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The human immunodeficiency vrus ype 1 (IEIV) Rev protein is thought to be involved in the export of
unspliced or singly spliced viral mRNAs from the nucleus to the cytoplasm. This function is mediated by a

sequence-specific interaction with a cis-acting RNA element, the Rev response element (RRE), present in these
intron-containing RNAs. To identify possible host proteins involved in Rev function, we fractionated nuclear
cell extracts with a Rev affinity column. A single, tightly associated Rev-binding protein was identified; this
protein is the mammalian nucleolar protein B23. The interaction between HIV Rev and B23 is very specific, as
it was observed in complex cell extracts. The complex is also very stable toward dissociation by high salt
concentrations. Despite the stability of the Rev-B23 protein complex, the addition of RRE, but not control
RNA, led to the displacement of B23 and the formation of a specific Rev-RRE complex. The mammalian
nucleolar protein B23 or its amphibian counterpart No38 is believed to function as a shuttle receptor for the
nuclear import of ribosomal proteins. B23 may also serve as a shuttle for the import of HIV Rev from the
cytoplasm into the nucleus or nucleolus to allow further rounds of export of RRE-containing viral RNAs.

The genome of the human immunodeficiency virus (HIV)
encodes at least five regulatory proteins in addition to the
three polyproteins common to all retroviruses (Gag, Pol, and
Env). Among these regulatory proteins, Tat and Rev, ex-
pressed from partially overlapping reading frames, are es-
sential for viral replication in human cells (3, 14, 19, 38, 41).

Transcription from the 5' long terminal repeat of the
provirus generates a full-length genomic RNA harboring at
least two introns. This primary transcript undergoes differ-
ential splicing pathways, resulting in the production of three
distinct classes of mRNAs (16, 36, 40): unspliced, singly
spliced, and fully spliced mRNAs. The unspliced genomic
RNA of 9 kb encodes the polyproteins Gag and Pol. Re-
moval of the first intron results in the production of singly
spliced RNAs of about 4 kb that encode, among other
proteins, the Env polyprotein. Extensive processing of the
primary transcript generates a family of doubly spliced
mRNAs of about 2 kb that encode the viral regulatory
proteins Tat, Rev, and possibly Nef.
Gene expression of HIV-1 is controlled by temporal

regulation (reviewed by Cullen and Greene [11]). During the
early phase, translation of the intronless class of transcripts
takes place so that Tat, Rev, and Nef are the first viral
proteins produced in the permissive infected cells. The
biological role of Nef protein remains undefined. Tat protein
acts on the 5' long terminal repeat promoter to ensure high
levels of transcription from the viral genome (25), whereas
Rev protein acts postranscriptionally to selectively increase
the cytoplasmic concentration of the gag-pol and env

mRNAs (16, 40). Tat and Rev are therefore required to
induce transition to the late phase of viral gene expression,
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during which the structural proteins Gag, Pol, and Env are
synthesized.
The action of Rev depends on the presence of a specific

RNA sequence in cis referred to as the Rev response
element (RRE) (15, 22, 32, 37). The RRE is about 234 bases
long and is predicted to have extensive secondary structure
of five stem-loops (32). This sequence forms part of the most
highly conserved region of the env gene. The RRE is present
within the intron-containing mRNAs but is spliced out of the
mRNAs encoding the regulatory proteins, whose expression
is then independent of Rev function. Evidence for the
specific binding of Rev protein to RRE sequences in vitro
has been reported (13, 44), and the minimal region necessary
for the specific interaction is about 70 bases (26, 33).
The mechanism by which Rev protein increases the cyto-

plasmic levels of the unspliced or singly spliced viral
mRNAs is unclear. Available data support the hypothesis
that Rev binding somehow prevents splicing of these intron-
containing RNAs and then channels them toward the export-
ing machinery (9, 17, 23, 32).
To study the mechanism of Rev function, we took the

biochemical approach of searching for Rev-binding host
proteins. Using affinity chromatography, we identified the
mammalian nucleolar protein B23 (6) or its amphibian ho-
molog No38 (39) as the major HIV Rev-binding protein. This
abundant nucleolar protein is thought to play a role in the
translocation of ribosomal components across the nuclear
envelope by shuttling constantly between nucleus and cyto-
plasm (4). Several authors have suggested a possible in-
volvement of the nucleolus or some nucleolar factor in Rev
function on the basis of the nucleolar localization of this
protein in expressing cells (12, 18, 37). Our results suggest
that B23 may serve as a shuttle protein for the import ofRev,
thus permitting additional cycles of export of RRE-contain-
ing viral RNAs.
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MATERIALS AND METHODS

Cells. HeLa S3 cells were grown in suspension cultures at
about 2 x 105 cells per ml at 37°C in RPMI medium
supplemented with 5% newborn calf serum.

Nuclei. HeLa nuclei were isolated as described by Mirko-
vitch et al. (35). Rat liver nuclei were isolated as described
by Lichtsteiner et al. (30) and stored at -70°C in homogeni-
zation buffer containing 50% glycerol.

Nuclear extract. All manipulations were performed in the
cold, and all solutions, tubes, and centrifuges were chilled to
0°C. Phenylmethylsulfonyl fluoride (PMSF) and dithiothrei-
tol (DTT) were added to the buffers just prior to use. Nuclei
(1,000 A260 units) isolated as described above were pelleted
and resuspended at 40 A260 units per ml in extraction buffer
(15 mM Tris-HCl [pH 7.4], 100 mM KCI, 1 mM EDTA, 0.5
mM DTT, 0.1 mM benzamidine, 10% glycerol, 0.1 mM
PMSF, leupeptin [0.5 ,ug/ml], antipain [0.5 ,ug/ml], pepstatin
A [50 ng/ml]. The KCl concentration was then adjusted to
0.55 M by adding an appropriate amount of a 3 M stock
solution. The extract was incubated for 30 min on ice with
occasional mixing. The viscous lysate was then centrifuged
at 35,000 rpm for 60 min in a Ti5O rotor. The supernatant was
dialyzed twice for 2 h against 25 volumes of extraction
buffer. During dialysis, a white precipitate formed which was
removed at the end of dialysis by 15 min of centrifugation at
35,000 rpm in a TiSO rotor. The extracts were used immedi-
ately or stored at -70°C. Final protein concentration was
between 0.6 and 1 mg/ml.

Affinity chromatography. Proteins (2 mg) were coupled to
1 ml of an Affi-Gel 10 support (Bio-Rad) according to the
recommendations of the manufacturer. Coupling efficiency
was determined by comparing the input protein solution with
the remaining free protein in the supernatant on sodium
dodecyl sulfate (SDS)-polyacrylamide gels. For Rev protein,
coupling efficiency was about 95%. The resin was then
poured in 4-ml Bio-Rad columns and stored at 4°C in
extraction buffer containing 0.02% NaN3. For longer storage
periods, columns were kept at -20°C in the same buffer
containing 50%o glycerol. Columns were prewashed with 3 ml
of extraction buffer, loaded with 1 to 3 ml of the nuclear
extract, and washed in a stepwise manner with 8 ml of
extraction buffer, followed by three washes with 3 ml of the
same buffer containing 0.3, 0.6, and 1.0 M KCl, respectively.
Columns were run at 4°C at 3 ml/h. In the experiment
described in Fig. 2, sonicated salmon sperm DNA (Sigma
type III; mean size, 2 kb) was added to the extract at 1.5
mg/ml (final concentration) prior to loading, and washes
were carried out in the presence of the same amount of
DNA. DNA (5 ,ug/ml) was included in the elution steps. In a
typical experiment, proteins in column fractions were pre-
cipitated with 20% trichloroacetic acid, washed with ace-
tone-ethanol (7:2), resuspended in protein gel sample buffer
containing 4 M urea, and loaded onto a 7.5 to 15% linear
gradient acrylamide gel.

Immunoaffinity chromatography. The anti-Rev serum used
was obtained by immunization of rabbits as described by
Harlow and Lane (24). The serum shows high affinity for Rev
in Western immunoblotting experiments, and no immuno-
reactivity against total nuclear proteins was observed. Rab-
bit polyclonal anti-Rev serum (0.2 ml) was coupled to a 1-ml
Affi-Gel 10 (Bio-Rad) column as described above. Two
columns were prepared by pouring 0.5 ml of the resin in two
sterile 1-ml syringes. To each syringe, 1 ml of rat liver
nuclear extract (about 0.6 mg of nuclear proteins) was
applied. Rev protein (10 ,ug) was added to one of the samples

and incubated for 15 min at 4°C prior to loading. Columns
were washed as described above except that the last elution
step was 100 mM glycine (pH 2.5) instead of 1.0 M KCl.

Sucrose gradients. Rev protein and affinity-purified B23
protein were labeled with the Bolton and Hunter reagent
(Amersham) according to the recommendations of the man-
ufacturer. In the experiment shown in Fig. 4, 0.1 ,ug of
125I-labeled Rev protein (106 cpm/,lg) and 0.4 pug of unlabeled
Rev were incubated in the absence or presence of unlabeled
B23 protein (1 jig) for 30 min at room temperature in 10 mM
sodium phosphate (pH 7.4)-140 mM NaCl-200 mM KCl-
0.05% (wt/vol) digitonin (RBB buffer). Digitonin does not
seem to interfere with the assay and prevented loss of Rev
protein by adsorption to the walls of the plastic tubes. Final
sample volumes were 100 RI. In parallel, B23 protein was
incubated under the same conditions in the absence of Rev.
In this case, 3 x 104 cpm of 125I-labeled B23 (at 6 x 104
cpm/,ug) was added to the unlabeled protein. Samples were
then layered on top of 5 to 30% linear sucrose gradients
made up in the same buffer supplemented with 1% (vol/vol)
Trasylol (Bayer). Gradients were centrifugated at 35,000 rpm
in a Beckman SW50.1 rotor for 22 h at 4°C. For the
estimation of S values, a standard mixture of proteins (see
legend to Fig. 4) was used. The gradients were collected into
23 fractions of 200 ,ul and counted in a gamma scintillation
spectrometer. Fractions were diluted three times with water
and extracted with 200 ,ul of equilibrated phenol. Aqueous
phases were discarded, and phenol phases were extracted
with 2 volumes of ether saturated in water. The organic
phases were discarded, and the residual aqueous phases
were reextracted with ether and concentrated on a Speed
Vac concentrator (Savant Instruments). Samples were ana-
lyzed on SDS-containing 7 to 15% linear gradient polyacryl-
amide gels. Gels were silver stained, dried, and exposed. In
the experiment described in Fig. 7, 0.5 jig of labeled Rev
protein (5 x 104 cpm) and 2.5 ,ug of B23 protein were used
per sample analyzed on an individual gradient. Samples (3
,ug) of sense or antisense RRE RNA were added to the
protein complexes in the presence of 2.5 ,ug of yeast tRNA.
Centrifugation tubes used to pour sucrose gradients were
incubated overnight in 0.5% gelatin prior use.

Protein sequencing. Samples (20 ,ug) of affinity-purified
B23 protein were loaded onto a 12% SDS-polyacrylamide gel
and transferred onto an Immobilon polyvinylidene difluoride
membrane (Millipore). Transfer buffer was 15 mM Tris
base-192 mM glycine-20% methanol. Internal sequences
were obtained by tryptic digestion of the blotted protein
essentially as described by Aebersold et al. (2). Peptides
were fractionated by reverse-phase high-performance liquid
chromatography on a C18 Vydac column (4.6 by 250 mm),
with a 0 to 70% acetonitrile gradient in 0.1% trifluoroacetic
acid. The purified peptides were sequenced with a model
470A gas-phase sequenator (Applied Biosystems) with an
on-line PTH amino acid analyzer and 03R PTH program.

Gel electrophoresis and Western blotting. Protein gels were
run according to Laemmli (29). Gels were stained with
Coomassie brilliant blue R or with silver nitrate. Molecular
size standards used were the Sigma MW-SDS-200 kit com-
posed of rabbit muscle myosin (205 kDa), Escherichia coli
,-galactosidase (116 kDa), rabbit muscle phosphorylase b
(97 kDa), bovine serum albumin (BSA; 66 kDa), ovalbumin
(45 kDa), and bovine erythrocyte carbonic anhydrase (29
kDa). Western blots were carried out according to Harlow
and Lane (24). The quality of electrotransfer was controlled
by transiently staining the membrane with Ponceau S. Ni-
trocellulose filters were blocked by incubations in phos-
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phate-buffered saline containing 5% fat-free milk powder and
0.1% Tween 20. The monoclonal anti-chicken B23 antibody
was diluted 1:1,000 in phosphate-buffered saline supple-
mented with 0.1% Tween 20 and 0.1% BSA. Detection was
with a secondary antibody (goat anti-mouse immunoglobulin
G; Sigma) coupled to alkaline phosphatase diluted 1:1,000 in
the same buffer and developed with bromochloroindolyl
phosphate (BCIP) at 0.2 mg/ml in 100 mM Na2CO3 (pH
10.2). Incubation was for 4 h with the primary antibody and
for 2 h with the secondary antibody.
Recombinant plasmids and generation of in vitro-synthe-

sized RNA transcripts. HIV DNA clone pGEM4z-1430 was
provided by J. Delamarter. This plasmid was obtained by
insertion of a BglII RRE-containing fragment of 1,430 bp
(from HIV strain B10) to the 3' side of the SP6 promoter
present in the pGEM4z vector (Promega Biotec). For gel
shift assays, a 550-nucleotide sense RNA fragment contain-
ing the RRE was used. Plasmid pGEM4z-1430 was digested
with HindIll, and in vitro transcription using SP6 RNA
polymerase was performed according to the instructions of
the manufacturer (Promega Biotec). The two similar-size
RNA fragments used as controls were in vitro synthesized
by transcription using SP6 polymerase. The 255-nucleotide-
long RNA fragment was obtained by transcription of plasmid
pSP65 (Promega Biotec) digested with HaeIII. The 906-
nucleotide-long fragment was transcribed from plasmid
pSP64-34 (27) digested with HaeIII. The specific activity of
the synthesized RNAs was about 107 cpm/,ug. For sucrose
gradients shown in Fig. 7, 1,430-nucleotide sense or an-
tisense RNA fragments were used. Plasmid pGEM4z-1430
was digested with Sall or EcoRI and in vitro transcribed by
using SP6 or T7 RNA polymerase, respectively. Specific
activity was about 4 x 104 cpm/,Lg. All RNA products were
phenol extracted, purified by gel filtration on Sephadex G-50
spin columns, and concentrated by ethanol precipitation.
The integrity of the transcribed products was examined by
analysis on denaturing 6% polyacrylamide gels. Yeast tRNA
(Sigma type III; purified by phenol extraction) was used as
an unlabeled competitor.

Gel shift assay. Reactions were carried out in RBB buffer.
All samples contained 2.5 ,ug of unlabeled yeast tRNA, 1 U
of RNasin (RNase inhibitor; Promega) per ,ul, and a mixture
of the three radiolabeled RNA fragments described above
(approximately 2 x 104 cpm per fragment). Final sample
volumes were 10 ,ul. Rev and B23 proteins were added to the
reaction mixtures from a diluted stock solution in the same
buffer. Protein concentrations are indicated in the legend to
Fig. 6. After the incubation period, 5 1lI of final sample buffer
(30% glycerol and 0.12% bromophenol blue in RBB buffer)
was added to each sample. Samples were applied to a 1.3%
agarose gel. Electrophoresis was carried out at a constant
voltage of 100 V (75 to 80 mA) at room temperature in TBE
buffer (34).

RESULTS

Rev protein specifically interacts with a 38-kDa nuclear
protein. To identify possible Rev-host protein interactions
by affinity chromatography, we coupled Rev protein to an
Affi-Gel 10 support. For this purpose, a full-length Rev
protein, purified from an E. coli expressing strain, was used
(42). This protein was able to bind specifically to an RNA
containing the RRE as shown below. As a potential source
for Rev-binding proteins, we extracted HeLa cell nuclei with
0.55 M KCI. The extract was applied to the affinity column,
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FIG. 1. Evidence that a 38-kDa nuclear protein is specifically

retained by a HIV Rev affinity column. A HeLa nuclear extract was
fractionated on both a Rev and a histone affinity column, and
fractions were analyzed by SDS-gel electrophoresis. Elution steps
(0.3, 0.6, and 1.0 M KCI) and the flowthrough are indicated above
the lanes. Salt washes were five times overloaded compared with the
other samples. Eluents from the Rev column (R) alternated with
those from the histone column (H) to facilitate comparison. The
position of B23 protein is indicated by an arrowhead. The gel was
stained with silver nitrate. Lanes: 2 and 12, HeLa nuclei (N); 3,
input nuclear extract (E); 4 and 5, flowthrough of the histone and
Rev columns, respectively; 6 and 7, 0.3 M KCI eluates; 8 and 9, 0.6
M KCI eluents; 10 and 11, 1.0 M KCI eluents. Positions of molecular
size standards (S; lanes 1 and 13) are indicated in kilodaltons on the
left.

and after an initial wash, elution was carried out in a
stepwise manner with 0.3, 0.6, and 1.0 M KCl.
The results shown in Fig. 1 reveal a protein gel pattern of

reduced complexity at increasing salt concentrations (lanes
7, 9, and 11). The protein pattern of the 1.0 M KCl eluent is
striking and composed primarily of a 38-kDa protein (indi-
cated by an arrowhead; lane 11). This protein will be
identified as the nucleolar protein B23 and is referred to as
such in the text that follows. B23 amounts to about 80% of
the total protein in this eluent, and only a minor portion of
B23 is observed in the 0.6 M KCI eluent (lane 9). Although
B23 was the major protein in the 1 M KCl eluent, another
minor satellite band was occasionally observed (lane 11).
This band may have been derived from one of the three
forms (ax, 3, and 8) of HeLa B23 protein (7). This question
was not further studied. B23 is known to be an evolutionarily
conserved protein (39). Thus, we have observed a tight
interaction of both the rat and chicken B23 proteins with
immobilized Rev protein. Several of the experiments de-
scribed below were carried out with the rat B23 protein,
which was more easily purified with good yields from rat
liver nuclei (see below).
We prepared a variety of control experiments to assess the

specificity of the interaction of Rev with B23. The first
addressed the question of the nature of the interaction,
which could be a protein-protein interaction or possibly one
mediated by a nucleic acid component. For this purpose, we
reapplied the B23-containing fraction on a second Rev
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TABLE 1. Elution of B23 protein from different affinity columns

KCI concn (M) required to elute B23 from
Protein given affinity column

Rev BSA Lysozyme Histones

B23 (rat liver) 1.0 0.1 0.1 0.6
B23 (rat liver) + DNA 0.6-1.0 ND' ND 0.1b
B23 (HeLa) 1.0 ND ND 0.6
B23 (chicken liver) 0.6-1.0 ND ND ND

a ND, Not determined.
b A small fraction of B23 is also eluted at 0.3 M KCI despite the presence of

competitor DNA.

affinity column following digestion of the sample with DNase
I, RNase A, micrococcal nuclease, and RNase T1. The
elution behavior of B23 pretreated with the various nu-
cleases was similar to that of the untreated control protein
(data not shown). Thus, the interaction of Rev and B23 must
be protein-protein in nature, and the highly selective reten-
tion of B23 by the Rev column from a crude nuclear extract
suggests specificity for this interaction.
We also prepared a number of control affinity columns.

Rev is a basic protein with a pl of 9.46 (unpublished
observations). For this reason, we prepared an affinity
column with egg white lysozyme, which is also a basic
protein (pl - 11) and is similar in size to Rev. No specific
retention of B23 by the lysozyme affinity column was ob-
served (Table 1). Similarly, B23 did not bind to an affinity
column composed of BSA (Table 1). Curiously, we did
observe some retention of B23 on a histone affinity column,
albeit with a lower affinity, as judged from the sensitivity to
elution by KCI. The gel pattern of the histone column is also
shown in Fig. 1 (lanes 6, 8, and 10). The B23 protein
(positively identified as such below) was eluted from the
histone column, together with a number of other proteins,
predominantly in the 0.6 M KCI eluent (lane 8). Only a trace
of this protein was observed in the 1.0 M KCI eluent (lane
10).
The histone affinity column used above was prepared with

a mixture of rat liver core and Hi histones. However, our
analysis indicated a preferential coupling of histone Hi to
this control column. Histone Hi is a very sticky protein
which interacts nonspecifically with many different proteins,
and the retention of B23 on the histone (histone H1) column
is unlikely to be specific. Thus, histone Hi is one of the
major proteins retained when nuclear extracts are applied to
several affinity columns. These affinity columns were pre-
pared with BSA, topoisomerase II (1), total rabbit serum
(see Fig. 3), and Rev (see Fig. 5). Consistent with the general
stickiness of histone Hi for many different proteins is a
comparison of the gel patterns of the 0.3 M KCI eluent
derived from the histone and Rev affinity columns (Fig. 1,
lanes 6 and 7). Whereas numerous proteins are eluted from
the histone column at this salt concentration (lane 6), the
pattern derived from the Rev column is much less complex
(lane 7).
To establish further the nonspecific nature of the Hi-B23

interaction, we applied a rat liver nuclear extract to both Rev
and histone (histone H1) affinity columns in the presence of
salmon sperm DNA as a competitor. Figure 2 shows the
protein gel patterns of the different salt eluents derived from
these columns. In the presence of DNA, B23 was no longer
significantly retained on the histone column and was ob-
served mainly in the flowthrough fraction (Fig. 2, lane 4).
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FIG. 2. Stability of Rev-B23 complexes in the presence of DNA.

A rat liver nuclear extract was fractionated in parallel on Rev and
histone affinity columns as described in the legend to Fig. 1 in the
presence of competitor DNA. Loading was done in the presence of
1.5 mg of sonicated salmon sperm DNA per ml. Elution steps
(indicated above the lanes) were carried out at 0.3, 0.6, and 1.0 M
KCl containing 5 F.g of salmon sperm DNA per ml. The position of
B23 protein is indicated by the arrowhead. Four times more sample
was applied to lanes 6 to ii than to the other lanes. Other details are
as for Fig. 1.

The B23 band observed in the 0.3 M KCI eluent (lane 6)
represents only a minor fraction since we overloaded this
sample fourfold. This is also obvious from a comparison of
the B23 staining intensities in the flowthrough and input
samples, which are visibly similar (lanes 3 and 4, respective-
ly). The interaction of B23 with Rev, however, was main-
tained in the presence of competitor DNA. About half of the
B23 protein was eluted in the 1.0 M KCI eluent (lane 11), and
the remainder was located in the 0.6 M KCI eluent (lane 9).
It is noteworthy that B23 was quantitatively bound to the
Rev column, since it was absent in the gel pattern of the
flowthrough fraction (lane 5). Moreover, closer inspection of
the gel shows that the addition ofDNA increased the relative
enrichment of B23 in the 0.6 and 1.0 M salt elutions of the
Rev column, as many of the minor protein bands observed
without DNA competitor are no longer found in the high-salt
elutions (compare Fig. 1 and 2, lanes 9).

Immunoaffinity chromatography. The interaction between
Rev and B23 was also tested by immunoaffinity chromatog-
raphy. For that purpose, we coupled a specific antiserum
raised against Rev to an Affi-Gel 10 support. To two separate
columns we applied equal amounts of rat liver nuclear
extract, but to one extract we added Rev protein prior to
loading to allow formation of the expected Rev-B23 com-
plex. Rev would then be expected to mediate the binding of
B23 to the anti-Rev serum column, the second column
serving as a control to detect nonspecific binding. Elution
with KCI was performed as described above for the Rev
affinity column except that the last elution step was 100 mM
glycine (pH 2.5) instead of 1.0 M KCI. Most nuclear proteins
did not exhibit any affinity for the columns and were recov-
ered in the flowthrough fractions (Fig. 3, lanes 4 and 5).
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FIG. 3. Immunoadsorption of Rev-B23 complexes. Rabbit poly-
clonal antibody against Rev protein was coupled to Affi-Gel 10, and
two identical columns were prepared. Equal amounts of rat liver
nuclear extract were applied to each of two columns. Rev protein
was added to one of the extracts prior to loading (+) but not to the
other (-). Elution steps are indicated above the lanes. Arrowheads
mark the positions of B23 and Rev proteins. Equal amounts of nuclei
(N), nuclear extract (E), and flowthrough but 50 times more of the
KCI and glycine eluates were applied to the SDS-gel. Other details
are as for Fig. 1.

Histone Hi was eluted with 0.3 and 0.6 M KCl from either
column, demonstrating again the general stickiness of Hi, in
this case for a complex mixture of serum proteins (lanes 8 to
11). The gel patterns of the two columns were identical with
one exception: the B23 protein (indicated by an arrowhead)
was observed in the 0.3 and 0.6 M KCI elution steps derived
from the Rev-containing extract. Nonspecific binding of B23
on the control column was not observed (lanes 8 and 10).
Thus, the anti-Rev serum column specifically retained the
Rev-B23 complex. Besides B23, we occasionally observed
other minor protein differences in this experiment which
were not further analyzed. Rev protein was primarily ob-
served in the elution step containing 100 mM glycine (pH
2.5), which dissociated the antigen-antibody interaction
(lane 13). A small amount of Rev also coeluted with B23 in
the 0.3 and 0.6 M KCl eluents, probably because of a
weakening of the immunological interaction of Rev com-
plexed with B23.
From the results of presented above, we conclude that the

Rev-B23 interaction occurs despite the compositional com-

plexity of the total nuclear extract, adding further support
for the specificity of the interaction.
Rev-B23 interaction in solution. Finally, the specific inter-

action between Rev and B23 was studied by sedimentation
analysis. Iodinated Rev protein was prepared and applied to
linear sucrose gradients, either alone or together with unla-
beled B23. The sedimentation behavior of B23 alone was
examined in a parallel gradient. Proteins separated in su-
crose fractions were resolved on SDS-polyacrylamide gels
and visualized by silver staining followed by radioautogra-
phy (Fig. 4A to D). An S value of about 5S was estimated for
Rev protein, suggesting that the protein exists as a multimer

B23
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FIG. 4. Sedimentation analysis of Rev-B23 protein complexes.

Rev and B23 proteins or their complex were subjected to sedimen-
tation on 5 to 30%o linear sucrose gradients. Sedimentation was from
right to left. Fractions numbers are indicated below the lanes. (A
and B) Sedimentation positions of iodinated Rev and B23 proteins
applied individually to separate gradients. (C and D) Sedimentation
position of the Rev-B23 complex. In this case, the unlabeled B23
was revealed by silver staining (C) and the cosedimenting Rev
protein was revealed by radioautography (D). (E) Sedimentation
proffles for Rev protein in the absence (0) or presence (-) of B23
protein. The sedimentation positions of several markers are indi-
cated by arrows and correspond to horse heart cytochrome c (2.1S),
beef blood hemoglobin (4.3S), calf intestine alkaline phosphatase
(6.2S), and beef liver catalase (11.3S).

(Fig. 4A). B23 has a sedimentation coefficient of about 7S,
but a small amount of this protein cosediments with the
11.3S marker (Fig. 4B). Interestingly, our S value estimation
for B23 correlates with that of Schmidt-Zachmann et al. (39),
who obtained a sedimentation coefficient of 7S for the
Xenopus No38 protein. These authors suggested that this
protein is either pentameric or hexameric in solution. Yung
and Chan (43) have also observed homo-oligomers of lOS for
HeLa B23 and proposed that the protein exists as an
hexamer of 230 kDa composed of four a and two a mono-
mers.

Mixtures of B23 and Rev cosedimented, indicating com-
plex formation (Fig. 4C and D). In the presence of B23, Rev
no longer sedimented near the top of the gradient but
cofractionated with B23 protein in a 9S peak (Fig. 4, frac-
tions 10 and 11). Figure 4C shows the silver-stained gel to
reveal B23; in Fig. 4D, Rev is identified in the radioauto-
graph. It is difficult to calculate the stoichiometric ratio of
B23 and Rev since we have not carried out titration experi-
ments. But assuming no free B23 in the leading edge of the
B23-Rev peak, we estimate a B23-to-Rev ratio of about 1.
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Sedimentation profiles of iodinated Rev protein alone or in
the presence of unlabeled B23 are shown in Fig. 4E. Peak
fractions of 1251I-labeled Rev protein are clearly shifted in the
presence of B23 toward the bottom of the gradient.
The Rev-binding protein is analogous to the mammalian

nucleolar protein B23. To identify the 38-kDa Rev-binding
protein, we attempted N-terminal sequencing; however, the
results indicated a blocked N terminus. Internal sequence
was obtained from two tryptic peptides of 6 and 12 residues
in length. A data base search indicated that the sequences of
these peptides corresponded to residues 266 to 271 and 276
to 287 of the 293-residue-long nucleolar rat protein B23 (10).
For the dodecapeptide, residue 1 (Met) and residue 11 (Trp)
were not clearly assigned. However the N termini of both
peptides followed the expected tryptic cleavage.
To confirm this identification, we used a monoclonal

antibody raised against chicken B23 (4). This monoclonal
antibody does not cross-react with the rat or HeLa B23
protein. We therefore fractionated a nuclear extract derived
from chicken liver nuclei on a Rev affinity column as
described above. Again a single 38-kDa protein was eluted
from the column with 1.0 M KCI (Fig. 5A, lane 7). This
chicken 38-kDa protein appeared to have a somewhat re-
duced affinity for Rev, as a significant fraction was also
observed in the 0.6 M KCI eluent (lane 6). Figure SB shows
an immunoblot of the same protein fractions using the
monoclonal anti-chicken B23 antibody. The immunoreactiv-
ity of the 38-kDa protein eluted with 0.6 and 1.0 M KCI
confirms its identity as the B23 protein. B23 is quantitatively
retained on the Rev affinity column, as is evident from a
comparison of the input extract with the flowthrough frac-
tion and the 0.3 M KCI eluent (Fig. 5B, lanes 3, 4, and 5,
respectively). We also loaded as a positive control total
cellular proteins from chicken DU249 hepatoma cells; B23
was the only protein detected by this highly specific antise-
rum in this total cell extract (lane 1).
These results clearly identify the major Rev-binding pro-

tein as the nucleolar protein B23 (6, 8). As B23 is homolo-
gous to the amphibian protein No38 (39), we also applied a
total cytoplasmic extract derived from Xenopus eggs to a
Rev affinity column. The immunoreactivity of the proteins
eluted from this column, using a monoclonal antibody spe-
cific for No38 (39), demonstrated the quantitative partition-
ing of this protein into the 1.0 M KCI eluent. This result
further demonstrates the high degree of specificity of the Rev
and No38 or B23 interaction. We should mention, however,
that in the affinity chromatography of the Xenopus extract, a
considerable number of other proteins also coeluted with
No38 (data not shown).
B23-Rev complex is dissociated by the RRE. Rev protein

binds in a sequence-specific manner to the RRE (13, 33, 44).
Does B23 interfere with or facilitate the specific interaction
of Rev with its RNA target element? Gel retardation assays
and sucrose sedimentation analysis were carried out to
elucidate these questions. We used two control RNA frag-
ments of 906 and 255 bases and an RRE-containing RNA of
550 bases (Fig. 6, lanes 1, 5, and 9). Yeast tRNA was chosen
as an unlabeled nonspecific competitor.
Upon addition of Rev, a discreet shift of the RRE-

containing fragment was observed (Fig. 6; indicated by an
arrowhead; lanes 2, 6, and 10). No mobility shift was
observed following addition of B23 alone at increasing
concentrations to the RNA probes, indicating no RNA-
binding capacity for this protein (lanes 4, 8, and 12). Inter-
estingly, the mobility shift of the RRE-Rev complex re-
mained unaltered when increasing amounts of B23 were
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FIG. 5. Interaction of anti-chicken B23 monoclonal antibody
with chicken major Rev-binding protein. A chicken liver nuclear
extract was applied to a Rev affinity column and eluted as described
in the legend to Fig. 1. Sample preparation and gel conditions were
as described for HeLa and rat liver nuclear extracts. (A) Coomassie
blue-stained gel of eluted fractions. (B) The same samples shown in
panel A plus a total chicken cell extract (lane 1). The extracts were
loaded onto an SDS-polyacrylamide minigel, transferred to a nitro-
cellulose filter, and probed by immunoblotting using anti-chicken
B23 monoclonal antibody as described in Materials and Methods.
Lanes: S, marker proteins; 1, total cell extract from chicken DU249
hepatoma cells (C); 2, chicken liver nuclei (N); 3, input chicken liver
nuclear extract (E); 4, flowthrough. The elution steps are indicated
above the lanes. Chicken B23 protein is indicated by an arrowhead.
Positions of size standards (in kilodaltons) are shown on the left.

added to a fixed amount of Rev protein (lanes 3, 7, and 11).
This result showed that B23 does not facilitate or interfere
with the specific interaction of Rev with the RRE RNA.
Moreover, if B23 and Rev were able to bind to the RNA as
a complex, we would expect a mobility shift in addition to
that caused by Rev alone, and this was not observed.

In the aforementioned experiment, Rev and the RNA
probes were mixed prior to addition of B23 protein. We also
added the components in all possible combinations, but we
noted an unchanged mobility of the RRE-Rev protein com-
plex (not shown). This finding suggests the following: Rev is
likely to bind to the RRE RNA without the assistance of
B23, and by inference, the Rev-B23 complex, which is very
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FIG. 6. Evidence that B23 does not facilitate or interfere with the
binding ofRev to the RRE RNA. A gel retardation assay was carried
out using an RNA probe composed of three internally labeled RNA
fragments of 906, 550, and 255 nucleotides. The 550-base RNA
fragment contains the RRE. Rev protein was added to the RNA
mixtures and incubated for 15 min at 30°C. After the incubation
period, B23 protein was added to the indicated samples and incu-
bation was carried out for an additional 15 min. Samples were
loaded onto a 1.3% agarose gel in TBE buffer. Rev concentrations
were 5 ng/Ll on lanes 2, 3, 6, 7, 10, and 11. The B23 concentration
was 0 for the samples analyzed on lanes 1, 2, 5, 6, 9, and 10, 1.5
ng/,ul for lanes 3 and 4, 3 ng/,ul for lanes 7 and 8, and 6 ng/,ul for lanes
11 and 12. The circle indicates the RRE-containing RNA fragment;
the arrowhead indicates the altered mobility of the RRE-containing
RNA in the presence of Rev.
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stable in the absence of RNA, appears to be dissociated
upon addition of RNA (tRNA and the radioactive probes).

Is the Rev-B23 complex dissociated specifically by the
RRE-containing RNA or nonspecifically by any RNA? We
used sucrose gradient analysis to study this question. Iodi-
nated Rev and nonradioactive B23 proteins were mixed to
allow complex formation. This sample was subsequently
split and incubated in the presence of competitor tRNA with
either sense or antisense 32P-labeled RNA fragments con-
taining the RRE. The samples were centrifuged on linear 5 to
30% sucrose gradients, and the individual gradient fractions
were subjected to SDS electrophoresis. The results indicated
that B23 and Rev cosedimented, forming a complex in the
absence of added RNA, as revealed by silver staining (Fig.
7A) and radioautography (Fig. 7B). Both proteins were
recovered in fractions 8 to 11. (The heavy staining in lane 1
of Fig. 7A was due to the gelatin used to coat the tubes; see
Materials and Methods.) If Rev was applied to the gradient
alone, it sedimented near the top of the gradient (Fig. 7G,
fractions 12 to 16).

Preincubation of the Rev-B23 complex with RRE RNA
prior to loading onto the gradient resulted in dissociation of
the protein complex. Rev protein was bound to the RNA, as
it cosedimented with the RNA fragment to near the bottom
of the gradient (Fig. 7D, fractions 1 to 6). The dissociated
B23, however, was observed in fractions 9 to 12 (Fig. 7C),
which corresponds to its usual sedimentation position with-
out the addition of RNA.
The dissociation of the Rev-B23 complex required an

RRE-containing RNA. This was demonstrated in a control
experiment using antisense RNA. In the presence of the
antisense RNA, Rev-B23 complexes were stable, since the
bulk of both proteins, B23 and Rev, cosedimented in frac-
tions 9 to 11 (Fig. 7E and F, respectively). In addition, the
antisense RNA sedimented higher up in the gradient (Fig.
7F; indicated with a bracket) as expected, since it was not
complexed with Rev.
These results confirm and extend those obtained for the

gel retardation assay: the results demonstrate that RRE-

FIG. 7. Dissociation of Rev-B23 protein complexes by the RRE
RNA. Rev-B23 complex was prepared by mixing iodinated Rev
protein with unlabeled B23 protein. The complex was challenged
with RNA fragments containing sense or antisense RRE in the
presence of yeast tRNA. Samples were layered on top of a 5 to 30%o
linear sucrose gradient. Sedimentation was from right to left. Panels
A to G represent SDS-gels of the individual fractions from the
separate gradients. Fractions numbers are indicated above the
lanes. B23 protein was detected by silver staining (A, C, and E), and
Rev protein was detected by radioautography (B, D, F, and G).
Positions of the labeled RNA were monitored by Cerenkov counting
and are indicated by brackets below the corresponding panels. (A
and B) Rev-B23 complex as observed without competitor RNA; (C
and D) dissociation of the Rev-B23 complexes in the presence of
sense RRE RNA; (E and F) stability of the Rev-B23 complexes in
the presence of the antisense RNA fragment; (G) sedimentation
position of Rev protein run alone.

containing RNAs can specifically dissociate Rev-B23 protein
complexes.

DISCUSSION
The nucleolar protein B23 is the major protein in a crude

nuclear extract which specifically and tightly interacted with
the HIV-1 Rev protein. Rev is one of the key proteins in viral
propagation and is thought to mediate, via the RRE, the
export of singly spliced and full-length viral RNAs from the
nucleus to the cytoplasm. In the absence of the Rev func-
tion, transition from the early to the late phase of viral gene
expression cannot occur, and as a consequence the provirus
becomes replication defective (16, 40).
A Rev affinity column selectively retrieves B23 from a

complex nuclear extract derived from HeLa, rat liver, or
chicken liver nuclei. The elution of B23 from a Rev affinity
column required between 0.6 and 1.0 M KCl, which was
indicative of a tight association. B23 was the major compo-
nent in the high-salt eluates and ran similarly when reapplied
to a second affinity column following digestion with various
nucleases, supporting the view for a protein-protein interac-
tion.
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B23 displayed no affinity for lysozyme and BSA control
columns but was retained by a histone affinity column. This
column was largely composed of histone H1; this protein
also binds nonspecifically to many different proteins such as
BSA, topoisomerase II, Rev, and serum proteins. The
interaction of B23 with the histone column was abolished by
competition with double-stranded DNA; in this case, B23
predominantly eluted in the flowthrough fraction and only a
small fraction was observed in the 0.3 M KCI elution step.
This result indicated a weak nonspecific interaction of his-
tone Hi with B23. But as discussed below, B23 may serve as
a shuttle protein for nuclear import, and one can not a priori
rule out the involvement of this protein in histone Hi nuclear
uptake. Indeed, recent experiments have suggested that
nuclear import of histone Hi and other small nucleophilic
proteins is due to a receptor-mediated process, even though
their small size should permit simple diffusion across the
nuclear pores (5).
The Rev-B23 complex was also detected by immunoaf-

finity chromatography (Fig. 3) and by sucrose gradient
sedimentation using purified components (Fig. 4). The Rev/
B23 ratio in the complex has not precisely been determined,
but as a maximum, the presumptive penta- or hexameric B23
structure could bind up to about five Rev molecules.
The Rev-B23 complex was found to be stable toward

dissociation by double-stranded DNA but was dissociated
by an RRE-containing RNA. The RRE RNA having a higher
affinity for Rev than B23 displaced the latter. as determined
by sedimentation analysis. As a control, we used the an-
tisense RNA, which did not affect the stability of the
Rev-B23 complex. The specific dissociation of the Rev-B23
complex by RRE RNA is of interest in view of a possible in
vivo function of this interaction, as discussed below.
B23 migrates constantly between nucleus and cytoplasm,

acting as a shuttle protein for the nucleocytoplasmic trans-
port of ribosomal components (4). It is possible that Rev
takes advantage of this shuttle service, being imported into
the nucleus as a Rev-B23 complex. Given that the Rev-B23
complex can be specifically dissociated in vitro by the RRE
RNA, we might also assume a similar exchange reaction
taking place in the nucleus. The RRE-containing RNA
complexed with Rev would then be ready for nuclear export,
thus closing the cycle.

Despite the proposed role of Rev in nuclear export of
unspliced viral RNAs, this protein localizes into the nucle-
olus, as observed by immunofluorescence studies (12, 18, 31,
37). Several authors have discussed for this reason the
possible involvement of the nucleolus or some nucleolar
factor in Rev function. B23 is a major nucleolar component
(6), and the fact that it forms a tight complex with HIV Rev,
as established in this report, provides a rationale for the
localization of Rev in the nucleolus. The Rev-B23 complex
in the nucleolus may also serve as a storage device, from
which Rev is recruited, as RRE-containing RNAs become
available.
Rev protein contains a nucleolar localization signal (NOS)

which may directly target this protein to the nucleolus via a
receptor-mediated process (28). Whether such a receptor is
cytoplasmic or form parts of the nuclear pore complex is not
known. Evidence for cytosolic or nuclear receptors which
bind proteins harboring nuclear localization signals has been
reported (for a review, see Goldfarb [21]). Similarly, such
soluble receptors may exist for proteins containing nucleolar
localization signals. Thus, despite the NOS sequence in Rev,
a mediator might be necessary and B23 could carry out this
role.

The B23-Rev interaction may be electrostatic in nature.
Possible regions of interaction could be the polyanionic
stretch of B23 (residues 161 to 189) and the cluster of basic
amino acids in the Rev protein (residues 35 to 50). This
sectored distribution of charged residues in either protein
may contribute to the strong interaction. This type of inter-
action may be of a general nature for nucleolar components
and their putative shuttle protein as originally suggested by
Goldfarb (21). The control experiments performed empha-
size the importance of localized charge effects, as proteins
more basic than HIV Rev were shown to bind less tightly,
such as lysozyme and histone Hi, as shown in this study.

Affinity column chromatography has often been success-
fully used to discover biologically important protein-protein
interactions such as between the proteins of the bacterio-
phage T4 replication complex (20). The biological impor-
tance for the Rev-B23 interaction reported here has not been
established, but an experimental study of the in vivo role of
B23 is feasible and of importance, given the key role played
by Rev in HIV replication.

ACKNOWLEDGMENTS

We acknowledge J. Hofsteenge (Friedich-Miescher Institut, Basel,
Switzerland) for peptide sequencing, J. Delamarter (GLAXO,
Geneva, Switzerland) for providing the pGEM4z-1430 HIV-1 sub-
clone, and W. W. Franke (Institut of Cell and Tumor Biology,
Heidelberg, Federal Republic of Germany), R. A. Nigg, and M.
Peter (ISREC, Lausanne, Switzerland), for the kind gifts of anti-
bodies against B23 protein. We thank J. Falquet for making the
antibody to Rev.

This work was supported by the Swiss National Science Founda-
tion and the Canton of Geneva.

REFERENCES
1. Adachi, Y. Unpublished data.
2. Aebersold, R. H., J. Laevitt, R. A. Saavedra, L. E. Hood, and

S. B. Kent. 1987. Internal amino acid sequence analysis of
proteins separated by or two-dimensional gel electrophoresis
after in situ protease digestion on nitrocellulose. Proc. Natl.
Acad. Sci. USA 84:6970-6974.

3. Arya, S., C. Guo, S. F. Josephs, and F. Wong-Staal. 1985.
Trans-activator gene of human T-lymphotropic virus type III
(HTLVIII). Science 229:69-73.

4. Borer, R. A., C. F. Lehner, H. M. Eppenberger, and E. A. Nigg.
1989. Major nucleolar proteins shuttle between nucleus and
cytoplasm. Cell 56:379-390.

5. Breeuwer, M., and D. S. Goldfarb. 1990. Facilitated nuclear
transport of histone Hi and other small nucleophilic proteins.
Cell 60:999-1008.

6. Bush, H. 1984. p. 233-286. In L. S. Hnilinca (ed.), Chromo-
somal nonhistone proteins. CRC Press, Inc., Boca Raton, Fla.

7. Chan, P.-K., M. Aldrich, and H. Bush. 1985. Alterations in
immunolocalization of the phosphoprotein B23 in HeLa cells
during serum starvation. Exp. Cell Res. 161:101-110.

8. Chan, P.-K., W.-Y. Chan, B. Y. M. Yung, R. G. Cook, M.
Aldrich, D. Ku, I. L. Goldknopf, and H. Bush. 1986. Amino acid
sequence of a specific antigenic peptide of protein B23. J. Biol.
Chem. 261:14335-14341.

9. Chang, D. D., and P. A. Sharp. 1989. Regulation by HIV Rev
depends upon recognition of splice sites. Cell 59:789-795.

10. Chang, J.-H., T. S. Dumbar, and M. 0. J. Olson. 1988. cDNA
and deduced primary structure of rat protein B23, a nucleolar
protein containing highly conserved sequences. J. Biol. Chem.
263:12824-12827.

11. Cufen, B. R., and W. C. Greene. 1989. Regulatory pathways
governing HIV-1 replication. Cell 58:423-426.

12. Cuflen, B. R., J. Hauber, K. Campbell, J. G. Sodroski, W. A.
Haseltine, and C. A. Rosen. 1988. Subcellular location of the
human immunodeficiency virus trans-acting art gene product. J.
Virol. 62:2498-2501.

MOL. CELL. BIOL.



EFFECT OF THE Rev RESPONSE ELEMENT ON HIV Rev AND B23

13. Daly, T. J., K. S. Cook, G. S. Gary, T. E. Malone, and J. R.
Rusche. 1989. Specific binding of HIV-1 recombinant Rev
protein to the Rev-responsive element in vitro. Nature (London)
342:816-819.

14. Dayton, A. I., J. G. Sodroski, C. A. Rosen, W. C. Goh, and
W. A. Haseltfne. 1986. The trans-activator gene of the human T
cell lymphotropic virus type III is required for replication. Cell
44:941-947.

15. Emennan, M., R. Vaseux, and K. Peden. 1989. The rev gene
product of the human immunodeficiency virus affects envelope-
specific RNA localization. Cell 57:1155-1165.

16. Feinberg, M. B., R. F. Jarett, A. Aldovini, R. C. Gallo, and F.
Wong-Staal. 1986. HTLV-llI expression and production involve
complex regulation at the levels of splicing and translation of
viral RNA. Cell 46:807-817.

17. Felber, B. K., M. Hadzopoulou-Cladaras, C. Cladaras, T. Cope-
land, and G. N. Pavlakis. 1989. Rev protein of human immuno-
deficiency virus type 1 affects the stability and transport of the
viral mRNA. Proc. Natl. Acad. Sci. USA 86:1495-1499.

18. Felber, B. K., and G. N. Pavlalds. 1988. A quantitative bioassay
for HIV-1 based on trans-activation. Science 239:184-187.

19. Fisher, A. G., M. B. Feinberg, S. F. Josephs, M. E. Harper,
L. M. Marsefle, G. Reyes, M. A. Gonda, A. Aldovini, C. Debouk,
R. C. Gallo, and F. Wong-Staal. 1986. The trans-activator gene
of HTLV-III is essential for virus replication. Nature (London)
320:367-371.

20. Formosa, T., R. L. Burke, and B. M. Alberts. 1983. Affinity
purification of bacteriophage T4 proteins essential for DNA
replication and genetic recombination. Proc. Natl. Acad. Sci.
USA 80:2442-2446.

21. Goldfarb, D. S. 1989. Nuclear transport. Curr. Opin. Cell Biol.
1:441-446.

22. Hadzopoulou-Cladaras, M., B. K. Felber, C. Cladaras,, A. Atha-
nassopoulos, A. Tse, and G. N. Pavialds. 1989. The rev (trslart)
protein of human immunodeficiency virus type 1 affects viral
mRNA and protein expression via cis-acting sequences in the
env region. J. Virol. 63:1265-1274.

23. Hammarskj6ld, M.-L., J. Helmer, B. Hammarskjold, I. Sang-
wan, L. Albert, and D. Rekosh. 1989. Regulation of human
immunodeficiency virus env expression by the rev gene product.
J. Virol. 63:1959-1966.

24. Harlow, E., and D. Lane. 1988. Antibodies: a laboratory man-
ual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y.

25. Hauber, J., A. Perkins, E. P. Hemmer, and B. R. Cullen. 1987.
Trans-activation ofhuman immunodeficiency virus gene expres-
sion is mediated by nuclear events. Proc. Natl. Acad. Sci. USA
84:6364-6368.

26. Heaphy, S., C. Dingwall, I. Ernberg, M. J. Gait, S. M. Green, J.
Karn, A. D. Lowe, M. Singh, and M. A. Skinner. 1990. HIV-1
regulator of virion expression (Rev) protein binds to an RNA
stem-loop structure located within the Rev response element
region. Cell 60:685-693.

27. Izaurralde, E., J. Mirkovitch, and U. K. LaemmH. 1988. Inter-
action of DNA with nuclear scaffolds in vitro. J. Mol. Biol.

200:110-125.
28. Kubota, S., H. Siomi, T. Satoh, S.-I. Endo, M. Maki, and M.

Hatanaka. 1989. Biochem. Biophys. Res. Commun. 162:963-
970.

29. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-85.

30. Lichtsteiner, S., J. Wuarin, and U. Schibler. 1987. The interplay
of DNA-binding proteins on the promoter of the mouse albumin
gene. Cell 51:963-973.

31. MaHm, M. H., S. B6hnlein, J. Hauber, and B. R. Cuflen. 1989.
Functional dissection of the HIV-1 Rev trans-activator-deriva-
tion of a trans-dominant repressor of Rev function. Cell 58:205-
214.

32. Malim, M. H., J. Hauber, S.-Y. Le, J. V. Maizel, and B. R.
Cuflen. 1989. The HIV-1 rev trans-activator acts through a
structured target sequence to activate nuclear export of un-
spliced viral mRNA. Nature (London) 338:254-257.

33. Malm, M. H., L. S. Tiley, D. F. McCarn, J. R. Rusche, J.
Hauber, and B. R. Cuflen. 1990. HIV-1 structural gene expres-
sion requires binding of the Rev trans-activator to its target
sequence. Cell 60:675-683.

34. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.

35. Mirkovitch, J., M.-E. Mirault, and U. K. Laemmli. 1984. Orga-
nization of the higher-order chromatin loop: specific DNA
attachment sites on nuclear scaffold. Cell 39:223-232.

36. Muesing, M. A., D. H. Smith, C. D. Cabradilla, C. V. Benton,
L. A. Lasky, and D. J. Capon. 1985. Nucleic acid structure and
expression of the human AIDS/lymphadenopathy retrovirus.
Nature (London) 313:450-458.

37. Rosen, C. A., E. TerwiHliger, A. Dayton, J. G. Sodroskd, and
W. A. Haseltine. 1988. Intragenic cis-acting art gene-responsive
sequences of the human immunodeficiency virus. Proc. Natl.
Acad. Sci. USA 85:2071-2075.

38. Sadaie, M. R., T. Benter, and F. Wong-Staal. 1988. Site-directed
mutagenesis of two trans-regulatory genes (tat-HI, trs) of
HIV-1. Science 239:910-914.

39. Schmidt-Zachmann, M. S., B. Hftl-D6rr, and W. W. Franke.
1987. A constitutive nucleolar protein identified as a member of
the nucleoplasmin family. EMBO J. 6:1881-1890.

40. Sodrosi, J., W. C. Goh, C. Rosen, A. Dayton, E. TerwilHiger,
and W. H ne. 1986. A second post-transcriptional trans-
activator gene required for HTLV-Il replication. Nature (Lon-
don) 321:412-417.

41. Terwililger, E., R. Burghoff, R. Sia, J. Sodroski, W. Haseltine,
and C. Rosen. 1988. The art gene product of human immunode-
ficiency virus is required for replication. J. Virol. 62:655-658.

42. Wingifed, P. Unpublished data.
43. Yung, B. Y.-M., and P.-K. Chan. 1987. Identification and

characterization of a hexameric form of nucleolar phosphopro-
tein B23. Biochim. Biophys. Acta 925:74-82.

44. Zapp, M. L., and M. R. Green. 1989. Sequence specific binding
by the HIV-1 Rev protein. Nature 342:714-716.

VOL. 11, 1991 2575


