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A folding space odyssey
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ost of us who teach protein

structure have very likely

stood in front of a class at

some point and confidently
stated that any two naturally occurring
proteins displaying 40% sequence identity
will be homologous and thus possess the
same fold. A paper by Roessler et al. (1)
in a recent issue of PNAS has definitively
overturned this basic tenet by demonstrat-
ing that a pair of protein homologues
displaying 40% identity exhibit markedly
different folds. These proteins are both
repressors of the Cro family and were
identified in prophage sequences present
in the genomes of the bacterial species,
Pseudomonas fluorescens (Pfl 6) and Xy-
lella fastidiosa (Xfaso 1). The atomic reso-
lution structures of these proteins, solved
by Roessler et al. using x-ray crystallogra-
phy, reveal a similar N-terminal helix—
turn—helix but widely diverging C-terminal
regions; Xfaso 1 displays an all-helical
monomeric fold, whereas the Pfl 6 C ter-
minus forms an intertwined B-sheet dimer
(Fig. 14). The conclusion that these pro-
teins are descended from a common an-
cestor is strongly supported. An alignment
of homologues of each of these protein
shows that many positions are conserved
across both groups of proteins even in the
C-terminal region where the structures
diverge (Fig. 1B). This conservation pat-
tern argues against a distinct C terminus
being placed onto one of these proteins
through a nonhomologous recombination
event. The genomic context of the genes
encoding these proteins with respect to
other surrounding phage genes is also
highly conserved, which implies a com-
mon ancestry and function.

This work provides the potential for
critical new insights into how protein
folds may have evolved. Given that
there are well over 1,000 folds in nature,
most would agree that these folds could
not have all arisen independently and
that, at some point, many folds must
have evolved from a small number of
primordial folds. However, there have
been few examples identified to demon-
strate how proteins can dramatically
change folds through a mutagenic pro-
cess. Although previous studies have
uncovered pairs of proteins that appear
to be homologous yet possess different
structures (2-4), these proteins display
~30% sequence identity or less, and the
case for homology is not clear-cut in
most cases. From comparison of the Pfl
6 and Xfaso 1 sequences and those of
their homologues (Fig. 1B), it is evident
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Homologous proteins with 40% sequence identity and different folds. (A) The atomic resolution

structures of Pfl 6 and Xfaso 1 as solved by x-ray crystallography are shown. The helix-turn-helix motif,
which is seen in both proteins, is colored in red. The structurally divergent regions are shown in green (Pfl
6) and in blue (Xfaso 1). (B) Relatively close homologues (=35-50% identity) of Xfaso 1 (above the Xfaso
1 sequence) and Pfl 6 (below the Pfl 6 sequence) are shown. The sequences are shaded by conservation by
using ClustalX coloring as implemented in Jalview (18). Where noted, these sequences are from Cro
repressor proteins of the named phages. All other sequences are from prophages found in a variety of
bacterial species. These sequences are identified by their locus names. The secondary structure assign-
ments for Xfaso 1 and Pfl 6 are shown below the alignment. Arrows denote a p-strand, and rectangles
denote an a-helix, with coloring corresponding to the structures shown in A.

that the divergence of these structures
has occurred primarily through point
mutations, with the possible additional
aid of an insertion/deletion at position
33 and the addition of a few extra resi-
dues at each end of the protein, as has
been discussed in ref. 5. The identifica-
tion of highly similar homologous pro-
teins with different structures, such as
Pfl 6 and Xfaso 1, opens up the feasibil-
ity of determining structure switching
mechanisms through mutagenesis
studies (6).

Just as protein folds have evolved, so to
have our perceptions of fold evolution in
recent years. Although deep down we all
knew that protein structures had to evolve
somehow, demonstration of fold evolution
by using contemporary proteins seemed
impossible because the tertiary structure
of each protein appeared to be extremely
“overdetermined” by its sequence. In
other words, one could mutate a protein
and still not change the tertiary structure
at all [e.g., 22 of 60 residues in a home-
odomain were replaced with Ala, yet the
mutant still possessed native tertiary struc-
ture and could still function (7)]. The ap-
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parent fixity of protein folds in sequence
space provoked Rose and Creamer in
1994 to issue the “Paracelsus Challenge,”
whereby the protein folding community
was charged with the task of designing
two proteins that were at least 50% iden-
tical but possessed different folds (8).
Amazingly, this goal was fully achieved in
only 3 years, when Dalal et al. (9) de-
signed a sequence with 50% identity to a
mostly B-sheet protein that folded into a
four-helix bundle. Since then, several oth-
ers have achieved similarly impressive
feats of design (10). Most spectacularly,
Alexander et al. (11) recently designed
two proteins with 88% identity that fold
into completely different tertiary struc-
tures (one is all-a-helix and the other is
an o/B-fold) and maintain their original
functions. Although these studies have
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convinced us that proteins with very simi-
lar sequences can indeed possess different
folds, which certainly opens up the possi-
bility of fold evolution, these proteins
have been generated by design protocols
involving the introduction of many amino
acid substitutions simultaneously. Obvi-
ously, evolution could not work in this
manner.

At this juncture, the location of the
evolutionary routes connecting the various
regions of fold space are mostly a matter
for speculation. It does seem clear, how-
ever, that most of the well established
mechanisms of gene evolution, such as
deletion/insertion, nonhomologous recom-
bination, and gene duplication, do come
into play (2, 4). One particularly intriguing
question is how single amino acid changes
can change a protein fold without produc-
ing completely unstable intermediate
structures. In Darwinian terms, what are
the missing links between protein folds?
The possibility that limited changes in a
protein fold can be induced by one or
only a few substitutions has been demon-
strated in several studies (12-14). For ex-
ample, two substitutions in the N-terminal
B-strand of the Arc repressor convert this
region into a right-handed helix (12). In-
triguingly, a single residue substitution in
this same region results in a protein that
can display either a strand or a helix, de-
pending on conditions. This mutant could
be seen as a true “missing link,” although
not a naturally occurring one (15). The
existence of “chameleon” sequences, iden-
tical sequences that can be found in com-
pletely different secondary and tertiary
structures in different proteins, also hints
at mechanisms for fold evolution. Such
sequences of up to eight residues can
be identified by searching the protein
structure database (16). Strikingly, an
11-residue sequence that could fold into
either an a-helix or a B-strand, depending
on its location within the same protein,
has been designed (17). In a similar vein,
a comparative study of the Cro repressors
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from phages A and P22, which adopt the
same two divergent structures that Pfl 6
and Xfaso 1 do, demonstrated that a sin-
gle, designed 18-residue sequence could
fold as a B-hairpin when incorporated into
the A Cro and as a pair of a-helices when
incorporated into the P22 Cro (6). The
viability of chameleon sequences in vari-
ous protein structures demonstrates that
the low stability of proteins and the de-
generacy of residue-encoded folding infor-
mation may be sufficient to allow “missing
link” proteins (i.e., ones able to simulta-
neously adopt two different folds) to actu-
ally function in nature.

Further investigation of the key se-
quence changes that allow Pfl 6 and

Many folds must have
evolved from a
small number of
primordial folds.

Xfaso 1 to adopt different folds and the
identification of other examples of highly
similar homologous proteins adopting dif-
ferent folds will certainly be crucial to our
understanding of fold evolution. This
point brings us to a final important ques-
tion: how difficult will it be to find these
other examples? Or to put it another way,
why have more cases like Pfl 6 and Xfaso
1 not been identified? A simple answer to
the latter question is that, with the excep-
tion of the Cro repressor studies discussed
here, no other systematic effort has been
made to find and experimentally investi-
gate examples of evolutionary fold switch-
ing. The Cordes group (5, 6) arrived at
the observations described in a recent is-
sue of PNAS through an impressive series
of investigations over the past 5 years that
were specifically aimed at identifying a
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mechanism for fold switching in the Cro
repressor family. Evolutionary fold switch-
ing had long been suspected in this case
because of functional and structural simi-
larities between the B-sheet-containing A
Cro repressor and the all-helical cI repres-
sor N-terminal domains. A tremendous
advantage of the Cro system is the large
number of highly diverse examples that
could be definitively identified as true
members of the family by both distant
sequence similarity and by conserved posi-
tion within phage or prophage genomes.
The Cordes group (5) was able to use this
collection of Cro sequences to trace a se-
quence-similarity-based path from the
B-strand containing the Cro repressor of
phage A to the all-helical Cro repressor of
phage P22, the structure of which they
solved. This path was discovered through
“transitive sequence comparison,” in
which dissimilar sequences are linked
through intermediate sequences that are
closer in sequence to one or the other of
the targets of interest. By using this
method, a route through Cro sequence
space was found from A to P22 that in-
volved three intermediaries, each of which
was ~40% identical to its closest neigh-
bor. If a transitive path can be found
between two putative homologues with
different structures, then there is a good
chance to discover two proteins with simi-
lar sequence but different structure, like
Pfl 6 and Xfaso 1. Because there are
many diverse sequence families in bacte-
rial and phage genomes for which com-
mon evolutionary origin can be deduced
both from sequence similarity and ge-
nome position, it seems probable that
many more examples of fold evolution will
be found as long as bold researchers are
willing to embark on the appropriate jour-
neys through sequence and folding space.
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