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ABSTRACT: In the Cro protein family, an evolutionary change in secondary structure has converted an
o-helical fold to a mixture ofx-helix andj-sheet. P22 Cro andl Cro represent the ancestral alland
descendanti+ folds, respectively. The major structural differences between these proteins are at the
C-terminal end of the domain (residues-3&b), where twar-helices in P22 Cro align with twg-strands

in A Cro. We sought to assess the possibility that smooth evolutionary transitions could have converted
the all-a structure to then+f structure through sequences that could adopt both folds. First, we used
scanning mutagenesis to identify and compare patterns of key stabilizing residues in the C-terminal regions
of both P22 Cro and Cro. These patterns exhibited little similarity to each other, with structurally important
residues in the two proteins most often occurring at different sequence positions. Second, “hybrid scanning”
studies, involving replacement of each wild-type residue in P22 Cro with the aligned wild-type residue
in 4 Cro and vice versa, revealed five or six residues in each protein that strongly destabilized the other.
These results suggest that key stability determinants for each Cro fold are quite different and that the P22
Cro sequence strongly favors the alktructure while thé. Cro sequence strongly favors the-j structure.
Nonetheless, we were able to design a “structurally ambivalent” sequence fragment (SASF1), which
corresponded to residues-396 and simultaneously incorporated most key stabilizing residues for both
P22 Cro andl Cro. NMR experiments showed SASF1 to stably fold g faairpin when incorporated

into theA Cro sequence but as a pair @fhelices when incorporated into P22 Cro.

Almost 1000 different protein domain folds are known and smoothly accumulate extensive changes to its sequence
(2), but the origin of this structural diversity is, for the most while retaining the same stable native fold. The orange oval
part, a mystery. A protein’s fold is encoded in its amino acid in Figure 1A represents a portion of sequence space
sequence and could in principle change to a new fold as thiscorresponding to a hypothetical neutral network for a fold
sequence acquires mutations during evolution. Recent com-consisting of alla-helical secondary structure (Figure 1C,
parisons of the structures of homologous proteins have orange). The mutational trajectory leading from ancestral
revealed several cases in which new protein folds have sequence 1 to descendant sequence 2 is an example of a
derived from evolutionary modifications of preexisting folds neutral path within this network.

(2—4). We are interested in elucidating the possible mech- A fundamental question is whether, during the course of
anisms by which an ancestral protein sequence that specifiestructurally neutral sequence drift, exchange can occur
an ancestral fold could be mutated to encode a distinct between different neutral networks, leading to evolution of
descendant structure. one fold from another. Because different structural topologies

During evolution, a typical protein undergoes extensive impose different requirements on the sequence, the neutral
sequence drift with little effect on its native structure and networks for two folds are likely to be quite distinct and
stability. There are two main reasons for this sequence may very well have no sequences in common or may exhibit
plasticity of proteins. First, a large number of different very sparse connections. For example, for thexaihdo+3
sequences, many of which share no recognizable similarity, folds in Figure 1C, the hypothetical networks depicted in
can encode the same fold with high thermodynamic stability. Figure 1A (orange and yellow ovals, respectively) do not
Second, theoretical models of protein evolution suggest thatcome close to intersecting in sequence space. In such a case,
the diverse sequences encoding a particular fold are interconthere is no smooth stability neutral path for evolution of one
nected as a large “neutral network” in sequence spaee (

7). In'such networks, all the constituent sequences are linked 1 pppyreviations: NMR, nuclear magnetic resonance; CD, circular
by continuous “neutral paths”, each of which consists of a dichroism; rmsd, root-mean-square deviation; TOCSY, total correlation
series of point mutations or minor insertiedeletion events  spectroscopy; NOESY, nuclear Overhauser effect spectroscopy; HSQC,

; 1 T heteronuclear single-quantum coherence; NOESY-HSQC, two-dimen-
(indels)! The continuity of neutral networks allows for sional/three-dimensional heteronuclear NOESY; TOCSY-HSQC, two-

efficient neutral drift in evolution, so a protein may gradually - gimensional/three-dimensional heteronuclear TOCSY: SPSGE,
sodium dodecy! sulfatepolyacrylamide gel electrophoresis; IPTG,

T Supported by NIH Grant RO1 GM066806b. isopropyl 5-p-thiogalactoside; TMSP, sodium 3-trimethylsilylpropi-
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Ficure 1: Evolution of a new protein fold from a preexisting fold. The orange and yellow ovals in panels A and B crudely represent
hypothetical regions of sequence space (neutral networks of sequences) that encode the two folds shown in panel C (see the text), for (A)
a case in which no overlap or intersection exists between the two networks and (B) a case in which overlap does exist. The filled and empty
circles represent ancestral and descendant sequences, respectively, while solid and dashed arrows represent continuous and discontinuou
mutational paths between them, respectively (see the text for an explanation). Panels C and D show a comparison between P22 Cro (orange)
and 1 Cro (yellow), two related proteins with different folds: (C) ribbon diagrams of each protein, generated using Molggrgutd
Raster3d42), with only one subunit of thé Cro dimer shown, and (D) sequence alignment of P22 Crolafi, annotated with secondary
structures.

fold from the other. Descendants of allancestral sequence and fifth are replaced by A-hairpin (Figure 1C, yellow)
1, for example, cannot acquire the+p fold by any (17). These topological differences map to the C-terminal
continuous mutational trajectory that conserves stability. halves of the sequences, consisting approximately of residues
Exchange between networks could still occur, but only if 34—58 (Figure 1D). The N-terminal halves are very similar
relaxed selection for stability allowed for drift outside the in structure, except that a short extension at the N-terminus
neutral networks (e.g., + 3 trajectory) or if discontinuous  of 1 Cro interacts with the C-terminal hairpin to form a three-
mutational events or “sequence jumps” could occur (e.g., 1 stranded3-sheet. P22 Cro’s ali fold is shared by distant
— 4 trajectory), for example, by heterologous recombination paralogs of Cro in the CI family, whilé Cro is the only
or frameshifting. known protein with its particulas+f topology. Hence, the
Some theoretical studies have, however, suggested thatincestral Cro protein probably had the @lfold, and this
neutral networks for different folds could closely approach structure was retained in P22 Cro, a conservation which could
each other or even overla,(9), potentially allowing be represented by the -+ 2 neutral path (Figure 1A,B).
exchange by continuous mutational paths. In support of this The o+j fold of 1 Cro then evolved from it in some
possibility, design and mutagenesis experiments have yieldedsubgroup of the family through replacementoshelical by
pairs of similar sequences with different fold<{-13) and pB-sheet secondary structure. Such a fold change might be
even single sequences that can switch between two foldsrepresented in panel A or B of Figure 1 by trajectory-13,
(14—16). In the example in Figure 1, if the network for the 1 — 4, or 1— 5.
o+4 fold shared sequences in common with that for thexall- Which of these mutational pathways best describes the
fold (Figure 1B), continuous stability neutral paths (e.g., 1 evolution ofA Cro’s fold is unclear a priori. However, the
— 5 trajectory) would then exist for interconversion of the continuous and discontinuous trajectories can be distin-
two folds, though the number of such paths could be small. guished by sequence comparisons. The overall sequences of
The set of sequences in the region of overlap would provide P22 Cro and. Cro are~25% identical (Figure 1D). At this
a conduit or channel for fold evolution by smooth mutational high level of divergence, pairwise sequence comparison
mechanisms. These intermediate sequences could be desannot reveal whether the two Cro proteins and their folds
scribed as structurally ambivalent because they can adoptare linked by continuous mutational pathways or by sequence
both folds stably. jumps. PSI-BLAST and transitive homology analyses, how-
Our study focuses on these considerations as they applyever, confirmed a distant global sequence homology between
to an evolutionary fold change in the Cro family of P22 Cro andl Cro that is inconsistent with wholesale
bacteriophage transcription factody.(The Cro protein from nonhomologous replacement of large fragments of the
phage P22 (Figure 1C, orange) has a fold consisting of five sequence and disfavors the involvement of sequence jumps
a-helices, with the second and third forming a heltxrn— in Cro evolution 48). Instead, the sequences of P22 Cro and
helix (HTH) DNA-binding motif. The fold of its ortholog 1 Cro are probably connected through a long series of
from phagel shares the first three helices, but the fourth substitutions, along with minor indels corresponding to small
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gaps in the alignment (Figure 1D). Thus, the pathway from
an all-a ancestral Cro to thei+3 4 Cro likely proceeded
through structurally ambivalent intermediates mediated by
neutral network overlap (e.g.,~ 5 trajectory), or through
sequences with no stable fold (e.g.; 3 trajectory), but
not through major sequence jumps (e.g4 trajectory).

Van Dorn et al.

employed. Nickel affinity purified proteins dialyzed into
SB250 buffer were loaded onto a HiPrep 26/60 Sephacryl
S-100 column (Pharmacia Biotech) equilibrated in the same
buffer and eluted isocratically at a flow rate of 1.3 mL/min.
Protein-containing fractions, as identified by SBISAGE,
were combined, dialyzed into NMR buffer [50 mM sodium

To begin exploring the plausibility of neutral network Phosphate (pH 6.3) and 150 mM NacCl], and concentrated
overlap and structurally ambivalent sequence intermediatesto approximately 0.75 mM using Centricon YM-3 or
in Cro evolution, we have undertaken a mutagenesis andCentriprep YM-3 (Millipore) centrifugal filter devices.
design study using P22 Cro and Cro as respective Circular Dichroism SpectroscopyFar-ultraviolet CD
representatives of the all-anda+/ Cro folds. This work spectra and melts of Cro variants were obtained on Aviv
focuses specifically on the structurally diverse C-terminal 62A DS and Jasco J-810 CD spectrometers. The two
half of Cro. Our study has three goals: (1) to establish and Spectrometers yielded essentially identical thermal denatur-
compare the key C-terminal sequence features critical for ation midpoints for the parent P22 Cro ahro proteins,
the stability of each protein, primarily using alanine scanning Vverifying that no significant systematic errors were introduced
mutagenesis, (2) to identify sequence features that conferby characterizing proteins on one or the other. Thermal
specificity for one structure over the other, as well as those denaturation curves (@V protein in SB250) were typically
compatible with both folds, using a technique we call hybrid collected from 15 to 80C in 1 °C intervals with 1 min
scanning mutagenesis, and (3) to design structurally am-€quilibration times at each temperature. Reversed melts
bivalent C-terminal sequence fragments which, when incor- showed no apparent hysteresis and yiele@®% recovery

porated into Cro sequences, can Stab|y fold into both of the folded baseline Signal, verifying that the Cro variants
o-helical andB-sheet conformations. folded and unfolded reversibly.,, values were obtained by

fitting with the Gibbs-Helmholtz equation essentially as
described previouslyl), using Kaleidagraph (Synergy). In
these fits, the value of the heat capacity of unfoldingg)
Cloning, Mutagenesis, and Design Constructibhe gene  was fixed at an estimated value of 840 cal mdk* for
for P22 Cro was tagged with a C-terminal six-histidine hoth P22 Cro and Cro variants. This value was computed
sequence and Ndel and BamHI sites using PCR amplificationfor a typica] 60-residue protein based on an average per-
and then ligated into the pET21b vector to give the pTN200 residueAC, of 14 cal mot® K~! residue? (20). All other
expression plasmid. In a similar manner, $h€ro gene was  parameters, including unfolded and folded baseline slopes
cloned previously into pET21b using Ndel and Xhol sites, and interceptsAH,, andT,, were allowed to vary. Variants
leading to the incorporation of a C-terminal six-histidine tag destabilized by more thar15 °C often lacked clear folded
from the vector, connected to the Cro sequence by a Leu-paselines, particularly in the case biCro. In such cases,
Glu dipeptide corresponding to the Xhol site8|. Plasmids  the outpufT,, was sensitive to the initial guesses of parameter
encoding monomeric variants @f Cro used in this study  values. Initial guesses af, for these variants were generated
(PKL105 for A33W/F58D and pTN620 for A33W/F58D/  from overlays of parent protein and variant melts, assuming
Y26Q) were generated from this parehtCro construct  that the true baselines of the variants resembled those of the
(PMC140) using the QuikChange mutagenesis protocol parent protein. Initial guesses for baseline slopes and
(Stratagene). Alanine and hybrid variants were then con- intercepts were based on those of the parent protein. Initial
structed from pTN200 or pKL105 using the QuikChange guesses foAH, were related to the initial;, guess using a
protocol. Structurally ambivalent sequence fragment (SASF) plot of AH, versusT,, for a series of variants. These
designs were introduced infoCro and P22 Cro constructs  parameters were then allowed to vary during fitting, but fits
in parallel using a combination of cassette mutagenesis andin which AH, and baseline parameters deviated strongly from
QuikChange site-directed mutagenesis using the QuikChangehe initial guesses were rejected provided that equally good
protocol. During introduction of SASF-encoding sequences or better fits with smaller deviations could be generated by
into the P22 Cro gene, we switched from our original sjightly varying the initial guesses. Highly unstable, mostly
expression construct to one comparable to that used for ynfolded variants for which the initial;, guess was well
Cro, with the coding sequence flanked by Ndel and Xhol pelow 290 K were not fit at all, and\T,, values were
sites, and the histidine tag contributed by the pET21b vector. conservatively estimated to be no smaller tha85 °C.
Expression and Purification of ProteinGro variants were  Finally, the G48A variant ot Cro exhibited an unusually
expressed ifescherichia colBL21(ADE3) cells transformed ~ broad melt that was resistant to convincing fitting. Txign,
with the appropriate expression plasmid and purified by value reported for G48A in Figure 2 was estimated as an
Ni2*—NTA chromatographyri 6 M guanidine essentially — average of the best fit allowing all parameters to vary and a
as described previously, using 10 mM imidazole in all load fit in which baseline parameters were restricted to those of
and wash steps to reduce nonspecific bindidg, (19). the G37A variant. Typical uncertainties in report&d
Purified proteins were refolded by dialysis into SB250 buffer values are+2 °C, increasing to+5 °C for variants
[50 mM Tris (pH 7.5), 250 mM KCI, and 0.2 mM EDTA]  destabilized by more thar15 °C or for the G48A variant
and centrifuged at 120@dor 20 min to remove precipitates.  of 4 Cro.
In the case of uniform®N-labeled NMR samples of SASF- NMR SpectroscopyNMR spectra were recorded on a
containing proteins, expression was performed in M9T Varian Inova 600 MHz spectrometer at 293 K. Samples of
minimal medium using 0.8 g/E5NH,Cl as the sole nitrogen  P22-SASF1 andwpo-SASF1 contained 0.75 mM uniformly
source, and an additional size exclusion purification step was**N-labeled protein in 50 mM sodium phosphate (pH 6.3),

EXPERIMENTAL PROCEDURES
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P22 alanine mutants
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residue number

Ficure 2: Thermal stabilities of alanine point mutants for residues
34-56 of (A) P22 Cro and (B). Cro-A33WI/F58D, relative to
stabilities of the parent proteinAT,, values reported here as35
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Awpo Cro, H, assignments were obtained in previous work
on samples at 293 K, without any salt, and at pH 6.4 and
5.3, respectively. For the comparison in Figure 6, both sets
of shifts were referenced to,B at 4.826, again based on
ref 24. H, chemical shifts were adjusted for random-coil
values as listed in Wrich 25).

RESULTS

C-Terminal Sequence Determinants of Stability for P22
Cro and A Cro. We performed two types of scanning
mutagenesis on the C-terminal halves of both P22 Cro and
A Cro. First, we generated a complete set of alanine point
mutations and used the effect of each substitution on the
folding stabilities of P22 Cro andl Cro to identify residues
important for stably encoding their respective structués (
27). Second, we conducted “hybrid scans” in which each
position in P22 Cro was substituted with the aligned residue
in A Cro and vice versa, according to the PSI-BLAST
alignment in Figure 1D. The hybrid scans supplement the
alanine scans as indicators of the mutational sensitivity of
particular residues and, thus, may suggest additional stability
determinants. The primary purpose of the hybrid scans,
covered in a later section, is to evaluate the compatibility of
the P22 Cro and Cro sequences with the fold adopted by
the other protein.

A potential complicating factor in these studies is the fact
that P22 Cro and Cro differ in oligomeric state as well as
fold. A Cro does not fold stably as a monomey, (< 40 °C)

(28) and dimerizes in solution at low micromolar concentra-
tions (18, 29, 30), while P22 Cro is stable as a monomer
(Tm = 55 °C) and does not dimerize measurably in solution
(4). The strong dimerization and weak monomer stability in
A Cro are related to a “ball-and-socket” mot#1j that unites

part of the subunit core with the dimer interface and partly
couples folding stability to self-association. Mutational effects
on A Cro stability could therefore include components both
from destabilization of the core+$ domain fold and from

°C represent conservative, minimal estimates of destabilization for disruption of the dimer interface.

very unstable variants which were mostly unfolded at ambient

temperature (see Experimental Procedures).

150 mM sodium chloride, 10%H,0, 0.01% sodium azide,

The folding stability ofA Cro can, however, be uncoupled
from dimerization by mutations in the ball and sock&8,(
23). Thel Cro double mutant A33W/F58D (Figure 1D) is
purely monomeric, with a thermal stabilityff ~ 52 °C)

and 1 mM TMSP. Spectra were processed using NMRPipe/similar to that of the P22 Cro monomet§). The A33W/

NMRDraw (21) and analyzed using NMRView2p). 1N—
IH HSQC spectra were obtained for P22-SASF1 apeo-

F58D monomer retains essentially the same structure as
individual subunits of the wild-typ& Cro dimer, except that

SASF1 (Figure 6) and were assigned using strip plot analysisthe last two or three residues of strand 3 (approximately

of three-dimensional (3D¥N—!H TOCSY-HSQC (50 ms
mixing time) and 30*N—!H NOESY-HSQC (50 ms mixing

residues 5658), which participate in the dimer interface
but make no long-range contacts in the monomer, are

time) spectra. Both spectra were assigned for essentially alldisordered (see panels C and D of FigureZ3)(To focus
residues, though Figure 6 shows resonance assignments foPur mutagenesis study on a comparison between determinants

only the SASF region. The known chemical shifts for the
parent proteins aided this process considerad\28). H,

of the monomeric corext+ and allee domain structures,
rather than including the complicating issue of dimerization,

chemical shifts (Figure 7) were obtained from the same We used. Cro-A33W/F58D as a background sequence rather
analysis. Spectra and chemical shifts in Figures 6 and 7 werethan wild-type4 Cro.

referenced using the J@ signal as a standard. TMSP-

Folding stabilities of alanine and hybrid mutants for

referenced shifts were considered untrustworthy due toresidues 3456 of P22 Cro andt Cro-A33W/F58D were
possible transient interactions between the standard and theharacterized using reversible thermal denaturation monitored

protein reported previously fotwpg (23). For P22-SASF1
and Awpg-SASF1, a value of 4.811 was used for thgOH

by circular dichroism (CD). The thermal denaturation
midpoints of the mutantsT(,) were compared to those of

resonance, based on salt and temperature dependencies listede parent sequences, and the differendds,] were plotted

in Wishart et al. 24). For the parent proteins P22 Cro and

in Figures 2 and 3. In interpreting these data below, we
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10 alanine. Reductions in stability in the hybrid mutations
A A residues in P22 host (Figure 3) were considered supplemental indicators of a
residue’s importance, accounting for the fact that alanine
scans cannot identify all key stability determinants (for
example, in situations where alanine itself plays an important
structural role). Five to six residues in each protein exhibited
marked destabilization when replaced in the hybrid scans,
many of which coincided with stability determinants identi-
fied in the alanine scans. For each protein, a total of nine
residues exhibited\T,, values of greater thar-10 °C in
alanine and/or hybrid scans. These positions were mapped
onto the structures and sequences of P22 Crola@b to
illustrate differences and similarities (Figure 4). These sets
of mutation-sensitive positions are clearly quite different
(Figure 4E) and correlate with distinct interactions present
in the known structures of the two proteins (Figure-4B).

AT, (°C)

34 36 38 40 42 44 46 48 50 52 54 56

35 37 39 41 43 45 47 49 51 53 55 Structural Roles of Key Stability Determinarts P22 Cro,
10 the mutation-sensitive residues are scattered across the
B P22 residues in A host sequence (Figure 4E) but are clustered in the structure (Figure

4A), with most facing the interior of the adl-fold. lle 34,
Asp 38, Ala 39, Leu 42, Thr 46, and Leu 50 all have less
than 10% solvent accessible surface area and might be
considered core residues. Thr 46 and Leu 50 exhibit severe
intolerance to mutation, with destabilization observed in both
alanine and hybrid scans. Thr 46 not only is buried but also
makes a side chairmain chain hydrogen bond to residue
49 or 50. lle 34, Ala 39, and Leu 42 cannot be studied by
both techniques since they either are Ala in the wild-type
sequence (Ala 39) or are identicalirand P22 Cro (lle 34
and Leu 42). Asp 38, interestingly, tolerates substitution to
Ala quite well but not substitution with the wild-typeCro
residue Arg. Asp 38 probably accepts a hydrogen bond from
T I S T T B B A B another largely buried side chain, Trp 33 (Figure 4B).
35 8,,%800%0 41205 451470 40 51 22a s Mutation of Asp 38 to Ala removes the acceptor carboxylate
group but may permit entry of solvent to hydrogen bond to

residue number Tro 33 in it | Mutati to A | th
Ficure 3: Thermal stabilities of hybrid point mutants for residues P In 1ts place. Mutation to Arg aiso removes the

34-56 of (A) P22 Cro and (B). Cro-A33WI/F58D, relative to  carboxylate, but the presence of/amethylene group may
stabilities of the parent proteins. Hybrid point mutants were block solvent access to Trp 33.
generated by introducing a wild-type residue of P22 Cro at the  The remaining mutation-sensitive residues in P22 Cro
ﬁ]llt?gdeudciﬁosglov?lilgft aiecrg’s'iﬁggvg':g?g ig?(ftasg%erc‘:crg ?]{)Sbty either are on the periphery of the core (Pro 35 and Val 45)
sequenceng valuesy?eported here as35 °C represent conserva- or participat_e in turns and h(_alix termination (Prp 35 and Gly
tive, minimal estimates of destabilization for very unstable variants 48). Val 45 is weakly sensitive to Ala substitution but does
which were mostly unfolded at ambient temperature (see Experi- not tolerate polar residues well, as judged by the destabiliza-
mental Procedures). tion observed in the Val45Asn hybrid variant. The N-
terminus of helix 4 has some of the sequence characteristics
assumed that no qualitative native state structural changesof a Pro-box capping motif as described by Viguera and
were induced by the point mutations and that the changes inSerrano 82), with Pro 35 occupying the N-cap position.
T directly reflected effects on the equilibrium between a Helix N-capping may therefore explain the sensitivity of Pro
wild-type-like native folded state and an unfolded ensemble. 35 to alanine and hybrid substitutions. Gly 48, though not
Later in this study, we will present direct evidence that many part of any canonical helix C-capping motiB3 34),
residues from P22 Cro can be introduced simultaneously intogccupies positiori + 2 of a type | 5-turn immediately

4 Cro and vice versa without qualitatively modifying the following helix 4. Glycine is strongly preferred at such
structure of either protein, even though many of these positions in natural protein§).
residues strongly stabilize alternate native structures. Thus, |n A Cro, mutation-sensitive residues are concentrated in
the structural specificity of these proteins is probably not a contiguous stretch of sequence (Figure 4E) corresponding
compromised by simple point mutations. to the central strand of the three-strangdheet (Figure

A high negativeATy, value (arbitrarily chosen as greater 4C). As in P22 Cro, the mutation-sensitive residues @ro
than —10 °C) in the alanine scans (Figure 2) was thus are still mostly shielded from solvent, but they are not
interpreted as an approximate indication that the deleted sideconfined to the interior face of the C-terminal secondary
chain was important for the stability of the mutated protein structural elements. Three of the nine sensitive residues have
in its native fold. Six to eight residues from each protein less than 10% accessible surface area (lle 40, Leu 42, and
exhibited marked destabilization when substituted with Thr 43), while three more (lle 34, Phe 41, and lle 44) have

AT, (°C)
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Asp 33\(
| j
ﬁ Trp 33

E 34 56

P22 e kDA Yy r[L]e 1[V[T]a[Ga[L]k Y Q EN A
1 [IE 2 ¢ »r x[IF|L]TI]N]AD]G s VY A EE V K

structurally I -EGDAIFLTI-TDGA-KYEENA
ambivalent A K AQEVK
FiGure 4: Mutation-sensitive positions in P22 Cro ahdCro-A33W/F58D, showing large decreases in stability upon substitution with
alanine (red), hybrid mutation (blue), or both (purple): (A) mutation-sensitive residues in P22 Cro mapped onto the structure (PDB entry
1RZS) @), (B) picture of Asp 38-Trp 33 interaction in P22 Cro, (C) mutation-sensitive residugs@ro mapped onto one subunit (PDB
entry 5CRO) 17), (D) view of the solvent-facing side df Cro’s 5-sheet, with dashed lines indicating hydrogen bonds, and (E) mutation-
sensitive residues mapped onto a sequence alignment of P22 CikaCandor the region of residues 3%66. Also shown are “structurally
ambivalent” residues at each position identified through hybrid scanning mutagenesis (see the text).

10—15%. Of this group of six, four clearly face the protein Cro folds are encoded in the sequence and permit a rough
interior (lle 34, lle 40, Leu 42, and lle 44). Phe 41 and Thr assessment of the potential for the neutral networks of the
43, on the other hand, are on the solvent-facing side of thetwo folds to intersect. First, we examined four C-terminal
f-sheet but pack against other side chains on the same strangositions (34, 35, 42, and 45; Figure 4E) which exhibited
and on flanking strands (Figure 4D). Thr 43 also makes a sensitivity to substitution in both P22 Cro aAdCro. Two
cross-strand hydrogen bond to Arg 4. All six of these buried of these positions (34 and 42) involved the same residue
or partly buried residues either are sensitive in both alaninetype playing essentially the same structural role in both
and hybrid scans or cannot be tested in the hybrid scansproteins. Positions 34 and 42 are occupied by lle and Leu,
because they are identical iInCro and P22 Cro. respectively, in both P22 Cro andCro and form part of
The three remaining mutation-sensitive residues @ro each protein’s hydrophobic core. Such positive overlap
are solvent-exposed. Asn 45 and Asp 47 form part of a between key stability determinants for two folds implies
network of hydrogen bonds in the turn betwegstrands 2 similarities in the way they are encoded and may increase
and 3 (Figure 4D). His 35 is a special case, because itthe likelihood that their neutral networks have sequences in
probably does not contribute muchidCro stability per se, common. Positions 35 and 45, however, exhibited specific
being on the surface of the end of helix 3 and making no sequence requirements that directly conflicted in P22 Cro
apparent interactions with other side chains. This residue isand/A Cro. Position 35 involved an important Pro residue in
quite tolerant to alanine substitution. However, P22 Cro has P22 Cro which was quite sensitive to substitution. His 35 of
a proline at this position, which would be expected to disrupt A Cro, while not important in and of itself, also did not
helix 3 in A Cro. tolerate substitution with Pro due to its location in the middle
Comparison of Stability Determinant Patterns in P22 Cro of a helix. Position 45 is a partly buried Val in P22 Cro but
andZ Cro. A comparison of the key stabilizing residues in in 4 Cro is an Asn that makes solvent-exposed hydrogen
P22 Cro andl Cro can, to a first approximation, identify ~bonding interactions. Such conflict or negative overlap
similarities and differences in the way the alland a+p between key determinants for two folds decreases the
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Table 1: Host Sequences, SASF Designs, and SASF Constructs Used in Thid Study

residue # .35...40...45...50...55...60
A ss eee hhhhhhhh hhhhhhh hhhhhhh---hhh eeeeee eeeeee

p22 ss hhhhhhhh hhhhhhh hhhhhh hhhhhhhhhhh hhhh

me MEQRITLKDYAMRFG-QTKTAKDLGVQQSAINKW---THAGRKIFLTINADGSVYAEEVKPDPSN
p22 MYKKDVIDHFGTQRAVAKALGISDAAVSQWKEVIPEKDAYRLEIVTAGALKYQENAYRQAA

Mipo—SASF1 MEQRITLKDYAMRFG-QTKTAKDLGVQQSAINKW---IHAGRAIFLTIYTDGRLKMEENA YRQAA
pP22-SASF1 MYKKDVIDHFGTQRAVAKALGISDAAVSQWKEVIPEKDAIFLTIYTDGRLKMEENA YRQAA

* % * % Kk * % * * * * Kk ok ok ok ok k ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

Mipo—SASFE2 MEQRITLKDYAMRFG-QTKTAKDLGVQQSAINKW---IHEKDAIFLTIYTDGRLKMEENAYRQAA
P22-SASF2 MYKKDVIDHFGTQRAVAKALGISDAAVSQWKEVIPEKDAIFLTIYTDGRLKMEENA YRQAA

* % * % Kk * % * * * * ok kkkk ok ok ok ok kkokkkkkkokkkkkkkkx

2 All SASF constructs contained a C-terminal LEHHHHHH tag. Residuest®of Awpo andAwpg-SASF1 (KKTTA) are not shown. Italicized
residues in SASF1 and SASF2 are in a disordered region of either P22 Cro, or both. Asterisks denote identical residues. SASF regions are
underlined.

likelihood of overlap between their neutral networks and, if hydrogen bond. Pro 35 of P22 Cro aligns to a position in
severe enough, could completely prevent it. the middle of ana-helix in A Cro and thus disrupts its
Most mutation-sensitive positions identified in our study, structure. Tyr 40 of P22 Cro changes the shape and volume
however, involved neither positive nor negative overlap of a critical hydrophobic core residue mCro. Ala 47 in
between stability determinants of the two structures. Specif- P22 Cro cannot substitute for a key Asp residuél i€ro
ically, 10 C-terminal positions exhibited structural importance that makes hydrogen bonds in a hairpin turn.
in only one protein or the other (Figure 4E). The prevalence These findings suggest that at least a few substitutions
of such positions suggests a certain orthogonality or inde- would be necessary to convert the C-terminal region of either
pendence between key C-terminal stability determinants of protein into a sequence compatible with the alternate Cro
each of the two Cro folds. From the perspective of overlap fold. In other words, the sequence oro appears to have
between their neutral networks, this orthogonality poses andrifted quite significantly away from its atk ancestry, while
interesting dilemma. Completely orthogonal or nonoverlap- that of P22 Cro does not appear poised to switch from the
ping sets of determinants would allow both folds to be ancestral alk fold to theo+f fold. Viewed in terms of the
encoded in a single sequence but would also restrict suchsequence space diagrams of Figure 1, both P22 Croland
structurally ambivalent sequences (Figure 1B) to the small Cro are probably located some distance from any structurally
number that contain both sets of determinants simultaneously,ambivalent region of sequence space.
creating an evolutionary “bottleneck”. A more detailed  Atthe same time, most C-terminal residues in each protein
treatment of this idea is left to the Discussion. do appear structurally ambivalent in the sense of basic
Specificity Determinants and Structurally Armdient compatibility with both Cro folds. Sixteen of 23 P22 Cro
Residues in P22 Cro antl Cro. The apparent differences residues in the region of residues-386 reduced thd@, of
in stability determinants for the two Cro folds imply that 1 Cro by less than 8C, and 15 of 23l Cro residues reduced
some sequence features might strongly favor one fold overthe T,, of P22 Cro by less than B8C (Figure 3). These
the other. The hybrid scanning experiments reveal residuesstructurally ambivalent residues are listed in Figure 4E. At
in the sequences of P22 Cro ah@ro which are compatible 20 of 23 positions, one or both of the P22 Cro an@ro
or incompatible with the sequence or structure context of wild-type residues were structurally ambivalent by this
the other protein, and thus to a certain extent with an alternatemeasure. At only one position, 35, were both hybrid mutants
native Cro fold. For example, a residue fram-g 1 Cro severely destabilizingAT, > —10 °C) such that neither
which causes minimal destabilization when introduced into wild-type residue showed any significant compatibility with
the all-ae P22 Cro sequence can be regarded as compatibleboth structures. These findings raise the possibility that, even
with both folds and, thus, as structurally ambivalent with though the C-terminal sequences of P22 Cro &aifo as a
respect to Cro secondary structure switching. On the otherwhole appear to be quite structurally specific, some simple
hand, one which causes destabilization of P22 Cro might be hybrid of these sequences might be close to being structurally
a determinant of structural specificit$@), favoring thea+p ambivalent.
fold over the allet fold. Design of Structurally Ambalent Cro C-Terminal Se-
The C-terminal regions of P22 Cro aAdCro both contain guence Fragmentd.o test this idea, we used the ambivalent
five or six residues which strongly destabilized the structure residues shown in Figure 4E as the primary basis for the
of the other proteinAT, > —10 °C) (Figure 3) and might  design of structurally ambivalent sequence fragments (SAS-
therefore be features supporting structural specificity. Here Fs) or “chameleon sequences” corresponding to most of the
we discuss a few illustrative examples.ArCro, the large C-terminal half of Cro (Table 1). In these designs, we
polar charged residue Lys 39 corresponds to a positiongenerally incorporated the most ambivalent of the P22 Cro
occupied by a small nonpolar buried residue (Ala 39) in P22 and /A Cro wild-type residues at each position as identified
Cro. Ala 46 inl Cro cannot substitute for the role of Thr 46  through hybrid scans (see Figure 4E). To a great extent, this
in P22 Cro,which makes a key buried side chaimain chain approach also has the effect of incorporating the key
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stabilizing residues from each protein. In the course of A
preliminary testing of designs, several adjustments were 1.01 %#@&B‘h-".-
made, including incorporation of residue types not present o8] Poz-saski - ,.-"
in either P22 Cro of Cro at three positions (Tyr 45, Arg 2 | andp22.sAsF2 & &
49, and Met 52). The incorporation of Tyr at position 45 % 0.6 AN .-'
and Arg at position 49 was based on a heuristic analysis of T & \P22
Cro sequence alignments (not shown). The use of Met 52 § 0.4 n““ s
was based on previous studies showing that this residue T qun ,.'
stabilized monomeric versions #fCro by 5-7 °C relative % 0.2 ﬁ -°
to Ala 52 of 1 Cro and Tyr 52 of P22 Cro2@). We also “ e
tried to find residues at position 35 which were more 04:!55’:@*
structurally ambivalent than either His 35 ofCro or Pro
35 of P22 Cro (see Figure 3). These efforts were unsuccess- 10{B o a8
ful, and since both of these residues severely destabilized °o°°°°: oo
one Cro structure or the other, we abandoned attempts to > 0.8 1 o °dﬂﬂ=.."
incorporate residue 35 into our chameleons and concentrated S MypgSASF1 °©° g ¢
on the remainder of the C-terminal region. % 0.61 o g
The properties of the designs were tested by introducing 8 0.4] *wpa-SASF2 %o% LN
them into both P22 antlhost sequences (see Table 1) using % ’ N\ P ﬁd: iy Mypa
a combination of cassette and site-directed mutagenesis. Here g 0.2 0o ,’
we report results for two designs of slightly different S Y
length: SASF1, which spans residues-3®, and SASF2, Ofﬁ&,
which spans residues 366 (see Table 1). In constructing , : : : : : :
these designs, we also replaced residues@®/of 1 Cro, 290 300 310 320 330 340 350 360
which are unstructured in theCro monomer, with residues temperature (K)

57-61 of P22 Cro (see Table 1). For the P22 host Fure 5: Thermal denaturation curves, monitored by circular
background, we used the wild-type sequence, while for the dichroism at 222 nm, for (A) P22 and (Bjvpo With and without
ot sequence we uilzeda 2sQ arant o AT Espes skl bt seercs s (S o
ES%I?, Ca \ga(t? ;%resshr?;)b\évr?:ﬁg Ii?scgfusc(:atirlttasstig?]ri]?i::aallnsl;;)tzmty the SASFs destabilize both proteins, but not severely.

Thermal denaturation curves showed that both SASF1-
containing proteins were slightly less stable than their parentthat the SASF1 chameleon is adopting very distinct confor-
sequences (Figure Swpo-SASF1 is 5°C less stable than  mations depending on whether it is introduced into the P22
Awpo, With a Ty, of 56 °C (Figure 5B), while P22-SASF1  or Awpo host sequence.
was destabilized by 8C relative to P22 Cro and hadTa, Analysis of H, chemical shifts showed that the different
of 46 °C (Figure 5A). Both proteins, however, exhibited clear structures adopted by SASF1 in P22 dqgq corresponded
folded baselines and exhibited fully reversible unfolding. The to those adopted by the respective parent sequences (Figure
SASF2-containing proteins also appeared to be folded (Figure7). Random-coil adjusted Hshifts for residues 3956 in
5A,B) and gave reversible melts. P22-SASF2 has the samelwpg and Awpo-SASF1 are very similar to each other, as
primary sequence as P22-SASF1, because the extension odire those for P22 and P22-SASF1. Bdthoo and Awpg-
the chameleon to include residues—38 incorporated the  SASF1 have two stretches (residues-48 and 56-54) with
three wild-type P22 Cro residues for this tripeptide (EKD; high H, chemical shifts, corresponding festrands 2 and 3
see Table 1)Awpo-SASF2 is destabilized by 8C relative in Awpo, respectively. These stretches are separated by the
to Awpo-SASF1 due to incorporation of this EKD sequence hairpin turn (residues 4649), which again shows similar
in place of the wild-type AGR tripeptide. These results shifts in both thelwpo parent andlwpo-SASF1. P22 and
demonstrate the replacement of almost the entire C-terminalP22-SASF1 are also similar, with low.Hthemical shifts
half of P22 Cro and Cro in parallel with the same designed essentially across the board, consistent witkhelical
sequence fragment, without catastrophic destabilization of structure. By contrast, the patterns for the two P22-based
either protein. sequences differ strongly from those for thébased se-

Both Awpo-SASF1 and P22-SASF1 exhibited sufficient quences. In particular, P22-SASF1 atbo-SASF1 have
solubility for extensive NMR characterizatiotN-labeled very different H, shifts despite having exactly the same
samples of each protein at 0.75 mM showed well-dispersedprimary sequence in this region. Thus, SASF1 is a true
15N—1H correlation spectra, consistent with specific folded structurally ambivalent sequence fragment or chameleon: it
structures (Figure 6). Sequence-specific resonance assigneonforms to a predominantly-helical structure when
ment of these spectra using 3D isotope-edited NOESY andintroduced into P22 Cro but to g-sheet structure when
TOCSY experiments showed that i and*HN resonance  introduced intalwpo.
positions of the SASF1 region (residues-3b) differed We were not able to complete a similar NMR analysis of
strongly in P22-SASF1 antlypo-SASF1 (Figure 6), though ~ SASF2. As noted above, the sequence of P22-SASF2 is
the primary sequence of this region is exactly the same inidentical to that of P22-SASF1, so the analyses just presented
both cases. A number of residues haik®l chemical shifts already verify a helical structure for SASF2 in the P22
which differ by at least~1 ppm between the two host sequence context. However, insufficient long-term solubility
contexts. These extreme context-dependent changes suggesf Awpo-SASF2 at high concentrations in NMR samples
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Although a full C-terminal SASF design (residues—34
56) has not been completed, our results demonstrate that
chameleon sequences corresponding to the great majority of
the structurally divergent region of Cro are not particularly
difficult to construct. The SASF design was, for the most
part, a simple hybrid of the P22 aidC-terminal sequences
with a small number of modifications. Important C-terminal
determinants for each Cro structure, with the possible
exception of those at position 35, can be incorporated
simultaneously in a single primary sequence.

DISCUSSION

In this study, we used mutagenesis and design to conduct
a limited exploration of the sequence space encoding two
different folds that are related by an evolutionary secondary
structure switching event. We used P22 Cro an@ro as
respective representatives of ancestrabadind descendant
o+p folds in the Cro family of transcription factors. Our
study focused on the C-terminal region of each sequence,
which contains the major structural differences between the
two folds. Our major findings are that (1) the key C-terminal
sequence features responsible for encoding the structure of
each protein neither reinforce each other nor conflict strongly
but are instead mostly orthogonal, occurring at different
positions in the sequence, and (2) single structurally am-
bivalent or chameleon sequences representing most of the
C-terminal region can be designed that stably adopt a helical
or sheet conformation depending upon the global sequence
of the Cro protein into which they are introduced. From these
results, we draw the general conclusion that overlap or near
overlap between the neutral sequence networks encoding
different Cro structures is probable (Figure 1B), but the
number of structurally ambivalent sequences (those compat-
ible with both folds) will be limited by the necessity to
simultaneously satisfy two mostly independent sets of
sequence requirements. In other words, continuous stability-
conserving mutational pathways (e.g.;5 trajectory in
Figure 1B) between ancestral and descendant Cro folds could
exist but might traverse a narrow region of overlap, or a
bottleneck, in sequence space.

At this point, we have little basis for estimating the

shows that the SASF has a different structure in the two host intrinsic likelihood or probability of smooth evolutionary
sequences, despite having the same primary sequence.

exchange between the two Cro folds relative to any other
given pair of folds. It seems inevitable that any pair of

prevented confident resonance assignments for this proteinstructures with major topological differences, especially those
Awpg-SASF2 did remain in solution for sufficient time to  involving changes in secondary structure type, will have very
yield a well-dispersed HSQC spectrum qualitatively similar different patterns of stability determinants in the sequence.
to that of Awpo-SASF1 (Figure S-1), suggesting a folded, The exchangeability of two folds by continuous pathways
nativelike protein with som@-sheet structure in the SASF  in evolution will be a function not only of positive overlap
region. In particular, the HN anN resonance positions of  between these patterns (same sequence position, similar
several fairly well-resolved residues within the SASF region, structural roles) but also of negative overlap (same sequence
including lle 40, Phe 41, Thr 43, and Gly 48, were tentatively position, different structural roles) and of orthogonality
identified and were not strongly different from the corre- (different sequence positions). We suggest that avoidance
sponding resonance positionsifpo-SASF1. At the same  of negative overlap between patterns of stability determinants
time, the overall spectral overlay &fipg-SASF2 andiwpg- is of paramount importance, since such conflicts could rule
SASF1 does exhibit some significant changes in resonanceout any significant intersection between neutral networks.
positions. Though SASF2 probably acts as a 21-residueOn this score, the two Cro folds rate well, since very few
chameleon corresponding to the entirety of helices 4 and 5clearly conflicting determinants are suggested by our mu-
of P22 Cro as well as thg-hairpin of A Cro (residues 36 tational analysis of P22 Cro andCro, and some of these
56), its secondary structure in tlgpo context cannot be  may even be resolvable. For example, our chameleon design
assigned with confidence at present. successfully incorporated Tyr at position 45, even though
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This figure shows that the SASF region adopts the structure of the host sequence into which it is introduced.

mutagenesis studies pointed to a conflict played between theof P22 Cro and monomeri¢ Cro. The scanning point
structural roles of Val 45 in P22 Cro and Asn 454irCro. mutagenesis employed here has intrinsic limitations as an
Orthogonality between the stability determinants for two approach and offers only the most rough and approximate
folds restricts the possible number of structurally ambivalent picture of the stability determinants and sequence space for
sequences but also allows for incorporation of key features each of the two Cro folds. First, not all possible residue types
encoding the descendant fold through drift without disruption at all positions are considered or tested. Second, combina-
of the ancestral fold. For example, consider the importance torial effects are ignored, and conclusions are based on the
of residues in the central strand oCro’s 3-sheet (residues  effect of point mutations within a constant sequence back-
40—45; see Figure 4) for the stability of this protein. A ground. Third, P22 Cro antiCro, as single representatives
successful transition from an all-anda+4 Cro fold would of their respective folds, will not cover the full range of
presumably have depended strongly on the sequence of thigletailed structural variation permissible within these topolo-
region. Most of the residues in this region of P22 Cro are gies, and subtle changes in backbone conformation may alter
not key stability determinants for the allfold, being on the favorability of the role played by particular side chains.
the outer face of helix 4, or in the case of Leu 42 are Fourth, these proteins may not be the most representative
important buried residues which are also important ©ro possible examples of their respective Cro folds. Our inter-
(Figure 4E). Neutral sequence drift in this region of ancall- ~ pretation and comparison of key determinants for different
ancestor could have allowed for flexible substitution of Cro structures are subject to these caveats.
residues that facilitated formation of tletS Cro fold. As A second important point, not considered in our experi-
an example, lle 44 in P22 Cro is not structurally important ments, is that direct functional selection of residues will
for its all-o. fold, but lle 44 inl Cro is quite important for  influence the likelihood of Cro fold evolution, perhaps as
its a+p fold. Our SASF or chameleon design (Table 1) much as selection for folding stability. Although the primary
reflects this use of orthogonality, incorporating a continuous sequence-specific DNA contacts are in the structurally
stretch of wild-typel Cro residues from position 40 to 44 conserved N-terminal half, the C-terminal halves of both
without significantly destabilizing P22 Cro. a-helical andp-sheet members of the Cro/CI superfamily
We should note that there may be considerably more can also contain direct DNA contacts as well as residues
flexibility in the way each Cro fold is encoded in the critical for cooperative formation of protein dimers when
sequence than is apparent from our simple mutagenesis studypound to full DNA sites 81, 37—39). Selection for reasons
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other than protein stability is thus almost certainly important REFERENCES

and could, in principle, either hinder or promote smooth
evolutionary transitions between Cro folds. For example, a
residue important for function in the ancestralalield could
coincide with one important for structure in the descendant
o+p fold, and this could help direct Cro evolution down a
pathway leading to fold switching. Currently, consideration
of the role key C-terminal functional determinants play in
Cro structural evolution is limited by the lack of a structure
of P22 Cro bound to target DNA.

Our study also omits any consideration of the N-terminal
halves of the two Cro sequences. Since the structure of the
N-terminal half is largely the same in P22 Cro ahro,
one might suppose that few key determinants of evolutionary
secondary structure switching are localized to this region.
However, the very N-terminus @fCro (Figure 1D), lacking
in P22 Cro, encodes @#-strand that interacts with the
C-terminalj-hairpin (Figure 1C) and could easily influence
its formation. The linker between the N- and C-terminal
halves also has a different length in the two proteins and
could influence the fold, perhaps by causing topological
strain in one structure or the other. Finally, one can easily
imagine packing interactions between the structurally similar
and divergent halves as a factor in determining the overall
structure of the protein. All of these possibilities are subjects
for future study and, in particular, must be considered if full-
length structurally ambivalent Cro-like sequences are to be 11.
designed (see below).

The SASFs constructed here represent an advance in the12.
field of protein design. To our knowledge, SASF1 and
SASF2, 18-21 residues in length, represent the longest
designed chameleon sequences yet constructed, where a3,
chameleon sequence is defined as a polypeptide fragment
which undergoes a change in secondary structure when 14
introduced into different tertiary contexts. The first success-
fully designed chameleons, constructed in the landmark 15,
studies of Minor and Kim 40), involved sequences 11
residues in length. In addition, the overall sequences of the
P22-SASF1 andiwpo-SASF1 proteins, which we clearly
verified as having different folds, are more than 50% identical
(see Table 1), placing them among the most similar pairs of 17.
protein sequences known to have different foltil8<12).

In future studies, we hope to design single full-length Cro
sequences capable of switching betweemahda+7 folds,

to directly address whether overlap exists between the regions
of sequence space encoding these structures. The ability to
design autonomously folded single sequences of substantial
length (~30 residues) that can directly switch between
different domain folds has recently been demonstratdd (
16).
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