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Sequence-Specific DNA Binding by a Short 
Peptide Dimer 

A recently described class of DNA binding proteins is characterized by the '%ZIP" 
motif, which consists of a basic region that contacts DNA and an adjacent (leucine 
zipper" that mediates protein dimerimtion. A peptide model fbr the basic region of the 
yeast transcriptional activator GCN4 has been developed in which the leudne zipper 
has been replaced by a d id f i de  bond. The &residue peptide h e r ,  but not the 
reduced monomer, binds DNA with nanomolar aihity  at 4%. DNA binding is 
sequence-specific as judged by deoxyribonudease I footprinting. Circular dichroism 
s-py suggests that the peptide adopts a helical structure when bound to DNA. 
These results demonstrate d k c t l y  that the GCN4 basic region is suflScient for 
sequence-specific DNA binding and suggest that a major function of the GCN4 
leucine zipper is simply to mediate protein he rha t ion .  Our approach provides a 
strategy for the design of short sequence-specific DNA binding peptides. 

T HE TRANSCRIPTIONAL ACTIVATOR 
GCN4 (I), which is responsible for 
the general control of amino acid 

biosynthesis in yeast (2), binds DNA 
through a structural motif common to sever- 
al proteins (3), including the nuclear onco- 
gene products Fos and Jun. This "bZIPn (4) 
motif consists of a region with several basic 
residues that probably contacts DNA direct- 
ly and an adjacent region of about 30 resi- 
dues containing a heptad repeat of leucines, 
the "leucine zipper" (4, that mediates di- 
merization. Such bZIP dimers b i d  DNA 
sites that are approximately diad-symmetric 
(3). 

Structural studies of a synthetic peptide 
corresponding to the leucine zipper region 
ofGCN4 indicate that the peptide dimerizes 
as a parallel wiled 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). More- 
over, synthetic leucine zipper peptides are 
suflicient for specific homodimer (6) and 

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 au- 
tonomously, since chimeric bZIP domains 
(combining the basic region of one protein 
with the leucine zipper of another) o h  
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 (GCN4 
brl), wrrespondmg 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 indud- 
ed to provide a flexible linker in the disul- 

Fig. 2. Gel mobility shift -!___2 3-* 4 -5 _ 
assays (24) indicate that 
DNA bmhg by GCN4- 
brlss, but not GCN4 
bZIP1, is sensitive to 

w u  
6 

Dm. Lane 1, no pep- 
tide; lane 2, GCN4brl"; 
lane 3, GCN4brlSS with 
10 mM Dm, lane 4, 
GCN4bZIP1; and lane 
5, GCN4-bZIP1 with 10 mM DIT. 

fide-bonded dimer, referred to as GCN4- 
brlss. The peptide was made as the carboxyl- 
terminal arnide to avoid introduction of 
additional charge. A second peptide 
(GCN4bZIPl), corresponding to the en- 
tire bZIP region of GCN4 (residues 222 to 
28 l), was also synthesized (Fig. 1). This 60- 
residue peptide is capable of dimerization 
and sequence-specific DNA binding (8). 

Gel mobility shifc assays (24) indicate 
(Fig. 2) that both GCN4brlSS and GCN4 
bZIPl b i d  a 20-bp oligonucleotide, 
GRE20 (24), which contains the GCN4 
rewgnition element (GRE) 5'-ATGACT- 
CAT-3' (25). As measured by titration of 
the gel sh& GCN4brlsS 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 dithio- 
threitol ( D m )  decreases substantially the 
amount of mobility-shifted DNA, whereas 
DNA binding by GCN4bZIPl is unafect- 
ed by this treatment (Fig. 2). 

The DNA binding specificities of GCN4 
brlSS and GCN4bZIP1 were tested by using 
deoxyribonuclease (DNase) I footprinting 
. (26). At 4°C both peptides show sequence- 
specific protection of the GRE site from 
DNase I digestion (Fig. 3). However, when 
DNase I digestion was carried out at 24"C, 
GCN4brlsS failed to b i d  spedically, al- 
though GCN4bZIPl gave an identical 
footprint to that obtained at 4°C. 

The DNA binding specificity of GCN4 
brl" 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 suflicient infbrma- 
tion for sequence-specific DNA binding. 
The success11 substitution of the leucine 

heterodimer (16) formation. Baslc region Leucine zipper 
The basic region of bZIP proteins is 

important for DNA biding. Several bWP GCN4-bZIP1: ( PESSDPWRARNTEAARRSRARKLBRMKQ I~M<MELLSKNWUNEVWKLVGER 
proteins with mutations in the basic reejon I I 
hl to bind DNA sequence-specific all^ al- G-~I: I EmpMMMRNTEMRRSRARKLBRMKQ IGGGN~2 
though they can dimerize (12, 13, 17). 

Ffg. 1. Scauenccs of the mmides studied (23). GCN4bZIPl consists of the 60 carboxvl-terminal 
res:dues of &CN~ (22). T& 1;ucines in the l&c& repeat are underlined. GCN4brl consists &f the basic 

Insti- for B i  R*reuch, region residues (boxed) plus the carboxyl-terminal linker Gly-Gly-Cys. Abbreviations for the amino acid Cambridge Ccma, Cambridge, MA 02142, and 
-t ~ f a i , ~ ,  M&-  of^-%; midus are: A, Ma; C, Cys; D, Asp; E, Glu; G, Oy; H, Hi; K, Lys; L, Leq M, Met; N, Asn; P, Pro; 
Cambridge, MA 02139. Q, Gh, R, Arg; S, Ser; T, Thr, V, Vd, and Y, Tyr. 
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zipper with a flexible disulfide linker, and 
the dependence of DNA binding on the 
presence of the disulfide bond, suggest that 
the primary h c t i o n  of the leucine zipper is 
dimerization. However, DNA binding by 
GCN4-brlss",ut not GCN4-bZIP1, is tem- 
perature dependent between 4" and 24°C. 
These observations suggest an additional 
role for the leucine zipper [for example, 
orientation of the DNA binding regions; see 
(14, 19, 20)] that is not modeled by the 
flexible disulfide linker. 

Structural studies can be simplified by 
using peptide models for protein motifs. 
Accordingly, we have used circular dichro- 
ism (CD) spectroscopy to examine the sec- 
ondary structure of GCN4-brlSS in the pres- 
ence and absence of GRE20. The CD spec- 
trum of the peptide (Fig. 4A) suggests that 
it shows partial a-helix formation in the 
absence of DNA (27). The intensity of the 
CD signal of GCN4-brlSS at 222 nm (a 
helical band) increases substantially upon 
addition of an equimolar amount of GRE20 
(Fig. 4B). The small change in the region of 
thespectrum dominated by signals from the 
oligonucleotide (245 to 310 nm) suggests 
that the much larger changes observed be- 
low 245 nm result primarily from changes in 
peptide rather than oligonucleotide struc- 

ture. The difference spectrum (Fig. 4C) 
indicates that the peptide is highly a helical 
when bound to DNA (28). These results are 

Fig. 3. The DNase I 
footprint of the GCN4 
binding site by GCN4- 
brlss and GCN4-bZIP1 
are identical (26). Lanes 
1 to 4, DNA labeled 
with 32P-phosphate at 
the 5' end of the @ 
strand; lanes 5 to 8, label 
on the @ strand; lanes 1, 
4, 5, and 8, DNase I 
control (no peptides pre- 
sent); lanes 2 and 6, 
GCN4-brlsS; and lanes 3 
and 7, GCN4-bZIP1. 

Wavelength (nrn) 

Fig. 4. CD difference spectroscopy indicates that 
GCN4-brlSS is helical when bound to DNA (32). 
(A) GCN4-brlss alone. (B) GRE2O alone (0) and 
GCN4-brlSS with GRE20 (A). (C) Spectrum of 
GCN4-brlSS bound to GRE2O calculated as the 
difference between the two spectra in (B). 

consistent with both the "scissors grip" (4) 
and "induced helical forkn (29) models, 
which postulate that the basic regions of 
bZIP proteins bind DNA in an a-helical 
conformation. 

Although GCN4-brlss is a remarkably 
short DNA binding peptide, it seems likely 
that even shorter peptides with sequence- 
specific 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-bdS hold promise for 
structural studies of sequence-specific pro- 
tein-DNA interactions and for the design of 
short, sequence-specific DNA binding pep- 
tides. 
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Evidence of Changes in Protease Sensitivity and 
Subunit Exchange Rate on DNA Binding by CIEBP 

The transcription factor C/EBP uses a bipartite structural motif to bind DNA. Two 
protein chains dirnerize through a set of amphipathic a 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 ccscissors 
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. 

T HE TRANSCRIPTION FACTOR CIEBP 
regulates gene expression in a variety 
of tissues, including liver, adipose, 

lung, and intestine. The protein binds DNA 
through a bipartite structural motif consist- 
ing 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 

provide attractive, intersubunit interactions, 
we termed the dimer-forming region the 
leucine zipper (1). Biophysical studies have 
documented the a-helical nature of the leu- 
cine 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 noniden- 
tical protein subunits (3). 

A variety of observations on transcription 
factors of this class have indicated that direct 

Howard Hughes Research Laboratories, Department of contact with DNA is mediated by the basic Embryology, Carnegie Institution of Washington, Balti- 
more, MD 21210. region. For example, a chimeric protein 

containing the basic region of CIEBP linked 
to the leucine zipper of GCN4 binds DNA 
with the specificity of CiEBP (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 a -  
helical conformation. DNA-bound protein 
was hypothesized to form a Y-shaped mole- 
cule, the stem and arms corresponding, re- 
spectively, 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 direc- 
tions along each half of a dyad-symmetric 
binding site. Finally, this modeling predict- 
ed that a-helical structure would be locally 
disrupted within the basic region, facilitat- 
ing asharp bend necessary to allow continu- 
ous tracking of each basic region around the 
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 oppo- 
nent. By wrapping around the DNA mole- 
cule on the side opposite of initial entry, the 
two subunits of a bZIP protein form a 
molecular clamp. If correct, this model de- 
mands that the protein undertake significant 
conformational changes as it binds and re- 
leases DNA. It further predicts that subunit 
exchange, which occurs rapidly in the ab- 
sence of DNA, should be slowed dramatical- 
ly upon DNA binding. 

We examined the susceptibility of CIEBP 
to trypsin cleavage in the presence and ab- 
sence 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, CiEBP 
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. 
1A). 

Purified CIEBP (7) was exposed. for 1- 
min intervals to varying amounts of trypsin. 
Digestion products were separated by elec- 
trophoresis on an SDS-polyacrylamide gel, 
transferred to nitrocellulose, and detected by 
immunoblotting with an antibody (a-C) 
specific to the carboxyl terminus of CiEBP 
(8). This strategy (9) provided a fixed label- 
ing site on CIEBP, thus allowing a reason- 
ably accurate identification of the sites of 
trypsin cleavage. 

The patterns of trypsin cleavage of CIEBP 
alone, or of protein samples that had been 
mixed with either nonspecific or specific 
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