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Changing Fos oncoprotein to a
Jun-independent DNA-binding
protein with GCN4 dimerization
specificity by swapping
‘leucine zippers’

Joan W, Sellers & Kevin Struhi

Department of Biological Chemistry and Molecular Pharmacology,
Harvard Medical School, Massachusetts 02115, USA

A STRUCTURAL motif for DNA-binding proteins, the ‘leucine
zipper’, has been proposed for the jun, fos and myc gene products,
the yeast transcriptional activator GCN4, and the C/EBP
enhancer-binding protein'. These proteins all contain a region with
four or five leucine residues spaced exactly seven amino acid
residues apart whose sequence is consistent with the formation of
an amphipathic a-helix. It has been proposed that the leucine
zipper consists of two interdigitated a-helices, one from each
monomer, that constitute the dimerization function necessary for
high-affinity binding to DNA; an adjacent region of basic residues
is thought to be responsible for specific protein-DNA contacts',
In support of this model, substitution of the leucine residues within
the motif can abolish dimerization and DNA-bindingH, and a
synthetic peptide corresponding to the GCN4 leucine zipper forms
a-helical dimers’. Despite the conserved leucine residues, however,
each protein has a distinct dimerization specificity. Specifically,
GCN4 homodimer, Jun homodimer and Fos—Jun heterodimer pro-
teins bind to the same DNA site, whereas Fos is unable to form
homodimers, bind DNA, or interact with GCN4 (refs 8—14). Here,
we alter the dimerization specificity of Fos by precisely replacing
its leucine zipper with that from GCN4. This Fos-GCN4 chimaeric
protein is able to bind to the target site in the absence of Jun,
and can form DNA-binding heterodimers with GCN4 but not with
Jun. These results indicate that the leucine zipper is sufficient to
confer dimerization specificity and strongly suggest that Fos con-
tacts DNA directly.
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The products of the nuclear proto-oncogenes fos and jun form
a heterodimeric complex which binds to the transcriptional
regulatory element known as the AP-1 site>*%'>"'*, Yeast GCN4
protein binds as a homodimer to target sequences that are
indistinguishable from AP-1 sites®®. Extensive analysis indicates
that the optimal GCN4 binding site is dyad-symmetric and that
each GCN4 monomer directly contacts a half-site'>!®, By
analogy, each subunit of a Fos-Jun heterodimer would be expec-
ted to contact a half-site. This idea has been supported by the
finding that Fos, Jun, and GCN4 contain a conserved stretch
of basic residues equally spaced from their leucine zippers, and
mutations in the Fos and Jun basic region prevent DNA-binding,
but not dimerization®*®. Although the failure of Fos to bind
DNA could reflect its inability to form homodimers, its contribu-
tion to specific DNA-binding could also be by an indirect effect
mediated through Jun.

To determine whether the leucine zipper confers dimerization
specificity and Fos has the potential to contact DNA, we created
Fos®, a chimaeric protein in which Fos residues 23-160 (includ-
ing the basic region) are fused to the carboxy-terminal 33 amino
acids of GCN4 (containing the leucine zipper, but unable to
bind DNA; see ref. 17) (Fig. 1). The spacing of the leucine
zipper and the basic domain in Fos® is identical to that in Fos
and GCN4. The LexA domain at the amino-terminus of the
protein lacks the dimerization function'®' and is irrelevant to
these experiments (see below).

To test the DNA-binding properties of Fos®, **S-labelled
Fos® was synthesized in wvitro, incubated with the optimal
GCN4/AP-1 site (ATGACTCAT), and electrophoresed in non-
denaturing polyacrylamide gels (Fig. 2a). A band is seen which
is dependent on the addition of both the protein and DNA,
indicating that Fos® can bind to this DNA fragment. We tested
the specificity of binding with a DNA containing a point muta-
tion, AGGACTCAT; this mutation leads to a significant reduc-
tion in binding by GCN4 and by the Jun-Fos complex®!®!*,
Complex formation by Fos® was also greatly reduced by this
point mutation, indicating that the chimaeric protein has similar
DNA sequence recognition properties to those of GCN4 and
the Jun-Fos complex.

The fact that Fos® binds to the dyad-symmetric GCN4/AP-1
site suggests that it can form homodimers, presumably mediated
by the GCN4 leucine zipper. If the leucine zipper confers
dimerization specificity, then Fos® should form heterodimers
with GCN4 but not with Jun. Indeed, when we synthesized
GCN4 and Fos® together and incubated them with the target
DNA, we observed a new protein-DNA complex with an inter-
mediate mobility (Fig. 2b) indicative of heterodimer formation.
The Fos“~-GCN4 heterodimer and the GCN4 homodimer bands
were of equal intensity, but the presumed Fos® homodimer
band was much fainter. This observation could reflect a decrease
in either the dimerization ability or in the affinity for target
DNA of the Fos® homodimer compared with the heterodimer;
we favour the latter explanation. In any event, our results exclude
the possibility that dimerization by the LexA domain influences
binding by Fos“, because although the heterodimer contains
only one LexA moiety, it functions more effectively than the
homodimer.

Additional observations indicate that Fos® is a derivative of
Fos with an altered dimerization specificity (Fig. 2¢). First, when
Fos® and a Jun derivative were co-synthesized, only the Fos®
complex was seen, indicating that Fos® and Jun cannot form
heterodimers. The failure to observe new bands was not due to
the co-migration of heterodimer and homodimer complexes,
because the relative molecular masses of Fos® and the Jun
derivative differ (under our conditions, the Jun homodimer
complex cannot be seen'®). Second, unlike Fos®, a Fos derivative
does not bind DNA or form a heterodimer complex after co-
synthesis with GCN4, but it will form a DNA-binding complex
when co-synthesized with Jun (refs 2 and 12-14; data not
shown).
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FIG.1 Structure of proteins.
Top line, structure of LexA-
¢c-Fos, which is composed
of the LexA DNA-binding
domain (open box) fused to
the Fos oncoprotein (biack
box), and the structure of
GCN4 (hatched box). Leucine
zippers, L; adjacent basic
regions, B; H, R and S indi-
cate restriction sites (H,
Hindlll site; S, Sall site; R,
EcoRl site) used in the clon-
ing of LFG, which is shown
in the second line from the
top. (The wild-type GCN4
gene does not contain a Safl
site; the site shown occurs
in LexA-gcn4-A29 (ref.
20), a deleted derivative
used in the construction of
LFG.) Shown below LFG is
Fos®, with the sequence of
the junction between Fos®
and GCN4 indicated. Jun-
A10 is a deleted Jun deriva-
tive. The Fos derivative,
Fos/X, was obtained from T.
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METHODS. The DNA LFG was constructed by joining the Hindlll-Sall fragment
of the gene encoding LexA—c-Fos (ref. 21) with the Sall-EcoRI fragment of
GCN4 (the EcoRl site is downstream of the structural gene) and cloning the
resulting fusion into Hindlll/EcoRI-digested YCm90, a vector derived from
YCp88 (ref. 17) that contain an SP6 promoter and an M13 origin of replication.

FIG. 2 Specificity of complex formation. a,
SSS-Iabelled, in vitro-translated Fos® protein
was tested for ability to bind to the GCN4/AP-
1 site in the absence of DNA (lane 1), in the
presence of a 631-base pair DNA fragment
containing the optimal GCN4/AP-1 site
ATGACTCAT (lane 2), or in the presence of
a similar fragment containing the point muta-
tion AGGACTCAT (lane 3). A DNA-protein
complex is observed only in the reaction
containing the optimal GCN4/AP-1 site (lane
2, black arrow). b, To test for heterodimer
formation, GCN4 (lane 5), Fos® (lane 9) or a
co-synthesis of both proteins (lane 7), were
each incubated with the 631-base pair frag-
ment containing the optimal GCN4/AP-1
binding site. When synthesized alone, GCN4
(lane 5, open arrow) and Fos® (lane 9, black
arrow) each form complexes. When synthe-
sized together, a new complex of intermedi-
ate mobility is seen (lane 7, stippled arrow;
see text). in the absence of DNA, no com-
plexes are evident (lanes 4, 6 and 8). The
diffuse band at the bottom of lanes 4 and 5 represents a minor artefactual translation
product made only in syntheses of full-length GCN4 protein; it is unrelated to any
DNA-binding phenomenon because it is found in the absence of added DNA (lane 4;
refs 8 and 17). Because this artefactual band is associated only with synthesis of
fult-length GCN4, it does not interfere with the results, except in lane 7 where it
obscures the Fos® complex band due to almost similar electrophoretic gel mobilities:
c. To test for specificity of dimerization, Jun (lane 10), Fos® (lane 11) or a co-synthesis
of both Jun and Fos® proteins (lane 12) were incubated with the optimal binding-site-
containing fragment. Only Fos® complexes are seen (lanes 11 and 12, black arrows).
When GCN4 protein (lane 13) or a co-synthesis of GCN4 and c-Fos proteins {lane 15)
are incubated with the target DNA, only GCN4 compiexes are found. No complex was
observed when c-Fos protein alone was incubated with the target DNA (lane 14). The
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The DNA molecule encoding the chimaeric Fos® protein was generated from
LFG by oligonucleotide-directed mutagenesis using uracil-substituted single-
stranded templates®?, the junction between fos and GCN4 was confirmed
by sequencing. The jun deriative, jun-A410 was generated by cloning the
Sall-EcoRl fragment of LexA-jun-AS5 (ref. 23) into pSP64, a vector contain-
ing the SP6 promoter.
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Jun and c-Fos proteins synthesized in these experiments were functional; as expec-
ted"®™* when both proteins are mixed and incubated with the DNA fragment containing
the optimal GCN4/AP-1 site, they generate a protein-DNA complex {data not shown).
The experiments represented in the separate panels involve different protein prepar-
ations, gels and autoradiograph exposure, which accounts for any small differences in
the Fos® complex band intensity between panels.

METHODS. Labelling of protein and analysis of DNA-protein complexes have been
described®?, except that the binding buffer contained poly(di - dC) at a final concentra-
tion of 100 g mi~* instead of salmon sperm DNA. Cellular-Fos protein was generated
from pGEMFos X (from T. Halazonetis). Yields and purity of protein preparations were
routinely established by SDS-PAGE and autoradiography.
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An important conclusion from our results is that the leucine
zipper is sufficient to confer dimerization specificity. Specifically,
Fos® contains only the 33 C-terminal residues of GCN4 (the
leucine zipper region) but, unlike Fos, can form heterodimers
with GCN4 but not with Jun. Moreover, these observations
together with the fact that Fos® alone binds the GCN4/AP-1
site strongly suggest that the leucine zipper is sufficient for
dimerization per se. (The possibility that other regions of Fos
and GCN4 coatribute a common, non-specific dimerization
function cannot be excluded, but seems unlikely.) These results
agree with an earlier observation that a synthetic peptide con-
taining the 33 C-terminal residues of GCN4 forms stable
dimers’: the conditions here were more physiological, however
(concentrations 10°-10° times lower) and experiments were
performed in the context of an intact DNA-binding domain.

The leucine-zipper motif was initially defined by the presence
of four to five leucine residues spaced seven amino-acid residues
apart in a region of the protein that could permit the formation
of an a-helix; other than this, there was little overall amino-acid
sequence similarity’. The fact that swapping the leucine zipper
of Fos for that of GCN4 yields a specific DNA-binding protein
indicates that these regons are functionally homologous. Never-
theless, it is clear that although the conserved leucines are
important for the dimerization of C/EBP (ref. 3), Fos®>*®, Jun*?,
and GCN4 (J.W.S., W. J. van Heeckeren and K.S., unpublished
results), other non-conserved residues in the various zipper
regions must be involved in dimerization specifiicity. Thus, the
ability of this class of proteins to form homodimers or
heterodimers will depend on the association properties of
individual leucine-zipper regions.

Another conclusion from our experiments is that Fos has an
inherent specific DNA-binding activity. Because the GCN4
leucine-zipper region alone does not bind DNA'?, some region
of Fos (probably the basic region) must contribute to the ability
of Fos® to interact directly with specific DNA sequences. Fur-
thermore, because the GCN4 leucine zipper can convert Fos
into a DNA-binding protein that bypasses the requirement for
Jun, the failure of native Fos to bind to DNA almost certainly
reflects its inability to form homodimers. In terms of the Fos-Jun
heterodimer, these considerations strongly argue against the
model that Fos indirectly affects DNA-binding by Jun. Instead,
they indicate that Fos and Jun monomers in the heteromeric
complex interact with adjacent half-sites.

Finally, chimaeric proteins such as Fos® should be useful in
elucidating the function in vivo of proteins involved in
heteromeric complexes. For example, transcription involving
the AP-1 site is regulated by phorbot esters'®'!, a process which
might be mediated by Jun and/or Fos. As Fos® derivatives can
bind to the AP-1 site without Jun, it should be possible to
separate the effects of these two oncoproteins. Chimaeric pro-
teins containing the GCN4 leucine zipper could be used to
investigate how proteins with leucine zippers might bind DNA
specifically. For example, specific DNA-binding by the Myc
oncoprotein has yet to be demonstrated, but perhaps by
replacing its leucine zipper with that from GCN4, Myc could
be converted to a DNA-binding protein whose target sites might
be identified by the random selection method’®.
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Alternative production of
calcitonin and CGRP mRNA
is regulated at the
calcitonin-specific

splice acceptor
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ALTERNATIVE splicing of eukaryotic messenger RNA precursors
represents a common mechanism for generating multiple tran-
scripts from a single gene'. Although there has been increasing
information concerning the sequence requirements and the bio-
chemical mechanisms involved in the constitutive splicing of
primary RNA transcripts, very little is known about the sequences
or mechanisms which determine alternative RN A-processing events
in complex transcription units>®. The calcitonin/calcitonin gene-
related peptide (CGRP) primary RNA transcript undergoes tissue-
specific alternative processing, resulting in the differential produc-
tion of calcitonin mRNA in thyroid C cells and CGRP mRNA in
neurons of the central and peripheral nervous systems”®. To eluci-
date the molecular mechanisms underlying these alternative RNA
processing events, we have examined the nucleotide sequences
involved in the production of calcitonin and CGRP mRNAs. Analy-
ses of HeLa and F9 cell lines transfected with a variety of mutant
calcitonin/CGRP transcription units have demonstrated that
alternative splice-site selection is primarily regulated by cis-active
element(s) near the calcitonin-specific 3'-splice junction. We sug-
gest that the tissue-specific pattern of alternative RNA processing
is conferred by sequence information at the calcitonin-specific
acceptor which serves to inhibit the production of calcitonin tran-
scripts in CGRP-producing cells.

The rat calcitonin/CGRP gene is comprised of six exons;
calcitonin mRNA is produced by splicing of the first three exons
to the fourth exon, accompanied by cleavage and polyadenyla-
tion at the 3’ end of the fourth exon. CGRP mRNA production
results from the splicing of the first three exons to the fifth and
sixth exons and use of a distal poly(A) site at the 3’ end of the
sixth exon (Fig. 1a)”’. Previous studies on the expression of a
metallothionein-calcitonin/ CGRP fusion gene in transgenic
mice demonstrated that almost all tissues produced pre-
dominantly calcitonin mRNA'™. In most neurons however,
CGRP transcripts represented the main RNA species. The
simplest interpretation of these results is that the ability to splice
the calcitonin/CGRP primary transcript to produce mature
CGRP mRNA requires a neuron-specific splicing machinery,
thereby suggesting that calcitonin mRNA is likely to represent
the unregulated splicing choice. Alternatively, production of
calcitonin-specific transcripts could require a tissue-specific fac-
tor which is widely distributed, but absent from neuronal tissues.

Two potential mechanisms have been proposed for the regula-
tion of alternative splice-site use in the calcitonin/ CGRP gene.
One mechanism involves sequence or site-specific poly(A) site
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