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Searching for folded proteins in vitro and in silico
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Understanding the sequence determinants of protein struc-
ture, stability and folding is critical for understanding how
natural proteins have evolved and how proteins can be
engineered toperformnovel functions.Thecomplexityof the
protein folding problem requires the ability to search large
volumes of sequence space for proteins with specific struc-
tural or functional characteristics. Here we describe our
efforts to identify novel proteins using a phage-display

selection strategy from a �mini-exon� shuffling library gener-
ated from the yeast genome and from completely random
sequence libraries, and compare the results to recent succes-
ses in generating novel proteins using in silico protein design.

Keywords: loop entropy; mini-exon shuffling; phage-
display; protein evolution; random sequences; simplified
proteins.

Introduction

To probe the sequence determinants of protein folding and
to investigate the selection pressures which have shaped
protein evolution it is desirable to generate novel proteins in
the laboratory and to study their biophysical characteristics.
There are two powerful approaches to generating such
artificial proteins: combinatorial library selections and
computational protein design. In this paper, we describe
our results using both applications and present the results
of an investigation of protein evolution by �mini-exon�
shuffling.

Phage-display

Phage-display technology is an excellent method for
selecting functional binding mutants from large peptide
or protein libraries [1]. This technology utilizes the ability
to express foreign proteins on the outside of phage
particles as fusions to the phage coat proteins. Phage
expressing fusion proteins with the desired binding char-
acteristics can then be readily selected from a large pool of
potential binders. The sequence of positive clones can
easily be determined by sequencing the DNA contained in
the phage particle. In the experiments discussed below, all
displays used the major coat protein (gene 8) of the M13
filamentous phage [2].

Selection for novel sequences of natural
occurring proteins

As a first step to understanding the sequence dependence of
protein folding, stability and structure, we sought to identify
either randomized or simplified sequences that fold to the
same structure. Correct formation of the native binding
interface for a protein usually requires the precise three
dimensional arrangement of specific, nonlocal amino acid
positions. This requirement allows selection of functionally
active mutants from large libraries, yielding proteins with an
overall structure similar to the wild type. In our initial
studies of sequence effects on protein folding we used the 62
residue B1 domain of protein L, an a/b protein consisting
of a four stranded b-sheet with a single helix packed on one
side. Protein L is ideal for this study as it has a well
characterized binding affinity for the light chain of IgG,
lacks disulfide bonds and does not require cofactors for
folding [3–5]. The sequences of strands 1, 2, 4 and the a-helix
(excluding residues responsible for binding IgG) as well as
both turns, could be independently mutated and yet still
yield folded and functionally active variants (strand 3 was
not mutated). The largest number of amino acids changed
in a single functional variant was 11 (all in the helix) [6,7].

The results of the protein L studies gave us a better
understanding of the evolutionary pressures on protein
stability and folding. All of the mutants characterized
showed lower stability than wild type protein L, however,
roughly half of the mutants folded faster than wild type [7].
These results suggest evolution has selected for stability, but
not fast folding. Instead, the ability to fold seems to be a
consequence of possessing a stable unique native structure;
interactions stabilizing the native structure also stabilize the
transition state. This provides support for computational
folding models that consider only native contacts when
evaluating possible folding trajectories [8–11]. This lack of
selection for folding rates has been further supported by our
studies on the src SH3 domain (see below).
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Selection for simplified proteins

The evolution of the genetic code plays a fundamental
role in the evolution of folded proteins. Hypotheses on
the evolution of the genetic code generally assume the
initial code used fewer amino acids [12]. For this to be
true, it must be possible to encode protein structures
using simplified amino acid alphabets. Studies in the
early nineties supported this hypothesis by showing that
partial or complete mutagenesis of proteins using a
subset of the current 20 amino acids still yielded folded
proteins. For example, replacing all 10 core residues of
T4 lysozyme with methionine yielded a slightly destabil-
ized, but active protein [13]. Regan and coworkers
generated folded Rop dimers where all core positions
were replaced by either alanine or leucine [14,15]. Regan
& DeGrado explicitly designed four helix bundles using
only glycine, glutamate, leucine and lysine; arginine and
proline were needed in the loops [16,17]. Hecht’s lab
showed that generation of four helix bundles was
possible using only 11 of the amino acids, where the
only constraint on the library was the hydrophobic–polar
patterning of the sequences [18–20]. Finally, Davidson &
Sauer showed folded helical proteins could be generated
from random libraries of only three amino acids, where
the only constraint was the relative proportion of each
amino acid [21,22].

While these studies show it is possible to simplify
proteins, they are generally restricted to partial sequence
simplifications or all helical proteins. To determine whether
this is indicative of a general characteristic of all pro-
tein topologies, or whether it simply suggests formation of
helical bundles are more common in sequence space than
b-sheet containing proteins, we sought to simplify the
sequence of the src SH3 domain in a phage-display system.
A library containing amino acids I, K, E, A and G
produced two SH3 variants in which the positions not
involved in binding are comprised mainly of these residues
(89% and 90%, respectively) [23]. Structural studies on the
90% simplified protein have shown that it folds into a
structure very similar to the wild type structure [24]. The
simplified proteins fold faster than the wild type protein,
supporting the idea that natural selection has not operated
on protein folding rates.

The hypothesis of a simplified amino acid alphabet was
further enhanced by recent studies on triosephosphate
isomerase. This protein is larger and structurally more
complex (b/a barrel) than the previously simplified proteins.
Silverman et al. found variants of triosephosphate iso-
merase could be encoded by sequences where 142 of 182
structural positions were simplified to a seven amino acid
library (FVLAKEQ), while still maintaining wild type
catalytic activity, and biophysical characteristics similar to
naturally occurring proteins [25,26].

These studies on the sequence determinants of protein
folding helped to clarify the role that sequences play in
determining the structure and folding rates of these specific
proteins. The experiments, however, were limited to a
relatively small subset of sequence/structure space. A
broader understanding of structure-sequence relationships
from an evolutionary and engineering perspective requires
more complex searches.

Phage-display selection of completely novel
proteins

Protein structures can be classified into a finite number of
protein folds, based on the connectivity and three dimen-
sional arrangements of secondary structure elements
[27–29]. While it is unlikely that all proteins within a given
fold are evolutionarily related, it is assumed that one
member of a fold could evolve into another without going
through an unfolded intermediate. Experimental observa-
tion suggests the generation of a new fold de novo is difficult
(see below) and mutating from one fold to another, one
residue at a time, without going through an unfolded
intermediate may be impossible [30]. How the current
structural diversity of individual protein domains arose is
thus not clear. These difficulties pose interesting questions
relating to the understanding of both protein evolution and
protein engineering. From an evolutionary standpoint, if
finding a new fold is so difficult, how did nature manage to
find the large number currently seen, many of them possibly
more than once? From an engineering perspective, is it
possible to find folds not seen in nature?

Within the last 10 years several groups have begun to
explore the distribution of native-like features in sequence
space. Studies of randomly synthesized proteins of 120–140
amino acids showed 10–50% could be expressed and of
those 20% were soluble. The number of proteins examined,
however, is too low to draw any general conclusions [31–34].
In a more complete study of 80–100 residue random
proteins, Davidson & Sauer explored characteristics of a
simplified library containing only glutamine (Q), leucine (L)
and arginine (R). They estimated that> 5%of the proteins
were expressible in Escherichia coli and 1–2% showed
cooperative unfolding (a characteristic of small folded
proteins) and helical secondary structure, but lacked good
tertiary packing [21,22]. Few, if any, of the proteins in these
screens were truly native-like, suggesting de novo formation
of proteins may be very difficult. While building proteins
from libraries with sequences biased towards the formation
of secondary structure has yielded polypeptides with some
native characteristics [18–20,35,36], the majority of the
successes in these experiments appear to be helical proteins.
Notably, the solution structure of a binary patterned, four
helix bundle showed an ordered and well packed structure
[37].

It is plausible that, during evolution, after an initial set of
proteins had formed, new protein architectures could have
been generated by recombining super-secondary structural
elements. Over the last 20 years, many authors have
proposed the idea of new proteins evolving by recombining
pieces of nonhomologous proteins [38–40].

These theories have mainly focused on the role introns
may have played in the process and not necessarily whether
such shuffling has occurred [41]. Experimental and theor-
etical work on homologous recombination suggests that
functionally viable proteins are more likely to be produced
when recombination occurs between compact substructures
of the protein [38,42,43]. Is it possible to recombine domain
substructures of unrelated proteins to yield novel folded
proteins? As fragments of naturally occurring proteins have
evolved to fold in one context, could this adaptation also
make them more likely than a random sequence to fold in
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a new context? Appropriately sized fragments of already
existing proteins would produce polypeptide fragments
containing super-secondary structure motifs. Generating a
library containing concatenations of these fragments would
allow for the exploration of structure space from both an
engineering and evolutionary point of view. Riechmann &
Winter examined this possibility by screening a large library
of random, 40–50 amino acid segments from the E. coli
genome fused to the 36 N-terminal residues of the E. coli
cold shock protein A (CspA) for folded structures. They
were able to select fusions that showed native-like charac-
teristics, suggesting that this is a viable method for
producing new proteins [44,45]. Large-scale screens using
more complex combinations of DNA fragments will more
thoroughly explore the possibility of building proteins from
nonhomologous protein pieces. To do this we needed to
adapt the phage-display system to differentiate between
folded and unfolded proteins.

The requirement for a specific binding characteristic in
phage-display is a serious restriction, because folded
proteins do not have general binding characteristics distin-
guishing them from unfolded proteins. Two methods to
distinguish between folded and unfolded proteins have
recently been incorporated into phage-display systems.
Multiple groups have developed a technique in which
folded polypeptides are selected on the basis of their
resistance to proteolysis [46–48]. The second technique, used
in our lab and described below, utilizes the difference in
conformational-backbone entropy between folded (low)
and unfolded (high) proteins [49]. In this system the queried
protein is inserted into a loop of another protein (host
protein). The basis for the selection is the ability of the host
protein to bind its natural ligand. For the host protein to
fold it must be able to bring the N- and C-termini of the
loop together. Thus, folding of the insert protein in such a
way as to bring its N- and C-termini close together allows
the host protein to fold. However, if the insert is unfolded,
the loss of conformational entropy needs to be compensated
by the free energy gained in folding the host protein.
Theoretical studies of simple polymers [50] suggest the loss
in entropy due to loop closure is approximately:

DS ¼ �3=2 R lnN Eqn ð1Þ

where N is the length of the loop in amino acids and R is
the gas constant. Experiments on protein stability where
short sequences are inserted into existing turns suggest a loss
of 0.1–0.26 kcalÆmol)1 per inserted residue, depending on
the amino acid identity [51–54]. Based on Eqn (1) and these
studies, we estimated that the loss of free energy due to the
incorporation of an 80–100 residue insert into the loop of a
folded protein would be 4–6 kcalÆmol)1. Therefore, a folded
insert allowing the host protein to fold can potentially be
distinguished from an unfolded insert by the ability of the
host protein to bind its natural ligand.

Using this idea we developed a loop entropy selection
technique based on a mutant of the lck SH2 domain, a 110
residue protein that binds a phosphorylated tyrosine-
containing peptide [55] with a stability of 2.5 kcalÆmol)1

[56], i.e. not enough to overcome the insertion of an
unfolded protein. Phage-display experiments demonstrate
that the phage containing the insertion of the folded src SH3

domain into the SH2 loop can be recovered at levels similar
to the engineered SH2. Phage containing inserts of either an
unfolded mutant of SH3 (L32E) or a long, mostly polar
sequence, are recovered at levels equal to background [49].

Using this selection method, we sought to probe early
events in protein evolution. It is plausible that protein
evolution occurred in two stages: the initial generation of
folded, functional polymers from random amino acid
sequences, and a subsequent diversification of protein
architectures through recombination between substructures
present in the initial protein population. To probe the
second stage, a �mini-exon� shuffling library was made by
recombining fragments of already existing proteins, and to
probe the first stage a library of random sequences was used.

‘Mini-exon’ shuffling library

For the first library we selected the genome of Saccharo-
myces cerevisiae as the source for our fragments. Isolating
large amounts of genomic DNA is relatively easy and most
of the yeast genome is comprised of protein coding
sequences with few introns [57]. To generate the initial
peptide fragments needed for the �mini-exon� shuffling
library purified yeast nuclei were treated with a nonspecific
DNase leaving only the DNA bound by nucleosomes
(Fig. 1). The protected DNA fragments, estimated to be
� 130–150 base pairs on a 3% (w/v) agarose gel, were
isolated and cloned into a phage-display vector to select for
in-frame fragments lacking stop codons. Linkers were
added to the fragments and cloned into a phagemid vector
between the protein L gene and gene 8. To select for
in-frame fragments, phage were panned against IgG, to
which protein L specifically binds. In-frame fragments were
then concatenated into dimers, cloned into the SH2 loop
entropy selection phagemid vector and transformed into
XL1-Blue cells to generate a library with 108 clones. To
select for fusions capable of binding the SH2 ligand, phage
were panned under low stringency binding conditions (4 �C,
overnight, three washes) to maximize the recovery of
positive clones. The recovered phage were then subjected
to successive rounds of either low or high stringency
selections (25 �C, 2 h, five to seven washes). After three
rounds of selection the percentage recovery was at or above
the recovery of the wild type SH2 domain. Sequences of
clones from the unselected phage through two rounds of
selection were examined to characterize the members
of each stage of selection.

Examining the amino acid composition of the sequences
recovered from the loop entropy selection and of the yeast
proteome reveals significant differences between the two
groups. Along with an increase in proline content (Fig. 2)
there was a large enrichment in the percentage of small
amino acids (A, G, S, T) and decreases in aliphatic,
aromatic and charged amino acids. The loss of amino acids
characteristic of hydrophobic cores, combined with an
increase in residues found in loops and less well ordered
structures, suggests the lack of independent folding domains
in the insert sequences. Increases in proline and cysteine
could counter the loop entropy selection; proline because it
has a significantly lower backbone conformational entropy
than the other amino acids and cysteine because disulphide
bond formation could close the loop without introducing
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structure into the backbone of the insert. The lack of an
increase in cysteines suggests that the latter possibility is not
a problem. One or more of three distinct steps in the
generation and recovery of the loop entropy library could be
the source of the amino acid bias: (a) fragment generation,
(b) in-frame selection and (c) loop entropy selection.

Although bias occurs during fragment generation and
in-frame selection, comparisons of the amino acid compo-
sition between various stages of the library (Fig. 2) show the
largest bias occurs during loop entropy selection. There
appears to be a continuing bias towards proline and the
appearance of a significant bias towards other small amino
acids (A, G, S, T) and against amino acids needed for
a hydrophobic core (F, I, L, M, V, W, Y). A likely
explanation for the skew in amino acid composition is that
aggregation-prone sequences are strongly selected against.
Even though the selection appears to accept sequences not
expected to be ordered, our previous SH3 controls suggest
folded proteins should also be recovered. It is not clear if the
initial library was devoid of folded proteins or whether these
more simplified proteins out-competed the folded inserts.

A bias towards shorter inserts is also evident in both the
loop entropy and in-frame selections. During the in-frame
selection the average fragment size drops from 90 to 80 base
pairs; in the loop entropy reduction selection the preselected
inserts average 66 amino acids in length, and after one
round this number drops to 51. The reduction in length of
the loop entropy selection is not surprising as this should
reduce the conformational entropy of an insert without
forming a stable structure. The reduction in length during
the in-frame selection is a problem because shorter inserts
are less likely to be capable of forming a hydrophobic core
in the loop entropy selection stage, thereby making folded
proteins less likely in the library. In addition, selection of
shorter in-frame sequences would reduce the selection
against noncoding fragments relative to fragments from
yeast gene coding frames due to the larger average length of
in-frame fragments from a protein coding frame (33 amino
acids) than noncoding frames (25 amino acids). The
percentage of individual fragments originating from the
coding frame of a gene does not change significantly when
proceeding from in-frame fragments to the first round of the
loop entropy selection (29% after the in-frame selection to
26% in the phage recovered from the loop entropy library).
In the loop entropy library, however, the coding frame
fragments are often from low complexity portions of
proteins, such that after the first round of selection the
amino acid composition of the inserts containing at least
one actual protein coding fragment is not significantly
different from the inserts comprised of two fragments from
noncoding protein frames. This suggests the bias in the
fragment generation stages (i.e. shorter fragments with
certain amino acid biases) severely limits the number of
inserts comprised of two fragments with protein-like
sequences.

Random sequence library

The random library consists of 60 base-pair fragments
ligated together to produce 180–300 base pairs of full length
sequences (Fig. 1). The individual fragments were synthes-
ized with a nucleotide bias to recreate the amino acid
distribution of natural proteins, while eliminating cysteines
and stop codons. Comparing the sequences recovered from
the random libraries to the expected library design shows
the random library has similar qualitative problems as the
�mini-exon� library, i.e. a decrease in amino acids needed for
the formation of hydrophobic cores and the preferential
selection of shorter sequences.

To understand the nature of the sequences selected in the
loop entropy screen, the biophysical properties of sequences
recovered from the random sequence library were investi-
gated. Seven SH2-loop insert clones were chosen for
characterization [56]. Four of these clones were chosen for
their high representation in the selected phage libraries
(clones 283, 290, 425 and 344). Another (clone 333), while
not seen after the first round of panning, was chosen
because of its length (100 amino acids) and level of
hydrophobicity (29.5%; F, I, L, M, V, W, Y residues).
The final two were selected from the phage pool as negative
controls, prior to any rounds of selection (217, 227). All
seven SH2-insert fusion proteins and three autonomous
inserts (283, 290 and 425) were purified. Circular dichroism

Fig. 1. Schematic diagram depicting the generation of the �mini-exon�
shuffling library and the random synthesis library for the loop entropy

reduction screens. Short in-frame fragments were generated for both

libraries (either by nucleosome protection or oligonucleotide synthe-

sis). These fragments were polymerized and cloned into a loop in the

lck SH2 domain (insertion point marked by arrow).
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wavelength scans of the inserts in isolation were similar to
peptides withminimal helical content, but primarily random
coil structure. CD spectra of the SH2-insert fusions showed
little difference from the sum of the spectra for SH2 and the
isolated insert, suggesting that the inserts did not acquire
structure through insertion into the SH2 loop. Equilibrium
denaturation studies of the SH2-insert fusions showed that
most of the inserts (six out of seven) had little or no effect
on the stability of the SH2 domain (DDG � )0.8 to 0.2
kcalÆmol)1). Surface plasmon resonance studies showed five
out of six of the tested SH2-insert fusions are capable of
binding the SH2 peptide ligand independently of the phage
context. The only apparent differences between recovered
and unselected proteins were lower than expected hydro-
phobic amino acid contents and increased partitioning
into the soluble fraction during protein expression in E. coli
[56]. This suggests the limiting factor in the loop entropy
selection is incorporation of the fusion proteins into a large
number of phage. Deleterious effects on either incorpor-
ation of the fusion protein into the capsid or on phage
production, possibly due to solubility of the fusion protein,
may be enhanced by the presence of exposed, large
hydrophobic residues.

Based on theQLR random libraries ofDavidson& Sauer
[21,22], compact proteins with high secondary, but low
tertiary structure content relative to native proteins, should
have been present in a random library of this size (� 108).
The lack of these �molten globule� proteins in recovered
sequences suggests that the selection of �folded� proteins in
this screen is fairly strict. The inability of these proteins to
form a well defined, compact, hydrophobic core may
interfere with the folding or activity of the SH2 domain. The
lack of �native-like� proteins suggests the complexity (� 108)
of the library was too small to produce folded proteins
capable of being recovered by this screen. In contrast, Hecht
and coworkers found folded four helix bundles by exam-
ining less than 100 binary patterned sequences [18–20]. The

restriction of library contents from random sequences to
specifically patterned sequences appears to enrich the
content of folded proteins to greater than one in 100.

The search for genomic sequences capable of comple-
menting the N-terminal portion of CspA [44] suggests that
the �mini-exon� library should contain folded proteins.
While the apparent strictness of the selection may have
limited the recovery of some folded proteins, bias against
fragments from coding frames with classical protein-like
sequences and towards low complexity coding frames and
noncoding frames in both the initial fragment generation
step and the in-frame selectionmay have limited the number
of folded inserts in the �mini-exon� library.

These observations do not answer the obvious question as
to why the apparently unstructured inserts of 50–100 amino
acids do not disrupt the folding and function of the SH2
domain. The SH2 domain’s ability to retain its native
structure suggests that other forces important to protein
stability [58] are compensating for these entropic costs; in our
experiments the free energy loss due to the entropic cost of
loop insertion may have been compensated by partial
collapse of the insert and/or interactions between the insert
and the host SH2 domain. Alternatively, these differences
between expected and observed changes in the free-energy of
folding could result from an overestimation of the entropic
cost of loop closure (Eqn 1).

Even though these experiments failed to provide us with
the insights we sought, they do inform our perspective on
protein evolution. While most multidomain proteins were
probably formed by linear concatenation of individual
domains, surveys of the Protein Data Bank suggest that
almost 30% of domains are noncontiguous due to the
insertion of one domain into another [59]. Such connections
are more likely than linear connections to couple the state of
one domain to the state of the other in such a way as to
increase rigidity in the connections and promote allosteric
interactions across the two domains. Recent experiments

Fig. 2. Amino acid frequencies at different

stages in the generation of the �mini-exon�
shuffling library. Yeast ORFs (purple) is the

amino acid distribution for the suspected

protein coding genes in Saccharomyces cere-

visiae [57]. The yeast genome (green) is the

hypothetical amino acid distribution one

would see if the genome of S. cerevisiae was

translated in all three frames. The preselected

fragments (yellow) are fragments from nucleo-

some protection that have not undergone in-

frame selection. The in-frame fragments (light

blue) show the amino acid distribution in the

fragments after the in-frame selection. Round

1 (red) and Round 2 (dark blue) of the loop

entropy library are the sequences recovered

from the first and second rounds of panning

the �mini-exon� shuffling library.
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have shown that such cross domain communication can
arise by inserting one domain into another without selecting
for positive interdomain contacts [60–62]. Our findings
suggest these types of connections can arise readily during
evolution because the structural constraints on the inser-
tion of a long polypeptide into the loop of a folded domain
are not as strict as previously believed. The results suggest
that such long insertions would not be under strong
negative selection, but instead would be nearly evolutio-
narily neutral, allowing the inserted sequence to slowly
evolve structure and function. Interestingly the termini in
naturally occurring proteins are closer to each other than
would be expected by chance [63], consistent with an
evolutionary model in which complex multidomain
proteins can arise from the insertion of peptide modules
into the loops of other folded modules.

Library screening in silico

Recent advances in computational protein folding and
design have improved screens for folded proteins in silico.
Computational screens have the advantage of screening
larger volumes of sequence space, and directly select for
stability. For a protein of 100 amino acids, dead end
elimination algorithms can effectively search all 20100

possible sequences [64–66]. In contrast, phage-display
diversity is less than 1010 and requires functional activity
to indirectly select for stability.

To explore areas of structure space not known to be
sampled in nature we computationally designed a protein
sequence, named Top7, that adopts a novel topology. The
topology of Top7 was chosen because it had not been
observed in the Protein Data Bank. A sequence predicted to
fold into this topology was identified after repeated iterative
rounds of computational structure and sequence optimiza-
tion. The crystal structure of Top7, determined to 2.5 Å, has
a C-alpha rmsd to the designed structure of 1.2 Å [67].

We have also developed and used computational design
algorithms to redesign protein folding pathways [68–70],
redesign the sequences of small proteins [71,72], design novel
domain swapped dimers [73], generate a novel homing
endonuclease by engineering a binding interface between
two domains that do not naturally interact [74] and redesign
natural interfaces to generate new cognate pairs [75].

Conclusions

Due to the relative scarcity of native-like folded proteins in
sequence space, methods that are capable of screening
large numbers of possible sequences (>107) are needed.
We have used a phage-display system to exploit the strong
correlation between structure and function in proteins to
select for structurally related proteins. These experiments
shed light on the sequence determinants of folding and the
evolutionary pressures on protein folding and stability.
Our more recent loop entropy selections for folded
proteins in a random sequence library and a �mini-exon�
shuffling library illustrated the scarcity of well folded
sequences in sequence space and suggested that the effects
of inserting apparently disordered loops into proteins are
less than previously thought, but did not allow us to
further explore the limits of evolution in sequence space. In

contrast, using computational design methodologies, which
can search much larger volumes of sequence space, we
have been able to produce a protein with a fold not
previously seen in nature. A powerful combination of
experimental and in silico selection strategies would be to
use experimental molecular evolution methods such as
phage-display to optimize the properties of computation-
ally designed sequences or to search through focused
libraries generated using computational design methods.
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