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Fig. 2. Gel mobility shift
assays (24) indicate that
DNA binding by GCN4brlss, but not GCN4bZIP1, is sensitive to

1

2 3 4 5

DIT. Lane 1, no peptide; lane 2, GCN4-br155;
lane 3, GCN4-brl5 with

Sequence-Specific DNA Binding by a Short
Peptide Dimer
ROBERT V. TALANLAN4, C. JAMES MCKNIGHT, PETER S. KIM
A recently described class of DNA binding proteins is characterized by the "bZIP"
motif, which consists of a basic region that contacts DNA and an adjacent "leucine
zipper" that mediates protein dimerization. A peptide model for the basic region of the
yeast transcriptional activator GCN4 has been developed in which the leucine zipper
has been replaced by a disulfide bond. The 34-residue peptide dimer, but not the
reduced monomer, binds DNA with nanomolar affinity at 4°C. DNA binding is
sequence-specific as judged by deoxyribonuclease I footprinting. Circular dichroism
spectroscopy suggests that the peptide adopts a helical structure when bound to DNA.
These results demonstrate directly that the GCN4 basic region is sufficient for
sequence-specific DNA binding and suggest that a major fimction of the GCN4
leucine zipper is simply to mediate protein dimerization. Our approach provides a
strategy for the design of short sequence-specific DNA binding peptides.
T

HE TRANSCRIPTIONAL ACTIVATOR

GCN4 (1), which is responsible for
the general control of amino acid
biosynthesis in yeast (2), binds DNA
through a structural motif common to several proteins (3), including the nuclear oncogene products Fos and Jun. This "bZIP" (4)
motif consists of a region with several basic
residues that probably contacts DNA directly and an adjacent region of about 30 residues containing a heptad repeat of leucines,
the "leucine zipper" (5), that mediates dimerization. Such bZIP dimers bind DNA
sites that are approximately diad-symmetric
(3).
Structural studies of a synthetic peptide
corresponding to the leucine zipper region
of GCN4 indicate that the peptide dimerizes
as a parallel coiled coil (6, 7). The leucine
zipper regions are necessary for dimerization
of GCN4 (8-10) and other bZIP proteins
(11, 12) and for heterodimer formation by
the Fos and Jun proteins (10, 13-15). Moreover, synthetic leucine zipper peptides are
sufficient for specific homodimer (6) and
heterodimer (16) formation.
The basic region of bZIP proteins is
important for DNA binding. Several bZIP
proteins with mutations in the basic region
fail to bind DNA sequence-specifically although they can dimerize (12, 13, 17).
Whitehead Institute for Biomedical Research, Nine
Cambridge Center, Cambridge, MA 02142, and Department of Biology, Massachusetts Institute of Technology,
Cambridge, MA 02139.
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Alignment of sequences from different bZIP
proteins shows that conserved residues in
the basic region and the leucine zipper are
separated by an invariant number of residues
(4, 18). This separation appears crucial since
insertion or deletion of a few amino acid
residues at the boundary between the two
regions can eliminate specific DNA binding
activity (14, 19, 20). Nevertheless, the two
regions appear capable of functioning autonomously, since chimeric bZIP domains
(combining the basic region of one protein
with the leucine zipper of another) often
retain specific DNA binding activity (10, 20,
21).
We asked whether the basic region alone,
dimerized with a disulfide in place of the
leucine zipper, retains sequence-specific
DNA binding activity. A peptide (GCN4brl), corresponding to residues 222 to 252
of GCN4 (22), was synthesized (23) with a
Gly-Gly-Cys linker (6) added at the carboxyl
terminus (Fig. 1). The glycines were included to provide a flexible linker in the disul-

fide-bonded dimer, referred to as GCN4brl5. The peptide was made as the carboxylterminal amide to avoid introduction of
additional charge. A second peptide
(GCN4-bZIP1), corresponding to the entire bZIP region of GCN4 (residues 222 to
281), was also synthesized (Fig. 1). This 60residue peptide is capable of dimerization
and sequence-specific DNA binding (8).
Gel mobility shift assays (24) indicate
(Fig. 2) that both GCN4-brlss and GCN4bZIPI bind a 20-bp oligonucleotide,
GRE20 (24), which contains the GCN4
recognition element (GRE) 5'-ATGACTCAT-3' (25). As measured by titration of
the gel shift, GCN4-br1ss binds GRE20
with a dissociation constant of - 10 nM at
4°C. Reduction of the disulfide bond in
GCN4-brlss by addition of 10 mM dithiothreitol (DTT) decreases substantially the
amount of mobility-shifted DNA, whereas
DNA binding by GCN4-bZIPl is unaffected by this treatment (Fig. 2).
The DNA binding specificities of GCN4brlss and GCN4-bZIPl were tested by using
deoxyribonuclease (DNase) I footprinting
(26). At 4°C both peptides show sequencespecific protection of the GRE site from
DNase I digestion (Fig. 3). However, when
DNase I digestion was carried out at 24°C,
GCN4-br1ss failed to bind specifically, although GCN4-bZIPl gave an identical
footprint to that obtained at 4°C.
The DNA binding specificity of GCN4brlss suggests that the peptide is a valid
model for the DNA binding activity of
GCN4. The binding activity of the peptide
dimer demonstrates directly that the basic
region of GCN4 (and presumably other
bZIP proteins) contains sufficient information for sequence-specific DNA binding.
The successful substitution of the leucine

Basic region

Leucine zipper

GCN4-bZIP1: PESSDPAALKRARNTEAARRSRARKLQRMKQ LEDKVEELLSKNYHLENEVARLKKLVGER

GCN4-brl: PESSDPAALKRARNTEAARRSRARKLQRMKQ GGC-NH2
Fig. 1. Sequences of the peptides studied (23). GCN4-bZIPl consists of the 60 carboxyl-terminal
residues ofGCN4 (22). The leucines in the leucine repeat are underlined. GCN4-brl consists ofthe basic
region residues (boxed) plus the carboxyl-terminal linker Gly-Gly-Cys. Abbreviations for the amino acid
residues are: A, Ala; C, Cys; D, Asp; E, Glu; G, Gly; H, His; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.
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10 mM DTI; lane 4,
GCN4-bZIPl; and lane
5, GCN4-bZIPI with 10 mM DT.
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zipper with a flexible disulfide linker, and
A
the dependence of DNA binding on the 0
presence of the disulfide bond, suggest that
__
the primary function of the leucine zipper is
dimerization. However, DNA binding by
GCN4-brl5, but not GCN4-bZIP1, is temperature dependent between 40 and 24°C. +-E -20
These observations suggest an additional CD -3U
role for the leucine zipper [for example,
30
orientation of the DNA binding regions; see
(14, 19, 20)] that is not modeled by the 0 20 I
0
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.
flexible disulfide linker.
0.
Structural studies can be simplified by
using peptide models for protein motifs. 0 -10
-20
Accordingly, we have used circular dichroism (CD) spectroscopy to examine the sec-30
-40
ondary structure of GCN4-brlss in the presence and absence of GRE20. The CD spec10,
c
trum of the peptide (Fig. 4A) suggests that 0
it shows partial a-helix formation in the 20 0
absence of DNA (27). The intensity of the U
0o
CD signal of GCN4-brlss at 222 nm (a 0 -10
helical band) increases substantially upon la
addition of an equimolar amount of GRE20 o -20
(Fig. 4B). The small change in the region of xE
the spectrum dominated by signals from the CD -30 200 220 240 260 280 300
oligonucleotide (245 to 310 nm) suggests
Wavelength (nm)
that the much larger changes observed beFig. 4. CD difference spectroscopy indicates that
low 245 nm result primarily from changes in GCN4-brl"s is helical when bound to DNA (32).
peptide rather than oligonucleotide struc- (A) GCN4-brl"s alone. (B) GRE20 alone (O) and
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GCN4-brl"s bound to GRE20 calculated as the
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The difference spectrum (Fig. 4C)
indicates that the peptide is highly a helical
when bound to DNA (28). These results are
consistent with both the "scissors grip" (4)
and "induced helical fork" (29) models,
which postulate that the basic regions of
bZIP proteins bind DNA in an a-helical
ture.
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Although GCN4-brlss is a remarkably
short DNA binding peptide, it seems likely
that even shorter peptides with sequencespecific DNA binding activity can be made.
For example, several of the amino-terminal
residues in the basic region used here have
been found recently to be dispensable for
DNA binding (19, 30). In addition, the use
of a Gly-Gly-Cys (6) or other linker [see, for
example, (31)] could lead to peptide models
for other DNA binding motifs. Peptide
models like GCN4-brlss hold promise for
structural studies of sequence-specific protein-DNA interactions and for the design of
short, sequence-specific DNA binding peptides.
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containing the basic region of C/EBP linked
zipper of GCN4 binds DNA
with the specificity of C/EBP (4).
Proteins that use the contiguous basic
region-leucine zipper arrangement (bZIP
proteins) exhibit an invariant, six-amino
acid spacing between the two components.
Noting this fixed spatial register, as well as
an absence of Pro and Gly residues, Vinson
and colleagues (5) predicted that the basic
region, like the zipper, would adopt an ahelical conformation. DNA-bound protein
was hypothesized to form a Y-shaped molecule, the stem and arms corresponding, respectively, to paired zippers and bifurcating
basic regions. This arrangement allowed the
two basic regions to penetrate the major
groove of DNA from a common point (the
cleft of the Y), then track in opposite directions along each half of a dyad-symmetric
binding site. Finally, this modeling predicted that ax-helical structure would be locally
disrupted within the basic region, facilitating a sharp bend necessary to allow continuous tracking of each basic region around the
to the leucine

The transcription factor C/EBP uses a bipartite structural motif to bind DNA. Two
protein chains dimerize through a set of amphipathic oa helices termed the leucine
zipper. Highly basic polypeptide regions emerge from the zipper to form a linked set of
DNA contact surfaces. In the recently proposed a "scissors grip" model, the paired set
of basic regions begin DNA contact at a central point and track in opposite directions
along the major groove, forming a molecular clamp around DNA. This model predicts
that C/EBP must undertake significant changes in protein conformation as it binds
and releases DNA. The basic region of ligand-free C/EBP is highly sensitive to protease
digestion. Pronounced resistance to proteolysis occurred when C/EBP associated with
its specific DNA substrate. Sequencing of discrete proteolytic fragments showed that
prominent sites for proteolysis occur at two junction points predicted by the "scissors
grip" model. One junction corresponds to the cleft where the basic regions emerge
from the leucine zipper. The other corresponds to a localized nonhelical segment that
has been hypothesized to contain an N-cap and facilitate the sharp angulation
necessary for the basic region to track continuously in the major groove of DNA.

DNA on the side opposite to initial entry.
This model for bZIP proteins has been
compared to the "scissors grip" hold that a
wrestler uses to grasp the torso of an opponent. By wrapping around the DNA molecule on the side opposite of initial entry, the
two subunits of a bZIP protein form a
molecular clamp. If correct, this model demands that the protein undertake significant
conformational changes as it binds and releases DNA. It further predicts that subunit
exchange, which occurs rapidly in the absence of DNA, should be slowed dramatically upon DNA binding.
We examined the susceptibility of C/EBP
to trypsin cleavage in the presence and absence of its DNA substrate. Trypsin, which
cleaves the peptide bond carboxyl terminal
to Arg and Lys residues, is a sensitive probe
of the folded state (6). Moreover, C/EBP
contains eight potential sites for trypsin
cleavage in its basic region, six in its leucine
zipper, and two in the short segment that
links the basic region to the zipper (Fig.

provide attractive, intersubunit interactions,
we termed the dimer-forming region the
leucine zipper (1). Biophysical studies have
documented the a-helical nature of the leucine zipper and have shown that helices
intertwine around one another in a parallel
orientation (2). Considerable evidence has
confirmed the role of the leucine zipper in
dimerization of both identical and nonidentical protein subunits (3).
A variety of observations on transcription
factors ofthis class have indicated that direct
contact with DNA is mediated by the basic
region. For example, a chimeric protein

1A).
Purified C/EBP (7) was exposed for 1min intervals to varying amounts of trypsin.
Digestion products were separated by electrophoresis on an SDS-polyacrylamide gel,
transferred to nitrocellulose, and detected by
immunoblotting with an antibody (a-C)
specific to the carboxyl terminus of C/EBP
(8). This strategy (9) provided a fixed labeling site on C/EBP, thus allowing a reasonably accurate identification of the sites of
trypsin cleavage.
The pattems of trypsin cleavage of C/EBP
alone, or of protein samples that had been
mixed with either nonspecific or specific

Evidence of Changes in Protease Sensitivity and
Subunit Exchange Rate on DNA Binding by C/EBP
JON D. SHUMAN, CHARLES R. VINSON, STEVEN L. MCKNIGHT
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C/EBP

regulates gene expression in a variety
of tissues, including liver, adipose,
lung, and intestine. The protein binds DNA
through a bipartite structural motif consisting of a dimer-forming region immediately
preceded by a polypeptide region rich in
basic amino acids. Leucine residues occur in
a heptad array along the dimer interface.
Anticipating that the leucine residues would
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