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Searching Combinatorial Libraries for Native Proteins with
Novel Folds
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Nature uses a large but finite number of
protein folds to achieve and sustain life.
Whether additional folds exist beyond
the set found in nature remains an inter-
esting question with important funda-
mental and practical implications. By
studying how proteins evolve in synthet-
ic systems, we can begin to understand
certain underlying aspects of the chemi-
cal basis of biological evolution, which in
turn will allow us to constrain models
that describe the evolution of biological
proteins. One such question involves the
long-standing debate over contingency
versus determinism in natural selection.[1]

Is life the result of a series of unantici-
pated events or the inevitable conse-
quence of antecedents? Since it is im-
possible to rewind the evolutionary
clock of time, methods that simulate this
process in the laboratory have the ability
to shed new light on questions that are
otherwise difficult to address. Evolution-
ary strategies can also lead to new
routes for creating novel synthetic pro-
teins with tailor-made properties. The
emerging field of synthetic biology
promises to create living systems that
synthesize chemicals, fabricate materials,
produce energy, and improve the human
condition and our environment. The
extent to which we are successful in
these areas will depend on our ability to
look beyond the set of proteins found in
nature and ask not what exists, but what
is physically possible?

At present, all of the structures found
in the protein structure data bank (PDB)
can be organized into one of about 1100

different protein-fold families.[2, 3] These
are small proteins or domains of larger
proteins that fold independently and
ACHTUNGTRENNUNGdescend from a common evolutionary
ancestor. Some protein families contain
many members and these are appropri-
ately termed “superfamilies”. Most fami-
lies contain just a few representative
members, and in some cases just one.
Since these folds represent nature’s set
of combinatorial building blocks, under-
standing their distribution in biological
systems allows us to hypothesize about
the origins of the protein repertoire.
Given that one-half of the sequences in
known genomes are homologous to pro-
teins of known structure,[4] it seems likely
that the total number of protein folds
will remain small. One interpretation of
this observation is that biological pro-
teins arose from a small set of primitive
domains, which over time recombined
to form larger structures of increasing
complexity.[5, 6] In this scenario, structures
not easily derived from the initial set of
protein folds would be absent from the
set of proteins we see today in the
PDB.[7]

Learning how to search large combi-
natorial libraries for new protein folds is
a problem analogous to finding a needle
in a haystack. This is because the
number of amino acid sequences that
are capable of folding into physically re-
alistic structures is extremely small rela-
tive to the total number of protein se-
quences possible. Even modestly sized
proteins have so many sequence combi-
nations that it would be impossible to
synthesize one molecule of each. For in-
stance, a library of all possible 100-
amino-acid proteins would contain 20100

different sequences, which far exceeds
the largest library sizes that are currently
possible with modern molecular biology
techniques (~1013–1014). To solve this
problem, scientists have created combi-

natorial strategies that enable them to
search large regions of sequence space
more efficiently.[8] The goal of these stud-
ies is to design amino acid libraries with
the highest probability of yielding folded
proteins.

Early efforts in this area focused on
the development of synthetic libraries
that encoded only subsets of amino acid
residues. In a classic study, Davidson and
Sauer reported that proteins with native-
like properties occur frequently in
random libraries composed of mainly
glutamine (Q), leucine (L), and arginine
(R).[9] Unlike natural proteins, the QLR-de-
rived proteins were highly insoluble and
hyperstable. It was later learned that
QLR libraries with lower hydrophobic
content could be used to isolate synthet-
ic proteins that fold cooperatively in the
presence of chaotropic agents.[10] Hecht
and co-workers developed an alternative
approach to generating folded pro-
teins.[11] Using a technique called binary
patterning (Figure 1A), they created li-
braries of amino acid sequences in
which groups of polar and nonpolar resi-
dues are positioned in a pattern that
mimics the natural periodicities of a-heli-
cal and b-sheet secondary structures.
The basic premise of this strategy is that
protein folds are highly degenerate,
meaning that many different sequences
can adopt the same shape, and therefore
the ability of any given sequence to fold
into a compact globular structure de-
pends on how well individual residues
will fit together to form a collapsed pro-
tein core. This strategy was used to
make a library of amino acid sequences
that was designed to fold into a four-
helix bundle.[11] Their first attempt at
these structures resulted in four-helix
bundles that were molten globules,
which are proteins that have discrete
secondary structures, but no tertiary
structure. A second-generation library
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was constructed in which the helical re-
gions were extended to improve the sta-
bility of the fold.[12] This library gave rise
to a stably folded four-helix bundle pro-
tein whose structure (Figure 2A) has
now been solved by solution NMR.[13]

While focused libraries provide access
to regions of sequence space with high
likelihoods of finding stably folded struc-
tures, less constrained libraries allow re-
searchers to explore new areas of the
protein universe. In an attempt to under-

stand how frequently natural selection
would have produced proteins that
could fold themselves into a shape with
a known function, Keefe and Szostak
evolved a series of ATP-binding proteins
from an unbiased pool of 4K1012

random sequences.[14] After many iter-
ACHTUNGTRENNUNGative rounds of in vitro selection and
ACHTUNGTRENNUNGdirected evolution, several proteins
emerged that bound ATP with high affin-
ity and specificity.[15, 16] The three-dimen-
sional structure (Figure 2B) of one of

these proteins has now been solved by
solution NMR and X-ray crystallography,
and reveals a novel zinc-nucleated a/b
fold with a unique topology.[16–18] A fun-
damentally different approach to gener-
ating proteins that fold into structures
with novel topologies was developed by
Baker and co-workers.[19] Here, a general
computational strategy was developed
that iterates between protein sequence
design and protein structure prediction
to create a 93-residue a/b protein with a
novel topology. To test the accuracy of
their design strategy, the three-dimen-
sional structure (Figure 2C) of the pro-
tein was determined by X-ray crystallog-
raphy. The resulting structure had a root-
mean-square deviation of 1.2 N relative
to the designed structure, thus indicat-
ing that in this particular case the experi-
mentally determined structure closely
matched the design prediction.

In a recent paper published in the
Journal of the American Chemical Society,
Schultz and co-workers report a new
strategy for generating water-soluble
proteins from large pools of semirandom
sequences.[20] The authors describe a
protein evolution approach (Figure 1B)
in which defined secondary structural el-
ements were used to assemble a combi-
natorial library encoding randomly dis-
tributed regions of a-helices, b-sheets,
and loops. The library was constructed
from the nucleic acid sequences of 190
nonredundant Escherichia coli proteins of
known structure. The set of parent pro-
teins represent the four classifications of
protein fold topologies, namely all-a, all-
b, a/b, and a +b protein conformations.
Combinatorial assembly of the different
secondary structures with chain initiators
and terminators resulted in a library of
double-stranded DNA that coded for
proteins with shuffled secondary struc-
tures. The pool was inserted into the
ACHTUNGTRENNUNGenhanced green fluorescence protein
(EGFP) fusion vector and sorted by fluo-
rescence-activated cell sorting (FACS) to
identify individual proteins that remain
soluble when expressed as GFP-fusion
proteins in vivo. Additional screening
steps were then used to identify four
clones that express in soluble form and
have significant secondary structure. Al-
though most of the clones shared no se-
quence homology to any known protein,

Figure 1. Strategies for building combinatorial libraries based on secondary structural elements.
A) Binary patterning is a technique that positions polar and nonpolar residues in arrangements that
favor a-helix or b-sheet formation. This strategy can be used to identify novel sequences that fold into
predetermined structures.[11] B) Schultz and co-workers developed an alternative approach for creating
designed libraries.[20] With their technique, structural elements of natural proteins recombine to make
ACHTUNGTRENNUNGlibraries of DNA that code for novel arrangements of a-helices, b-sheets, and loops. These libraries can
be used to identify amino acid sequences with the potential to fold into stable structures of any topolo-
gy accessible to nature’s set of secondary structures.

Figure 2. Examples of synthetic proteins whose structures have been solved by NMR or X-ray crystallog-
raphy. A) A designed four-helix bundle protein created by binary patterning (PDB ID: 1P68).[13] B) An
ATP binding protein evolved from an unconstrained library of 4K1012 random sequences (PDB ID:
2P09).[16–18] C) An a/b-protein obtained from a library of computational sequences (PDB ID: 1QYS).[19]

The two a/b-proteins fold into novel topologies. This figure was generated by using PyMOL.[21]
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one clone did show strong homology to
a domain of aspartate racemase from an
unrelated bacterium. This unexpected
result suggests that their starting library
was large enough to explore new re-
gions of protein shape space, but small
enough to rediscover a natural protein
fold.

The strategy taken by Schultz and his
team of researchers is particularly excit-
ing as it provides what appears to be a
remarkably efficient method for finding
proteins with the freedom to fold into
any topology that is accessible to the
structural elements found in nature.[20]

Assuming these proteins can be evolved
to adopt discrete tertiary structures, this
approach would dramatically accelerate
the rate at which novel protein folds are
discovered. Whether their library design
will be able to sample folds with more
diverse arrangements of secondary struc-
tures remains to be determined. One
could imagine, for example, that proteins
identified from a library of known secon-
dary structures would be biased toward
solutions found in nature. If this turns
out to be true, then less biased libraries
will be needed to find proteins with
more diverse topologies,[14] while fo-
cused libraries could be used as rapid
starting points for generating new func-
tion.

Looking ahead to the future, combina-
torial protein libraries will almost certain-

ly continue to play an important role in
our quest to understand the distribution
of protein folds in sequence space. As
progress continues, it will be interesting
to see which technique or combination
of techniques leads to the most efficient
routes for generating new protein struc-
tures and functions. Perhaps one day
enough information will be gained from
these studies that we will be able to
make tailor-made proteins from scratch.
Until then, combinatorial libraries pro-
vide a useful tool for studying how se-
quence information relates to structural
topology.
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