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Sequence Signals in Eukaryotic Up- 
stream Regions 

Ruth Nussinov 

Two DNA sequence elements are known to recur frequently 
upstream of eulcaryotic polymerase II-transcribed genes. The 
TATAAA, at position -40, specifies the transcription initi- 
ation site. The GGCCAATCT is less frequent around -80. 
Sequence analysis of upstream regions reveals that the under- 
lined yeast UAS2 consensus sequence, TGAlTGGT, is also 
very frequent at - 80 in higher polymerase II-transcribed an- 
imal sequences. The underlined CCAAT box and yeast UAS 
sequences are complementary. Structural analysis suggests some 
symmetry in their DNA structures. Upstream of the TATA- 
AT-rich region there is an abundance of GC seqeunces. Anal- 
ysis of nucleotide tracts indicates that these are preferentially 
flanked by their complementary nucleotides with a pyrimidine- 
purine junction, i.e., “TAN, CCG,, C,GG, T,AA. Here, I 
discuss DNA structrual considerations in upstream regions along 
with protein readout of the major and minor groove information 
content. These sequence-structure aspects are put in the general 
context of protein (factors)-DNA (elements) recognition and 
regulation. 

I. INTRODUCTION 

Regions upstream of mRNA start sites in eukaryotic poly- 
merase II-transcribed genes contain relatively short signal se- 
quences. These DNA signals, termed “elements”, are 
recognized by a variety of protein “factors”. Upstream se- 
quences contain many recognition elements, signaling the po- 
sition of transcription initiation and regulating its efficiency. 
The different DNA elements are recognized by their corre- 
sponding sequence-specific protein factors. A growing number 
of these elements and factors have been identified, and a fas- 
cinating general scheme begins to emerge. Although the title 
of this review is “Sequence Signals in Eukaryotic Upstream 
Regions”, one needs to put these signals into the overall per- 
spective. Signal sequences are only pieces in a jigsaw puzzle. 

One of the basic emerging principles is the modular nature 
of DNA elements and of protein factors. For upstredenhancer 
elements, this enables exchange either of different elements 
within the same upstream region or between different species. 
Both changes of locations and orientations can occur. Protein 
factors commonly contain at least two modules - one for 
binding DNA, the other for protein-protein interaction. Here, 
too, modules from different proteins can be exchanged. 

The main advantage of this modular nature is the increased 
number of possibilities for gene regulation. Currently compiled 
evidence is consistent with this explanation. Thus, hete- 
rologous protein factor subunits can be assembled (e.g., HAP2/ 
HAP3). Also, a protein-protein activation domain is itself ap- 

parently composed of several subdomains (e.g., in the Spl) 
where, depending on distance and orientation, different ones 
can be used. This review is studded with such examples. For 
viruses, such a system is particularly useful, since it allows 
them to grow in a wide host range and under different conditions. 

Given these advantages and the long evolutionary time re- 
quired to perfect the system, it is not surprising that the reg- 
ulation of polymerase Il transcription initiation has been so 
well conserved in eukaryotes from yeast to man. 

The protein factors do not read the nucleotide letter sequence 
as such. Rather, they sense the three-dimensional structure and 
the potential hydrogen bonding groups and hydrophobic inter- 
actions embedded in it. These, along with another parameter, 
DNA flexibility, playing a crucial role in DNA protein rec- 
ognition, are sequence dependent. In this review, we discuss 
these aspects in general. We focus on the particular ways by 
which they pertain to upstream regions and to protein-mediated 
regulation of DNA expression. 

II. DNA AND PROTEIN MODULARITY AND 
EVOLUTIONARY CONSERVATION 

Perhaps the most distinctive property associated with eu- 
karyotic polymerase 11 promoters is the modular character of 
their elements.’*2 On the DNA side, each module may contain 
a putative DNA-protein recognition site, often in the form of 
a relatively short consensus sequence, specifying some regu- 
latory function of the promoter. Elements in two promoters 
may then play equivalent roles and can be exchanged. The 
possibility of interchanging such elements without seriously 
affecting the functioning of the DNA is the best direct proof 
of the modular character. A classic example of DNA modules 
is furnished by the three distinct sequence elements that have 
been located for the thymidine kinase (tk) gene of the herpes 

The first is the TATA box, located 40 base pairs (bp) 
upstream from transcription initiation, which is needed for 
accurate initiation. The second, middle region, at - 50 to - 70, 
and the third, distal regions, at - 80 to - 110, are needed for 
efficient transcription initiation. The P-globin gene also has 
three analogous elements. Thus, a functional promoter can be 
constructed by joining the distal component of the tk gene to 
the middle and TATA component of the P-globin gene. 

On the protein side we have corresponding modular “fac- 
tors”. Initiation and regulation of eukaryotic messenger RNA 
synthesis by RNA polymerase 11 requires transcriptional acti- 
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These features are also characteristic of the yeast transcription 
factors having two subunits, HAP2 and HAP3.6s Indeed, both 
the CCAAT box factors and the yeast factors make identical 
contacts with the This organization again shows the 
functional superiority of the heteromeric protein system. A 
single protein composed of two or more subunits, where each 
can be independently regulated in response to tissue signals,M 
has more regulatory options. Moreover, as noted above, the 
interchange of DNA binding and transcription activating sub- 
units among such proteins provides an additional level of com- 
binational complexity to gene regulation. Different subunit 
combinations may increase or decrease the specificity of a 
factor in transcriptional activation. This can explain how some 
molecules that appear to lack intrinsic DNA binding activity 
are able to modulate the transcription activity of DNA binding 
proteins.67 

Another fascinating aspect of the modular approach recently 
discovered in human context and which has apparently been 
adopted by the cellular machinery is worth n ~ t i n g . ~ ~ . ~ ~  Indi- 
vidual members of the human CCAAT box binding proteins, 
CTF/NF-I, are implicated in both eukaryotic transcription ac- 
tivation as well as cis control for DNA re~l ica t ion .~~ Further, 
molecular analysis of these human clones reveals that the cor- 
responding mRNA species coding for the above arise from 
transcripts of one gene that have been spliced different ways, 
yielding alternate coding regions. 

B. Upstream and Enhancer Elements: The SV40 
Example 

Both upstream and enhancer elements stimulate transcription 
independently of their position and orientation. As Wasylyk26 
notes in his recent review, it appears that many aspects of the 
mechanism of transcription activation by proximal (upstream 
promoter) and distal (enhancer) elements is similar. The dif- 
ference may lie just in the advantages that proximity itself can 
confer. The implications of the distance will be considered in 
some detail in later sections. 

The SV40 early promoter has been the subject of particularly 
extensive deletion, insertion. base substitutions, and rearrange- 
ment studies. Also, some of the specific protein-DNA inter- 
actions that take place in a eukaryotic control region have been 
first identified in the SV40.3 A schematic diagram of the 300- 

bta RNA 
& 

bp region of the SV40 control region containing a number of 
regulatory elements is given in Figure 1. 

Starting at the left-hand side of the diagram (the T-antigen 
gene) and proceeding to the right, the first regulatory element 
encountered is the origin of DNA replication.3,7@72 Three T- 
antigen binding and the sites of early transcription 
i n i t i a t i ~ n ~ . ~ ~ ~ ~  are located within the 70-bp domain containing 
this origin of replication. Abutting the origin of replication is 
an AT-rich stretch, homologous to the TATA box sequence. 
However, its deletion only slightly affects t ran~cr ip t ion .~*~~-~ '  
Adjacent to the AT-rich sequence, there are three 21-bp-long 
direct repeats. Each 21-bp repeat contains two copies of the 
hexanucleotide sequence GGGCGG. Altogether, we have the 
six GC motifs, I, 11, ... VI. As might be expected, complete 
deletion of the three 21-bp repeats severely limits early pro- 
moter f ~ n c t i o n . ~ . ~ ~ - ~ ~  However, viral mutants having only two 
of the GC hexanucleotides are viable. Also, the 21 bp are 
functional even when inverted.84-8s 

One of the earliest identified transcription factors, the Spl , 
binds to the GC hexanucleotide in a sequence-specific man- 
ner.sa8a Systematic mutagenesis has shown that the order of 
binding affinities of the six GC motifs to the Spl protein is 
III>V>II>VI>I>IV.26~*5~*9 It may result from differences in 
the sequences flanking the GC hexanucleotides and from steric 
c o r ~ s t r a i n t s . ~ * ~ ~ * ~ ~ - ~ ~  The latter apparently limit the Spl inter- 
action to five sites at any one time. The weak Spl binding site 
I is most important for early transcription, possibly because of 
its proximity to the start site.26 As discussed in Section V, the 
Spl appears to bind in the major groove of the DNA helix. 
Spl also activates cellular containing the GC 
hexanucleotide core. Interestingly, the Spl has been recently 
shown92 to bind DNA and activate transcription even when the 
binding site is CpG methylated. 

The SV40 enhancer has two distinct levels of organi~at ion.~~ 
The first level contains three discrete 15- to 20-bp-long ele- 
ments, called A, B, and C, that cooperate with one another or 
duplicates of themselves to enhance t r a n ~ c r i p t i o n ~ ~ . ~ ~ - ~ ~  (Figure 
1). These enhancer elements function autonomously when pres- 
ent in two or more copies and display unique patterns of cell- 
specific enhancer a ~ t i v i t y . ~ ~ . % * ~ ~  In the second level of organ- 
ization the A and B elements themselves are viewed as bipar- 
tite, containing subunits that correlate either with the core 

Spl binding sit- early RNA - 
- 

con CTC-II TC-I Sph 11 Sph I h 
0 -0 -0 

T-antigen binding sires 

I A 1m I B I 

FIGURE 1. A schematic diagram of the SV40 control region. (Redrawn from References 3 and 27.) 
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(GTGG$i'?.i%)98 or with the sph (AAGEATGCA)w sequence 
motifs. Ondek et aL2' show that these subunits, termed en- 
hansons, can be duplicated or interchanged to create new en- 
hancer elements. 

Current data suggest that the SV40 enhancer contains mul- 
tiple levels of binary organization. This organization is evident 
in the operative, synthetic SV40 enhancer-P-globin construct. 
The SV40 enhancer is separated by more than 2 kb from the 
P-globin upstream promoter region. The enhancer contains two 
B elements (rather than A, B, and C as in the original SV40 
enhancer). Each of the B elements contains one pair of sph 
enhanson~ .~~  It is intriguing to note that successive levels ex- 
hibit increased sensitivity to spacing between their compo- 
n e n t ~ . ~ ~  Thus, the enhancer, as a whole, is capable of activating 
transcription when separated by as much as 10 kblm from the 
proximal promoter elements - the CCAAT and TATA boxes. 
The enhancer is, in turn, composed of elements that can en- 
hance transcription when separated by up to 100 bp. Finally, 
a pair of enhansons must be in very close proximity to create 
a functional enhancer element.27 

As for the promoters, an enhancer structure that contains 
multiple levels of binary organization allows a greater degree 
of transcriptional regulation with a smaller number of factors. 
As Ondek et aL2' suggest, the coreMcoreA enhanson pair 
needs only the core A recognizing factor. A sphIUsphII en- 
hanson pair also needs solely the sphII binding factor. The 
sphIUcoreA enhancer element is, however, dependent on two 
factors. For the enhanson simplest binary-motif level, there 
are 22 = 4 possibilities. For the enhancer binary element level, 
there are 42 = 16 possibilities. Clearly, for each level more 
than two motifs are possible, yielding many combinations, 
some of which may be inactive. The high degree of positional 
freedom enjoyed by the enhancers increases, the probability 
that spontaneous mutations would occur in this longer DNA 
span creating new  enhancer^.^' If, on the other hand, enhancers 
were structurally simple, such mutations might change them 
frequently, creating chaos in the cell expression. 

In their experiments Ondek et aL2' used the CoreA (termed 
GT-IIC motif in References 99,101-103), sphI, and sphII mo- 
tifs. However, additional motifs (e.g., GT-I, TC-11, Oct, p) 
are present in the A and B elements of the SV40 enhancer. 
Davidson et al. lo2 have recently purified the TEF- 1 protein that 
specifically binds to two SV40 enhancer unrelated sequence 
motifs (GT-IIC and sph). TEF-1 binds cooperatively to DNA 
templates containing tandem repeats of either of the cognate 
motifs. It does not, however, bind to inverted or spaced motifs. 

Based on these and other enhancer protein binding studies, 
Davidson et al.lo2 and Fromental et al.lol distinguish between 
four different classes of enhancer factors. Class A (containing 
TEF-1) corresponds to factors that bind cooperatively to tan- 
dem repeats of their cognate sequences. When bound as dimers, 
such class A enhancer factors can act in concert to generate 
enhancer activity.lo2 In contrast, class B (containing TEF-2) 

corresponds to factors that do not bind cooperatively to tandem 
repeats of their cognate motifs, and on their own generate 
minimal enhancer activity. 101~102 However, the association of 
a class B (TEF-2) with a class A (TEF-1) factor results in a 
functional unit increasing enhancer activity. lol The motifs need 
not be close to each other. Class C contains the lymphoid- 
specific octamer binding proteinlo2.lW and the NF-kB protein 
that binds to the TC-II SV40 enhancer motif.105J06 Also, in 
this class the factors act in concert, even when the motifs are 
not close to each other.lo2 Examples of class D are the ste- 
roidkhyroid hormone and retinoic acid nuclear receptor family. 
These factors promote enhancer activity also when bound to 
single copies of their cognate motifs. The redundancy of in- 
formation in enhancers as a principle of mammalian transcrip- 
tion control is further reviewed by Schaffner et al.lo7 

Additional detailed discussion of upstream and enhancer ele- 
ments is given in a recent review of the transcription elements 
and their binding factors.z6 A detailed reviewlo8 along with 
some further recent results of the interactions between promoter 
elements and their factors in adenovirus E1A-dependent trans- 
activation are given by Kovesdi et al.,'09*"' Raychaudhuri et 
al.,ll0 and Simon et al.l12 Upstream polyoma DNA element 
factor regulation is described by Kovesdi et al.l13 

IV. SPACING AND LOOPING 

In eukaryotes, cis-acting upstream and enhancer elements 
can activate transcription at a distance. In prokaryotes, tran- 
scription of one DNA region affects the initiation of replication 
at a distant site. How does an enhancer sequence affect tran- 
scription of a gene thousands of base pairs away? 

In a recent review, Wang and Giaever114 discuss three classes 
of mechanisms for action at a distance: tracking, or movement 
of a protein along the DNA; looping, by bringing two sites 
together; and distal action, through influence on the topology 
of a DNA loop. The modes of action at a distance are often 
interrelated. For example, tracking can induce loop formation. 
This happens if one protein domain is bound to the DNA and 
a second domain tracks through an increasingly longer DNA 
sequence. Alternatively, one protein can be bound to the DNA 
through one of its DNA binding domains. Its second domain 
may interact with another protein. Tracking of the DNA by 
the DNA binding domain of this protein would also involve 
loop formation. Tracking along a DNA might be affected by 
DNA sequences and structures or by DNA-bound proteins en- 
countered along the way. In eukaryotes, the nucleosomal core 
particles""118 or other regulatory proteins may impede the 
tracking. The directionality of the tracking stems from the 
asymmetry of the protein. The binding of a protein with a dyad 
symmetry to an asymmetric DNA sequence might also bias 
the direction of tracking. ]l4 Here, we discuss protein tracking 
along the DNA. For large protein complexes, such as RNA 

1 990 189 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Critical Reviews In 

polymerase or the multifactor promoter complex, it might be 
more likely that it is the DNA that tracks through the protein. 

The DNA loop is held together by proteins and forms a 
“topological domain”. If the protein is rigid, the DNA loop 
is subject to the same topological constraints as those in a 
covalently closed DNA ring. Il4 Cooperative binding of protein 
factors to a pair of DNA elements has been observed if the 
centers of the DNA sites are separated by an integral number 
of helical turns (5 or 6 in the phage A repressor), but not if 
they are separated by 4.6, 5.5,  or 6.4 tums.114~119-121 These 
results are consistent with the model where two protein mol- 
uecules, bound on the same side of the DNA double helix, 
come together and form a smooth bend in between. For rela- 
tively short DNA sequences, this aspect may become critical. 
Changes in spacing by half integral helical turns places the 
proteins on opposite sides of the helix, necessitating twisting 
or writhing of the DNA between the two sites. This is ther- 
modynamically less favorable than a smooth bend in a plane. 114 

Loop formation is expected to be less likely for shorter 
overall distance of the two sites at its ends.26 The DNA is far 
less rigid than was assumed until recently. Yet, it still is in- 
creasingly more difficult to bring two DNA sites together by 
looping as the chain length between them decreases below 
about 250 bp.26 Indeed, in the prokaryotic synthetic lac con- 
struct, when the distance between the two operators was de- 
creased from 200 to 120 bp, a significant drop in the repression 
effectiveness was observed. lZ2 This diminishing effect at short 
distances123 is a key observation supporting the DNA looping 
model. 

Potential flexibility of the protein components should not, 
however, be overlooked. lZ2 Such a flexibility may explain the 
small difference between cooperative protein binding effects 
when the interoperator spacing is reduced from 63 to 52 bp.119*122 
The protein flexibility can potentially play an important role 
also in the eukaryotic RNA polymerase 11 transcription initi- 
ation system, where upstream DNA control elements may also 
be present at short range. This could conceivably happen as 
follows. The activating domains of the protein transcription 
factors that are bound to the DNA elements contain a “negative 
noodles” region. The latter can interact with the carboxyl- 
terminal domain of the RNA polymerase II, which contains a 
universal recumng motif of a tandemly repeated seven-amino 
acid sequence.6.122-125 Indeed, this flexibility might be the key 
role of the “negative noodle” recurring motif, frequently found 
in sequence-specific DNA binding regulatory proteins. The 
apparent latitude in the “noodle” structure observed in a num- 
ber of active chimeric protein constructs might also be related 
to this protential flexibility. This whole fascinating subject is 
revisited in some detail in Section VI. 

Wang and Giaever1I4 also consider the configurational en- 

tropy of bringing together two widely separated sites. Asso- 
ciation between proteins bound to sites far apart on the same 
DNA molecule is unfavorable in vitro. In vivo, however, the 
probability of the coalescence of the two is strongly influenced 
by the binding of other proteins to the intervening sequence. 
This binding might then yield a supra-nucleo-protein struc- 
t ~ r e . ” ~  Such a structure might be involved in gene repression 
via a higher order structure of nucleosomes. 
A critical factor in a control system may be the relatively 

constant, high effective concentrations of proteins bound to 
their spaced cognate sequences. lZ2 This relative concentration 
might be regulated temporally by external factors or by con- 
straints on the flexibility of the intervening DNA. The super- 
coiling concentrates the cognate sequences and might increase 
the tendency for loop formation, while rigid structure might 
decrease it.122-123 (For a recent review of DNA looping see 
Schleif. ) Iz6 

Recently an intriguing twin-supercoiled domain model of 
transcription has been p r o p o ~ e d . ~ ~ ~ - ” ~  According to this model, 
under some conditions, when the resistance to the rotational 
motion of the transcription complex is large, the advancing 
polymerase generates positive supercoils in the DNA template 
ahead of it and negative supercoils behind it. Mutual annihi- 
lation of the positively and negatively supercoiled regions may 
be prohibited if points on the DNA in both regions are anchored 
to large protein complexes. Such twin-supercoiled domains 
would also arise as the RNA polymerase, with its interacting 
regulatory proteins, tracks along the DNA. If these proteins 
are bound to a specific sequence of the DNA, the DNA loop 
generated by the tracking constitutes an independent domain. 
If the regulatory protein is bound to a point in front of the 
advancing polymerase (e.g., when the enhancer is downstream 
of the polymerase, as is the case in some immunoglobulin 
genes) the looped DNA would be positively supercoiled. If the 
regulatory proteins are bound upstream of the advancing po- 
lymerase, the growing loop is negatively supercoiled. Super- 
coils of one sense or another may accumulate if the rate at 
which they are formed is faster than those of the processes that 
remove them. 

The twin-transcriptional loop model raises the possibility that 
transcription of one gene may regulate transcription of another 
gene located in cis through template supercoiling. The degree 
of supercoiling may activate or deactivate an adjacent gene. 
The degree (and sign) of supercoiling will also affect the local 
structure of the DNA. Regulatory sequence elements may or 
may not be recognized by their cognate protein factors. 

Since in many cases DNA elements are recognized by their 
respective factors both in vivo and in vino in different synthetic 
constructs, it appears that the DNA structural alteration is not 
very large. 
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V. DNA STRUCTURE: SOME GENERAL 
CONSIDERATIONS 

A. DNA Helical Structure and its Sequence 
Dependence 

It is well established that DNA is a conformational poly- 
morphic molecule. It can assume various conformations, de- 
pending on base sequence and en~ironment.'~' Structural studies 
on double-helical DNA indicate that there are three major con- 
formational families, the A, B, and Z forms of DNA. Envi- 
ronmental factors can induce transitions among different 
conformers. lZ8 Double-helical DNA, in contrast to residues in 
globular proteins, is highly exposed to solvent. Besides these 
major classes, DNA exhibits smaller conformational varia- 
tions, depending on the sequence. For example, rotational re- 
laxation times indicate that poly (dA-dT) is significantly more 
stable than random sequence DNA. 129*130 Such conformational 
variability also suggests that DNA flexibility should also be 
sequence dependent. Protein binding could be related to such 
effects. As an example, the co-crystal of EcoRI with DNA'31 
shows distortions at several specific positions in the DNA when 
compared with the crystal structure of the DNA a10ne.l~' 

Double-helical DNA plays the essential role of storing ge- 
netic information in a stable form, and its stability affects the 
control of gene expression.132 The classic B-DNA consists of 
a right-handed double helix with two intertwined polynucleo- 
tide strands. The successive base pairs stack on top of each 
other with a relative rotation near 36". The double-stranded 
structure is stabilized by complementary hydrogen bonding, 
by stacking of the flat surfaces of the base pairs, and by 
exposing the polar edges of phosphates to solvent. Although 

y' 

t 

the structures of the DNA have been studied in some de- 
tai1,128.133-135 it is not well understood why the DNA is stabilized 
in a particular helical conformation. Hydrogen bonding be- 
tween the bases leads to double-stranded forms, but not to a 
specific type of helix. Depending upon the base sequence, 
DNA exhibits local conformational v a r i a t i o n ~ , ~ ~ ~ J ~ ~  varying 
from small base pair orientational changes to DNA bend- 
ing. 136~137 The possible implications for biological function have 
recently been a focus of intensive research. 138-141 

Because of the very complex interactions in macromole- 
cules, the physical reasons for this conformational polymorph- 
ism are not understood. To date, perhaps the most popular 
model of the sequence dependence of B-form variants was 
proposed by Calladine.142 It assumes that the steric clash be- 
tween base pairs may be responsible for the conformational 
variation. In order to identify the important interactions re- 
sponsible for the stabilization of particular conformations of a 
complex macromolecule like the DNA, it is useful to first 
consider its separate components, base pairs and backbone. 
Interestingly, the basic double-helical structure of DNA and 
its local conformational variations may apparently result largely 
from the charge pattern in the base pairs and the electrostatic 
interactions between them,'32 with the backbone playing a rather 
passive role. From this point of view, the specific bases de- 
termine not only the sequence-dependent conformational var- 
iations, but also the overall structure. 

Consider the two base pairs shown in Figure 2. The coor- 
dinate system we have used to describe their geometry is as 
follows. The X axis connects atoms C8 and C6 in the base 
pair and is oriented as shown. The Y axis points along the 
helix direction from the center of the line between C8 and C6. 

H 
I 

FIGURE 2. Coordinate system of two base pairs. Shown here are the CG and AT base pairs in a CA step. 
(From Sarai, A., Mazur, J . ,  Nussinov, R. ,  and Jernigan, R. L., Biochemistry, 27,8499,1988. With permission.) 
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Finally, the Z axis completes the right-handed orthogonal co- 
ordinate system, pointing toward the minor groove. Twist is 
the angle between X’ and X. Roll is defined as 90” - (angle 
between Z‘ and Y). Thus, the sign of roll is defined as positive 
if the major groove is compressed. Tilt is similarly defined as 
90” - (angle between X’ and Y). (See also Srinivasan et 

We also consider the intra-base pair degree of freedom, 
“propeller twist”, in which matched bases rotate with respect 
to each other about the X axis. (For more detailed discussion 
see Sarai et al.24*132) 

DNA crystal structures have shown that values of twist, roll, 
tilt, and propeller twist are distributed about the average in 
specific patterns according to the actual sequence. Calladine142 
proposed that the local conformational variation is caused by 
steric clash between purines on opposite helix strands at ad- 
jacent base pairs. Most of the base pairs are positively propeller 
twisted (in screw direction) in order to improve the stacking 
interaction between adjacent base pairs. This brings the two 
purines in the YR step closer than van der Waals contact in 
the minor groove. Calla~line’~~ suggested that such clashes would 
be relieved by flattening the propeller twist, by rolling the base 
pair into the major groove, by sliding the base pair, and by 
decreasing twist. The clash can also occur between purines in 
the RY step in the major groove, but the clash is not as severe 
as in the minor groove of the YR step. Dickerson’“ quantified 
Calladine’s model by introducing parameters according to the 
severity of the clash, and was able to reproduce many features 
of the dodecamer X-ray structure. Although the Calladine- 
Dickerson model elegantly explains the experimental results, 
it does not prove that the steric clash caused by the propeller 
twist is responsible for the conformational variation. The ob- 
served DNA structure could be determined by a balance among 
many attractive and repulsive forces acting between base pairs. 
By looking at the structure, it is difficult to see whether the 
clash is the cause or the result of such a balance. Although 
that model has been extended to A-DNA structures with partial 
success,1M it does not distinguish between the two purines or 
between the two pyrimidines and fails to explain the DNA 

Table l a  

Base step 

A A F )  
GaCC) 
AT 
TA 
Gc 
CG 
CA(TG) 
AC(GT) 
CT(AG) 
TC(GA) 

Mean 

Average twist angle 

38 
40 
39 
24 
38 
23 
29 
40 
35 
38 

bending observed by gel e lectrophoresi~’~~*~~’ for various se- 
quences containing A runs. 

In order to test the importance of “propeller twist-induced 
steric clashes” in conformational variation, energy calculations 
were performed with artificially fixing the propeller twist at 
zero. 132 This eliminates steric clash between parallel, planar 
base pairs. Although the magnitude of the variation is slightly 
diminished in the absence of the propeller twist, calculations 
both with and without propeller twist show the same features 
of sequence-dependent variations observed in the dodecamer 
d(CGCGAATTCGCG) X-ray structure. The result clearly 
demonstrates that the steric clash induced by propeller twist is 
not essential to qualitatively account for the sequence-depend- 
ent conformational variation of DNA. Note in Table 1A that 
YR steps tend to be undertwisted. The CG step is undertwisted 
by more than 10” compared with a standard twist value of 36”. 
This is the same as in the dodecamer calculation, where twist 
at the CG step is 26 to 27”. This feature is due to eletrostatic 
interactions that also make important contributions to the var- 
iations of roll and tilt. Analysis of the atoms responsible for 
the conformational variations reveals that in the case of the 
CG step, C2 and N2 of G have unfavorable interactions, both 
hard-core repulsive and electrostatic interactions, with atoms 
of the adjacent G in the minor groove. On the other hand, 06 
of G and C4 of C have favorable electrostatic interactions on 
the major groove side. These interactions contribute to rolling 
the base pairs in the CG step into the major groove, as observed 
in the crystal structure. These results suggest that electrostatic 
interactions among bases are a major driving force of the se- 
quence-dependent conformational variation. Propeller twisting 
enhances this effect by positioning the relevant favored atom 
pairs closer and by introducing additional repulsive forces. 
Steric clash itself is not the largest force effecting conforma- 
tional change, and certainly not the only force. The propeller 
twists should improve the stacking of adjacent bases in the 
same strand, but they are unlikely to be strong enough to cause 
large changes of roll and tilt, which might weaken the stacking 
stability. The propeller twist is unlikely to be the cause of all 

Average roll angle 

0.53 
1.9 

- 0.3 
5 
0.04 

- 8.4 
6.4 
0.3 

- 0.4 
-2.3 

Average tilt angle 

0.48 

0.04 

0.53 
1.6 

-0.9 
0.14 
0.6 

-0.9 

-0.8 

-0.14 

Stacking energies 

- 1.9 
-3.1 
- 1.5 
- 0.9 
-3.1 
-3.6 
- 1.9 
- 1.3 
- 1.6 
- 1.6 

35 0.3 0 -2 
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Table 1 b 

Basestep Twist 

AA 36 
AG 36 
AC 37 
AT 36 
GA 36 
GG 37 
Gc 36 
GT 36 
CA 35 
CG 33 
cc 37 
CT 36 
TA 34 
TG 35 
Tc 36 
Tr 37 

Roll 

3.6 
1.4 

- 1.2 
- 1.2 

1.2 
- 1.7 
- 1.8 

1.3 
4.4 

-7.9 
- 1.9 
- 1.1 

3.5 
3.3 

- 2.0 
3.4 

Tilt 

1.1 
1.4 
1.1 
0.2 
0.2 
1.4 
1 .o 

-1.6 
0.5 

-3.8 
0.1 

- 0.9 
0.3 

0.4 
-2.7 

-2.9 

Propeller 
twist 

7.6 
5.1 
7.6 
9.1 
5.2 
4.7 
7.4 

11.0 
9.2 
7.9 
6.8 
5.2 
8.8 
7.1 
6.0 
7.9 

the conformational variation, as proposed previously, 142*144 but 
rather it may play a passive role in affecting the sequence- 
dependent conformational variation, enhancing the electro- 
static effect. 

The present calculation also provides useful information about 

Table l c  

Base step Twist Roll 

AA 
AG 
AC 
AT 
GA 
GG 
Gc 
GT 
CA 
CG 
cc 
TA 
TC 
Tr 

36 
36 
36 
36 
36 
36 
36 
36 
35 
34 
36 
35 
36 
36 

2.0 
1 .o 

- 0.9 
-1.0 

2.3 
0.3 

-0.6 
-1.0 

6.1 
6.9 
0 
5.0 

-0.4 
0.3 

the sequence-dependent flexibility of DNA (see Table 1A). 
The apparent difference between calculated and experimental 
twist angles at the AT step is probably due to the very flat 
potential surface of this step. The calculated conformational 
fluctuation about twist at this step is 15" RMS deviation from 
the mean angle. Thus the difference is well within the range 
of thermal fluctuations. Such a large flexibility of the AT step 
is consistent with the structure reported for the complex be- 
tween EcoRI and DNA containing the AATT in 
which the AT step is strongly undertwisted by about 25°.132 

Whereas Table 1A has been calculated without harmonic 
forces, they have been included in the calculations in Tables 
1B and 1C. While the harmonic forces constrain the twist 
angles, making them closer to 3 6 ~ ,  these forces are to some 
extent artificially incorporated. Tables 1B and 1C differ in the 
parameters used in the calculations (see the table caption). 

B. DNA Structure In Upstream Regions 
Tables 1A through 1C sum the preferred twist, roll, and tilt 

angles calculated with different parameters (see Table 1 cap- 
tion) for all base pair steps.",132 Using the values in Tables 
1B and lC, tentative structures of the control region of the 
SV40 and of some of the SV40 composite elements have been 
computed (Plate l*). It should be emphasized, however, that 

Tilt Propeller twist 

0.3 
0.7 
0.6 
0.2 

-0.4 
0.3 
0.2 

-1.0 
-0.8 

2.3 
-0.6 
- 1.8 

0.4 
-0.9 

8.7 
5.6 
8.3 

10.0 
7.1 
5.8 
7.9 

11.0 
9.8 
7.8 
7.3 
7.5 
7.4 
9.5 

Note: Preferred angular parameters and calorimetric values for all base pair steps. The average twist, roll, and tilt 
angles are calculated at 300 K. Sequences in parentheses are the sequences of the matching strand. Although 
those represent the same structure, we calculate both complementary sequences. The numbers given here 
are the averages of the two. In Table la calculations are performed on the tetramer sequence "Mh4 by 
varying the twist (or roll, or tilt) at the central base step. Although the angles are mainly determined by the 
nearest-neighbor interactions, the values are affected slightly by the flanking sequences. This can be rectified 
by averaging over all possible flanking sequences (Tables lb and lc). The conformations of the 256 quartets 
have thus been calculated for Tables lb and lc. Table la is calculated without harmonic forces. In Tables 
lb and lc the harmonics are incorporated. In Table lb = 2, Q = 0.75. In Tables la and Ic E = 5, Q 

= 1. The twist values in la are taken from Reference 132, with a = 1.2. Positive roll means major groove 
compression. Negative roll implies minor groove compression. Further details of the computations are given 
in References 24, 127, 132. The stacking energies in Table la are taken from Reference 301. 

* Plates follow page 198. 

1 990 193 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Critical Reviews In 

even if our assumptions were true for short oligonucleotide 
structural calculations, for long DNA sequences we may have 
compounding of the errors. 

and Srini~asan '~~ have developed a 
rigorous program that translates the DNA primary base se- 
quence into a three-dimensional structure. 130~145 This program 
appears to be very successful in structural computations, in 
that there is good agreement between its predictions and the 
experimental  result^.'^*'^^ Using this method, the structure of 
the SV40 regulatory region has also been computed322 (see 
Plate 2). 

What aspects of the DNA regulatory sequence are unique 
and might aid in protein recognition and binding? The finding 
that oligo (dA).oligo (dT) tracts cause DNA bending may be 
an example of a relevant feature. Indeed, such tracts have been 
located upstream of promoters, 138~148 inside promoters, in pro- 
tein binding sites, and in origins of r e p l i c a t i ~ n . ' ~ ~ , ' ~ ~ * ~ ~ ~  Meth- 
ylation and ethylation interference experiments with the SV40 
T-antigen"O have shown that while the sequences flanking the 
oligo (dA).oligo (dT) run are bound to this protein, the (dA).(dT) 
run itself is not. Nonetheless, mutations in the (dA).(dT) run 
impair the protein binding. Apparently, then, the tract plays a 
role in bringing the flanking sequences into proper juxtaposi- 
tion, enabling T-antigen binding. Bent SV40 DNA has also 
been detected by Milton and Ge~te1and.l~~ Inokuchi et al.l5I 

note that there are bends of the DNA helical axis at the upstream 
activation sites of a cell-specific genes in yeast. The effect of 
the three possible substitutions at nucleotide 5258 in the po- 
lyoma enhancer has also been studied.152 The wild-type se- 
quence appears to be more curved than the sequence with one 
of the point mutations. The two other point mutations appar- 
ently abolish DNA curvature. 

Oligo (dG)-(dC) have also been detected upstream of 
genes.'53.154 In particular, the upstream sequence of the chicken 
adult PA globin gene containing contiguous Gs has been well 
studied. Fragments containing oligo (dG)-(dC) inserts mi- 
grate normally on polyacrylamide gels. Supercoiling, a pre- 
requisite for efficient eukarytoic transcription, may alter the 
DNA conformations of these sequences. These can manifest 
via hypersensitivity to S 1 n ~ c l e a s e ~ ~ ~ ~ ' ~ ~  and increased reactiv- 
ity with bromoacetaldehyde, lS5 suggesting some single-strand 
characteristics. Short oligo (dG).oligo (dC) are often present 
upstream of trmscription-initiation sites (see Section VIII). 
Some of these are the GC boxes (the GGGCGG), shown to be 
the Spl protein binding sites (see Section III). In her recent 
review, Olson'52 (and references therein) notes that there are 
many examples of GC-rich curved duplexes. Furthermore, GC 
base pairs are also found with comparable, if not greater, fre- 
quency than AT residues at bends in oligomeric X-ray struc- 
tures. These GC base pairs appear to be the major contributors 
to the perturbation found in computer simulations of DNA 
bending.157 Short GC and AT runs are also thought to be in- 
volved in the folding of the DNA around the nucleosomes . GC 

Maroun and 

base pairs might thus be, alongside TA, essential bending ele- 
ments of curved DNA.157 Studies of Milton and Gesteland14 
corroborate the latter point. Mutagenesis was used to identify 
the critical bases involved in bends in the SV40 DNA. One of 
their mutations (at position 110), interrupted a short run of Gs 
with no neighboring As. As a result, the DNA fragment mi- 
grated faster on the polyacrylamide gels, presumably due to 
straightening. Psoralen preferentially photoreacts with 5'TA 
and to a lesser extent with 5'AT. A psoralen-hypersensitive 
region was identified in the SV40. 158 This region extends from 
150 bp on the late side of the enhancers to the early promoter 
boundary. This may also be indicative of a sequence-directed 
structural alteration.158 

C. Some Clues to the Structure of the Promoter and 
Enhancer Elements 

Although the detailed structure of the enhancer and promoter 
elements is unknown, there are already some data bearing on 
this subject. Phase-sensitive, two-dimensional nuclear Over- 
hauser effect (NOE) spectra of [d(GGTATACC)], containing 
the TATA sequence has been carried 0 ~ t . l ' ~  In the structural 
model the GG and CC are in the B-DNA form, whereas the 
TATA moiety is in the wrinkled D (WD) form. The WDlm 
structure is characterized by the following properties:161 (1) 8 
bp per helical turn; (2) a much narrower minor groove, creating 
a hydration tunnel; (3) significant cross-strand hydrophobic 
interactions; and (4) alternating torsion values at TA and AT 
steps. 

The GGCCAATCT "CCAAT box" is composed of alter- 
nating two purines and two pyrimidines. The Calladine142- 
Dickerson'" rules predict for such a sequence an interesting 
symmetric pattern of twist and roll angles.162 The twist and 
roll angles of Table lA",132 still predict a roughly symmetric 
pattern (Figures 3A and 3B). 

The yeast analog of the CCAAT box is the UAS2 with the 
T G m G G T  consensus .65J63 The yeast HAP2/HAP3 factors 
bind to this element (see Section VI). It is interesting to note 
that the ATTGG sequence, contained within this UAS2 con- 
sensus, is complementary to the CCAAT box consensus. Fur- 
ther, as discussed in Section VIII and shown in Figure 5E, 
ATTGG occurs frequently in higher eukaryotes at the same 
site as the CCAAT. The symmetric patterns of twist and roll 
angles of this yeast analog are presented in Figures 3C and 
3D. 

We repeated searches for consensus angular patterns in a 
variety of RNA polymerase 11 promoters - previously done 
with the Calladine142-Dickerson'"  value^'^.'^^ - with those 
of Table 1A. These searches have been unsuccessful so far. 
Marked deviations from average B-DNA values were found 
only at recurring consensus sequences, i.e., mostly the CA 
initiator (at position + 1) and the TATA (at - 30). 

Two additional considerations might help elucidate some 
aspects of the structure of the DNA and, in particular, might 
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Twist Angle, CCAAT Box 

400 

380 

360 

i p 340 
0 

32 O 

300 

2 8 0  

I I I I I I I I I 

G G C C A A T C T  

Sequence 

A 

Roll Angle, CCAAT Box 

-4 t 
L I  I I I I I I I I 

G G C C A A T C T  

Sequence 

B 

FIGURE 3. Structural variation in the CCAAT box and in the yeast UAS2. 
The variation in the (A) twist and in the (B) roll angles for the GGCCAATCT 
sequence, usually found 75 to 80 nucleotides upseeam from transcription 
initiation sites in higher eukaryotes. The variation in the twist (C) and roll (D) 
angles for the yeast TGATTGGT UASZ. This is the recognition sequence for 
the HAp2/HAp3 yeast proteins. Positive roll is major groove compression; 
negative roll is minor groove compression. The base pair step twist and roll 
values BIT taken from Table la. The twist and roll patterns of the CCAAT 
box are symmetric. Note that the GGCCAATC sequence of higher eukaryotes 

is complementary to the yeast G - TTGGT. It is intriguing to observe in 
Figure 5E that in higher eukaryotes the AlTGG is frequently in the same 
position as CCAAT. Note also that this sequence is composed of alternations 
of two purines and two pyrimidines, RRYYRRYY, already observed to yield 
symmetric angular variations. 

A 
G- 

400 

36 O 

tn 0 

p! m 
c? 

320 

28 O 

8 

6 

4 

f 2  
ea 0 
0 

0 

-2 

-4  

Twist Angle, Yeast HAPZlHAP3-UASZ 

T G A T T G G T  
G 

Sequence 

C 

Roll Angle. Yeast HAPZIHAPB-UASZ 

I I I I I I I I 

T G A T T G G T  
G 

Sequence 

D 

aid in determining the positioning of nucleosomes and regu- 
latory proteins. These are the groove width and the DNA an- 
isotropic flexibility. Satchwell et al.'" have noted that GGC/ 
GCC, AAA/TlT, AATIA'IT, and AGC/GCT are periodically 
phased along nucleosomal eukaryotic DNA. Traver~'~' and 
Travers and K1ug'68 have suggested that such oligomers possess 
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distinct conformations. In such conformations AT sequences 
have a narrow minor groove, whereas GC sequences possess 
a compressed major groove. There are a number of observa- 
tions supporting this fact, including DNA crystal struct- 
u r e ~ , ~ ~ ~ - ~ ~ ~  hydroxyl radical cutting nucleosome po- 
~it ioning,”~ and NOE studies.Is9 Further, in curved DNA, A/ 
T (G/C) sequences tend to be positioned with compressed minor 
(major) grooves, respectively, facing the protein.’67*168 DNA 
bending will be in a direction further compressing the AT minor 
groove and the GC major groove. Thus, scanning upstream 
(or other) sequences, some predictions of the directionality of 
DNA bending may be made. In most DNA-protein complexes 
studied to date (e.g., nucleosomes, gyrase, EkoRI, h-repressor, 
phage 434 repressor), the protein prefers to be positioned on 
the inside of the curve. This point cannot, however, be gen- 
eralized. The DNAase I crystal structure174 indicates that the 
enzyme prefers being positioned on the outside of the curve, 
with the DNA bent away from the protein. Possible implica- 

tions for the protein-DNA interactions in regulatory regions 
are discussed in Sections VI and VII. 

D. The Major and Minor Grooves as Carriers of 
Information 

A basic important question is how does a specific regulatory 
protein or drug “know” where to bind to the DNA chain. The 
basic information is stored, after all, not in the sugar phosphate 
backbone, but in the ordering of the bases that are enclosed 
inside the double helix. In order to recognize different specific 
sequences, the protein (or drug) must exhibit a physical com- 
plementarity to a particular base sequence that it recognizes, 
either in shape, charge, polarity, or pattern of hydrogen bond- 
ing.175 The base sequence can be sensed only by probes that 
fit within the major and minor grooves sensing the chemical 
features of the edges of the Watson-Crick base pairs (Figure 
4). These features include the positioning of hydrogen donors 
and acceptors, the hydrophobic thymine methyl group in the 

A 

B 

FIGURE 4. (A) T*A and C G  base pairs, showing potential hydrogen bond donors (arrowhead pointing away from base pair) and acceptors (arrowhead pointing 
toward base pair). Black dots are C1‘ atoms of deoxyribose. Small open circles are nitrogens, and large open circles are oxygens. * = Methyl group of thymine. 
The upper edge of each base pair is the major groove edge, and the lower is the minor groove edge. (B) Reversals of base pairs, showing similarities or differences 
in hydrogen bonding positions. Left F A  (open bonds) over A*T (solid bonds). Right: C G  (open) over GC (solid). Note that hydrogen bonding positions nearly 
overlap in the minor groove, meaning that outside molecules cannot recognize base pair reversals. (From Dickerson, R. E., Kopka, M. L., and Pjura, P. E., 
DNA-LigandInteracrions, Guschlbauer, W. and Saenger, W., Eds., Plenum Press, NY, 1987, 45. With permission.) 
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major groove, and the bulky guanine NH, group in the minor 
groove. 175 

Recognizable information is thus stored in the major and 
minor grooves. Dickerson and suggest that the 
major groove has about twice the information content of the 
minor groove. This rationale is as follows: A-T base pairs differ 
from G-C ones in either the major or the minor groove. How- 
ever, as Figure 4 shows, A-T and its T-A reversal have different 
hydrogen donor-hydrogen acceptor patterns in the major groove. 
Also, the CH, occupies a different position. On the other hand, 
in the minor groove, A-T and T-A are indistinguishable. An 
analogous situation exists for G-C vs. C-G reversal. A regu- 
latory molecule that senses the hydrogen bonding pattern in 
the minor groove cannot discriminate between A-T and T-A, 
or G-C and C-G. Given the groove size and its information 
content, it is not surprising that crystal structure analysis in- 
dicates that sequence-specific DNA binding proteins interact 
mainly with the major groove. In the EcoRI co-crystal, the 
minor groove is almost ignored.I3O The pattern of hydrogen 
bond donors and acceptors in the major and minor grooves is 
given in Table 2. 

This, however, does not exclude a protein exploitation of 
the sequence-dependent geometry of the minor groove. Neither 
does it exclude a protein reading of the spatial phosphate back- 
bone atom coordinates. The latter is also clearly determined 
by the geometry of the specific base sequence.176 

In Section VI we discuss in detail some insights into protein- 
DNA interactions provided by the recent results. As described 
below, regulatory proteins apparently contain at least two mod- 
ules. One is a sequence-specific DNA binding domain, and 
the second interacts with other regulatory proteins or with the 
RNA polymerase 11. 

VI. THE MODULAR NATURE OF THE 
TRANSCRIPTION FACTORS 

A theme emerging from recent reports is that the mechanism 
of RNA polymerase 11 is remarkably conserved in eukaryotes.52 
There are several examples of sequence and functional simi- 
larity between yeast and mammalian transcriptional activators. 
The yeast transcriptional activator GCN4 uses the same DNA 
binding site as the chicken oncogene jun'6*22 and its mammalian 
AP1 homologue.I7 Transcriptional activators that bind to sites 
containing the CCAAT sequence are heteromeric complexes 
in both mammals and yeast (HAP2 and HAP3).64,65*177 Inter- 
estingly, even the interactions between subunits of these pro- 
teins have been conserved. This is indicated by the fact that 
hybrid complexes containing a HAP2 (or HAP3) subunit and 
a mammalian CPlA (or CPlB, respectively) subunit still bind 
DNA specifically.& The mechanism of transcription activation 
by specific upstream DNA binding proteins has been conserved 
as well.52 The yeast GALA activator stimulates transcription 
from mammalian promoters containing the GAL4 recognition 

seq~ence . '~* '~  Moreover, even the fos oncogene, which ap- 
parently acts as a transcription activator, promotes transcription 
in yeast when it is fused to yeast DNA binding domain.*' The 
next section focuses on various aspects of transcription regu- 
lation in yeast. 

Transcription of the yeast GALA (galactose metabolizing) 
genes requires the GAL4 proteir5 DNAase I footprinting and 
methylation protection experiments indicate that GALA binds 
to four sites in the upstream regulatory region of the GAL 
 gene^.'^^.'^^ Comparison of the corresponding DNA sequences 
in these sites suggests that a 17-bp sequence of imperfect dyad 
symmetry is important for GALA recognition. The GCN4 pro- 
tein is required for initiation of the transcription of many en- 
zymes synthesizing amino acids during amino acid starvati~n.~ 
GCN4 binds to specific sequence in the promoter regions of 
all co-regulated genes.18oJ81 The GCN4 DNA binding element 
is a 9-bp palindrome, with one to two deviations from the 
consensus ATGACTCAT frequently ob~erved.~ Transcription 
of the yeast CYCl gene, encoding is0 -1- cytochrome C, is 
activated by two adjacent upstream activation sites, UASl and 
UAS2.65*163 The activity of UAS2 depends on both the HAP2 
and HAP3 proteins. Mutations of these proteins inactivate 
UAS2, suppressing the expression of genes involved in the 
respiratory metabol i~m.~~ It is worth noting that the common 
DNA recognition element, TGWGGT,  is homologous to the 
CCAAT box, recognized by higher cell transcription fac- 

Detailed analysis of transcription factors suggests that the 
two functions of DNA binding and transcriptional activation 
originate in two specific, physically separate regions of these 
proteins. Thus, analysis of truncated versions of the GAL4 and 
GCN4 indicates that the DNA binding domains are constrained 
within short regions of the  protein^.^ Also, for the GALA, 
containing 881 amino acids, the N-terminal 73 amino acids 
are sufficient for specific DNA binding.'" Likewise, the 60 
C-terminal amino acids in the GCN4 281 amino acids long are 
sufficient for DNA binding.5*8 While these truncated proteins 
bind to the DNA, neither activates transcription. In fact, the 
binding of these shortened proteins to their cognate DNA se- 
quences even represses transcription,8J84 perhaps by saturating 
these DNA elements. Brent and Ptashne7 have clearly shown 
this physical separation of the functions responsible for DNA 
binding and transcription activation protein modules .5 Specif- 
ically, they have constructed a hybrid protein in which the 73 
N-terminal GAL4 DNA binding domain was replaced by the 
DNA binding domain of the Escherichiu coli LexA repressor. 
When a LexA recognition sequence was fused to the GALA 
genes promoter, this hybrid protein activated transcription. In 
the hybrid, the DNA binding domain is contributed by the 
LexA protein and the activation domain by the remaining GAL4 
domain. As expected from the modular nature of the protein, 
the hybrid did activate transcription. Hope and StruhP have 
similarly shown that a LexA-GCN4 hybrid protein, in which 

tors. 182.183 
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the LexA DNA binding domain is fused near the N-terminus 
of GCN4, can stimulate transcription by binding to sites con- 
taining either the GCN4 or LexA DNA recognition sequence~.~ 
This suggests that the GCN4 transcription activation domain 
is functional whether a DNA binding domain is located at its 
natural C-terminal position or at the inverted N-terminal 
po~ition.~ 

In another set of experiments, StruhP shows that the jun 
oncoprotein, which causes sarcomas in chicken, efficiently 
activates transcription in yeast, either through its own or a 
heterologous DNA binding domain. The jun protein is probably 
the oncogenic version of the normal AP-1 transcription factor. 
jun and GCN4 bind to the same DNA consensus sequences16 
ATGGTCAT,lB5 even though the DNA binding domains in 
jun and GCN4 have only 45% of their amino acid sequence 
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in common. A hybrid protein containing the entire jun amino 
acid sequence fused to a LexA DNA binding domain activates 
transcription of yeast amino acid biosynthetic genes. In these 
genes, the LexA operator has been fused in the upstream re- 
gion. (In fact, in terms of transcriptional activation function, 
the jun oncoprotein is nearly as functional in yeast cells as 
GCN4, a native yeast activator pr0tein15). Thus, the modular 
nature of the protein transcription factors is clearly manifested 
and, furthermore, it allows elucidation of roles played by a 
variety of proteins. 

The functioning of structurally altered regulatory proteins of 
RNA polymerase 11-transcribed genes has been analyzed. 
This identified a protein domain important for hormone bind- 
ing, in addition to the DNA recognition and activation domains. 
The steroid hormone receptor proteins that bind to and activate 
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FIGURE 5. The frequencies of occurrence of (A) mononucleotides, (B) doublets, (C) triplets, (D) quartets, and (E) pentamers in 
. 1641 eukaryotic sequences. The sequences are from the following GenBank categories: primates, rodents, other mammals, non- 

mammalian vertebrates, invertebrates, and viruses. The sequences have been aligned by their transcription initiation site (position 
0). Negative values on the X axis are upstream positions. A window (of length 25 for mononucleotides, triplets, and quartets; length 
15 for doublets; and length 50 for pentamers) has been shifted by one nucleotide at a time across the aligned sequences. The percent 
oligomer occumnce in the window is computed. Of particular interest is the G/C abundance upstream of the TATA box, and the 
complementary CCAAT and ATTGG sequences that peak at the same position in (E). A'ITGG is also part of the UAS2 in yeast. 
(See also the Figure 3 caption.) 
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A 

B 

PLATE 1. Putative computer-generated structures of the SV40 control region. The structures have been generated using 
the angular values of Tables l a  and b. (A) The largest fragment portrayed here, nucleotides 5171-5243, 1-350; (B) T- 
antigen binding sites, nucleotides 5184-5243, 1-61; (C) T-antigen binding site I, nucleotides 5184-5209; (D) two 21 bp 
repeats, nucleotides 62-103; and (E) the 72 bp enhancer repeats, nucleotides 107-250. C and D are given in stereo. The 
GenBank numbering system is used. Two structures have been computed for each region: in blue = 2, and Q = 0.75 
(Table la); in red = 5, and Q = 1.0, (Table lb) where t is the bulk (average) dielectric constant. The 5’ ends of every 
two corresponding structures of the same region have been superimposed on the Evans and Sutherland computer graphics 
system. As expected, with a smaller dielectric constant (c), the structures are more bent. The computations have been 
done on the Cray. (See. References 24, 127, and 132.) 
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PLATE 1C 

PLATE 1D 
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PLATE 1E 

A B 

PLATE 2. Putative computer-generated stereo structures for the SV40 control region. These structures have been generated at 
Rutgers by M. Babcok and Drs. W. Olson and A. Srinivasan. Details of the computations are given in References 129, 130, 
143, and 145. Although the methods of the calculations used here and for Plate 1 differ, there is some structural similarity. In 
our model (Plate 1) the harmonic forces make the backbone closer to ideal, with twist nearer 36". (The harmonic forces incorporate 
the backbone effect on twist coordinates.) Here, it was assumed that twist is 36", regardless of the sequence. (A) T-Antigen 
binding site I, nucleotides 5184-5209; (B) two 21 bp repeats, nucleotides 62-103. These structures correspond to Plates 1C and 
D, respectively. The color scheme is as follows: Adenines - red, Cytosine - yellow, Guanines - green, and Thymines - blue. 
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Table 2 

Major groove 

Bape 
Pair H-Bond 

Hydrophobic H- 
interaction Bond 

Note: The hydrogen donors (D) and acceptors (A) in the major and minor grooves in the 
DNA. In parentheses is the group that can make hydrogen bonds with the side chains 
of the amino acids. These amino acids are present in the DNA binding domain of the 
protein. The methyl group is important for hydrophobic interactions. The order of the 
hydrogen donors and acceptors noted here is reading across the floor of the groove 
startjng with the purine for A*T and G.c and with the pyrimidine for F A  and CG. 

steroid-inducible enhancers have been studied extensively.**” 
It was found that the binding site for the receptor-ligand com- 
plex coincides with the DNA sequences required for steroid- 
dependent gene regulation. 2*m*186-197 

There is direct additional evidence that binding of the steroid 
receptor-ligand complex to the enhancer activates transcrip- 
ti0n.2.198-200 Molecular cloning allowed identification of three 
domains in the proteins: one binds to the DNA, one binds to 
the steroid, and one that stimulates transcription. 198~1999201-205 

The fmt  and third apparently partially overlap. The modular 
organization of the steroid receptors has been studied by re- 
placing the DNA binding region of the progesterone receptor 
with the corresponding region of the glucocorticoid receptor.2 
The hybrid protein binds to the glucocorticoid DNA recognition 
sequence and activates progesterone-dependent genes. 206 Thus, 
again, the DNA binding and transcription activation domains 
can be separated from the hormone binding domain2 Addi- 
tional studies with truncated receptor molecules have indicated 
that steroid binding may induce a conformational change in 
the receptor. Truncated molecules containing the hormone 
binding domain interact with the DNA and activate transcrip- 
tion only in the presence of the hormone.2 

Attempts to further characterize the conserved receptor do- 
mains, namely, the DNA binding domain and the function- 
ally independent hormone binding domain, were recently 
made.m*z05~m7 In these experiments, the human hormone bind- 
ing domain has been removed. Although mutants carrying the 
defective gene retain only 5% of their wild-type receptor tran- 
scriptional activity, they still appear to bind efficiently to es- 
tmgen-responsive  element^.'^*^ This suggests that the hormone 
binding domain plays an important role in the activation of the 
human estrogen receptor. Webster et al. l9 have recently shown 
that chimeras of the human estrogen receptor DNA binding 
domain and either GAL4 or GCN4 activating regions can ac- 
tivate a promoter region that is controlled by an estrogen- 
responsive enhancer. Godowski et al. ‘97 fused the DNA binding 
domain of the bacterial LexA repressor to the glucocorticoid 

receptor derivatives. These mutant proteins lack the original 
DNA binding domain. The resultant chimeric proteins activate 
transcription from promoters linked to the LexA operator. In- 
terestingly, regardless of the exact positioning of the LexA 
DNA binding domain within the hybrid protein, hormone bind- 
ing was still required for transcription activation. It thus appears 
that the hormone binding domain in the glucocorticoid receptor 
can act as a strong - and reversible - inhibitor of receptor 
activity. This reversible inhibition mechanism is independent 
of the DNA binding domain.Ig7 Further, these results also show 
that the receptor contains at least one activation domain in 
addition to the one overlapping the DNA binding domain. 
Apparently, this domain occupies a region near the receptor 
amino terminus. lg7 

As noted earlier, the HAP2/HAP3 proteins regulate tran- 
scription of the yeast CYCl gene by binding to the upstream 
activation site UAS2. The activity of UAS2 requires the pres- 
ence of both HAP2 and HAP3. The latter bind to their cognate 
DNA element in an interdependent manner.65 Tagging of the 
HAP2 and HAP3 can be achieved by gene fusion to LexA and 
P-galactosidase, respectively. This allows following the mech- 
anism of HAWHAP3 binding. These experiments show that 
these two proteins associate in the absence of the DNA to form 
a multisubunit activation complex. HAP2/HAP3 are analogs 
to the CCAAT binding proteins in higher cells. Three distinct 
proteins have been identified by Chodosh et al. ,64 CP1, Cp2, 
and NF- 1. All three appear to recognize their binding sites with 
highest affinity when assembled into a multisubunit complex. 
Like the HAP2/HAF’3 complex, the CPl , CP2, and NF-1 com- 
plex is also composed of heterologous subunits. 

What is the functional significance of heteromeric DNA- 
specific binding proteins? A greater variety of regulatory op- 
tions might be available to a protein composed of two or more 
subunits that are independently regulated. Moreover, the in- 
terchange of subunits among such proteins is likely to provide 
additional combinatorial complexity to gene regulation. 64 Are 
large gene families in eukaryotes regulated by complexes with 
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nonidentical subunitsF5 There is some preliminary evidence 
that points in this direction.208-210 

A. Activation Domains and Protein-Proteln 
Interactions 

The possibility of exchanging transcriptional activation do- 
mains between different protein factors without loss of activity 
suggested that these domains must share common character- 
istics. The amino acid sequences of these domains vary from 
one factor to another. There is, however, one common feature 
- all domains possess an excess of acidic amino acids, re- 
sulting in a new negative charge. Mutational studies of the 
activator domain suggest that its polypeptide is conformation- 
ally ill defined, and hence the name “negative noodle”. The 
“noodle” can function almost irrespective of sequence, pro- 
vided only that there is sufficient excess of acidic residues.6 
The first studies of this type have been performed with the 
GAL4 and GCN4578.211 transcriptional activators. Portions of 
the GCN4 have been found to be equally capable of activating 
the transcription normally done by GCN4. No significant se- 
quence homology has been detected between the GALA and 
GCN4 activation domains. Moreover, acidity is the only no- 
ticeable common characteristic of these domains and of random 
E. coli polypeptides fused to GALA DNA binding domain. 
These random chimeric proteins also displayed moderate tran- 
scriptional activation in yeast.212 Furthermore, the strength of 
the activation is correlated with the preponderance of negative 
~ h a r g e ; ~ , ~ ~ ~  mutations of a GAL4 derivative that increase or 
decrease negative charge usually increase or decrease activa- 
tion, r e ~ p e c t i v e l y . ~ . ~ ~ ~  In addition, the vertebrate jun oncopro- 
tein activates transcription in yeast through its acidic d ~ m a i n . ~ . ~ ~  
The activation of GAL4 through random fusion of E. coli 
segments encoding acidic amino acids may suggest that any 
negatively charged polypeptide would do.z1z These results, as 
well as similar studies of the GCN4,5*8 jun,I5 the herpes simplex 
virus VP16214 that activates transcription of immediate ear- 
ly genes, and additional observations (e.g., References 
18,19,64,66,197) support the view that the conformation of 
these “negative noodles” is ill defmed.6 However, there are 
also data suggesting that the E. coli peptides might not consist 
of independent activating regions. Rather, these regions may 
be inactive or partially active segments that act in combination 
with otherwise cryptic GAL4 acidic  region^.'^ This apparent 
need for a “stub” of eukaryotic activator may suggest that 
some recurring protein motif might nevertheless be required 
within the “negative noodle”. 

Intriguing results have recently been presented by Hope et 
aL4 These authors have investigated the structure and function 
of the GCN4 activation region by systematic, high-resolution 
deletion analysis and by proteolysis of the wild-type and mu- 
tated GCN4 proteins. Various deletions between the activating 
coding region and the DNA binding domains were made. They 
found that the smallest functional unit consists of 36 amino 

acids from the acidic region fused directly to the DNA binding 
domain (containing 89 amino acids). Thus, there is no need 
for a large flexible region between the transcription activation 
and DNA binding domain.4 Internal deletions of gradually in- 
creasing lengths did not reveal a position where there is a 
sudden complete loss of activity. Rather, a series of small step- 
wise reductions in activity was ~bserved .~  This can be con- 
trasted with analogous studies on enzymes, where deletions, 
including the active site, would most likely result in a drastic 
drop in activity. The direct correlation between the progressive 
drop in activity and the step-wise deletions provides additional 
evidence that transcription activation regions do not have a 
defined tertiary structure. Studies of the spacing between the 
activation region and the DNA binding domain indicated that 
the distance between the domains is ~nimportant.~ This pro- 
vides direct evidence that the activation region encodes a do- 
main that is independent from the DNA binding region. Hope 
et aL4 show that the GCN4 activity appears to be related to 
the size of the transcriptional activation region that remains 
after the deletions. They have not detected a single case where 
a shorter region activates transcription more efficiently than a 
longer one. The direct correlation between the length of GCN4 
activation region and transcription indicates a repeating struc- 
ture with additively enhanced action. It has been suggested 
that such a structure is an amphipathic helix with acidic and 
hydrophobic residues along different faces.4 The activation 
region might be a dimer of two intertwined amphipathic a- 
helices. Their hydrophobic surfaces would face each other and 
their negatively charged surfaces would be exposed to the sol- 

available for interaction with the RNA polymerase II.6 
The herpes simplex protein, VP16 and the chimeric GALA- 

VP16 construct, containing the GAL4 DNA binding domain 
and the VP16 activating region, have recently been shown to 
be particularly powerful Interestingly, in the ab- 
sence of the GAL4 DNA binding element, this protein, like 
the native VP16, is a very potent inhibitor of transcription. 
This is probably the result of its avid binding to the transcription 
initiation complex, RNA polymerase 11, TATA factor, and 
possibly additional factors. It would be interesting to find out 
what makes it such a strong activator. Does it, too, contain 
possible amphipathic helices? 

The above amphipathic model proposed to explain the GCN4 
results4 also fits nicely with available data on the RNA poly- 
merase 11. The carboxyl-terminal domains of RNA polymerase 
11 large subunit of yeast and mouse are known to contain 27 
and 52 heptapeptide repeats, respectively .6,124-125 Comparison 
of these and analogous RNA polymerase I1 domains from ad- 
ditional organisms yielded the canonical heptanucleotide se- 
quences, [tyr - ser - pro - thr - ser - pro - ser],. The 
carboxyl-terminal heptanucleotide repeat was termed CT7n by 
Sigler.6 Sigler suggests that the large number of the hydroxyl 
residues implies that this domain projects into the solvent. The 
proline residues may help in stabilizing the secondary structure 
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of this arm. There is evidence suggesting the CT7n is not 
required for enzymatic (catalytic) activity in minimal poly- 
merase II There is also evidence that beyond a 
minimal number of repeating units, its size and exact sequence 
is ~ n i m p o r t a n t . ~ ~ ~ . ~ ~ ’  The carboxylates of the acidic, “negative 
noodle” might, then, form strong hydrogen bonds with the 
projected “blob” of hydroxyl groups of CT7n.6 In this way 
the richness of the potential hydrogen-bonded contacts of the 
CT7n may allow serving many different transcriptional acti- 
vation factors and systems. After transcription initiation, re- 
lease of the polymerase from the activation factors might occur 
via phosphorylation of the hydroxyl groups in the CT7n do- 
main. Some further potential implications of the interactions 
of the acidic domain of the transcriptional activators with the 
FWA polymerase CT7n domain have been discussed in Section 
IV . 

A recent analysisZl6 of Spl revealed multiple transcriptional 
activation domains, including a novel glutatnine-rich activation 
motif. With the exception of one domain (domain D, located 
at the extreme carboxyl-terminal end of the protein), the other 
transcriptional domains of Spl apparently operate indepen- 
dently of one another. The activity of these domains is not 
critically dependent upon their spacing from each other or from 
the DNA-binding domain. A possible reason for these multiple 
independent transcriptional-activation domains is that they may 
supply the Spl with several options for protein-protein inter- 
actions at different distances and orientations from the DNA 
binding domain. This creates greater flexibility in the binding 
options of the general transcription machinery to the Sp1.218 
The activation module is thus also divided into several mod- 
ules. This further increases the number of ways in which the 
RNA polymerase 11 DNA elements-protein factors can be 
regulated. 

B. Sequence and Structure Motifs in the DNA 
Binding Protein Domains 

An essential part of gene expression and regulation is the 
binding of a regulatory protein to its recognition DNA element. 
Embedded in the structure of such proteins is a domain, or 
“motif”, that serves for binding to DNA.219 Proteins that reg- 
ulate the various functions of the DNA bind strongly to certain 
DNA sequences. The sequence specific DNA binding proteins 
that have been studied most extensively are the gene-activator 
and repressor proteins of bacteriophages. X-ray crystallo- 
graphic studies have revealed a structural motif common to 
several of these proteins.zz0*221 This motif is characterized by 
two a-helices juxtaposed at roughly right angles to each other 
by a turn of four amino acids. It is termed the “helix-turn- 
helix” motif. 

Undoubtedly, X-ray crystallographic studies of proteins bound 
to their cognate DNA oligomers are highly desirable. In par- 
ticular, we are interested in information pertaining to atomic 
interactions between the protein and the DNA. Since, however, 

a crystallographic study is a tedious and slow procedure, ad- 
ditional methods yielding valuable insights into the nature of 
the protein-DNA interactions are frequently used. At least for 
the A repressor-operator, there is a good agreement between 
the recent crystal structurezz2 and the results obtained using the 
other chemical, biochemical, and genetic methods. Ethylation 
interference experiments are commonly used. These experi- 
ments implicate the phosphates involved in the contacts be- 
tween the protein and the DNA. The pattern of hydroxyl radical 
cutting is also instructive.223 The small hydroxyl radical pre- 
cisely marks the stretch of DNA covered by the protein. This 
contrasts with the much larger DNAase I endonuclease itself. 
In the latter case, a longer piece of DNA would appear to be 
contacted by the protein, owing to an excluded volume between 
the DNAase I and the analyzed protein. 

Protection from chemical methylation is another approach 
yielding valuable information. The protected DNA region is 
inferred to be bound to the protein factor. Thus, protection of 
guanines in the major groove implies major groove protein- 
DNA contact. Methylation of adenines N3 minor groove im- 
plies no protein minor groove contacts. That last effect has 
been clearly shown by the h repressor-operator.221 Compairson 
of the sequences to which the protein binds indicates the con- 
served base pairs. These pairs are likely to be important for 
the protein-DNA interaction. The way in which single amino 
acid mutations in the proteins affect the binding of the protein 
to its cognate DNA sequence also provides useful information. 

The results obtained using such methods aid in the posi- 
tioning of the protein on the DNA. One should nonetheless 
avoid overinterpreting them in detailed (computerized) model 
building. In the case of the A-repressor-operator, there is good 
agreement between the co-crystal and models incorporating the 
results of these chemical, biochemical, and genetic studies. 
Probably this agreement stems from the fact that, as seen in 
the co-crystal of the A-operator DNA, in this case the DNA is 
quite straight and B-like. That, however, might not always be 
the case. There is great variability of possible DNA structures. 
In particular, DNA flexibility allows the observed large, pro- 
tein-induced changes in the various DNA angular (twist, roll, 
etc.) parameters. Several recent examples illustrate this point. 
In the phage 434 operator-repressor co-crystal the DNA is bent, 
with marked variation in twist, and the minor groove is com- 
pressed in the center.224 The 434 repressor bends the DNA to 
create a circular arc of 65 A. The bending, however, is not 
smooth. The DNA is relatively straight in the middle of the 
operator and bends on each of its sides. This permits contacts 
between the sugar-phosphate backbone and the amino terminus 
of one of the a helices of the repressor. The minor groove is 
compressed in the center and gradually widens toward both 
ends. The sugar-phosphate backbone on either side of the minor 
groove interacts with the loops between two a helices. Finally, 
the center of the operator is overwound by several degrees, 
and its ends are underwound .224 Protein-induced irregularity 
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of the DNA helix is also observed in the DNAase I co-cry~tal.”~ 
Here the 14-mer DNA has a B-type conformation, but with 
substantial distortion of both local and overall helix parameters. 
This is induced mainly by tyrosine and arginine interacting in 
the unusually 3-A wide minor groove. This widening is coupled 
to a 21 .5-A bend of the DNA away from the bound protein, 
into the major groove. In another case, the ECoFU restriction 
enzyme bends the DNA by about 30” into the minor 
As in the 434 operator, in the nucleosome the DNA is bent in 
a nonsmooth manner with a 43-A radius around the histone 
wtamer.2” Thus, in contrast to the remarkably constant protein 
structures, the DNA often appears to be significantly distorted. 
This reflects the intrinsic flexibility of the DNA and hence 
highlights the difficulty in predicting its interaction with a 
protein.174 

While crystals yield the most detailed structural information, 
it is doubtful whether or not this information truly reflects the 
structure existing in solution. Thus, the triple, bifurcated hy- 
drogen bonds observed in crystal structures of oligomers con- 
taining (dA),,*(dT), flanked by mixed s e q u e n c e ~ ’ ~ ~ - ~ ~ ~  may exist 
only in the crystals. No eukaryotic activator protein together 
with its cognate DNA recognition sequence has been crystal- 
lized to date. Nevertheless, the principles of the protein-DNA 
interaction are the same as those observed in prokaryotic pro- 
tein-DNA complexes. Analysis of these and of the amino acid 
sequences of some eukaryotic transcription activators has sug- 
gested the existence of several motifs in protein-DNA inter- 
actions. 

7.  Helix-Turn-Helix Motif 
Several bacterial repressor proteins, the trp, A repressor, 

phage 434 cro and repressor have been studied to date. All 
these proteins display the so-called ‘ ‘helix-turn-helix” motif 
in their binding to the DNA.176~222*224*226 As noted above, this 
motif consists of two successive a helices. The second a helix 
is located in the major groove of the DNA. The exact geometry 
of binding is, however, variable.227 This is the case even for 
the 434 repressor and cr0,*4*226,227 two proteins that have 50% 
amino acid sequence identity, very similar three-dimensional 
structures, and which bind to the same DNA operator sequence. 
In the Cro, CAP, and A repressor proteins, this motif binds to 
the DNA via’ hydrogen bonding and van der Waals interactions 
between the side-chains of the proteins and the edges of the 
base pairs that are exposed in the major groove. This is cor- 
roborated by the new crystal structures. 176-222*224,226227 It has, 
however, become clear that in addition to the sequence-specific 
interactions with the bases in the major groove, there are also 
multiple contacts between the protein and the phosphate back- 
bone. Whereas the first class of sequence-specific interactions 
discriminate between different DNA sequences, the other in- 
teractions with the backbone enhance the complementarity at 
the protein-DNA interface and increase the overall binding 
affiiity. 

The recently obtained crystal structure of the trp repressor176 
provides an example of an indirect “readout” of the DNA 
sequence-(structure) by the protein. Here the bases are hydro- 
gen bonded to the protein via water molecules. The operator 
sequence is apparently recognized by the changes it induces 
in the DNA backbone. It is not clear, however, whether this 
distortion of the backbone is large enough to allow sequence- 
specific recognition by the trp repressor. 

Recent studies have indicated that homoeo-box proteins are 
sequence-specific transcription  factor^.^*-^^^ The amino acid 
sequence of the homoeo motif of unc-86 (a Drosophila homoeo 
protein) is similar to those of three transcription factors (Oct- 
2, Pit-1 , and Oct-1). The recurring homoeo motif is apparently 
a DNA binding domain. Amino acid sequences that could form 
a helix-turn-helix motif are also present in the homoeo domain 
of several homoeo proteins. 229-232 This has been corroborated 
recently by the circular dichroism spectra of the homoeo-do- 
main peptide, showing the presence of a significant amount of 
a-helical structure .233 This Drusophila homoeo domain peptide 
is a sequence-specific DNA binding protein, recognizing the 
TAA repeat. It is interesting to note that unc-86, Oct-2, Oct- 
1, and Pit-1 have an additional homologous region upstream 
from the homoeo domain. 

2. Zinc Fingers 
The zinc finger was originally discovered repeated in tandem 

in the Xenopus transcription factor IIIA (TFIIIA).234 Since then 
it has been found in many regulatory proteins. Zinc fingers 
serve as modules for the building up of a specific nucleic acid 
binding domain.219 In the TFIIIA, each finger contains two 
closely spaced cysteines, followed by two his ti dine^.^^^ Bio- 
physical studies indicate that a zinc ion is tetrahedrally coor- 
dinated by the cysteine-histidine m ~ t i f . ~ ~ ~ * ~ ~ ~  This coordination 
imparts both stability and DNA sequence specificity.u1 In ad- 
dition to the two cysteines and two histidines, two aromatic 
residues and one leucine are conserved as well. 

There are at least two classes of finger proteins.237 Both have 
nucleic acid sequence-specific recognition capabilities. In the 
first C2H, (two cysteines and two histidines) class, the pairs 
of cysteines and histidines are separated by a loop of 12 amino 
acids. Recently, a complex finger structure has been suggestedm9 
from structures of known metal lop rote in^.^^^ There are at least 
two fingers separated by seven or eight amino acids. The tran- 
scription factor IIIA and the Spl protein2‘” that binds to the 
GGGCGG repeat are examples of this class.241 The second 
class, C, proteins, have a variable number of conserved cys- 
teines. Thus, in the yeast transcriptional activator GAL4 there 
is a cluster of six invariant cysteines. The steroid receptors 
contain two fingers, encoded by different e x o r ~ s , ~ ~ ~  with four 
and five cysteines, respectively. 

In the glucocorticoid receptor the location of the metal-bind- 
ing finger has been defined by site-directed mutagene~is.”~ In 
fingers with more than four cysteines, multiple ions may share 
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the c ~ s t e i n e s ~ ~ ’ * ~  - a type of interaction observed in metal- 
lothionein. 244 

Direct evidence for the existence of zinc fingers in tran- 
scription factors is lacking. For several proteins there are, how- 
ever, indications that DNA binding is conferred by the zinc 
finger.237 In a “finger swap”, the putative finger region of the 
estrogen receptor has been replaced by that of the glucocor- 
ticoid receptor, and the DNA binding specificity of both has 
been altered.206 The Spl binds DNA with an isolated finger 
region. 240 

Frankel and Pabo245 have cautioned that the definition of 
“zinc finger” domains has become too loose. Strictly speak- 
ing, zinc fingers must contain two cysteines, two histidines, 
two aromatic residues, and one leucine with proper spacing. 
DNA-binding proteins containing several cysteines, but not the 
other linger components, might not have the characteristic three- 
dimensional structure of a “finger”. While the cysteine resi- 
dues in these nuclear receptors (e.g., adenovirus ElA, GALA) 
probably still bind zinc, this cysteine-containing domain might 
be involved in protein-protein interaction, rather than in DNA 
recognition. 

3. The EcoRl Restriction Endonuclease 
Although the binding of an enzyme that cleaves the DNA 

backbone might differ from that of a regulatory protein, it 
nevertheless is instructive to inspect its mode of interaction 
with the DNA. In the EcoRI co-cry~tal,’~’ the two a helices 
in each subunit touching the DNA are part of a domain in 
which several a helices surround a five-stranded p sheet.*& 
The major a helical regions are oriented to allow their elec- 
tropositive amino ends to point at the negatively charged DNA, 
with the negatively charged glutamates also forming hydrogen 
bonds with several of the same base pairs. Two stranded p 
sheets wrap around the DNA in the major groove. The EcoRI, 
which binds specifically only to its GAATTC recognition se- 
quence, has two hydrogen bonds with each base pair. Such a 
network of hydrogen bonds is not observed with the other, less 
specific, bacterial repressors. 

4. Minor Groove Interactions 
As noted above, the major groove is information rich and 

is thus a prime candidate for DNA-specific protein interaction. 
Nevertheless, minor groove interactions have been observed 
as well. A study of the structure of DNAase I crystallized with 
a self-complementary octa-nucleotide has been reported re- 
~en t ly . ”~  It shows that an exposed loop of DNAase I binds in 
the minor groove of B-type DNA. Hydrogen bondings with 
the backbone are observed as well. While the cutting rates of 
bovine pancreatic deoxyribonuclease I vary along a given DNA 
sequence, indicating that the enzyme recognizes sequence-de- 
pendent structural  variation^,"^*"^ it is still not a sequence- 
specific DNA binding protein. It can thus be argued that only 
a relatively inspecific protein binds to the information-poor 

minor groove (see Section V). The sequence-dependent vari- 
ation in the minor (and major) groove width is also likely to 
play a role. A model of sequence-specific DNA binding in the 
minor groove has recently been suggested for the A integration 
host fact0r2~~ and the HU bacterial chromosomal protein. 

5. Steering the Protein into the DNA Grooves 
Recent studies have shown that in addition to the direct 

atomic interactions between the amino acid side chains and the 
DNA base pairs, there is a limited number of structural motifs 
that steer the appropriate amino acid side chains of the protein 
into the DNA grooves.221 These structural motifs are composed 
of amino acids that mayzz2 or may notzz’ make direct contact 
with the DNA. In the former case they interact with the sugar- 
phosphate backbone. In the latter case they form what Land- 
schulz et aLU1 term “three-dimensional scaffolds” that match 
the contour of the DNA. The amino acid sequences of these 
scaffolds in several proteins are ~ i m i l a r . ~ ~ ’ . ~ ~ ~  

The co-crystals of the A repressor, the phage 434 repressor, 
and the trp176~222~2z4.226*250 have an extensive network of inter- 
actions between the proteins and the DNA sugar-phosphate 
backbone. These contacts aid in the precise positioning of the 
helix-turn-helix motif on the DNA. Interestingly, most of these 
contacts, at least for the A and phage 434 repressors, involve 
polar side chains or peptide -NH groups.222 Lysine and ar- 
ginine are not used to make many of the phosphate contacts. 
Alternatively, it is possible that hydrogen bonds with polar side 
chains may have a greater directional specificity when com- 
pared with the salt bridges formed with the charged groups of 
lysine and arginine.u2 Surprisingly, shorter polar side chains 
are preferred. Jordan and Pabo222 hypothesize that since the 
shorter side chains are less flexible they may help in positioning 
the repressor more precisely. In any case, it appears that these 
contacts enhance the specificity by positioning the “correct” 
residues in contact with the “correct” bases. In the A repressor, 
the amino acids contacting the backbone are found at the be- 
ginning, middle, and end of the helix-turn-helix motif. These 
precise structural requirements may help explain the strict con- 
servation of this helix-turn-helix motif.2u Residues from the 
carboxyl end of helix 1 and the amino terminal of helix 4 also 
touch the backbone. This may explain the structural homology 
in these regions between proteins containing the motif. 22231.252 

A new motif involving protein-protein interactions between 
paired helices has been described recently. It may create three- 
dimensional scaffolds that match the contour of the DNA.”’ 
This intriguing motif consists of a periodic repetition of leucine 
residues. The leucines appear to extend from an unusually long 
a helix. Landschulz et al.221 propose that the leucine side chains 
of one helix interdigitate with those of a matching helix from 
a second polypeptide, forming a stable, noncovalent linkage, 
termed the “leucine zipper”. In this class of proteins such 
paired helices may play a crucial role in arranging the contact 
surface for sequence-specific interaction with the DNA. 
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The periodic array of leucines was first noted in a CCAAT 
binding proteinz2’ (see Section 1II.A and references therein). 
This protein also binds to an enhancer core region that is ho- 
mologous (i.e., well conserved) in many viral enhancers. The 
amino acid sequence composing the relevant part of this protein 
has been arranged on a schematic ci helix. It was found that 
one side of the helix was composed predominantly of hydro- 
phobic amino acids (particularly leucines), while the other side 
displayed amino acids with charged side chains and uncharged 
polar side chains.221 Periodic leucines were later found in ad- 
ditional DNA binding proteins of organisms ranging from yeast 
to man: GCN4, v-fos, v-jun, mouse c-myc, human N-myc, and 
human L-myc. In these proteins, leucine repeats at every sev- 
enth position at least four times. These ci helices appear to be 
unusually stable. They are stabilized both by the amphipathic 
arrangement of hydrophobic amino acids and by the occurrence 
of oppositely charged amino acids. The latter are arranged in 
a manner that allows formation of salt bridges, and an excep- 
tionally high density of ion pairs was observed by Landschulz 
et al . z21 

Based on the above observations, these authors have pro- 
posed the leucine zipper model. In this model, the leucine 
“spoke” of the helical “wheel” interdigitate with another 
leucine “spoke” coming from a second “wheel”. That could 
happen since in each wheel there is only one hydrophobic 
“spoke”. The “thin” and “long” leucines were naturally 
selected for the interhelical hydrophobic interactions and pre- 
ferred over the bulky short or stubby geometries of other hy- 
drophobic amino acids. Interdigitation of leucine “spokes” 
with the helices arranged in an antiparallel orientation appear 
to be optimal for chain interlocking. In the CCAAT binding 
protein, the region immediately adjacent to the leucine zipper 
has a high proportion of basic amino acids. Interlocking of the 
leucine zipper of two polypeptides would juxtapose the posi- 
tively charged regions of the two polypeptides in a manner 
suitable for sequence-specific recognition of the DNA .zzl Sev- 
eral papers have appeared in December 1988 corroborating the 
intriguing “leucine zipper” hyp~thesis .~”-~~’ Three murine jun 
proteins, c-jun,zsz,253 jun-B, and jun-Czs4 bind DNA either as 
homodimers or heterodimers. DNA binding by jun was mark- 
edly increased when c-fos was present.z53*2s4-2s6 c-fos thus ap- 
pears to be a natural partner of jun. There is direct evidence 
that a leucine zipper plays a role in the fos-jun in t e ra~ t ion .~~~ .~”  
Mutagenesis of the fos protein shows that a heptad repeat of 
leucine residues stabilizes the interaction between fos and junZ6 
Further, the basic residues adjacent to the leucine repeat of fos 
contribute to the DNA binding potential of the complex.256 
Studies with truncated fos proteinsz7 also indicate that the fos 
leucine zipper domain is necessary for the DNA binding and 
that other protein regions must be important in confemng the 
high-affinity binding to the target sequence. * 
* Note added in proof: Structural studies have recently shown that the two 

a-helices of the leucine-zipper are arranged in a parallel orientation. 

C. Importance of DNA Stiffness in Protein-DNA 
Binding Specificity 

The importance of DNA stiffness in protein-DNA interac- 
tions has recently been shown for the 434 repressor-operator 
binding.zs8 As might be expected, the sequencedependent DNA 
structure makes for sequence-dependent stiffness. The latter 
may be significant whenever a protein (or other ligand) bends 
or twists the DNA to form its bound complex. The relationship 
between DNA sequence and flexibility has also been addressed 
in Section V and VI.z4*’3z 

VII. NUCLEOSOMAL DNA AND 
ADDITIONAL CONSIDERATIONS OF 
NUCLEOPROTEIN COMPLEXES 

The bulk of eukaryotic nuclear DNA is folded into a higher- 
order structure with the nucleosome serving as the basic re- 
peating motif. The nucleosome is formed by a left-handed 
superhelical winding of about 150 bp of DNA around eight 
histone molecules. A varying length of linker DNA lies be- 
tween these histone octamers. z59-262 Some structural consid- 
erations as well as experimental evidence suggest that the tightly 
wound superhelical nucleosomes are at least partially unwound 
during transcription (reviewed in Reference 262). The heat 
shock 70 (hsp70) protein genes of Drosophilu provide a par- 
ticularly well-studied system. The chromatin structure of the 
hsp70 genes changes upon transcription activation. 261-265 Un- 
like most of the hsp70 nucleosomal gene, the -350-bp pro- 
moter proximal control region is hypersensitive to nucleases, 
and thus apparently nonnucleosomal both prior to and follow- 
ing the heat s h o ~ k . ~ ~ ~ * ~ “ - ~ ~ ~  The promoters of additional, fre- 
quently transcribed genes have also been shown to be nuclease 
sensitive (e.g., References 270, 271). In particular, the SV40 
regulatory region (Figure 1 )  is known to be nucleosome 
free.272*273 Nevertheless, in vivo part of the regulatory regions 
is not naked in solution. These regions are still packaged to 
varying degrees in higher-order structures. Also, enhancer ele- 
ments of both the heavy and k-light chain immunoglobulin 
genes found in the intron between the variable and constant 
regions274.27s are likely to be present in a nucleosomal stretch. 

In a recent review276 an important question has thus been 
raised: Can transcription factors that recognize their DNA se- 
quences in solution also recognize them when they are incor- 
porated into nucleosomes? Following Morse and S i m p ~ o n , ~ ~ ~  
I next describe some considerations pertaining to this question. 

The DNA helix is severely deformed by its incorporation 
into nucleosomes. (1) The substantial bending of the DNA 
helix in looping around the nucleosomes changes the widths 
of the grooves. The crystal structure of the nucleosomal core 
particleUS shows that in the region about 10 bp from the mid- 
point, the width of the minor groove varies from 7 8, on the 
inner face of the helix (facing the histone octoamer) to 13 8, 
on the outside. Likewise, the major groove varies from 1 1  to 
20 A. Another severe conformational perturbation that is likely 
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to affect protein-DNA recognition is (2) the presence of sharp 
kinks positioned one and four helical turns away from each 
side of the nucleosomal DNA. If the recognition sequence is 
inside the nucleosome, and in particular within the region near 
the midpoint, the first type of deformation (1) may imply that 
the protein recognizes bent DNA. In the nucleosome the DNA 
is bent toward the histones. In this case the protein factor would 
probably have to prefer binding to DNA bent away from it. 
We recall that the crystal structures of proteins complexed with 
DNA have mostly shown the DNA bending toward the protein. 
This is the case, for example, for the phage 434 repress09~~ 
and ECORI.’~’ However, in the DNAase I co-crystal the DNA 
is bent away from the enzyme.’74 If the recognition sequence 
embraces the DNA kinks (the second type of perturbation, [2], 
noted above), its backbone and base-pair stacking interactions 
would be grossly deformed. This could either hinder recog- 
nition by interrupting a sequence, or might serve as specific 
motifs for interaction between proteins and nucleosomal DNA. 
Recent studies (summarized in Reference 276) indicate that in 
comparison with other helical parameters, alterations in DNA 
twist are of marginal importance in considerations of proteins 
interacting with nucleosomal DNA. 

Morse and S i m p ~ o n ~ ~ ~  raise additional steric and ionic con- 
siderations, pointing against recognition of signals inside the 
nucleosomal particle. The association of the histone proteins 
with the DNA, and the proximity of almost two turns of DNA 
around the nucleosomes with the DNA also “entering” and 
“exiting” the nucleosome core particle can render the DNA 
inacessible to many regulatory proteins. 

It appears that regulatory proteins may cover a whole spec- 
trum, from recognizing only nucleosome-free DNA (e.g., 
TFIID, the TATA fact0r2~~) to recognizing only nucleosomal 
DNA in a particular orientation.276 In addition, there may be 
proteins that recognize the -50 bp of linker DNA, joining the 
two nucleosomes. Cross-linking studiess2 have shown that this 
DNA is also associated with histones. Recognition of DNA by 
transcription factors may thus require the nucleosomes to be ‘ 
displaced.117*277*278 For example, in the mouse mammary tumor 
virus promoter, steroid hormone induction appears to be ac- 
companied by an alternation or loss of nucleosomal struc- 
ture.276.279 Other strategies might also be employed by regulatory 
proteins in dealing with the presence of chromatin in their 
interactions with eukaryotic DNA. 

Is there a preferred nucleotide sequence orientation in nu- 
cleoprotein complexes? As noted above, the tight bending of 
DNA by a protein requires that particular stacking interactions 
between adjacent base pairs can accommodate the deformations 
in groove width.’” In nucleosomal DNA, the variation in groove 
width is correlated with the preferred occurrence of AAAA-I’T 
with the minor groove and GGG/GCC with the major groove 
facing the histone octamer.’66 As discussed in Section V de- 
scribing DNA structure, A/T sequences have a narrower minor 

groove, whereas G/C sequences have a narrower major groove. 
In bent DNA, the groove that faces inward is narrower, and, 
consequently, the groove that faces outward is wider. Thus, 
when DNA is bent toward the protein, as in nucleosomes, A/T 
sequences are preferentially positioned with their minor groove 
facing in. In G/C sequences, the major groove faces in. The 
preferential occurrence of these sequences in nucleosomal DNA 
is periodically modulated. If the direction of curvature is con- 
stant and the bending is uniform, the sequence periodicity 
should coincide with the double helical periodicity. 168~173 This 
means recurrence of A/T or of G/C sequences every 10 bp. 
The distance between the A/T and G/C nucleotides should 
preferably be half a helical turn. This periodic recurrence has 
been noted not only for nucleosomal sequences,’M*’68 but for 
DNA sequences involved in other nucleoprotein complexes as 
well.’68 The relative contribution of bending to the complex 
formation is likely to depend both on the magnitude of the 
curvature and on the length of the curved DNA segment. 

A sequence-specific regulatory protein that bends the DNA 
considerably280*281 is the E. coli CAP protein. From the di- 
mensions of the complex formed and its energetics282 it has 
been concluded that this palindromic DNA is bent toward the 
protein. This is in agreement with predictions based on the 
periodic G/C and A/T sequence recurrence and their positioning 
with respect to the palindromic axis of symmetry.’68 

VIII. POTENTIAL UPSTREAM 
SEQUENCE/STRUCTURE SIGNALS 

To motivate the search for signals, let us recall some of 
the basic generalities discussed above and illustrate with a few 
additional examples.283 Within long DNA stretches in eukar- 
yotes, specific sequences and/or structures are present to serve 
as signals to the eukaryotic transcriptional proteins. Recogni- 
tion and regulation are not based on just one signal, but rather 
on the combination of several components. One signal type 
specifies the site of transcription initiation. Other signals reg- 
ulate its efficiency. Some of the signals may be gene- or se- 
quence-specific (e.g., the glucocorticoid-repressed and -induced 

the large T-antigen binding sites in SV40,288 up- 
stream activation elements induced by amino acid starva- 
ion289-292). Other signals are of a more general nature293 and 
some are present in most genes. Some of the signals are tran- 
sient. In active genes the chromatin s t n ~ c t u r e ~ ~ . ~ ~ ~  and the 
methylation  pattern^^%**^^ are different from those of inactive 
genes as judged by sites sensitive to nucleases. 

Traditionally, searches for signals in upstream regions are 
often characterized by looking for “consensus” sequences. In 
deriving the consensus, similar sequences that are presumed 
to play the same role in regulation are aligned and the most 
frequent nucleotide(s) in a given position is (are) noted. This 
procedure has some shortcomings:298 
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1. 

2. 

The number of aligned sequences is often too small to 
derive a statistically meaningful consensus. 
The consensus is an average result, and in any single 
sequence the variations from the consensus may be quite 
large. 

For a relatively short consensus, even a single nucleotide change 
may result in a somewhat different DNA structure.2w Two or 
more variant nucleotides may yield a region with a very dif- 
ferent geometry. Our capability to predict the structural changes 
stemming from such nucleotide variations is limited.’O0 Often, 
in constructing the consensus, thermodynamic considerations 
have played a major role. This appeared to make A T  and T*A 
base pairs interchangeable (e.g., . . .GCzGC . . . ). It is worth- 
while to note, however, that it is unclear what effect a single 
base change may have on the thermodynamnics of the opening 
of double-stranded DNA. Recent calorimetric mea- 
su remen t~~~’  indicate that single-base composition is insuffi- 
cient to determine the free energy required to transform the 
double helical into single-stranded DNA. On the other hand, 
predictions based on dinucleotide composition are in good 
agreement with the experimental data.”’ Thus, in our example 
here, the sequence GCTGC thermodynamically differs from 
GCAGC. We have recently used the doublets free energy data 
for prokaryotic prornoter~.’~~ There, extensive compilation of 
point mutations indicated that the up and down mutations in 
the TATAAT - 10 region are correlated with the instability at 
that site. Comparisons of the free energies of each mutant with 
its wild type, up mutations have higher free energies; down 
mutations have lower free energies.3o2 We have not observed 
such a correlation in the TTGACA - 35 prokaryotic promoter 
region. In any case, in general it is questionable whether or 
not the thermodynamic change resulting from a point alteration 
is more important than a change in the DNA geometry, and 
in the hydrogen-bonding hydrophobic-interaction scheme. An- 
other assumption is that a transition mutation has a limited 
effect on the DNA geometry and thus is preferable in the 
construction of a consensus. However, the A T  base pair ge- 
ometry is very different from that G C .  Because of these po- 
tential difficulties, I shall describe here computer searches for 
putative signals that are composed of exactly the same nu- 
cleotide sequence. In order to have a statistically meaningful 
sample, oligomers longer than pentamers were not considered 
in position-specific searches, and hexamers were the maximal 
size in cumulative upstream searches. 

A. Alignment of Nucleotide Sequences by their 
Transcription Initiation Sites 
1. The Method 

All sequences having a mRNA start site noted in their 
GenBank description are pulled out and aligned by that site. 
The mRNA transcription initiation site is assigned position 
zero. The analyzed primate sample contains 515 sequences 

containing 584 start sites; the rodents 607 sequences with 698 
starts; other mammals 61 sequences with 66 starts; nonmam- 
malian vertebrates 135 sequences with 141 mRNA starts, the 
invertebrates 75 sequences with 100 starts, and the viruses 42 
sequences with 56 start sites. Altogether, 1641 mRNA start 
sites were used. We studied the distribution of query oligomer 
(mononucleotides up to some penta-nucleotides) with respect 
to the transcription initiation site. A window (mostly of length 
25, see caption to Figure 5) is moved from position - 500 to 
+500 in the aligned sequences. At each step, the number of 
occurrences of the query oligomer is counted. The total number 
of bases scanned in this window and the percent occurrence 
of the oligomer in the window are calculated. (Note that the 
total number of bases in each window decreases toward & 500, 
since fewer of the available sequences extend all the way to 
these points [for further details see References 283, 3031.) In 
the following, the main results are listed. The computations 
were repeated with “cleaned” GenBank data from which 
cDNAs have been omitted. The analysis has also been per- 
formed omitting some highly represented gene families. The 
basic results presented here have not changed. 

2. Upstream Sequences Are Extremely Rich in GC, 
Accentuating the AT-Rich TATA Box Signal 

The more interesting results of these computations are dis- 
played in Figure 5. The mononucleotide distributions are shown 
in Figure 5A, the doublets in Figure 5B, triplets in Figure 5C, 
quartets in Figure 5D, and pentamers in Figure 5E. Inspection 
of these results reveals the following: 

1. 

2. 

3. 

The distributions (Figure 5A) of adenines and thymines 
are the opposite of those of cytosines and guanines. The 
concentrations of Cs and Gs rise from the flanks of the 
graphs toward upstream of the transcription initiation 
sites. The sharp peak in the distributions of A and related 
oligomers, AA, TA (Figure 5B), ATA (Figure 5C), 
ATAA, TATA (Figure 5D), ATAAA (Figure 5E), cor- 
respond to the TATAAAT sequence at -30. 
G and G + C oligomers are extremely frequent upstream 
of transcription initiation. This is seen for doublet (GG, 
CG, GC, CC - Figure 5B), triplets (GGG, CGG, GGC, 
CCC - Figure 5C), quartets (CCCC, CGGG, GCGG, 
GGGC, GGCG - Figure 5D) and pentamers (CGCCC, 
GCGGG, GGGCC, GGGCG - Figure 5E). 
The two quartets, CAAT and TTGG, are not frequent at 
position -80 (Figure 5D). However, the pentamers 
ATTGG and CCAAT (Figure 5E) already stand out con- 
siderably in the higher eukaryotes. This is particularly 
interesting since CCAAT is contained within the 
GGCCAATCT box of higher eukaryotes. ATTGG is part 
of the yeast UAS2 element, having the consensus 
T G m G G T .  This consensus is recognized by the HAP2/ 
HAP3 yeast proteins. 
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Further, as shown in Figure 3, the pattern of twist angles and 
of roll angles (computed using Table 1 values) is symmetric, 
both for the CCAAT box (Figures 3A and 3B) and for its yeast 
analog (Figure 3C and 3D). The mammalian CCAAT and the 
yeast UAS2 thus have similar structures and potential hydrogen 
bonding patterns (Table 2) that can be recognized by their 
binding proteins. It is not surprising then, that the subunits of 
the yeast!’ and of the human CCAAT binding proteinw are 
functionally interchangeable.& 

As already discussed in Section 111, the Spl transcription 
factor binds to a GC “box” containing the consensus GGGCGG. 
The GC-rich region observed here covers a wide span upstream 
of transcription initiation, and peaks around -50, i.e., just 
prior to the TTAAAT “TATA box” sequence. The GC rich- 
ness upstream of transcription initiation sites accentuates the 
AT-rich TATA signal. This variation between the G/C and A/ 
T sequences can affect the DNA structure and flexibility. It is 
noteworthy, however, that the frequent GC sequences mostly 
contain oligo d(G), runs, whereas frequent d(GC), alternations 
are not observed. We shall come back to this point below. 

From the statistical standpoint,. the large data set used makes 
these results highly significant. 

3. Advantages and Disadvantages of This Method 
Scanning sequences aligned by their mRNA start sites de- 

tect only oligomers that recur frequently at a given distance 
from the transcription initiation site. This method is thus ef- 
ficient for signals that have preferred positions, such as the 
TATA and CCAAT. By moving a window we allow the dis- 
tances to vary to some extent. 

There are, however, two major disadvantages: 

1. As we have seen throughout this review, the position of 
upstreardenhancer elements can vary. If this distance is 
not changed drastically (up to several kilobases), the 
effect on the efficiency of transcription initiation is mar- 
ginal. Thus, regulatory elements whose position with 
respect to transcription initiation varies in the different 
sequences would not be picked up by this analysis. 
The second disadvantage is that this method would not 
pick up tissue- or gene-specific elements. The percentage 
of such sequences (and elements) in the data base might 
be too small. 

2. 

8. Strong Patterns in Homooligomer Tract 
Occurrences in Noncoding and in Upstream 
Regions 

In the last few years, attention has been focused on 
oligo(dA)*oligo(dT) tracts. The experiments of Wu and 
CrothersZ8O have indicated that such tracts, when embedded in 
mixed DNA sequence, have unique conformations. If the 
oligo(dA),,-oligo(dT),., repeats are phased with the helical 
pitch (i.e., (N5A5& with N any base), the sequences are re- 

ported to be appreciably bent.M4 This behavior may result from 
the geometry of the (dA).(dT) base pair steps per se, or from 
the junctions of the tracts with the mixed DNA. 136.169~170*280 As 
noted in Section V, oligo (dA).(dT) are frequent in upstream 
regions and in some cases have been shown to play a role in 
protein recognition and binding.138J39J41J46J49-152 Physical- 
chemical studies suggest that oligo (dA)-oligo (dT) can have 
some unique conformations. The crystal structures obtained by 
Nelson et al.,169 Coll et al.,I7O and Aggarwal et a1.2” show 
highly propeller-twisted, well-stacked A T  base pairs with bi- 
furcated hydrogen bonds. While consecutive A T  base pairs 
have very small roll and tilt, there are large roll angles at the 
base pair steps at the ends of the tract. Overall bending could, 
in part, result from the junctions if the roll angles at the ends 
of oligo (dA).oligo (dT) tracts had opposite directions with 
respect to the minor and major grooves. The overall bending 
may be increased if the 5’ and 3’ ends of the run are half a 
helical turn apart, as was the case in the experiments of Wu 
and Crothers.z80 The hydroxyl radical cutting patterns studied 
by Burkhoff and T u l l i ~ s ~ ~ *  and Tullius and DombroskiZz3 also 
suggest that sequence-directed DNA bending results from the 
NA and AN (N # A) junctions rather than from the A-A steps 
per se. If indeed the bends originate from the junctions of the 
unique (dA);(dT), conformation and the mixed sequence DNA, 
then the degree of bending and its detailed geometry might 
depend on the flanking sequences. We are thus led to analyzing 
genomic DNA for flanking sequence preferences .305-308 The 
limited data of Koo et al.13, suggested that maximal bending 
is obtained when C precedes the run and T follows it and that 
the bend at the 3’ is larger than that at the 5‘ junction. Given 
the 10.5 bp periodicity in DNA, clearly different tract lengths 
may result in a different spatial orientation of the bend. The 
minimal length of the A T  tracts resulting in bent DNA is 
~ n c e r t a i n . ’ ~ ~ . ~ ~  A question that arises, then, is whether or not 
tracts of varying lengths differ in the type or strength of the 
flanking sequence preference. 305-308 Although I have stressed 
here oligo(dA).oligo(dT) tracts, oligo(dG)-oligo(dC) tracts ap- 
parently possess distinct characteristics as well. 153-15’ The oc- 
currence of such runs in eukaryotic upstream regions (see above 
and Figure 5 )  implies the possibility of special properties. 

Computer analysis of the data base306.307 indicates that in 
both prokaryotes and eukaryotes, A/T runs are preferentially 
flanked on either the 5’ or the 3’ ends by A and/or T. G/C 
runs are preferentially flanked by G or C (group 1). There is 
discrimination against A/T runs flanked by G or C and G/C 
runs flanked by A or T (group 3). The frequencies of A/T runs 
flanked by T or A and G or C and G/C runs flanked by G or 
C and T or A is intermediate (group 2). See Figure 6 for a 
complete list of the group members. These features are more 
pronounced in the eukaryotic data base and become stronger 
as the length of the tracts increases from two to three to four 
base pairs. The difference between prokaryotes and eukaryotes 
could be a manifestation of the differences in the packaging 
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Group Oligomers 

l a  ATAA. ,  . CGcc..  . 
. . .AATA . . . cc GC 

1 b (YR) T T A A . .  . CCGG.. . 
(Complementary) 

1 c (RY) AATT . . .  GGcc.. . 
(Complementary) 

I t  Group l a  + Group l b  

2 

3 

ACAA.. . 

CAcc..  . 
. . . cc AC 
CAGG.. . 

ACTT . . .  

C T A A . .  . 

ACGG.. . 
. . .ooCA 

. . . AA CA 

. . . GO AC 

. . . TT CA 

. . .AATC 

CCAA. .  . 
. . .AAcc 
AAcc..  . 
. . . cc AA 
AAGG..  . 
. . .ooAA 
C C T T . .  . 
. . . TT cc 

AGAA.. . 

CTcc. .  . 
. . . cc TC 
C ~ G G . .  . 

A G T T . .  . 
GTAA. .  . 

TCGG. .  . 

. . .AAGA 

. . .GGTC 

. . . TT GA 

. . . AA TG 

. . .GO CT 

CGAA. .  . 

ATcc..  . 
. . . cc TA 
ATGO.. . 
C G T T . .  . 

. . . AAGC 

. . . GO TA 

. . . TT GC 

GCGO.. . 
. . .GGCG 

. . .ccGG 

. . . GO cc 

T C A A . .  . 

GAcc..  . 
. . . cc AG 
GAGG.. . 
. . .ooAG 

. . . AA CT 

TC TT . . . 
. . . TT CT 
C A T T . .  . 

AGcc..  . 
. . . cc GA 

. . . TT AC 

GCAA. .  . 

TAcc. .  . 
. . . cc AT 
TAGG. .  . 
. . . GG AT 
G C T T . .  . 
. . . TT CG 

. . . AACG 

T A T T . .  . 
. . . TT AT 

. . . TT AA 

. . . AA TT 

T G A A . .  . 

GTcc. .  . 
. . . cc TG 
GTGG.. . 

. . . AA GT 

. . .GGTG 
TG TT . . . 
. . . TT GT 

. . . TT AG 
G A T T . .  . 

TGcc. .  . 
. . .ccGT 

G G A A . .  . 
. . .AAGG 
T T c c . .  . 
. . . cc TT 
T T G G . .  . 

G G T T . .  . 
. . .GO TT 

. . . TT GG 

FIGURE 6. A listing of the oligomers included in each group (see Table 3). The larger size 
letters are the flanking doublets. The smaller letters depict the nucleotides constituting the run. 
Group la is the most frequent. Surprisingly, group la is the most frequent. Surprisingly, group 
lb is considerably and consistently more frequent than its mirror image, group Ic. In both groups 
Ib and Ic, the flanking doublet contains nucleotides complementary to the run. However, in 
group l b  there is a pyrimidine (Y)-purine (R) junction, whereas in group l c  there is a RY 
junction. The frequency of occurence of group 2 is just about the expected. In group 3 the 
flanking doublet does not contain any nucleotide complementary to the run. This group is strongly 
disfavored, i.e., its frequency of Occurrence is very low. The actual values in upstream regions 
and in all the noncoding sequences are given in Table 3. 

of the eukaryotic nucleosomal DNA. The wrapping of the DNA 
around the histone core proteins might impose structure-cor- 
related constraints on the sequence that would differ from those 
found in prokaryotic DNA. 

If the distinct patterns in the frequencies of Occurrence of 
these oligomers are indeed related to protein-DNA interaction, 
then one might expect the patterns to be more pronounced in 
protein binding sites, i.e., in regulatory regions. In particular, 
the group 1 oligomers (i.e., runs flanked by their complemen- 
tary nucleotide and/or the same nucleotide, e.g., A,TA, CCG,, 
etc.) should be even more prominent upstream and/or down- 
stream of coding regions. We thus examine the oligomer fre- 

' quencies in consecutively larger sections of the upstream regions. 
We also examine the behavior of each oligomer within these 
three groups. Within group 1, ATA,, CGC,, GCG,, TAT,, 
A,TA, C,GC, G,CG, and T,AT (group la) are most frequent 
overall, but particularly so in regulatory regions. 'ITA,, C,GG, 
CCG,, and T,AA, having YR (Y is a pyrimidine and R a 
purine) junction (group lb), are frequent overall and as such 
might conceivably play a role in eukaryotic DNA packaging. 
All trends increase in strength as the run lengthens. These 
features may have structural implications since the various 
oligomers have in general different anisotropic flexibilities (i.e., 
they bend more easily in different directions). 
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Interestingly, A n n ,  AAT,, G,CC, and GGC,, having RY 
junction between the complementary nucleotides (group 1 c), 
are considerably less frequent than their YR symmetric oli- 
gomers (group lb). It is intriguing that one observes consistent 
trends in the frequencies of Occurrence of these groups, group 
la  (is more frequent than) > group lb  > group lc. Also, group 
It ( = groups l a  + lb) > group 2 > group 3. Indeed, every 
single oligomer of group 1 b is more frequent than every oli- 
gomer of group lc,  even though they are composed of exactly 
the same mono- and dinucleotides, except for the junction 
where the order is reversed. In group 3 the situation is exactly 
reversed, with RY junctions being more frequent than YR. Of 
interest also is the finding that within group la  and particularly 
lb, CG junction oligomers are consistently more frequent than 
TA ones (see also Figure 5) .  These and other consistent patterns 
derived from a wealth of data (4, 5 X lo6 nucleotides in the 
noncoding eukaryotic and 0.8 X lo6 in the noncoding pro- 
karyotic data base) might be instructive in elucidating some 
aspects of protein-DNA interaction. This section is heavily 
based on Reference 308. 

7. Methods 
All eukaryotic noncoding regions present in the GenBank 

data base (about 4.5 x lo6 nucleotides) have been scanned 
for occurrences of homooligomer runs. For any given minimal 
length homooligomer tract the bases 5' and 3' to the run have 
been recorded separately. Thus, for NA, and A,N, where n 3 
2 and N # A, we count the number of times we have CA,, 
GA,, and TA,. Similarly, we also note the occurrences of A,C, 
AG, and A,T. The 5' and 3' results are compiled separately. 

Because there are large differences in the mono- and din- 
ucleotide composition of eukaryotic  sequence^,^'^.^'^ each of 
these values is normalized by dividing these counts by the 
counts of the overlapping doublets and multiplying by the counts 
of the mononucleotides except those at the ends. 

Thus, 

- P(NA,) * [P (A)]"-' 
P(NA) [P (AA)]"-' 

P(NA,) = 

- P(A,N) - [P (A)]"-' 
' P(AN) - [P (AA)]"-' 

- 
For example, P(NA,) can be considered to be constructed from 
the actual occurrences P(NA,) divided by a P,(NA,), a prob- 
ability constructed for the pairwise conditional probabilities as 

Analogous computations have also been carried out for C, G, 
and T runs. 

In addition to the mononucleotide recurrences, the dinu- 
cleotide frequencies at the 5' and 3' ends of the tracts were 
computed as well. For a given homooligomer tract, all doublets 
preceding and following it are recorded. Thus, for A runs we 
separately count all MNA,, and A,NM where N # A, M = 
A,C,G,T, and n = 2,3,4,5,6. Again we normalize these counts 
by the respective counts of the overlapping doublets and by 
the mononucleotides except those at the ends: 

(3) 
- 
P(MNA,) = 

P(MNA,) * [P (A)]"-' * P (N) 
P(MN) * P(NA) * [P (AA)]"-' 

As before, the analysis has also carried out for C,, G,, and T, 
with n = 2,3,4,5,6. 

The deviation of the normalized frequencies from the mean 
is also computed. Specifically, for an A run and for a given 
N(N # A) the mean is 

1/4 XP(MNA,) for the 5' function 
M = A, C, G, T 

1/4 CP(A,NM) for the 3' junction 
M = A, C, G,  T 

Analogous computations are carried out for C,, G,, and 
T,. For the deviation of the normalized mononucleotide fre- 
quencies from the mean, the mean is 

113 HP(NAJ for the 5' 
N = C, G, T 

113 HP(A,N) for 3' junctions 

The above calculations were carried out for each homo- 
oligomer separately and jointly for groups la, lb,  Ic, It ( la  
+ lb), 2, and 3. 

The whole analysis was then repeated 20 times: for the 
first 200, 300, 400, and 500 nucleotides upstream from the 
coding regions and for the whole upstream regions in eukar- 
yotes and prokaryotes. (Analogous analysis has also been car- 
ried out for the downstream [from coding] regions.) 

In "whole upstream" computations the DNA sequences 
are used from the first nucleotide left (5') of the coding region 
to the end of the sequence. If there is a second coding region 
to the left of the first one, the "whole" upstream region is 
included up to the 3' end of that second region. Analogous 
approach is employed in the 200,300,400, and 500 nucleotides 
upstream (as well as downstream) calculations. This detailed 
upstream (and dowsntream) analysis has been carried out only 
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for n = 2,3,4, since longer runs are too scarce to yield sta- 
tistically meaningful results. 

2. Homooiigomer Tracts Are Preferentiaiiy Flanked 
by Their Complementary Bases with a Pyrimidine- 
Purine Junction (e.g., CCGGGG, TTTTLA) 

The deviations from the mean for the six groups (listed in 
Figure 6) are tabulated in Tables 3A and 3B. The most frequent 
group is 1 a. Runs X, of group 1 a contain XZ.. . , . . .ZX flanking 
doublets, with Z complementary to X (e.g., GCG,,A,TA). The 
least frequent group, group 3, contains UV flanking doublets, 
with U, V # X, Z (e.g., TAG,; A,CG). Group 2 contains 
mixed doublets, ZU, XU and UX, UZ (e.g., CAG,; A,CT). 
It has intermediate frequency, just as expected. Groups lb  and 
l c  have ZZ flanking doublets with YR junction in the first 
(e.g., T,AA, CCG,) and RY in the second (e.g., A,TT, GGC,). 
Interestingly, Group lb is consistently more fi-equent than group 
lc. 

To further discern the major contributors to the groups la, 
lb, and lc behavior, the deviations from the mean of the single 
oligonucleotides constituting these groups have been inspected 
(Tables 3C and 3D). Although the numbers are much smaller, 

Table 3a 

Tract lenpth 
Group 2 3  4 5 

la 22 < 39 C 58 < 81 
V V V V 

W W  4 <  20 C 31 < 36 
V V V V 

lc(RY) 1 -3 4 -2 

I t  [(la + lb)/2] 13 < 30 C 45 < 58 
V V V V 

2 2 2 3 1 
V V V V 

3 -9 - 16 - 23 - 26 

Table 3b 

n = 2  
All noncoding 

Whole upstream 
n = 3  
All noncoding 

Whole upstream 
n = 4  
All noncoding 

Whole upstream 

300 NT upstream 

300 NT upstream 

300 NT upstream 

Grou 

trends are observed. In eukaryotes the major contributor to the 
upstream abundance within group la is GCG,, and to a lesser 
extent G,CG, followed by ATA, and TAT,. Table 3D compares 
the group lb  oligomers with their mirror images of group lc. 
These oligomers, whose only difference is that group lb con- 
tains YR junctions F A , ,  CCG,, T,AA, C,GG), whereas group 
l c  contains RY (A41Tr G,CC, AAT,, GGC,), differ strikingly 
in their behavior. This table also shows the homogeneous be- 
havior of the various lb  oligomers in the overall noncoding 
and in the regulatory regions. 

Our studies of context preferences of homooligomer tracts 
unraveled some  pattern^.^^-^^* First, there are no significant 
differences in behavior between the 5’ and 3’ 
A(T) is frequent both prior to and following T(A) tracts in 
eukaryotes. The most infrequent nucleotide preceding an A run 
is a C. Thus, there is no direct relationship with the Koo et 
al.136 bending data. The most frequent nucleotide preceding 
(and following) G (C) runs are C (G). Also, following an 
interruption of a run by any base, there is a tendency of the 
run to continue with the nucleotide identical to the run. 

The doublets flanking homooligomer tracts divide them 
into three groups. The most frequent tracts are those flanked 
by the complementary bases and the same base, i.e., GIC runs 
flanked by C and/or G, GCG,, CCG,, G,CG, G,CC, and CGC,, 
GGC,, C,GC, C,GG. Similarly, A/T runs are preferentially 
flanked by A and/or T. The second group is of a mixed type: 
A/T runs flanked by CIG and TIA; or GIC runs flanked by A/T 
and C/G, e.g., GTG,, A,TC, C,AG, etc. The frequency of 
this group is about the overall mean. There is a clear-cut dis- 
crimination against the third group, in which both flanking 
nucleotides are of a type opposite to the run, i.e., A/T runs 
flanked only by G and/or C, G/C runs by A and/or T. Althouph 
runs of various lengths (n = 2,3,4) behave similarly, the trends 
increase with run lengths n. Prokaryotes and eukaryotes non- 
coding regions showed similar trends, although the patterns 
are stronger in eukaryotes. 

If indeed the flanking preferences are related to DNA con- 

~ 

la  l b  lc  It 2 3 

2 2 >  4 >  1 13 > 2 > - 9  
2 8 >  5 >  2 17 > 1 > -10 
2 4 >  6 >  4 15 > 2 > -10 

39 > 20 > -3  30 > 2 > -16 
42 > 16 > - 4  29 > 2 > -15 
41 > 22 > -1 31 > 3 > -17 

58 > 31 > 4 45 > 3 > -23 
76 > 21 > 4 49 > 0 > -22 
6 6 > 3 2 >  3 49 > 3 > -26 
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Table 3c 

Group la 
AT& &TA TAT, TJT CGC, C,GC GCG, G,CG 

All noncoding 57 58 67 48 42 69 73 50 

Whole upstream 67 72 73 47 46 68 100 59 
300NTupstream 80 67 74 32 45 70 145 98 

Table 3d 

Oligomer ITA, A,IT T,AA AAT, CCG, G,CC C,GG GGC, 

Pattern YR > RY < YR > RY < YR > RY < YR < RY 
&UP lb  lc lb lc  lb I C  lb  lc  

All noncoding 22 > 5 <: 24 > 3 < 35 > - 2 <  45 > 8 
300 NT upstream 21 > 3 < 17 > 13 < 26 > - 2 <  19 > 0 
Whole upstream 28 > 6 < 26 > 6 C 29 > - 5 <  45 > 4 

Note: Frequencies of Occurrence of homooligomer tracts in upstream and all noncoding regions. (a) The deviations from 
the mean of the homooligomer tracts of the six p u p s .  (b) The deviations from the mean in 300 nucleotides 
upstream, “whole upstream”, and all noncoding regions. In “whole upstream” the upstream sequence is taken 
into account until the first coding region to the left is encountered. If there is no such coding sequence, we take 
the whole upstream noncoding sequence present in the data base. Tract lengths n = 2 ,3 ,  and 4 are analyzed here. 
(c) The deviations from the mean of the oligomers constituting group la. (d) The deviations from the mean of 
group lb (Y,RR and YYRJ vs. their mirror image group lc  (R,YY and RRY,), with Y complementary to R. The 
clear-cut trends are marked in the tables. The oligomers belonging to each group are detailed in Figure 6. 

formation and to protein-DNA interactions, then these pref- 
erences should be stronger in regulatory regions with a higher 
concentration of specific protein binding sites. While the num- 
bers are smaller, the large current data base permits such an 
analysis. We have also attempted to further refine the three 
groups noted above and to identify within the first preferred 
group those oligomers contributing most to the effect. 

As Table 3B shows, the frequencies of group It, 2, and 3 
are roughly the same in the regulatory region and in the overall 
noncoding sequences. The first is very frequent, the second 
near the mean, and the third is disfavored. Within group It, 
l a  is favored over lb, particularly in regulatory regions. Pos- 
sibly group l a  plays a role in protein-DNA interactions or 
conformation in the regulatory regions. Groups l a  and lb  might 
have a role in nucleosomal DNA packaging. There is a con- 
sistency in this respect that in prokaryotes with different pack- 
aging  constraint^^'^-"^ the frequencies of group lb  are lower. 
The oligomers constituting the groups are listed in Figure 6. 
Group l a  consists of XJX and XZX,, where X and Z are 
complements of each other. Group l b  consists of &ZZ and 
ZZY, with pyrimidine-purine (YR) junction. Why group la  
should be more frequent in regulatory regions than lb  is un- 
clear. Within la,  GCG, and G,CG are particularly abundant. 
These oligomers are similar to the Spl bindug sequence, shown 
to be important in the regulation of gene expre~sion.~ In the 
overall eukaryotic noncoding regions, groups la  and lb  are 
still preferred for homooligomer tracts of lengths 5 and 6. If 
these preferences are indeed related to groove width as the 

DNA winds around the protein, one would expect some tract 
length preference limit, since the major and minor grooves are 
alternatively facing the protein. 

Why is the “other type” group (group 3) so disfavored? 
While the answer is unknown, it could conceivably be related 
to the different characteristics displayed by A/T vs. G/C se- 
quences. The consistently different frequencies of occurrence 
seen in the group lb  vs. l c  (Table 3D) is particularly intriguing. 
Oligomers composed of complementary nucleotides are pre- 
ferred only if the flanking doublets (underlined) consist of one 
complementary and one identical base to the run (la, e.g., 
- ATA,) or if it consists of two nucleotides complementary to 
the run (group lb,  e.g., TTA,) with YR junction. If there is 
a RY junction (group l c , T , E )  the oligonucleotide is disfa- 
vored. While in eukaryotes the frequency of the lc  group is 
near the mean, in prokaryotes it is among the least favored 
groups (Table 3b). 

Is there a concrete explanation for such a discrimination 
of these doublets? From calla dine'^'^^ model, we could argue 
that sequences with larger YR steric hindrance clashes can be 
preferred. Indeed, as Table 3d shows, CG junction oligomers 
(C,GC, CCG,) with worse clashes are more frequent than TA 
ones (TTA,, T,AA). Still, group 3 with YR clashes (GCA,, 
T,GG) is disfavored. Zhurkin et a L 3 I 5  have suggested that YR 
(RY) doublets are preferentially positioned in nucleosomal DNA 
with the compressed major (minor) groove facing the protein. 
However, the trends in group 3 (not shown) are the opposite 
of those of Table 3d, namely, RY junction oligomers (A,CC, 

1990 21 5 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Critical Reviews In 

AAC,, G,TT, GGT,) are somewhat preferred over YR (CCA,, 
C,AA, TTG,, T,GG). Also, the trends are strengthened with 
tract length. In particular, these trends are also strong in pro- 
karyotes with nonnucleosomal DNA (although there might be 
other forms of DNA-protein packaging). 

It thus appears that the effect observed here might be the 
result of both different G/C (vs. A/T) characteristics and the 
RY/YR geometries. However, the nonspecific nature of the 
preference would seem to imply a conformation effect rather 
than a specific recognition of atoms. In agreement with this 
conclusion are the higher frequencies of occurrence of the 
group l a  CG junction sequences (G-GG, CCCCGC) in 
the noncoding regions over TA ones (‘ITTAT, ATXAAA) 
(see Table 3C). In particular, group lb  CG junction oGomers 
(CCG,, C,GG) are much more frequent than TA ones (TTA,, 
T,AA). This trend is seen for n = 3,4 in eukaryotes and n = 
2,3,4 in prokaryotes. It is not found in the RY junction oli- 
gomers of group lc. The presence of RY doublets (in addition 
to the YR ones) in the group l a  oligomers might explain why 
this CG>TA trend is weaker in group l a  vs. lb. 

A CG junction doublet embedded in C/G containing oli- 
gomers might then bend more easily into the major groove 
owing both to its G + C ~ o n t e n t ’ ~ ’ ~ * * ’ ~ ~  as well as its being 
a YR j~nc t ion , ”~  possibly leading to the observed preferences. 
Our conformational  calculation^^^^'^^ also suggest that a CG 
junction may assume a large roll angle. In this respect i G  
also of interest to note that the nucleosomal positionings of 
CCGG and TTAA are apparently more important than those 
of GGCC and AA’IT.315 That, again, seems to be in accord 
with the YR group l b  (first two oligomers) higher frequencies 
than RY group l c  (latter two oligomers). Our data seem to 
suggest that within these . . . lTAA.. . , . . .CCGG.. . junctions 
the former might play a lesser role than the latter. 

While models and explanations of the trends shown here 
may differ, the consistent recurring trends are based on a very 
large data base, making the patterns themselves statistically 
highly significant. 

IX. GIVEN AN UPSTREAM SEQUENCE, 
CAN A RECOGNITION ELEMENT BE 
PREDICTED? DNA FLEXIBILITY MAY BE A 
CRUCIAL FACTOR 

Can a recognition element be predicted? Can we take an 
upstream (or any other) DNA sequence, scan it, and suggest 
with some degree of certainty which elements (if any) within 
it are recognized by protein factors? This would be the case if 
(1) we understand the principles governing protein-DNA in- 
teractions, and (2) that these principles can be translated into 
a simplified set of “rules”. We do not fully understand the 
protein-DNA interactions, although much relevant information 
has accumulated to date. Most likely a simplified set of uni- 

versal rules cannot encompass all the complex aspects; we 
recall some of these below: there are several modes of protein- 
DNA interaction. Different protein motifs might interact with 
the major groove, minor groove, and/or backbone in different 
ways. As can be seen from the c o - ~ r y s t a l s , ~ ~ ~ * ~ ” * ~ ~ ~  even the 
helix-tum-helix motif of the repressors is not always aligned 
in the operators in an identical way. Several side chains some- 
times contribute to the recognition of a single base pair.222,227 
The conformation of a given DNA element can change in 
response to protein binding. Searches for elements by com- 
parison of hydrogen bonding (see Table 2) “consensus” pat- 
terns may have to take into account potential phosphate backbone 
interactions. 176*224 In the major groove, nonpolar contacts may 
be as important as hydrogen bonds. Also, positively charged 
amino acid residues near the DNA backbone (lysines in the 
phage 434 repressor, Reference 224) can contribute to longer- 
range Coulombic interactions, although they are not anchored 
by direct hydrogen bonds. In addition, not all base pairs are 
contacted by the protein (e.g., the T-antigen binding 

Predicting potential DNA recognition elements may in- 
volve scoring of hydrogen bonding donors-acceptors (Table 2), 
or searches for “consensus” DNA angular parameters, such 
as twist or roll. Searches of this type have already been carried 
out for e u k a r y ~ t e s ’ ~ * ~ ~ ~  and p r o k a r y ~ t e s ’ ~ ~ * ~ ~ *  upstream se- 
quences. For the reasons outlined above, it appears, however, 
that such approaches as well as other simplified schemes might 
be insufficient for predicting protein recognition sequences. 

Hydrogen bonding and hydrophobic and electrostatic in- 
teractions play a crucial role in the specificity of protein-DNA 
recognition. Recent protein-DNA interaction studies have also 
shown the large flexibility of the double-helical DNA. DNA 
structural parameters are extremely dynamic and may vary 
constantly in solution. DNA elements may thus distort or 
“wrinkle” easily. Indeed, data suggest the dependence of DNA 
helix flexibility on base composition and s e q u e n ~ e . ~ ~ . ~ ~ ~  Per- 
haps too much emphasis has been given lately to such param- 
eters as DNA bending, easily detected by gel electrophoresis. 
Regions of the DNA may be distinguished by their intrinsic 
thermodynamics or flexibility, and not by different local struc- 
tures, because they might not be trapped as such. 
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