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αNAC Requires an Interaction With c-Jun
to Exert its Transcriptional Coactivation

ISABELLE QUÉLO,* MÉLANIE HURTUBISE,*† AND RENÉ ST-ARNAUD*†‡1

*Genetics Unit, Shriners Hospital for Children, and Departments of †Human Genetics and ‡Surgery,
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αNAC is a transcriptional coactivator known to interact with the N-terminal activation domain of the c-Jun
transcription factor. In this article, we describe the identification of the c-Jun interaction domain within the
αNAC protein. Deletion analysis of αNAC indicated that the c-Jun binding site was located in the middle part
of the protein, between residues 89 and 129. The deletion of the C-terminal end of αNAC, including the c-Jun
interacting domain, induced a nuclear translocation of the mutated coactivator. Despite its presence in the nu-
cleus, this deletion mutant did not retain the capacity to coactivate an AP-1 response. These results demonstrate
that the interaction between αNAC and c-Jun was necessary for the potentiation of the AP-1 transcriptional
activity. These data are consistent with a mechanism by which αNAC acts as a coactivator for c-Jun-dependent
transcription by interacting with the c-Jun N-terminal activation domain.

αNAC c-Jun Coactivation Transcriptional activation

THE Fos and Jun proteins, members of the AP-1 terized to date share functional properties. But some
of them have unique functions such as histone ace-family of transcription factors, regulate a wide variety

of cellular processes including cell proliferation, dif- tyltransferase for CBP, p300 (4), and SRC-1, kinase
for hTAFII250 (10), or specific DNA binding forferentiation, apoptosis, and oncogenesis (6,9,20). Fos

and Jun proteins function as dimeric transcription dTAFII150 (24). αNAC also appears to exhibit spe-
cific DNA binding activity (27), although the phys-factors that bind AP-1 regulatory elements in the pro-

moter and/or enhancer regions of numerous genes iological relevance of this property remains to be
explored.(8). Jun family members (c-Jun, JunB, JunD) can ho-

modimerize, as well as form heterodimers among The αNAC gene was first identified as a modulator
of translation (25) and purified as an heterodimerthemselves or with partners of the Fos or ATF fami-

lies (14,17). Fos proteins, on the other hand, are obli- with βNAC/BTF3b, previously identified as a tran-
scriptional factor in yeast (16) and higher eukaryotesgate heterodimers. The dimeric complexes bind DNA

on AP-1 sites with high affinity and CRE elements (28). α and β NAC subunits were, moreover, shown
to enter the nucleus in yeast (12), and αNAC enterswith low affinity.

Both Fos and Jun proteins interact with coactiva- the nucleus in eukaryotic cells (26). We characterized
the αNAC subunit as a transcriptional coactivator oftors to potentiate transcription. The proteins CBP

(CREB binding protein) (3), JAB-1 (Jun-activation the chimeric Gal4-VP16 activator and of c-Jun homo-
dimers in vivo (21,26). αNAC provides a proteindomain binding protein 1) (7), SRC-1 (steroid recep-

tor coactivator-1) (18), TRBP/ASC-2 (activating sig- bridge between these transcription factors and the
basal transcriptional machinery by contacting thenal cointegrator-2) (19), and αNAC (nascent poly-

peptide associated complex and coactivator alpha) general transcription factor TBP (TATA binding pro-
tein) (26). The current model of the αNAC coactiva-(21) were characterized as coactivators of AP-1-

mediated transcription. Several coactivators charac- tor function is to promote an interaction between the

Accepted July 17, 2002.
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transcription factors bound to DNA and the basal were grown in high-glucose DMEM supplemented
with 10% fetal bovine serum at 37°C in 5% CO2.transcriptional machinery, therefore stabilizing the

transcription factors on DNA and resulting in an en- Transient transfections were performed with Fugene
6 (3 µl/µg DNA) (Roche, Laval, QC).hanced transcription rate. To exert its coactivation

function, αNAC enters the nucleus (12), and the sub-
cellular localization of the protein appears regulated Protein Production
(26). We have previously identified the 1–89 c-Jun
N-terminal domain as the region interacting with The pTYB2 and pTYB2-NAC constructs were

transformed into E. coli ER2566 cells. The ICBDαNAC (21). We were then interested in characteriz-
ing the domain of αNAC that interacts with c-Jun. from pTYB2, αNAC WT, and mutant proteins were

produced and purified following the manufacturer’sIn this report, we identified the c-Jun-interacting
domain of αNAC within the mid-part of the mole- procedure (NEB). Briefly, after IPTG induction, the

bacterial cell extract was passed through a chitin col-cule, more precisely between residues 89 and 129.
Deletion of the C-terminal part of the molecule, in- umn. Following extensive washes, the αNAC moiety

was cleaved from the ICBD moiety in the presencecluding the c-Jun-interacting domain, induces the nu-
clear translocation of αNAC. This nuclear patterning of DTT and eluted from the column. The eluted pro-

teins were concentrated using Centricon 10 columnspresumably occurs by passive diffusion due to the
small size of the mutant molecule. Despite its nuclear (Millipore, Bedford, MA) and protein concentration

was measured by Bradford assay (Bio-Rad, Hercules,patterning, this deletion mutant molecule does not re-
tain the coactivating ability of αNAC, showing that CA). The purified proteins were run onto a 12%

SDS-polyacrylamide gel and stained with the Gelthe interaction between αNAC and c-Jun is required
for the potentiation of the c-Jun transcriptional code blue staining reagent (Pierce, Rockford, IL) to

monitor yield and quality.response.

Affinity Chromatography
MATERIALS AND METHODS

Twenty-four hours before transfection, the C2C12
Plasmids and Constructs (Subcloning Details cells were seeded at 5 × 105 cells per 100-mm plates
and Vector Maps Available on Request) in complete medium. Transient transfections were

performed for 24 h in complete medium with 4 µg ofFull-length αNAC (WT) and mutants cDNAs (see
pCI-c-Jun expression vector in the presence of 12 µlFig. 1) were subcloned in-frame at their C-termini
of Fugene 6 (Roche). C2C12-transfected cells werewith the Intein-Chitin Binding Domain (ICBD) of the
lysed by sonication in 0.2 M NaCl column buffer (20pTYB2 expression vector (NEB, Mississauga, ON)
mM Tris-Cl, pH 8, 200 mM NaCl, 0.1 mM EDTA,to give pTYB2-NAC plasmids. The Flag epitope was
0.1% Triton X-100) in the presence of 1 µg/ml anti-inserted into the pSI mammalian expression vector
proteases (leupeptin, pepstatin, aprotinin) and 1 mM(Promega, Madison, WI) to give the pSI-Flag plas-
PMSF. Total C2C12 cell extracts were precleared ontomid. The cDNAs encoding wild-type or m4 mutated
a chitin column (NEB) to reduce unspecific binding.αNAC were inserted in-frame into pSI-Flag to yield
Bacterial extracts, obtained from E. coli cells trans-the pSI-NAC-Flag expression vectors. The c-Jun
formed with pTYB2 and pTYB2-NAC plasmids, andcDNA was cloned into the pCI mammalian expres-
containing an equivalent quantity of proteins (datasion vector (Promega) to yield pCI-c-Jun. The ex-
not shown), were immobilized on the chitin columns.pression vector for the constitutively active form of
After washes, 1 ml of precleared total extracts fromILK (pcDNA3.1/V5-His-ILK S343D) was kindly
pCI-c-Jun-transfected C2C12 cells was loaded on theprovided by Dr. S. Dedhar (23).
αNAC-Chitin affinity columns and incubated over-
night at 4°C. After extensive washes with columnCell Culture and Transfection
buffer, the bound proteins were eluted with elution
buffer (20 mM Tris-Cl, pH 8, 700 mM NaCl, 0.1 mMCOS-7 African green monkey kidney cells were

maintained in low-glucose DMEM supplemented EDTA). The eluted proteins were loaded onto a 10%
SDS-polyacrylamide gel and transferred to nitrocellu-with 10% fetal bovine serum at 37°C in 5% CO2. All

transient transfections were performed using 5 µl per lose membranes (Amersham-Pharmacia). The spe-
cific signal was detected with the anti-phospho-c-Junµg of DNA of the GenePorter transfection reagent,

according to the manufacturer’s procedure (Gene (S63) antibody (NEB) and revealed with the Super-
signal West femto maximum sensitivity substrate kitTherapy System, San Diego, CA).

C2C12 cells, a pluripotent mesenchymal cell line, (Pierce).
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Immunocytochemistry engineered N-terminal and C-terminal deletion mu-
tant cDNAs by PCR (primer sequences availableThe COS-7 cells were plated at 1.2 × 105 cells/35-
upon request) and introduced them in bacterial andmm plate, on gelatin-coated coverslips, and tran-
eukaryotic expression vectors. Figure 1A shows asiently transfected with 0.4 µg of pSI-NAC-Flag,
schematic representation of αNAC (WT) and the de-or mutant, and 1.6 µg of the pBluescript plasmid
letion mutant proteins that were used in this study.(Stratagene, La Jolla, CA). Twenty-four hours post-
One microgram of each recombinant protein (wild-transfection, the cells were fixed in 4% paraformalde-
type αNAC and mutants) was loaded onto a 12% de-hyde, permeabilized with 0.2% Triton X-100, and the
naturing polyacrylamide gel and the purified proteinsendogenous peroxidase activity was quenched with
were revealed with the Gel code blue staining re-1% H2O2. Following blocking with 1% Blocking Re-
agent. These data showed that all the proteins wereagent (Roche) supplemented with 0.2% Tween-20,
produced. They were of good quality and purity, andthe cells were incubated with the anti-Flag M2 anti-
had the predicted sizes (Fig. 1B). Mutant m4 alwaysbody (Sigma, Oakville, ON), then with biotinylated
exhibited a diffuse pattern when revealed by stainingsecondary anti-mouse IgG antibody (Vector Lab.
of the SDS-PAGE gels (Fig. 1B, lane 4).Inc., Burlingame, CA). After washes, the cells were

To localize the domain of αNAC interacting withimmersed in the Avidin Biotin peroxidase reagent
c-Jun, we used recombinant αNAC proteins for affin-(Vector Lab. Inc.). The peroxidase staining was re-
ity chromatography. αNAC WT and mutants, as wellvealed with DAB reagent and visualized on a Leica
as ICBD moiety as a negative control, were immobi-DM-R microscope at 200×.
lized onto chitin beads to prepare affinity columns.
C2C12 cells were transiently transfected with c-Jun ex-Luciferase Assays
pression vector before retrieving the cellular extracts.The COS-7 cells were transiently cotransfected
The c-Jun-containing cell extracts were precleared onwith 500 ng of wild-type αNAC or m4 mutant, 500
chitin columns, then loaded on the αNAC affinityng of a constitutively active form of the Integrin-
columns. After overnight incubation, the proteins in-Linked Kinase (pcDNA3.1/V5-His-ILK S343D) (an
teracting with αNAC were eluted with high saltactivator of the AP-1 pathway) (23), and plasmids
buffer and controlled for the presence of phosphory-from the PathDetect c-Jun trans-reporting system
lated c-Jun by immunoblotting with the anti-phos-(Stratagene). The PathDetect plasmids were as fol-
pho-c-Jun antibody.lowed: 500 ng of pFR-Luc reporter plasmid contain-

The immunoblotting revealed that αNAC inter-ing 5xGal4 binding sites fused to the luciferase gene
acted with the activated, phosphorylated form ofand 50 ng of pFA2-cJun expression vector (c-Jun-
c-Jun (Fig. 2, lane 8). Deleting residues 4 to 45 (∆4–GAL4 DNA binding domain fusion, Gal4-c-Jun) or
45), 46 to 69 (∆46–69), or 12 to 69 (∆12–69) did notpFC2-dbd as a negative control (Gal4-DNA binding
affect the interaction of αNAC with the phosphory-domain). Corresponding empty vectors served as
lated form of c-Jun (Fig. 2, lanes 2, 3, and 4, respec-controls. Transient transfections were carried out in
tively). We observed differences in the interaction be-COS-7 cells for 48 h in 0.5% FBS containing
tween c-Jun and αNAC when the C-terminal regionDMEM. Subsequently, the cells were lysed 20 min in
of the protein was deleted. While deleting residuesthe reporter gene assay lysis buffer (Roche). Twenty
130 to 149 (∆130–149) or 150 to 215 (m2) did notmicroliters of cell lysate was used for single lucifer-
affect interaction with c-Jun (Fig. 2, lanes 5 and 6),ase reporter assays following the manufacturer’s pro-
a further deletion to amino acid 88 (deletion 89 tocedure (Promega) and analyzed with a Monolight
215, mutant m4) almost completely abolished inter-2010 luminometer (Analytical Luminescence Labora-
action with phospho-c-Jun (Fig. 2, lane 7). Becausetory, San Diego, CA). The presence of the transfected
deleting up to residue 130 was neutral (∆130–149αNAC-Flag proteins was controlled by immunopre-
and m2, Fig. 2, lanes 5 and 6) but further deleting tocipitation with anti-Flag M2 beads (Sigma) followed
residue 88 abolished interaction (m4, Fig. 2, lane 7),by immunoblotting with the anti-NAC antibody (27).
we concluded that residus 89 to 129 of the αNACThe Gal4-c-Jun proteins were detected by immu-
protein are essential for its interaction with the c-Junnoblotting with the anti-Gal4 antibody, recognizing
activator.the DNA binding domain of Gal4 (Santa Cruz Bio-

We further checked whether the loss of interactiontechnology Inc., Santa Cruz, CA).
between αNAC and c-Jun could interfere with the
subcellular localization of αNAC. For that purpose,

RESULTS we performed immunocytochemistry in COS-7 cells
transfected with pSI-NAC-Flag WT and the m4 con-αNAC is a small protein of 215 amino acids, with

an apparent molecular weight of 37 kDa. We have struct (Fig. 3). Specific signals were detected with
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Figure 1. αNAC mutants. (A) Schematic representation of αNAC wild-type (WT) and deletion mutant proteins. (B) The WT, C-terminal, and
N-terminal deletion mutants of αNAC were cloned into pTYB2 expression vector and the proteins produced and purified following the manufac-
turer’s procedure (NEB). An aliquot of each purified protein was run onto a 12% SDS-PAGE and revealed by Gel code blue staining. Lane 1:
αNAC (WT), lane 2: ∆130–149, lane 3: m2 (∆150–215), lane 4: m4 (∆89–215), lane 5: ∆4–45, lane 6: ∆46–69, lane 7: ∆12–69.

Figure 2. Identification of the c-Jun-interacting domain. αNAC fusion proteins (WT or mutants), or ICBD as a negative control, were immobi-
lized onto chitin beads columns. Total extracts of C2C12 cells transfected with a c-Jun expression vector were loaded on the affinity columns.
The proteins interacting with αNAC were eluted with high salt concentration buffer. Immunoblotting of the eluates with the anti-phospho-c-
Jun antibody revealed a specific interaction between αNAC proteins and the active, phosphorylated form of c-Jun. A specific c-Jun signal was
detected with αNAC WT (lane 8), C-terminal and N-terminal deletion mutant proteins (lanes 2 to 6). No significant binding was observed with
the control intein chitin binding domain (ICBD, lane 1). A highly significant decrease was observed with the m4 mutant (lane 7).
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Figure 3. Nuclear localization of the m4 mutant. Immunocytochemistry was performed on COS-7 cells transiently transfected with Flag-
tagged αNAC WT or m4 mutant expression vectors, or inert vector. The detection was performed using the anti-Flag M2 antibody and
revealed by DAB staining. The cells transfected with the inert vector presented very low background (a). The WT αNAC protein had a
cytosolic and perinuclear pattern (b), whereas the m4 mutant localized to the nucleus of cells (c). Bars = 100 µm.

the anti-Flag M2 antibody. As shown in Figure 3a, αNAC was previously characterized as a coactiva-
tor of c-Jun homodimers (21). We showed above thatbackground signal from cells transfected with the in-

ert vector was barely detectable. The subcellular lo- the m4 mutant was not able to directly interact with
c-Jun, but could still enter the nucleus. To study thecalization of WT αNAC was cytosolic and mostly

perinuclear (Fig. 3b), whereas the m4 mutant had an coactivation potency of the m4 deletion mutant, we
performed transient transfections in COS-7 cells. Theexclusively nuclear staining pattern (Fig. 3c). The m4

mutant, despite its loss of c-Jun interaction, can nev- c-Jun expression vector contained the N-terminal part
of c-Jun fused to the Gal4-DNA binding domain,ertheless enter the nucleus of cells.
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while the luciferase reporter gene was under the con- demonstrating the importance of a direct interaction
between the transcription factor and its coactivator.trol of Gal4 binding sites. The 1–89 N-terminal do-

main of c-Jun was previously shown to be sufficient Immunoblotting with anti-Gal4 and anti-NAC anti-
bodies demonstrated that the lack of response withfor transactivation (15) and for interaction with

αNAC (21). The c-Jun pathway was activated by the m4 mutant was not due to an absence of one of
the two partners Gal4-c-Jun and m4, respectivelyoverexpression of ILK (integrin linked kinase) (23).

Luciferase activity was measured after 2 days of cul- (Fig. 4B).
ture in 0.5% serum to avoid the activation of the
endogenous AP-1 cascade or other pathways. The lu-
ciferase signal detected was dependent upon the DISCUSSION
transfected expression vectors. In this experimental
system, αNAC moderately but reproducibly potenti- It has been established that αNAC is a transcrip-

tional coactivator (21,26) that interacts with the c-Junated the Gal4-c-Jun response (Fig. 4A). The m4 mu-
tant was not able to potentiate the c-Jun response, transcription factor, a member of the AP-1 family

Figure 4. Decreased coactivation activity of the m4 mutant. (A) COS-7 cells were transiently transfected with expression vectors for αNAC
WT or m4 mutant, Gal4-c-Jun and ILK, and a luciferase reporter gene. After 48 h in 0.5% serum, single luciferase assays were performed.
WT αNAC protein coactivates c-Jun transcriptional activity (black column) compared with activated c-Jun transcriptional level (white
column). Deletion of the c-Jun interacting domain (m4 mutant) blocks the coactivation capacity of αNAC (striped column). The results
shown (mean ± SEM) are representative of three independent experiments performed in triplicate. The results were statistically analyzed
using ANOVA and the Tukey posttest (**p < 0.01, ***p < 0.001). (B) Total cell extracts obtained from tranfected COS-7 cells were probed
with the anti-Gal4 antibody to detect the expression of Gal4-c-Jun (upper panel). After immunoprecipitation with anti-Flag M2 beads, the
expression of αNAC WT or m4 mutant were revealed with the anti-NAC antibody (middle and lower panels, respectively).
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(21). But the structural motifs mediating the αNAC tion domain resulted in nuclear translocation of the
αNAC mutant protein. This nuclear patterning couldinteraction remained to be identified. In this study,

we have identified the amino acid residues that are result from the loss of interaction between αNAC and
c-Jun, although this interpretation appears unlikely.essential for allowing αNAC to bind c-Jun, and ad-

dressed the role of the c-Jun–αNAC interaction in the We hypothesize that the nuclear patterning of the m4
mutant was due to the large deletion within the mole-function of αNAC as a transcriptional coactivator.

Using internal, N-terminal, and C-terminal deletion cule. The resulting mutant protein was short (104
amino acids including Flag tag epitope) and smallmutants, the c-Jun interaction domain was localized

to a short region of 40 amino acids corresponding to enough to passively diffuse from the cytosol to the
nucleus. Indeed, the cutoff for efficient passive diffu-the middle part of the αNAC protein. This region was

necessary for the interaction with the activated form sion into the nucleus is 20–30 kDa (13).
Despite the apparent passive diffusion of the m4of c-Jun. c-Jun is activated by phosphorylation in its

N-terminal domain by the Jun N-terminal kinases deletion mutant, we do not believe that the wild-type
αNAC protein could localize to the nucleus by the(JNKs) on serines 63 and 73. This phosphorylation

enhances c-Jun transactivation properties by recruit- same mechanism. Structure–function analysis of the
αNAC molecule did not reveal the presence of aing coactivator proteins such as CBP (1,22).

c-Jun coactivators, such as CBP and JAB-1, also functional nuclear localization signal (data not shown).
We favor the model that the interaction of αNACcontact the c-Jun N-terminal activation domain

(1,3,7). CBP is a coactivator of c-Jun that stimulates with c-Jun is the signal for a controlled nuclear entry
of the coactivator, as c-Jun nuclear import itself isthe activity of c-Jun in vivo, and a reduced binding

between CBP and c-Jun abolishes the increase of regulated (5,11).
In conclusion, we identified the c-Jun interactiontranscription in vivo (2). It is interesting to note the

similarities between the mechanism of action of these domain within the αNAC coactivator. We demon-
strated that nuclear localization of αNAC and coacti-coactivators and that of αNAC, despite the absence

of sequence similarity. Both JAB-1 and αNAC pro- vation can be functionally separated from one an-
other; however, interaction between c-Jun and itsteins interact with the N-terminal part of c-Jun and

can bind the phosphorylated as well as the unphos- coactivator is fundamental for the potentiation of the
c-Jun transcriptional response in cells.phorylated forms of c-Jun [(7,21); our data]. The

CBP–c-Jun interaction, however, is observed only
with the phosphorylated form of the transcription
factor (2). The αNAC coactivator interacts with the ACKNOWLEDGMENTS
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