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Recognition of DNA sequences by the repressor of bacteriophage 434 
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The structure of a complex between the DNA-binding domain of phage 434 repressor and a 14 base-pair synthetic DNA operator 
reveals the molecular interactions important fcr sequence-specific L__sg-;rion. A set of contacts ‘with DNA backbone, notably 
involving hydrogen bonds between peptide -NH groups and DNA phosphates, position the repressor and fix the DNA configuration. 
Direct interactions between ammo acid side chains and DNA bases involve nonpolar van dcr Waals contacts as well as hydrogen 
bonds. The structures of the repressor domain and of the 434 cro protein are extremely similar. There appear to be no major 
conformational changes in the proteins when they bind to DNA. 

1. Introduction 

A cascade of molecular ‘switches’ control the 
choice between lysogeny and lytic growth in tem- 
perate bacteriophages such as h, 434 and P22 [l]. 
Elements of the central part of this cascade are 
shown in the diagram of fig. 1. The tripartite 
rightward operator, On, overlaps both the promo- 
tor transcripts required for lytic growth (Pa) and 
the promotor for maintenance of the lysogenic 
state (Pa&. In a lysogen, repressor is normally 
bound at sites OR1 and Oa2, blbcking transorip- 
tion from Pa. The 0,2-bound molecule activates 
transcription from PRM_ When excess repressor is 
present, OR3 is occupied and transcription at Pa, 

Correspondence address: S.C. Harrison, Howard Hughes 
Medical Institute, 7 Divinity Avenue, Cambridge, MA 02138, 
U.S.A. 

* Present address: Cold Spring Harbor Laboratory, Cold 
Spring Harbor, Long IsIand, NY 11724, U.S.A. 

l l Present address: Department of Neurobiology and Behav- 
ior, Columbia University and Howard Hughes Medical 
Institute, 722 West 168th Street, New York, NY 10032, 
U.S.A. 

ceases, Inactivation of repressor, following ultra* 
violet irradiation, for example, leads to initiation 
of transcription at PR with subsequent production 
of Cro (the product of the cro gene). Cro binds 
tightly to site 0,3, preventing further repressor 
synthesis: the transition to lytic growth is irre- 

Table 1 

Sequences of some 434 operator sites and corresponding rela- 
tive dissociation constants for 434 repressor, Rl-69 and 434 
Cn, 

For operator sequences, see refs. 11 and 13. For affinities, see 
refs. 2 and 3. The 14-mer is a symmetrical sequence used for 
the synthetic operator in the crystal structure described in ref. 
5. Relative dissociation constants are expressed as the con- 
centration of repressor required to half-saturate a site, normal- 
ized to the concentration required to half-saturate On1 (repres- 
sor, Rl-69) or On3 (Cro). 

Dissociation constant (relative) 

Rep-r Rl-69 Cro 

OR1 ACAAGAAAGTTTGT 1 1 2 

OR2 ACAAGATACATTGT 5 4 

OR3 ACAAGAAAAACTGT 12 I S 1 
16mer ACAATATATATTGT 40 9 8 
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Fig. 1. Elements of the central regulatory interactions in temperate bacteriophages. 

versible. At the thermodynamic level, the essence 
of this switch is summarized by the differential 
affinities in table 1 [2,3]. The measurements in- 
clude sites in 0,, wh+ch regulates transcription of 
additional lytic functrons. In structural terms, the 
key questions are: what features of the designs of 
two very similar proteins (the repressor and cro 
proteins of 434) permit them to bind with oppo- 
site rank orders of affinity to three very closely 
related DNA sequences? What aspects of the DNA 
sequence and structure are involved? 

2. Crystallography 

The repressor of bacteriophage 434 is a dimer 
of identical subunits, each of which folds into two 
domains [4]. ,The N-terminal domain mediates 
DNA binding. It comprises the first 69 residues of 
the polypeptide chain. We have studied this frag- 
ment (‘Rl-69’), prepared by proteolytic cleavage, 
and the 71-residue 434 Cro, both as free proteins 

and complexed with operator DNA. We have 
completed X;ray crystallographic analyses *of 
Rl-69 (to 2 A resolution), oi 434 Cro (to 2.5 A), 
and of Rl-69 bound to a 14 bp synthetic operator 
(to about 3.2 A). Analysis of the structure of 434 
Cro bound to the same synthetic operator (to 
about 4 A) is in progress. The sequence of this 
synthetic operator (‘14’-mer’) is shown in table 1. 
We have also prepared crystals of Rl-69 in com- 
plex with other ‘synthetic operators, and work on 
these is in progress. This report focuses on our 
interpretation of the Rl-69-14-mer complex [S]. 
Structural descriptions of free Rl-69, of 434 Cro, 
and of the Cro-14-mer complex will be reported 
elsewhere. 

3. Rl-69 and 434 Cro 

Fig. 2 shows a summary comparison of Rl-69 
and 434 Cro. The close similarity is evident. This 
similarity was anticipated from the higb degree of 
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Fig. 2. Comparison of structures of Rl-69 (solid bonds) and 434 Cro (open bonds). Only Ca positions are shown. Links are virtual 
bonds connecting these atoms. View is from point of view of DNA in a complex; a3 (residues 27-36) extends across the center of the 

diagram. 

amino acid sequence identity_ Both proteins con- 
tain the helix-turn-helix element first seen in the 
cro protein of phage h [6] and in the E. coli CAP 
protein [7]. Unlike the h repressor and Cro, the 
434 proteins contain this element embedded in 
essentially identical domains. These domains are 
clusters of five a-helical segments. The part of the 
structure that forms helices 1-4 is similar to the 
corresponding part of the N-terminal domain of 
the A repressor [g]. The extended N-terminal arm 
of the A repressor, believed to embrace DNA in 
the complex, is missing in the 434 proteins, as is 
the long helix 5 [8]. 

4. The Rl-6%ldmer complex 

The complex of Rl-69 and 14mer is shown in 
fig. 3 [5]. Except for the reorientation of a few side 
chains that face. DNA, the conformation of each 
Rl-69 monomer is the same as that of free Rl-69. 
The DNA in the complex is a B-type helix, and 
adjacent 14mers stack so precisely on each other 
in the crystal that they mimic continuous B-DNA. 
One reason for this precise stacking is a contact 
between the N-terminus of 012 and P14 of the 
adjacent ldmer; this contact is probably also 
found when Rl-69 is bound to continuous DNA 
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Fig. 3. Owrvie.w of the Rl-69/14mer complex. Helices in the 
protein are shown as cylinders; numbers indicate key residues 

as well as first and last residues of al - ~4. 

191. Another reason may be the favorable energetic 
contribution of base stacking. End-to-end stacking 
is found in many DNA crystals. The DNA helix is 
gently bent around the repressor domains. The 
B-helix is overwound in the center and somewhat 

underwound at the ends. A consequence of the 
combined bend and twist is a marked narrowing 
of the minor groove in the center. The mean twist 
is approx. 10.5 bp/tum. (It would be precisely 
10.5, were the helix axis straight, since three 
successive 14mers, related by a 3-fold screw axis, 
constitute a crystallographic repeat of 42 bp in 
four turns 141. The slight right-handed writhe 
imparted by the curvature of the DNA leads to an 
average local twist of slightly less than 10.5 
bp/tu@ 

5. Interactions with DNA backbone 

The configuration of the 14mer appears to be 
fixed by a set of interactions between the protein 
and phosphate groups of the DNA backbone. In 
B-DNA, phosphates project significantly beyond 
the ribose rings, forming a series of protrusions 
that define the helical path. Four phosphates in 
each half-operator are in van der Waals contact 
with groups on the repressor domain. Three of 
these (P9, PlO, and P14 of the adjacent 14mer, 
here denoted ‘P14’; see fig. 4) fit precisely into 
shallow pockets on the protein surface, lined by 
one or more peptide -NH groups. These main- 
chain amides appear to form hydrogen bonds to 
phosphate oxygens. Adjacent arginine side chains 
also add positive charge to the vicinity of each of 
the sites. The site for P14-, which corresponds to 
the phosphate between the first and second base- 
pairs outside the operator in continuous DNA, is 
formed by the N-terminus of a2 and adjacent side 
chains; the sites for P9 and PlO are formed by the 
loop between a3 and cr4. The fourth phosphate in 
contact (Pll) lies against the turn between a2 and 
a3, but it remains. more exposed than the other 
three. Ethylation of any one of these four phos- 
phates interferes with repressor binding [9]. Inter- 
ference from modification of Pll is less pro- 
nounced than P9, PlO, or P14-, aa expected from 
the extent of protein-phosphate interaction in each 
case. 

6. Interactions with DNA bases 

Docking of a repressor DNA-binding domain 
with an operator half-site, established by the fit to 
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Fig. 4. Phosphate contacts aud local DNA twist, indicated on a 
view normal to the view of fig. 3. In the protein, only ~2 and 

a3 are shown. 

DNA backbone just described, positions a3 in the 
major groove. In principle, the side chains of 
residues 28-30, 32 and 33 could contact DNA 

Fig. 5. Diagram of a3 and side-chain contacts in the major 
groove. Gin 28, Gin 29, and Gln 33 are shown. The.van der 
Waals contact between Ser 30 and the methyl group of Tll’ is 
not indicated. The nucleotide numbering scheme is: Al and 

T14’ in base-pair 1, C2 and G13’ in base-pair 2, etc. 

bases. At the present resolution, the configura- 
tions of these side chains have been established, 
and assignment of van der Waals contacts and 
hydrogen bonds to DNA bases can be inferred 
from the geometry (fig. 5). Interactions with DNA 
bases can be made by three glutamine residues 
(28, 29 and 33), as well as by Ser 30. Glu 32 folds 
back away from the DNA to form hydrogen bonds 
with Gln 17. Gln 28 projects towards Al, so that 
it can form a bidentate hydrogen bond to the 
base. Gln 29 folds back toward the N-terminus of 
1x3. Its C/3 and Cy are in van der Waals contact 
with the methyl group of T12’ (base-pair 3); its NE 
appears to donate hydrogen bonds to 06 and N7 
of G13’ (base-pair 2). Glutamines 28 and 29 thus 
form a complementary surface for parts of base- 
pairs l-3. No other sequences of bases can ‘fit’ 
this surface, and indeed these bases are conserved 
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in all naturally occurring 434 operators and in all 
synthetic operators with measurable affinity for 
434 repressor [2,3], Several further observations 
are consistent with this picture. (1) Mutation of 
Gln 28 to Ala produces a repressor that binds 
with reasonable affinity to an altered operator 
with T: A (instead of A: T) at base-pair 1 [lo]. 
Model building suggests that the thymine methyl 
group can fit into a van der Waals pocket formed 
by the C/3 of Ala 28 and Ccy of Gln 29. (2) If 
residues of the repressor of phage P22, homolo- 
gous to that of 434, are substituted at positions 
27-29 and 32, the hybrid protein binds selectively 
to P22 operators [ll]. That is, P22-like residues of 
cu3, docked onto DNA by the framework of a 434 
repressor, are suitably complementary to P22 
operator sequences. The amino acid residue corre- 
sponding to Gln 29 is valine. In a 434-l&e fit to 
DNA, we would expect it to make good van der 
Waals contact with a thymine methyl group in 
base-pair 3, but no hydrogen bonds (or other 
contacts) to base-pair 2. Indeed, the P22 base-pair 
corresponding to position 3 in 434 is also A: T, 
but the base-pair corresponding to position 2 is 
not conserved. 

We do not yet fully understand the specificity 
at base-pairs 4 and 5. Ghr 33 projects toward 
these base-pairs. It can make a (somewhat long) 
hydrogen bond with 04 of Tll’ (base-pair 4), but 
no direct hydrogen bond to AlO’ (base-pair 5 of 
the 14mer in our crystals). Were base-pair 5 
changed to G : C, a hydrogen bond to N4 of CIO’ 
could also be made while maintaining the bond to 
ill’. Specificity at base-pair 4 is important for the 
crucial differential affinities of 434 repressor and 
Cro at 0,3. In 0,3, one half-site contains GC 
(instead of AT) at this position. The 434 repressor 
binds poorly to a 14mer with GC substituted at 
position 4: the 434 Cro is indifferent to such a 
change. One principal difference between a3 of 
434 repressor and 434 Cro is residue 33 (Gln in 
repressor, Leu in Cro). The properties of a mutant 
repressor with Ala at this position suggest that 
interaction with Gln 33 accounts for some but not 
all of the discrimination at base-pair 4 (Koudelka 
and Wharton, personal communication). A possi- 
ble further source of specificity lies at the 
N-terminal end of a3. The Oy of Ser 30 (hydro- 

gen-bonded to Thr 27) is in van der Waals contact 
with the 5-methyl group of Tll’ (base-pair 4). 
This contact could contribute to repressor specifio 
ity at base-pair 4, since any other base at 11’ 
would leave a ‘hole’ bounded by base 11’ and Ser 
30 (0~). It could contribute to differential affinity 
of repressor and Cro only if the Cro/operator 
complex positions ar3 somewhat differently. 
Elucidation of the structure of the Cro/l4-mer 
complex should help in answering this question. 

7. Indirect recogniti~ of the central base-pairs 

Base-pairs 6 and 7 face protein only through 
the narrow central minor groove [5]. The base 
composition at these positions does affect repres- 
sor binding [12]. The approximate rule is that 
operators with A : T or T : A at these positions 
have higher affinity for repressor than those with 
G : C or C : G. The only possible direct interaction 
with base-pairs 6 or 7 would be made by Arg 43, 
which projects into the minor groove in this re- 
gion. The side chain is ill-defined in our map, but 
mutation of this residue to alanine does not alter 
the preference for A : T or T: A base-pairs (al- 
though it does uniformly lower affinity [12]. These 
observations suggest that the preference is due to 
the DNA configuration required when an operator 
is bound to a dime& repressor. As described 
above, backbone contacts make the docking of 
each Rl-69 domain quite precise. Moreover, con- 
tacts between the protein monomers involve inter- 
digitated hydrophobic surfaces. Only an ap- 
propriate geometry at the center of the operator 
will permit optimal orientation of these protein 
dimer interactions while maintaining correct posi- 
tioning of each monomer on DNA. A : T or T : A 
base-pairs are more conducive to the observed 
overwinding and narrowing of the minor groove 
than G : C or C : G base-pairs. 

8. Conclusions 

The 434 repressor-operator complex is a very 
simple structure. No protein arms envelop the 
DNA; no major bending wraps DNA around 
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protein. Molecular recognition in this complex has 
two aspects: (1) positioning of repressor on cor- 
rectly configured DNA and (2) selection of the 
DNA sequence over which this positioning takes 
place. We observe that the first aspect is governed 
by tbe way in which protruding DNA phosphates 
fit into a set of shallow pockets on the repressor 
surface. These pockets are adjacent to positive 
charge, but the fit of a phosphate group appears 
to be determined particularly by hydrogen bonds 
to peptide-bond amide groups. Van der Waals 
contacts to ribose moieties may also affect posi- 
tioning. We have shown that the second aspect of 
recognition is mediated both directly by the fit of 
a3 into the major groove and indirectly by the 
way in which base composition confers flexibility 
on the central base-pair region. The direct 
ar3/base-pair interactions involve nonpolar van 
der Waals contacts as well as hydrogen bonds. 
Thymine methyl groups play a significant role. 
The indirect influence of central base-pair com- 
position is a consequence of repressor binding as a 
dimer and of the inflexible docking of the repres- 
sor monomers on each half-site. The DNA config- 
uration in the center of the operator must be 
consistent with the requirements of dimer contacts 
in the protein. 
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