
sequence that CAP recognizes is approx- 
imately 15 nucleotides long and more 
than ten such sites are known in E. coli 
(12, 14-16). 

DNA-Binding Proteins 
Structures of DNA-Binding Proteins 

Y. Takeda, D. H. Ohlendorf 

W. F. Anderson, B. W. MatthewsX 

Recognition of DNA by proteins is not 
only of central importance in biology but 
also presents fascinating kinetic and 
structural problems. The chromosome of 
Escherichia coli contains about three 
million nucleotide base pairs (bp) and, as 
seen in the electron microscope, is es- 
sentially featureless. The site on the 
DNA to which lac repressor, for exam- 
ple, binds, consists of about 20 bp. Not 
only does lac repressor recognize this 

overall structures. For  both CAP and h 
repressor, the respective polypeptides 
form two domains. In h repressor, the 
amino-terminal domain binds to the 
DNA, whereas in CAP it is the carboxyl 
terminal part of the molecule that has 
this function. 

Both Cro and h repressor bind to six 
similar but nonidentical 17-bp sites on 
the chromosome of bacteriophage h. The 
site at which Cro binds most tightly is the 

Summary. The structures of three proteins that regulate gene  expression have 
been determined recently and suggest how these proteins may bind to their specific 
recognition sites on the DNA. One protein (Cro) is a repressor of gene expression, the 
second (CAP) usually stimulates gene  expression, and the third (lambda repressor) 
can act as either a repressor or an activator. The three proteins contain a substructure 
consisting of two consecutive alpha helices that is virtually identical in each case .  
Structural and amino acid sequence comparisons suggest that this bihelical fold 
occurs in a number of proteins that regulate gene  expression, and is an intrinsic part 
of the DNA-protein recognition event. The modes of repression and activation by Cro 
and lambda repressor are understood reasonably well, but the mode of action of CAP 
is still unclear. 

site and bind to it 10 million times more 
tightly than to the rest of the DNA, but it 
is estimated to reach its target site 1000 
times more rapidly than anticipated by 
simple diffusion (1, 2). Although lac re- 
pressor has been studied extensively, its 
structure has not yielded to crystallo- 
graphic analysis. However, the struc- 
tures of three other sequence-specific 
DNA-binding proteins [Cro, CAP, and h 
repressor] have now been determined 
and the result suggests how these pro- 
teins recognize DNA. 

The principal characteristics of Cro 
( 3 4 ,  h repressor (7-ll), and CAP (12- 
17) are outlined in Table 1 (A repressor is 
the product of the cI gene of bacterio- 
phage A and is alternatively referred to as  
cI). All three proteins are dimers, but 
have substantial differences in their 

weakest binding site for h repressor, and 
vice versa. The two proteins are in- 
volved in the adoption by the phage of 
either the lytic or the lysogenic mode of 
development (18-22). Although this se- 
lection process is complicated and not 
yet understood in its entirety, the respec- 
tive roles of Cro and h repressor have 
been analyzed in detail (18-22). Cro is 
a straightforward repressor of gene ex- 
pression. It binds preferentially to the 
DNA at  its highest affinity site (OR3) 
and, when bound, prevents transcription 
from the adjacent repressor maintenance 
promoter, PRM. The h repressor is more 
versatile. In common with Cro it can act 
as a repressor but it can also stimulate 
the expression of its own gene. The 
protein CAP ("catabolite gene activator 
protein," also known as  "cyclic AMP 
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receptor protein") participates in the 

partment, University of Maryland, Baltimore Coun- regulation of a number of genes in E. coli 
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A sketch of the structures of Cro (6), 
the amino-terminal domain of h repres- 
sor (11), and the carboxyl-terminal do- 
main of CAP (1 7) as determined from the 
respective crystal structures is shown in 
Fig. 1. 

The structure of Cro is quite simple, 
consisting of three cx helices ( a l ,  cx2, cx3) 
and a three-stranded antiparallel P sheet 
(6, 23). In the crystal, four polypeptides 
associate as a tetramer with approximate 
222 symmetry. Ultracentrifugation indi- 
cates that Cro is dimeric in solution (3). 
This dimer is presumed to be the one 
shown in Fig. 1. Residues 55 to 61 of 
each monomer extend and lie against the 
surface of the other monomer. In partic- 
ular, pheS8 makes intimate hydrophobic 
contact with its partner subunit. The 
carboxyl-terminal residues 62 to 66 are 
disordered in the crystals and, presum- 
ably, in solution as well. 

The DNA-binding form of intact h 
repressor is predominantly a dimer (Ta- 
ble 1). Proteolytic cleavage separates the 
protein into an amino-terminal domain of 
92 residues and a carboxyl-terminal do- 
main consisting of residues 132 to 236 
(7). The amino-terminal domain can in- 
teract specifically with DNA and act as 
both a positive and negative regulator of 
transcription. Although monomeric in 
solution, the amino-terminal domain di- 
merizes as it binds to  DNA and protects 
exactly the same bases against chemical 
modification as intact A repressor (8). It 
is this amino-terminal domain whose 
structure has been determined by Pabo 
and Lewis (11,24) and is shown in Fig. 1. 

The structure contains five cx helices 
with no 6 sheet. In the crystal, the two 
amino-terminal domains make contact 
via the fifth cx helix in each subunit (Fig. 
1). Studies of mutants of h repressor 
suggest that a similar helix-helix contact 
may occur in intact h repressor. In par- 
ticular, there are mutations in this con- 
tact region that are known to interfere 
with the binding of intact repressor to 
DNA (24, 25). 

The complex of CAP with cyclic 
AMP, that is, the DNA-binding form of 
CAP, was shown (17,26,27) to  be a two- 
domain structure. Figure 1 includes only 
the carboxyl-terminal domains, that is, 
the presumed DNA-binding region. Not  
shown is the larger amino-terminal do- 
main to which the cyclic AMP is bound 
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(27). The structure in the crystals is 
dimeric with the amino-terminal domains 
related by a local twofold axis. Howev- 
er, the carboxyl-terminal domains adopt 
somewhat different conformations and 
are not exactly twofold-related. 

Models for DNA Binding 

To date, no structure has been deter- 
mined of a sequence-specific DNA-bind- 
ing protein complexed with its target 
DNA sequence. Structural models for 
DNA-protein recognition therefore rely 
primarily on inspection of the uncom- 
plexed proteins as seen in the respective 
crystal structures (Fig. 1). 

For Cro protein, the 34-A spacing be- 
tween the twofold-related a3 helices, to- 
gether with their angle of tilt (Fig. l), 
strongly suggests that these a helices 
bind within successive major grooves of 
right-handed Watson-Crick DNA as il- 
lustrated in Fig. 2 (6, 23, 28). It is pre- 
sumed that the flexible carboxyl-termi- 
nal residues of Cro participate in DNA 
binding by lying along the minor groove. 

This model for Cro binding is not only 
attractive stereochemically, it also is 
consistent with chemical protection and 
modification studies of the DNA (21, 29) 
as well as the protein (23, 30), and is 
supported by recent nuclear magnetic 
resonance (NMR) studies (31). A charac- 
teristic feature of the model is the match 
between the twofold symmetry of the 
protein and the (approximate) twofold 

sequence and spatial symmetry of the 
DNA binding site. It may also be noted 
that the concept that a helices of pro- 
teins bind within the major groove of 
DNA is not a recent one (32). 

A similar mode of DNA binding has 
been proposed for A repressor (11, 24). 
Here also there is a pair of twofold- 
related a3 helices (Fig. 1) that are pre- 
sumed to bind within successive major 
grooves of Watson-Crick DNA. Further- 
more, the amino-terminal residues of A 
repressor form two long "arms" with 
flexible ends that "wrap around" the 
DNA when the protein binds (11,33). In 
this case the "arms" contact the major 
groove of the DNA. The presumed mode 
of DNA binding is consistent with DNA 
protection and modification studies (21, 
22,24). Also the model is well supported 
by the observed locations of mutations in 
A repressor that alter DNA binding (Fig. 
3) characterized by Sauer and co-work- 
ers (25). 

The mode of interaction of CAP with 
DNA is a controversial subject. As can 

be seen in Fig. I, the a~ helices are 34 A 
apart, but their tilt (compare Cro) is not 
obviously complementary to the grooves 
of right-handed B-form DNA. Faced 
with this dilemma, Steitz and co-workers 
(17, 26, 27) proposed that the DNA 
changes from right-handed to left-hand- 
ed when CAP binds to its sequence- 
specific sites (33a). However, subse- 
quent experiments designed to test this 
hypothesis indicate that there is no un- 
winding of the DNA when CAP binds to 
such sites (34). Pabo and Lewis (11) have 
suggested that CAP could bind to right- 
handed DNA. Allowing for some flexi- 
bility of the protein, together with bend- 
ing of the DNA as may occur for Cro 
(28), it appears that a satisfactory com- 
plex of CAP with right-handed DNA can 
be built (35). 

Sequence similarities in DNA-binding 
proteins. As a result of the structure 
determinations of Cro, CAP, and A re- 
pressor, it has become apparent that 
these three proteins have features in 
common that presumably extend to a 

Table 1. Double-strand DNA-binding proteins. 

Protein Action Monomer Active 
form 

Domain 
structure* 

A-Cro (Cro) Repressor 66 amino Dimer 
acids 

A-Repressor Repressor or 236 amino 
B 

activator acids (N) (c) 

Catabolite gene activator Activator or 209 amino 
(CAP or CRP) repressor acids ( N ) g ( ~ )  

*DNA is represented by the black indicators. 

/' 
- , -  

I - 3 '4 L Y .  -< - - *  , . 
(,-,,h-- 

- - 

1 (left). Schematic drawing of a segment 
1 / * ~  - 1  C r o  A ~ P D ~ P S F O ~  C A P  UI Natson-Crick B form DNA together with 
. - dimers of Cro, A repressor amino-terminal 

domains, and CAP carboxyl-terminal do- 
mains viewed down their respective twofold symmetry axes. The parts of the a , ,  a,, and a, (or a ~ ,  a,, ap) helices that spatially correspond are 
shaded. DNA phosphates whose ethylation interferes with binding of both A repressor and Cro are indicated by the letter P within a double circle. 
Phosphates whose ethylation effects A repressor (and also P22 repressor) binding, but not Cro, are indicated by a P in a single circle [based on (6, 
I I , I 7 , 2 I ,  29,41,45].  Fig. 2 (right). Stylized drawing showing the complementarity between the structure of Cro repressor protein and DNA. 
In the presumed sequence-specific complex, the protein is assumed to move closer to the DNA, with the a, helices penetrating further into the 
major grooves of the DNA than is shown in the figure. The carboxyl-terminal residues of the protein are presumed to bind in the vicinity of the mi- 
nor groove of the DNA. In order to maximize the contacts between c r o  and DNA, the protein may undergo a hinge-bending motion or the DNA 
may bend (as shown), although these are not essential features of the model. The DNA is represented stylistically by large dotted spheres 
centered at the phosphate positions and small dotted spheres that follow the bottom of the major groove. In the protein, each residue is 
represented by a single sphere. Acidic residues have solid concentric circle shading, basic residues have broken circle shading, uncharged 
hydrophilic residues have dotted circle shading, and hydrophobic residues have no shading [after (6. 28)]. 

Fig. 
- I .  
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number of other DNA-binding proteins. the sequence homology is poor, and was vator proteins from different phages, but 
The suggestion that several DNA- not apparent on first inspection (4, 9). also other DNA-binding proteins such as 

binding proteins might have structural However, with additional sequences the lac repressor from E, coli. 
similarities came first from comparisons available, the overall homology becomes The region of best sequence homology 
of their amino acid sequence (36-39). In obvious (Fig. 3). The sequence homolo- occurs within the parts of the sequences 
some cases, such as Cro and X repressor, gy includes not only repressors and acti- that align with the cr2 and cr3 helices of 
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Cro, that is, within the part of the protein 
that has been proposed to interact with 
the DNA. Thus, it was reasonable to 
infer that the homologous proteins con- 
tained an a-helical DNA-binding super- 
secondary structure similar to the a2-~~.3 

fold seen in Cro (36,37). An independent 
series of sequence comparisons, made in 
the light of the known structure of A 
repressor, led to a similar conclusion 
(38). The locations of known mutants of 
lac repressor are consistent with such a 
hypothesis (Fig. 3) (37), and additional 
support in this case has subsequently 
come from NMR studies (40). 

Structural similarities in DNA-binding 

Fig. 3. Alignment of a series of DNA-binding 
proteins based on sequence homology (36-38) 
and correspondence of the three-dimensional 
structures of Cro, CAP, and A repressor (41, 
45). The first eight sequences are DNA-bind- 
ing proteins from bacteriophages. Within this 
set, residues identical in two or more se- 
quences are underlined. Residues in the final 
two sequences (lac repressor and CAP) that 
agree with the phage proteins have a double 
underline. Residues that have similar three- 
dimensional structures in Cro and A repressor 
(45) or in Cro and CAP (41) are boxed. 
Residues in Cro and A repressor that are 
presumed to contact DNA are capped by 
arrowheads. Additional presumed contacts 
occur for residues near the carboxyl terminus 
of Cro. The solid stars underneath the A 
repressor sequence show locations where 
amino acid substitutions interfere with the 
function of the protein (25). (Additional sub- 
stitutions occur at Leu6',  he^^, Ser7', and 
Ileg4. Substitutions of buried residues and 
replacements by proline are not included.) 
Similarly, the locations of residues of lac 
repressor for which all known mutants dra- 
matically reduce DNA binding, but do not 
simply destabilize the protein, are indicated 
by solid stars. The open stars indicate loca- 
tions where amino acid substitutions may 
reduce DNA binding, or where the reduction 
in DNA-binding affinity is weak (37). Loca- 
tions in A repressor and P22 repressor at 
which amino acid substitutions result in non- 
stimulation of transcription are indicated by 
triangles (52, 53). Approximate locations of a 
helices and P sheets in the three known struc- 
tures are shown. (The definition of the ends of 
an a helix or P sheet is somewhat arbitrary, 
especially for an unrefined structure. There- 
fore slight discrepancies in the extent of a 
helices, as for the a2 and a, helices of Cro and 
A repressor, do not necessarily imply different 
conformations or hydrogen bonding patterns 
at the ends of these helices.) References to the 
amino acid and gene sequences are given in 
(37, 38, 44). In a number of cases the amino 
acid sequence is inferred from the gene se- 
quence and the amino terminal residue of the 
protein is uncertain. The abbreviations for the 
amino acid residues are: Ala, alanine; Arg, 
arginine; Asn, asparagine; Asp, aspartic acid; 
Cys, cysteine; Gln, glutamine; Glu, glutamic 
acid; Gly, glycine; His, histidine; Ile, isoleu- 
cine; Leu, leucine; Lys, lysine; Met, methio- 
nine; Phe, phenylalanine; Pro, proline; Ser, 
serine; Thr, threonine; Trp, tryptophan; Tyr, 
tyrosine; Val, valine. 
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proteins. Apart from the above relation- tween CAP and other DNA-binding pro- 
ships, Cro and CAP have a striking teins corresponding with the observed 
structural correspondence in their pre- structural homology between CAP and 
sumed DNA-binding regions (41). The Cro (43, 44). 
three a helices (aD, a ~ ,  aF)  in the car- For Cro and A repressor, their a2 and 
boxyl-terminal domain of CAP can be a3 helices, and parts of their a l  helices as  
approximately superimposed on the oil, well, spatially superimpose (45) (Figs. 1 
a2 ,  and a3 helices of Cro (Figs. 1 and 3). and 3). Again, as  with Cro and CAP, it is 
For  the aE-aF and a2-a3 helical units the the a2-a3  helical units of the two pro- 
superposition is striking. There are 24 a teins that have virtually identical confor- 
carbons in the respective units that su- mations (Fig. 4). 
perimpose with an average discrepancy The alignment of the sequences of the 
of 1.1 A. An exhaustive search through DNA-binding proteins included in Fig. 3 
all protein structures in the Brookhaven is based in part on sequence homology 
Data Bank failed to find a similar two- and also on structural homology between 
helical unit (Fig. 4). A subsequent, ex- Cro, CAP, andX repressor. The residues 
tended search for a pair of helices super- that are buried tend to be most strongly 
imposable on the a2 and a3 helices of conserved. Amino acid sequence com- 
Cro, allowing the linkage between the parisons made on the basis of the known 
two helices to  be of arbitrary length, also structures of Cro, CAP, and A repressor 
failed to find a similar structure (42). suggest that the two-helical unit may 
After the gene sequence was determined occur in additional DNA-binding pro- 
and amino acid sequence of CAP (13) teins (not included in Fig. 3) that are 
was inferred, it was shown that there is involved in gene regulation at  the level of 
an amino acid sequence homology be- transcription (23, 24, 38, 43, 44). 

Fig. 4. Histogram showing the 
result of a search through all 
protein structures in the 
Brookhaven Data Bank for a 
bihelical unit similar to the a2- 
a, unit as initially seen in Cro 
and CAP (41). Rc, is the root- 
mean-square distance between 
the 24 a-carbon atoms in the 

3 7 9 11 13 15 a 2 4 3  unit of Cro and succes- 
Root-mean-square d~fference ( A )  sive 24 a-carbon segments 

from all known structures, aligned so as to minimize Rc,. Values of Rc, for the a 2 - a 3  segment 
of Cro compared with the (YE-ZF segments of CAP (41) and A repressor (45) are shown. 

DNA-binding 
domains 

Fig. 5. Scheme of the general nature of the interaction presumed'to occur in many DNA- 
regulatory proteins between a common az-a, helical unit and right-handed B-form DNA. At left 
is a "side view" with the twofold axis of symmetry (arrowed) extending from left to right. On 
the right the view is "face on" (44). 
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Similarities in DNA binding. The ami- 
no acid sequence comparisons and the 
structural comparisons both point to a 
special role for the two-helical "a2-ci3" 

unit in DNA recognition and binding. 
The mode of interaction of this unit with 
DNA, as  inferred from the structure of 
Cro (6), is sketched in Fig. 5. The pre- 
sumed mode of binding of the ci2-ci3 

helical unit in X repressor is very similar 
although not identical (11, 24,45). The a3 
helix occupies the major groove of the 
DNA with its amino acid side chains 
positioned so as  to  make sequence-spe- 
cific interactions with the exposed parts 
of the DNA base pairs. Side chains of the 
a2 helix are also presumed to contact the 
DNA, these interactions being primarily 
to the phosphate backbone. 

It is reasonable to anticipate that simi- 
lar modes of DNA binding will be found 
for a number of other gene regulatory 
proteins whose sequences have been 
shown to be homologous with those in- 
cluded in Fig. 3. Chemical and enzymat- 
ic (deoxyribonuclease footprinting) pro- 
tection experiments have indicated the 

- 5 T n  . A . A 1 5  $7 
-cH.?,:.y.H, LYS 32  

- 4 G :  : : C + 4  

c Lys 32  

- 3 A :  . . : 1 q T  +3 

'Ho Ser 28 6 Asn 3 1  

-2 T - j w  A +2 . . 
6 NH Gln 27 

N7 N6 0 4  Y 
-1 A : : 8 T + I  

3' 40 Tyr  26 5' 

Shared 
phosphate 

sizes of the recognition sites for such 
proteins to be about two turns of the 
DNA helix ( u s u ~ l l y  15 to 20 nucleotides). 
This is the DNA length which would be 
expected to  be covered by the DNA 
recognition super-secondary structure. 

The structural superposition of Cro on 
A repressor (45) shows that the short 
loop connecting the a,  and cif helices of 
A repressor ( ~ y s ~ ~  to Gly30) is absent in 
Cro (Fig. 3). In the model for X repressor 
bound to DNA (11, 24), this loop is 
located near the outer part of the binding 
site and might account for the different 
phosphate ethylation pattern for X re- 
pressor and Cro. The phosphates whose 
ethylation interferes with Cro binding 
are located near the center of the opera- 
tor site, whereas X and P22 repressors 
have four additional phosphate contacts 
in the outermost parts of the binding site 
(Fig. 1). These additional contact sites, 
not seen for X Cro, might be due to the 
"aI-a2 loop" present in the two repres- 
sors but absent from A Cro (Fig. 3) (45). 

Although Cro and X repressor bind to 
the same sites on the DNA (albeit with 

Fig. 6. Schematic representation of the pre- 
sumed sequence-specific interactions be- 
tween Cro and the parts of the base pairs 
exposed within the major groove of the DNA. 
The direction of view is imagined to be direct- 
ly into the major groove of the DNA with the 
base pairs seen edge-on. The dyad symbol 
within the topmost base pair indicates the 
center of the overall 17-base-pair binding re- 
gion. The symbols are as follows: 1, hy- 
drogen bond acceptor: 6 ,  hydrogen bond 
donor; 0, methyl group of thymine; *. gua- 
nine N-7 which is protected from methylation 
when Cro is bound (29). Presumed hydrogen 
bonds between Cro side chains and the bases 
are indicated (+-) . Apparent van der Waals 
contacts between Cro and the thymine methyl 
groups are shown ( I ) .  [From (28), courtesy 
of Nature (London)] 

b 

mutation 

Fig. 7. (a) Schematic diagram 
of the relation between the a, 
a3 helical unit of h repressor 
and polymerase. (b) Similar di- 
agram showing the relation be- 
tween the presumed a2-a3 he- 
lical unit of P22 repressor and 
polymerase. In each case, 
polymerase is drawn shaded 
and the locations of the posi- 
tive control mutations are 
shown. The "shared" phos- 
phate is believed to be con- 
tacted by both bound repres- 
sor and bound polymerase. 
There is a similarity between 
the presumed alignment on the 
DNA of the az-0.3 helices of A 
repressor (this figure) and that 
assumed for Cro (Fig. 5). 
[Courtesy of Cell (53)] 

different relative affinities), the amino 
acid sequences of their ci3 "recognition 
helices" are substantially different (Fig. 
3). In contrast, comparison of the three- 
dimensional structures of the two pro- 
teins showed that the backbone confor- 
mations of their respective a2-ci3 units 
were practically identical (45). However, 
the structural comparison also showed 
that there are stereochemical restrictions 
that prevent these units from binding to 
the DNA in exactly the same way. Cro 
and h repressor apparently use a non- 
identical set of amino acid side chains 
organized in a somewhat different spatial 
arrangement to recognize the same DNA 
sequence. This suggests that there is not 
a simple one-on-one recognition code 
between amino acids and bases (24, 36, 
45). 

Recognition of Specific Sites 

The above models for DNA-orotein 
interaction are based in large part on an 
overall structural complementarity be- 
tween the protein and the DNA. An 
underlying assumption of such models is 
that the DNA does not change its confor- 
mation very much when the protein is 
bound. This has been experimentally 
verified for lac repressor (46), X repres- 
sor (47), and CAP (34). The complemen- 
tarity between the shape of the protein 
and the shape of the DNA is also consist- 
ent with the observation that these pro- 
teins bind to nonspecific sites on the 
DNA (KD - to 1 0 - ' ~ )  in addition 
to their specific sites (KD - lo-' ' to 
1 0 ~ 3 ~ .  

In order to obtain an insight into se- 
quence-specific recognition, model 
building and energy refinement were 
used to develop a detailed model for the 
complexes between Cro and DNA (28). 
This model is consistent with the known 
affinities of Cro for its six binding sites 
on A DNA and for mutant sites as well. 
The model suggests that the recognition 
of a specific base sequence on the DNA 
is due, in large part, to a complementary 
network of hydrogen bonds between 
amino acid side chains of the protein and 
DNA base-pair atoms exposed within 
the grooves of the DNA (48-50). 

The hydrogen bond network that is 
presumed to exist between Cro and its 
tightest known binding site, OR3, is 
shown schematically in Fig. 6 (28). In the 
figure, the successive base pairs are 
imagined to be seen edge-on, with all the 
possible hydrogen bond acceptor and 
donor atoms indicated. Atoms that do 
not hydrogen bond to the protein are 
presumed to remain hydrogen bonded to 
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solvent. One striking feature of the mod- 
el is the multiple hydrogen bonding of 
the amino acid side chains, for example, 
~ r ~ ~ ~ ,  L ~ s ~ ~ ,  ~ l n * ' ,  and even Ser28 (Fig. 
6). Such bi- and multidentate interac- 
tions provide a clear rationale for en- 
hancing the specificity of DNA-protein 
recognition (48, 49). Also, as  has been 
shown for lac repressor, hydrophobic 
interactions can play an important part in 
recognition (50). 

While protein-DNA interactions of the 
sort shown in Fig. 6 are presumed to be 
responsible for recognition of a specific 
base sequence, it is understood that the 
overall energy of interaction of the com- 
plex comes primarily from interactions 
with the DNA that do not depend on the 
base sequence (49). In the Cro-DNA 
model there are many such contacts, 
including about ten potential ionic inter- 
actions with the phosphate backbone 
(28). Model building suggests that when 
Cro is moved 4 A or so away from the 
DNA, most of the hydrogen bonds that 
are involved in sequence-specific recog- 
nition would be broken, but many of the 
ionic interactions could be retained (Fig. 
2). Such ionic interactions might be uti- 
lized by the protein in sliding along the 
DNA to reach the target site (28, 51). 

Repression and Activation 

The structural studies of Cro and A 
repressor are consistent with the estab- 
lished idea that these proteins repress 
gene expression by binding at a site on 
the DNA that sterically prevents access 
of RNA polymerase to initiation sites for 
transcription. 

Structural, genetic, and kinetic analy- 
ses of A repressor in the laboratories of 
Ptashne and McClure indicate that this 
protein activates (or "positively con- 
trols") gene expression by a direct favor- 
able contact with RNA polymerase (21, 
22, 52-54). Three mutants of h repressor 
that are deficient in positive control but 
do not greatly interfere with DNA bind- 
ing, per se, have been isolated. The 
mutant proteins have amino acid alter- 
ations at positions 34(Glu + Lys), 
38(Asp + Asn), or 43(Gly + Arg) (a de- 
crease of negative charge in each in- 
stance) (52, 53). In terms of the three- 
dimensional structure of h repressor 
these amino acids are in the a 2  helix or in 
the connection between the a 2  and a 3  

helices (Figs. 1 and 3). In the proposed 
model for A repressor bound to DNA the 
residues are clustered together on the 
surface that had been inferred from DNA 
protection studies to be a close contact 
between A repressor and polymerase 

9 SEPTEMBER 1983 

(Fig. 7) (11, 22, 24, 52, 53). Similar 
protection experiments for phage P22 
had indicated that in this phage the dis- 
tance from the relevant P22 repressor 
binding site to the P22 promoter (PRM) is 
shorter than the corresponding distance 
in bacteriophage A (22). Now, a mutant 
of P22 repressor defective in positive 
control has been isolated, and the substi- 
tution identified occurs at position 42 
(Glu + Lys) (53). If it is assumed, on the 
basis of the sequence homology, that the 
structure of P22 repressor resembles the 
known structures of A repressor and A 
Cro, then Glu 42 would be located at the 
carboxyl end of the a3 helix (Figs. 3 and 
7b). This is not close to  the presumed 
RNA polymerase contact region seen in 
A repressor (Fig. 7 4 ,  in fact it is on the 
opposite side of the molecule. However, 
in a dimer of P22 repressor, residue 42 of 
the twofold-related monomer is exactly 
placed to contact polymerase in such a 
way that the distance from the repressor 
to PRM is explained (Fig. 7b) (22, 53). 

The evidence is therefore compelling 
that A repressor and P22 repressors have 
acidic residues that are located in differ- 
ent parts of the respective structures and 
apparently make contact with the same 
"positive patch" on polymerase. This 
mechanism for the activation of tran- 
scription could well apply to other posi- 
tive regulators. In the case of CAP stim- - 
ulation of the gal, araC, and cat operons, 
the CAP binding site is in the "-35" 
region, that is, about 35 bases from the 
initiation of transcription (161, a distance 
comparable with P22 repressor. Also 
CAP has acidic residues (Glu19' and 
Asp192) at positions that correspond to 
GIu4' of P22 repressor (Fig. 31, and might 
therefore make contact with polymerase. 
On the other hand, the distance from the 
CAP binding site to the origin of tran- 
scription varies in different operons. In 
particular, CAP binds to the -62 region 
in lac and the -85 to -90 region in 
araBAD and deo operons. Therefore it 
remains to be determined whether CAP 
stimulates transcription by making direct 
contact with polymerase, or if activation 
occurs by some other mechanism (12, 
14). 
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Science, Risk, and Public Policy 

William D. Ruckelshaus 

We are now in a troubled and emotion- confidence. The polls show that scien- 
a1 period for pollution control; many tists have more credibility than lawyers 
communities are gripped by something or  businessmen or politicians, and I am 
approaching panic and the public discus- all three of those. I need the help of 
sion is dominated by personalities rather scientists. 
than substance. It is not important to This is not a nai've plea for science to  
assign blame for this. I appreciate that save us from ourselves. Somehow, our 

Summary. A climate of fear now dominates the discussion of environmental issues. 
The scientific community can help alleviate this fear by making a greater effort to 
explain to the public the uncertainties involved in estimates of risk. Current statutory 
mandates designed to protect public health both demand levels of protection that 
technology cannot achieve and are uncoordinated across government agencies. A 
common statutory framework for dealing with environmental risks is needed. In 
addition, care must be taken to separate the scientific process of assessing risk from 
the use of such assessments, together with economic and policy considerations, in 
the management of risks through regulatory action. 

people are worried about public health 
and about economic survival, and legiti- 
mately so, but we must all reject the 
emotionalism that surrounds the current 
discourse and rescue ourselves from the 
paralysis of honest public policy that it 
breeds. 

I believe that part of the solution to 
our distress lies with the idea that discl- 
plined minds can grapple with ignorance 
and sometimes win: the idea of science. 
We will not recover our equilibrium 
without a concerted effort to more effec- 
tively engage the scientific community. 
Frankly, we are not going to be able to  
emerge from our current troubles with- 
out a much improved level of public 
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democratic technological society must 
resolve the dissonance between science 
and the creation of public policy. No- 
where is this more troublesome than in 
the formal assessment of risk-the esti- 
mation of the association between expo- 
sure to a substance and the incidence of 
some disease, based on scientific data. 

Science and the Law at EPA 

Here is how the problem emerges at 
the Environmental Protection Agency. 
EPA is an instrument of public policy, 
whose mission is to  protect the public 
health and the environment in the man- 

ner laid down by its statutes. That man- 
ner is to set standards and enforce them, 
and our enforcement powers are strong 
and pervasive. But the standards we set, 
whether technology- o r  health-related, 
must have a sound scientific base. 

Science and the law are thus partners 
at EPA, but uneasy partners. The main 
reason for the uneasiness lies, I think, in 
the conflict between the way science 
really works and the public's thirst for 
certitude that is written into EPA's laws. 
Science thrives on uncertainty. The best 
young scientists flock into fields where 
great questions have been asked but 
nothing is known. The greatest triumph 
of a scientist is the crucial experiment 
that shatters the certainties of the past 
and opens up rich new pastures of igno- 
rance. 

But EPA's laws often assume, indeed 
demand, a certainty of protection greater 
than science can provide with the cur- 
rent state of knowledge. The laws do no 
more than reflect what the public be- 
lieves and what it often hears from peo- 
ple with scientific credentials on the 6 
o'clock news. The public thinks we 
know what all the bad pollutants are, 
precisely what adverse health o r  envi- 
ronmental effects they cause, how to 
measure them exactly and control them 
absolutely. Of course, the public and 
sometimes the law are wrong, but not all 
wrong. We do know a great deal about 
some pollutants and we have controlled 
them effectively by using the tools of the 
Clean Air Act and the Clean Water Act. 
These are the pollutants for which the 
scientific community can set safe levels 
and margins of safety for sensitive popu- 
lations. If this were the case for all 
pollutants, we could breathe more easily 
(in both senses of the phrase); but it is 
not so. 

William D. Ruckelshaus is Administrator of the 
U.S. Environmental Protection Agency, Washing- 
ton, D.C. 20460. This article is based on a talk he 
gave at the National Academy of Sciences, Wash- 
ington, D.C., on 22 June 1983. 
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