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Abstract

The structure has been determined at 3.0 A resolution of a complex of engineered monomeric Cro repressor with a
seven-base pair DNA fragment. Although the sequence of the DNA corresponds to the consensus half-operator that is
recognized by each subunit of the wild-type Cro dimer, the complex that is formed in the crystals by the isolated
monomer appears to correspond to a sequence-independent mode of association. The overall orientation of the protein
relative to the DNA is markedly different from that observed for Cro dimer bound to a consensus operator. The
recognition helix is rotated 48° further out of the major groove, while the turn region of the helix-turn-helix remains in
contact with the DNA backbone. All of the direct base-specific interactions seen in the wild-type Cro-operator complex
are lost. Virtually all of the ionic interactions with the DNA backbone, however, are maintained, as is the subset of
contacts between the DNA backbone and a channel on the protein surface. Overall, 25% less surface area is buried at
the protein~DNA interface than for half of the wild-type Cro-operator complex, and the contacts are more ionic in
character due to a reduction of hydrogen bonding and van der Waals interactions. Based on this crystal structure, model
building was used to develop a possible model for the sequence—nonspecific interaction of the wild-type Cro dimer with
DNA. In the sequence-specific complex, the DNA is bent, the protein dimer undergoes a large hinge-bending motion
relative to the uncomplexed form, and the complex is twofold symmetric. In contrast, in the proposed nonspecific
complex the DNA is straight, the protein retains a conformation similar to the apo form, and the complex lacks twofold
symmetry. The model is consistent with thermodynamic, chemical, and mutagenic studies, and suggests that hinge
bending of the Cro dimer may be critical in permitting the transition from the binding of protein at generic sites on the

DNA to binding at high affinity operator sites.
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In common with a number of DNA-binding proteins (Berg et al.,
1981), Cro protein from phage A (Anderson et al., 1981) interacts
with DNA in two distinctly different fashions (Takeda et al., 1986).
Following initial contact with the DNA at some random noncog-
nate site, Cro diffuses to its operator sites where the character of
the protein—-DNA interactions change (Kim et al., 1987). The non-
specific complex is stabilized predominantly by ionic interactions.
Following a conformational change that buries substantially more
surface area, additional van der Waals contacts, hydrogen bonds,
and hydrophobic interactions are established with the operator
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(Takeda et al., 1986, 1992). In parallel with the two types of
Cro—-DNA complexes, in the absence of DNA, wild-type Cro might
exist as a mixture of monomers and dimers (Jana et al., 1997). At
submicromolar concentrations in vitro, monomers predominate. It
is not clear which species is responsible for nonspecific binding.

The recent structure determination of a Cro-operator complex to
3.0 A resolution (Albright & Matthews, 19982, 1998b) has allowed
the sequence-specific interactions between the protein and the DNA
to be seen for the first time. The structure of the complex with
noncognate DNA has, however, remained a mystery.

In this paper, we describe the crystal structure at 3.0 A resolu-
tion of an engineered monomeric form of Cro (Mossing & Sauer,
1990) bound to a seven-base pair DNA duplex. This structure is
distinctly different from that observed for wild-type Cro-operator
complexes (Brennan et al., 1990; Albright & Matthews, 1998b).
The protein binds the DNA in a sequence—nonspecific manner, and
suggests how wild-type Cro might interact with noncognate DNA.
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To date, there is relatively little information on the structure of
such complexes (Luisi et al., 1991; Winkler et al., 1993; Gewirth
& Sigler, 1995).

Results

Nomenclature

Wild-type Cro is a dimer of 66 residues numbered 1-66 for one
monomer and 1'-66' for the other. Secondary structural elements
include three a-helices and three B-strands: 81 (residues 3-6), a1
(7-14), a2 (16-23), a3 (27-36), B2 (39-45), and B3 (49-56)
(Anderson et al., 1981). Helices a2 and a3 form the helix-turn-
helix motif, with @3 commonly referred to as the “recognition”
helix. The B8383" antiparallel B-ribbon (residues 54-56 and 54'—
56") forms part of the dimer interface. By inserting five amino
acids following Lys56, Mossing and Sauer (1990) generated a
stable, monomeric form of Cro that is designated either Cro K56-
[DGEVK] or simply “Cro monomer.” The sequence numbering of
wild type is retained for the monomer, except for the five inserted
residues, which are identified as Asp56a, Gly56b, GluS6¢, Val56d,
and Lys56e. The resulting overall sequence of this 71-residue pro-
tein is thus 1-56, 56a-56e, and 57-66. The crystal and solution
structures of Cro K56-[DGEVK] have been determined (Albright
et al., 1996; Mossing, 1998). Residues 56a and 56b form a tight
B-turn such that residues 56c—56e and 57-66 make interactions
analogous to residues 54'-56" and 57'-66" respectively, of the
wild-type dimer. Accordingly, the Cro monomer has an additional
B-strand, B4, which replaces part of 83’ of the wild-type dimer.

Quality of the structure

The engineered Cro monomer was crystallized with a seven-base
pair duplex (Fig. 1) and the structure determined and refined to
3.0 A resolution as described under Materials and methods. Al-
though the resolution of the structure determination is limited, the
quality of the electron density map (Fig. 2) is sufficient to resolve
base pairs and side chains, except for the disordered terminal res-
idues 1 and 62-66. These residues are also disordered in the struc-
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Fig. 1. DNA duplex used for the structure determination. The sequence
shown was used for the crystallization, and corresponds to part of the
consensus half-operator of Cro and A-repressor proteins (Ptashne, 1986).
Phosphates labeled P, . .. Pg follow the convention used to describe the
crystal structures of the operator complexes of A-repressor (Jordan & Pabo,
1988) and Cro (Albright & Matthews, 1998b). The terminal phosphates,
including P, and Pg in parentheses, are absent. Because the binding of this
DNA fragment to the Cro monomer is completely out of register with the
binding of operator DNA to wild-type Cro, the phosphates P, . . . Pg do not
bind at analogous sites in the respective complexes. Ao, Az4, and Ays
indicate possible locations that might be considered for the crystallographic
twofold axis (see Materials and methods).
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ture of the native protein (Anderson et al., 1981; Ohlendorf et al.,
1998) and its complex with operator DNA (Albright & Matthews,
1998b). All nonglycine main-chain torsion angles fall within al-
lowed regions of the Ramachandran plot (not shown), with 73% in
the “most-favored” regions and the remaining 27% in the “‘addi-
tional allowed” regions as defined by PROCHECK (Laskowski
et al,, 1993). Subject to the limitations of the crystallographic
resolution, the main-chain thermal factors observed in the complex
are qualitatively similar to those observed in wild-type Cro (An-
derson et al., 1981; Ohlendorf et al., 1998), in the Cro-operator
complex (Albright & Matthews, 1998b) and in the noncomplexed
Cro monomer (Albright et al., 1996).

The complex is sequence nonspecific

The overall complex is shown in Figure 3. Most strikingly, the
orientation of the protein relative to the DNA is rotated about 48°
from its position in the wild-type Cro-operator complex. In this
alternative mode of interaction, no base-specific contacts are made
by the helix-turn-helix (HTH) region, the motif that makes all of
the specific interactions in the wild-type complex. The turn region
(labeled N3 in Fig. 3A,B) remains in contact with the sugar—
phosphate backbone, but both the beginning and end of the HTH
(near residues GInl6 and His35, respectively) are now located
more than 10 A from the DNA backbone. In contrast, both of these
ends directly contact phosphate groups in the wild-type Cro-
operator complex (Albright & Matthews, 1998b). In terms of the
recognition helix, the N-terminus remains near the DNA but does
not make direct interactions with base pairs, while the C-terminus
is well away.

Another feature accentuates the nonspecific nature of the com-
plex. As discussed in Materials and methods, a crystallographic
twofold axis passes through the middle region of the DNA frag-
ment, between two base pairs, such that two Cro monomers con-
tact the same fragment from opposite sides. Because the DNA is
not palindromic (Fig. 1), these regions of contact necessarily have
different sequences. The DNA is statistically disordered through-
out the crystal, able to bind in either orientation. Notwithstanding
this disorder, there are distinct peaks in the electron density map at
the phosphate positions, and the planes of the base pairs are clearly
resolved. This preservation of the phosphate positions permits con-
servation of the protein contacts with the DNA backbone (Fig. 4).

Interactions with the DNA

The Cro monormer interacts with the DNA predominantly through
the sugar—phosphate backbone (Fig. 4). In the wild-type Cro-
operator complex, two distinct regions of DNA backbone contacts
were observed (Albright & Matthews, 1998b). In the first or “in-
nermost” region, the DNA backbone passed through a channel and
made salt-bridge contacts to positively charged side chains. The
second or “outermost” region was more solvent exposed and con-
sisted primarily of noncharged side chains. In the monomer com-
plex, the innermost set of contacts are maintained, while the
outermost ones are lost.

The aromatic ring of Tyr26 makes van der Waals contacts (3.2
A) with the DNA backbone. However, unlike the wild-type Cro-
operator complex, the hydroxyl group of this residue extends be-
yond the sugar-phosphate backbone into solvent and does not
hydrogen bond with the DNA. The main-chain amide of Tyr26
donates a hydrogen bond (2.7 A) to a phosphate group. The posi-
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Fig. 2. Stereo figure showing the electron density in the region where the sugar—phosphate backbone of the DNA (yellow) passes
through the channel on the surface of the Cro monomer (white). The part of the protein shown includes Phe58, which penetrates into
the hydrophobic core, and the C-terminal residues (to Asn61), which occupy the minor groove of the DNA. Coefficients are 2F, — F,
and phases are from the refined model. The map is contoured at lo.

tion of this phosphate relative to the protein is analogous to the is completely buried in the deepest part of the channel, where it is
“Pc” phosphate of the wild-type complex, lying at the beginning of surrounded by Ala29, 1le30, Ala33, Arg38, Phe58, Pro59, and Ser60.
the protein channel, partially buried by Val25, Tyr26, and Ala29. Arg38 salt bridges (2.7 A) to one of the phosphate oxygens. As in
The next phosphate, analogous to “Pp” of the wild-type complex, wild type, Arg38 is also buttressed by a salt bridge with Glu54. The

Fig. 3. Drawings showing the overall arrangement of the engineered Cro monomer bound to the 7-mer DNA duplex, as seen in the
crystal structure. The “recognition” helix is shown in red, and the polypeptide chain as shown includes residues 2-61. Secondary
structure elements are identified. N,3 and C,3 show, respectively, the N- and C-termini of the recognition helix. A: View parallel to
the grooves of the DNA. B: View along the axis of the DNA.
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Fig. 4. Stereo figure showing the details of the protein—~DNA interface. For clarity, protein side chains are shown if close to the DNA,
but elsewhere only the C*—C* trace is included. Oxygen and nitrogen atoms are drawn solid; carbon atoms are shown as open circles.
Hydrogen bonds between the protein and the DNA are shown as thin lines.

next phosphate group, analogous to “Pg” of the wild-type complex,
emerges from the other end of the channel, where it forms a salt
bridge (3.1 A) with Lys56. Interactions with each of these phos-
phate groups are also seen in the wild-type Cro-operator complex.

The only positions where a direct sequence-specific interaction
might occur are, surprisingly, at sites that are not involved in direct
contacts in the wild-type operator complex. The C-terminus of the
protein main chain crosses over the DNA backbone and into the
minor groove at Ser60, whose main chain is close enough to po-
tentially contact a base (Fig. 4). The side chain of Asn6l also
appears to be located close enough (3.3 A) to directly interact with
a base in the minor groove. Unambiguous verification of possible
sequence-specific contacts, however, is precluded by the effective
degeneracy of the bases due to the statistical disorder in the crystal
packing.

Protein conformation

A difference—distance plot comparing the C“—C* distances in the
monomer complex with those in the apo Cro structure (Anderson
et al., 1981; Ohlendorf et al., 1998) is shown in Figure 5. The
recognition helix (27-36) shifts away from the core region of the
B-sheet (residues 40-44, 50-53) by 0.9 A, and from Phe58 by
05A.A slight straightening of the solvent-exposed $8283-hairpin
(45-48) moves it 1.6 A away from residue 55. Qualitatively sim-
ilar shifts relative to apo Cro occur when Cro binds operator DNA
(Albright & Matthews, 1998b) and in the Cro monomer structure
itself (Albright et al., 1996). The apo Cro monomer structure,
however, exhibited a greater distortion of the core than is observed
here. The engineered B-turn in the present complex (between 83
and B4) adopts a somewhat different conformation than in the apo
monomer, seemingly in association with adjustments in the pre-
ceding residue, Lys56, which now interacts with the DNA. Struc-
tural heterogeneity is also seen in this region in the solution structure

(Mossing, 1998). Additionally, Pro57 adopts a somewhat different
conformation to avoid a steric clash with the DNA (Fig. 4). As a
result of these adjustments, the engineered region of the monomer

Cro monomer-DNA complex
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Fig. 5. Plot showing the change in distance between all pairs of a-carbon
atoms in the Cro monomer DNA complex relative to the crystal structure
of the uncomplexed wild-type Cro dimer (Ohlendorf et al., 1998). Contours
drawn at increments of 0.5 ;\, with the zero contour omitted. The solid
contours show pairs of a-carbon atoms that are further apart in the mono-
mer complex than in the wild-type dimer (e.g., on complex formation the
B23 hairpin loop (45-48) moves 1.6 A further away from residue 55).
Locations of a-helices and B-strands are also shown.



Structure of monomeric Cro bound to DNA

adopts a conformation more similar to that observed in the apo Cro
dimer. Consistent with these various structural changes, it has also
been shown that the core of the Cro monomer is imperfectly packed,
allowing adjustments that may be important in DNA recognition
(Mollah et al., 1996).

DNA conformation

The DNA in the complex appears to be essentially straight B-form
with some local distortions (Table 1). It should be remembered,
however, that the crystal structure represents the statistical average
of two or more oligomers in different orientations straddling a
crystallographic twofold axis. The statistical disordering maintains
the location of the phosphate backbone. The situation is different,
however, for the base pairs, where the statistical disordering aver-
ages different base pairs at a given position. The overall result is
equivalent to a DNA fragment with a unique backbone and com-
posite base pairs. For this reason, the overall position of the DNA
and its orientation relative to the protein are well established, but
the conformations of the individual nucleotides are somewhat
uncertain.

Discussion

Comparison with the wild-type Cro-operator complex

Because the DNA used in the Cro monomer complex corresponds
to essentially one-half of the consensus Cro operator, it might be
anticipated that the spatial relationship between the DNA and the
protein would resemble one-half of the wild-type Cro-operator
complex (Brennan et al., 1990; Albright & Matthews, 1998b). The
two complexes, however, are strikingly different (Fig. 6). In the
wild-type Cro-operator complex (Albright & Matthews, 1998b), the
DNA is bent by about 40°, and numerous sequence-specific inter-
actions occur between the HTH region of the protein and the base
pairs within the major groove. In contrast, the monomer complex
contains essentially straight B-form DNA and the relative orienta-
tion of the DNA with respect to the protein differs by 48° (Fig. 6).
All sequence-specific interactions of the wild-type complex are
lost, with only the turn of the HTH remaining close to the DNA.

Table 1. DNA conformation*®

Propellor Helical

Base twist Buckle Rise Tilt Roll twist
pair ) ) (A) ] ) )
1 0 -27

2.8 10 -2 43
2 =7 7

36 3 8 28
3 —18 -3

38 -7 -2 35
4 -7 —13

29 0 -11 45

“As described in the text, the DNA is statistically disordered about a
crystallographic twofold axis. The parameters in the table correspond to
four base pairs on one side of the twofold axis, with the outermost base pair
(#1) having 50% occupancy. The remaining four base pairs are related
by symmetry. Parameters were calculated using the program CURVES
(Lavery & Sklenar, 1988).
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A subset of the interactions between the protein and the DNA
backbone, however, are retained in a region where the backbone
passes through a channel on the surface of the protein. These
include interactions with the backbone amide of Tyr26 and the side
chains of Arg38 and Lys56 (Figs. 2, 4). The Cro-monomer com-
plex buries 1,030 A? of the surface area and is, therefore, 25% less
intimate than the Cro-operator complex, which buries 1,376 A2 per
half-complex. While all of the ionic interactions with the sugar—
phosphate backbone observed in the wild-type operator complex
are retained in the monomer complex, there is a substantial reduc-
tion in the number of hydrogen bonding interactions and van der
Waals contacts due to loss of direct interactions within the major
groove, as well as loss of the outermost region of DNA backbone
contacts. The overall nature of the interactions in the monomer
complex are, therefore, substantially more ionic in character than
in the Cro-operator complex.

Rationale for nonspecific binding

Why the present complex is nonspecific remains an open guestion.
One possible reason is that the intrinsically weak binding of the
engineered Cro monomer is further reduced by the absence of
phosphate contacts in the short DNA fragment used for crystalli-
zation. Although the seven-base pair fragment contains all of the
bases that are contacted in the wild-type Cro-operator complex
(Albright & Matthews, 1998b), it lacks two of the contacted phos-
phate groups (P, and Pg), located at the 5'-terminal positions of
each strand (Fig. 1). The P, phosphate group, however, was also
absent in the DNA fragment used in the low-resolution Cro-
operator complex described by Brennan et al. (1990), and so would
seem to be nonessential for specific complex formation. The bind-
ing of the engineered Cro monomer to a pseudo-symmetrized
consensus—operator has been assayed using DNasel footprinting
and shown to be weak (Mossing & Sauer, 1990). In contrast to
wild-type Cro, operator binding by the monomer could only be
detected using low salt at 0 °C, with a reduction in binding affinity
of at least 2,000-fold relative to wild type. Under these conditions,
the Cro monomer exhibited a half-site preference based solely on
the identity of the central base pair, the only position of asymmetry
in the operator used. This is consistent with the present complex,
which shows that base-specific interactions might be possible within
the minor groove. The degree of specificity with which the engi-
neered monomer binds DNA has not been established conclu-
sively. Also, NMR studies that assayed the binding of the wild-
type Cro dimer to operator half-sites showed the binding to be
weak and potentially nonspecific (Baleja et al., 1991). As such, the
original assumption that a monomer bound to an operator half-site
would necessarily resemble one-half of the wild-type Cro-operator
complex may be in question.

Kinetic studies (Kim et al., 1987) have shown Cro binding to be
consistent with a two-step mechanism in which Cro first contacts
the DNA at an arbitrary site and then travels along the DNA to its
operator sites via a process consistent with a sliding mechanism
(Berg et al,, 1981). Cro interacts with noncognate and cognate
DNA in distinctly different ways (Takeda et al., 1986, 1992). Af-
finity for its 17-base pair nonspecific sites (107 M~!) is substan-
tially less than for the specific operator sites (10'' M ~!). Takeda
et al. (1992) have determined the thermodynamic parameters of
both types of complexes using pulsed-flow microcalorimetry. Their
data are consistent with the view that the interactions of Cro with
noncognate DNA are more ionic in character, and that the overall
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Fig. 6. Stereo drawing showing the superposition of the monomer—-DNA complex described herein (red) on the sequence-specific
complex of the wild-type Cro dimer with operator DNA (blue) (Albright & Matthews, 1998b). The superposition is based on the
main-chain atoms of the helical region of the protein (residues 7-36).

complex is looser, burying less surface area and containing fewer
hydrogen bonds and van der Waals interactions than in the specific
complex. The formation of either type of complex is, in part,
entropy driven, reflecting the displacement of counter ions and
water molecules from the DNA surface. The increased ionic nature
of the nonspecific complex is reflected in its greater salt sensitivity,
with half-dissociation occurring around 70 mM KCl, while spe-
cific complexes appear to remain stable even at 500 mM KCI
(Takeda et al., 1986).

Takeda et al. (1986) showed that the binding of wild-type Cro to
sequence nonspecific DNA most strongly protects Lys56 from al-
kylation. This is the lysine that contacts the DNA in the present
complex (Fig. 4). The second most protected lysine is Lys32,
which is not in direct contact but could also be protected by the
presence of the DNA (Fig. 4).

The disordered C-terminal tail of Cro (residues 62—-66) plays a
critical role in DNA binding, as determined by mutagenesis (Hub-
bard et al., 1990). The wild-type protein contains lysines at posi-
tions 62 and 63. Deletion of either of these impairs both specific
and nonspecific binding. Furthermore, adding an extra positive
charge at positions 64 or 65 increases nonspecific affinity almost
10-fold, but has no impact on specific binding. This indicates that
the C-terminal region of Cro remains in the vicinity of the DNA
backbone in the wild-type nonspecific complex, and that the in-
teractions differ somewhat in the nonspecific and specific complexes.

In summary, the structure of the engineered monomer in com-
plex with DNA described here appears to be consistent with all
of the attributes expected for a nonspecific Cro-DNA complex.
It might also serve as a model for the binding of wild-type Cro
monomer to DNA (Jana et al., 1997).

Proposed model for the binding of wild-type Cro
to noncognate DNA

Based on the observed complex of monomeric Cro with DNA, a
tentative model can be proposed for the interaction of native, di-
meric Cro with noncognate DNA. The preponderance of evidence
(Kirpichnikov et al., 1985; Lee et al., 1987; Torigoe et al., 1991)
suggests that the DNA in the nonspecific complex is essentially
straight. [Atomic force microscopy, however, has suggested that
wild-type Cro bends the DNA by 62 + 23° when bound at non-
operator sites (Erie et al., 1994).] Thus, in the first stage of model
building, the DNA in the observed structure of the monomer com-
plex was simply extended. Then, to extrapolate from the known

position of the monomer two options were considered to construct
a dimer of Cro, either (1) the Cro dimer might have a conformation
resembling that in the sequence-specific complex (Albright & Mat-
thews, 1998b) or, (2) the structure of the dimer might correspond
to that in the unbound form (Anderson et al., 1981; Ohlendorf
et al., 1998). Tests of the first option by model building resulted in
major steric clashes between the protein and the DNA (Fig. 6),
which could only be rectified by substantially bending the DNA
away from the protein. This arrangement, therefore, seemed un-
likely. On testing the second option, however, the second Cro
subunit was found to be close to the DNA, but in such a way that
the part of the protein surface adjacent to the DNA was different
from that in the first subunit. This arrangement, which might be
considered as a possible model for the nonspecific interaction of
Cro with DNA, is shown in Figures 7 and 8.

The contacts made by the first subunit with the DNA are, by
definition, the same as those in the Cro monomer—DNA complex
(Figs. 2, 4) and include primarily residues Val25, Tyr26, Arg38,
Lys56, Phe58, Pro59, Ser60, and Asn61. Residues at the amino-
terminus of the recognition helix (GIn27, Ser28) are close to the
DNA but do not make direct contact with the bases (Figs. 4, 7A).
In contrast, in the second subunit, as placed by model building, it
is the C-terminus of the recognition helix (His35") that contacts the
DNA backbone, while the N-terminus of the helix lies far away
(Fig. 7A,B). Arg38'’ still maintains a phosphate contact, but due to
the different relative orientation of the protein the DNA backbone
lies along the edge of the protein channel rather than within it.
Asn61" and the main chain of Ser60’ appear able to directly con-
tact bases in the minor groove, while the corresponding region of
the other monomer is greater than 8 A from the DNA. Lys32’
appears able to directly contact bases, and Lys39' makes ionic
interactions with the DNA backbone.

This model buries 41% less surface area at the protein—-DNA
interface than in the wild-type Cro-operator complex (1,622 A2
versus 2,751 /0\3) yet maintains virtually all of the ionic inter-
actions. Essentially all of the base-specific contacts observed in the
operator complex are lost, as are many of the DNA backbone
contacts. These features are consistent with the data from thermo-
dynamic, NMR, and mutant studies. On the other hand, the model
does not match the twofold symmetry of the protein with the
approximate twofold symmetry of the DNA backbone (Fig. 7B). In
most cases, macromolecules tend to associate in a symmetrical
manner (Matthews & Bernhard, 1973) but there is precedent for
nonsymmetrical association (Steitz et al., 1976).
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Fig. 7. Drawings showing a tentative model for a complex of a dimer of wild-type Cro with noncognate DNA. The model was
constructed by superimposing one subunit of the wild-type Cro dimer (Ohlendorf et al., 1998) on to the engineered monomer of Cro
in complex with nonspecific DNA (this work). A: The model viewed parallel to the grooves of the DNA. Because of the inherently
asymmetric alignment of the dimer relative to the DNA (see text), on the right-hand side it is the amino-terminus of the recognition
helix (N,3) that is close to the DNA, whereas on the left-hand side it is the carboxy-terminus of the recognition helix (C,3) that is close
to the DNA. B: View of the model as seen parallel to the axis of the DNA. Note that in this view the two recognition helices (in red)
are directly behind each other such that the second is largely obscured by the first.

The proposed model encompasses many of the features antici-
pated for proteins bound nonspecifically to DNA (e.g., see Berg
et al., 1982; Pendergrast et al., 1994; Sidorova & Rau, 1996). In
particular, the protein is separated from the DNA, relative to the
specific complex, allowing water to intervene (Fig. 8). Also, there
are fewer direct contacts between the protein and the DNA, and the
DNA lacks major protein-induced changes in conformation. In the
present case, the protein is much further removed from the DNA
than is the case with either the glucocorticoid receptor or EcoRV
endonuclease bound to noncognate DNA (Luisi et al., 1991; Win-
kler et al., 1993; Gewirth & Sigler, 1995). In this respect, the
postulated Cro complex is more similar to that proposed for the
nonspecific binding of CAP (Weber & Steitz, 1984), except that
the protein is arranged asymmetrically with respect to the DNA.

Assuming, for the moment, that Cro moves along the DNA in a
manner generally similar to that suggested by the present model,
how then might sequence-specific recognition be achieved? At
noncognate sites binding energy would be provided predominantly
by electrostatic interactions, including those between the phos-
phate backbone and the channel of one Cro subunit. The initial
stage of recognition of a specific site might include favorable
hydrogen bonding interactions between Lys32" and bases within
the major groove as well as between Asn61’ and the minor groove.
Thermal fluctuations could then allow the recognition helices to
rotate into the major groove, bringing GIn27 and Ser28 close to
base pairs 2 and 4, the only two positions that are invariant in all
natural operator half-sites. Concomitantly, the channel of the sec-
ond subunit would also enclose the DNA backbone. These induced
fit adjustments would result in a displacement of the middle region
of the dimer away from the center of the DNA, eliminating the
interactions with the minor groove that are presumed to occur in

the nonspecific complex. The resultant displacement of solvent
and burial of additional surface area would explain the entropy-
driven formation of the complex (Takeda et al., 1992).

Finally, the present crystal structure also provides a new per-
spective on cocrystals of Cro that were obtained with a six-base
pair duplex from the region of the operator directly contacted by
Cro (5'-ATCACC-3'), as well as with a nine-base pair duplex from
the central region of the operator predominantly not contacted by
Cro (5'-ACCGCAAGG-3") (Anderson et al., 1983). Surprisingly,
the same unit cell and space group was obtained in both cases,
even though the DNA fragments were different in length and in
sequence. A closely related unit cell was also obtained with another
hexanucleotide (Malinina et al., 1985). As judged by the diffrac-
tion patterns, the DNA appeared to be essentially straight but dis-
ordered. In light of the present structure, it could be that both
complexes were, in fact, nonspecific. This would allow the DNA to
bind in different registry relative to the protein, explaining the
straightness of the DNA, the ability of the crystals to accommodate
different sequences, and also the disorder of the DNA.

Materials and methods

Crystallization and crystal characterization

Cro K56-[DGEVK] protein was purified as previously described
(Mossing & Sauer, 1990). The protein was dissolved in 20 mM
K>HPO, (pH 7.0), 0.1 mM EDTA, and concentrated to 16 mg/mL
by centrifugation using a 3,000 MW cutoft Centricon filter. Oligo-
mers of 5'-TATCACC-3" and its complement were purified by
reverse-phase HPLC using a Hamilton PRP-1 column at 58 °C,
then annealed by slow cooling from 85 to 4°C. This blunt-end
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Fig. 8. Comparison of the binding of Cro to operator DNA with the ten-
tative model for the binding to noncognate DNA. A: The model for non-
specific binding viewed perpendicular to the DNA (c.f. Fig. 7A). The
right-hand monomer is aligned on the DNA as in the complex of the
engineered Cro monomer. The remainder of the dimer was built assuming
the conformation of wild-type Cro (Anderson et al., 1981; Ohlendorf et al.,
1998). The recognition helices of both monomers, shown in red, are close
to the DNA, but the DNA contacts are made by opposite ends of the helices,
and are not equivalent. B: Binding of wild-type Cro to operator DNA (from
Albright & Matthews, 1998).

seven-base pair DNA fragment corresponds to the part of the con-
sensus half-operator that includes all of the base-specific inter-
actions observed in the wild-type Cro-operator complex (Albright
& Matthews, 1998b). The best cocrystals were obtained by mixing
a 50% molar excess of the seven-base pair DNA duplex (13 mg/
mL) with a protein monomer and combining with an equal volume
of precipitant buffer [80 to 200 mM ammonium acetate, 29 to 33%
PEG 3350, and 100 mM acetate buffer (pH 4.6)]. Equilibrating
against the precipitant solution using the hanging drop method,
plate-like crystals measuring 0.5 X 0.5 X 0.1 mm grew within
10 days at room temperature. These cocrystals belong to space
group C2 witha=45.7A,b=60.7A,c=45.7 A, and B = 112.7°.
As described below, a single protein molecule plus an averaged
DNA half-fragment occupy the asymmetric unit, resulting in a
solvent content parameter, V,,, of 2.9 A3/Da (Matthews, 1968).
The crystals diffract to a limit of about 2.8 A under the conditions
described below.

R.A. Albright et al.

Structure determination and refinement

X-ray data were collected on a Xuong-Hamlin area detector (Ham-
lin, 1985; Howard et al., 1985; Zhang & Matthews, 1993) using
graphite-monochromated CuKe radiation from a Rigaku rotating
anode generator. A complete native data set to 3.0 A resolution was
collected from a single crystal at room temperature (Table 2). No
intensity cutoff restrictions of any kind were imposed.

Molecular replacement searches were carried out using the pro-
gram package ROTFUN (Zhang & Matthews, 1994). The best
search model proved to be the apo Cro monomer structure (Al-
bright et al., 1996). With this model the rotation function peak was
6.40 above average (1.50 above the next-highest peak), and the
translation search solution was 5.30 above average (2.70" above
the next-highest peak). The protein accounts for about 77% of the
molecular mass of the asymmetric unit. A 2F, — F. map phased on
the molecular replacement solution revealed contiguous electron
density for virtually the entire protein main chain. Density corre-
sponding to parts of the DNA fragment was also apparent, even
though the DNA was not included in the phase calculation. Un-
expectedly, the orientation of the DNA density relative to the pro-
tein was substantially different from that in the complex with
wild-type Cro (Albright & Matthews, 1998). Consistent with this
observation, a second search model in which a DNA fragment was
added to Cro monomer in the same relative position as observed in
the wild-type Cro-operator complex (Albright & Matthews, 1998b)
resulted in substantially weaker peaks in the molecular replace-
ment calculations, but placed the protein in the same general po-
sition. Maps phased on this second model revealed good density
for the protein but very poor density for much of the DNA, even
though the DNA had been included in the phasing. This strongly
suggested that the placement of the DNA in this model was not
correct.

The “protein-only” molecular replacement solution served as
the starting model for refinement, with an initial R-factor of 46%
(20 to 4.0 A data). All refinement was carried out using the TNT
package (Tronrud et al., 1987; Tronrud, 1992), interspersed with
rounds of model building using the graphics program FRODO
(Jones, 1982). Rigid-body refinement of the protein reduced the

Table 2. Crystallographic data collection
and refinement statistics®

20-3.0 A

Resolution range

Total number of measured reflections 13,041
Number of unique reflections observed 2,452
Completeness 99.7%
Agreement between symmetry-related intensities 5.3%
Number of atoms refined 666

R (all reflections) 22.4%
Aponds 0.015 A
Aangies 2.7°
AB 2.8 A?

“The final refined model includes the engineered Cro monomer (resi-
dues 2-61, plus the five-residue insertion), four DNA base pairs, one at half
occupancy, and four water molecules. R is the crystallographic R-factor.
Aponds and Agpgres are the root-mean-square discrepancies of the refined
bond lengths and angles from “ideal” values. AB is the discrepancy of the
thermal factors from values expected from well-refined high-resolution
structures (Tronrud, 1996).
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R-factor to 40%. B-factors were fixed at 35 A2. Three nucleotides
of the DNA strand nearest to the protein were then built into the
electron density, with positional refinement reducing the R-factor
to 34%. The three partner nucleotides of the complimentary strand
were next built into the improved electron density, reducing the
R-factor to 28%. These three base pairs terminated close to a
crystallographic twofold axis such that three additional base pairs
followed by symmetry. This, however, raised an ambiguity regard-
ing the position of the DNA fragments in the crystal lattice. The
simplest alternative was that two DNA fragments might be related
by symmetry with their blunt ends stacked at the twofold axis. In
terms of Figure 1, the twofold symmetry axis would be placed at
Ajp. Another possibility, however, was that the DNA fragment strad-
dled the crystallographic twofold axis such that the dyad was po-
sitioned at, for example, A; 4 or Ay s of Figure 1. Because the DNA
has an odd number of base pairs, and also is nonpalindromic, it
would have to be statistically disordered. Thus, the twofold axis of
symmetry would not apply to the individual base pairs, but would
apply to a statistically averaged DNA molecule.

The ambiguity was resolved by inspection of the electron den-
sity at the site where the DNA backbone would pass closest to the
twofold axis. If the DNA was straddling the twofold axis, an in-
ternal phosphate group would occupy this site. Alternatively, if the
DNA fragments were stacked end to end, this site would lack a
phosphate group (Fig. 1). Inspection of an ¥, — F, map in which
the phosphate in question had been omitted from phase calcula-
tions revealed a clear positive peak 13 standard deviations above
background (not shown), confirming that the DNA fragment was
statistically disordered and straddled the crystallographic twofold
axis. The clarity of this result also provided confirmation for the
molecular replacement structure determination.

The crystallographic refinement suggests that the DNA fragment
is randomly distributed between two orientations, related to each
other by a 180° rotation about the symmetry axis. Clear electron
density could be seen for six successive base pairs, three on each
side of the twofold axis. Weaker flanking density suggested an
additional base pair of reduced occupancy at each end, as would be
expected for a statistically disordered seven-base pair fragment.
Beyond these flanking base pairs, no additional electron density
could be seen. This suggests that the crystallographic twofold axis
passes through the DNA predominantly at sites A; 4 and/or A, 5 in
Figure 1. The special position of the DNA fragment in the crystal
lattice combined with its lack of sequence symmetry result in
diffraction corresponding to a Cro monomer and what is effec-
tively a four-base pair “averaged” DNA half-fragment, consisting
of a composite of two or more base pair identities at each position
and with the outermost base pair at half-occupancy. The other half
of the fragment is generated by the twofold axis. Using such a
model during refinement, however, would have increased the num-
ber of parameters and introduced a number of complications. In
any event, it was unclear that refining composite bases would offer
any analytical advantage over a single sequence. Therefore, in
subsequent refinement the DNA was represented by a half-fragment
model of the sequence 5'-TATC-3’, with the left-most base pair
corresponding to the outermost base pair of the expanded frag-
ment, at 50% occupancy. This fragment, which was not averaged
in any way, accounts for the total of seven base pairs in the crystal,
but it is understood that the model] is only an approximation for a
statistically averaged DNA structure. As the resolution was grad-
ually increased, model building was alternated with refinement of
atomic positions and correlated B-factors (Tronrud, 1996). Care
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was taken to maintain geometric and B-factor restraints between
the DNA half-fragment and its symmetry mate. Both F, — F,. and
2F, — F, “omit” maps were used to check the entire structure.
Final statistics are summarized in Table 2. A representative portion
of the final “2F, — F,” electron density map is shown in Figure 2.

Structure comparisons and superpositions, as well as solvent
accessibility and other routine calculations, were carried out with
the program package EDPDB (Zhang & Matthews, 1995).

The coordinates of the refined complex have been deposited in
the Brookhaven Protein Data Bank for immediate release (Access
code 30RC).
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