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ABSTRACT tors. Recent results have suggested that only the phosphorylatec
o . ) forms of ATF-1 and CREB bind to the transcriptional co-activator
Transcriptional activity of both ATF-1 and CREB is CREB binding protein (CBR0-22). CBP was shown to interact
enhanced by protein phosphorylation. While enhance- with a basal transcriptional factor, TFIIB, through its C-terminal
ment has been attributed to an increase in binding transactivation domair2®). It has been suggested that phospho-
affinity for a co-activator (CBP), induction of the DNA rylation of ATF-1 and CREB does not affect DNA binding activity
binding activity by phosphorylation is an open question. (23,24). However, Nichol=t al. provided evidence that DNA
Using the Na,K-ATPase ol subunit gene promoter, binding by CREB, especially to the asymmetrical ATF/CRE site,
which has an asymmetrical ATF/CRE site, we analyzed was enhanced by phosphorylati@B)( It is important, therefore,
the effect of phosphorylation on DNA binding activity to elucidate whether phosphorylation of ATF-1 affects binding to
of the ATF-1-CREB heterodimer. Dephosphorylation the asymmetrical ATF/CRE site.
of the heterodimer in nuclear extracts reduced binding In this paper we examine the effect of ATF-1 and/or CREB
to the ATF/CRE site. Phosphorylation of ATF-1 at Ser63 phosphorylation on DNA binding and transcription using the
enhanced its binding to the ATF/CRE site in both the Na,K-ATPasenl subunit geneAtplal promoter as a model.
homodimeric and heterodimeric forms. Transcription TheAtplalpromoter has an asymmetrical ATF/CRE site that is
ofthe Na,K-ATPase alsubunitgenepromoter wasalso critical for promoter activityX1,26,27). Binding of the ATF-1—
stimulated by phosphorylated ATF-1 in vitro . CREB heterodimer to this site is required for transcriptian in
vitro transcription assays using nuclear extracts from various rat
INTRODUCTION tissues 11). We show that phosphorylation of ATF-1 enhances

binding to the ATF/CRE site iatplalin both the homodimeric
Activating transcription factor 1 (ATF-1) and cAMP responseand heterodimeric forms. Furthermore, we provide evidence that
element binding protein (CREB) are members of the ATF/CREBhosphorylation of ATF-1 is required for transcription of the
family, which belongs to the basic leucine zipper superfamiljtplalpromoter.
(reviewed inl1,2). They bind to the DNA sequence TGACG,
known as the cAMP response element (CRE) within th§IATERIALS AND METHODS
promoters of many cAMP-inducible genes or as the activation . )
transcriptional factor (ATF) site, which is a crucial element in th&luclear extracts and recombinant proteins

response to adenovirus E1A protein. The ATF/CRE site mediatgs,jear extracts from kidne i i

; . y, brain and liver were prepared from
the action of not only cAMP and E1A protein but alsé'qa), Sprague—-Dawley rats as previously describ&@®). ATF-1 and
transforming growth factof (4) and type | human T cell Atr 1563A expressed ifEscherichia coliwere prepared as
leukemia virus Tax proteir56). It has been shown that the gegcribed previously2() or purchased from Santa Cruz Biotech-
ATF/CRE site is also essential for basal transcriptional activity ology. CREB was induced in plasmid His6CREB-11d-transformed
many promoters7-11). E.coli strain BL21(DE3) and purified on a Ni-NTA column

ATF-1, CREB and CRE modulator (CREM) constitute ¥Qia ; ; e i :
o ) 3 . . gen) as described in the manufacturer’'s instructions.
subgroup \thin the ATF/CREB family defined by their amino | is6cREB-11d was a kind gift from Dr Jun-ichi Fujisa@8)(

acid sequence similarity and their ability to heterodimerize with eagf, ity of th tei lvzed by SDS—PAGE
other (reviewed inL,2). Phosphorylation of both ATF-1 and © purty of fhese proteins was analyzed by '

CREB by cAMP-dependent protein kinase (PKA) of '@zl- . o -
modulin-dependent protein kinases (CaMK) |, Il and IV enhanceEsleCtrOphoret'C mobility shift assay
transcription in transient transfection assaysZ0) or ininvitro  Electrophoretic mobility shift assay (EMSA) was performed as
transcription assaysl®). The molecular mechanism of this previously described.{,30). DNA probes ARE-P (ECTAGA-
activation is assumed to be that phosphorylation of ATF-1 &dCGGTGACGTGARCGCGTCTAG;11), ARE-Psym (5CTA-
CREB enhances their binding affinity for transcriptional co-activaGAACGGTGACGTCAACGCGTCTAG) and Spl-P &GC-
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GIGGGCGGAGCA) were prepared by annealing synthetic A

oligonucleotides. The ATF/CRE and Sp1 sites are underlined. Fc

dephosphorylation analysis, g each of the nuclear extracts 1§D 1{.}0 510 !
were incubated with or without 0.12 U bacterial alkaline . H D. :
phosphatase (NEB) at 3D for 10 min before EMSA. For

guantification, autoradiograms were scanned and analyzed usil Sp1 ATF/CRE Sp1 TATA

the Discovery Series (PDI). = ARE-P

B

In vitro transcription assays

In vitro transcription assays were carried out as previously
described 11). ARE-P binding proteins were depleted from
kidney nuclear extract using an ARE-P2 conjugated columi T
prepared from CNBr—Sepharose 4B (Pharmacia Biotech) &

described in the manufacturer’s instructions. ARE-R&G(BAT- - - -
CCAACGGTGACGTGCACGCGTGGATCYwas prepared by be bp W
annealing synthetic oligonucleotides. The only differences betwee

ARE-P2 and ARE-P are the-5and 3-termini (underlined,

BanHl site instead dBfal site). For quantification, autoradiograms

were scanned and analyzed using the Discovery Series.

In vitro phosphorylation of ATF-1 and CREB

ATF-1 and CREB were phosphorylated vitro as described

previously £5) with slight modifications. Briefly, ATF-1 or

CREB was incubated with or without 3.2 U PKA catalytic subunit

at 30°C for 30 min and further reaction was stopped by the “ " .

addition of 12 ng PKA-specific kinase inhibitor (PKI; Sigma).

The PKA catalytic subunit was prepared as described previous 12 34 56

(20) or purchased from Sigma. Phosphorylated or unphosphorylateu

proteins were mixed in various combinations and incubated at

30°C for 30 min for dimer formation before EMSA. For Figure 1. Phosphatase treatment of nuclear extracts reduced DNA binding of

comparative analyses between binding to the symmetrical arite ATF-1-CREB heterodimeA) The promoter elementsAfplal The Spl

asymmetrical ATF/CRE sites and fowitro transcription assays, sites, the ATF/CRE site and a TATA box-like sequence are indicated by shaded,

ATFE-1 and CREB were phosphorviated after dimer formationOpen a_nd' stnped boxes respectively. The region corresponding to the ARE-P
a p phory . probe is indicated by a shaded b&) Effect of phosphatase treatment of

Four hundred nanograms of ATF-1 or CREB or a mixture of 200 nguclear extracts on DNA binding. Nuclear extracts from rat kidney (lanes 1 and

each of ATF-1 and CREB were incubated &t3fr 30 minand  2), brain (lanes 3 and 4) and liver (lanes 5 and 6) were incubated without (lanes

then phosphorylated by 6.4 U PKA catalytic subunit as describel 3 and 5) or with 0.12 U bacterial alkaline phosphatase (lanes 2, 4 and 6) at

e : 0°C for 10 min. Then EMSA againSeP-labeled ARE-P probes were
above. Atter addition of 24 ng PKI to stop further reaction, thegerformed using these extracts as described in Materials and Methods. Open

prOteiUS were anaIyZ(_—:'d by EMSAim\_/itro trans:cription assay. arrowheads indicate complexes containing the ATF-1-CREB heterodimer.
Two-dimensional tryptic phosphopeptide mapping was performed

as described previouslg®. ATF/CRE site (Figl). Alkaline phosphatase treatment greatly
reduced binding activity of the ATF-1-CREB heterodimer in all
RESULTS nuclear extracts (lanes 2, 4 and 6). The reduction was only seen
. . . in complexes formed by the ATF-1-CREB heterodimer (open
Efgggrszg?rgé?g?g d%l?:g‘;;;ggﬁﬁ: :.?é%ogl'zm;gn arrowheads) and minor complexes in the brain and liver nuclear
extracts were unaffected by phosphatase treatment. Thus, we
We previously identified theistegulatory elements for constitutive conclude that the ATF-1-CREB heterodimer is phosphorylated in
expression oAtplalas an ATF/CRE site in a position betweenvarious rat tissues and that this phosphorylation is required for
—70 and —66 of the promoter (Fig; 11). The common factor binding to the ATF/CRE site.
which binds to the ATF/CRE site in nuclear extracts from raby, ,qnpqrviation of ATF-1 and CREB enhances binding to
tissues (kidney, brain and liver) was identified as th e ATE/CRE site
ATF-1-CREB heterodimer by EMSA using specific antibodies
(11). Phosphorylation of ATF-1 and CREB by multiple kinasedo elucidate which transcription factor in the ATF-1-CREB
is known to enhance transcriptional activity. To examine the roteeterodimer must be phosphorylated for DNA binding, we
of ATF-1 and/or CREB phosphorylation étplalexpression, performed EMSA usingn vitro phosphorylated recombinant
we first analyzed the phosphorylation status of the ATF-1-CRERoteins. Recombinant ATF-1 and CREB were prepared from
heterodimer in the nuclear extracts. Rat kidney, brain and livé.coli as described in Materials and Methods. Purity of each
nuclear extracts were treated with alkaline phosphatase amabtein was >90%, as shown by Coomassie brilliant blue staining
analyzed by EMSA using synthetic oligonucleotide ARE-P as after SDS—PAGE (Fi@A). After in vitro phosphorylation using
probe (from position —75 to —57 Atplal), which includes the the PKA catalytic subunit, the proteins were mixed together to
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Figure 2. Phosphorylation of ATF-1 and/or CREB enhances DNA binding.
(A) SDS-PAGE analysis of the.coli expressed recombinant ATF-1 and
CREB used in this paper. Four hundred nanograms each of the purified ATF-1
(lane 1) and CREB (lane 2) were analyzed by 10% SDS—PAGE. Positions of
the molecular size markers are indicated in kilodaltoB$. Hffect of
phosphorylation of ATF-1 and/or CREB on DNA binding. Two hundred
nanograms each of tfire vitro phosphorylated (P) and/or unphosphorylated

(U) ATF-1 and CREB was mixed in combination as indicated (totgif).dnd 123456789101112
incubated at 30C for 30 min. EMSA again3eP-labeled ARE-P probes were
performed using each mixture. The positions of complexes containing the
ATF-1-CREB heterodimer are indicated by open circles.

Figure 3. Phosphorylation of ATF-1 enhances binding to the symmetrical
ATF/CRE site. A) Nucleotide sequences of the ARE-P and ARE-Psym probes.
—64G and —63C were replaced with C and A respectively (outlined characters)
. . . . . L in the ARE-Psym probeBj Effect of phosphorylation of ATF-1 and CREB on
form either homomm?" or heterOd!mer In various Combmauonsoinding to the symmetrical ATF/CRE site. After ATF-1 and CREB were mixed
Further phosphorylation was inhibited by the addition of arin combination as indicated (total Qig), each mixture was incubated with (P)
excess amount of PKI before dimer formation. Unphosphorylategf without (U) the PKA catalytic subunit. EMSA were performed against
proteins were prepared by incubating without the PKA catalytic - -1abeled ARE-P (lanes 1-6) or ARE-Psym (lanes 7-12) probes using these
. L . mixtures. The positions of complexes containing the ATF-1-CREB hetero-
subunit under the same conditions as for phosphorylated proteinger are indicated by open circles.
No protein degradation was detected after the reaction as judged

by SDS—-PAGE analysis (data not shown). The results of EMSA

using these dimers are shown in Figtie Little DNA binding CA ATF/CRE site is composed of two functional TGACG units
was ob_serv_ed for unphos_pho_rylated ATF-1 or CREB in either t.rfﬁat overlap on opposiE[)e DNA strands. The asymmetrical
hﬁmoi'mel”i. or hit%?g'ine”cgggés ({anesl 1, 4hand 73’ S\’l{r"ﬂTF/CRE site contains only one TGACG unit. The ATF/CRE site
phosphorylation o L or strongly enhance theAtplalpromoter has only one TGACG unit that forms an
binding in both the_homo— and h_eterodlmerlc forms (lanes 2,3, ymmetrical ATF/CRE site. Binding of CREB to the asymmetri-
and 8-10). Elevation of the ratio of phosphorylated to unphoszi” xTr/cRE site is more affected by phosphorylation than
phorylated proteins in the reaction mixture increased DN inding to the symmetrical ATF/CRE site5). To examine the
binding in both the ATF-1 and CREB homodimers (Ianges 3a ect of ATF-1 phosphorylation on binding to the symmetrical
6). A lower complex in lane 8 and an upper complex in lane Rrp;cppe site, we substituted dinucleotide GC with CA in
may be homodimers of phosphorylated ATF-1 and CRERpe p o make the ATF/CRE site symmetrical (Fas
respectively, as judged by their migration positions. Though t E-Psym). Using ARE-P and ARE-Psym as probeé we
ATF-1-CREB heterodimer was formed efficiently from phos'compared DNA binding activities of various ATF-1-CREB
phorylated ATF-1 and CREB (lane 10), replacement of either o ers by EMSA. To minimize the effect of phosphorylation on

of them by unphosphorylated ATF-1 or CREB reduced DN eterodimer formation as observed in Figyreve phosphorylated
binding (lanes 8 and 9). The results demonstrate that phosp Ooteins after dimer formation. As shov% in F?gBBepbinr?j/ing

rylation of either ATF-1 or CREB enhances binding to th ) ; ) _
ATF/CRE site in both the homodimeric and heterodimeric form ];etg'zlayflgvétggnl;sdéwgst;ﬁo?;)lgqigR(Elg Zgg fg E)Igsi)rllg]revggzs

and 'ghat phosph.oryllat|on qf .bOt.h ATF-1and CfREB. is required f spectively; lanes 1, 2 and 7, 8). DNA binding by the CREB
maximal DNA binding activity in the heterodimeric form. homodimer was increased 4-fold for ARE-P (lanes 3 and 4), but
Phosphorylation of ATF-1 enhances binding to both only 1.6-fold for ARE-Psym (lanes 9 and 10) by phosphorylation.
asymmetrical and symmetrical ATF-1/CRE sites DNA binding of the ATF-1-CREB heterodimer was also
enhanced by phosphorylation (3.4-fold increase for ARE-P and
Nichols et al. classified the ATF/CRE site into two groups,5-fold increase for ARE-Psym; lanes 7, 8 and 11, 12, open
symmetrical and asymmetricald). The symmetrical TGACGT- circles). The major complexes in lanes 5 and 11 may be
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Figure 4. A point mutation at Ser63 in ATF-1 abolished enhancement of DNA Figure 5. Phosphorylation of ATF-1 enhances transcription ofAtpal
binding by phosphorylationAj Schematic diagram of ATF-1. P-BOX, the ~ Promoter. A) Quantities of ARE-P binding activity in the nuclear extracts.
phosphorylation box containing a PKA phosphorylation site at Ser63; bzIP, the EMSA were performed against eit/#8P-labeled ARE-P (lanes 1 and 2) or
basic region and the leucine zipper domain required for DNA binding and SP1-P (lanes 3 and 4) probes usipg 2RE-P binding protein-depleted (lanes
dimerization. B) Phosphorylation analyses of wild-type ATF-1 (WT) and 1and_3) and undepleted (lanes 2 a_n_d 4) nuclear extracts from rat kidney. Sp1-P
ATF-1S63A (S63A) by the PKA catalytic subunit. Five hundred nanograms contains DNA sequences from position -51 to —3&fal Open and closed

each of wild-type ATF-1 and ATF-1S63A were incubated without (lanes 1, 3 arrowheads |nd|cat¢ the positions of the shlfted_complexes with the ARE-P or
and 4) or with (lanes 2, 5 and 6) the PKA catalytic subunit in the presence ofSP1 probes respectivelf)(Effect of phosphorylation of ATF-1 and CREB on
[y-32P]ATP at 30C for 30 min.32P-Labeled proteins were analyzed by 10% transcription of thétplalpromoter. Fogr hundl_'ed nanograms of pA1U-77LF
SDS-PAGE and visualized by autoradiography. Positions of the molecular siza"d 20 ng pAdMLCAT were transcribed using |8 each of the ARE-P
markers are indicated in kilodaltor) fwo-dimensional tryptic phosphopep- ~ binding protein-depleted (lanes 2-8) or undepleted (lane 1) nuclear extracts
tide mapping of ATF-1. Wild-type ATF-1 was phosphorylatesiitro by the from rat kidney. L_an_hosphorylat_ed (U) and/or phosphorylated (P) dimers
PKA catalytic subunit in the presence gf3fP]ATP. The phosphorylated composed of the |nd|cate_d proteins (tc_)tal 30 ng) were add_ed to the nuclear
proteins were purified by SDS—PAGE and digested with tryp&mLabeled extracts. The ATF/CRE site, the Sp_l site and a TATA t_>ox-I|ke sequence are
tryptic peptides were separated by high voltage electrophoresis in the firstindicated by open, shaded and striped boxes respectively. The positions of
dimension (horizontal axis) and by thin layer chromatography (vertical axis) SPecific transcripts from pA1U-77LF and pAdMLCAT are shown by open and
and then visualized by autoradiography. A closed arrowheadiaditate the closed arrowheads respectively.

phosphopeptide including Ser63 and the origin of the two-dimensional

separation respectivelp) Effect of the point mutation at Ser63 in ATF-1 on

binding to ARE-P. Twenty nanograms each of wild-type ATF-1 (WT) or - : :
ATF-1S63A (S63A) were incubated without (lanes 1, 2, 5 and 6) or with (Ianes‘fjlr(‘“'Ind Serl33in CREB'Q)' Serl133 in CREB is known to be

3, 4, 7 and 8) the PKA catalytic subunit in the absence (lanes 1, 3, 5 and 7) &€ phosphorylati(_)n target site for PKA reqUire_d for the activation
presence (lanes 2, 4, 6 and 8) of 1 mM ATP. EMSA agi@ipdabeled ARE-P  Of gene transcription by CRERZ,31). To examine whether the

probes were performed using these mixtures. PKA catalytic subunit phosphorylates ATF-1 at Ser63, we used
ATF-1S63A, in which Ser63 was substituted by alaninie, witro
phosphorylation analyses. As shown in FigdiBs wild-type

unphosphorylated CREB homodimers, as judged by their migrATF-1 (lane 5) but not ATF-1S63A (lane 6) was phosphorylated

tion positions. Binding to ARE-Psym was always strongeby the PKA catalytic subunit. These results indicate that Ser63 is

(between 3- and 13-fold) than that to ARE-P in all combinationghe only site to be phosphorylated by the PKA catalytic subunit

We conclude that phosphorylation of ATF-1 enhances binding to vitro. We next compared the effect of phosphorylation

both asymmetrical and symmetrical ATF/CRE sites. reactions between wild-type ATF-1 and ATF-1S63A on binding
to the ATF/CRE site. Figu#D showed that phosphorylation by

Phosphorylation at Ser63 in ATF-1 is essential for efficient  the PKA catalytic subunit enhanced the DNA binding activity of

DNA binding wild-type ATF-1 but not that of ATF-1S63A. The enhancement
was dependent on the presence of both kinase and ATP (lanes 1-4)

A region ofC50 amino acids, named the phosphorylation box oThese results indicate that the PKA catalytic subunit phosphorylates

P-BOX, in ATF-1 contains a number of serines that can baTF-1 at Ser63 and that phosphorylation is essential for efficient

phosphorylated by various kinases (see4Ag.1,2). To elucidate  DNA binding by ATF-1.

the sites of phosphorylation by the PKA catalytic subunit in

ATF'.l’ we phosphorylated ATF.'l W'W’fzp]ATP' followed F’y Phosphorylation of ATF-1 activates transcription of the

tryptic phosphopeptide mapping?P was incorporated into Atplalpromoter in vitro

ATF-1 only in the presence of the PKA catalytic subunit @8g.

lane 5). As shown in Figud€, 32P was exclusively incorporated To elucidate the effect of ATF-1 phosphorylation on transcription,

into a single tryptic peptide that was identified as a nonadecapeptide next performed an vitro transcription assay using #plal

from Gly56 to Glu74 (GILARRPSYRKILKDLSSE) in the promoter as template. Thatplal promoter was efficiently

P-BOX (20). This nonadecapeptide contains Ser63, which wasanscribedn vitro using nuclear extracts from rat kidney, brain

assumed to be the phosphorylation site for PKA. The amino a@dd liver (L1). Transcription was dependent on the ATF/CRE site

sequence around Ser63 in ATF-1 is highly homologous to thaf the promoter and on the ATF-1-CREB heterodimer in nuclear
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extracts. We chose nuclear extract from kidney for the analyslsucine zipper domain, a dimerization domain, of Gal4-fused
because the ATF-1-CREB heterodimer is the only ATF/CRE si#&TF-1 resulted in no enhancement in response to RRAThis
binding complex in this extract as judged by EMSA (seelBg. observation can be explained if we consider that enhancement of
11). The ARE-P binding proteins were depleted from kidneypNA binding by ATF-1 phosphorylation is mediated by elevation
nuclear extract using a DNA affinity column as described iof dimer formation. The effects of phosphorylation on dimer
Materials and Methods. The resulting nuclear extract had littlermation remain to be elucidated.

ARE-P binding activity, as shown in Figus& (14% of the Though phosphorylation of CREB at Serl33 enhanced its
undepleted extract; lanes 1 and 2). The depletion was AREHkhding to the asymmetrical site, binding to the symmetrical
specific, since Sp1 site binding activity was unaffected (78% &TF/CRE site was hardly affected by phosphorylation, consistent
the undepleted extract; lanes 3 and 4). We used this depletgith previous report26,34). In contrast to CREB, phosphorylation
nuclear extract forin vitro transcription assays (FigB).  of ATF-1 at Ser63 dramatically enhanced binding to both the
Plasmid pA1U-77LFX1), which has nt =77 to +261 Afplal  asymmetrical and symmetrical ATF/CRE sites to the same extent
was used as template. The adenovirus major late (AdMIFig. 3B). These observations suggest that phosphorylation of
promoter was used as a control templafe3@). Transcription ~ ATF-1 may be required for binding to any kind of ATF/CRE site,
from pA1U-77LF was reduced to 28% by depletion of the ARE-R/hich is not the case for CREB.

binding proteins (lanes 1 and 2, open arrowhead). This reductiont has been considered that the N-terminal region (NTR) of
was comparable with that of our previous observation IATF-1, which has no similarity with CREB, plays a significant
transcription competition assays using ARE-B).(The addition  role in phosphorylation-induced activation of ATFZE)( The

of unphosphorylated ATF-1 homodimer, CREB homodimer oNTR was suggested to be important for a phosphorylation-induced
ATF-1- CREB heterodimer had little effect on transcription (1.2gonformational changé&%) and deletion of this region stabilized

1- and 0.9-fold increase respectively; lanes 3, 5 and 7), whif#NA binding (L6). We used an NTR-deleted ATF-1 in this study,
additon of the phosphorylated ATF-1 homodimer andxcept for the experiments shown in FigdreNevertheless,
ATF-1-CREB heterodimer stimulated transcription (2.3- andctivation of ATF-1 by phosphorylation was observed for both
1.9-fold increase respectively; lanes 4 and 8). PhosphorylatetNA binding and transcription. DNA binding by full-length
CREB homodimer showed intermediate stimulation of transcriggTF-1 was also enhanced by phosphorylation (#ig). This

tion (1.5-fold increase; lane 6). We conclude that phosphorylatigthhancement was comparable with that in the case of NTR-deleted
of ATF-1 is indispensable for transcription of ti¢plal  ATF-1 (data not shown). Our results suggest that the NTR is not

promoter. essential for phosphorylation-induced activation of ATF-1.
Ser63 in ATF-1 is the only site that can be phosphorylated by
DISCUSSION the PKA catalytic subuniin vitro (Fig. 4B and C) and

phosphorylation at Ser63 is essential for efficient binding to the

In this paper we have demonstrated that phosphorylation of ATFAT F/CRE site (Fig4D). As reported previously, CaMK Il also
stimulates DNA binding by the following criteria. (i) Dephosphoryl-Phosphorylates ATF-ih vitro exclusively at Ser63 and activates
ation of nuclear extracts reduced DNA binding by endogenod¥ F-1-dependent transcription in transient transfection assays
ATF-1-CREB heterodimers (Fi@B). Previous observation by (20). Itis possible that elevation of the transcriptional activity of
Merinoet al.also suggested that DNA binding by ATF-1 in HeLaATF-1 by CaMK Il is mediated partially by an enhancement of
cell nuclear extracts is reduced by dephosphorylatién ( DNA binding.
(i) EMSA usingE.coli expressed recombinant proteins showed Several groups have demonstrated that unphosphorylated
that phosphorylation of ATF-1 greatly enhanced binding to th&TF-1 is unable to activate transcription from the somatostatin
ATF/CRE site in both the homodimeric and heterodimeric formgromoter, containing a symmetrical ATF/CRE site, by transient
(Fig. 2B). (iii) A point mutation at Ser63 in ATF-1, the only site transfection experiment&%17,20). Transcriptional activity of
for in vitro phosphorylation by the PKA catalytic subunit, ATF-1 was induced only when it was co-expressed with activated
abolished the enhancement of DNA binding by phosphorylatiderms of PKA or CaMK Il in cells. This is consistent with our
(Fig. 4D). This conclusion is inconsistent with a previous reportesults irin vitro transcription assays that only the phosphorylated
by Hurstet al. (24), in which they reported that dephosphorylationand not the unphosphorylated form of ATF-1 homodimer or
of ATF-1 in HeLa cell nuclear extracts did not reduce DNAATF-1-CREB heterodimer had the ability to activate transcription
binding activity by Southwestern analysis and by bindindgFig. 5B).
analysis to ATF/CRE site affinity beads. However, it was not Previously we reported that the ATF-1-CREB heterodimer is
demonstrated that ATF-1 had been renatured quantitatively ittvolved in the constitutive expressiorAtiplal(11). Transcription
form homodimer on the blotted filter in the Southwesterof the Atplal promoter is regulated by intracellular cAMP
analysis. Moreover, binding of ATF-1 to the ATF/CRE site wa$36,37) or C&* (38) levels. We speculate that this induction is
apparently reduced in their binding analysis to DNA affinity beadsnediated by phosphorylation of ATF-1 and CREB in the
It is possible that phosphorylation of both ATF-1 and CREBATF-1-CREB heterodimer by PKA or CaMK. The role of the
potentiates heterodimer formation leading to enhancement AFF-1-CREB heterodimer in cCAMP- or €amediated induction
DNA binding. Indeed, we observed that homodimer consisting of Atplalexpression remains to be elucidated.
phosphorylated ATF-1 or CREB was efficiently formed in the Transcriptional activation by phosphorylated CREB homodimer
presence of an unphosphorylated partner for heterodimerizatiovgs weak in our experiments (FiB, lane 6). Wadzinslet al
while the heterodimer was preferentially formed in the presenceported that protein phosphatase activity in nuclear extract from
of a phosphorylated partner (FigB, lanes 8-10). Dimer rat liver was strong enough to dephosphorylate CREB diring
formation has been shown to be required for enhancement of thi&o transcription assay89). It is also possible that phosphory-
transcriptional activity of ATF-1 by PKALE). Deletion of the lated CREB was unstable in the nuclear extract from rat kidney,
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while phosphorylated ATF-1 was stable in the extract. We prefé#
this possibility because constitutive expressiofitplalcan be
explained by the stability of phosphorylated ATF-1 in varioug®
tissues. 16
Here we provide direct evidence that phosphorylated ATF-1—
CREB heterodimer is indispensable for transcription mediated By
the ATF/CRE site in thétplal promoter. Since thétplal
promoter is constitutively active in various cells, we originally
hypothesized that phosphorylation of the ATF-1-CREB heterae
dimer would have little effect on transcription. However, our
results indicate that ATF-1 phosphorylation is, in fact, essentia?
for both DNA binding and transcription. 21
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