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The DNA Binding Domain of the Rat Liver 
Nuclear Protein CIEBP Is Bipartite 

CIEBP is a rat liver nuclear protein capable of sequence- 
specific interaction with DNA. The DNA sequences to 
which CIEBP binds in vitro have been implicated in the 
control of messenger RNA synthesis. It has therefore 
been predicted that CIEBP will play a role in regulating 
gene expression in mammalian cells. The region of the 
CIEBP polypeptide required for direct interaction with 
DNA has been identified and shown to bear amino acid 
sequence relatedness with the product of the myc, fos, and 
jun proto-oncogenes. The arrangement of these related 
amino acid sequences led to the prediction of a new 
structural motif, termed the "leucine zipper," that plays a 
role in facilitating sequence-specific interaction between 
protein and DNA. Experimental tests now provide sup- 
port for the leucine zipper hypothesis. 

A FUNDAMENTAL QUESTION IN THE STUDY OE GENE REGU- 

lation has been how regulatory proteins bind DNA selec- 
tively. Given the relatively uniform structure of double 

helical DNA, how do regulatory proteins achieve the binding 
specificity necessary to execute precise decisions? The simple answer 
is that regulatory proteins detect differences in the nucleotide 
sequence of DNA. Whether by establishing a series of direct atomic 
contacts with a sequence of base pairs, or by detecting subtle, 
nucleotide sequence-induced deformity in DNA, a regulatory pro- 
tein is somehow able to lock onto its cognate sites on DNA with 
unusual avidity. 

Recent x-ray crystallographic studies on a related class of repres- 
sor proteins from bacteria have begun to provide an account of the 
molecular forces that mediate sequence-specific interaction between 
protein and DNA (1). These related bacterial proteins adopt, within 
their respective DNA binding domains, similar three-dimensional 
structures. The common structural motif consists of two a helices 
bridged by a sharp f3 turn (helix-turn-helix). One of the two a 
helices is oriented in a manner that allows its close apposition to the 
major groove of DNA. The distinctive binding specificity inherent 
to different repressors is established by small differences in the shape 
or projection of the helix-turn-helix motif, by variations in the 
amino acid side chains that project from it, and by a limited number 
of additional interactions donated by amino acid residues outside of 
the helix-turn-helix motif. 

The basic principles emerging from studies on bacterial proteins 
have illuminated the problem of DNA binding selectivity in eukary- 
otic cells. A structure similar to the helix-turn-helix motif has been 
hypothesized to form in a class of eukaryotic regulatory proteins that 
share a highly conserved amino acid sequence termed the homeobox 
(2). Homeobox proteins have now been shown to be capable of 
sequence-specific interaction with DNA (3) ,  and to be dependent on 
the integrity of the homeobox for this interaction (4). 

Owing to the widespread occurrence of the helix-turn-helix motif, 
one might have anticipated that it would constitute the sole three- 
dimensional structure used to interface protein with DNA-perhaps 
comparable to the ubiquitous use of immunoglobulins for antigen 
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recognition by the immune system. Recent observations are incom- 
patible with this hypothesis. During the past several years the amino 
acid sequences of a large number of newly discovered, eukaryotic 
DNA binding proteins have been resolved, and fewer than half 
exhibit relatedness to the helix-turn-helix motif (5). Although high- 
resolution structural studies have yet to be completed on any of 
these newly characterized gene regulatory proteins, studies of 
primary amino acid sequence have led to predictions of several new 
groups of structural motifs. One of these motifs, termed the "zinc 
finger," is characterized by an ordered arrangement of histidines or 
cysteines (or both) that form a tetrahedral coordination complex 
with a zinc ion (6). Another, termed the "helix-loop-helix" motif, 
predicts the sequential occurrence of two a helices separated by a 
loop of variable length (7). Finally, a hypothetical motif termed the 
"leucine zipper" predicts the formation of dimeric molecules held 
together by hydrophobic interactions between long, solvent-stable a 
helices of two polypeptide chains (8). 

We now report on the mode of interadon between UEBP and 
DNA in the context of the leucine zipper hypothesis. The DNA 
binding domain of CIEBP exhibits the two hallmarks common to 
leucine zipper proteins: a helix-permissive region containing a 
heptad repeat of leucines, and a highly basic region located immedi- 
ately adjacent to the leucine repeat helix. We have proposed earlier 
that the helical leucine repeat region constitutes a dimerization 
interface that serves to bring into close juxtaposition the basic 
regions of two polypeptide chains. The two appropriately assembled 
basic regions are suggested to form the determinant of the protein 
required for direct interaction with DNA (8). In order to test this 
hypothesis, we have used methods of in v im  mutagenesis to 
introduce specific amino acid substitutions into the UEBP polypep 
tide. Mutated versions of UEBP have been svnthesized in bacterial 
cells and tested in biochemical assays that measure the capacity of the 
protein either to form h e r s  or to bind specifically to DNA. 

A rapid assay for CIEBP dimers. As originally conceived, the 

Fig. 1. Evidence sup- " 9 C n 
porting the existence of 1 3  0 1  3 
UEBP dimers. Two fi-ag- 
mem ofthe UEBP pdy- 
peptide were puri6ed af- D.ID Yllllt.r 

ter werexpression in bac- 4:18 Heterodlmer 
terial c& (32). Both fhg- 4:14 Dimer 
ments extended to the 
natural OH-terminus  ,8  kD Monomer 

.of UEBP and were cap- I * .I) '4 kD Monomer 

ble of sequence-speafic 
interaction with DNA. 
One fragment consisted 
of the OH-termina l  
14 kD of UEBP, and the other consisted of the COOH-terminal18 kD of the 
protein (Fig. 2). Each fragment was incubated with 0.01 percent glumralde- 
hyde at a protein concentration of 5 pM. Incubations were d e d  out at room 
temperature for either 1 or 3 minutes. Cross-linking was stopped by the 
addition of 0.1M tris-HC1 (added in the form of SDS gel sample bulk), and 
samples were subjected to electrophoresis on an 8 to 18 percent polyacrylarnide 
grad~ent gel in the presence of SDS (19,20). Both the 14 kD fragment (A)  and 
the 18 kD fragment (8) generated, in a time-dependent manner, slower 
migrating species interpreted to represent cross-linked dimers (numbers above 
gel lanes refer to the time of exposure, in minutes, to glumraldehyde). When the 
14kD and 18-kD samples were miU4 incubated at 37°C for 30 minutes, and 
tested in the cross-linking assay, a new species migrated at a position between 
the OKO presumed homodimers (C). The elecwphoretic behavior of this new 
species was consistent with that expected of a heterodimer. The kinetics of 
subunit interchange were examined by mixing the 14kD and 18-kD fragments 
at 24"C, then subjecting the mixed proteins to 0.01 percent glutaraidehyde for 1 
minute. Evidence of the presumed heterodimeric species was observed even 
when glutaraldehyde was added during the first minute after mixing (left lane, 
D). By 3 minutes after mixing, the propomon of heterodimeric species reached 
its maximal level. 

leucine zipper model proposed that two monomeric chains of the 
UEBP polypeptide would be linked via hydrophobic interactions 
between two amphipathic a helices (8). The prediction that 
C/EBP monomers establish dimeric interactions has been substanti- 
ated by glutaraldehyde-mediated cross-linking experiments. Purified 
C/EBP brotein was exposed exposed to low~concentrations of 
glutaraldehyde for varying lengths of time, and the reaction prod- 
ucts were separated on a denanuing polyacrylamide electrophoresis 
gel (9). These procedures were initially carried out on a fragment of 
UEBP that consisted of the carboxyl-terminal14 kD of the protein. 
Earlier experiments had shown that this fragment of C/EBP retains 
full DNA binding activity (10). Glutaraldehyde treatment of the 14- 
kD fragment led, in a time-dependent manner, to the formation of a 
molecule exhibiting an apparent molecular mass roughly double that 
of the starting material (Fig. 1A). 

We interpret the 28-kD molecule to represent a covalently cross- 
linked dimer. Aside from the facts that cross-linking occurred at low 
concentrations of protein (5 CLM) and glutaraldehyde (0.01 per- 
cent), there were &o other reasons to believe that it reflected a 
stable association between UEBP monomers. (i) The products of 
the cross-linking reaction were exclusively monomeric or dimeric. 
Even after 6 minutes of exposure to glutaraldehyde, almost no 
multimeric forms, other than presumed dimers, were generated. If 
the cross-linking reaction dec t ed  no more than a random collision 
of polypeptide Ehains, we might have anticipated the generation of 
higher order multimers (trirners and tetramers). (ii) Cross-linking 
was restricted to UEBP polypeptide chains even when the reaction 
was carried out in the presence of an excess of contaminating 
bacterial proteins (see below). Since glutaraldehyde forms adducts 
via the free amino groups of various amino acid side chains (1 I ) ,  its 
selective action under dilute conditions probably reflects an intimate 
interaction between individual C/EBP polypeptide chains. 

In order to investigate the aggregate nature of UEBP more 
closely, we purified a form of the protein that could be distinguished 
from the 1 4 - 0  species. This second UEBP polypeptide contained 
an additional 40 amino acids on the NH2-terminal side of the 140 
species, had an apparent molecular mass of 18 kD in its monomeric 
form,.and, when subjected to glutaraldehyde, shifted to an apparent 
mass of 36 kD (Fig. 1B). The 14 and 18-kD species were mixed, 
incubated for 30 minutes at 3PC, and subjected to cross-linking. 
The reaction products of the mixture of proteins generated a new 
multimeric species that migrated on the electrophoresis gel at a 
position between the dimeric products generated from either single 
protein species (Fig. 1C). We interpret this 3 2 - 0  species to reflect 
a heterodimeric complex consisting of one l 4kD subunit and one 
18-kD subunit. The fact that the presumed heterodimeric complex 
(32 kD) predominated relative to the 28-kD and 36-kD forms is 
consistent with a binomial subunit dismbution (one 14-14 kD 
homodimer: two 14-18 kD heteromers: one 18-18 kD homo- 
dimer). 

The availability of two distinguishable forms of UEBP made it 
possible to do a mixing expe?ment to examine the kinetics of 
subunit interchange. Purified 14 and 18-kD forms of UEBP were 
mixed at a concentration of 2.5 phf each; the mixture was then 
incubated for varying intervals at 24°C and subjected to glutaralde- 
hyde-mediated cross-linking. The presumed heterodimeric species 
(32 kD) was detected as early as 1 minute after 1 4 - 0  and 18-kD 
preparations were mixed. Within 3 minutes the 32-kD species 
reached a plateau relative to the 2 8 - 0  and 36-kD species. In 
summary, these experiments indicate that at 5 pM, UEBP mono- 
mers exist in close association, that the carboxyl-terminal 14 kD of 
the protein houses the determinant of UEBP required for this 
association, and that associated subunits interchange within several 
minutes of incubation at 24°C. 
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Mutations in the leucine repeat helix interfere with dima 
hrmation and DNA binding. All determinants of UEBP required 
fbr its primary interaction with DNA reside within the carboxyl- 
terminal 14 kD of the protein (10). The leucine zipper model 
predicted the existence of two functional components within the U 
EBP DNA binding domain: (i) a hlghly basic region necessary for 
establishing close contact with DNA, and (ii) an a helix-permissive 
region, characterized by a heptad repeat of leucines, associated with 
establishing a dimerization interface. The basic region of UEBP can 
be divided into three clusters wherein the net positive charge over 

DNA binding domain - 
Basic region 

1 2 3  

42 kD 

NH2 COOH 

1 2 3 4  
Leucine repeat 

18 kD 
COOH 

f 
14 kD 

I 
COOH 

Fig. 2. Anatomy of the U E B P  polypeptide chain. The intact, 42-kD form of 
UEBP consists of  359 amino acids and is displayed horizontally with the I& 
and right ends correspondmg, respectively, to the NH2- and COOH-termini 
of the protein. The 18-kD and 1 4 k D  ii-agments used in the cross-linking 
assays of Fig. 1 are shown below the intact protein. The DNA binding 
domain is located within the COOH-terminal14 kD of the protein, and is 
composed of a highly basic region and a leucinc repeat region. The basic 
region can bc hther divided into thm subcomponents wherein windows of  
five amino acids exhibit a net positive charge of at l u s t  +3. The three basic 
clusters (designated 1,2, and 3) occur in a region immediately NH2-terminal 
m the kucine repeat. Of these, duster 2 displays a high degree of sequence 
similarity to a basic region located immediately, on  the NH2-terminal side, to 
the leucine repeat region of the Fos transforming pmtein. The leucinc 
residues numbered 1, 2, 3, and 4 correspond, respectively, to amino acid 
residues 317,324,331, and 338 of the U E B P  polypeptide chain (10). 
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windows offive amino acids is at least +3 (10). These are designated 
basic regions 1,2, and 3 (BR1 to 3). BR1, BR2, and BR3 all occur 
within a 36-amino acid region on the NHrterminal side of the 
leucine repeat (Fig. 2). 

The segment of CYEBP that contains its heptad leucine repeats 
exhibits thee properties compatible with a-helid structure. ~ i & t ,  it 
is free of amino acid residues (prolines and glycines) that are seldom 
found in a helices. Second, when displayed on an idealized a helix, 
its amino acid sequence segregates hydrophobic amino acid residues 
to one side of the putative helix and hydrophilic residues to the 
opposite side. Finally, this 28-amino acid segment of UEBP 
exhibits an unusually high proportion of positively and negatively 
charged amino acid residues juxtaposed in the i + 314 manner 
required for the formation of helix-stabilizing salt bridges (8). Some 
of these same properties also occur in the sequences of several other 
nuclear proteins, indudmg Fos, Myc, Jun, and GCN4 (8, 12). 
Perhaps most surprising, however, was the observation that each of 
the five proteins has a continuous, heptad array of leucine residues 
within their respective helix-permissive segment. On the basis of 
these observations, it was proposed that the leucine repeat helices 
would serve the same function in each of these proteins, and that 
function would be to create a dirnerization interface termed the 
leucine zipper (8). 

A fundamental premise of the leucine zipper model is that a 
dimerization interface is formed between polypeptide chains via 
hydrophobic interactions between two a helices. This premise is 
based, in principle, on the "coiled-coiln interactions that facilitate 
the interweaving of structural proteins such as lamins and intermedi- 
ate filaments. However, two aspects of the "zipper helices" differ 
h m  the amino acid sequence arrangement of prototypical coiled- 
coil proteins. First, with only one exception (a methionine residue 
located at an integral repeat in one of the Myc proteins), leucine 
residues occur invariantly at every seventh amino acid. Prototypical 
coiled-coil proteins do not exhibit a strict heptad array of leucines. 
Second, prototypical coiled-coil proteins exhibit hydrophobic resi- 
dues at two positions within the heptad repeat in an i + 3 or i + 4 

Flg. 3. Effects of amino acid substitutions in 
310 40 2010 the "leucine repeat" of ClEBP on dimeriza- 

,. 7 

- * . ? lrrru zsy En? tion and DNA binding. (A) Glutaraldehvde- 
-Dirner . . - mediated cross-linking assays UQ )ut --_ . -- - on intact CIEBP and mutated as 

.--. . described in Fig. 1. Proteins we! ! in 
bacterial cells starting from the r <la- 

: tion initiation codon, and the rcsult~ng pol? 
ra peptides exhibited an apparent molecular mass 
c 
C of 42 kD. Bacterial extracts were fractionared m 
U1 

2 to allow partial purification of CIERP ( I t ? ) ,  
.- , then incubated with 0.001 percent glutaralde- 
m 
Y) hyde at 24°C for the time intervals indicated in 
2 - .- - - minutes above each gel lane. After electropho- 
9 - --- rmic separation, proteins werc transferred to 

W- *IL,*w- x nitrocellulose filters and probed with antibtd- 
L121 I ies specific to CIEBP (19, 20). Despite the 

presence of an excess of bacterial proteins, 
native CIEBP (designated "wild type") gcner- 
ated only a single slower migrating spccies 

msed to gIutaraldeh!.de. Of thc six 
leucine substitution mutants, one - ?%? r d  no evidence of cross-linking. (B) 

LLJI 23V JNaSe I IO( EBP to the hepatitis B virus (HR\') 
enhancer. Native C;IkBIJ binds at two locauons within the H B V  enhancer (7u). One comparatively strong binding site 
is located between nucleotide coordinates 1032 and 1048 of the HBV g n o m e  (33), and is shown in the upper portion 
of each footprint assay. A second, slightly weaker binding site is located berween nucleotidc coordmates 1184 and 
1209, and is shown in the lower portion of each assay. Each panel presents DNase I footprinting assays (25) carrled 
7ut with the protein sample indicated at the bottom. The gel lane on the left of the panel depicting assays on native 
YEBP ("'w md shows the DNase I cleavage pattern generated in the absence of added 4). 
:ootprint re r carried out with the same protein samples shown in (A), with protein inputs ~ n d  
i0 ng. Onl! ~t protein samples generated footprints, L34I and, much more weakly, L34V. 
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Fig. 4. Effects of amino acid substitutions at leucine 
position #2 on dirnerization and DNA binding. (A) 
Glutaraldehyde-mediated cross-linking assays were car- 
ried out in intact UEBP and variant proteins carrying 
single amino acid substitutions at residue 324 (leucine 
residue 2 as shown in Fig. 2). Proteins were expressed in 
bacteria and subjected to cross-linking assays as described 
in Fig. 3A. Of the three proteins bearing single amino 
acid substititions, one failed to generate cross-linked 
product (L2V), one generated a small amount (L2I), and 
one generated a moderate amount (L2M). (B) DNase I 
footprinting assays were carried out on the HBV en- 
hancer as described in Fig. 3B. The same protein samples 
shown (A) were used in footprinting reactions at input 
levels of 80,40,20, or 10 ng. Relative to intact UEBP, 
one mutant failed to show evidence of sequence-specific 
DNA binding (L2V), one showed modest binding 
(L2I), and one showed moderate binding (L2M). 

Wild 

I Wil 

arrangement (13). This is not an invariant property of leucine zipper 
proteins. Four regulatory proteins postulated to contain the zipper 
(three members of the Myc family and Fos) display only one 
hydrophobic residue (leucine) per heptad repeat. 

Leucine differs from two other hvdrovhobic residues that vartici- 

initiation codon (16,17), resulting in the production of protein that 
exhibited the same electrovhoretic mobilitv as intact 4 2 - 0  CIEBP. 

Dimer formation was b e d  by glutarhdehyde-mediated cross- 
linking as described in Fig. 1. However, in these experiments, 
parental 4 2 - 0  CIEBP and mutated variants were only partially 
purified from contaminating bacterial proteins (18-20). Despite the 
presence of a substantial excess of bacterial proteins, cross-linking of 
the parental UEBP molecule led to the formation of only a single 

J I 

pate frequently in coiled-coil interactions (valine and isoleucine) in 
that it does not contain a methyl group attached to the P carbon 
atom of its side chain. Methionine is also free of a methyl group at 
this position. Since both leucine and methionine contain bulky 
hydrophobic groups appended to the tips of their respective side 
chains, it was proposed that these two residues would be particularly 

spec& that migrated more slowly than the 42-kD monomeric ch& 
(Fig. 3 4  upper panel). Since the apparent molecular mass of this 
additional species was roughly double that of the monomer, we 

suited to the- hydrophobic packing achieved by this category of 
proteins. Therefore, isoleucine would be unsuitable because of the 
single methyl group appended to its P carbon, and that valine would 
be particularly incompatible because of its shorter length and its two 

interpret it to represent a c6vdently cross-linked dimer. 
All six of the mutated variants failed to cross-link to the extent 

observed with unaltered CJEBP protein (Fig. 3A). No evidence of 
cross-linking could be detected for five of the mutants (L121, L12V, 
L231, L23V, and L34V). The sixth mutant, L341, did generate a 
small amount of a slower migrating species in a time-dependent 
manner. We provisionally conclude that each of the double mutants 

p-carbon-appended methyl groups. 
The above hypotheses were tested by substituting specific amino 

acids into the CIEBP polypeptide, and then examining the effects of 
such mutations on both dimerization and DNA binding. Initially, 
pairs of leucine residues were changed either to isoleucine or valine. 
Leucine residues numbered 1 and 2 (Fig. 2) were concomitantly 

is impaired in its capacity to be cross-linked by glutaraldehyde, and 
that five of the mutants are more severely affected in this regard than 
the sixth. 

changed to either isoleucine or valine, leading to mutated variants of 
UEBP termed L12I and L12V (14). Likewise, residues 2 and 3 
were changed to produce L23I and L23V, and residues 3 and 4 

The same protein samples that were used in cross-linking assays 
were tested in deoxyribonuclease I (DNase 1) footprinting assays 
for specific binding to the hepatitis B virus (HBV) enhancer. Native 
CIEBP purified from rat liver nuclei binds at two sites within the 
HBV enhancer (10). The stronger of the two binding sites is located 
in the upper part of each footprint track, and the slightly weaker site 
is located in the lower part of each track. As shown in the left panel 

were chanied to Droduce L34I and L34V. ~utations'were intro- 
duced by ~ligon;cleotide-directed mutagenesis and confirmed by 
DNA sequencing (15). Native and mutant forms of CIEBP were 
synthesized in bacterial cells starting at the natural translation 
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of Fig. 3B, WEBP produced in bacterial cells binds to these same indistineuishable from native CIEBP in its behavior in the croa- " 
linking assay. Unlike the leucine substitution mutants characterized 
in the preceding section, the BR mutants of WEBP failed to show 
concordance between the cross-linking and DNA binding assays. 
BR3, the mutant that tested fully positive in the cross-linking assay, 
failed to bind either site within the HBV enhancer (Fig 5B). The 
BR1 and BR2 mutants, which performed equally in the cross- 
linking assay, behaved differently in the DNA binding assay. BR1 
retained modest DNA binding activity, whereas BR2 was complete- 
ly inactive in this regard. 

Observations from the studv of the three BR mutants allow 

two sites within  the-^^^ enhancer. Four of the mutated proteins 
(L121, L12V, L231, and L23V) failed to bind to either site, one 
(L34V) bound very weakly to the upper site, and one (L34I) bound 
to both sites with slightly less avidity than parental, bacterially 
produced WEBP. 

Four observations emerged from the aforementioned experi- 
ments. (i) Relatively cons&ative changes in the leucine repeat 
region of WEBP (L to I and L to V) exert substantial effects on the 
ability of the protein to be cross-linked by glutaraldehyde, as well as 
on its ability to bind DNA. (ii) Mutations that severely affect cross- 

tentative identification of a region of the protein that is required for 
interaction with DNA, yet dispensable for dimerization. The most 
reliable localization of such a region is afforded by the BR3 mutant. 

linking eliminate sequence-specific DNA binding.   he single mu- 
tant that exhibited a residual propensity to be cross-lied, L341, 
was the only mutant capable of significant interaction with both 
binding sites on the HBV enhancer. (iii) Equivalent pairwise 
changes to either isoleucine or v d i e  exerted a more severe effect 
when introduced at positions 1 + 2 and 2 + 3 than at positions 

The protein product of this mutant was cross-linked after exposure 
to glutaraldehyde to the same extent as that produced by the 
unaltered CIEBP gene. The fact that the product of BR3 could 
perform one of the fkctions inherent to CIEBP (dimerization) 
argues against the possibility that the detrimental effect of the 
mutation on DNA binding reflects gross destabilization or deforma- 
tion of the protein. Moreover, it, as well as the other BR mutants, 
was capable of being expressed in bacterial cells as intact polypep- 
tides. 

3 + 4. (iv) The pai&se change of residues 3 + 4 to valineexerted a 
more severe effect on cross-linking and DNA biding than that 
exerted by the change to isoleucine. 

The severity of effects characteristic of L121, L12V, L231, and 
L23V indicate that leucine residue 2 might play a particularly 
important role in the formation of CIEBP dimers. Thus, a second, 
related series of mutagenesis experiments was conducted wherein 
leucine residue 2 was alone changed either to isoleucine, valine, or 
methionine (L21, L2V, and L2M). All three of these amino acid 
substitutions interfered with the ability of CIEBP to be cross-linked 
by glutaraldehyde (Fig. 4A). However, the three substitutions did 
not affect cross-linking to the same degree. Cross-linking was not 
evident with L2V, some cross-linking was observed with L21, and a 

An assumption inherent to the leucine zipper hypothesis is that 
the role of the leucine repeat helix is to bring into close juxtaposition 
the basic regions of two polypeptide chains (8). Data obtained thus 

moderate degree was observed with L2M. Precisely the same 
hierarchy of effects was observed when these three mutant proteins 
were tested for sequence-specific binding to DNA (Fig. 4B). L2V 
failed to bind to either the upper or lower site on the HBV 
enhancer, L21 bound weakly to the upper site, and L2M bound to 
an intermediate degree to both sites. 

Two results from these single amino acid substitutions are wlla type 

consistent with observations on the series of doublv substituted 
variants. (i) The capacity of mutated protein to & cross-linked 
correlates with its capacity to b i d  DNA. (ii) A valine substitution at 
leucine residue 2 exerts a more detrimental effect than an isoleucine 
substitution. The single amino acid substitution experiments (Fig. 
4) also show that a methionine substitution at leucine residue 2, 
whether assayed for dimer formation or DNA biding, is less 
detrimental than substitutions by either valine or isoleuc&e. 

Mutations in the basic region interfere with DNA binding. A 
polypeptide segment of CIEBP rich in basic amino acids occurs on 
the amino terminal side of the leucine repeat region (10). Fourteen 
basic amino acids are distributed in three clusters over a 36-amino 
acid segment. The original leucine zipper hypothesis predicted that 
this region of the protein would be responsible for intimate contact 
with DNA, and that the role of the zipper was to bring two such 
basic regions into close apposition (8). In order to study the role of 
the basic region of CIEBP, mutations were introduced within the 
three clusters of basic amino acids shown in Fig. 2. The mutations 
involved the substitution of either two or four basic amino acids by 

Wild type 

Fig. 5. Effects of amino acid substitutions in the 
"basic region" of CIERP on dimeri~ation and DNA 
binding. (A) Glutaraldchi,dc-mediated cross-link- 
ing asca\fs \yere carried out on intact CIERP and -- variant broteins carwine: small clusters of amino 
acid su6stitutions (2i) i;l' the three "basic regions" 
(RR) of CIERP (see Fig. 2) .  Protcins \vcrc cx- 
pressed in bacteria and subjcctcd to cross-linking 

~ys as described in Fig. 3A. Of the three RK 
rants, one performed normally in the cross- 
.ing assay (RR3). and nvo cshibited a slightly 
uced propensiy to he cross-linked (BR1 and 

ad). (B) DNase I footprinting assays \!!ere carried 
out on the HR\' enhancer as dcscrihed in Fig. 3R. 

I, 
' The same protein samples shown in (A) were used 

in footprinting reactions at input levels of 40, 20, 
OD * 10 ng. Relative to inracy CIERP, nvo RR 

rants failed to show evidence of sequence-specif- 
)NA binding with the HRV enhancer (RR.2 and 

BR3), and one showed a modest reduction in binding (RR1). 

ama 
mur 
link 
redl 
n n 

uncharged residues (21). Mutants were again generated by oligoni- 
cleotide-directed mutagenesis, expressed in bacterial cells, and tested 
in assays for both dimerization and DNA binding. 
AU hree basic region (BR) mutant proteins -generated slower 

migrating species when tested in the glutaraldehyde-me&ated cross- 
linking assay (Fig. 5A). Relative to unaltered CIEBP, two mutants, 
BRl and BR2, showed a slight reduction in the proportion of 
protein that became cross-linked. The third mutant, BR3, was 
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far are supportive of this hypothesis. If the region of the protein at a 2: 1 molar ratio. The mixture that contained a 6: 1 ratio of BR3 
required for dimerization is mutated, DNA biding activity is lost 
despite the fact that the basic region is left intact (Figs. 3 and 4). 
Likewise, if the basic region is mutated, DNA binding activity is lost 
despite maintenance of a functional dimerization domain (Fig. 5). 
The availability of a mutant that retains the capacity to dime*, yet 
lacks a functional basic region, permitted additional testing of the 
leucine zipper hypothesis. Protein produced from the BR3 mutant 
was mixed, under conditions that facilitate subunit interchange (see 
Fig. l), with that produced by the intact CIEBP gene. If BR3 
protein is capable of forming mixed h e r s  with intact UEBP, the 
heterodimeric product should contain one intact basic region and 
one mutated basic region. The zipper model predicts that such a 
molecule would be incapable of sequence-specific interaction with 
DNA. 

In order to conduct the experiment outlined above, we mixed 
various amounts of BR3 protein with a standard amount of 
unaltered UEBP. The mixture was incubated for an interval 
sufEicient for subunit interchange (30 minutes) and then tested in 
DNA binding assays. Protein extract prepared from naive bacterial 
cells was used to compensate for mixtures containing differing 
amounts of added BR3 protein, and, as a control, the same 
experiments were done with a mutated variant of UEBP incapable 
of dimerization (L12V). The BR3 protein began to exhibit deleteri- 
ous effects on the binding capacity of unaltered UEBP when added 

Fig. 6. The protein product of the BR3 mutant poisons sequence-specific 
binding activity of unaltered CIEBP. Protein synthesized in bacteria from 
the BR3 mutant was mixed at varying proportions (2:1,6: 1, and 18:l) with 
that produced from the unaltered C/EBP gene. Extracts prepared from naive 
(18) bacterial cells were added to compensate for the addition of varying 
amounts of contaminating bacterial proteins After a 30-minute incubation 
interval, samples were tested for sequence-specific binding to the HBV 
enhance (left panel). An identical series of experiments was carried out using 
protein synthesized in bacteria from the L12V mutant (right panel). Each set 
of trials contain footprint assays in the absence of added protein (0), in the 
presence of naive extract (N), in the presence of 10 ng of unaltered C/EBP 
alone (OIlO), and in the presence of 180 ng of the test protein'species (1801 
0). Lanes depicting footprints generated by the three ratios of mixed protein 
samples are designated 20110,60110, and 180110. These assays showed that 
the BR3 protein exerted a deleterious effect on the capacity of unaltered C/ 
EBP to bind the HBV enhancer, and that the L12V protein did not. 

to unaltered UEBP showed no evidence of sequence-specific inter- 
action with either binding site on the HBV enhancer. When L12V 
protein was tested in such an assay, no effect was observed on 
sequence-specific DNA binding by CIEBP even in the presence of 
an 18: 1 molar ratio. 

Provisional model for the CIEBP DNA binding domain. Our 
experiments are consistent with the major tenets of the leucine 
zipper hypothesis. They provide evidence of a dimeric interaction 
between CIEBP polypeptide chains and localize regions of the 
protein that must remain intact to support both dimerization and 
sequence-specific interaction with DNA. Binding of UEBP to 
specific sites on DNA requires the interplay of two components; a 
dimerization interface (the leucine zipper) and a DNA binding 
surface (the basic region). Function of the basic region is dependent 
on an intact dimerization interface, whereas dimerization can readily 
occur in the absence of an intact basic region. Thus, the most 
fundamental conclusion to emerge from these studies is that the 
DNA binding domain of UEBP is bipartite. 

Close examination of the effects of mutations within the leucine 
repeat region of CIEBP provides additional information pertinent 
to the zipper hypothesis. When different aliphatic amino acids were 
substituted at the same position within the leucine repeat region, 
different effects were observed on both dimer formation and DNA 
binding. For example, the properties of L34I were different from 
those of L34V. In both cross-linking and DNA binding assays L34I 
tested as a weak positive, whereas L34V was negative. Apparently, 
isoleucine is a more acceptable substitute to leucine at these 
positions than valine (Fig. 3). Similar results were observed in 
comparing the effects of single amino acid substitutions at leucine 
position number 2. Substitution by valine at this position (L2V) 
completely eliminated both dimerization and DNA binding, substi- 
tution by isoleucine (L2I) limited both activities rather severely, and 
substitution by methionine (L2M) limited both activities by a more 
modest degree (Fig. 4). These results are consistent with a hierarchy 
of side chain acceptability at the heptad integral of the leucine repeat 
wherein leucine > methionine > isoleucine > valine. We believe 
that these observations underscore the intimate nature of the 
hydrophobic side chain packing that will occur between zippered 
helices, and we await the high-resolution structural studies that 
should resolve the underlyingmolecular nature of the zipper. 

Of additional potential significance is a comparison of the effects 
of the same amino acid substitution at different positions within the 
zipper. When pairwise amino acid changes were introduced at 
leucine residues across the putative dimerization interface, equiva- 
lent substitutions did not lead to equivalent effects. For example, 
L34I maintained a residual capacity to form dimers, and bound to 
DNA rather respectably. On the contrary, L12I and L23I failed in 
both assays. Likewise, L34V showed very modest DNA binding 
activity, whereas L12V and L23V did not. We interpret this 
asymmetry of effects to favor a parallel helical arrangement for the 
leucine zipper of UEBP (Fig. 7). In an antiparallel arrangement, 
equivalent effects would be expected to result from equivalent 
substitutions at either terminus of the dimerization interface. since 
the intact portion of one helix would be expected to interaa with 
the mutated portion of its mate. In a parallel arrangement, it is 
possible that the two leucines closest to the NH2-terminus might be 
capable of facilitating proper apposition of the basic region on their 
own (Fig. 7). Indeed, Yanofsky and colleagues have identified a 
fungal regulatory protein that exhibits amino acid sequence similar- 
ity to the basic regions of other zipper proteins, yet only contains 
leucine residues at the two positions closest to the basic region (22). 
Perhaps the most conclusive evidence favoring a parallel helical 
arrangement has been obtained by Kim and colleagues, who have 
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Fig. 7. Hypotheucal effects of leu- '' 

cine substitution on dimernation. 
Potential interactions between mu- 
tated forms of CiEBP are shown in 
the context of a parallel association 
of leucine repeat helices (top) or an 

Left figure displays hypothetical in- 
teraction of two CIEBP polypep- 

K 
antiparallel assoc~ation (bottom). BR 

tides mutated at leucine residues 3 
and 4 (Fig. 2). Right figure dis- 
plays hypothetical interaction of 
polypeptides mutated at leuclne 
res~dues 1 and 2. 

Fig. 8. Parallel arrangement of a 
helices favors lateral packing of re- ,@-' @ @ @  

peating leucine residues. A schematic / @ @ 0 0 
CY helix corresponding to the leucine f l  0 0 0 
repeat region of CIEBP is shown on 
the left. Only the i + 3 and i + 7 / Q O @ @  
amino acids are shown. The top leu- ,@-'@@ @ @  
cinerepresentsaminoacid317ofthe @ @  @ @  
CIEBP polypeptide, and the bottom f l  0 @ 0 0 phenylalanine represents amino acid 
residue 342 (11). The middle dia- / @@ @ @  
gram displays potential interhelical 0 
side chain packing of two leucine 
repeat helices arranged in a parallel orientation (residues of one helix 
stippled, the other solid). According to this arrangement, which aligns 
leucines longitudinally, the i + 3 hydrophobic residues would contribute 
minimally to hydrophobic packing. The right diagram displays potential 
interhelical packing resulting from the lateral alignment of repeating leucine 
residues. This arrangement m a x i d s  hydrophobic contributions of i + 3 
residues. 

Fig. 9. Schematic model of the 
DNA binding domain of CIEBP. 
Two CIEBP polypeptide chains are 
shown in a parallel dimeric confor- 
mation generated by specific inter- 
actions between the leucine repeat 
region of each subunit. Putative 
leucine repeat helices are indicated - - - - - - - - 
as open rectangles, with protruding 
leucine side chains accounting for 
the dimerization interface (the leu- 
cine zipper). Stippled rectangles ad- 
jacent to the paired leucine repeats 

1 

correspond to the CIEBP basic re- 
gion, which is predicted to establish 
direct interaction with DNA. Axis of rotational symmetry is indicated by the 
dashed line, and arrows at the top correspond to the dyad halves of a 
hypothetical binding site on DNA. 

carried out cross-linking experiments using synthetic peptides corre- 
sponding to the leucine repeat helix of GCN4 (23). 

Realization that the zippered helices of CiEBP may pack in a 
parallel arrangement prompts reconsideration of the interhelical 
interactions between leucine residues. We originally hypothesized 
that the repeating leucines of one helix would interdigitate in a 
longitudinal array with leucines of the matching helix. However, 
this arrangement fails to take advantage of the hydrophobic amino 
acid residues that occur at the i + 3 position (Fig. 8B). An 
alternative mode of helix packing, which arranges invariant leucines 
in a lateral configuration, maximizes hydrophobic interactions (Fig. 
8C). Had helices packed in an antiparallel manner, longitudinal 
interdigitation of leucines, rather than lateral, would have maxi- 
mized hydrophobic interactions generated by residues located at the 
i + 3 position. Although these interpretations are consistent with 
results already described (23, 24), we emphasize the fact that they 
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remain hypothetical in the absence of high-resolution structural 
studies. We also reiterate two of the basic concepts outlined in our 
original hypothesis; first, that the leucine zipper is founded upon the 
classical coiled-coil intertwining of cr helices, and second, that the 
side chain structure of leucine is uniquely suited for interhelical 
packing. 

On the basis of the results and interpretations outlined above we 
propose the rudimentary model of the CiEBP DNA binding 
domain shown in Fig. 9. TWO leucine repeat helices are predicted to 
dock in an orientation parallel to their respective helical dipoles. 
This orientation of helix packing results in an axis of rotation parallel 
to the paired helices. It also leads to close apposition betwien the 
basic regions of each polypeptide chain. It may be important that the 
binding sites for several leucine zipper proteins are dyad syrnrnetri- 
cal, with half sites directly abutted (25, 26) in a manner analogous to 
the dyad recognition sites of type I1 restriction enzymes (27). It is 
possible that DNA binding proteins that utilize the leucine zipper 
motif dock in such a wav as to allow the basic regions to track in " 
opposite directions around dyad half sites. Such a model is consist- 
ent with the crucial dependence of DNA binding on dimerization 
and offers a reasonable explanation for the inhibitory effect of the 
BR3 polypeptide on DNA binding by native CIEBP (Fig. 6). 

The results of mutagenesis studies on the basic region of C/EBP 
underscore the importance of BR2 and BR3 (Fig. 5).  When either 
of these clusters of basic amino acids is altered by site-directed 
mutagenesis, DNA binding is eliminated. The critical nature of 
these segments of CIEBP was, to some extent, anticipated. Earlier 
studies had shown that BR2 of CiEBP shares extensive amino acid 
sequence similarity with an analogous region of the Fos transform- 
ing protein (10). Moreover, sequence relatedness in regions corre- 
sponding to BR2 and BR3 had been noted in comparisons of Fos, 
Jun, and GCN4 (12), as well as in the current report by Turner and 
Tjian (28). Recent studies of a protein that regulates sulfur metabo- 
lism in Neuvospova cvassa indicate that basic region mutants such as 
BR2 and BR3 may have precedents generated by classical genetic 
screening. Marzluf and colleagues have characterized several mutant 
forms of a fungal regulatory protein, termed CYS3, that exhibit the 
two hallmarks of the leucine zipper motif (basic region and leucine 
repeat). Two lesions that inactivate the function of the cys3 gene - - 
have been identified as amino acid substitutions in the basic region 
of that protein (29). 

Since the heptad array of leucines seems to be an invariant feature 
of a related family of DNA binding proteins, and since the leucine 
side chain appears to play a pivotal r i le  in dimerization (Figs. 3 and 
4), the question arises as to whether heterodimeric species might 
form by virtue of the interaction of zippers from two different 
polypeptide chains (8). Recent studies on i;bs and Jun, transforming 
proteins that form a stable complex both in vivo and in vitro (30), 
and exhibit the zipper motif (lo), are consistent with this hypothesis 
(24, 28, 31). The heterotypic mixing of different proteins might 
create binding specificities or regulatory activities different from 
parental, homodimeric complexes. This idea, reminiscent of the 
combinatorial use of light and heavy chain polypeptides in immuno- 
globulins, offers a means of diversifying the activities of a finite 
number of genetically encoded regulatory proteins. 
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