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C/EBP and GCN4 are basic region-leucine zipper (bZIP) DNA-binding proteins that recognize the dyad-
symmetric sequences ATTGCGCAAT and ATGAGTCAT, respectively. The sequence specificities of these and
other bZIP proteins are determined by their a-helical basic regions, which are related at the primary sequence
level. To identify amino acids that are responsible for the different DNA sequence specificities of C/EBP and
GCN4, two kinds of hybrid proteins were constructed: GCN4-C/EBP chimeras fused at various positions in the
basic region and substitution mutants in which GCN4 basic region amino acids were replaced by the
corresponding residues from C/EBP. On the basis of the DNA-binding characteristics of these hybrid proteins,
three residues that contribute significantly to the differences in C/EBP and GCN4 binding specificity were defined.
These residues are clustered along one face of the basic region a helix. Two of these specificity residues were not
identified as DNA-contacting amino acids in a recently reported crystal structure of a GCN4-DNA complex,
suggesting that the residues used by C/EBP and GCN4 to make base contacts are not identical. A random binding
site selection procedure also was used to define the optimal recognition sequences for three of the GCN4-C/EBP
fusion proteins. These experiments identify an element spanning the hinge region between the basic region and
leucine zipper domains that dictates optimal half-site spacing (either directly abutted for C/EBP or overlapping
by one base pair for GCN4) in high-affinity binding sites for these two proteins.

Basic region-leucine zipper (bZIP) DNA-binding proteins
constitute a major class of eukaryotic transcriptional regu-
latory proteins (28). More than 50 genes encoding these
proteins have been isolated from a variety of organisms.
Most bZIP proteins can be classified into one of five sub-
families based on their DNA sequence specificities (Fig. 1).
The binding sites recognized by each subfamily consist of
related but distinct palindromic sequences containing two
5-bp half-sites. These consensus binding sites differ in the
sequence of their half-sites and/or in the spacing between
half-sites, which can be either directly abutted or overlap-
ping by one base pair. This spacing difference alone distin-
guishes the binding of the Fos/Jun and ATF/CREB subfam-
ilies.
The bZIP DNA-binding domain is characterized by two

major features: a helix-permissive segment containing re-
peated leucine residues spaced at seven-amino-acid intervals
(the leucine zipper) and an associated segment of strong net
positive charge (the basic region) immediately adjacent to
the leucine repeats (33). The leucine repeats are part of an
amphipathic a helix that mediates protein dimerization (31,
33, 34, 63), and the paired helices in a bZIP dimer lie in a
parallel orientation, as in classical coiled-coil structures (15,
50). Recently, the crystal structures of a synthetic leucine
zipper peptide (49) and a complete bZIP DNA-binding
domain (13) have been solved, proving that the leucine
zipper dimer is a coiled coil composed of parallel a helices.
Kouzarides and Ziff (30) and Vinson et al. (77) noted that an
array of residues within the basic region, termed the basic
motif, is shared by all leucine zipper proteins (Fig. 2B). The
basic motif is located in a constant register relative to the
leucine repeats, and changes in spacing between the two
domains, except for seven-amino-acid insertions, result in
the loss of binding activity (2, 55). These results suggested
that the leucine zipper and basic domains are structurally
linked.

The basic region functions as the DNA contact surface in
bZIP proteins. The replacement of certain residues in the
basic domain eliminates DNA-binding activity but not the
ability to dimerize (6, 10, 34, 42, 74), demonstrating that the
leucine zipper and basic domains are functionally separable.
Furthermore, domain-switching experiments prove that the
basic region alone dictates DNA-binding specificity. Agre et
al. (2) exchanged the leucine zipper and basic regions
between C/EBP and GCN4 and found that the binding
specificity of each chimeric protein correlated with the
identity of the basic domain. Similar results were obtained
from leucine zipper swap experiments involving the Jun,
Fos, GCN4, and CREB proteins (31, 41, 57, 65).
Two models of the bZIP domain proposed detailed struc-

tures for the basic region. The scissors grip model (77)
suggests that the basic region and the leucine zipper are part
of a continuous a helix. The coiled-coil helices of the leucine
zipper dimer diverge at the basic region, becoming recogni-
tion helices that lie within the major groove and track in
opposite directions along the DNA. The helix is interrupted
at a conserved asparagine residue in the basic motif that
forms an N-cap structure (58) and divides the basic region
into two helical domains. The two helices are separated by a
bend that allows continued tracking of the basic region in the
major groove. The scissors grip model explains two known
properties of bZIP proteins: the restrictions on spacing
between the basic and leucine zipper segments and the
recognition of palindromic binding sites. A second paradigm,
the induced helical fork (47), predicts a similar structure
except that the basic region is a continuous helix. In addi-
tion, four basic region residues located on one face of the
recognition helix are proposed to make base-specific DNA
contacts. Many essential features of the scissors grip and
helical fork models have now been confirmed by the X-ray
crystallographic structure of GCN4 (13).

Several other studies provide support for the prediction
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Basic Motif: -SN- -AA-B-R-BB

C/EBP subfamily

C/EBP KAKKSVDKNSNEYRV E NI OKRNVET
CRP1 KGKKAVNKDSLEYRLUE* R KRRIMET
CRP2 KAKKAVDKLSDEYK E NI RNLET
CRP3 AGKRGPDRGSPEYRQUE I RRNQEM
lg/EBP KKSSPMDRNSDEYRQENMKK L OKAQODT

DBP (PAR) subfamily

DBP KVQVPEEQKDEKYWS Y E LKENQI
VBP/TEF KVFVPDEQKDEKYWT K V LKENI
HLF KVFIPDDLKDDKYWA RNIAKft 0 LKENQI

Fos/Jun subfamily

cFos
FRAl
FRA2
cJun
JUNB
JUND
GCN4
yApl

SPEEEERRRV LEI A ELTDFL
RDEQLSPEEEEKRRI LEK A5qURELTEKL
SPIDMESQERIKAE I S3K*LERIARL

EDQERIKVE L
I

K
LERIARL

DTOERIKAE L * IE(K(LERISRL
PLSPIVPESSDPAAL A E A LQRMKQL

DLDPETKQK A A F E ERKMKEL

CREB/ATF subfamily

CREB LPTC
ATF-1 SOT
ATF-2 RRRJ
ATF-3 TKAI
ATF-4
ATF-5
ATF-6
ATF-a RRR
BBF-2 LPLI

OPAEEAARKREVMtRE'R XRtllKEYVKCL
TKTDDPQLKREI * R mKEYVKCL
IAANEDPDEKRRK E A VWVQSL
EVAPEEDERKKR E KI EKTECL
KGEKLDKKL E R Y AEQEAL
ISRRRREKE EELTDTL
SDIAVLRRQ I E EYMLGL

ITVDEDPDERRER E A LWVSSL
TKAEEKSLKKI II I EYMDQL

Plant G-box subfamily

TAF-1
EmBP-1
HBP-la
GBF1
GBF2
GBF3
HBP-lb
CPRF-1
CPRF-3
CPRF-2
OCSBF-1
OCSBF-2
TGA1a
TGA1b
Opaque2

NEAWLQNERELKREKSEQRERUSFLfSAEAEEL
ARGEQWDERELKKQKL E S!L PAECEEL
AGVPVKDERELKR QRE SiL5QAECEQL
GVPQPWNEKEVKREKQURE L5QAETEQL
PETWLQNERELKRERQURE S!L5AETEEL

KNGDOKTMRARESE LKAYVQQL
NDSWLHNDRDLKREQRE SULQAEAEEL

ETTRNGDPSDAKRVR L RE AHTEL
AADTHRRE LUE L QHLDEL

ISKKKI UE CSTIKDL
RYEPETSKPVEKVL A E RKSLKAYVGOL
LSDNVNNDEDEKKRA VANRESAQLSRORKKHYVEEL
EI LGFKMPTEERVRK ESNRESARRSRYRKAAHLKEL

FIG. 1. Basic region amino acid sequence comparisons of pro-
teins from several bZIP subfamilies. The sequences are aligned
according to the basic motif homology and terminate at the first
leucine residue within the leucine zipper. The proposed consensus

recognition sequence for each subfamily is shown on the right.
References for the amino acid sequences are as follows: C/EBP (32);
CRP1 through CRP3 (80); Ig/EBP (59); DBP (40); VBP/TEF (26);
HLF (25); c-Fos (75); FRAl (9); FRA2 (43); c-Jun (5); JunB (62);
JunD (61); GCN4 (21); yApl (39); CREB (24); ATF-1 through ATF-6
(18); ATF-a (14); BBF-2 (1); TAF-1 (45); EmBP-1 (17); HBP-la (71,
72); GBF1 through GBF3 (64); HBP-lb (71); CPRF-1 through
CPRF-3 (78); OCSBF-1 and OCSBF-2 (68); TGAla and TGAlb (29);
Opaque2 (19).

that the basic region is a helical. Circular dichroism mea-

surements showed that the basic regions of GCN4 (47, 48,
73, 79) and Jun/Fos (53) contain high a-helical content when
the proteins are bound to DNA. However, in the absence of
the specific DNA ligand, significantly less a helicity was
measured. A DNA-induced folding transition also was ob-
served for the C/EBP basic region (48, 67). Together, these
experiments indicate that the basic domain undergoes a

conformational transition to a more a-helical state that is
induced or stabilized by binding to DNA.
Although the a-helical nature of the DNA-binding surface

was implied by numerous studies, the exact residues in this
region that specify DNA sequence recognition have not been
established by mutagenesis studies. The experiments de-
scribed in this report were initiated to identify basic region

residues that determine selective DNA recognition by the
Consensus different subclasses of bZIP proteins. A series of hybrid

proteins composed of basic region sequences from C/EBP
and GCN4 was constructed, and the DNA-binding charac-

ATTGCGCAAT teristics of these chimeras and of individual amino acid
substitution mutants in GCN4 were determined. Three res-
idues, which lie on one face of an a-helical DNA-binding
surface, were found to affect the binding specificities of

? C/EBP and GCN4. A set of the GCN4-C/EBP basic region
hybrids were also used in binding site selection experiments.
These studies revealed a protein segment that specifies the
optimal spacing between half-sites in the palindromic se-
quences that are recognized by bZIP proteins. The results
are discussed with respect to the recently reported crystal

ATGAGTCAT structure of a GCN4-DNA complex (13).

MATERIALS AND METHODS

Construction and expression of mutant proteins. Fusions
between the rat c/ebp gene (32) and the yeast GCN4 gene
(21) were constructed by the polymerase chain reaction
(PCR) method described by Yon and Fried (81). The PCRs to
create C-G fusion genes included dimethyl sulfoxide at a
final concentration of 5% to promote denaturation of a
guanine-cytidine-rich region in the clebp gene. Linker oligo-
nucleotides specifying the fusion points contained 18 bases
of homology to the appropriate parental gene on either side
of the junction position. All of the junctions were located
between adjacent codons. For G-C fusions, the exterior PCR
primers were GCN4-5' (5'-CCCACTCCTGTICTAGAAGA
TGC-3') and C/EBP-3' (5'-GACGGCAAGCTTGCCTCAC
GCGCAGTTGCCCATGG-3'). For C-G fusions, the exterior
primers were C/EBP-5' (5'-ACGCCGCCTCTAGAACCCG
TGCCCAGCCCTCAT-3') and GCN4-3' (5'-GACGGCAA
GCTTAAATCAGCGTTCGCCAAC-3').
Amino acid substitution mutations were introduced into

GCN4 by the four-primer PCR mutagenesis procedure (20,
23), in which the mutagenic primers contained the relevant
codon replacements from the clebp gene. GCN4-5' and
GCN4-3' were used as exterior PCR primers for these
reactions.

Products from the gene fusion and substitution mutagen-
esis PCRs were digested withXbaI and HindIII and inserted
into the GCN4 expression plasmid pT5-GCN4 (2), which had
been digested with the same two enzymes. This resulted in
the replacement of carboxy-terminal GCN4 sequences be-
tween the XbaI site overlapping codons 167 to 169 and the
HindIII site in the pT5 polylinker downstream from the
GCN4 termination codon. All of the constructs were se-
quenced to ensure that no unintended mutations were intro-
duced during PCR amplification. The plasmids were then
introduced into the host strain Escherichia coli BL21
(DE3)pLysS (70) for protein overexpression. Expression
was induced with isopropyl-i-D-thiogalactopyranoside
(IPTG), and protein extracts were prepared and heat treated
as previously described (34, 80). For the GCN4 substitution
mutants, the following modified procedure was used to
prepare protein extracts. Cultures (15 ml) were grown in
Superbroth and induced with IPTG as described previously
(34). The cell pellets were resuspended in 0.8 ml of 1 M
KCl-50 mM Tris-HCl (pH 8.0)-i mM EDTA containing 1
mM dithiothreitol (DTT) and 0.2 mM phenylmethanesulfo-
nyl fluoride. After freezing on dry ice, the lysates were
thawed and subjected to centrifugation at 30,000 rpm for 45
min in a Beckman tabletop ultracentrifuge, using a TLA100
rotor. The supernatants containing the soluble protein frac-
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FIG. 2. (A) Gross structure of the GCN4-C/EBP hybrid proteins. Each protein contains the first 214 amino acids of GCN4 fused to a
chimeric DNA-binding domain. The GCN4 amino-terminal region was included in all of the constructs because it promotes efficient
expression of the recombinant proteins in E. coli. BR, basic region; LZ, leucine zipper; _, GCN4 sequence; EJ, C/EBP sequence. (B)
Junction positions within the fusion proteins. A universal amino acid numbering system for bZIP proteins was created to simplify the fusion
protein nomenclature. Position 1 represents the approximate amino-terminal boundary of the extended basic region that is found in C/EBP
and its relatives (80). The first conserved amino acid of the basic motif corresponds to position 19 in this system. Two series of hybrid proteins
were constructed: G-C fusions (top line), which contain amino-terminal GCN4 sequences and switch to C/EBP at various points in the basic
region, and G-C fusions (bottom line), which have the reciprocal architecture. GBRC!Z iS identical to the chimeric protein G,Cj described by
Agre et al. (2). B denotes either arginine (R) or lysine (K) in the consensus basic motif.

tion were adjusted to 10% glycerol by adding 0.25 volume of
50% glycerol and then aliquoted and frozen at -70°C.
Extracts prepared by this method were enriched for the
expressed protein and were used without prior heat treat-
ment.
DNA-binding assays. The C/EBP footprint probe derived

from the rat albumin promoter has been described elsewhere
(80). A GCN4 binding site probe from the yeast HIS4 gene
was prepared as follows. An XhoI fragment containing
tandem GCN4 binding sites was released from the plasmid
pHYC3-169 (22) and ligated into the Sall site of the
pEMBL18 cloning vector. The resultant plasmid (pl8His4)
was digested withBamHI, treated with phosphatase, 32P end
labeled with T4 polynucleotide kinase, and digested with
HindlIl to release the HIS4 fragment. 32P-end-labeled frag-
ments containing optimal C/EBP and GCN4 binding sites
(see discussion of the binding site selection experiments
below) were derived from clones G2C-1 and GBRCLZ-1,
respectively (see Fig. 6). These Bluescript-based (Strata-
gene) plasmids were digested with XhoI, dephosphorylated,
labeled with T4 polynucleotide kinase, and digested with
Sacl to release the DNA fragment containing the binding
site.
DNase I footprint assays were performed essentially as

described previously (27). Each binding reaction mixture
contained lx TM (25 mM Tris-HCl [pH 7.9], 6.25 mM
MgCl2, 10% glycerol, 0.5 mM EDTA, 0.5 mM DTT), 0.1%
Nonidet P-40, 100 p,g of bovine serum albumin (BSA) per ml,
0.2 ,ug of poly(dI-dC), 0.5 mM DTT, approximately 0.01
pmol of DNA probe, and protein extract as indicated. The
binding reaction mixtures used for Table 1 (fusion protein
assays) contained 75 mM KCl, and those used for Fig. 4 and
6 (substitution mutant assays) contained 125 mM KCI. The

reaction mixtures were incubated for 15 to 20 min on ice and
then subjected to partial DNase I digestion. After the addi-
tion of stop buffer containing 300 ,ug of proteinase K per ml,
the samples were incubated at 55°C for 2 h and ethanol
precipitated, and the cleavage products were separated by
electrophoresis on 8% polyacrylamide sequencing gels.

Binding site selection experiments. Binding site selections
were carried out by the procedure of Pollock and Treisman
(54). The initial binding reaction mixtures (25 ,ul) contained
lx TM, 0.5 mM DTT, 0.1% Nonidet P-40, 150 mM KCl, 100
pg of BSA per ml, 0.1 ,ug of poly(dI-dC), approximately 0.1
pmol of the random sequence oligonucleotide (as described
by Mavrothalassitis et al. [38]), approximately 25 ng of
enriched (heat-treated) bacterial fusion protein, and 1 pl of
anti-GCN4 antiserum. The GCN4-specific antiserum was
raised in rabbits immunized with the synthetic amino-termi-
nal GCN4 peptide, CysMetSerGluTyrGlnProSerLeuPheAla-
LeuAsn (the amino-terminal Cys residue was included for
covalent coupling to a carrier protein). The binding reaction
mixtures were incubated for 30 min on ice and then added to
10 ,ul (packed volume) of protein A-Sepharose beads (Phar-
macia). The samples were vortexed for 1.5 h at 4°C and
centrifuged for 20 s in a microcentrifuge, and the superna-
tants were removed by aspiration. The beads were washed
twice with ice-cold wash buffer (1 x TM, 0.2% Nonidet P-40,
150 mM KCl), and the bound DNA was then eluted in 0.5 M
ammonium acetate-5 mM EDTA-0.5% sodium dodecyl sul-
fate, extracted with phenol-chloroform, precipitated with
ethanol, and dissolved in 10 pul of 10mM Tris-HCl (pH 8.0)-i
mM EDTA (TE). A 3-,ul aliquot of DNA was amplified by 20
cycles of PCR in 25-,ul reaction mixtures containing 1x PCR
buffer (Perkin-Elmer Cetus), 0.2 ,ug of each PCR primer (38),
50 puM each dATP, dGTP, and dTTP, 20 p.M dCTP, 5 ,uCi of

B

VOL. 13, 1993



6922 JOHNSON

[a-32P]dCTP, 100 ,g of BSA per ml, and 0.25 ,u (1.25 U) of
Taq DNA polymerase (Perkin-Elmer Cetus). The PCR prod-
ucts were separated on 10% polyacrylamide-Tris-borate-
EDTA gels, and the 50-bp fragment was excised and eluted.
The DNA samples were ethanol precipitated and dissolved
in 30 ,u1 of TE. A 2-pu aliquot was used for the next cycle of
binding enrichment and amplification. After five such cycles,
each DNA pool was digested with BamHI and EcoRI and
ligated into Bluescript which had been digested with the
same two enzymes. Several clones from each of the three
binding-enriched populations were selected for double-
stranded DNA sequence analysis.

RESULTS

A chimeric protein strategy to identify DNA specificity
determinants. The experimental approach was to identify
basic region sequences that effect changes in DNA-binding
specificity when exchanged between two bZIP proteins with
different sequence recognition properties. It was expected
that such gain-of-function mutants would yield more infor-
mation about the roles of specific amino acid residues than
would mutations that cause loss of, or reductions in, DNA-
binding activity. The C/EBP and GCN4 proteins were used
in these experiments because they possess distinct DNA-
binding specificities:

C/EBP A T T G C GlC2A3A4T5

TAACGCGTTA

GCN4 A T G AGlT2C3A4T5

T A C T C A G T A

The C/EBP site is a directly abutted 10-bp dyad (77),
whereas GCN4 binds to a 9-bp imperfect palindrome in
which the central G C base pair is shared by both half-sites
(46, 66). However, the C/EBP and GCN4 half-site sequences
(boldface) are related, containing identical nucleotides at the
first, fourth, and fifth positions. The GCN4 binding site is
indistinguishable from the tetradecanoyl phorbol acetate-
response element, or AP1, sequence recognized by the
mammalian Jun/Fos proteins (3, 35, 69). C/EBP likewise
belongs to a subfamily of bZIP proteins that exhibit identical
or highly related DNA-binding properties (7, 59, 80) (Fig. 1).
Moving-boundary fusions between C/EBP and GCN4. The

initial experiments were carried out with a series of hybrids
between C/EBP and GCN4 that were fused at different
locations in the basic region (Fig. 2A). It was anticipated that
transitions in binding site preference between certain pairs of
fusion proteins would occur, revealing protein segments or
individual amino acids that function as DNA specificity
determinants. The C/EBP and GCN4 DNA-binding domains
were aligned by using the conserved basic motif and leucine
zipper landmarks (Fig. 2B), and a series of fusion points
were chosen. A universal amino acid numbering system was
established for the bZIP basic region to simplify the fusion
protein nomenclature (Fig. 2B); the conserved asparagine
residue corresponds to position 23 in this system.
An oligonucleotide-directed PCR method (81) was used to

create precise fusions between the GCN4 and clebp genes. A
series of hybrid proteins (G-C fusions; Fig. 2B) that contain
amino-terminal GCN4 sequences and then switch to C/EBP
sequences at various points within the basic region was

generated. All of these proteins contain the leucine zipper and

TABLE 1. DNA-binding specificities and relative activities of the
G-C and C-G hybrid proteins

DNA-binding DNA-binding
G-C specificity' C-G specificity

recombinant recombinant
GCN4 C/EBP GCN4 C/EBP

2 - ++ 2 ++ _
11 - +++
14 - +++
16 - ++
17 - ++ 17 +++ -/+
18 - ++
20 - ++
23 -? +++
24 + ++ 24 +++ -l+
26 + +
27 ++ -? 27 + ++
31 ++ -?
37 ++ - 37 - +++
GBRCLZ +++ +
' Average of several DNase I footprinting experiments. -?, possible weak

binding.

carboxyl terminus of C/EBP. Each hybrid was expressed in
E. coli, and protein extracts were prepared. Heat treatment
(70°C) was used to achieve a substantial purification of the
expressed proteins. The proteins were adjusted to equivalent
concentrations and tested for DNA-binding specificity in
DNase I footprint assays. A segment of the rat albumin gene
promoter containing a C/EBP binding site (DEI [8, 37]) and a
fragment of the yeast HIS4 promoter bearing two tandem
GCN4 sites (22) were used as footprint probes. Under the
binding conditions used, the parental proteins interacted only
with their cognate sites (data not shown).
The results of several independent binding experiments

using the recombinant proteins were averaged and are
summarized in Table 1. Every fusion protein exhibits at least
a low level of sequence-specific DNA-binding activity. As
the fusion point is moved through the basic region in the
amino-to-carboxyl direction, a transition from C/EBP to
GCN4 binding specificity is observed. Unexpectedly, two
proteins that define the transition from C/EBP to GCN4
specificity (G24C and G26C) interact weakly with both bind-
ing sites. Recombinants joined further to the carboxy-termi-
nal side lose C/EBP specificity and gradually acquire a
GCN4-like character, until their binding properties approach
that of wild-type GCN4 when the fusion position reaches the
basic region-leucine zipper boundary.

Five reciprocal (C-G) hybrid proteins were also con-
structed and assayed by DNase I footprinting. These pro-
teins show a binding specificity pattern (Table 1) that is
similar to that observed in the G-C series. Namely, a binding
transition occurs at the point where the hybrids are joined
downstream of the conserved asparagine residue, and this
transition is defined by a hybrid protein (C27G) that exhibits
dual binding specificity. These similarities indicate that
C/EBP and GCN4 use equivalent segments of the basic
region to contact DNA.

In two cases, significant changes in binding specificity
occurred among the G-C hybrids when the fusion boundary
was shifted by one amino acid (the G23C-G24C and G26C-
G27C pairs). Since the two proteins in each pair differ by only
a single residue, these two amino acids are inferred to have
major effects upon DNA-binding specificity. Thus, the ac-
quisition of GCN4 binding between the hybrids G23C and
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G24C suggests that residue 24 interacts with bases in the
GCN4 recognition site, while the loss of C/EBP activity
between G26C and G27C indicates that valine at position 27
plays a role in C/EBP binding. The importance of Val-27 is
emphasized by the fact that in both the G-C and C-G series
of recombinants, the ability to bind the C/EBP site is
correlated with the presence of valine in this position (Table
1).
Amino acid substitution mutants. To define individual

residues that affect DNA recognition, GCN4 mutants that
contain C/EBP residues at their corresponding positions in
the GCN4 basic region were constructed. Because residues
24 and 27 are implicated as specificity determinants, these
two positions were mutated both individually (T-24-- N and
A-27-WV) and in combination (24/27). The mutant proteins
were tested in DNase I footprint assays (Fig. 3) in which the
probes were optimal C/EBP and GCN4 binding sites ob-
tained from the random selection procedure described be-
low. All three GCN4 mutants protected the C/EBP binding
site, albeit less efficiently than the C/EBP protein, whereas
wild-type GCN4 did not form a detectable complex with the
C/EBP probe. Each variant also retained binding activity for
the GCN4 site, although 24/27 bound more weakly than
either single substitution. These results demonstrate that
positions 24 and 27 function in DNA sequence recognition.
However, additional residues must be involved in distin-
guishing the DNA-binding properties of C/EBP and GCN4,
because altering these two positions only partially eliminates
binding to the GCN4 site.

Positions 24 and 27 occupy adjacent spokes of the pre-
sumed a helix formed by the basic region (spokes 2 and 5,
respectively [Fig. 4]). On the assumption that any additional
specificity determinants would reside in nearby helical loca-
tions, positions 16 and 34 were selected for substitution
mutagenesis (mutants A-16- Y and K-34--A). These resi-
dues occur on spokes 1 and 5, respectively (Fig. 4). Figure 3
shows that exchanging the amino acid at position 34 has no
detectable effect on the binding specificity of GCN4. The
A-16--Y mutation may cause a very slight increase in
binding to the C/EBP site. However, the effects of the
A-16--Y substitution are much more apparent in combina-
tion with mutations at positions 24 and/or 27, as mutants
16/24, 16/27, and 16/24/27 bind the C/EBP site more avidly
than do their antecedents that lack the residue 16 substitu-
tion. The contribution of position 16 is particularly evident
when one compares the binding of 24/27 and 16/24/27 to the
C/EBP site (Fig. 3B, lanes 6 and 10). Binding to this site is
substantially enhanced in the triple mutant, whereas binding
to the GCN4 site is moderately reduced (Fig. 3A, lanes 6 and
10). Thus, substitution of Tyr at position 16 significantly
increases the ratio of C/EBP- to GCN4-specific binding of
the 24/27 mutant. In contrast, the K-34--A exchange does
not enhance the C/EBP-like character of proteins bearing the
T-24--N and A-27--V substitutions (data not shown).
A final GCN4 mutant that carries substitutions at several

basic region positions (variable residues) that are not part of
the conserved basic motif was tested. This protein, termed
VRM1.3, contains C/EBP amino acids at residues 17, 18, and
32. VRM1.3 was previously designed to examine whether a
cluster of variable positions located on one face of the basic
region ae helix (Fig. 4) constitutes the DNA contact surface.
Residues 18 and 32 lie on the side of the helix opposite of
spokes 1, 2, and 5. VRM1.3 did not generate a detectable
footprint on the C/EBP binding site (Fig. 3B, lane 12), and its
interaction with the GCN4 site was equivalent to that of
wild-type GCN4 (Fig. 3A, lane 12). Therefore, positions 17,
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FIG. 3. DNase I footprint assays of GCN4 amino acid substitu-

tion mutants. (A) The randomly selected sequence GBRC! -l (see
Fig. 7), an optimal GCN4 binding site, was used as the footprint
probe. The mutant protein used in each DNA-binding reaction is
indicated above the lane. Extracts were adjusted so that the con-
centration of the expressed protein was approximately 100 ng/,ul; 5
p1 of each extract was used for footprint analysis. Lane C, control E.
coli extract. wt, wild type. (B) The experiment is identical to that in
panel A except that a randomly selected C/EBP binding site, G2C-1
(see Fig. 6), was used as the probe. The hatched boxes show the
extent of the protected region on each DNA fragment, and the
arrows denote two DNase I-hypersensitive sites that are indicative
of specific protein binding to the C/EBP site.

18, and 32 do not contribute to the binding specificity
differences between C/EBP and GCN4.
To compare the relative affinities of the GCN4 substitution

mutants for the C/EBP binding site, footprint titration exper-
iments were performed in which increasing amounts of
protein were added to the binding reaction mixtures (Fig. 5).
These data confirm that substitutions at residues 16, 24, and
27 confer C/EBP-like specificity to GCN4 in the relative
order 27> 24> 16. Again, the A-16--+Y mutation is found to
accentuate the effects of substitutions at positions 24 and 27,
and the K-34--)A and VRM1.3 mutants are not observed to
interact with the C/EBP site even at high protein concentra-
tions.

Binding site selection experiments. While the above exper-
iments identify amino acids that affect DNA-binding speci-
ficity, they do not indicate which bases in the binding site are
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FIG. 4. (A) The three basic region residues implicated as speci-
ficity determinants define an a-helical face. The amino acids in
positions 16, 24, and 27 were identified as probable DNA-contacting
residues. These three positions (shaded) lie on the same face of an

idealized basic region a helix (B); this representation assumes that
the basic region is continuously helical. For simplicity, the helical
wheel diagram uses the periodicity of 3.5 residues per turn that is
characteristic of coiled-coil helices. The boxes indicate conserved
basic motif residues. Asterisks signify positions in the GCN4 mutant
VRM1.3 at which the corresponding residue from C/EBP was

substituted.

contacted by these residues. By using DNA specificity
mutants in experiments to select optimal DNA-binding sites,
it should be possible to define the precise nucleotide contacts
made by individual amino acids or basic region segments.
This approach was applied initially to three C/EBP-GCN4
fusion proteins to begin mapping amino acid-nucleotide
contacts within the bZIP domain.
A number of methods that permit the identification of

optimal target sequences for DNA-binding proteins have
been devised (4, 38, 54). These procedures involve repeated
cycles of protein-binding enrichment from a pool of random
DNA sequences and subsequent PCR amplification of the
selected DNA. After several cycles, only the high-affinity
binding sites for the protein remain, which are then cloned
and sequenced. In this study, a selection method in which
protein-DNA complexes are separated from free DNA by
immunoprecipitation (54) was used. Because all of the re-

combinant proteins include the GCN4 amino-terminal re-

gion, an antiserum directed against the GCN4 amino termi-
nus was used as the precipitating antibody.

Pilot immunoprecipitation experiments using the G2C hy-
brid, which contains an intact C/EBP basic region, demon-
strated that this protein bound a radiolabeled C/EBP site but
not a GCN4 site (data not shown). Conversely, the protein
GBRCLZ (joined at the basic region-leucine zipper boundary)
bound the GCN4 probe preferentially. Five cycles of binding
selection and amplification were subsequently carried out
with these two proteins and the G27C chimera that is fused 14
residues upstream of the leucine zipper boundary (Fig. 6).
The starting DNA pool for the selection cycles was a 50-bp
oligonucleotide containing an internal 10-bp segment of
random-sequence DNA (38).
The sequences of several binding-selected oligonucleo-

tides for each of the three hybrid proteins are presented in
Fig. 6. The G2C chimera bound sequences that include the

wt GCN4 T24 N A27 V 24127 K34 A VRM1.3 A16 Y 16/24 16/27 16/24/27

C ______----

'lb~ __.E iI

-4mm 101 " --l- ~ -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
FIG. 5. Relative affinities of the GCN4 substitution mutants for a C/EBP binding site. The GCN4 mutants shown in Fig. 3 were assayed

in footprint titration experiments. For each mutant, 0.75, 2.25, or 7.5 pl of the protein extract (100 ng/,ul) was added to binding reaction
mixtures containing the optimal C/EBP site (G2C-1). Arrows identify the two DNase I-hypersensitive sites described in the legend to Fig. 3.
Note their increased intensity in lane 22, indicating a weak interaction with the A-16--Y protein. Lane C, control E. coli extract. wt, wild type.
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Hane-site Half-site
Sequence Dyed Type Fusion Protein Selected Sequence Sequence Dyed Type

G2C 1. CCTGATTGTGCAATAGGC CIEBP

2. CCTGCAATGATTACAGGC C/EBP

3. CCTGCAATAGCACAAGGC C/EBP

4. CCTGTGGTGTAATCAGGC CIEBP

5. CCTGACGCAATACTAGGC GCN4:C/EBP

6. CCTGTGCAATAACCAGGC C/EBP

7. CCTGACGCAATTCTAGGC GCN4:C/EBP

8. CCTGGTGTTGTGTAAGGC C/EBP

9. CCTGCAATTGCGTAAGGC C/EBP

10. CCTGCAATCATTACAGGC C/EBP

11. CCTGTCGCAATATTAGGC C/EBP

12. CCTGTGGTTGCACAAGGC C/EBP

A G3RC Z 1. CCTGTGACTCATCCAGGC

2. CCTGACTACAAACTAGGC

A 3. CCTGTGAATCACCCAGGC

A 4. CCTGTGATTCAACGAGGC

A 5. CCTGAGTCAGTTGCAGGC

A 6. CCTGTGACTAATCTAGGC

A 7. CCTGTGACGACTTAAGGC

A 8. CCTGCAGTCATAAAAGGC

A 9. CCTGTGAGTCAACAAGGC

10. CCTGGCAGTCATACAGGC

A,j 11. CCTGGAGTCATATGAGGC

A 12. OCTGTAGTCACTGTAGGC

GCN4

GCN4

GCN4

GCN4

GCN4

GCN4

GCN4

GCN4

GCN4

GCN4

GCN4

GCN4

o G27C 1. CCTGTGACGTCACAAGGC

0 2. CCTGATGACGTAATAGGC

o 3. CCTGTGACATCATAAGGC

0 4. CCTGTGACGTCATAAGGC

0 5. CCTGTGACGTCACCAGGC

o 6. CCTGATGACGTCACAGGC

A 7. CCTGATGACGTAATAGGC

o 8. CCTGTGACGTCATAAGGC

O 9. CCTGTGACGTCATTAGGC

0 10. CCTGATGACGTCATAGGC

o 11. CCTGTTACGTAATCAGGC

0

FIG. 6. Sequences of several randomly selected binding sites for three GCN4-C/EBP fusion proteins. (A) The hybrid proteins used in the
selection protocol. (B) Optimal sites were selected from a starting oligonucleotide pool that contained a random 10-bp internal segment.

Sequences flanking the 10-bp random segment, which frequently contribute to the recognition site, are underlined. Palindrome half-sites and
their orientations are indicated by the arrows. The half-site sequence and half-site spacing classifications of each sequence are shown in the
two right-hand columns. C/EBP* signifies the presence of a GTAAT half-site in C/EBP-selected sequences, as opposed to the more frequently
occurring GCAAT half-site. A, abutted; 0, overlapping; I, inverted.

previously proposed C/EBP consensus half-site GCAAT (77)
or the related sequence GTAAT. Consistent with many

naturally occurring C/EBP binding sites (60), these se-

quences can diverge considerably from a perfect palin-
drome. However, an A is frequently present at nucleotide 4
in the more divergent half-site, and in most cases the
palindromes contain directly abutted half-sites. Curiously, a

few of the palindromes contain half-sites in the tail-to-tail
rather than head-to-head orientation. This type of sequence
also was occasionally selected by immunoprecipitation of
DNA-protein complexes with a Fos-specific antibody (54).
The appearance of these inverted dyads may reflect the
formation of ring structures in the immunoprecipitation
reaction consisting of two proteins, each of which interacts
with one of the two half-sites and which are linked together
by the bivalent antibody molecule. The inverted C/EBP
dyads must be examined in direct binding assays to deter-
mine whether they function as true binding sites for C/EBP
dimers.
GBRCLZ selected sequences that represent good matches

to the canonical GCN4 site-palindromes whose half-sites
overlap at a central G C base pair and match the GTCAT/C
consensus. Similar sequences were previously identified in
biochemical (38, 46) and genetic (66) selections for GCN4
binding sites. Because the GBRCT -selected sequences con-

tain overlapping half-sites, the ability to recognize this type
of palindrome cannot be a function of the leucine zipper
domain (since GBRCI.Z contains the C/EBP leucine zipper
and C/EBP preferentially binds to abutted dyads). There-

fore, the protein segment that determines half-site spacing
must be located upstream of the leucine zipper.
From an inspection of the binding sites selected by the

G27C chimera, it was possible to further localize the se-

quences responsible for palindrome preference. Similar to
the sites selected by GBRCLZ, the G27C sequences contain
GCN4-like half-sites; however, their spacing is directly
abutted. Thus, shifting the GCN4-C/EBP fusion point 14
amino acids upstream from the leucine zipper boundary
alters the dyad preference but not the half-site sequence

recognition properties of the protein. This specificity differ-
ence defines an element, located between residues 27 and 41
of the basic region, that controls palindrome spacing. While
the minimal sequence that constitutes this spacing element
has not yet been determined, the 14-amino-acid segment in
which it resides includes the linker (77) or hinge region
between the leucine zipper and basic region in which the two
paired helices of the leucine zipper dimer are predicted to
bifurcate. A possible explanation for the effects on half-site
spacing by the hinge region is presented below.

DISCUSSION

Basic region residues affecting DNA-binding specificity. The
analysis of C/EBP-GCN4 basic-region chimeras has identi-
fied three amino acids that influence DNA sequence recog-

nition and thus may interact directly with binding site
nucleotides (Fig. 7). The strategy of transferring DNA-
binding specificity between C/EBP and GCN4 should reveal
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A

Leucine Zipper

FIG. 7. (A) Generalized depiction of a bZIP dimer bound to
DNA. The structure is based on the scissors grip (77) and helical
fork (47) models and on the crystal structure of GCN4 (13). (B)
Cylindrical projection of the basic region segment that contacts
DNA. The amino acid sequence of C/EBP is shown; amino acids are
numbered according to the system described in the legend to Fig. 2.
Shaded symbols are positions that correspond to base-contacting
residues in the GCN4 protein as determined by X-ray crystallogra-
phy (13). Residues marked with asterisks were predicted by O'Neil
et al. (47) to make base-specific contacts. Solid symbols represent
positions identified in the present study as amino acids that distin-
guish C/EBP and GCN4 binding specificity.

residues that contribute to the differences in their binding
properties. However, any residues that provide homologous
functions in the two proteins, such as contacting the guanine
nucleotide in the first position of both the C/EBP and GCN4
consensus half-sites, will be transparent to this kind of
analysis. Therefore, the specificity residues identified here
should not be interpreted as a complete map of DNA-binding
determinants in the bZIP basic region. While it seems most
likely that the three specificity residues contact DNA di-
rectly, the possibility that substitutions at these positions
affect the folded structure of the basic region and thereby
alter the DNA contact surface indirectly cannot be ruled out.

Position 27. Of the three specificity residues, Val-27 is
clearly the most potent determinant of C/EBP binding char-
acter. In most bZIP proteins, position 27 is occupied by
alanine (Fig. 1) and was therefore categorized as an invariant
residue in the basic motif (30). However, because the basic
motif consensus was derived primarily from proteins of the
Jun/Fos/GCN4 subfamily, any of the basic motif amino acids
could, in principle, contribute sequence-specific contacts.
Moreover, of the known bZIP proteins, only those with
C/EBP DNA-binding properties feature valine in this posi-
tion (Fig. 1). Pu and Struhl (56) have reported that position
27 (Ala-239) in GCN4 tolerates substitutions by serine and
valine without loss of in vivo activity and concluded that this
residue does not make base-specific contacts. However,
their genetic assay monitored loss of function, which, cou-
pled with the observation that A-27--+V retains affinity for
GCN4 sites (Fig. 3A), may account for the absence of a

phenotype for this mutation in vivo. It is also possible that
Val-27 is more critical for the recognition properties of
C/EBP than Ala-27 is for GCN4.

Position 24. The replacement of Thr-24 by Asn also
significantly shifts GCN4 toward C/EBP binding specificity.
In an earlier study, residue 24 was changed to arginine in an
idealized GCN4 bZIP peptide that contained numerous other
substitutions (47). This synthetic peptide bound to a GCN4
site, albeit with somewhat lower affinity than the wild type
did, indicating that a basic amino acid at residue 24 is

compatible with GCN4 specificity. Position 24 is occupied
by basic amino acids in many proteins of the Jun/Fos/GCN4
subfamily (Fig. 1); hence, Thr24 cannot be a general require-
ment for GCN4-like binding. Nevertheless, the fact that
Asn-24 is present in all five proteins of the C/EBP subfamily
(Fig. 1) is consistent with its role as a C/EBP specificity
determinant. In the future, substitution of Thr, Arg, or Lys
at position 24 in C/EBP will test the importance of these
amino acids for GCN4 specificity.
The double-replacement mutant 24/27 binds with lower

affinity to C/EBP sites than either single mutant does and
displays reduced affinity for the GCN4 binding site. While
the latter result was predictable, the decreased binding to
C/EBP sites was unexpected. This may reflect a general
decrease in its DNA-binding activity, perhaps due to context
effects that destabilize folding interactions or create incom-
patibilities between neighboring amino acid side chains.

Position 16. The effect of the A-16--Y mutation is most
apparent from its augmentation of the T-24->N, A-27-WV,
and 24/27 mutant phenotypes. Two additional observations
support a role for position 16 in DNA recognition. First, a
comparison of the hybrid proteins C2G and C17G reveals the
partial acquisition of C/EBP specificity by C17G (Table 1).
This transition may reflect DNA contacts mediated by
residue 16. Second, by examining the binding properties of a
series of synthetic GCN4 peptides that were progressively
shortened at their amino termini, Oakley and Dervan (44)
observed a decrease in binding affinity when the amino
terminus was shifted from position 14 to position 20. This
result is also consistent with the idea that residue 16 con-
tributes to GCN4 DNA-protein interactions.

Proposed amino acid-nucleotide interactions. The specific-
ity-determining positions 16 and 27 are occupied by hydro-
phobic amino acids (Ala or Val) in three of the four residues
in C/EBP and GCN4. Although base contacts usually in-
volve hydrogen bonds, hydrophobic interactions are also
evident from crystallographic structures of protein-DNA
complexes (reviewed in references 51 and 52). The use of
Ala and Val in bZIP proteins to contact specific bases has
precedents in bacterial DNA-binding proteins. For example,
in X repressor, the methyl group of Ala-49 makes van der
Waals interactions with two thymines in the recognition
sequence (36), and in the catabolite gene activator protein
(CAP), a Glu-to-Val replacement alters sequence specificity
(11, 12). Because Ala contacts thymine in X repressor, it was
tempting to speculate that Ala-27 interacts with the thymine
(or T. A base pair) at position 2 of the GCN4 half-site, while
Val-27 contacts the cytidine (or C. G base pair) in the
analogous position of the C/EBP half-site. This contact has
been confirmed by the crystal structure of a GCN4-DNA
complex (see below). The more amino-terminal determi-
nants (residues 24 and 16) would most likely interact with
nucleotide 3, the other position that differs between C/EBP
and GCN4 half-sites (see below).
The finding that certain GCN4-C/EBP chimeras exhibit

dual binding specificities was somewhat unexpected. This
class of proteins probably results from the relatedness of the
C/EBP and GCN4 recognition sequences. Amino acids in-
volved in contacting the conserved nucleotides at positions
1, 4, and 5 in the half-site-s are likely to be functionally
interchangeable between the two proteins, whereas residues
contacting nucleotides 2 and 3 probably account for C/EBP-
GCN4 discrimination. As long as a minimal number of base
contacts is maintained in a chimeric protein (perhaps four of
five nucleotides in a half-site), binding to both C/EBP and
GCN4 sites is sufficiently avid to generate a DNase I
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FIG. 8. Model for the dual binding specificity exhibited by cer-
tain GCN4-C/EBP recombinants. Contacts between the proteins
and the DNA half-sites are depicted schematically. The bifunctional
hybrids are proposed to make contacts with four of the five half-sites
nucleotides in both the C/EBP and GCN4 recognition sequences,
resulting in measurable binding to both sites. Because three nucle-
otides are common to both the C/EBP and GCN4 consensus

half-sites, amino acids that contact these bases are assumed to be
functionally interchangeable between the two proteins.

footprint (Fig. 8). Such a situation appears to occur in G-C
hybrids whose junction points fall between residues 24 and
27 (Table 1). Positions 16 and 24 could combine to generate
partial GCN4 specificity in these chimeras, while the pres-
ence of valine in position 27 allows recognition of C/EBP
binding sites. These proposed base contacts also explain the
dual recognition properties of the GCN4 amino acid substi-
tution mutants (Fig. 3).
Comparison with the GCN4-DNA crystal structure. A 2.9-A

(0.29-nm) crystal structure of the GCN4 DNA-binding do-
main complexed with its binding site was recently deter-
mined (13). The physical structure obtained supports the
predictions that the basic region and leucine zipper form a
continuous a helix and that DNA recognition involves a
helical basic region surface (47, 77). The two paired helices
of the dimer are oriented orthagonally with respect to the
DNA molecule, forming a T-shaped structure. The helices
diverge gradually as the subunits enter the major grooves of
each half-site in the recognition sequence. Interactions with
DNA are provided by phosphate backbone contacts made
predominantly by basic amino acid side chains and by
base-specific contacts that involve a group of five amino
acids. These five residues (depicted in Fig. 7) correspond to
positions 23, 26, 27, 30, and 31 of the basic region. Arg-31, an

absolutely conserved residue, contacts guanine at nucleotide
1 of the half-site, Ser-30 and Ala-26 interact with thymine in
the A. T base pair occupying position 4, Ala-27 specifies
thymine at nucleotide 2, and Asn-23 contacts both the
cytidine in position 3 and the thymine of the A. T base pair
at position 4.

Surprisingly, this quintet of DNA-contacting amino acids
forms part of the basic motif that is shared by all members of
the bZIP superfamily. Therefore, while the nucleotide con-
tacts determined in the crystal structure can account for
DNA recognition by GCN4, they fail to provide an explana-
tion for the unique DNA-binding specificities of other bZIP
proteins (13). The specificity residues identified in the
present study help to resolve this paradox. Mutagenesis of
GCN4 shows that replacement of Ala-27 by Val has a strong

effect in promoting recognition of a C/EBP binding site (Fig.
3 and 5). This result conforms well with the observation that
Ala-27 in GCN4 contacts nucleotide 2 (thymidine) and
suggests that Val-27 interacts with the cytidine occupying
the corresponding position in C/EBP sites. In fact, among
the protein subfamilies compiled in Fig. 1, there is a perfect
correlation between Ala-27 and thymidine at nucleotide 2
and between Val-27 and cytidine at this position. Conse-
quently, rather than being a conserved residue, position 27
contains variations that serve to distinguish the binding
specificities of different classes of bZIP proteins.
The mutationally defined contributions of amino acids 16

and 24 are more difficult to reconcile with the physical
structure of GCN4. As proposed above, these two residues
would most logically contact nucleotide 3, the other major
sequence variation between the C/EBP and GCN4 half-sites.
However, the GCN4 crystal structure shows the invariant
asparagine 23 contacting cytidine in position 3 of the AP1
site, yet this base-specific interaction does not account for
the fact that C/EBP and G-box proteins recognize sites
containing A and G, respectively, at nucleotide 3 (Fig. 1).
Therefore, contacts by amino acids other than (or in addition
to) the conserved asparagine must account for the recogni-
tion of A or G. From analysis of the GCN4 substitution
mutants, positions 16 and 24 are likely candidates for spec-
ifying A at nucleotide 3 in the C/EBP site. Reciprocal
changes must now be introduced into the C/EBP protein to
determine whether residues 16 and 24 also are required for
GCN4 binding specificity. However, the GCN4-C/EBP chi-
meras demonstrate that at least partial GCN4 specificity is
encoded by sequences that lie N terminal to residue 25
(hybrid G24C; Table 1), even though this would not be
predicted by the GCN4 crystal structure (13). Clearly, it will
be important to analyze amino acid substitutions at positions
16, 24, and 27 in C/EBP (and other proteins) and to deter-
mine the structure of a protein from another bZIP subfamily
to resolve the inconsistencies between the structural and
genetic data.
A half-site spacing determinant in the hinge region. The

C/EBP and GCN4 consensus binding sites differ by not only
the sequences of their half-sites but also the spatial relation-
ship between half-sites. The binding site selection experi-
ments identified a protein segment that determines the
preference for directly abutted half-sites by C/EBP and
partially overlapping half-sites by GCN4. This element spans
a 14-amino-acid sequence immediately preceding the leucine
zipper that includes the hinge or linker segment (77). Prelim-
inary sequence comparisons have not revealed a conserved
motif corresponding to this half-site spacing element, al-
though subtle similarities among bZIP proteins may become
apparent once the minimal functional element has been
defined.
The linker is located in the saddle of the Y-shaped bZIP

dimer in which the helices bifurcate. How does the hinge
region dictate half-site spacing? Presumably, either the angle
of bifurcation or the exact position at which the paired
helices diverge-properties determined by the amino acid
sequence of the linker segment-might influence the dis-
tance between the paired basic domains. This distance
would in turn determine the relative affinities for abutted and
overlapping palindromes. bZIP dimers that preferentially
bind to partially overlapping palindromes (i.e., the Jun/Fos/
GCN4 subfamily) are predicted to contain more closely
spaced basic regions than dimers that favor directly abutted
dyads. One could propose that C/EBP prefers abutted dyads
because it contains Thr instead of Leu at the first leucine
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repeat position (residue 41), causing the helices to diverge
further from the basic region and positioning the two basic
regions farther apart. However, the protein sequences from
several bZIP subfamilies (Fig. 1) show no correlation be-
tween leucine at residue 41 and preference for abutted
dyads, indicating that the position of the first leucine in the
zipper does not per se determine half-site spacing.
The spacing element imposes a preference, but not a rigid

requirement, for a particular geometry of half-sites. Flexi-
bility in the binding specificity of GCN4 was reported in a
previous study, in which both overlapping 9-bp sequences
and abutted 10-bp sequences were found to be efficient
binding sites in vitro (66). However, the asymmetric 9-bp
sequence was clearly the optimal GCN4 target in a genetic
screen demanding transcriptional activation function in vivo
(66). C/EBP exhibits a similar plasticity in its capacity to
bind the sequences ATTGCGCAAT (abutted) and ATTG
GCAAT (overlapping) in vitro (76), despite the fact that the
binding enrichment experiments yielded only sequences
with the abutted configuration (Fig. 6). These flexible dyad
recognition properties probably account for the ability to
create GCN4 mutants that bind to symmetrical C/EBP sites,
even though they contain the GCN4 half-site spacing ele-
ment.

It is worth noting that the sequences selected by the G27C
fusion protein (directly abutted pairs of GCN4 half-sites)
exactly match the consensus recognition sequence for the
ATF/CREB subfamily of bZIP proteins. This observation
suggests a pathway for a direct evolutionary link between
these two regulatory protein subfamilies. A mutation in the
linker region of a progenitor bZIP protein could have created
a variant with novel sequence recognition properties, merely
by changing the half-site spacing preference of the new
variant. It has been proposed that a factor related to GCN4
was the ancestral bZIP protein, which subsequently gave
rise to the Jun/Fos and ATF/CREB families in higher eu-
karyotes (16). Genetic evidence for an ATF/CREB-like
protein in Saccharomyces cerevisiae (66) suggests that this
branch point may have taken place at an early stage of
evolution. Regardless of the chronology of this divergence, it
seems plausible that the other known bZIP subfamilies,
which all appear to recognize abutted dyads, evolved from
an ATF/CREB-related ancestor as a consequence of basic
region mutations that created new half-site sequence speci-
ficities.
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ADDENDUM

Suckow et al. (70a) recently reported similar amino acid
substitution studies to identify specificity residues in C/EBP,
GCN4, and TAF-1. These investigators also observe that
positions 24 and 27 of the basic region are critical for the
specificity differences between C/EBP and GCN4.
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