix cells with the GFP vector and
various test DNAs showed efficient expression of the GFP
marker and no inhibition of expression in the transfected cells
by most of the DNAs (data not shown). Expression of HA-
Nuc(212), however, caused a drastic reduction in the produc-
tion of transducing virus. In three experiments, coexpression of
the HA-Nuc(212) caused an average 25-fold reduction in the
infectivity of the retroviral vector compared to the control
HA-p11 protein (Fig. 5A). Coexpression of a full-length nu-
cleolin carrying a Myc epitope tag at the C terminus (nucleo-
lin-Myc) did not significantly reduce the vector titer. To test
whether the inhibition was dose dependent, various ratios of
the DNA encoding HA-Nuc(212) to the vector expressing HA-
p11 were used; the results showed a dose-dependent decrease
of the titer of the retroviral vector by increasing levels of
HA-Nuc(212) (Fig. 5B). The nucleolin-Myc construct did not
show a similar inhibition (Fig. 5C). These results suggest that
the high-level expression of Nuc(212) can virtually abolish re-

FIG. 4. In vivo incorporation of HA-Nuc(212) by different Gag proteins. The
ability to incorporate HA-Nuc(212) by different viruses was compared to that of
Mo-MuLV. COS-7 transfection, virion purification, and Western blot analysis

were done as described for Fig. 2A. The lower panel shows analysis of the cell
extracts for the expression of HA-Nuc(212), and the upper panels show analysis
of the virion pellets for the expression of HA-Nuc(212) and Gag proteins. Shown
is comparison between Mo-MuLV and Mo-MuLV with a modified Gag protein
in which the NC domain was replaced with the BZip domain from human CREB
(MoZipWT) (A), Mo-MuLV with an inactivated protease (Mo-MuLVProt2)
(B), Mo-MuLV lacking RT (Mo-MuLVDRT) (C), and HIV-1 (D). Note that the
deletion in Mo-MuLVDRT causes poor Gag-Pol processing although this virus
contains a wild-type protease. HIV-1 was expressed from plasmid pHIV-HSA.
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lease of infectious virus, without significant effect on the level
of marker gene expression in virus-producing cells.

To test whether Nuc(212) could block virus infection during
virus entry, COS-7 cells were transfected with DNAs overex-
pressing HA-Nuc(212), or HA-p11 as a control, and then were
challenged with GFP transducing virus preparations pseudo-
typed with the vesicular stomatitis virus G envelope protein.
Similar numbers of infected cells were observed for both HA-
Nuc(212) and HA-p11-expressing cells (data not shown). Thus,
overexpression of HA-Nuc(212) did not block susceptibility to
virus infection. These results also indicate that overexpression
of the protein did not cause a gross block to cellular metabo-
lism.

High-level expression of Nuc(212) inhibits Mo-MuLV virion
release. The inhibition of release of infectious GFP virus me-
diated by Nuc(212) could be attributed either to a reduction in
the infectivity of the released virus or to a reduction in the
actual number of particles released by the cells. To determine
which was the case, we tested whether the expression of HA-
Nuc(212) could block the production of virion particles ex-
pressed from a wild-type Mo-MuLV provirus introduced along
with the expression plasmid. 293T cells were cotransfected with
Mo-MuLV DNA and candidate inhibitor constructs, and the
culture supernatants were assayed for RT activity as a measure
of virion particle release. The coexpression of HA-Nuc(212)

almost completely abolished the release of RT, whereas the
control protein HA-p11 had no such effect (Fig. 6A). The
full-length nucleolin-Myc had no inhibitory effect.

To test for the inhibition of release of viral proteins directly,
culture supernatants were collected, virions were purified by
sedimentation through sucrose density step gradients, and the
proteins were analyzed by SDS-gel electrophoresis followed by
Western blotting with an anticapsid antiserum (Fig. 6B). Over-
expression of HA-Nuc(212) caused a drastic reduction in the
levels of CA protein (p30) recovered in the virion fractions.
Examination of the intracellular viral proteins in the trans-
fected cells showed high levels of the Pr65gag precursor, com-
parable to the control, and a modest reduction in the yield of
mature capsid and other processing intermediates seen in the
uninhibited controls. Thus, HA-Nuc(212) did not prevent Gag
expression but reduced its processing to mature forms and
strongly inhibited its release into the culture medium.

To test whether the different abilities of HA-Nuc(212) and
nucleolin-Myc to inhibit RT release could be attributed to
the different positions and identities of the epitope tag, a
full-length nucleolin with an HA tag at the N terminus (HA-
nucleolin) was constructed and tested (Fig. 6C). This full-
length version, like nucleolin-Myc, showed no inhibition of RT
release.

If the inhibition of particle release requires interaction be-

FIG. 5. Overexpression of HA-Nuc(212) in a helper cell line reduces the infectivity of the released virions. (A) Phoenix helper cells were transfected with 8 mg of
HA-p11, HA-Nuc(212), or nucleolin-Myc expression plasmid, together with 2 mg of a GFP-containing retroviral vector. The HA- and Myc-tagged proteins, but not the
GFP vector, were expressed from plasmids containing the SV40 origin of replication. The graph represents the average of three independent experiments. In each
experiment, normalized infectivity was calculated (see Materials and Methods) for each transfection. Infectivity is reported relative to the HA-p11 control. (B and C)
Phoenix helper cells were transfected with the indicated plasmid mixtures, and the normalized infectivity was calculated. Infectivity is reported relative to the control,
where no HA-Nuc(212) (B) or nucleolin-Myc (C) was expressed.
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tween Nuc(212) and Gag, there should be less inhibition of
HIV-1 assembly, since the interaction of Nuc(212) with HIV-1
Gag is weak. Coexpression of HA-Nuc(212) with the HIV-1
genome in 293T cells caused only a very modest reduction in
the levels of RT recovered in the culture supernatant (Fig. 7A).
Controls with the Mo-MuLV genome showed the expected
nearly complete loss of released RT (a 200-fold reduction for
Mo-MuLV, versus only a 2.4-fold reduction for HIV-1). West-
ern blot analysis of extracts from the producer cells showed
that the Gag proteins of Mo-MuLV and HIV-1 were both
produced in high amounts; processing of the Mo-MuLV Gag
was strongly reduced by Nuc(212), while processing of the
HIV-1 Gag was only moderately affected (Fig. 7B). Cotrans-
formation of the cells with a luciferase expression construct
resulted in good expression of the marker, with no significant
inhibition in the levels of activity caused by Nuc(212) (data not
shown). These results suggest that overexpression of HA-
Nuc(212) does not have a general cytotoxic effect on protein
production, but rather specifically inhibits virion assembly or
release of Mo-MuLV, and that this inhibition is much more
effective for Mo-MuLV than for HIV-1.

Isolation of a Mo-MuLV Gag mutant with a single point
mutation unable to interact with Nuc(212). One possible ex-
planation for the ability of Nuc(212) to inhibit assembly is that
it binds to and masks residues in the Gag protein that are
important for assembly. Thus, Gag mutants that are specifically
selected for the loss of the ability to bind to Nuc(212) might
also show defects in assembly. To identify such noninteracting
mutants, we used the reverse two-hybrid system (70, 71). A

plasmid expressing a Gal4DB fusion to the Mo-MuLV Gag
CA-NC region (pAS1-CANC) was subjected to random mu-
tagenesis by passage through a mutator E. coli strain. The
DNA was then introduced into the reverse two-hybrid yeast
strain BY3171 already expressing the Gal4AD-Nuc(212) pro-
tein, and Ura2 transformants were isolated by selection for
growth on 5-FOA. Out of approximately 104 transformants
placed under selection, a single clone was isolated and retested
as a true noninteracting mutant (see Materials and Methods).
Nucleotide sequence analysis of the clone revealed a single
nucleotide substitution changing a single codon and specifying
a change of the penultimate residue of CA, a leucine, to pro-
line (L477P). The location of this change near the CA-NC
boundary is consistent with the contribution of both CA and
NC to the interaction with Nuc(212).

To further demonstrate that only the L477P mutation, and
not alterations outside the CA-NC domain, was responsible for
the loss of interaction with Nuc(212), the CA-NC sequences
were subcloned from the original plasmid into pGADNOT to
create a mutant version of Gal4AD-CANC. Tests showed that
the mutant L477P Gal4AD-CANC failed to interact with
LexADB-Nuc(212) in the yeast strain CTY10-5d (Table 2).
The mutant did, however, continue to form multimers with
LexADB-CANC and to interact normally with LexADB-GIP2.
These results indicate that the mutant Gal4AD-CANC L477P
protein was properly expressed and still able to interact with
most of its binding partners. Thus, the mutation caused a
specific block in the interaction between Mo-MuLV CA-NC
and Nuc(212).

FIG. 6. Overexpression of HA-Nuc(212) in producer cells reduces Mo-MuLV release. 293T cells were transiently transfected with 8 mg of HA-p11, HA-Nuc(212),
or nucleolin-Myc expression plasmid, together with 2 mg of plasmid expressing Mo-MuLV. The HA- and Myc-tagged proteins, but not Mo-MuLV, were expressed from
plasmids containing the SV40 origin of replication. Levels of viral protein expression were determined 2 days later. (A) Quantitative RT assay (see Materials and
Methods) of unpurified virions in supernatants of transfected cells. The HA- or Myc-tagged proteins that were coexpressed with Mo-MuLV are indicated below the
columns. RT activity is represented in arbitrary pixel units, quantitated by a PhosphorImager, divided by the reaction time in minutes. Mock, transfection without adding
plasmid DNA. (B) Cell extracts and purified virions from the experiment described for panel A were analyzed by the Western blot procedure as described for Fig. 2A.
The membrane was probed with polyclonal antibodies against capsid. Positions of migration of size marker bands (right) and of full-length Pr65gag and capsid (left)
are shown. (C) Exogenous RT assay of unpurified virions from supernatants of transfected cells. The HA- or Myc-tagged proteins indicated at the top were coexpressed
with Mo-MuLV. MoZipWT virus that lacks RT was used as a mock control.
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The L477P mutant of Mo-MuLV fails to assemble virion
particles. To determine the effects of the L477P mutation on
viral replication and virion assembly, the mutation was trans-
ferred to the complete proviral genome. Rat fibroblast cells
were transfected with the mutant DNA, and the spread of virus
in the cultures was tested by assaying for RT activity in the
culture medium. Whereas wild-type viral DNAs induced the
appearance of virus and associated RT after 4 days, the mutant
DNA did not result in the formation of detectable virus even
after 1 month of culture (data not shown). These results sug-
gested that some step in the life cycle was blocked by the
mutation. To test for the ability of the mutant to mediate virion
assembly and release directly, 293T cells were transfected with
the L477P mutant or the wild-type DNA, and the yield of virus
released into the culture supernatant was measured by RT
assays. Whereas the wild-type DNA induced the release of
high levels of virion-associated RT, the mutant DNA produced
dramatically reduced RT levels, only slightly above background
(data not shown). Virion particles were isolated from these
culture supernatants, and the levels of CA protein in the viri-
ons and in cell lysates were assessed by Western blotting (Fig.
8). The preparations of wild-type virions showed substantial
levels of CA protein, while the L477P mutant preparations
contained no detectable CA. In contrast, the intracellular ly-
sates showed higher levels of the Gag proteins in cells express-
ing the L477P mutant than in those expressing the wild-type.
Thus, the L477P mutant is defective in assembly or release,

and the Gag products accumulate within the producer cell. As
for most assembly-defective mutants, processing of the Gag
precursor is impaired in the L477P mutant.

DISCUSSION

The results presented here demonstrate that the C-terminal
portion of nucleolin interacts specifically with the MuLV Gag
protein in a variety of settings. The interaction could be readily
detected in yeast as binding between two fusion proteins: in
vitro, through the binding of GST-Nuc(212) to the MuLV Gag
precursor; and in vivo, through the NC-dependent incorpora-
tion of Nuc(212) into MuLV virion particles. We suggest that
the interaction was mediated by a direct protein-protein con-
tact rather than by a nucleic acid bridge between the two. Very
small alterations of Gag—a single amino acid substitution—
could abolish the interaction without affecting interactions
with other proteins and without any obvious change in the
RNA binding sequences. Additionally, HIV NC binds RNA
but does not bind nucleolin well. Nevertheless, we note that
both Gag and nucleolin are nucleic acid-binding proteins, and
it is plausible that their interaction could be stimulated or
stabilized by bridging nucleic acids.

Nuc(212) interacted with the Gags from many, though not
all, retroviruses. The strongest signals were obtained with the
MuLVs, while only very weak signals were observed with
MPMV and HIV-1. The broad interactions with many Gags
presumably reflected a conserved structure of the NC domain,
the major site of interaction, among many but not all retrovi-
ruses. A surprising consequence of this interaction is the in-
corporation of Nuc(212) into the virion particle. This incorpo-
ration required the presence of the NC domain, and moreover
of an NC from a virus that could interact with Nuc(212). Thus,
a variant virus in which the NC domain was replaced by a
foreign protein did not incorporate Nuc(212), nor could HIV-1
Gag mediate detectable incorporation of the protein. These
results correlate completely with the binding seen in yeast and
suggest that a direct binding to Gag is required for incorpora-
tion. However, it should be noted that the binding of proteins
to Gag was not sufficient to mediate the similar incorporation
of all such proteins; GIP2, another Gag-interacting protein,
bound to the same region of Gag but was not detectably in-
corporated. The incorporation of Nuc(212) was seen in cells
overexpressing an epitope-tagged C-terminal portion of nu-
cleolin, and it remains unclear whether this reflects a role for
the endogenous nucleolin in the assembly process (see below).
At a minimum, the incorporation of Nuc(212) is strong evi-
dence for its binding to Gag in vivo. We are currently investi-
gating whether Nuc(212) can be used as a targeting domain to
direct the efficient encapsidation of fusions to heterologous
proteins.

FIG. 7. Overexpression of HA-Nuc(212) strongly reduces Mo-MuLV, but
not HIV-1, particle release. 293T cells were transiently transfected in duplicates
(1 and 2) with 0.1 mg of plasmid expressing luciferase, 2 mg of plasmid expressing
either Mo-MuLV or HIV-1, and 8 mg of plasmid expressing either HA-p11 or
HA-Nuc(212). All plasmids except those expressing the viruses contained the
SV40 origin of replication. HIV-1 was expressed from pNLENV-1. (A) Exoge-
nous RT assay with unpurified virions in supernatants of transfected cells. Mock,
transfection without adding plasmid DNA. (B) Cell extracts were analyzed by
Western blotting, and the membrane was probed with a polyclonal anti-MuLV
capsid serum (top), monoclonal anti-HIV-1 capsid antibody (middle), and mono-
clonal anti-HA epitope antibody (bottom). Positions of migration of size marker
bands (right) and of full-length Mo-MuLV Gag (Pr65gag), Mo-MuLV capsid,
full-length HIV-1 (Pr55gag), HIV-1 capsid, HA-Nuc(212), and HA-p11 (left) are
shown.

TABLE 2. b-Gal activity in yeast expressing CA-NC, CA-NC
L477P, and Nuc(212) hybrid proteinsa

Protein
Partner

Gal4AD-CANC L477P Gal4AD-CANC Gal4AD

LexADB-Nuc(212) 2 1 2
LexADB-GIP2 1 1 2
LexADB-CANC 1 1 2
LexADB 2 2 2

a Yeast strain CTY10-5d was transformed with different combinations of plas-
mids encoding the indicated fusion proteins. Yeast colonies were lifted and
stained for b-Gal activity as described in the footnote to Table 1. Entries indicate
the presence or absence of blue color with transformants.
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The inhibition of virion release by Nuc(212) was the most
striking effect of its high-level overexpression in virus-infected
cells. The inhibition was strongly dose dependent; at low levels
of expression, there was no effect on virion production, and the
only consequence was the incorporation of Nuc(212) into viri-
ons. But if the levels of Nuc(212) were very high, virtually all
virion release could be blocked. This inhibition was extremely
potent; of many Gag-interacting proteins that we have tested,
Nuc(212) caused by far the most significant block to virus
production. The inhibition was manifested by strong decreases
in the release of virus titer, virion-associated RT, and virion
proteins, suggesting a block to virion release per se rather than
merely an effect on virus infectivity. There are several possible
mechanisms by which Nuc(212) could inhibit assembly. Be-
cause nucleolin is involved in several steps of ribosome bio-
genesis, overexpression of a truncated form of nucleolin might
be supposed to interfere with general translation, which could
lead to reduced amounts of released virus. However, while
overexpression of Nuc(212) reduced Gag levels in the super-
natants, it did not significantly affect the levels of coexpressed
luciferase activity, strongly suggesting that the inhibition of
virus release is not the result of a general toxic effect. More
importantly, similar levels of Pr65gag were produced in cells
overexpressing Nuc(212) and in control cells, arguing that the
protein specifically blocks assembly per se. In addition, while
Mo-MuLV release was strongly inhibited, HIV-1 release was
only slightly reduced, indicating that a tight interaction with
Gag is required.

One likely mechanism by which assembly could be inhibited
is that Nuc(212) could bind to and directly prevent the mul-

timerization of the Gag precursors required for virion assem-
bly. In this view, Nuc(212) may serve as an “intracellular an-
tibody.” The binding of Nuc(212) to NC could mask either
NC-NC or NC-RNA interactions, which are thought to play a
role in assembly (11, 13, 15, 65). It might also be that the
binding of Nuc(212) disrupts assembly by masking the CA-NC
junction. Indeed, the L477P mutation, which is adjacent to this
junction, disrupted the binding to Nuc(212) and also dramat-
ically inhibited virion assembly. Thus, the CA-NC boundary is
a region required for assembly, and masking it or changing its
structure results in a defect in assembly. Supporting this idea is
the recent observation that Mo-MuLV Gag proteins can be
cross-linked at their C-terminal CA residues to form dimers by
a cysteine-specific cross-linking agent (47). In addition, an
analogous region in HIV-1 (the C-terminal capsid-p2 domain
of Pr55gag) is part of the minimal gag sequences needed for
efficient assembly of retrovirus-like particles (2). The reduction
in processing of the Gag precursor observed in Nuc(212)-
expressing cells is consistent with this model; activation of the
viral protease and Gag cleavage depends on normal multim-
erization of Gag and Gag-Pol proteins associated with assem-
bly (44, 57, 61).

Another possibility is that the Nuc(212) fragment acts as a
dominant negative allele that interferes with a positive assem-
bly function of the endogenous wild-type nucleolin during
virion assembly. In this case, the wild-type nucleolin would
need to bind to Gag to promote its assembly. The NC domain
contains the I domain, an important assembly domain for many
retroviruses (65), and nucleolin binding may be a part of that
domain’s function. It has been suggested that a nonspecific
interaction of NC with RNA may also be required for assembly
(11, 13, 15). Nucleolin could possibly be involved in promoting
the binding of RNA to Gag during this process. Indeed, nu-
cleolin has been suggested to serve as an RNA chaperone,
capable of delivering RNA to assembling ribosomal proteins
and assisting in their folding and binding (for a recent review,
see reference 29). The assembly of a retrovirus particle has
many similarities to the assembly of a ribosome, and it is thus
possible that nucleolin helps deliver viral RNA to the assem-
bling Gag proteins. Interestingly, nucleolin has been shown to
associate with the capsid protein of adeno-associated virus type
2 and has been proposed to have a role in virion assembly in
this system (54).

If nucleolin is important for Mo-MuLV assembly, then Gag
mutants that cannot bind should show defects for virion as-
sembly. The L477P substitution is one such mutant. This single
substitution strongly blocked the interaction with Nuc(212),
with minimal effects on its ability to interact with other pro-
teins; concomitantly, the mutation caused a nearly complete
block to virus production and the accumulation of Gag in the
cell. This finding does not prove but is consistent with the
possibility that an interaction with nucleolin plays a positive
role in virion production. If so, a direct binding should be
demonstrated between Mo-MuLV Gag protein and endoge-
nous nucleolin or its cleavage products (24, 64), which has been
reported in different contexts and various intracellular loca-
tions (12, 38, 60, 76). However, our attempts to identify the
HA- or Myc-tagged full-length nucleolin in assembled virions
or as proteins bound to Mo-MuLV Gag in coimmunoprecipi-
tation experiments have failed (data not shown). The availabil-
ity of only poor polyclonal antisera against nucleolin and of
monoclonal antibodies specific only for epitope tags, which
may not be retained on many of nucleolin’s cleavage products,
have frustrated our efforts to test the binding of such molecules
to Gag. We have not been able to obtain any direct evidence of

FIG. 8. Mo-MuLV harboring the L477P mutation fails to assemble. 293T
cells were transfected with 10 mg of plasmid expressing either Mo-MuLV or
L477P mutant. Mock, transfection without adding plasmid DNA. Cell extracts
(bottom) and purified virions (top) were analyzed by Western blotting as de-
scribed for Fig. 2A. The membrane was probed with polyclonal anticapsid serum.
Positions of migration of size marker bands (right) and of full-length Gag
(Pr65gag) and capsid (left) are shown.
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an involvement of nucleolin in Mo-MuLV assembly, and such
a physiological role still remains only a possibility.

In summary, we have identified a specific interaction of
Nuc(212) with the Mo-MuLV Gag precursor. The binding of
Nuc(212) resulted in a strong inhibition of virion assembly or
release in vivo. Nuc(212) could serve as a model for other
inhibitors of virion assembly, including potentially therapeutic
antivirals that would similarly bind to NC or other domains
required for assembly. It also raises the possibility that endog-
enous nucleolin may play a positive role in the assembly of
Mo-MuLV particles. Finally, the experiments presented here
indicate a critical involvement of the CA-NC boundary in the
process of Mo-MuLV assembly. Further experiments should
help determine the exact step in virion formation blocked by
CA-NC mutations and the fate of mutant Gags that are unable
to form particles.
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