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Reviews 
Helix-turn-helix, zinc-finger, and 

leucine-.zipper motifs for 
eukaryotic transcriptional 

regulatory proteins 
Kevin Struhl 

Four distinct structural motifs have been proposed for the DNA-binding domains 
of eukaryotic transcriptional regulatory proteins; the helix-turn-helix, two kinds of  
zinc finger, and the leucine zipper. Within each structural motif, there are often 
families of  related proteins that recognize similar DNA sequences and are con- 
served throughout the eukaryotic kingdom. However, the processes of  transcrip- 
tional activation and repression appear to be independent of the specific type of  

protein-DNA interaction. 

Eukaryotic genes are regulated differ- 
entially in response to a complex set 
of environmental and developmental 
cues. In terms of transcriptional regula- 
tion, eukaryotic promoters are large, 
complex arrangements of short DNA 
sequences that are recognized by a 
wide variety of specific DNA-binding 
proteins that activate or repress tran- 
scription. The distinct transcriptional 
regulatory patterns of individual genes  
or sets of genes are determined primar- 
ily by the specific protein-DNA inter- 
actions that occur at the promoters. 

Structural and functional analyses 
of eukaryotic DNA-binding proteins 
indicate that small autonomous do- 
mains containing less than 100 amino 
acid residues are sufficient for specific 
DNA-binding activity. Although 
detailed structural information is not 
yet available, the primary sequences 
and biochemical properties of various 
DNA-binding domains are suggestive 
of at least four basic structural motifs. 
These motifs are probably important 
for the overall structure of the DNA- 
binding domain rather than being di- 
rectly involved in the specific contacts 
between protein and DNA, because 
different proteins containing a particu- 
lar structural motif can recognize a 
variety of DNA sequences. 
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The helix-turn-helix 
The first and by far the best charac- 

terized structural motif for a DNA- 
binding domain is the helix-turn-helix 
found in prokaryotic activator and 
repressor proteins (reviewed in Ref. 1). 
X-ray crystallographic analysis of sev- 
eral proteins and protein-DNA com- 
plexes have elucidated the structures in 
detail, and functionally important 
interactions have been uncovered by 
analysing mutant proteins and target 
DNA sites. As is obvious from the 
name, the crucial structure in this class 
of proteins contains two c~-helices that 
are separated by a [3-turn. Despite con- 
siderable sequence variability, the 
helix-turn-helix motifs have a highly 
conserved geometry. Amino acids 
within one of these helices, the so- 
called 'recognition helix', directly con- 
tact bases exposed in the major groove 
of the target DNA; the other c~-helix 
lies across the major groove and makes 
some non-specific contacts to DNA 
(Fig. 1). The overall structural hom- 
ology among helix-turn-helix motifs 
makes it possible in some cases to 
change the specificity of the protein- 
DNA interaction by altering or swap- 
ping recognition helices 2. The pro- 
karyotic helix-turn-helix proteins bind 
as dimcrs to DNA sequences that have 
dyad symmetric character. 

In eukaryotic organisms, the helix- 
turn-helix motif was first invoked for a 
family of Drosophila proteins that con- 
trol many of the key decisions in early 

development (reviewed in Refs 3, 4). 
These proteins contain a highly con- 
served 'homeodomain'  about 60 amino 
acids in length within which lies a 
region with sequences common to 
many prokaryotic helix-turn-helix pro- 
teins. Homeodomains have now been 
found in a wide variety of eukaryotic 
organisms ranging from yeast to 
human, and more than 80 such proteins 
have already been identified. With the 
exception of the more diverged yeast 
proteins, different homeodomains 
show 40-90% amino acid sequence 
identity and can be classified into dis- 
tinct subtypes based on the extent of 
homology. The subtypes often differ in 
their putative recognition helices, sug- 
gesting that they recognize different 
DNA sequences. Although there is no 
direct evidence that homeodomains 
contain helix-turn-helix motifs, it has 
been shown in several cases that the 
proteins specifically bind DNA in vitro. 
In cases where the functions of these 
proteins are known or inferred, 
homeodomains are frequently associ- 
ated with proteins that control cell fate 
during development. (See TIBS 14, 
52-56 [1989] for a review of vertebrate 
homeodomain proteins.) 

The yeast MATcc2 protein, which 
regulates cell type by binding to opera- 
tor sequences and repressing tran- 
scription, is the best characterized 
eukaryotic protein with a putative 
helix-turn-helix motif 5. The unusually 
large (30 bp) cc2 operators have highly 
conserved sequences at both ends 
with an approximate twofold sym- 
metry, but lack sequence similarities in 
the middle. In accord with this unusual 
arrangement, c~2 dimers directly inter- 
act with half-sites at each end of the 
operator but do not contact the center 
of the operator. The protein (~2) is 
remarkably flexible as it can bind to an 
operator with the central 13 bp deleted 
such that the half-sites are immediately 
adjacent and located on the opposite 
side of the DNA helix. Like the pro- 
karyotic proteins, c~2 contains two 
domains; a C-terminal homeodomain 
that interacts specifically with operator 
DNA although with a reduced affinity 
compared to the full length protein, 
and an N-terminal region that does not 
bind DNA but facilitates dimerization. 
Amino acid substitutions within the ct2 
homeo-like region abolish function, 
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Fig. 1. Schematic representation o f  the four structural motifs described in the text. a-Helices are 
represented by cylinders with arrows indicating directionality; conserved amino acid residues are shown 
in one-letter code, and zinc ions shown as black circles'. The shaded boxes indicate the regions o f  the 
proteins proposed to be involved in specific contacts to D NA. 

presumably by virtue of a loss of DNA- 
binding activity (, . 

The zinc finger 
The unusual sequence of TFII |A,  a 

protein required for transcription of 
the 5S RNA genes by RNA polymerase 
Ill ,  led to the proposal of a distinct 
DNA-binding motif, the zinc finger 7. 
TFIIIA contains 7-11 zinc atoms per 
molecule, and it is composed of nine 
repeating units of approximately 30 
residues. Each unit contains two in- 
variant pairs of cysteines and histidines 
as well as other conserved amino acids. 
In the original zinc-finger model, the 
cysteine and histidine pairs serve as a 
tetrahedral coordination site for a 
single zinc ion, and the amino acids 
between these coordination sites pro- 
ject out as fingers 7 (Fig. 1). (See also 
T I B S  12,464-469 [1987] for review.) A 
different model, which invokes an anti- 
parallel 13-sheet and c~-helix between 
the zinc coordination sites, has been 
proposed by analogy with structures of 

other metalloproteins s. Deletion ana- 
lysis of both TFIIIA protein and its 
large target site within the 5S RNA 
structural gene indicate that the zinc 
fingers contribute to specific DNA 
binding in a modular fashion, and can 
be viewed as being arranged in a linear 
array along the target sequence 9"1°. 
However, individual fingers do not 
interact precisely with adjacent nucleo- 
tides, but rather clusters of fingers bind 
to the three functionally important 
regions of the binding site. 

DNA sequence analysis of cloned 
genes indicates that more than 15 pro- 
teins from a variety of eukaryotic 
organisms from yeast to man contain 
regions that strongly resemble the 
putative zinc-finger motif of TFIIIA 
(reviewed in Ref. 11). Some of these 
proteins are known to be transcrip- 
tional activators, while others have 
presumptive roles in development or 
in sex determination. Depending on 
the protein, the number of potential 
zinc fingers ranges from two to more 

than ten. In several cases, it has been 
demonstrated that these proteins bind 
specifically to DNA, and that both the 
zinc-finger region and zinc are neces- 
sary for binding. In both models, 
specific DNA contacts are proposed 
to occur with residues in the finger 
regions, possibly the putative ~t- 
helix 7'~. However, a synthetic peptide 
containing the two zinc fingers of yeast 
ADR1 is unable to recognize its target 
site, even though it forms a discrete 
structure in the presence of zinc that 
can interact non-specifically with 
DNA ~2. This suggests that the zinc fin- 
ger has an essential structural role for a 
functional DNA-binding domain, but 
may not always be directly involved in 
protein-DNA interactions. 

There is a related, but distinct, class 
of specific DNA-binding proteins, 
exemplified by the yeast GAL4 tran- 
scriptional activator and mammalian 
steroid receptors, in which putative 
zinc fingers are formed by coordination 
with four cysteine residues; replace- 
ment of one cysteine pair by a histidine 
pair abolishes DNA-binding activity 
(reviewed in Ref. 11) (Fig. 1). In the 
case of GAL4, an important role for 
zinc is inferred from mutants that func- 
tion only at high zinc concentrations in 
vitro and in vivo 13. Finger swapping 
experiments suggest that the all cys- 
teine zinc fingers, though essential for 
DNA-binding, are not important for 
specificity. For example, the yeast 
PPRI zinc finger can functionally 
replace the GAL4 zinc finger, but the 
resulting chimeric protein still binds to 
GAL4 recognition sites (S. Johnston, 
pers. commun.). Similarly, binding 
specificities of the glucocorticoid and 
thyroid receptors can be interchanged 
by replacing short regions between the 
two zinc fingers (R. Evans, pers. com- 
mun.). Thus, as may be the case for the 
TFII1A-like proteins, it is likely that 
the zinc finger is important for main- 
taining overall structure and perhaps 
non-specific interactions to DNA, 
whereas distinct sequences are in- 
volved in direct contact to DNA. 

The leucine zipper 
Recently, a new class of proteins has 

been identified, and it has been pro- 
posed that they utilize a novel motif for 
DNA binding, the leucine zipper 14. 
These proteins, which include the yeast 
GCN4 transcriptional activator, the 
jun, fos and myc oncoproteins, and the 
C/EBP enhancer binding protein, all 
contain four or five leueine residues 
that are spaced exactly seven residues 
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apart and hence could be viewed as 
being repeated every two turns of an 
a-helix. In the initial structural model, 
it was proposed that the leucine resi- 
dues are important for interdigitating 
two cc-hefices, one from each monomer 
unit, that provide the structural basis 
for the dimer formation t4 (Fig. 1). 

Consistent with this model, GCN4, 
C/EBP, and jun bind as dimers to their 
target sites, and fos and jun can form 
DNA-binding heterodimersl4-1s; in the 
case of GCN4, a 60-residue region con- 
taining the putative leucine zipper is 
fully competent for dimer formation 
and specific DNA-binding. Moreover, 
a synthetic peptide corresponding to 
the GCN4 leucine zipper for:aas stable 
dimers that are essentially 100% co-heli- 
cal ~9. Some problems with the original 
leucine zipper model are that the 
c~-helices are parallel 19, and that a 
variety of mutations of the conserved 
leucines in GCN4 and fos have little if 
any functional effect/s (Sellers and 
Struhl, unpublished). It has been sug- 
gested that the leucine zipper may 
indeed be a more conventional coiled 
coil structure 19. 

Although the leucine zipper is prob- 
ably important for dimer formation, it 
is likely that sequences outside this 
region are involved in DNA inter- 
actions t4. (1) By analogy with zinc- 
finger proteins, the various leucine zip- 
pers show modest conservation beyond 
the leucine residues, and the proteins 
bind different DNA sequences. (2) 
GCN4 and jun are structurally 
related 2° and bind essentially identical 
DNA sequences but are unable to form 
heterodimers 21, suggesting that the 
residues involved in direct contacts to 
DNA are located within an adjacent 
30-residue stretch that is most highly 
conserved. This adjacent region is also 
found in fos, which binds to the identi- 
cal DNA sequence when complexed 
with jun as a heterodimer. (3) Leucine- 
zipper motifs have recently been obser- 
ved in proteins that also contain zinc 
fingers or homeodomains; perhaps the 
leucine zipper acts as an independent 
dimerization region for different kinds 
of DNA-binding domains. 

Related families of proteins recognizing 
similar DNA sequences 

Although different eukaryotic 
DNA-binding proteins con~:aining a 
particular structural motif often recog- 
nize unrelated DNA sequences, one 
fundamental aspect of eukaryotic 
organisms is that they contain families 
of proteins that interact with similar 

DNA sequences. In contrast, pro- 
karyotic helix-turn-helix proteins gen- 
erally have unique DNA sequence 
recognition properties; i.e. each pro- 
tein recognizes a distinct set of target 
sites (the binding of the bacteriophage 
Z repressor and cro proteins to com- 
mon operators is a notable exception). 
Related protein families have been 
identified for all the structural classes. 
Six different Drosophila homeo- 
domains bind to a common AT-rich 
consensus sequence even though their 
protein sequences vary, and the 
mammalian OCT-l, OCT-2 and Pit-1 
proteins (which have similar homeo- 
domains and an additional POU 
domain 22) recognize related sites 3. For 
the zinc-finger proteins, the steroid 
receptors show considerable amino 
acid sequence homology and they bind 
related DNA sequences ~1. The retinoic 
acid and thyroid receptors have nearly 
identical specificities, and the consen- 
sus sequences for binding by the gluco- 
corticoid receptor arc similar at six out 
of eight positions. In the case of the 
putative leucine-zipper motif, mam- 
malian cells have a variety of proteins 
(jun, junB, junD, fos, fra and others) 
that interact with a common sequence 
usually known as an AP-1 site ~ 8 .  
Moreover, multiple leucine-zipper pro- 
teins recognizing a common target 
sequence are found even in a unicellu- 
lar eukaryote; e.g. the yeast GCN4, 
AP-I and probably other proteins 23'24. 

The existence of multiple proteins 
that recognize related sequences 
increases the precision and flexibility 
for coordinately and independently 
regulating genes, particularly those 
involved in processes of fundamental 
importance such as cell growth. For 
example, the bacteriophage )~ re- 
pressor and cro proteins recognize 
similar but not identical sequences that 
control the developmental decision 
between lysis and lysogeny 25. In multi- 
cellular organisms, the related protein 
families might provide a mechanism for 
controlling a core group of genes in a 
variety of cell types and developmental 
stages (e.g. the Drosophila homeo- 
domain proteins) or in response to 
extracellular signals (e.g. the steroid 
receptors). Precision and flexibility 
could be achieved by subtle differences 
in sequence recognition properties or 
DNA-binding affinities such that indi- 
vidual promoters would be strongly 
affected by particular proteins (or com- 
bination of proteins). In this regard, 
the dimeric nature of the leucine-zipper 
proteins (and probably the zinc-finger 

and helix-turn-helix proteins) suggests 
an additional mode of flexibility involv- 
ing heterodimers between different 
proteins. Such heterodimers might 
yield new proteins with distinct recog- 
nition properties, or they might make it 
possible to influence gene expression 
only when two specific physiological 
conditions occur. 

Evolutionary conservation of 
eukaryotic DNA-binding proteins 

It is now clear that the mechanism of 
transcription is remarkably conserved 
throughout the eukaryotic kingdom. 
Yeast upstream activator proteins 
function in a variety of eukaryotic 
organisms, vertebrate transcription 
factors function in yeast cells, and the 
yeast and mammalian TATA factors 
are functionally interchangeable for 
transcription in vitro 26-2s. Such func- 
tional conservation undoubtedly indi- 
cates that the basic mechanism of 
transcriptional initiation has existed 
since the first eukaryotic organisms. 

In addition to the conservation of the 
basic transcriptional activation mech- 
anism, eukaryotic cells from yeast to 
human contain structurally similar and 
functionally analogous transcription 
factors that recognize essentially 
identical sequences. Some early exam- 
ples include the yeast GCN4 protein 
and the vertebrate jun onco- 
protein 2°'21, the yeast PHO2 and Dros- 
ophila engrailed protein 29, the human 
CCAAT-binding protein CP-1 and the 
yeast HAP2,3 proteins 3°. Moreover, 
both CP-1 and HAP2,3 bind as hetero- 
meric complexes involving two distinct 
proteins, and the yeast and human sub- 
units can be functionally exchanged 3°. 
It seems likely that these examples rep- 
resent the tip of the iceberg, and that 
striking similarities throughout the 
eukaryotic kingdom will soon become 
the rule rather than the exception. 

Although eukaryotic cells have 
related transcription factors that recog- 
nize similar DNA sequences, the hom- 
ologues often perform different 
functions in their respective organisms. 
For example, GCN4 and HAP2,3 acti- 
vate the amino acid biosynthetic and 
oxygen regulated genes respectively in 
yeast, whereas their evolutionary coun- 
terparts, jun and CP-1, activate a 
variety of genes whose functions appear 
unrelated. This phenomenon may 
reflect the fact that for transcription 
factors that bind to multiple promoters, 
it would be difficult to alter the sequence 
recognition properties of the regulatory 
protein at any point in evolution without 
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affecting the transcription of many 
genes. However, the functions of such 
transcription factors could diverge in 
individual organisms. By analogy, the 
genetic code is essentially universal and 
eukaryotic TATA elements and pro- 
karyotic -10  sequences are similar 
even though transcriptional and trans- 
lational mechanisms are quite different. 

Role of different structural motifs in 
transcriptional regulation 

Eukaryotic transcription factors con- 
tain at least two essential functions, a 
DNA-binding domain and a tran- 
scriptional activation region, that are 
generally located in separate parts of 
the protein. Yeast transcriptional acti- 
vation functions are defined by short 
acidic regions with minimal primary 
sequence-homology regions (reviewed 
in Refs 31,32). Different acidic regions 
of GCN4 and GAL4 are equally 
capable of activating transcription even 
though their primary sequences are dis- 
similar. Moreover, acidic regions are 
observed in other yeast activator pro- 
teins, acidic character is the common 
feature of functional transcriptional 
activation regions selected from short 
E. coli DNA segments, and amino acid 
substitutions that alter the level of acti- 
vation are usually associated with a 
change in net negative charge. Despite 
the importance of acidic character, 
functional transcriptional activation 
regions have additional structural fea- 
tures beyond negative charge. High 
resolution deletion analysis and pro- 
teolytic mapping suggest that acti- 
vation regions are repeating structures 
composed of small units that might be 
or-helices with amphipathic character. 
It has been proposed that acidic acti- 
vation regions are surfaces used for 
interactions with other proteins of the 
transcription machinery. 

A crucial feature of acidic activation 
regions is that they function auton- 
omously when fused to different DNA- 
binding domains (reviewed in Refs 31, 
32). For example, functional tran- 
scriptional activator proteins can be 
produced by fusing the DNA-binding 
domain of the E. coli LexA repressor (a 
helix-turn-helix protein) to the acti- 
vatton regions of proteins containing 
zinc fingers (GAL4, HAPI) ,  leucine 
zippers (GCN4, jun, fos, myc), and 
homeodomains (bicoid). Moreover, 
the distance and orientation of the 
GCN4 and GAL4 activation regions 
with respect to their DNA-binding 
domains is functionally unimportant. 

Acidic regions of DNA-binding pro- 

teins are likely to be commonly 
employed for transcriptional activation 
in all cukaryotic organisms. GAL4 acti- 
vates transcription from appropriate 
target promoters in mammalian cells, 
and the acidic activation region is 
required 33"34. Conversely, transcrip- 
tional activation in yeast cells by the 
jun oncoprotein and the glucocorticoid 
receptor requires acidic sequences in 
addition to the DNA-binding 
domains 35'3~'. Thus, acidic activation 
regions probably contact some part of 
the transcription machinery that is con- 
served functionally throughout the 
eukaryotic kingdom such as a TATA- 
binding protein or RNA polymerase II. 

In this view, the DNA-binding 
domain has two important roles in tran- 
scriptional regulation. (l) It brings the 
protein to the DNA such that it can 
easily interact (through the activation 
region) with other components to form 
a functional transcriptional initiation 
complex. (2) The high specificity of the 
protein-DNA interactions provides 
the major mechanism by which genes 
are differentially expressed. For either 
of these roles, the distinct structural 
motifs are equivalent. Thus, the helix- 
turn-helix, zinc-finger, and leucine- 
zipper motifs utilized for recognizing 
specific DNA sequences represent dif- 
ferent structural solutions to a common 
function. Did these structural motifs 
arise independently during evolution, 
or does one of them represent the 
primordial DNA-binding domain? 
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