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We report the characterization of clone 1.9.2, a gene expressed in mineralizing osteoblasts. Remarkably,
clone 1.9.2 is the murine homolog of the alpha chain of the nascent polypeptide-associated complex (a-NAC).
Based on sequence similarities between a-NAC/1.9.2 and transcriptional regulatory proteins and the fact that
the heterodimerization partner of «-NAC was identified as the transcription factor BTF3b (B. Wiedmann, H.
Sakai, T. A. Davis, and M. Wiedmann, Nature 370:434-440, 1994), we investigated a putative role for a-NAC/
1.9.2 in transcriptional control. The a-NAC/1.9.2 protein potentiated by 10-fold the activity of the chimeric
activator GAL4/VP-16 in vivo. The potentiation was shown to be mediated at the level of gene transcription,
because a-NAC/1.9.2 increased GAL4/VP-16-mediated mRNA synthesis without affecting the half-life of the
GALA4/VP-16 fusion protein. Moreover, the interaction of a-NAC/1.9.2 with a transcriptionally defective mutant
of GAL4/VP-16 was severely compromised. Specific protein-protein interactions between «-NAC/1.9.2 and
GAL4/VP-16 were demonstrated by gel retardation, affinity chromatography, and protein blotting assays, while
interactions with TATA box-binding protein (TBP) were detected by immunoprecipitation, affinity chromatog-
raphy, and protein blotting assays. Based on these interactions that define the coactivator class of proteins, we

conclude that the a-NAC/1.9.2 gene product functions as a transcriptional coactivator.

In addition to the sequence-specific DNA-binding transcrip-
tion factors and the components of the basal transcriptional
machinery, the control of gene expression requires another
class of proteins that are involved in activated transcription.
These molecules have been ascribed different names, such as
mediators, adaptors, and coactivators (13). While further stud-
ies may reveal that these semantic distinctions reflect true
mechanistic differences, the various names have been used
indiscriminately in various contexts. The term “coactivator”
was first ascribed to the TAFs (TATA-binding protein [TBP]-
associated factors), a class of proteins that contact TBP and
interact with one or several sequence-specific transcription fac-
tors to potentiate activator-dependent transcription (9). We
have utilized these characteristics to define the function of
coactivators herein.

These proteins provide interfaces to link the sequence-
specific factors to the basal transcriptional machinery (13, 33).
Recent studies have identified specific enzymatic functions for
some coactivators, indicating that activated transcription does
not merely result from protein-protein contacts but also re-
quires covalent modification of the factors involved (2, 8, 12).

The TAFs represent a group of proteins tightly associated
with TBP so that they copurify with it in the chromatographic
fraction TFIID (9). Several human and Drosophila TAFs have
now been cloned (reference 4 and references therein). Recent
genetic evidence in yeast may question whether or not TAFs
are universally required for transcription (25, 35), but the yeast
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results can perhaps be explained by the relative simplicity of
the yeast genome (33). Indeed, recent evidence suggests that
specific TAFs are implicated in the control of developmentally
restricted gene expression and tissue-specific transcriptional
activation in multicellular organisms (29). Coactivators distinct
from the TFIID fraction have also been identified and cloned
(reviewed in reference 13).

Several of the coactivators characterized to date share func-
tional properties. However, some of them also exhibit very
unique functions. For example, the Drosophila TAF with a
molecular weight of 150,000 (dTAF,,150) has been shown to
possess specific DNA binding affinity (34), while hTAF ;250
was shown to act as a protein serine kinase (8). The CBP and
p300 coactivators possess histone acetyltransferase activity (2).
Thus a diverse range of structural and functional domains in
coactivator proteins have been characterized.

We have used the technique of differential display of mRNA
amplified by PCR (differential display PCR) (19) to compare
genes expressed in mineralizing osteoblasts with those ex-
pressed in dedifferentiated, nonmineralizing cells of the same
lineage. We report the characterization of clone 1.9.2, a 794-bp
c¢DNA corresponding to a transcript expressed in differentiated
osteoblasts. Remarkably, clone 1.9.2 is the murine homolog of
the alpha chain of the nascent polypeptide-associated complex
(a-NAC) (GenBank accession no. X80909 [unpublished data])
and shall hereafter be referred to as a-NAC/1.9.2. NAC has
been previously purified as a heterodimeric complex binding
the newly synthesized polypeptide chains as they emerge from
the ribosome (37). The B-NAC subunit has been identified as
BTF3b (39), a protein involved in regulating transcription in
yeast (15) and in higher eukaryotes (39). Based on sequence
similarities between a-NAC/1.9.2 and transcriptional regula-
tory proteins and the identification of the heterodimerization
partner of a-NAC as the transcription factor BTF3b (37), we
investigated a putative role for -NAC/1.9.2 in transcriptional
control. Additional work from our laboratory characterizing
the function of the muscle-specific isoform of a-NAC/1.9.2,
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skNAC, as a sequence-specific DNA-binding transcription fac-
tor and demonstrating that «-NAC/1.9.2 has inherent DNA
binding activity in vitro (38) further supports a role for a-NAC/
1.9.2 in the regulation of gene transcription.

We present evidence that the a-NAC/1.9.2 protein can po-
tentiate the activity of the chimeric activator GAL4/VP-16 in
vivo. Specific protein-protein interactions between a-NAC/
1.9.2 and the activator were demonstrated. The a-NAC/1.9.2
protein was also shown to interact with TBP. Based on these
interactions that define the coactivator class of proteins, we
conclude that the a-NAC/1.9.2 gene product functions as a
transcriptional coactivator.

MATERIALS AND METHODS

Cloning of 1.9.2 ¢DNA. Differential display PCR of mRNA isolated from
terminally differentiated osteoblasts (10) and passaged, dedifferentiated bone
cells was performed as described previously (19). Clone 1.9.2 was identified as a
band specific for differentiated osteoblasts, excised, reamplified, and used to
clone the full-length 1.9.2 cDNA from a primary osteoblast library prepared in
lambda-ZAPII (Stratagene, La Jolla, Calif.).

Immunolocalization of a-NAC/1.9.2. Exponentially growing or serum-starved
MC3T3-E1 osteoblastic cells (32) were fixed in 4% paraformaldehyde. Immu-
nochemistry was performed according to standard protocols (36) with the anti-
oNAC antibody (38) and a secondary goat anti-rabbit antibody conjugated to
fluorescein isothiocyanate (TAGO Immunologicals, Burlingame, Calif.). Anti-
body dilutions were 1:1,000 and 1:50 for the primary and secondary antibodies,
respectively.

Transient transfection assays. All vectors were constructed by standard mo-
lecular biology procedures, and full details and sequences are available on re-
quest. For assays using GAL4/VP-16, P19 EC cells (24) were transfected with 0.8
ug of the reporter plasmid 5Gal4-E1b-CAT (20), 0.1 pg of an expression plasmid
for GAL4/VP-16 (pSGVP [26]), and 2 p.g of either the BTF3b vector (39) or the
cytomegalovirus (CMV)-1.9.2 expression vector. Fifty nanograms of the lucif-
erase expression plasmid pGL2-control (Promega Corp., Madison, Wis.) was
also included as a reference to monitor for variations in transformation effi-
ciency. All transfections were performed with 5 pl of the Lipofectamine reagent
(Gibco BRL, Gaithersburg, Md.) according to the instructions of the manufac-
turer, and cells were harvested 24 h posttransfection. Chloramphenicol acetyl-
transferase (CAT) and luciferase activities were assayed as previously described
(31).

Northern blot assay. Total RNA from transiently transfected cells was probed
with a PCR-labeled fragment from the reporter CAT gene by conventional
protocols. The membrane was subsequently stripped and rehybridized with a
probe directed against the a-tubulin transcript to monitor for variations in the
quality and quantity of the loaded mRNA.

Analysis of GAL4/VP-16 half-life. We used the cycloheximide-Western proto-
col of Maheswaran et al. (22) to estimate the half-life of the GAL4/VP-16
activator. P19 EC cells (24) were transfected as described above with 0.5 pg of
pSGVP (26) together with 0.5 ug of either an inert plasmid (pBKCMYV; Strata-
gene Corp.) or the CMV-1.9.2 expression vector. Transfection efficiency was
monitored with 0.1 pg of the luciferase expression plasmid pGL2-control. Trans-
fected cells were pooled 24 h posttransfection and split in the appropriate
number of dishes. Cycloheximide (30 pg/ml) was added to each dish 36 h
posttransfection, and cells were harvested at intervals. Protein lysates were pre-
pared, and 700 pg of total protein per sample was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western blotting with an anti-
GAL4/VP-16 antibody (Upstate Biotechnology, Inc., Lake Placid, N.Y.).

Gel mobility shift assay. The 17-bp GAL4 binding site oligonucleotide (20)
was labeled by Klenow filling in and incubated with the purified recombinant
proteins in binding buffer (12 mM HEPES-NaOH [pH 7.9], 4 mM Tris-Cl [pH
7.9], 60 mM KCI, 1 mM CaCl,, 1 mM dithiothreitol, 12% glycerol) for 30 min at
room temperature. The final reaction volume was 20 pl. The amounts of protein
used were 50 ng for GAL4/VP-16, 100 ng for GAL4(DBD-1-147 [DNA binding
domain residues 1 to 147]), and 500 ng for «-NAC/1.9.2. The preimmune sera
and anti-aNAC antibody (38) were used at a final dilution of 1:400; binding
reaction mixtures with antibodies were preincubated on ice for 30 min prior to
addition of the probe. Bound probe was separated from free oligonucleotide on
6% gels in binding buffer supplemented with 1 mM EDTA. Samples were
migrated at 150 V for 3 h with buffer recirculation. The gels were then dried and
autoradiographed.

Affinity chromatography. Crude nuclear extracts from serum-starved P19 EC
cells (24) were prepared as described by Dignam et al. (7). Crude lysates from
bacteria expressing GAL4/VP-16 or GAL4/VP16AFP442 (1) were obtained by
sonication. The nuclear extracts (2 mg of total protein) or the bacterial lysates
(15 mg of total protein) were precleared on glutathione-Sepharose 4B beads
(Pharmacia Canada, Baie d’Urfé, Quebec, Canada) and then passed on a glu-
tathione-Sepharose 4B column previously loaded with glutathione S-transferase
(GST)-1.9.2 (300-pl final bed volume). Bound proteins were eluted with a step
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gradient of NaCl, precipitated with trichloroacetic acid, and analyzed by Western
blot assay (11). The antibodies directed against GAL4/VP-16 and TBP were
obtained from Upstate Biotechnology, Inc. Recombinant human TBP was ob-
tained from Upstate Biotechnology, Inc.

Far-Western protein blot assay. The «-NAC/1.9.2 cDNA was subcloned into
the pGEX-4T-3 vector (Pharmacia Canada), and the GST-1.9.2 fusion protein
was purified according to the manufacturer’s instructions and then was biotinyl-
ated with the protein biotinylation system (Canadian Life Technologies, Burl-
ington, Ontario, Canada) based on the protocol supplied. The far-Western blot
assay was performed as described by Inostroza et al. (17), except that the blocked
membrane was exposed to the biotinylated protein for only 1 h. GST-TBP was
purchased from Santa Cruz BioTechnology (Santa Cruz, Calif.), while purified
GAL4/VP-16 was a generous gift of James T. Kadonaga (University of Cali-
fornia—San Diego, La Jolla, Calif.). The amount of purified protein loaded in
each lane was 0.5 pg.

Immunoprecipitation. Immunoprecipitation reactions were performed ac-
cording to standard protocols (28). Four hundred microliters of crude nuclear
extract from serum-starved P19 embryonal carcinoma cells (4 pg/pl) was incu-
bated with 4 ul of antibodies. The subsequent immunoblotting step was per-
formed by standard protocols (11). The anti-RNA polymerase II antibody was
from Santa Cruz BioTechnology (Santa Cruz, Calif.). The antibody dilutions
used were 1:1,000 for the anti-aNAC antibody; 1:250 for the anti-TBP, anti-RNA
polymerase II, and preimmune sera; and 1:7,500 for the alkaline phosphatase-
conjugated second antibody.

Nucleotide sequence accession number. The GenBank accession number for
the sequence reported in this paper is U22151.

RESULTS

a-NAC/1.9.2 localizes to the nucleus in G,-phase cells. The
a-NAC/1.9.2 protein sequence features a putative nuclear tar-
geting sequence (RSEKKARK) located at residues 71 to 78
(not shown). This sequence motif, combined with the obser-
vation that the dimerization partner of a-NAC has been iden-
tified as the transcriptional regulatory protein BTF3b (37),
prompted us to investigate the putative nuclear localization of
a-NAC/1.9.2 as well as its possible involvement in the regula-
tion of gene transcription.

Immunocytochemical analysis with anti-aNAC antibodies
(38) revealed that the nuclear localization of the protein was
cell cycle dependent: in cells arrested at the G,/G, border by
serum deprivation, the a-NAC/1.9.2 protein was detected in
the nucleus of all cells, as well as in the cytoplasm (Fig. 1B).
When the cells were challenged with serum for 4 h, the protein
mostly localized to the cytoplasm, although some nuclear stain-
ing remained evident (Fig. 1C). When serum-stimulated cells
were subsequently serum deprived, the a-NAC/1.9.2 protein
relocalized to the nucleus (Fig. 1D). Control staining with
preimmune sera showed a complete absence of signal (Fig.
1A).

«-NAC/1.9.2 acts as a transcriptional coactivator with
GAL4/VP-16. In order to assess the putative transcriptional
activation function of a-NAC/1.9.2, the full-length o-NAC/
1.9.2 protein was linked in frame to the DBD of the yeast
GALA4 transcription factor (amino acids 1 to 147) (27) and
assayed for its capacity to activate the transcription of the
5Gal4-E1b-CAT reporter plasmid (20). Under conditions in
which the control chimeric activator GAL4/VP-16 (26)
strongly stimulated the transcription of the reporter gene (Fig.
2A and B), we found no evidence of increased transcription
mediated through the GAL4/a-NAC/1.9.2 fusion protein (Fig.
2A and B), suggesting that «-NAC/1.9.2 could not transacti-
vate. It is interesting that a C-terminal fragment of a-NAC/
1.9.2 fused to GAL4 [construct GAL4-1.9.2(111-215)] moder-
ately increased transcription of the 5Gal4-E1b-CAT reporter
plasmid (about threefold) in ROS 17/2.8 osteosarcoma cells,
but not in P19 embryonal carcinoma cells or C2C12 myoblasts
(data not shown). We surmise that this may be due to the
interaction of a-NAC/1.9.2 with TBP (see below).

Expression of the a-NAC/1.9.2 cDNA under the control of
the CMV promoter (construct CMV-1.9.2) also had no effect
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FIG. 1. a-NAC/1.9.2 localizes to the cytoplasm and nucleus in serum-deprived osteoblasts. MC3T3-E1 osteoblastic cells were stained with polyclonal antibodies
raised against the fusion GST-1.9.2 protein. (A) Control staining with preimmune sera. (B to D) Staining for a-NAC/1.9.2. A strong signal was observed in the cytoplasm
and the nucleus of serum-starved cells (B). Following stimulation with fetal calf serum for 4 h, a-NAC/1.9.2 localized mainly to the cytoplasm (C). Removal of serum

after the 4-h stimulation provoked reentry of a-NAC/1.9.2 into the nucleus (D).

on the expression of the 5Gal4-E1b-CAT reporter gene (Fig.
2A). These results are in agreement with our previous findings
showing that despite its capacity to bind the same DNA se-
quence as the muscle-specific SkNAC isoform, a-NAC/1.9.2
could not stimulate transcription from promoters containing
the skNAC response element (38).

However, when GAL4/VP-16 was cotransfected with con-
struct CMV-1.9.2, a 10-fold enhancement of the response me-
diated by GAL4/VP-16 alone was observed (Fig. 2A; (compare
the 33.5 * 3.5-fold activation [mean * standard error]| ob-
served with GAL4/VP-16 to the 339 = 55-fold activation mea-
sured with GAL4/VP-16 together with CMV-1.9.2). The en-
hanced expression generated by the coexpression of GAL4/
VP-16 and a-NAC/1.9.2 was also observed at the level of the
mRNA of the reporter gene (Fig. 2B), demonstrating that the
potentiation occurred at the transcriptional level and not
through an increase in the translation, stability, or folding of
the nascent CAT protein. The observed effect was specific to
the a-NAC/1.9.2 protein, because the empty vector had no
influence on the activity of the GAL4/VP-16 activator (Fig.
2A). Moreover, the coactivation function of a-NAC/1.9.2 was
not observed when reporter templates devoid of GAL4 binding
sites were used or when a-NAC/1.9.2 was cotransfected with
vectors expressing only the DBD of GAL4 (data not shown).

B-NAC (37), identified as BTF3b (37, 39), was also tested in
this system. While it had no effect on the transcriptional acti-
vation function of GAL4/VP-16, BTF3b inhibited the stimula-
tion of transcription mediated by a-NAC/1.9.2 when coex-
pressed with a-NAC/1.9.2 and GAL4/VP-16 (Fig. 2A).

Similar levels of expression were achieved for each recom-
binant protein (data not shown). Moreover, we used cyclohex-
imide treatment to estimate the half-life of the GAL4/VP-16
activator in the presence or absence of a-NAC/1.9.2. Figure 2C
shows that the coexpression of a-NAC/1.9.2 did not affect the
level of expression of the GAL4/VP-16 protein (leftmost lane,
zero hour time point), nor did it influence the stability of the
chimeric activator.

a-NAC/1.9.2 interacts with GAL4/VP-16. Considering the
results presented above, we analyzed whether a-NAC/1.9.2
could directly interact with GAL4/VP-16 as well as compo-
nents of the basal transcriptional machinery. We first used gel
mobility shift assays with purified recombinant proteins to
assess direct contacts between a-NAC/1.9.2 and GAL4/VP-16.
As shown in Fig. 3, both the GAL4 DBD [GAL4(DBD-1-147);
lane 2] and GAL4/VP-16 (lane 5) bound the labeled GAL4
probe. GAL4(DBD-1-147) is a fusion with GST, thus explain-
ing the reduced mobility of the bound complex compared to
that of GAL4/VP-16. When a-NAC/1.9.2 was added to the



1306 YOTOV ET AL.

A Reporter

Vector

GAL/1.9.2
CMV-1.9.2
GAL4/VP-16
GAL4/VP-16 + vector

GAL4/VP-16 + CMV-1.9.2

GAL4/VP-16 + BTF3b

GAL4/VP-16 + BTF3b + CMV-1.9.2

1 1 1
100 200 300 400
FOLD INDUCTION (mean + SEM)

°§N NI

o~
i
B 3 <
GRS GAL4/VP-16 CHASE (h)
d a a.
sl el =
= My
=~ GAL4/VP-16
==
CAT 200 O
Hours
GAL4/VP-16
+ o-NAC/1.9.2
allt il el e
Tubulin Hours

FIG. 2. a-NAC/1.9.2 acts as a transcriptional coactivator. Transient transfec-
tion assays of the reporter plasmid 5Gal4-E1b-CAT (20) with expression vectors
for GAL4/VP-16, GAL4/1.9.2, a-NAC/1.9.2, and BTF3b alone or in combina-
tion. (A) Relative fold induction levels of the CAT reporter gene in transfected
cells. Vector represents the parental pBK-CMYV vector in which the «-NAC/1.9.2
cDNA was subcloned to generate CMV-1.9.2. The expression level detected in
cells transfected with the reporter alone was arbitrarily ascribed a value of 1.
Results are expressed as mean fold induction *+ standard error of four indepen-
dent transfections. (B) Northern blot assays of total RNA from the transfected
cells. The blot was first hybridized to a CAT probe (upper panel) and then was
stripped and reprobed with an a-tubulin probe (lower panel). (C) Half-life of the
GALA4/VP-16 protein in the presence or absence of a-NAC/1.9.2. P19 EC cells
(24) were transfected with the GAL4/VP-16 expression vector alone or in com-
bination with the a-NAC/1.9.2 expression vector. Cycloheximide was added to
each dish, and cells were harvested at the indicated intervals. Samples were
analyzed by Western blotting with an anti-GAL4/VP-16 antibody.

binding reaction mixture, the migration of the bound GAL4/
VP-16 complex was further retarded (lane 6), thus demonstrat-
ing an interaction of a-NAC/1.9.2 with the GAL4/VP-16 pro-
tein bound to the GAL4 probe. Control reaction mixtures
established that a-NAC/1.9.2 interacted with the VP-16 moiety
of the GAL4/VP-16 fusion protein: a-NAC/1.9.2 did not bind
the labeled probe by itself (lane 4) and did not interact with
GAL4(DBD-1-147) (lane 3). The migration of the bound com-
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FIG. 3. «-NAC/1.9.2 interacts with GAL4/VP-16. Results from gel mobility
shift assays with purified recombinant proteins with a labeled 17-mer GAL4
probe are shown. GAL4(DBD-1-147) is a fusion protein between GST and the
DBD (residues 1 to 147) of GAL4. GAL4(1-147)-VP-16 is the same as GAL4/
VP-16. a-NAC denotes the purified full-length a-NAC/1.9.2 protein. Preimmune
sera (lanes 7 and 8) and antibodies raised against a-NAC/1.9.2 (anti-a-NAC
[lanes 8 and 10]) were added to some binding reaction mixtures.

plex in reaction mixtures containing GAL4/VP-16 together
with «-NAC/1.9.2 was further altered by antibodies directed
against a-NAC/1.9.2 (supershifting; see lane 8), further con-
firming the presence of a-NAC/1.9.2 in the bound complex.
The anti-aNAC antibodies had no effect on the binding of
GALA4/VP-16 alone (lane 10), and preimmune sera did not
influence the migration of any of the bound complexes (lanes
7 and 9). These data demonstrate direct protein-protein inter-
actions between a-NAC/1.9.2 and the acidic activator VP-16.

We estimated the strength of the interaction between
a-NAC/1.9.2 and GAL4/VP-16 by using affinity chromatogra-
phy with step gradient elution. As depicted in Fig. 4A, bacte-
rially expressed GAL4/VP-16 was retained on a GST-a-NAC/
1.9.2-loaded glutathione-Sepharose column. The recombinant
GAL4/VP-16 did not interact with a control GST resin (not
shown). The interaction of the bound GAL4/VP-16 protein
with a-NAC/1.9.2 was disrupted with increasing concentrations
of salt, and the bulk of the bound protein eluted in the 0.3 and
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FIG. 4. Interactions between a-NAC/1.9.2 and wild-type and mutant GAL4/
VP-16. (A) Affinity chromatography of crude lysates from bacteria transformed
with an expression vector for wild-type GAL4/VP-16. Bound proteins were
eluted with a step gradient of NaCl, and the immunoblot (lanes 1 to 9) was
probed with an anti-GAL4/VP-16 antibody. (B) Affinity chromatography of
crude lysates from bacteria expressing GAL4/VP16AFP442 eluted with a salt
step gradient. In, input (1/100 of total material loaded on column); F.T.,
flowthrough. Molecular mass (kilodaltons) markers (M) are indicated to the left
of each panel.

0.4 M fractions (Fig. 4A, lanes 5 and 6). These results demon-
strate that the binding between a-NAC/1.9.2 and the chimeric
activator is a strong interaction. A significant proportion of the
input protein was recovered in the flowthrough fraction (com-
pare lanes 1 and 2), because these experiments were intention-
ally planned with an excess of GAL4/VP-16 to ascertain that
the affinity column was completely saturated.

We also tested the interaction of a-NAC/1.9.2 with a tran-
scriptionally compromised mutant of GAL4/VP-16, GAL4/
VP16AFP442 (1, 5, 21). While the mutant recombinant protein
still bound to the a-NAC/1.9.2 affinity resin (Fig. 4B), signifi-
cantly less protein was retained on the column, and most of it
was eluted with 0.3 M salt (lane 5). It is particularly striking
that no GAL4/VP16AFP442 protein could be detected in the
0.5 to 0.7 M fractions, whereas some of the wild-type GAL4/
VP-16 fusion protein was recovered in those fractions (com-
pare lanes 7 to 9, Fig. 4A and B). Equal amounts of recombi-
nant proteins were loaded on each column (lane 1). Similar
results were obtained in three separate experiments and
with bacterial vectors that expressed only the VP-16 or
VP16AFP442 moiety (not shown). Thus a-NAC/1.9.2 interacts
more strongly with transcriptionally competent VP16 than with
transcriptionally compromised mutants, supporting our inter-

THE o-NAC COACTIVATOR 1307

pretation that the potentiating effect of a-NAC/1.9.2 on
GALA4/VP-16-dependent gene expression is mediated at the
level of gene transcription.

a-NAC/1.9.2 interacts with TBP. We also examined whether
a-NAC/1.9.2 could interact with components of the general
transcriptional machinery by performing affinity chromatogra-
phy of crude nuclear extracts on a glutathione-Sepharose col-
umn loaded with recombinant GST-a-NAC/1.9.2 fusion pro-
tein, followed by immunoblotting of the step gradient eluate.
The data presented in Fig. SA show that TBP bound to the
column. Testing for interactions between o-NAC/1.9.2 and
other components of the basal transcriptional apparatus re-
vealed that a-NAC/1.9.2 did not interact with RNA polymer-
ase II, TFIIB, TFIIA, RAP30, RAP74, TAF,,55, and TAF;70
(data not shown). As illustrated in Fig. 5A, native TBP was
retained on the GST-a-NAC/1.9.2 affinity column and eluted
with a peak in the 0.4 M salt fraction (lane 8), confirming the
strength of the interaction between a-NAC/1.9.2 and TBP. The
identity of the protein identified in the fractions from the
column was ascertained with two different anti-TBP antibodies
(not shown) as well as by running a control sample of purified
recombinant human TBP (lane 15 [the murine protein appears
to migrate slightly faster than the recombinant human ho-
molog]). TBP did not bind to a control column loaded with the
GST moiety alone (Fig. 5B), confirming the specificity of the
observed interaction. Polypeptides in the range of 66 and 220
kDa were detected in every fraction eluted from the GST-a-
NAC/1.9.2 affinity columns (Fig. 5A). These protein bands
were also revealed by immunoblotting of the fractions eluted
from the control GST column (Fig. 5B), demonstrating that
they correspond to nonspecific interactions of abundant pro-
teins with the GST moiety of the fusion protein, most likely
detected as background by the alkaline phosphatase-conju-
gated secondary antibody.

The results shown in Fig. 4 and 5 demonstrate strong pro-
tein-protein interactions between a-NAC/1.9.2 and the activa-
tor GAL4/VP-16, as well as between «-NAC/1.9.2 and TBP.
Direct protein contacts were also detected with far-Western
protein blotting assays with purified recombinant proteins. Fig-
ure 6, lane 4, shows that «-NAC/1.9.2 could interact with
GALA4/VP-16 in the absence of DNA. The interaction was
specific and was not mediated through the GST portion of the
fusion protein, since GST-a-NAC/1.9.2 did not interact with
GST-1.9.2(111-215), a fusion protein with an M, of 39,400,
which comprises the C-terminal half of a-NAC/1.9.2 fused to
the DBD of GAL4 (Fig. 6, lane 1). GST-a-NAC/1.9.2 also
failed to bind the DBD of GALA4 in far-Western assays (not
shown). A direct interaction between GST-a-NAC/1.9.2 and
GST-TBP or its cleaved TBP moiety (Fig. 6, lanes 2 and 3) was
also detected by the far-Western assay.

Immunoprecipitation experiments with crude nuclear ex-
tracts from serum-starved cells further established that
a-NAC/1.9.2 is associated with TBP in vivo. Immunoprecipi-
tation reactions were performed with anti-aNAC or anti-TBP
antibodies, and the immunocomplexes were then analyzed by
immunoblotting with the same antibodies. Preimmune sera
and antibodies directed against the large subunit of RNA poly-
merase II served as controls in these experiments. Figure 7A
shows that complexes immunoprecipitated with the anti-a-
NAC/1.9.2 antibody contained both a-NAC/1.9.2 (lane 4) and
TBP (lane 7). Conversely, immunocomplexes obtained with
the anti-TBP antibody contained TBP (lane 8), TAF;55 and
TAF,70 (not shown), as well as a-NAC/1.9.2 (lane 5). The
specificity of these protein-protein interactions was demon-
strated with antibodies directed against a different component
of the basal transcriptional machinery, namely RNA polymer-
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FIG. 5. Interactions between a-NAC/1.9.2 and TBP. (A) Affinity chromatography of crude nuclear extracts eluted with a salt step gradient. The immunoblot (lanes
3 to 15) was probed with the anti-TBP antibody. Recombinant human TBP (rTBP) was migrated in lane 15. (B) Control affinity chromatography column loaded with
the GST moiety alone. The same crude nuclear extract used in panel A was passed through the column. Immunoblotting was with the anti-TBP antibody. In, input (1/100

of total material loaded on column); F.T., flowthrough. Lanes 1 and 2 contained Co
respectively.

ase II. The anti-RNA polymerase II antibody failed to coim-
munoprecipitate a-NAC/1.9.2 (Fig. 7B, lane 1) or TBP (lane
2). Preimmune sera had no effect in these assays (Fig. 7A, lanes
1 to 3, 6, and 9; and B, lane 3).

These data show that a-NAC/1.9.2 specifically interacted
with GAL4/VP-16 and TBP, resulting in enhanced transcrip-
tional activation. We interpret these results to mean that
a-NAC/1.9.2 acted as a transcriptional coactivator.

DISCUSSION

We have shown that clone 1.9.2 corresponds to a-NAC, a
heterodimeric complex previously implicated in binding nas-
cent polypeptide chains as they emerge from the ribosome

omassie blue-stained molecular mass (kilodaltons) markers (M) and input material,

(37). Based on sequence similarity with DNA binding proteins
and the identification of the B-NAC dimerization partner as
the transcription factor BTF3b, we have examined the possi-
bility that «-NAC/1.9.2 might participate in transcriptional
control. These studies were also prompted by our previous
observations that the muscle-specific isoform of a-NAC/1.9.2,
skNAC, acts as a DNA-binding transcription factor (38). We
have shown that a-NAC/1.9.2 performs protein-protein inter-
actions with TBP and the chimeric transcriptional activator
GALA4/VP-16. Transient transfection assays have revealed that
a-NAC/1.9.2 acts as a coactivator to enhance activated tran-
scription. Considering the apparent dual function of the pro-
tein, we propose a different meaning for the a-NAC acronym:
nascent-polypeptide-associated complex and coactivator alpha.
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FIG. 6. Protein-protein interactions between a-NAC/1.9.2 and GAL4/VP-16
and between a-NAC/1.9.2 and TBP. Results of a far-Western protein blot assay
show the interaction of biotinylated GST-1.9.2 with TBP (lanes 2 and 3) and
GALA4/VP-16 (lane 4). The fusion protein GST-1.9.2(111-215) (M,, 39,400)
served as a negative control in this assay (lane 1). Asterisks point to the proper
molecular size of GST-TBP (lane 2), cleaved TBP (lane 3), and GAL4/VP-16
(lane 4). Molecular mass (kilodaltons) markers are indicated in the left-hand
lane.

Our data support the role of a-NAC/1.9.2 as a transcrip-
tional coactivator. Previous results from our laboratory have
shown that recombinant a-NAC/1.9.2 can bind DNA with se-
quence specificity in vitro (38). However, the protein does
not appear to contain an intrinsic activation domain. This fact
is supported by the following observations. (i) We could
not demonstrate transcriptional activation by o-NAC/1.9.2
through GALA4 binding sites when full-length «-NAC/1.9.2 was
expressed as a fusion protein with the DBD of GAL4 (Fig. 2).
(if) «-NAC/1.9.2 also failed to activate transcription from pro-
moter templates containing its cognate response element (38).
Thus, the transcriptional role of a-NAC/1.9.2 is more consis-
tent with the function of a coactivator than a site-specific
transcription factor. We have observed, however, that the C-
terminal domain of a-NAC/1.9.2 (residues 111 to 215), when
fused to GALA4, could moderately increase transcription from
a GAL4-dependent reporter template (about threefold) in a
subset of bone cell lines (not shown). A possible explanation
for this result would be that the C-terminal domain of a-NAC/
1.9.2 is the portion of the molecule that contacts TBP. It has
been shown that protein-protein interactions with TBP are
sufficient to activate transcription (18). The apparent specific-
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ity of this response might be due to the relative amount of TBP
available to interact with «-NAC/1.9.2 in particular cell types.

It remains to be determined if the DNA binding function of
a-NAC/1.9.2 is expressed or if it is masked in vivo. Interest-
ingly, the simian virus 40 large T antigen, a known DNA
binding protein, has recently been shown to function as a TAF
and to interact with TBP (6). A possible role for a specific
DNA binding function within a coactivator molecule would be
to target it to particular promoters (12, 34), thus generating an
increased degree of specificity to the transcriptional response
to a-NAC/1.9.2 during development.

The interaction between VP16 and the transcriptional ma-
chinery is highly specific: a phenylalanine-to-proline substitu-
tion at position 442 of VP16 (VP16AFP442) abolishes tran-
scriptional activity in vivo and correspondingly decreases
binding of VP16 to TBP and TFIIB in vitro (5, 16, 21). Simi-
larly, the GAL4/VP16AFP442 fusion protein is transcription-
ally compromised regarding GAL4 binding site-dependent
transcriptional activation of reporter genes both in vivo and in
vitro (1). The interaction between GAL4/VP16AFP442 and the
ADAS transcriptional coactivator is accordingly weakened
(23). The weaker interaction observed between GALA/
VP16AFP442 and o-NAC/1.9.2 (Fig. 4), combined with the
stimulation of reporter gene mRNA synthesis and the lack of
effect on the half-life of the activator (Fig. 2B and C, respec-
tively), demonstrates that a-NAC/1.9.2 potentiates GAL4/VP-
16-dependent activation at the transcriptional level and con-
firms our interpretation that «-NAC/1.9.2 functions as a
transcriptional coactivator.

The a-NAC/1.9.2 protein shares several functional features
with the previously characterized TAF class of transcriptional
coactivators. The coimmunoprecipitation data presented in
Fig. 7 raise the question as to why a-NAC/1.9.2 has not been
previously identified as a component of the multisubunit
TFIID complex. The most likely possibility is related to the fact
that we observed nuclear localization of «-NAC/1.9.2 only
when cells were starved and arrested in their cell cycle pro-
gression (Fig. 1). Nuclear extracts are normally prepared from
cycling, serum-fed cells, and the amounts of nuclear a-NAC/
1.9.2 complexed to TBP are probably undetectable under those
conditions.

The a-NAC/1.9.2 protein is most abundant in the nucleus of
cells arrested at the G,/G, border of the cell cycle. Terminally
differentiated cells are postmitotic; however, this does not
mean that they are transcriptionally inactive. Postmitotic neu-
rons, for example, can respond to a variety of signals by the
induction of new programs of gene expression (30). Thus, the
observation that a-NAC/1.9.2 localizes to the nucleus mostly in
noncycling cells is not contradictory to a role in transcriptional
regulation. We have initiated experiments aimed at defining
the signalling events involved in the subcellular distribution of
a-NAC/1.9.2.

It is difficult to reconcile the previously proposed role for
a-NAC/1.9.2 in the binding of nascent chains as they emerge
from the ribosome (37) with the data presented herein. A
similar conflict has recently been described for the yeast
TAF,;30 gene, Tfg3, which has been shown to be a component
of the SWI/SNF complex as well as the TFIIF and TFIID
transcription complexes (3), but was initially identified as
ANCI, a gene implicated in cytoskeletal function (14).

NAC has been purified as a heterodimeric protein (37). It is
conceivable, although unlikely, that the heterodimeric form of
NAC is implicated in protein translation while the a-NAC/
1.9.2 monomer is implicated in transcriptional control. Indeed,
cotransfection of the CMV-1.9.2 vector with a BTF3b expres-
sion vector (kindly supplied by J.-M. Egly) inhibited the coac-
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FIG. 7. a-NAC/1.9.2 is associated with TBP in vivo. Immunoprecipitation and immunoblotting assays demonstrating the specific interaction of a-NAC/1.9.2 with
TBP in crude nuclear extracts. Immunoprecipitation reactions were performed with preimmune sera [lanes 3, 6, and 9]), anti-TBP antibodies (A [lanes 2, 5, and 8]),
anti-aNAC antibodies (A [lanes 1, 4, and 7]), or anti-RNA polymerase II (pol. II) antibodies (B [lanes 1 to 4]). The immunocomplexes were then analyzed by
immunoblotting with the antibodies indicated in the upper portion of each panel. TBP was specifically associated with the anti-aNAC immunocomplexes (A, lane 7).
Similarly, «-NAC/1.9.2 was specifically associated with the anti-TBP immunocomplexes (A [lane 5]). M, molecular mass (kilodaltons) markers (M). IgG, immuno-

globulin G.

tivation function of a-NAC/1.9.2 (Fig. 2). This observation is in
accord with a recently reported inhibitory role of yeast BTF3b
in the transcription of various yeast genes (15). Several param-
eters could modulate the association of a-NAC/1.9.2 with
BTF3b. First, we have found evidence of posttranslational
modification of the protein in the form of variable phosphor-
ylation (not shown). Second, the subcellular localization of
a-NAC/1.9.2 is modulated during the cell cycle (Fig. 1), sug-
gesting that a-NAC/1.9.2 may only be available to interact with
BTF3b during certain phases of the cycle. Finally, we have
observed that the levels of a-NAC/1.9.2 mRNA are far more
abundant than the levels of BTF3b transcripts in bone cells
(not shown). Thus, the possible stoichiometric excess of
a-NAC/1.9.2 over BTF3b may leave a proportion of a-NAC/
1.9.2 molecules unassociated with BTF3b and able to exert its
coactivation function. Additional work will be required to rec-
oncile the transcriptional and putative translational regulatory
activities of a-NAC/1.9.2.
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