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Transcription factor ATF cDNA clones:
an extensive family of leucine zipper
proteins able to selectively torm
DNA-binding heterodimers

Tsonwin Hai,! Fang Liu, William J. Coukos, and Michael R. Green

Department of Biochemistry and Molecular Biology, Harvard University, 7 Divinity Avenue, Cambridge, Massachusetts
02138 USA

An activating transcription factor (ATF)-binding site (consensus sequence 5'-GTGACGTA A;-3') is a promoter
element present in a wide variety of viral and cellular genes. The two best-characterized classes of genes that
contain ATF sites are E1A-inducible adenoviral genes and cAMP-inducible cellular genes. Here, we report the
isolation of eight ATF ¢cDNA clones, each of which is detived from a separate gene. All ATF cDNA clones
examined contain a leucine zipper motif and are significantly similar to one another only within this region.

The leucine zipper region of ATF proteins is also similar to that of the AP-1/c-jun family of transctiption
factors, whose DNA-binding site differs from the ATF-binding site at a single position. DNA binding studies
reveal two mechanisms for generating further diversity from the ATF proteins. First, some, but not all,
combinations of ATF proteins form heterodimers that efficiently bind to DNA. Second, although all ATF
proteins bind to the ATF site, their precise interactions with DNA differ from one another, as evidenced by
methylation interference analysis. Qur results help to explain how a single promoter element, an ATF site, can

be present in a wide variety of promoters.
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The promoters of eukaryotic protein-coding genes are
combinations of short, cis-acting elements, which pro-
vide binding sites for sequence-specific transcription
factors (for review, see McKnight and Tjian 1986; Dynan
1989). In general, a given promoter contains several
binding sites, and, conversely, a given binding site is
present in different promoters.

We have been studying the transcription factor ATF,
whose consensus binding site is 5-GTGACGTAAg-3’
(Lin and Green 1988). This sequence is present in many
viral and cellular promoters (Lin and Green 1988}, and
DNA-binding activities that interact with this element
are found in a variety of eukaryotes (Jones and Jones
1989; Lin and Green 1989). The E1A-inducible adeno-
virus E2, E3, and E4 promoters contain one or more ATF
sites (Lee et al. 1987). For the E4 promoter, the ATF sites
have been shown to be required for E1A inducibility {Lee
and Green 1987). In addition to viral promoters, many
cellular promoters also contain ATF sites. The best
studied among them are the cAMP-inducible promoters.
In these promoters, the ATF site is referred to as a cAMP
response element (CRE) and is required for inducibility
by cAMP (for review, see Roesler et al. 1988). However,
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many cellular promoters contain ATF sites and are not
known to be regulated by either E1A or cAMP (Table 1).
Therefore, a common cis-acting DNA sequence, the
ATF-binding site, is present in promoters regulated by a
variety of different agents.

These observations raise the question of whether a
single ATF protein mediates all of these apparently di-
verse transcription responses. In a previous biochemical
study (Hai et al. 1988), we provided evidence that ATF is
not a single factor but, rather a family of related polypep-
tides. Moreover, we demonstrated that ATF polypep-
tides are immunologically related to the AP-1/c-jun
family of transcription factors. In this paper, we describe
the isolation and characterization of ATF cDNA clones.
The results confirm and extend the conclusions of our
previous study. We show that ATF represents an exten-
sive gene and protein family, which has amino acid sim-
ilarity to the AP-1/c-jun family of transcription factors.
ATF proteins bind to DNA as dimers, and they selec-
tively form heterodimers that can bind to DNA.

Results
Isolation of multiple ATF cDNA clones

ATF cDNA clones were isolated by screening Agtll ex-
pression libraries with a DNA probe containing three
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Table 1. Diverse regulation of promoters containing ATF sites

Promoter Regulation
Viral
Ad early ElA-inducible
HTLVILTR tax-inducible
Cellular
somatostatin, VIP cAMP-inducible
HSP70 heat-inducible

c-fos serum-inducible
HMG-CoA reductase cholesterol-repressible
DNA polymerase 8 constitutive

Representative examples of viral and cellular promoters that
contain the ATF consensus sequence are shown. These pro-
moters were identified in a random literature search. The pri-
mary references are not shown but are available upon request.

tandem ATF-binding sites. From this screen we obtained
eight different clones, designated ATF-1 through ATF-8.
To examine the DNA binding specificity of the ATF-1
through ATF-8 proteins, we determined their ability to
bind to a single ATF site, compared to three other tran-
scription factor-binding sites: AP-1, MLTF, and E4F2.
The binding sites of MLTF and, particularly AP-1, are
similar to the ATF consensus sequence (see legend to
Fig. 1).

As shown in Figure 1, ATF-1, ATF-2, ATF-3, ATF-4,
and ATEF-7 bind efficiently to a single ATF site but not to
an AP-1, MLTF, or E4F2 site. ATF-5 and ATF-6 bind to
the triplicated ATF site with low affinity (data not
shown) but do not bind detectably to the single ATF site.
Only ATF-8 binds more efficiently to an AP-1 site than
an ATF site. Nevertheless, ATF-8 can bind to an ATF
site because it was initially isolated using a triplicated
ATEF site probe.

Amino acid sequences of ATF cDNA clones

ATF-1 through ATF-6 were sequenced, revealing that
each ATF clone contains a long open reading frame and
that each is a partial cDNA clone. It is of particular sig-

Figure 1. DNA binding specificities of ATF pro-
teins. Plaque-purified recombinant phage harboring
ATF-1 through ATF-8 cDNA inserts were plated,
and the plaques transferred to a nitrocellulose filter.
Each nitrocellulose filter was cut into four quad-
rants, and each quadrant probed with a 32P-labeled
DNA fragment containing either a single ATF site,
5’-ATGACGTCAT-3’, a single AP-1 site 5'-TGA-
GTCAG-3', a single MLTE site, 5'-CCACGTGAC-3',

or a single E4F2 site, 5'-TTCCCACG-3'. Conditions MLTF

for binding the 32P-labeled DNA probe and washing

PROBES

nificance {discussed in detail below) that all six ATF
clones contain the leucine zipper DNA-binding motif,
originally described by McKnight and colleagues (Land-
shulz et al. 1988). The leucine zipper motif is a region
with a leucine at every seventh residue and a highly
basic region immediately amino-terminal to this leucine
repeat (Landshulz et al. 1988).

Comparison of the deduced amino acid sequences of
ATF-1 through ATF-6 indicates that ATF proteins share
significant amino acid similarity within the leucine re-
peat and the adjacent basic region. Outside of these re-
gions ATF proteins are not significantly similar, based
on the normalized alignment score calculated according
to Doolittle (1981, 1986). As an example, Figure 2A
compares the amino acid sequences of ATF-1, ATF-2,
and ATF-3.

As expected, the leucine zipper portion of the ATF
proteins appears to mediate DNA binding: truncated
proteins (ATF-1, ATF-2, and ATF-3) that contain little
more than the leucine repeat and adjacent basic region
bind to DNA (see below). The observation that the ATF
proteins are highly similar within the leucine zipper re-
gion is consistent with the fact that these proteins bind
to the same DNA site.

A survey of the literature revealed that homologs of
ATF-1 and ATF-2 have recently been cloned by other
groups {Hoeffler et al. 1988; Gonzalez et al. 1989; Mae-
kawa et al. 1989). Two cDNA clones of a protein desig-
nated cAMP response element (CRE) nuclear binding
protein (CREB) have been isolated: One clone was iso-
lated by screening a human placental expression library
for DNA-binding activity to a CRE/ATF site (Hoeffler et
al. 1988); the other clone was isolated by screening a rat
PC12 cDNA library for hybridization to oligonucleo-
tides synthesized on the basis of partial amino acid se-
quence of the purified CREB protein (Gonzalez et al.
1989). These two cDNA clones differ from each other in
only two peptide regions, which may be the result of a
cross-species variation or alternative splicing.

Figure 2B compares ATF-1 to the CREB sequence re-
ported by Hoeffler et al. (1988). ATF-1 and CREB are
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filters were identical to that described for the orig-
inal isolation of cDNA clones (see Materials and
methods). After binding and washing, the four quad-
rants of each filter were realigned and exposed to
Kodak X-ray films at —80°C for either 1 hr [ATF-1,
ATF-2, and ATF-3) or 18 hr (ATF-4 through ATF-7).
(Left) The orientation of the probes.
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........... EESQDSSDSIGSSQKAAGILARRPSYRKILKDLSSEDTRGRKGDGENSGV
ATF-2 62 SLQVPNVLLTSSDSSVIIQQAVPSPTSSTVITQAPSSNRPIVPVPGPFPLLLHLPSGOTMP

ATF-1 51 SAAVTSMSVPTPIYQTSSGQYIAIAPNGALQLASPGTDGVQGLQTLTMINSGSTQQGTTIL

ATF-2 123 VAIPASITSSNVHVPAAVPLVRPVT .MVPSVPGIPGPSSPQPVQSEAKMRLKAALTQQHPP
ATF-3 3 RAHPSARAPAVSPRCSPAGQTNSPPDPVPTLAAPSELEQNDASTPRPGLCLGSECFCHRPL

ATF-1 112 QYAQTSDGQQILVPSNQVVVQTASGDMQTYQIRTTPSATSLPQTVVMTSPVTLTSQTTKTD
ATF-2 183 VTNGDTVKGHGSGLVRTQSEESRPQSLQQPATSTTETPASPAHTTPQTQSTSGRRRRAANE
ATF-3 64 PVPPGSLVFEDFANLTPFVKEELRFAIQNKHLCHRMSSALESVTVSDRPLGVSITKAEVAP
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Basic Region

ATF-1 233 *
ATF-2 305 LLLAHKDCPVTAMQKKSGYHTADKDDSSEDISVPSSPHTEAIQHSSVSTSNGVSS
ATF-3 186 MLNLHRPTCIVRAQNGRTPEDERNLF IQQIKEGTLQS*

Multiple ATF ¢cDNA clones
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Figure 2. Sequence comparisons of ATF proteins. (A] Sequence comparison of ATF-1, ATF-2, and ATF-3. The DNA sequences are
available on request. The leucine repeat and the basic region are indicated. {@) The leucines. Identical and conserved {V, L, and I; R and
K; E and D; Q and N) amino acids within the leucine repeat/basic region are shaded. Outside of the leucine zipper region, ATF
proteins do not share significant similarity based on the alignment score (Doolittle 1981, 1986). (B) Sequence comparison of ATF-1 and
CREB. The CREB amino acid sequence is taken from Hoeffler et al. {1988). The phosphorylation site for cAMP-dependent protein
kinase, Arg-Arg-X-Ser, is indicated by stars. The overall amino acid similarity is ~75%.

clearly distinct proteins but have a 75% amino acid sim-
ilarity. It has been proposed that the cAMP-inducible
transcription response involves phosphorylation of
CREB by protein kinase A (Yamamoto et al. 1988; Gon-
zalez et al. 1989). Both ATF-1 and CREB (Hoeffler et al.
1988; Gonzalez et al. 1989) contain the sequence Arg-
Arg-X-Ser, a consensus kinase A site (Edelman et al.
1987).

A homolog of ATF-2, designated CRE-BP1, was iso-
lated from a rat brain ¢cDNA library (Maekawa et al.
1989). Sequence comparison shows that the homolog is
identical to ATF-2 except for 3-nucleotide differences,
which change 2 amino acids. Thus, ATF-2 is likely to be
the human homolog of the rat CRE-BP1.

As described above, ATF-6 binds weakly to the tripli-
cated ATF site and does not bind to the single ATF site.
The sequence analysis reveals that the leucine repeat of
ATF-6 is disrupted: One leucine residue in ATF-6 is re-
placed by an alanine, and another by a valine (Fig. 3).
Several studies have shown that mutations of one or
more leucines in the leucine repeats can interfere with
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dimer formation, resulting in a lower DNA binding af-
finity (for review, see Abel and Maniatis 1989). There-
fore, it seems likely that the relatively low binding af-
finity of the ATF-6 protein is a result of its disrupted
leucine repeat.

ATF and AP-1 share similar DNA-binding domains

Figure 3 compares the leucine zipper regions of ATF pro-
teins and AP-1/c-jun proteins. ATF and AP-1/c-jun pro-
teins share significant amino acid similarity in this re-
gion, consistent with the fact that they bind to highly
related DNA sequences. The ATF consensus is 5'-
GTGACGTAAG-3', whereas the AP-1 consensus is 5'-
GTGAGTACA-3'. We have looked for features in the
amino acid sequences that could explain the differential
DNA binding specificities of these two protein families;
as yet, no obvious sequence features distinguish these
two families. Qutside of their DNA-binding domains,
ATF and AP-1 do not share significant similarity based
on the Doolittle alignment score (Doolittle 1981, 1986).

Figure 3. Sequence comparison of the DNA-binding
domains of ATF and AP-1 proteins. Sequences of ATF
proteins are from this report, and the sequences of the
AP-1/c-jun proteins are from published studies. The
DNA sequences of ATF ¢cDNA clones are available
upon request. The leucine repeat and the basic region
are indicated. (@) The leucines. Identical and con-
served amino acids are shaded. Only residues that are
more than 50% conserved among the different pro-
teins are indicated.
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Dimethylsulfate interference analysis of ATF proteins

We studied the DNA binding properties of three ATF
proteins, ATF-1, ATF-2, and ATF-3, in further detail.
First, we used dimethylsulfate ([DMS) interference anal-
ysis to determine whether ATF-1, ATF-2, and ATF-3 in-
teract with DNA differently. As a probe we used an
adenovirus E4 DNA fragment that contains an ATF site
and can confer E1A inducibility on heterologous pro-
moters (Lee and Green 1987). Truncated ATF-1, ATF-2,
and ATF-3 proteins containing the leucine zipper region
were expressed by in vitro translation (for details, see
Materials and methods). As shown in Figure 4A, methyl-
ation of guanosine 166 (G166) on the coding strand in-
terfered with the binding of ATF-1, ATF-2, and ATF-3.
Methylation of G161, however, only diminished the
binding of ATF-3, and did not affect binding of ATF-1 or
ATEF-2. Comparable results were obtained by DMS pro-
tection analysis: ATF-3, but not ATF-1 or ATF-2, pro-
tected G161 from methylation {data not shown). These
results indicate that ATF-3 makes an intimate contact
with N7 of G161. In contrast, ATF-1 and ATF-2 do not
interact with this chemical group. Thus, there are subtle
differences in the interaction between the different ATF
proteins and DNA.

DMS interference analysis on the opposite strand
(mRNA-like strand) did not reveal differences in the in-

ATF-2

A ATF ATF-3 B ATH ATF-2
us uB us uB UB
= s —
- m = i e
e e e g W T
“ﬂ Sh— 165 i
i e m pos— o o
e e ooy
o o - -,
o~ ——— A
—— 1 s - a
-
Gigy —> wtiem s - g
Gige —> ‘- - -
= ”er
- fo
Py Sl
i b
p— a—— e
R poS—. o gz ———
e -

teractions between ATF-1, ATF-2, and ATF-3 with DNA
(Fig. 4B). Methylation of G165 and G170 decreased the
binding of all three proteins. (G168, the third guanosine
residue within the ATF site, is not modified well on
naked DNA, therefore, we could not conclude whether
modification of this residue affects binding.) The com-
bined results of the methylation interference experi-
ments are summarized in Figure 4C.

ATF proteins bind to DNA as dimers

The presence of leucine repeats in ATF proteins
prompted us to examine whether they bind to DNA as
dimers. We used an assay originally described by Hope
and Struhl (1987). Proteins of different sizes {designated
as large and small) were produced from the same ATF
c¢DNA clone by in vitro translation and analyzed for
DNA binding, using a mobility-shift assay. As expected,
the electrophoretic mobility of the DNA—protein com-
plex formed by the large protein is less than that formed
by the small protein. When the large and small proteins
were cotranslated or mixed together following transla-
tion, a third DNA-protein complex of an intermediate
electrophoretic mobility appeared (Fig. 5). The interme-
diate complex indicates the formation of a mixed dimer
between the large and small proteins (L : S dimer). Thus,

ATF-3
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Figure 4. DMS interference analysis of ATF-1, ATF-2, and ATF-3. {4} Coding strand. A DNA fragment from approximately —60 to
~210 of Ad5 E4 promoter was [32P]-end-labeled with reverse transcriptase and [32P]JdNTPs and treated with DMS so that, on average,
one guanosine was modified per molecule. Modified DNA was incubated with in vitro-synthesized ATF-1, ATF-2, or ATF-3. Bound
DNA was separated from unbound DNA on a native gel. The DNA molecules were purified from the gel and cleaved by piperidine, as
described in Materials and methods. (Left) G161 and G166 within the ATF-binding site are indicated. Unbound (U} and bound (B)
DNA are indicated above each lane. (B) mRNA-like strand. (Left) G165 and G170 within the ATF-binding site are indicated. G168 is
not efficiently modified by DMS, perhaps due to a local secondary or tertiary structure of the naked DNA that makes N7 of G168 less
accessible. (C) Summary of DMS interference analysis. The DNA sequence from —155 to —175 of the adenovirus E4 promoter is
shown. The ATF site is imperfectly symmetric, as indicated by the arrows. (@) The guanosine residues contacted by ATF-1, ATF-2,

and ATEF-3; (O) the guanosine residue contacted only by ATF-3.
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Figure 5. ATF-1, ATF-2, and ATF-3 bind to DNA as dimers. Proteins of different sizes, designated large (L) or small (S), were synthe-
sized from the same ATF ¢cDNA clone by in vitro translation. The predicted molecular mass (kD) of each protein is indicated above
the lane. Binding of in vitro-synthesized proteins to a 32P-labeled DNA probe was analyzed using a mobility-shift assay. The proteins
present in the DNA binding reaction are indicated above the lanes. (Co-txl); Cotranslation of the two proteins; (MIX) mixing of the
proteins following synthesis. The compositions of the DNA-protein complexes are indicated at right. Homodimer formation is
evidenced by the appearance of an intermediate complex (L : S) when proteins of different sizes were cotranslated or mixed following
synthesis. Schematic diagrams of the truncated ATF-1, ATF-2, and ATF-3 are shown at bottom. Relevant amino acid numbers are
indicated at top of each line. Amino acid number 1 is the first amino acid derived from the partial cDNA clone. (Shaded box); Leucine
zipper region. The approximate molecular mass of each truncated protein (kD) is indicated at right.

ATE-1, ATF-2, and ATF-3 all bind to DNA as dimers. In
each instance, formation of the L:S dimer is greater
when the large and small proteins are cotranslated than
when they are mixed together following translation.
This is presumably because the preformed L : Land S: S
dimers are relatively stable.

Selective formation of DNA-binding heterodimers

We investigated whether ATF proteins can form hetero-
dimers that bind to an ATF site. An experiment like the
one shown in Figure 5 was performed, except that the
large and small ATF proteins were synthesized from dif-
ferent ATF cDNA clones. The results shown in Figure 6
indicate that ATF-2 and ATF-3 are able to form a hetero-
dimer that binds to DNA. In contrast, ATF-1 does not
form a DNA-binding heterodimer with either ATF-2 or
ATF-3. Therefore, our data indicate that ATF proteins
are capable of forming heterodimers and that functional
heterodimer formation is selective.

Discussion
ATF family of transcription factors

By screening Agtll libraries, we have isolated multiple
cDNA clones whose protein products can bind to ATF
sites. Therefore, as predicted from biochemical experi-
ments (Hai et al. 1988), ATF is a family of transcription
factors. Each member of the ATF family can bind to the
same DNA sequence, has a similar DNA-binding do-
main, and is encoded by a different gene. It is likely that
the size of the ATF family is significantly larger than the
eight members reported here. We have not exhaustively
screened libraries: Only two of the nine positive clones
were identical. Furthermore, we did not isolate one
member of the ATF family, designated CREB (Hoeffler
et al. 1988; Gonzalez et al. 1989).

Why are there so many different ATF proteins and
what are their functions? Although we can only specu-
late, it seems likely that the size of the ATF family is
related to the apparent diversity in the regulation of pro-
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Figure 6. ATF proteins can selectively form heterodimers that
bind to DNA. Proteins of distinguishable sizes were synthe-
sized from the different ATF ¢cDNA clones by in vitro transla-
tion. Binding of the in vitro-synthesized proteins to a 32P-la-
beled DNA probe was analyzed using a mobility-shift assay.
The proteins present in the DNA binding reaction are indicated
above the lanes. (Co-txl); Cotranslation of the two proteins;
(MIX) Mixing of the proteins following synthesis. The composi-
tions of the DNA-protein complexes are indicated at right.
Heterodimer formation is evidenced by the appearance of an
intermediate complex when proteins of different sizes were co-
translated or mixed following synthesis.

by €-3:3

moters containing ATF sites (Table 1). These promoters
can be regulated by cAMP, E1A, and a variety of other
signals. It thus appears that the ATF sites within these
promoters are not functionally equivalent. This notion
is supported by a recent study comparing the adenovirus
E4 and cellular VIP promoters. Despite the fact that both
promoters contain ATF sites, the E4 promoter is highly
inducible by E1A and poorly inducible by cAMP,
whereas the VIP promoter is highly inducible by cAMP
and poorly inducible by E1A (Lee et al. 1989). This func-
tional dissimilarity of ATF sites could be attributable to
differences in the surrounding transcription factor
binding sites, or to differences in the nucleotides di-
rectly flanking the ATF sites. For example, some single
base substitutions surrounding ATF sites affect induci-
bility by cAMP (Deutsch et al. 1988).

We speculate that the different ATF proteins bind se-
lectively to ATF sites present in various promoters in
vivo. Our methylation interference data show that the
precise interactions between the various ATF proteins
and DNA differ, providing at least one basis for selective
binding. Once bound to the promoter, an ATF protein
can mediate a particular transcription response. Qutside
of the DNA-binding domain ATF proteins are highly di-
vergent. The transcriptional effector function is presum-
ably located within these dissimilar regions. For ex-
ample, the kinase A site in CREB and ATF-1 is outside
of the DNA-binding domain.
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The large number of ATF proteins may also play a role
in tissue-specific or developmental gene expression.
ATF-2 (CRE-BP1) is expressed at various levels in many
tissues (Maekawa et al. 1989). We know that at least
some cell lines simultaneously express several ATF
genes because we have isolated multiple ATF ¢cDNA
clones from a single cDNA library.

Selective formation of heterodimers that can bind
to DNA

Formation of ATF heterodimers provides an additional
mechanism for generating diversity. The function of a
heterodimer may differ qualitatively or quantitatively
from either of the two homodimers. All of the ATF ho-
modimers bind to an ATF site, indicating that each pro-
tein contains a DNA-binding domain able to recognize
an ATEF site; however, only some combinations of ATF
proteins can form heterodimers that bind to DNA. This
specificity can result from selective formation of hetero-
dimers or from promiscuous formation of heterodimers
whose DNA-binding activities differ. Studies of the leu-
cine zipper proteins Jun and Fos indicate that the first
possibility is more likely to be correct. Mutagenesis ex-
periments indicate that the leucine repeat and basic re-
gion are functionally separable; the leucine repeat me-
diates dimerization whereas the basic region binds DNA
(Gentz et al. 1989; Landschulz et al. 1989; Turner and
Tjian 1989). Importantly, dimerization via leucine re-
peats is highly selective and is required for DNA
binding. For example, Jun can dimerize with either Jun
or Fos and can bind to DNA as a homodimer or a hetero-
dimer. In contrast, Fos is unable to form a homodimer
and thus cannot bind to DNA in the absence of Jun (for
review, see Abel and Maniatis 1989). On the basis of this
precedent, we believe that nonpromiscuous association
between different ATF proteins is a likely basis for selec-
tively generating heterodimers that can bind to DNA.

In summary, this report describes three potential
mechanisms for the differential regulation of promoters
that contain ATF sites: There are multiple ATF pro-
teins, their precise interactions with DNA differ, and
they selectively form functional heterodimers.

Transcription factor families

In addition to the ATF family, a number of other tran-
scription factor families have been identified, such as
the AP-1/c-jun, steroid hormone receptor and CCAAT
box families. In fact, some transcription factors that
were originally believed to be a single species have been
shown to comprise multiple polypeptides upon further
examination (e.g., see, Sawadogo et al. 1988). Thus, the
phenomenon of multiple factors that bind to the same
DNA site appears to be common in higher eukaryotes.

Materials and methods
Isolation of ATF cDNA clones

A Agtl]l cDNA library prepared from HeLa cell mRNA (a gift
from P. Angel and M. Karin) or from human osteosarcoma
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MG63 cell mRNA (Clontech) was screened for binding to a trip-
licated ATF-binding site, according to Vinson et al. (1988). A
self-complementary oligonucleotide 5'-ATGACGTCAT-3’,
containing the ATF core consensus sequence was cloned into
the Hincll site of pPGEM3. A DNA fragment containing three
tandem repeats of the oligonucleotide was isolated from the re-
combinant plasmid, 3'-end-labeled using reverse transcriptase
and [3?P]dNTPs, and used as a probe. ATF-3, ATF-5, and ATF-6
were isolated from ~1.5 x 10° plaques of the HeLa cell cDNA
library. All other ATF cDNA clones were isolated from
~3 x 10° plaques of an MG&63 cell cDNA library.

Characterization and sequencing of ATF clones

Inserts from eight positive clones were subcloned into pGEM3.
Relationships between the clones were initially analyzed by
cross hybridization and restriction mapping and confirmed by
dideoxy sequencing analysis. Two of the original eight sub-
clones were identical, leaving a total of at most eight different
clones. Computer-generated amino acid comparisons were
based on the method of Needleman and Wunsch (1970).

In vitro transcription and translation

For in vitro transcription and translation experiments, plasmids
containing truncated ATF cDNAs were constructed by fusing
appropriate DNA fragments in-frame with ATG initiation
codons. RNA was synthesized in a 50-p1 reaction containing 40
mm Tris-HCI (pH 7.9}, 6 mm MgCl,, 2 mM spermidine, 10 mm
DTT, 1 mm CTP, 1 mm UTP, 1 mm ATP, 0.1 mm GTP, 1 unit
of GpppG (Pharmacia), 2 pl of RNasin (Promega), 5 pg of linear-
ized DNA and 40 units of T7 or SP6 RNA polymerase for 2 hr at
40°C. In vitro translation of the purified RNA was carried out
by incubating one-tenth of the RNA in a 5-pl reaction con-
taining a 20 pm concentration of a 20-amino acid mixture, 2
mM DTT, 0.1 ul of RNasin, and 3.5 ul of micrococcal nuclease-
treated rabbit reticulocyte lysate (Promega) at 30°C for 1 hr, as
recommended by the manufacturer. DNA binding was assayed
immediately after synthesis of the ATF proteins.

DNA binding assay

A HindIlI-EcoRI DNA fragment containing the oligonucleotide
5'-ATGACGTCAT-3' and the flanking polylinker sites was
isolated, 3’-end-labeled wusing reverse transcriptase and
[32P]JdNTPs, and used as a probe in the binding assay. The
binding reaction mixture {20 pul) contains 2 wl of the in vitro
translation reaction mixture, 2 nM probe, 0.1 pg of poly[d{I-C],
and 0.5 x Buffer D [10 mm HEPES (pH 8), 10% glycerol, 50 mm
KCl, 0.1 mm EDTA, and 0.25 mm DTT]. The reaction was car-
ried out in two stages. All components except the probe were
mixed together and preincubated at room temperature for 5
min. Following addition of the probe, incubation was continued
for an additional 20 min. The reaction was terminated by
loading on a 5% ({40 : 1 cross-linking ratio) native polyacryl-
amide gel containing 0.5x TBE [45 mM Tris-borate, 45 mm
boric acid and 1 mm EDTA (pH 8.3)]. The gel was subjected to
electrophoresis in 0.5 x TBE at 10 V/cm for 2 hr before loading
and for 3.5 hr after loading in the cold room.

DMS interference analysis

An adenovirus type 5 (Ad5 E4) promoter DNA fragment con-
taining sequences from —210 to — 60 was 3'-end-labeled using
reverse transcriptase and [32P|[dNTPs. Then, 100 ng of the probe
was methylated in a 200-ul reaction containing 50 mM sodium

Multiple ATF ¢cDNA clones

cacodylate (pH 8), 1 mm EDTA, and 1 pl of DMS at 23°C for 4.5
min. The reaction was terminated by the addition of 50 ul of
stop solution [1.5 M sodium acetate (pH 7), 1 M mercaptoeth-
anol, and 100 wg/ml tRNA] and 750 pl of ethanol. DNA was
ethanol precipitated twice prior to incubation with 16 ul of in
vitro-translated ATF proteins in an 80-pl reaction containing
0.8-pg of poly|[d(I-C)] and 0.5% buffer D. Bound and unbound
DNA were separated on a 5% native polyacrylamide gel.
The DNA was eluted from the gel, deproteinized, ethanol pre-
cipitated and cleaved in 100 pl of 1 M piperidine at 90°C for 30
min. The cleaved DNA was lyophilized and analyzed on a 10%
sequencing gel.
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