
Structure of the Lambda Complex at 2.5 A 
Resolution: Details of the ~epr6ssor-operator 

Interactions 

The crystal structure of a complex containing the DNA- 
binding domain of lambda repressor and a lambda opera- 
tor site was determined at 2.5 ,& resolution and refined to 
a crystallographic R factor of 24.2 percent. The complex 
is stabilized by an extensive network of hydrogen bonds 
between the protein and the sugar-phosphate backbone. 
Several side chains form hydrogen bonds with sites in the 
major groove, and hydrophobic contacts also contribute 
to the specificity of binding. The overall arrangement of 
the complex is quite similar to that predicted from earlier 
modeling studies, which fit the protein dimer against 
linear B-form DNA. However, the cocrystal structure 
reveals important side chain-side chain interactions that 
were not predicted from the modeling or from previous 
genetic and biochemical studies. 

C RYSTALLOGRAPHIC STUDIES OF DNA-BINDING PROTEINS 

(1-4) and of protein-DNA complexes (5, 6) are beginning 
to give structural information about site-specific recognition 

and gene regulation, but many important problems remain. Even in 
cases where we can assign a binding protein to a known structural 
class and determine that it contains a "helix-turn-helix" motif (7) or 
a "zinc finger" motif (8) ,  we still cannot reliably predict how the 
protein contacts its binding site or which residues should be altered 
to change the specificity. Detailed information about several pro- 
tein-DNA complexes will be needed to determine whether any 
general principles emerge. 

The repressor from bacteriophage lambda provides a useful 
system for the study of protein-DNA interactions. Repressor regu- 
lates gene expression by binding, with different affinities, to six 
different sites in the phage DNA (9). Each site contains 17 base 
pairs and is approximately symmetric about the central base pair. 
The amino-terminal domain of repressor, residues 1 to 92, is the 
DNA-binding domain and makes all of the contacts required for 
positive and negative control of transcription (10). The crystal 
structure of this domain has been reported, and a model for the 
repressor-operator interactions has been proposed (3). Lambda 
repressor also has been the subject of extensive genetic and biochem- 
ical analysis, and there have been several studies of mutations that 
affect recognition and regulation (1 1-14). 

Although these genetic and biochemical studies have supported 
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the basic proposals that came from model building, cocrystals were 
needed to test these models and to understand details of the 
repressor-operator interactions. After testing a series of operator 
fragments of different length, we crystallized the NH2-terminal 
domain of lambda repressor with a 20-bp fragment (15) (Fig. 1) 
that contains the operator site OL1. Structural analysis of these 
crystals reveals many details, including some unexpected side chain- 
side chain interactions, that have important implications for under- 
standing site-specific recognition and gene regulation. 

Structure determination. Crystals of the repressor-operator 
complex were grown by vapor diffusion against 20 percent PEG 400 
(15). The complex crystallized in space group P2, with unit cell 
lengths a = 37.22 A, b = 68.72 b;, and c = 57.03 b; and with a P 
angle of 92.2". The volume of the unit cell suggested that there was 
one complex in the asymmetric unit. Transferring macroscopic seeds 
into fresh crystallization drops gave large crystals that were used for 
data collection, and these crystals diffracted to at least 2.25 b; in all 
directions. 

Precession photographs indicated that the crystals contained B- 
DNA oriented along the diagonal of the ac plane (15). Using this 
restraint and packing considerations, we located the proposed model 
of the complex (3) in a low-resolution R-factor search, with 5 b; data 
collected on a Nicolet P3IF diffractometer. This model was partially 
refined with CORELS (16), and it served as a starting point for 
rebuilding the complex at high resolution. 

The structure that we now report is based on two data sets 
collected on the Xentronics area detector at Genex Corporation 
(Gaithersburg, Maryland). The native data were collected to 2.5 b; 
resolution (Table l ) ,  and data from a Pb(NO& derivative were 
collected to 3.1 b;. Metal sites were located with the use of the 
CORELS model to phase a difference map, but the sites were readily 
apparent from the difference Patterson maps. The sites were refined 
with the Munich PROTEIN system (17), and a SIR map, with a 

Table 1. Statistics for the native data as a function of resolution shell. 
Observed reflections had I > 2u. The R,,, is based on 22,860 observations 
of 9,177 reflections. 

Rsym = C C 11, - i,ilC C I, 

Resolution Number Number Percentage 
(4 observed possible observed 

R,,, 

4.54 1684 1703 98.9 0.038 
3.61 1645 1677 98.1 0.039 
3.15 1572 1648 95.4 0.042 
2.86 1512 1663 90.9 0.056 
2.66 1421 1652 86.0 0.071 
2.50 1343 1656 81.1 0.082 

Infinity to 2.50 9177 9999 91.8 0.043 
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Fig. 1. Operator site PA p, PE. Po. PC 
used for cocrystalliza- r l  r 2 3 , 8 1 r 
tion. Secluence of the T A'T'A T C A C C G C COXGOT G G T A U 
1 7 - b ~  sit; OL1 is T A T A G ToGoGoC G G T C A C C A T A A 
in bold letters. The left 8' 7' 6' 5' 4' 3' 2'Tl8Y 
half of the operator site, 'c p~ p~ ps. Pn. 

. - 

with base pairs num- 
bered 1 to 9, matches the 
consensus sequence for the operator half-sites (9).  The approximate twofold 
axis goes through base pair 9, and base pairs in the nonconsensus half of OLl 
are numbered 1' to 8'. Circles mark phosphates that ethylation interference 
experiments had implicated as contacts (31). These are labeled PA to PE in 
the consensus half-site and PA, to PEs in the nonconsensus half. 

mean figure of merit of 0.57, was calculated at 3.1 resolution. 
Although this map was not adequate for rebuilding the complex, we 
followed Wang's procedure of iterative phase improvement with 
automatic masking (18), and the map was dramatically improved. 

This electron density map indicated that the CORELS model was 
basically correct. It confirmed that there was one complex in the 
asymmktric unit and that the DNA duplexes from neighboring unit 
cells were stacked to form a continuous, but somewhat irregular, 
helix that runs through the crystal. Coordinates from the CORELS 
model were used as a-startingpoint for rebuilding the structure, but 
the electron density map had not been biased in any way by the 
CORELS model, as the masks used in Wang's program are not 
dependent on any molecular model or previously defined envelope. 
The central 1 7  bp of the DNA and the first four helices of the 
protein were clearly visible in the electron density map, and only 
minor adjustments were made in these regions before starting 
refinement. Portions of the complex that were not clear in this ma; 
and could not be rebuilt reliably were not included in the early 
refinement cycles. Specifically, we omitted the NH2-terminal arm 
(residues 1 to 8), the loop between helix 1 and helix 2 (residues 24 
to 30), and helix 5 and the preceding loop (residues 71  to 92). We 
also omitted bases flanking the O L l  site, removing two bases from 
the 5' end of each DNA strand and one from the 3' end (Fig. 1). 

The model was refined with the use of the Hendrickson and 
Konnert conjugent gradient program (19) that we modified to 
accept nucleic acid restraints based on a version of NUCLIN 
developed by Quigley and Westhof (20). The first cycles of refine- 
ment with the truncated model were based on data between 10.0 
and 3.25 A resolution. The resolution was gradually extended, and 
~ort ions of the model that had been omitted in the first cvcles were 
rebuilt as they became clear in 2F,I - lF,I difference maps. Since the 
DNA duplex is approximately symmetric, it was difficult to choose 
the correct orientation from the first electron density maps. Howev- 
er, as refinement proceeded, it appeared that one of the two 
orientations was more consistent with the 2Fol - F ,  maps, and the 
duplex was rotated accordingly. The orientation was later confirmed 
by growing cocrystals that contained 5-bromocytosine at base pair 
4, and a difference map indicated that at least 90 percent of the 
duplexes have this orientation (21). In later stages, cycles of 
refinement with XPLOR (22), which combines crystallographic 
restraints, energy terms, and molecular dynamics, were interspersed 
with Hendrickson-Konnert refinement. Eventually, the entire com- 
plex was rebuilt from difference maps, although the density for 
residues 1 to 5 in the nonconsensus half-site is quite weak, and the 
position of these residues must be considered tentative. The final 
refinement cycle was obtained with the Hendrickson-Konnert pro- 
gram, and this model, with a single isotropic temperature factor, has 
an R factor of 24.2 percent for data from 6.0 to 2.5 A (23). 
Difference maps indicate plausible locations for several water mole- 
cules, but theie are not included in the current structure. 

Overall structure of the complex. The overall structure of the 

repressor-operator complex (Fig. 2) shows that the protein dimer 
binds by fitting one helix from each subunit into the major groove 
of the operator DNA. The complex is roughly symmetric, and the 
twofold axis of the protein dimer coincides with the approximate 
twofold axis of the operator site. This basic arrangement was 
predicted after the structure of the lambda repressor was determined 
(3), and a similar arrangement was observed in cocrystals that 
contain the 434 repressor (6). 

As observed in the protein crystals (3), the repressor monomer 
contains five a helices. The first four helices form a compact 
globular domain, with helices 1,2,  and 3 on the face that is closer to 
the DNA. Helices 2 and 3 form the conserved "helix-turn-helix" 
unit that has been observed in a number of DNA-binding proteins 
(1-4, 6, 7). Helix 5 extends out from this globular domain to contact 
helix 5' of the other subunit and form the dimer interface. The 
structure of the protein dimer as observed in the complex is very 
similar to that reported for the uncomplexed repressor (3). The 
largest differences are in the loop regions, but the significance of 
these differences is not clear because the structure of the protein has 
only been determined to 3.2 A resolution and has not been refined. 

As previously predicted, residues in helices 2 and 3 (the "helix- 
turn-helix" unit) make many of the contacts with the DNA, but the 
cocrystal structure reveals that residues in the COOH-terminal part 
of helix 1 and residues in the loop following helix 3 also make 
important contacts. As predicted from biochemical studies and 
modeling (3,  24, 25), the NH2-terminal arm wraps around the DNA 
and makes contacts in the major groove on the back side of the 
double helix. The operator DNA is fundamentally B-form DNA, 
with no striking kinks such as those observed in the Eco RI 
cocrystals (5). The largest deviations from linear B-DNA occur at 
the ends of the operator site, which bend slightly toward repressor 
(Fig. 2). 

Contacts with bases in the major groove. Repressor contacts 
sites in the major groove and phosphate oxygens of the ribose 
phosphate backbone. Although the set of contacts must be responsi- 
ble for specific recognition, we begin by discussing contacts with the 
edges of the base pairs. Critical hydrogen bonds are made by ~ l n " "  
and Ser45, which are at the NHz-terminal end of helix 3; by As#, 
which is in a loop just after helix 3; and by Lys4, which is in the 
NHz-terminal arm (Fig. 3). Since most of the contacts are the same 
in the two halves of the operator site, we discuss contacts with 

Table 2. Local helical parameters of OLl. Helical twists are described with 
respect to a single helical axis. Propeller twists are described with respect to a 
line connecting the C6 of the pyrimilne and the C8 of the purine. 

Posi- Base Twist (deg) i -  Base Twist (deg) 

pair Helical Propeller pair Helical Propeller 

1 T . A  ............... 11.9 9 C.G ................ 5.4" 
41.4 27.3 

2 A.T ................ 18.0 8' C.G ................ 21.2 
29.6 47.0 

3 T . A  ................ 13.7 7' A.T ................ 9.1 
37.8 34.2 

.4 C.G ................ 12.6 6' G.C ................ 11.8 
32.4 33.2 

5 A.T ................ 4.7 5' T . A  ................ 13.6 
33.4 31.0 

6 C.G ................ 9.4 4' G.C ................ 13.6 
21.4 33.9 

7 C.G ................ 2.9 31 G.C ................ 12.1 
36.4 33.3 

8 G.C ................ 18.7 2' T . A  ................ 11.9 
39.4 39.1 

9 C.G ................ 5.4 1' A.T  ................ 6.5 

*For clarity, the central base pair is repeated at the start of the second column. 
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Fig. 2. (A) Stereo photo- 
graph of the repressor-oper- 
ator complex. The DNA is 
dark blue, the repressor 
monomer bound to the con- 
sensus half-site is yellow, 
and the monomer bound to 
the nonconsensus half-site is 
purple. In each chain, helix 
3 (residues 44 to 52) is red. 
(B) Sketch of the repressor- 
operator complex in the 
same orientation as (A). 
Helices in one monomer are 
numbered 1 to 5. The termi- 
nal base on the 5' end of 
each strand has been omit- 
ted. 

respect to the consensus half-site and note sigdcant differences 
when they occur. 

As predicted, Gln4, which is the first residue in helix 3, fbnns two 
hydrogen bonds with the adenine of base pair 2 (Fig. 3). The amide 
-NH2 of the glutamine side chain donates a hydrogen bond to N7 of 
adenine and the amide =O accepts a hydrogen bond from thc N6. 
This type of bidentate interaction was proposed by Seeman, Rosen- 
berg, and Rich (26), was observed in the 434 couys& (6), and is 
predicted to occur on the A cro complex (1). However, the A 
cocrystals reveal an interesting and unexpected aspect of this interac- 
tion: The contact made by Gln4 is stabilized by a hydrogen bond 
fiom the side chain of Gln33 (the first residue in helix 2); Gln33 also 
hydrogen bonds to the oxygen of phosphate PB (Fig. 3). This gives 
an extended hydrogen bonding network with two protein side 
chains connecting a phosphate with a base in the major groove. A 
similar extended interaction involving a glutamine at the start of 
helix 2 and a glutamine at the start of helix 3 has been observed in a 
high-resolution study of the 434 couystals (27). These extended 
interactions help to explain why the conserved helix-nun-helix unit 
frequently begins with a glutamine (7, figure 12). 

As predicted, Ser4' (which is the second residue in helix 3) 
hydrogen bonds to the N7 of guanine 4, and may also have a weaker 
interaction with the 0 6  of this guanine. The last sequence-specific 
hydrogen-bonding interaction fiom this part of the protein involves 
AsnsS, which is in a loop three residues after the end of helix 3. As 
predicted, this asparagine hydrogen bonds to the guanine in base 
pair 6. However, hydrogen bonds with N7 and 0 6  were predicted, 
and the cucrystal structure shows that asparagine only hydrogen 
bonds to N7. In the consensus half-site, Lys4 makes an interesting 
and totally unexpected contact with this guanine. The arm reaches 
toward the center of the operator site, but Lys4 extends back and 
binds in a pocket formed by 0 6  of guanine 6 and the amide =O of 
AsnSS (Fig. 3). As previously noted, the density for the arm is not 
well defined in the other half-site. 

The cocrystal structure shows that hydrophobic interactions also 
contribute to the specificity of the repressor-operator interaction. 
The dearest examples involve the thymine methyl groups in base 
pairs 3 and 5 of the consensus half-site. At base air 3, a hydropho- .8 bic pocket is formed by the p carbon of Ala and the terminal 
carbon atom of 11eS4 (in the loop just after helix 3); Gly4' is also very 
dose to this thymine methyl group and may help to d u d e  water 
from the site. At base pair 5, the dosest neighbors of the thymine 
methyl group indude ~l~~~ and the P carbon of ser4'. [ser4' 
hydrogen bonds to guanine 4, but the helical twist of the DNA 
brings the p carbon very dose to the methyl group of thymine 5.1 

The methyl group of is slightly farther away but it probably 
contributes to the hydrophobicity of this region. At base pair 1, 
there seem to be weaker hvdro~hobic contacts with the methvl , x 

group of the thymine. It is not buried as completely as the methyl 
groups at base pairs 3 and 5, but the y carbon of Gln4 and the 
methvlene carbons of are near this thvmine. 

Cuhtacts with the sugar-phosphate ba'ckbone. The repressor 
makes hydrogen bonds with oxygens on each of the ten phosphates 
marked in Fig. 1. These contacted phosphates are labeled PA to PE 
in the consenSus half-site and PA1 to pE: in the nonconsensus half- 
site. The sheer number of contacts suggests that these interactions 
provide a significant portion of the overall binding energy. Many of 
these backbone contacts are made bv residues that flank the helix 2- 
helix 3 recognition unit, and wed presume that these backbone 
contacts help to orient and position the residues that contact the 
edges of the base pairs (Fig. 4). 

The network of hydrogen bonds that repressor makes with the 
outer phosphates (PA and PB on the consensus half-site, PA, and PB, 
on the nonconsensus half) is particularly impressive. Since these . - . - 
backbone contacts are quite symmetric, at most positions we only 
describe contacts in the consensus half-site. Helix 1 runs don the 0 "outside edge" of the sugar-phosphate backbone, and the Lys' and 
~ y ? ~  side chains hydrogen bond to the oxygens that are hrther 
fkm the major Residues in helices 2 i d  3 contact oxygens 
on the "inside edgen of the DNA backbone. The peptide NH of 
~ l n ~ ~  contacts PA, and the dipole moment of the a helix (28) also 
contributes to this interaction: The side chain amide of Gln33 (the 
first residue in helix 2) and side chain of Asns2 (the last residue in 
helix 3) contact PB. Although it is not dose enough to form a strong 
hydrogen bond, the -NH3+ of ~~s~~ may also interact with phos- 
phate PA. 

Important contacts are also made with phosphates PC, PD, and 
PE, although the network of hydrogen-bonding contacts is less 
extensive. The peptide -NH of Gly43 (which is in the loop between 
helix 2 and helix 3) contacts the "inner" oxygen of PC, but the 
protein does not form a hydrogen bond with the outer phosphate. 
The Asn6' side chain hydrogen bonds to PD and may fbrm a 
bifurcated hydrogen bond with the two oxygens. The hydrophobic 
side chain of ~ e t ~ ~  contacts the DNA backbone between PC and PD 
and appears to interact with the C3', C4', and C5' atoms on the 
edge of the sugar ring. The contacts with PE and Pr appear to be 
different. In the consensus half-site, the terminal nitrogen of Asns8 
hydrogen bonds to PE. In the nonconsensus half-site, the peptide 
-NH of Alas6 hydrogen bonds to PE,. 
The Nl&-terminal arm. Biochemical studies suggested that 

I1 NOVEMBER 1988 RESEARCH ARTICLES 895 



repressor's NHz-terminal arm contacts the major groove on the back 
of the operator site (24). When residues 1 to 3 were removed by 
tryptic digestion, the repressor was unable to protect guanines on 
the back of the operator from chemical methylation. Point muta- 
tions and deletions also suggested that this arm plays a critical role in 
recognition (1 1,2.5). We found that the electron density for the first 
five residues, especially in the nonconsensus half-site, was not as 
dear as for other regions of the complex. We presume that the arms 
are partially disordered. In spite of these problems, density for the 
arm did appear as refinement proceeded, and we were therefore able 
to define the overall position of the arm. 

As predicted, the arms wrap around the DNA, mowing the 
major groove to the center of the operator site (Fig. 2). In the 
consensus half-site, ~~s~ contacts the conserved guanine at base pair 

6 (Fig. 3). The difference maps also show that this arm contacts base 
pair 8, and these contacts are made by T ~ Z  in our model. The 
contacts made in the nonconsensus half-site are less well defined. 
However, the structure shows that the arms are not long enough to 
reach significantly beyond the center of the operator site. They 
cannot make contacts on the other half-site or interact with each 
other to form an antiparallel P sheet. 

DNA conformation. As mentioned earlier, the operator site is a 
relatively straight segment of B-DNA. The average helical twist 
(34.4" per base pair) corresponds to an average of 10.5 bp per turn 
(Table 2). This is very dose to the average expected for B-form 
DNA (29) and suggests that protein binding and u y s h t i o n  have 
not distorted the DNA sigdcantly. As has been observed in single- 
crystal studies of B-form DNA (30), the base pairs have a s imcan t  
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propeller twist (average = 11.6"). The individual helical twists range 
from 21.5 to 47.0°, and the individual propeller nvists range from 
4.6 to 21.2" (Table 2). Some of these variations may reffect 
sequence-dependent aspects of the lambda operator structure. How- 
ever, there probably are some changes as the repressor binds because 
it enhances the reacxivity of G 8' toward chemical methylation (31). 
This base pair has the highest propeller twist in the operator site 
(21.2') and the step between base pairs 7 k d  8' has the highest 
helical twist (47.0"). 

Although the ends of adjacent double helices have significant 
stacking interactions within the cocrystal, the junction between 
adjacent duplexes does not form a perfectly continuous double helix. 
The overhanging bases appear to form a Hoogsteen base pair, and 
there is a bend in the helix axis. Because this region is likely to be 
significantly affected by crystal packing forces, the terminal bases 
have been omitted from Table 2. 

Agreement with chemical, biochemical, and genetic data. The 
cocrystal structure provides a solid basis for understanding and 
interpreting previous studies of the lambda repressor-operator 
complex. This agreement with the structural data confirms that it is 
reasonable to use mutagenesis and chemical protection data in 
modeling protein-DNA complexes. Strong effects on chemical 
reactivity or strong effects of sdace  mutations in the protein are 
good evidence for direct contacts. Specifically, we note that: 

f) Ethyiarion interference experiments had implicated the same 
ten phosphates that repressor contacts (311, and these sites also are 
the regions where hydrooxyl radical footprinting shows the strongest 
effects (32). The very weak hydroxyl radical footprint effects outside 
of thc: operator site do not appear to result from any direct contact. 
The small nutnber of charged residues that interact with the 
phosphates is consistent with the estimate (from a thermodynamic 
anaiysis of the effect of salt on the dissociation constant) that 
repressor displaces only two to three cations when it binds to the 
operator site (331, 

2)  Repressor makes contacts in the major groove with each of the 
guanines that is protected from chemical methylation (31), and the 
one guanine with enhanced reactivity has an unusual conformation. 
No adenines, which react at the N3 position in the minor groove, 
were protected from methylation, and the structure confirms that 
repressor does not make any contacts in the minor groove. 

3) The conserved AT base pair at position 2 and the conserved 
CG base pair at position 4 (which occur in each half of the six 
operator sites) are readiIy explained, since the repressor makes 
strong contacts with these base pairs. The h cro protein also has a 
glutamine and a serine at the start of helix 3 and may make similar 
contacts with base pairs 2 and 4 in each half-site (13). 

4) Almost all the repressor mutants are now readily explained. 
Perhaps the most interesting mutants are those that were not readily 
explained by the initial model of the repressor-operator complex (3) 
but now are explained by the cocrystal structure. For example, it 
now is clear why mutations changing Lys4 or ~ y r ~ *  are so defective 
in operator DNA recognition. Most of the mutants that increase the 
affinity for operator DNA are also readily explained (14): When 
lysine is substituted for glutanlie acid at position 34, modeling 
shows that the lysine can readily be rotated to contact the phosphate 
that precedes PA. The methylene groups of the lysine may (like the 
methylene groups of G I u ~ ~ )  interact with the thymine at base pair 1. 
When asparagine or serine is substituted for glycine at position 48, 
modeling shows that only minor adjusrments are needed to accom- 
modate the new side chain and allow hydrogen bonding to base pair 
3. The one tight-binding mutant that is not readily explained is the 
glutamic acid to lysine change at position 83. When a lysine side 
chain is put at this position, the terminal nitrogen is more than 10 
away from the DNA, and it is not clear why this mutant binds more 

tightly. It is possible that lysine somehow stabilizes the protein 
dimer. 

5) As in our initial model of the repressor-operator complex, side 
chains that are implicated in positive control (12) are exposed on the 
surface of repressor that would be close to RNA polymerase when it 
is bound to the promoter PRM. However, it will be necessary to look 
for secondary effects of the ~ l u ~ ~ - + L y s  mutant and the 
Gly43 _+ Arg mutant, since these might also introduce new contacts 
with the DNA backbone. 

Comparison with other cocrystal structures. Lambda repressor 
is one of a set of proteins that use the helix-turn-helix motiffor site- 
specific recognition (7). This structure has also been observed in the 
X cro protein ( I ) ,  the Eschevirhia coli CAP (catabolite gene activator 
protein) protein (21, the E. coli trp repressor (4), and 434 repressor- 
operator complex (6). A comparison of the lambda repressor and the 
434 repressor helps us understand how the consenred helix-turn- 
helix unit is used in recognition. 

Knowing the amino acid sequence of the 434 repressor made it 
possible for us to align it with the helix-turn-helix motif found in 
other bacterial and bacteriophage repressors (7, 34). Crystallograph- 
ic studies later revealed that this region does form a helix-turn-helix 
structure in the 434 repressor (6), and it now is clear that these two 
repressors use the helix-turn-helix motif in roughly similar ways. In 
each case, the first two residues of the "recognition helix" (GI# and 

for the lambda repressor; and Gin29 for 434 repressor) 
make site-specific contacts with the edges of the base pairs that are 
exposed in the major groove. However, there is no simple pattern 
that aligns these residues with particular base pairs in the operator. 
In the 434 complex, residues 28 and 29 contact adjacent base pairs; 
in the lambda complex, there is an intervening base pair between the 
sites contacted by residues 44 and 45. 

In several cases, corresponding residues also are used to make 
contacts with the phosphates. The conserved glutamine at the start 
of the helix-turn-helix motif ( ~ l n ~ ~  in lambda repressor; Gins7 in 
434 repressor) provides a striking example of a conserved contact. In 
each structure, the peptide -NH of this residue contacts a phosphate 

Fig, 4. Sketch showing side chains that interact with the sugar-phosphate 
backbone in the consensus half-site. View is at right angles to that in Figs. 2 
and 3. 
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that flanks the operator site and the side chain hydrogen bonds to 
the glutamine at the start of the recognition helix. Contacts outside 
the helix-turn-helix unit seem to be less well conserved. Although 
residues in these flanking regions make important contacts with the 
DNA, these seem to have been less tightly constrained during 
evolution. They have adapted, with distinct sequences and distinct 
three-dimensional structures, to optimize recognition of their own 
operator sites. 

The only other cocrystal structure of a site specific binding protein 
is the complex of Eco RI with its restriction site (5), and this 
structure is different from the repressor-operator complexes in 
several ways. (i) Eco RI does not use the helix-turn-helix motif for 
recognition, but has a set of a helices that are more nearly 
perpendicular to the major groove. (ii) Although the two proteins 
make about the same number of hydrogen bonds with the edges of 
the base pairs, the Eco RI restriction enzyme makes two hydrogen 
bonds with each of the six base pairs in the binding site. The A 
repressor also makes about a dozen hydrogen bonds with the base 
pairs, but these are spread out over a 17-bp binding site. (iii) The 
Eco RI restriction enzyme distorts the DNA as it binds, whereas the 
lambda operator site is more nearly uniform B-DNA. 

In large measure, these structural differences can be rationalized 
by considering the very different h c t i o n s  of a repressor and a 
restriction enzyme. Having a restriction enzyme make two hydrogen 
bonds per base pair may enhance specificity and help to protect 
against accidental cleavage at any other sites. By contrast, the lambda 
repressor must recognize a set of related sequences in the phage 
DNA, and there is no drastic penalty if repressor occasionally binds 
(nonspecifically) to some other sites in the phage or bacterial DNA. 
Distortion of the DNA may also play a functional role for Eco RI, 
possibly by enhancing the specificity of binding or preparing the 
DNA for cleavage. Evidently, significant distortion is not required 
as repressor binds to its operator. Other contacts are sufficient to 
provide the necessary level of sequence specificity, and significant 
distortions would merely lower the overall binding energy. 

Implications for protein-DNA recognition. Previous studies of 
repressors (1-4) and of repressor-operator complexes (6) had given a 
preliminary picture of how these proteins bind to DNA, and our 
study confirms many of those basic conclusions. As expected, 
repressor binds as a dimer and uses the conserved helix-turn-helix 
unit to contact adjacent major grooves along one face of a B-form 
operator site. However, the lambda cocrystal structure gives us 
important new information about recognition. 

An important observation from the cocrystal structure is that 
several side chains can "cooperate" to recognize a single base. This 
occurs in two different ways in the repressor-operator complex. At 
base pair 2, G I ~ ~ ~  plays a critical role even though it does not make 
any direct contact with the base pair (Fig. 3). ~ l n ~ ~  helps hold ~ l n ~ ~  
in the right orientation for binding, and this explains why glutamine 
occurs so frequently as the first residue in the helix-turn-helix unit 
(7). The interaction of Gln33 with the phosphate oxygen will also 
help to precisely fix the orientation of ~ l n ~ ~ .  This interaction 
between a side chain at the start of helix 2 and a side chain at the 
start of helix 3 complicates the interpretation of "helix swap" 
experiments that interchange the "recognition helices" of two 
repressors (35). If other repressors with glutamine at the start of the 
helix-turn-helix unit make similar contacts, these proteins would 
comprise a distinct subclass of the helix-turn-helix proteins, and 
"swap experiments" within this subset should have a greater chance 
of succeeding. [One very successful experiment spliced the recogni- 
tion helix of the P22 repressor into the 434 repressor, and both of 
these helix-turn-helix units start with glutamine (35) .I 

At base pair 6, side chains also "cooperate" to enhance the 
specificity of recognition (Fig. 3), but in this case both side chains 

contact the base. AsnSS donates a hydrogen bond to the N7 of 
guanine, and Lys4 donates hydrogen bonds to the 0 6  of guanine 
and to the oxygen of the asparagine side chain. This cooperative 
interaction explains several otherwise puzzling observations, includ- 
ing the reduction in aiKnity observed when Lys4 is changed to 
glutamine (1 1) and the observation that a mutation at base pair 6 has 
a more drastic effect when the full amino-terminal arm is present 
(25). Like the glutamine-glutamine interaction discussed above, this 
interaction complicates efforts to use deletion experiments or swap 
experiments to determine how a particular residie or region of thk 
protein affects recognition. 

This cocrystal structure and the structure of the 434 complex (6, 
27) both reveal an extensive network of interactions with th; suear- " 
phosphate backbone. Presumably, these contacts help to precisely 
position the helix-turn-helix unit, and it is interesting that most of 
these contacts involve polar side chains or peptide -NH groups. 
Surprisingly, lysine and arginine are not used to make many of the 
phosphate contacts. Although they still could contribute to the 
overall binding energy, the loop containing LysZ4, LysZ5, and Lys26 
only makes one tentative contact (at ~ y s ' ~ )  with the DNA. This 
apparent preference for small polar side chains could be significant 
for several reasons: The shorter side chains, which are less flexible, 
may help to position the repressor more precisely. It also is possible 
that hydrogen bonds with polar side chains may have a greater 
directional specificity than salt bridges with the charged groups of 
lysine or arginine. Hydrogen bonds (observed in several cases) that 
involve direct contacts between the protein backbone and the DNA 
backbone should help to position the helix-turn-helix unit very 
preciselv 

It has been proposed that sequence-dependent variations in the 
structure of the DNA backbone may be important for site-specific 
recognition (36). However, in the lambda complex there are no 
dramatic kinks or distortions in the DNA, and it seems more likely 
that these backbone contacts enhance specificity by positioning the 
residues that contact the bases. These "nonspecific" contacts sur- 
round the "recognition helix," with residues at the beginning, 
middle, and end of the helix-turn-helix unit contacting the sugar- 
phosphate backbone (Fig. 4). The precise structural requirements 
for these contacts may help explain why this structural unit is so 
precisely conserved in a set of DNA-binding proteins (1-4, 7). 
Residues from the COOH-terminal end of helix 1 and the NH2- 
terminal end of helix 4 also contact the DNA backbone. These 
contacts may explain a limited structural homology noted in the 
helix that precedes the helix-turn-helix unit (37, 38). However, 
differences in these flanking regions may allow different repressors 
to use the helix-turn-helix region in slightly different ways. 

Our results emphasize the structural complexity of protein-DNA 
interactions. Although the overall orientation and some of the 
critical contacts were predicted correctly from a knowledge of the 
protein structure (3), many details of the interactions had not been 
anticipated. Comparing known cocrystal structures and predicted 
structures of other repressor-operator complexes suggests that there 
is little prospect of any simple recognition code. It does not appear 
there is any strict rule telling how a particular amino acid will be 
used or how a particular basewill be recognized. As observed in this 
complex and in the Eco RI complex, several amino acids from 
different sections of the protein may cooperate to recognize a 
particular base pair, and & appears that recognition, like protein 
folding, involves cooperative interactions. The complexity of the 
interactions underscores the inherent limitations of using genetic 
and biochemical studies to make detailed structural predictions. It 
will be necessary to determine the structure of a series of protein- 
DNA complexes and carefully analyze the energy of these interac- 
tions to see whether any general principles of rdcognition emerge. 
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Recognition of a DNA Operator by the 
Repressor of Phage 434: 

A ~ : e w  at High ~gsolution 

The repressors of temperate bacteriophages such as 434 
and lambda control transcription by binding to a set of 
DNA operator sites. The different h i t y  of repressor for 
each of these sites ensures efficient regulation. High- 
resolution x-ray crystallography was used to study the 
DNA-binding domain of phage 434 repressor in complex 
with a svnthetic DNA ot>erator. The structure shows 
recopjnitibn of the opera& by direct interactions with 
base pairs in the major groove, combined with the se- 
quence-dependent ability of DNA to adopt the required 
conformation on binding repressor. In particular, a net- 
work of three-centered bifurcated hydrogen bonds 
among base pairs in the operator helps kxpl& why 434 
repressor prefers certain sites over others. These bonds, 
which stabilize the conformation of the bound DNA, can 
form only with certain sequences. 

P ROTEINS THAT REGULATE GENE EXPRESSION GENERALLY 

recognize specific DNA sequences through the binding 
properties of a distinct domain. Several classes of such 

domains have now been identified ( 1 ,  2). Members of the best 
studied class contain a "helix-turn-helix" element-a 20-residue 
motif of nearly invariant geometry but considerable sequence varia- 
tion ( 1 ,  3). A first crystallographic analysis of a complex of one of 
these, the DNA binding domain of phage 434 repressor, with a 
synthetic DNA operator revealed an intricate combination of direct 
protein-DNA interactions and DNA conformational effects (4) .  
That structure was determined from crystals diffracting to spacings 
of 3.2 A in some directions but only to about 4.5 A in others. Taken 
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