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ABSTRACT: A rationally designed, genetically engineered, monomeric form of the Cro protein from
bacteriophageλ has been crystallized and its structure determined by isomorphous replacement and refined
to a resolution of 1.54 Å. The structure confirms the rationale of the design but, at the same time, reveals
1-2 Å shifts throughout the monomer structure relative to the previously determined structure of the
dimeric wild-type protein. These changes include a 1.6 Å main-chain shift in part of theâ-sheet region
of the molecule relative to theR-helical region and a 1.1 Å shift of a buried phenylalanine within the core
as well as a correlated 2.2 Å shift in a solvent-exposedâ-hairpin. The conformational adjustments appear
to reflect an inherent flexibility of the protein that is associated with its DNA-binding function.

One approach to structure-function studies of large,
complex, proteins is to adopt a strategy of “divide and
conquer”. Since larger proteins are usually made up of
subunits or subdomains (Kyte, 1995), they can often be
reduced to smaller units that are themselves stable. Analysis
of such domains has, in some cases, been very informative,
especially when the parent structure is too large for conven-
tional analysis [e.g., Zuiderweg et al. (1983)]. This approach
does, however, assume that the substructures faithfully
maintain the wild-type conformation. The present analysis
of an engineered monomeric variant of Cro protein from
phageλ addresses this question.

The wild-type DNA-binding form ofλ Cro repressor is a
homodimer (Anderson et al., 1981) (Figure 1). As far as is
known, the 66-residue wild-type Cro monomer is not stable.
Folding occurs only upon dimerization (Takeda et al., 1977;
Gitelson et al., 1991). The dimer interface consists of a short
antiparallelâ-ribbon, with Phe 58 from one monomer buried
within the core of the other monomer andVice Versa. As a
result, the folding domain core of the monomer also serves
a dual role as part of the dimer interface. The surface area
of the interface is 1280 Å2, or 640 Å2 per half-dimer.

The logical engineering of stable Cro monomer mutants
was demonstrated by Mossing and Sauer (1990). The
strategy was to maintain all of the intermolecular interactions
in an intramolecular fashion by engineering aâ-turn into

the antiparallelâ-strands of the wild-type dimer interface,
just beyond the molecular dyad. Formation of thisâ-hairpin
allowed the monomer to donate Phe 58 to its own core, as
well as maintain the hydrogen bonds along the antiparallel
â-ribbon. In order to achieve this goal, the polypeptide chain
had to be lengthened, and five amino acids were therefore
inserted into the wild-type Cro sequence between Lys 56
and Pro 57, resulting in 71-residue molecules. One of the
most stable of the resulting monomer mutants, formerly
referred to as Cro.mDG (Mossing & Sauer, 1990) was Cro
K56-[DGEVK].1 The name [cf. Heinz et al. (1993)]
indicates that the five amino acids Asp-Gly-Glu-Val-Lys
have been inserted following Lys 56. This protein is
monomeric and is substantially more stable than the wild-
type dimer (Mossing & Sauer, 1990). In this paper, we
present the high-resolution crystal structure of the Cro K56-
[DGEVK] monomer mutant (Figure 2).

MATERIALS AND METHODS

Nomenclature.Wild-type Cro dimer residues are num-
bered 1-66 for one monomer and 1′-66′ for the other.
Secondary structural elements include threeR-helices and
threeâ-strands:â1 (residues 5 and 6),R1 (7-14),R2 (16-
23),R3 (27-35),â2 (40-45), andâ3 (49-56). Theâ3â3′
antiparallelâ-ribbon (residues 54-56 and 54′-56′) forms
part of the dimer interface (Figure 1).
The Cro K56-[DGEVK] monomer mutant retains the

numbering of the wild-type sequence, except for the five
inserted residues which are identified as Asp 56a, Gly 56b,
Glu 56c, Val 56d, and Lys 56e. The resulting overall
sequence of this 71-residue protein is 1-56, 56a-56e, and
57-66. Residues 56a and 56b were expected to form a tight
â-turn, while residues 56c-56e were designed to be analo-
gous to 54′-56′ of the wild-type dimer. Accordingly, K56-
[DGEVK] has an additionalâ-strand,â4, colored red in
Figure 2, that replaces the part ofâ3′ involved in the wild-
type dimer interface.
Crystallization and Crystal Characterization.Purified Cro

K56-[DGEVK] protein was obtained as previously described
(Mossing & Sauer, 1990), dissolved in 20 mM K2HPO4 (pH
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7.0) and 0.1 mM EDTA, and then concentrated to 16 mg/
mL using a 3000 MW cutoff Centricon filter and centrifuga-
tion. The best crystals were obtained by mixing this protein
stock solution with an equal volume of precipitant buffer
[4.2-4.8 M sodium formate (pH 7.8)] and equilibrating
against the precipitant solution using the hanging drop
method. Large crystals (1.0 mm× 0.6 mm× 0.5 mm)
typically grow within 1 week at room temperature. These
crystals belong to space groupP212121 with a ) 34.8 Å,b
) 39.2 Å, c ) 48.3 Å. There is a single protein molecule
per asymmetric unit with aVM value of 2.1 Å3/Da (Matthews,
1968). The crystals diffract isotropically to a limit of
approximately 1.4 Å resolution under the conditions de-
scribed below and are exceptionally resistant to radiation-
induced damage.

Data Collection and Reduction.All X-ray data were
collected on a Xuong-Hamlin area detector (Hamlin, 1985;
Howard et al., 1985; Zhang & Matthews, 1993) using
graphite-monochromated Cu KR radiation from a Rigaku
rotating anode generator. Each data set was collected from
a single crystal at room temperature. The durability of the
crystals allowed 4-5-fold redundancy of the observations
with little intervening degradation. Due to the strong
intensity of some reflections, data were collected in two
separate sweeps. All data sets were of high quality (Table
1).
Structure Determination and Refinement.Attempts to

solve the structure by molecular replacement, using models
based on the structure of the dimer (Anderson et al., 1981),
proved unsuccessful. Searches using models based on the
low-resolution electron density map of the Cro-DNA
complex (Brennan et al., 1990) were also fruitless. In
retrospect these searches failed for a combination of reasons.
First, uncertainty regarding the locations of residues in the
vicinity of the insertion, plus the loop region near residue
47, dictated that they were, in most cases, deleted. This
reduced the search model to 65-75% or less of the actual
structure. Second, the remaining “core” structure of the
search model is now known to differ from the target by∼1

FIGURE1: Ribbon representation of the structure of the wild-type Cro dimer (Anderson et al., 1981). The major secondary structure elements
are indicated. For clarity, however, the shortâ1 strand (residues 5-6, immediately preceding helixR1) is shown as an extended chain and
is not explicitly labeled. In this view the 2-fold axis of symmetry is vertical. The antiparallel pair ofâ-sheet strands,â3 andâ3′, links one
monomer with the other. Phe 58, near the C-terminus of each strand, is buried within the hydrophobic core of the partner subunit.

FIGURE 2: Structure of the engineered Cro monomer. The five-
residue insertion following Lys 56 is colored red. The first two
residues of this insertion form aâ-turn, while the remaining three
residues comprise theâ4 strand, mimicking theâ3′ strand near the
center of the wild-type dimer interface (Figure 1). Phe 58, close to
the carboxy terminus, is shown in yellow. The recognition helix
(R3) is colored mauve. The orientation differs from that of Figure
1, allowing an unencumbered view of Phe 58 within the core.

Table 1: X-ray Data Collection Statisticsa

heavy-atom derivatives

native K2PtCl4 PIP

cell dimensions
a (Å) 34.8 34.8 35.3
b (Å) 39.2 39.2 39.2
c (Å) 48.3 48.1 48.3

resolution (Å) 1.54 1.60 1.70
reflections measured 45435 46137 44479
unique reflections 9834 8727 7616
completeness (%) 95.8 91.8 97.5
Rsym (%) 2.9 4.8 4.4
Riso (%) 17.4 14.2
a Both the native and derivative crystals were in 200 mM sodium

formate, 100 mM Tris (pH 7.8), and 30% PEG 3350 (see text). All
data collected to the resolution at which the average ofI/σ(I) was equal
to 2.0 were used.Rsym gives the average discrepancy between
symmetry-related intensities andRiso the average change in the structure
amplitudes due to introduction of the heavy atom.
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Å (see below). Finally, with small proteins, as is the case
here, the intramolecular vectors tend to overlap the inter-
molecular ones, confusing the search process.
Multiple isomorphous replacement (MIR) was therefore

used to obtain initial phases. Careful transfer of the crystals
into a different solvent [200 mM sodium formate, 100 mM
Tris (pH 7.8), 30% PEG 3350] prior to soaking with heavy-
atom compounds proved critical to the formation of useful
derivatives (Sigler & Blow, 1965). Transfer often resulted
in fine hairline fractures within the crystals but had little
discernible effect on data quality. Native data were collected
from crystals which had also been transferred to this new
solvent to eliminate possible nonisomorphism arising from
differing solvent environments.
Heavy-atom derivatives were obtained by soaking native

crystals in 2 mM K2PtCl4 for 4 days or in 3 mM di-µ-iodobis-
(ethylenediamine)diplatinum(II) nitrate (PIP) for 10 days

(Table 1). Initial heavy-atom positions were determined
manually from difference Patterson maps and checked using
the program VERIFY written by S. Roderick (personal
communication). Subsequent refinement of heavy-atom
positions and occupancies (Table 2) was achieved using the
program HEAVY (Terwilliger & Eisenberg, 1983). A series
of MIR maps including the anomalous dispersion signal of
the K2PtCl4 derivative were calculated and appeared to
improve as successively higher resolution data were included.
The map used for model building included all data between
20 and 1.7 Å resolution and had a figure of merit of 0.57.

The electron density was unambiguous for most of the
protein main chain, as well as for many side chains (Figure
3). It was also immediately apparent that this density did
not strictly correspond to the structure of the wild-type dimer
(Anderson et al., 1981). The quality of the map allowed
the de noVo construction of the K56-[DGEVK] model
directly into the MIR density, thereby avoiding potential bias.
Residues 4-55 and 57-59, along with the inserted residues
56d and 56e, were built first using the graphics program
FRODO (Jones, 1982), with some solvent-exposed side
chains truncated. TheR-factor of this initial model was 39%
(using 20-2.0 Å data). Phases from this model were then
combined with the MIR phases to yield an improved map
into which the engineeredâ-turn residues (56, 56a, 56b, 56c)
were built. All refinement was carried out using the TNT
least-squares package (Tronrud et al., 1987; Tronrud, 1992).
Additional positional andB-factor refinement, combined with
model building and further expansion of the model, reduced
theR-factor to 23%. Ordered water molecules were added
as the resolution was gradually extended to 1.54 Å. To be
retained in the model, water molecules had to have at least
one hydrogen-bonding partner, aB-factor of less than 80
Å2, corresponding positive density in “Fo - Fc” and “2Fo -
Fc” electron density maps, and roughly spherical density in
“omit” maps. IsotropicB-factors were allowed to adjust
freely. The final model contains 559 non-hydrogen atoms,
including 64 protein residues (3-56, 56a-56e, and 57-61)
and 57 water molecules, two of which were modeled as
having slightly different positions, each with 50% occupancy.

Table 2: Statistics from Heavy-Atom Refinement

PtCl4 PIP

no. of sites 2 2
no. of platinum atoms 2 4
primary protein ligands Met 12, Lys 8 Met 12
secondary protein ligandsa Arg 13, Gln 27
resolution range (Å) 20-1.7 20-1.7
no. of centric reflections 1185 1160
centricR-factorb 0.58 0.67
no. of acentric reflections 6259 6258
no. of Bijvoet differences used 5965
phasing powerc 1.60 1.03
a The two PIP molecules each contain two platinum atoms spaced

approximately 2.5 Å apart, with one platinum interacting with Met 12.
A platinum of one PIP contacts Met 12 in the same position as PtCl4,
with the remaining platinum interacting with Arg 13. The other PIP
resides at a crystal contact, interacting with Met 12 from a different
position, while the other platinum contacts Gln 27* of a symmetry-
related molecule.b The centricR-factor isR ) Σ||FPH - FP| - FH|/
Σ|FPH - FP|, whereFPH, FP, andFH are respectively the amplitudes of
the reflections for the heavy-atom derivative, the native protein, and
the heavy atom and the summations include only the centrosymmetric
reflections.c The phasing power is〈FH〉/〈|FPH - FP| - FP〉, whereFPH,
FP, andFH are as defined above and the brackets indicate the root-
mean-square value.

FIGURE 3: Multiple isomorphous replacement electron density map in the vicinity of Tyr 10. Resolution) 1.7 Å. The map is contoured
at 1σ, whereσ is the root-mean-square electron density throughout the unit cell.
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At the amino terminus, electron density is not apparent for
residues 1 and 2. At the carboxy terminus, the density is
weak and ambiguous near residues 62 and 63 and essentially
absent for residues 64-66. We assume all these amino acids
to be disordered. The same carboxy-terminal residues were
disordered in the dimer (Anderson et al., 1981). The Gln
27 side chain is modeled in two different orientations, each
with 50% occupancy, as are two water molecules. The final
R-factor is 17.8% for all data between 20 and 1.54 Å
resolution (9834 reflections). The coordinates have been
deposited in the Brookhaven Protein Data Bank (Access
Code 1ORC).
Calculations of surface area and other parameters were

carried out with the program EDPDB (Zhang & Matthews,
1995).

RESULTS

Quality of the Structure.Following refinement of the Cro
K56-[DGEVK] structure the final electron density map is
highly detailed, featuring well-defined carbonyl “bumps”
along the backbone and holes through the aromatic rings
(Figure 4). The average discrepancies of the bond lengths
and bond angles from their expected values are 0.015 Å and
2.3°, respectively. A Luzzati (1952) plot (not shown)
suggests a coordinate error of 0.18 Å. Fifty-four of the 55
non-glycine and non-proline residues (98.2%) are in the
“most-favored” regions of the Ramachandran plot (Figure
5), compared with 87.9% for other structures of similar
resolution, as determined by the program package
PROCHECK (Laskowski et al., 1993). The sole outlier is
the first residue of the engineered turn, Asp 56a (φ ) 54°,
ψ ) 54°), which lies in an additional “allowed” region with
values common for aâ-turn. The ø1 angles were also
determined to be slightly better than average for the given
resolution.
Main-chain thermal factors are shown in Figure 6, with

an average of 21.6 Å2 for the globular part of the protein
(residues 4-59). The rapid increase in main-chainB-factors
near both ends of the model reflects the intrinsic disorder of
the termini. The engineeredâ-turn region (residues 56, 56a,

56b, and 56c) contains the highest main-chain thermal factors
within the globular portion of the protein. These decrease
substantially within the remainder of the insertion (residues
56d and 56e), and become average around Phe 58. As
expected, slight increases in thermal factors are also observed
at the otherâ-turn regions (near residues 15, 25, and 47), as
well as the short loop near residue 37. The side-chain
B-factors vary more widely and are much more dependent
on the identity and solvent accessibility of each residue (data
not shown).
OVerall Structure. The major structural features antici-

pated in the original design of the monomer (Mossing &
Sauer, 1990) are, indeed, present in the structure of Cro K56-
[DGEVK] (Figure 2). All of the intermolecular interactions
observed within the wild-type dimer are satisfied in an
intramolecular fashion within the monomer. The first two
residues of the five-residue insertion (Asp 56a and Gly 56b)
form a tightâ-turn, while the remaining three residues (Glu

FIGURE 4: Representative region of the final electron map. Coefficients are (2Fo - Fc), whereFo is the observed structure amplitude and
Fc is that calculated from the final refined model. Resolution) 1.54 Å. The map is contoured at 1σ (cf. Figure 3).

FIGURE 5: Ramachandran diagram, calculated using PROCHECK
(Laskowski et al., 1993), for the final refined structure of the Cro
monomer. Glycine residues are indicated by triangles and non-
glycines by squares.

738 Biochemistry, Vol. 35, No. 3, 1996 Albright et al.

+ +

+ +



56c, Val 56d, and Lys 56e) maintain the main-chain
hydrogen-bonding interactions analogous to those observed
within the antiparallelâ-ribbon of the wild-type dimer
interface (Glu 54′, Val 55′, and Lys 56′) (Figure 1). The
creation of theâ-hairpin allows the aromatic ring of Phe 58
to make hydrophobic interactions within the monomer core
in a manner similar to Phe 58′ of the wild-type dimer. These
interactions will now be reviewed in greater detail.
The backbone (φ,ψ) angles of turn residues Asp 56a and

Gly 56b are (+54,+54) and (+71,-13), respectively. The
main-chain carbonyl of the residue immediately preceding
the turn (Lys 56) also accepts a hydrogen bond from the
main-chain amide of the residue immediately following the
turn (Glu 56c). This pattern is consistent with a type I′
â-turn, for which Asp-Gly is a “consensus” sequence
(Sibanda et al., 1989).
All of the interactions along the short antiparallelâ-ribbon

interface of the wild-type dimer are maintained in the
monomer mutant, right up to the engineeredâ-turn. Main-
chain-main-chain hydrogen bonds occur between N54 and
O56e (O56′), O54 and N56e (N56′), N56 and O56c (O54′),
and O56 and N56c (N54′), respectively (with the corre-
sponding residue numbers of the wild-type dimer shown in
parentheses). (“N54” indicates the main-chain amide nitro-
gen of residue 54 and “O56e” the main-chain carbonyl
oxygen of residue 56e, etc.) The Pro 57-Phe 58-Pro 59
segment serves to disrupt theâ-ribbon. Pro 57 is in thetrans
conformation and Pro 59 iscis. As a result, Phe 58 is at the
apex of a sharp bend from which it extends into the
hydrophobic core (Figures 2 and 7). The benzyl ring is

enclosed by Leu 7, Leu 23, Val 25, Ala 29, Ile 30, Ala 33,
Ile 40, Leu 42, Ala 52, and Pro 59 and is covered by Arg 38
and Glu 54, which form a salt bridge. The tip of the aromatic
ring points toward the center of the recognition helix (R3)
near the main chain between Ala 29 and Ile 30.

Virtually all of the hydrogen-bonding interactions thought
to occur throughout the entire wild-type dimer are maintained
in K56-[DGEVK]. Of special note is the previously un-
characterized nativeâ2â3-turn between residues 45 and 49.
The sequence, main-chain hydrogen-bonding, and (φ,ψ)
angles of this turn have now been determined to be consistent
with a “type I [L1-L4] + G1â-bulge” (Sibanda et al., 1989).
This solvent-exposedâ-hairpin appears to be made more
rigid by an extensive internal network of hydrogen bonds,
with side chains optimized for stabilizing interactions. The
Oγ of Ser 49 accepts a hydrogen bond from the Nδ2 of Asn
45, while simultaneously donating a hydrogen bond to the
Oδ1 of Asp 47. Several well-ordered water molecules are
also observed to link different parts of this hairpin together.

Comparison of Monomeric and Dimeric Cro.In the
previously determined structure of native Cro protein there
were four molecules per asymmetric unit labeled O, A, B,
and C, disposed with noncrystallographic 222 symmetry
(Anderson et al., 1981), with the A-C and O-B pairs
corresponding to physiological dimers. Comparisons of the
“A-half” (residues A4-A55 plus C55-C60) of this A-C
dimer with the monomeric Cro mutant structure are shown
in Figures 8 and 9. In Figure 8, superposition is based on
the main-chain atoms of residues 16 to 35, i.e., on the helix-
turn-helix region. As can be seen, however, there are
significant differences elsewhere in the respective structures.
The nature of these differences can be seen in the “differ-
ence-distance” plot (Figure 9), which shows the changes
in distance between all pairs ofR-carbon atoms in the
respective structures.

The monomer can be considered as made up of two parts,
anR-helical region (7-35) and aâ-sheet region (40-59),
linked by a short loop. These regions have been shown to
exhibit somewhat independent thermodynamics (Griko et al.,
1992). The major structural changes correspond to an overall
shifting of theâ-sheet region relative to theR-helical part.
The main chain of theâ-sheet region undergoes a straighten-
ing and twisting, resulting in a lever-arm-like motion about
an effective fulcrum point near residues 44 and 50, the
position at which theâ2â3-ribbon leaves the core and
becomes solvent-exposed. The central regions of theâ2,

FIGURE 6: Main-chain thermal factors for the engineered Cro
monomer. The value plotted for each residue is the average of the
main-chainB-factors. The locations of theR-helices (R1-R3) and
theâ-sheets (â1-â4) are indicated.

FIGURE 7: Stereo drawing showing how Phe 58 in the engineered monomer structure (solid bonds) moves away from theR3 helix (at left)
relative to its position in the wild-type Cro dimer (open bonds). The side chain of Phe 58 is covered by Arg 38 and Glu 54, both of which
have been omitted for clarity. The structures are superimposed on the basis of the main-chain atoms within the helix-turn-helix (residues
16-35).
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â3, andâ4 strands (near residues 42, 52, and 56d), as well
as Phe 58, all move away from the recognition helix (R3),
with some of the shifts exceeding 1.6 Å (Figure 9). At the
same time, the solvent-exposedâ2â3-hairpin (residues 46-
49) swings 2.2 Å away from residue 55, i.e., away from the
engineered turn, and toward theR1R2-turn near residue 14.
The resulting hydrophobic core of the monomer is less

tightly packed than that of the dimer, even though the identity
of the residues in this region are not altered. This is
particularly true in the region of the Phe 58 aromatic ring,
which, although remaining predominantly buried, moves over
1.1 Å away from the center of theR3-helix (Figure 7). Extra
space is thereby created in the core between Phe 58, Ala
29, and Ala 33. Subsequent random mutagenesis has
identified mutants at these positions that exhibit substantial

increases in thermal stability, presumably due to improved
packing (Mollah et al., 1996).

DISCUSSION

InterconVersion of Dimers and Monomers.The successful
design of the monomeric form of Cro leads one to consider
it as a general approach to engineer monomers from dimers.
The feature that makes the design successful is the ability
to transfer interactions that normally stabilize the dimer into
interactions that occur within a single monomer. Given a
polypeptide chain corresponding to wild-type Cro, the
carboxy-terminal “tail”, in particular Phe 58, is simply not
long enough to bind within its “own” hydrophobic core. As
a consequence, Phe 58 binds within the hydrophobic core
of a second monomer, leading to the observed dimeric
structure of the wild-type protein. The extension of the
carboxy terminus, as in the engineered variant (Mossing &
Sauer, 1990), permits Phe 58 to bind within its own
hydrophobic core. In principle, the engineered variant could
also form dimers, but the monomer is strongly favored
because of the high effective concentration of Phe 58
(Creighton, 1983).
Recently, an “inverse” experiment in which a dimer was

engineered from a monomer was reported by Green et al.
(1995). In this case six amino acids in staphylococcal
nuclease were deleted, preventing the carboxy-terminal
R-helix from reaching its normal site within the monomeric
structure of the enzyme and leading to its incorporation
instead, in another molecule, resulting in a stable dimer.
The same principles of monomer-dimer interconversion

are also seen in the comparison of monomeric and dimeric
diphtheria toxin (Bennett et al., 1994) and in the intercon-
version of monomeric and dimeric forms of CD2 (Murray
et al., 1995).
Structure of the Monomer RelatiVe to the Dimer.The most

surprising feature of the Cro monomer mutant is that its
structure, while similar to that of wild type, displays
significant perturbations. The largest changes involve the
solvent-exposedâ2â3-hairpin, but main-chain shifts in excess
of 1.6 Å also occur within the core between portions of the
â-sheet andR-helical regions. Substantial changes in
hydrophobic packing occur near the tip of the Phe 58
aromatic ring, which has shifted 1.1 Å away from theR3-
helix. This was unanticipated, since model building had
indicated that aâ-turn could be built into the antiparallel
â-ribbon interface of the dimeric structure without distortion
(Mossing & Sauer, 1990). Additionally, although torsional

FIGURE 8: Superposition, based on the helix-turn-helix main-chain atoms (residues 16-35), of the engineered Cro monomer (solid bonds)
on the dimer of wild-type Cro (open bonds).

FIGURE 9: Difference-distance plot (Nishikawa et al., 1972)
showing the change in distance between all pairs of CR atoms in
the mutant Cro structure relative to the wild-type dimer. The
locations of theR-helices andâ-strands are indicated. Positive
contours (solid) and negative contours (dashed) are drawn at
increments of 0.5 Å with the zero contour omitted. The residues
that are outside the boxed regions cannot be compared because
they correspond either to the disordered region at the amino
terminus (residues 1-3) or to the inserted loop region in the
monomer (residues 56-56c). The coordinates of the dimer are from
crystallographic refinement at 2.2 Å resolution (D. E. Tronrud, D.
H. Ohlendorf, and B. W. Matthews, unpublished) and will be
described elsewhere, as will a description of the protein in complex
with operator DNA at 3.0 Å resolution (R. A. Albright and B. W.
Matthews, unpublished).
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flexibility at the center of the dimer interface was seen in a
Cro-operator complex (Brennan et al., 1990), at the limited
resolution available, no flexing of the core was noted.

Since the engineered insertion of the monomer mutant
occurs in a solvent-exposed region of the structure, the core
residues remain identical to those of the wild type. What,
then, is the underlying reason for the structural changes?
Since the hydrogen-bonding interactions that are present in
the dimer are maintained in the monomer, the structural
change does not include a distinct change from one set of
interactions to another. Rather, the perturbations result from
numerous small correlated changes throughout the folding
domain. To some degree, such adjustments can be induced
by differences in crystal packing environments but are usually
limited in magnitude to about 0.5 Å (Zhang et al., 1995),
substantially less than the changes in the present instance.
On the other hand, the Cro structure is quite small and might
be either more flexible or more susceptible to structural
change than a larger protein. Yet another possibility is that
the unusual changes in structure may be functionally relevant.
This will be discussed in the following section.

Comparison of the Cro Monomer with Cro Bound to
Operator DNA. The recent structure determination of a
Cro-operator complex to 3.0 Å resolution (R. A. Albright
and B. W. Matthews, unpublished) has allowed a substan-
tially more detailed analysis of the structural changes that
occur on binding DNA than was possible previously (Bren-
nan et al., 1990). In Figure 10, the main-chain atoms of the
monomer mutant are superimposed on those from the protein
dimer as seen in the 3.0 Å resolution Cro-operator complex.
As can be seen, the monomer is more similar to the structure
of Cro bound to DNA (Figure 10) than it is to free Cro
(Figure 6). For the backbone of residues 5-56 plus 56c-
59, i.e., deleting just the two turn residues 56a and 56b, the
root-mean-square discrepancy for the monomerVersuswild-
type Cro is 1.04 Å whereas it is 0.66 Å for the monomer
VersusDNA-bound Cro. The recent structure determination
of the K56-[DGEVK] protein bound to DNA (R. A. Albright
and B. W. Matthews, unpublished) shows that the monomer
can adopt a conformation that is even closer to that of wild-
type Cro complexed with operator DNA (data not shown).
This suggests that the conformational changes seen in the
engineered monomer structure relative to wild-type Cro are
similar to the changes in the Cro structure that accompany
DNA binding. It suggests that the Cro structure may be

designed to readily permit this particular change in confor-
mation.

CONCLUSIONS

In summary, the design of the Cro K56-[DGEVK]
monomer has proven to be a remarkably successful example
of protein engineering, while at the same time demonstrating
the need for detailed structural information when analyzing
the products of mutagenesis. The results also show that the
structure of an isolated monomer, or a protein fragment,
cannot be assumed to be identical with the structurein toto.
It may be that the unanticipated structural changes within
the Cro protein are in part due to changes in crystal contacts
and to the presence of the engineeredâ-turn, but they seem,
primarily, to reflect an inherent flexibility that may facilitate
the large conformational changes in the protein that ac-
company DNA binding.
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