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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

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

HE TRANSCRIPTION FACTOR 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 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
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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
contact with DNA is mediated by the basic
region. For example, a chimeric protein

containing the basic region of C/EBP linked
to the leucine 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 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 a sharp 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 C/EBP
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, 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.
1A).

Purified C/EBP (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 C/EBP
(8). This strategy (9) provided a fixed label-
ing site on C/EBP, thus allowing a reason-
ably accurate identification of the sites of
trypsin cleavage.

The patterns of trypsin cleavage of C/EBP
alone, or of protein samples that had been
mixed with either nonspecific or specific
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substrate DNA, are shown in Fig. 1B (10).
Similar patterns of proteolysis were ob-
served upon digestion of free protein or
protein that had been mixed with nonspecif-
ic: DNA. The earliest cleavage events oc-
curred upon addition of between 30 and
100 ng of trypsin and appeared to be located
in the amino-terminal half of the basic re-
gion. Addition of 100 to 300 ng of trypsin
led to extensive digestion throughout the
basic region. Finally, addition of 1 pg of
trypsin removed the entire basic region,
leaving a small amount of a 5-kD fragment
consisting of the leucine zipper and carbox-
yl-terminal epitope.

A different pattern of proteolysis was ob-
served when C/EBP was mixed with its
specific DNA substrate. Little or no cleav-
age occurred until addition of 1 pg of
trypsin. The limited amount of proteolysis
detectable under these conditions appeared
to occur at the junction between the basic
region and the leucine zipper.

To accurately identify the sites of proteol-
ysis observed under the conditions outlined
in Fig. 1B, we separated digestion products

by reversed-phase high-performance liquid .

chromatography (HPLC). By examining
chromatograms corresponding to each of

the digestion series shown in Fig. 1B, we
identified and isolated individual proteo-
lyzed species (11). For example, the trypsin
digestion series conducted on the C/EBP
sample that had been mixed with specific
DNA substrate generated a discernible pro-
teolytic product only after exposure to 1 pg
of trypsin. This product, which was ob-
served to elute from the HPLC column with
a retention time roughly 1.5 min longer
than the undigested sample, was recovered
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and sequenced in its entirety. It started at
Asn®” of C/EBP and ended with the same
carboxyl terminus as was present on the
undigested sample (12).

The Asn®” residue directly follows an Arg
residue and occurs in the polypeptide region
that links the basic region of C/EBP to its
leucine zipper (Fig. 1A). Sequencing of
additional proteolytic fragments confirmed
the interpretation that the earliest trypsin
cleavages occur in the amino-terminal half of
the basic region. Two prominent sites of
cleavage generated peptides bearing amino
termini at Glu?® (which directly follows
two Arg residues) and Asn?? (which direct-
ly follows an Arg residue).

The DNA binding domain of C/EBP
becomes substantially trypsin resistant when
complexed with its ligand. As pointed out in
the classical studies of Anfinsen and col-
leagues (6), ligand-induced protection

Fig. 1. Trypsin cleavage patterns of C/EBP in the
absence and of DNA substrate. (A)
Schematic diagram of the C/EBP fragment that

was used in protease digestion experiments along
with its amino acid sequence. Numbers above Asn
residue (281) and below Ala residue (358) refer
to amino acid positions within intact C/EBP (7).
Potential trypsin cleavage sites are designated by
vertical lines on the top diagram and inverted
carets on the carboxyl-terminal side of each Arg
and Lys in the bottom diagram. Intact and pro-
teolytically digested products were detected by
immunoblotting with an antibody specific to the
carboxyl terminus of C/EBP (a-C). Limits of the
basic region and leucine zipper are designated by
stippling in both diagrams. Abbreviations for the
amino acid residues are: A, Ala; C, Cys; D, Asp;
E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L,
Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S,
Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B)
Patterns of trypsin digestion of C/EBP in the
absence of DNA, and in the presence of nonspe-
cific and specific DNA substrate. Numbers above
each gel lane refer to the amount of trypsin in
nanograms that was added to each digestion
reaction (8).

against proteolysis can be explained in two
ways. The bound ligand might directly mask
access of the protease for a cleavage site.
Alternatively, ligand binding can “rigidify” a
protein, causing it to exist for a larger
fraction of time in its appropriately folded
state.

Given the extensive molecular contact ex-
pected to occur between the basic region of
C/EBP and its DNA substrate (5), some
degree of protease protection almost cer-
tainly results from direct steric masking by
the DNA ligand. However, it is unlikely that
DNA is simultancously able to mask all
cight potential trypsin cleavage sites in the
C/EBP basic region. Indeed, the two cleav-

age sites that in izes most readily
(ArgZ”-Glumn}g:lsd @gl-Asnm) are pre-
dicted to be exposed on the surface of the
protein-DNA complex (5). We therefore
believe that substrate binding causes the
basic region of C/EBP to adopt an ordered,
trypsin-resistant conformation. This inter-
pretation is consistent with the results of
circular dichroism spectroscopic studies that
show that the a-helical content of the
C/EBP DNA binding domain doubles upon
its association with specific DNA substrate
3. .

Ackcording to the scissors grip model, the
paired set of basic regions adopt an a-helical
structure and track in the major groove
around the side of DNA opposite to the
leucine zipper. Continuous tracking of a
helices demands a pronounced angulation at
some point within the basic region. An N-
cap has been hypothesized to form at Asn?®?
of C/EBP, allowing a localized disruption of
a-helical structure within the basic region.
This Asn residue is present midway through
the basic region of all bZIP proteins de-
scribed thus far. Perhaps the most convinc-
ing evidence supporting the scissors grip
model derives from the locations of trypsin
cleavage within the basic region. Recall that
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the two predominant sites of trypsin cleav-
age on C/EBP were located at Arg”-Glu?
and Arg®'-Asn®?. These two peptide
bonds co-localize with the hypothetical N-
cap and localized nonhelical segment of the
basic region (5).

Despite containing five potential trypsin
cleavage sites, the leucine zipper of C/EBP
was considerably resistant to proteolysis
even in the absence of DNA substrate. We
assume that the leucine zipper is folded in an
a-helical conformation and that its well-
ordered structure blocks proteolytic attack
(14). Although the leucine zipper of ligand-
free C/EBP was more resistant to proteolysis
than the basic region, addition of large
amounts of trypsin resulted in its near-
complete digestion (Fig. 1B). When com-
plexed with specific DNA substrate, the
entire DNA: binding domain, including the
leucine zipper, became protease resistant.

C/EBP subunits exchange readily in the
absence of DNA (15), perhaps offering tran-
sient access to proteolytic attack. If so, DNA
binding might, by retarding the rate of
subunit interchange, indirectly confer prote-
ase resistance to the zipper. In order to
compare subunit exchange rates in the pres-
ence and absence of DNA, two different
fragments of C/EBP were prepared. One
fragment consisted of amino acid residues
281 to 358 of C/EBP and migrated on SDS-
polyacrylamide gels with an apparent molec-
ular weight of 9 kD. The other fragment
consisted of residues 214 to 358 and exhib-
ited an apparent molecular weight of 16 kD.
As shown in Fig. 2A, brief exposure of the
smaller fragment to low concentrations of
glutaraldehyde generated an 18-kD form.
Likewise, glutaraldehyde treatment of the
larger protein generated as 32-kD form. If
the two fragments were mixed for 1 min at
room temperature before exposure to glu-
taraldehyde, an additional cross-linked form
was generated. As argued in an earlier study
(15), we interpret the additional form to
represent a heteromeric pair consisting of
one short polypeptide chain and one long
chain.

Subunit exchange experiments were con-
ducted with pure protein samples as well as
samples that had been preincubated with
either specific or nonspecific DNA substrate
(16). As shown in Fig. 2B, addition of the
specific DNA substrate markedly retarded
the rate of subunit interchange. The pre-
sumed heteromeric species began to be de-
tected only after a 100-min mixing interval.
Conversely, in the absence of DNA, or in
the presence of nonspecific substrate, sub-
units were observed to interchange within 1
min.

The results of these experiments indicate
that subunit exchange is slowed substantial-
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Fig. 3. Two-step bind-
ing reaction between
C/EBP and DNA sub-
strate. In the absence of
DNA, polypeptide sub-
units of C/EBP exist in
equilibrium between the
£ monomeric and dimeric
state. Subunit associa-
tion is thought to be me-
diated by the leucine zip-
per. Coiled tubes (left)
correspond to a helices
of paired leucine zippers.
DNA binding causes
C/EBP subunits to be-
come  trypsin-resistant
and is hypothesized to
lead to changes in the
conformation of the ba-
sic region. Prior to DNA binding, basic regions
are trypsin-sensitive and presumed to occur for a
significant fraction of time as random coils. When
bound to DNA the basic regions become trypsin-
resistant and are presumed to occur as well-
ordered a helices. Subunit exchange is substan-
tially retarded when protein is bound to specific
substrate.

ly when C/EBP is bound to its specific DNA
substrate. Detection of exchange only after a
100-min mixing interval does not, however,
mean that C/EBP stays permanently associ-
ated with DNA. When DNA-bound C/EBP
is challenged with excess substrate, the pro-
tein dissociates within 5 min (17). We in-
stead believe that under the assay conditions
used in this experiment, the rate of associa-
tion between C/EBP and its specific sub-
strate is considerably more rapid than the
rate of subunit interchange. Thus, when
C/EBP dissociates. from DNA, it is more
likely to reassociate with DNA than under-
go subunit interchange.

The experiments outlined in this study
provide evidence of two macromolecular
interactions that may occur in a stepwise
manner to facilitate DNA binding by C/EBP
(Fig. 3). In the first step, protein subunits
coalesce through the leucine zipper. In the
absence of specific DNA substrate, this step
is readily reversible. The second step that we
tentatively identify involves the binding of
C/EBP to its DNA substrate. Two proper-
ties of C/EBP appear to change upon com-
pletion of this second step. First, the basic
region acquires resistance to cleavage by
trypsin. Second, the exchange rate of pro-
tein subunits is retarded.

We have speculated that the substrate-
dependent acquisition of protease resistance
in the basic region of C/EBP reflects, at least
in part, a transition in protein conformation
from random coil to a helix (Fig. 3). A
related example of “induced fit” between
protein and nucleic acid has been reported
by Warrant and Kim (18), who found that
protamines undertake a random coil to «

helix transition upon exposure to crystalline
tRNA. A concerted network of attractive
charge interactions between basic amino ac-
ids of C/EBP and the negatively charged
DNA substrate may induce the formation of
a-helical structure within the basic region.
Since the acquisition of trypsin resistance is
DNA sequence dependent, the conforma-
tional changes that we hypothesize may
relate to the manner in which C/EBP is able
to discriminate between different sites on
DNA.
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Design of DNA-Binding Peptides Based on the

Leucine Zipper Motif

KArYN T. O’NE1L, RoNaLD H. Hogss, WiLLiaMm F. DEGRADO

A class of transcriptional regulator proteins bind to DNA at dyad-symmetric sites
through a motif consisting of (i) a “leucine zipper” sequence that associates into
noncovalent, parallel, a-helical dimers and (ii) a covalently connected basic region
necessary for binding DNA. The basic regions are predicted to be disordered in the
absence of DNA and to form a helices when bound to DNA. These helices bind in the
major groove forming multiple hydrogen-bonded and van der Waals contacts with the
nucleotide bases. To test this model, two peptides were designed that were identical to
natural leucine zipper proteins only at positions hypothesized to be critical for
dimerization and DNA recognition. The peptides form dimers that bind specifically to
DNA with their basic regions in a-helical conformations.

HE LEUCINE ZIPPER CLASS OF

transcriptional regulators (1) are

characterized by a pattern of Leu
residues repeating every seventh amino acid
(2). This motif mediates protein dimeriza-
tion (3, 4) through the formation of parallel
a-helical dimers as in the two-stranded
coiled coils of fibrous proteins (3). At the
NH,-terminus of the leucine zipper begins a
highly basic region 20 to 30 residues in
length that is required for specific binding to
DNA (5, 6). To explore how this class of
proteins bind specifically to DNA we have
applied a “minimalist” approach to protein
design (7), which seeks to find the simplest
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structure consistent with a given function.
In order to create models for this class of
proteins, we first predicted the secondary
structure of their basic regions by searching
for patterns of conserved and variable resi-
dues in their sequences (Fig. 1A). Side
chains important for protein folding or lig-
and binding often lic along one face of a
secondary structure and are highly con-
served (8), giving a pattern of conserved
residues with a repeat characteristic of the
corresponding secondary structure, approxi-
mately 2 for 8 sheets or 3 to 4 for a helices.
In Fig. 1B a plot is shown of the degree of
variability along the chain for the aligned
sequences of basic regions that bind to one
of two similar dyad-symmetric sites,
TGAC/GTCA (TRE) or TGACGTCA

(CRE). We assume that each of these pro-
teins contains a similar set of side chains
responsible for their binding to the con-
served TGA sequence. A periodic distribu-
tion is observed with a repeat of 3.6, match-
ing that of the a helix.

Among the most conserved residues in
the sequence were the neutral amino acids,
Asn 8 Ala™") Ala™' and Cys™"' (num-
bering is relative to the first Leu repeat,
immediately COOH-terminal to the basic
region). Each of these residues is absolutely
conserved with the exception of Ser™!! for
Cys™!! (an OH for SH substitution), and at
least one member of this conserved quartet
differs in other leucine zipper proteins with
different DNA specificities. The conserved
quartet is also bounded on all sides by
positively charged Lys and Arg side chains
(Fig. 1C). In specific complexes, the con-
served quartet might directly interact with
the bases. The short side chains of the
conserved quartet would provide relatively
little conformational freedom, possibly im-
portant for minimizing the unfavorable con-
formational entropy of binding and decreas-
ing the likelihood of recognizing other
DNA sequences. The positively charged res-
idues flanking the conserved quartet might
stabilize the complex through electrostatic
interactions with the phosphodiester back-
bone. Interestingly, two acidic Glu residues
often occur on the otherwise variable face of
the helix and might electrostatically stabilize
the helical conformation of the cationic ba-
sic region (9), and, relative to the positively
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