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I. Introduction

Recent advances in genomic sequencing have paved
the way for the new field of proteomics in which
researchers can explore the diversity, interactions,
structures, and functions of every protein found in
nature. As studies of natural proteins advance, and
we develop an understanding of the detailed func-
tions of individual proteins, as well as the myriad
interactions between different proteins in the bio-
sphere, one is tempted to look beyond proteomics.
Rather than limiting our studies to the set of proteins
existent on earth, one is tempted to ask what
structures and functions might be unobserved but
nonetheless possible. Studies that go ‘beyond pro-
teomics’ are motivated by a new question: Instead
of asking “what exists” such studies ask “what is
possible”.

What is possible? One way to answer this question
is to construct and characterize large libraries of
proteins de novo. Such collections can serve as a
‘parallel universe’ in which the newly prepared
proteins can be compared to the evolutionarily se-
lected proteins that currently exist.

The hypothetical library of all possible amino acid
sequences is enormous. For instance, a hypothetical
library of all 100 residue sequences constructed from
the 20 naturally occurring amino acids would contain
20100 (>10130) sequences. If one could synthesize one

molecule of each of these 100-mers and place them
in a box, the volume of the resulting box would be
larger than Avogadro’s number of universes.1 Clearly,
the complete library of all possible sequences has
never been sampled by nature nor could it be
prepared de novo. Sequence space is simply too vast.

In addition to the vast quantity of possible se-
quences, it is also worth considering the quality of
such sequences. While it has been shown that col-
lapsed structures can occasionally be isolated from
collections of random sequences,2-7 the occurrence of
well-folded water-soluble structures is likely to be
exceedingly rare. Sequences capable of folding into
structures that are truly protein-like, i.e., the ‘high
quality sequences’, may represent only a small neigh-
borhood amidst the vastness of sequence space. Both
the size and quality of sequence space will influence
choices that are made in considering the construction
of combinatorial libraries of de novo protein-like
structures.

II. Randomly Generated vs Rationally Designed
Sequences

Two global strategies for constructing new protein
sequences are random sequence libraries and rational
design. Both strategies have benefits and drawbacks
associated with them. Due to the vast size of se-
quence space, strategies in which sequences are
chosen at random will yield proteins with specifically
desired structures or functions only at a very low
frequency.

Rational design has shown great promise in creat-
ing novel proteins.8-14 In this strategy, protein se-
quences are designed, residue by residue, to yield a
sequence with a desired structure. This method has
seen different levels of success in a wide variety of
designs.8-18 While rational design strategies can
prove successful for designing proteins with desired
structures, rational design typically does not explore
extensive regions of sequence space and hence does
not explore the question “what is possible?”. Also,
while rational design can be useful for producing very
good sequences, the question of whether a rationally
designed sequence is in fact the best sequence for a
desired trait is often left unanswered.

While both randomly generated and rationally
designed sequences have appealing qualities, some
of the most successful projects have blended aspects
of both approaches. This blending typically results
in the rational design of large libraries of related
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sequences, all targeted to have some desired trait.
To be successful, the strategy must incorporate
enough diversity to cover a significant part of se-
quence space while simultaneously incorporating
enough rational design to limit exploration to those
regions of sequence space most likely to yield se-
quences that possess the desired qualities. This
review will focus on de novo proteins derived from
large combinatorial libraries of sequences that have
been guided by elements of rational design.

III. Improving a Preexisting Scaffold

Several techniques, including directed mutagen-
esis, protein engineering, directed evolution, in vitro
recombination, and DNA shuffling, have become
widely used for the modification of natural pro-
teins.19-23 These techniques are often used to intro-
duce combinatorial diversity into preexisting natural
proteins. Since the techniques are used on natural
proteins, the resulting sequences are not truly de
novo and will not be discussed in this review. For a
recent review of several of these techniques, see Giver
and Arnold (ref 24).

Another approach used to produce combinatorial
diversity is through the construction of libraries of
short peptides (typically less than 20 residues in
length). This is usually done by solid-phase peptide
synthesis or by phage display methods. These de novo
sequences are certainly of interest to protein design.
However, we will focus on sequences the size of
natural globular protein domains. Good articles and
reviews discussing libraries of small peptides may be
found in refs 25-31, as well as in the article by Hoess
in this issue.

IV. The Central Core of Designed Combinatorial
Libraries: Bury the Grease

The underpinnings of many strategies used in
protein design are derived from an examination of
natural protein structures. When studying natural
globular proteins, two dominant themes can be
observed: (i) Natural proteins typically bury hydro-
phobic residues within the core of the protein while
concurrently exposing hydrophillic residues to the
solvent; (ii) Natural proteins contain an abundance
of hydrogen-bonded secondary structuresR-helices
and â-sheets. With both these features appearing
almost ubiquitously in the well-folded structures of
natural proteins, it seems reasonable to use these
features as the cornerstones for designing libraries
of novel proteins.

A method pioneered by our laboratory for designing
libraries of novel proteins relies on ‘binary patterning’
of polar (P) and nonpolar (N) amino acids. Binary
patterning incorporates polar and nonpolar amino
acids in accordance with the structural periodicity
of the desired secondary structure. Such patterning
allows the formation of secondary structure while
simultaneously enabling the burial of nonpolar amino
acids. Binary patterning is used to create amphi-
pathic segments of secondary structure, where one
face contains only polar residues while the other face
contains only nonpolar residues. Binary patterning
exploits the periodicities inherent in secondary struc-
tures. R-Helices have a repeating periodicity of 3.6
residues per turn, while â strands have an alternat-
ing periodicity (up-down-up-down-etc.). To design
an amphipathic R-helix with one polar face and one
nonpolar face, a binary pattern of P-N-P-P-N-
N-P-P-N would be used. To design an amphipathic
â strand with one face entirely hydrophobic and one
face entirely hydrophilic, an alternating pattern of
P-N-P-N would be used (see Figure 1). Binary
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patterning incorporates elements of rational design
by explicitly specifying the polar/nonpolar ordering
of the de novo sequences. At the same time, since the
identities of polar and nonpolar residues are not
specified explicitly, there is great potential for com-
binatorial diversity.

R-Helical structures are targeted most frequently
in protein design. Indeed, the first de novo proteins
were designed to fold into four-helix bundles.32,33

These first helical proteins showed characteristic
R-helical circular dichroism spectra but were not
uniquely folded structures. Nonetheless, these early
projects showed it was possible to design folded
proteins ‘from scratch’.

The choice of helical proteins for initial forays into
protein design is due, in part, to the intrinsic nature
of R-helices. Helices form short-range, intramolecular
hydrogen-bonding contacts with neighbors i+4 resi-
dues away in the primary sequence (see Figure 2).
These are local interactions. On the other hand,
â-sheet structures form hydrogen-bonding contacts
with partners farther away in the linear chain. These
nonlocal interactions can involve various possible
partners at numerous loci within the primary se-

quence. Hence, â structures are typically more dif-
ficult to design.

The first reported combinatorial library of de novo
proteins was based on a binary code design of amino
acid sequences targeted to fold into four-helix
bundles34 (see Figure 1A and B). This library was
prepared from a collection of synthetic genes ex-
pressed in bacteria. Combinatorial diversity was
made possible by the organization of the genetic code.
Residues designed to be nonpolar were encoded by
the degenerate DNA codon NTN (where N is a
mixture of all four nucleotide bases), which encodes
Phe, Leu, Ile, Met, and Val. Conversely, residues
designed to be polar were encoded by the degenerate
DNA codon VAN (where V is a mixture of C, A, and
G), which encodes His, Gln, Asn, Lys, Asp, and Glu.
The designed sequences were 74 residues long with
24 combinatorially varied hydrophobic residues en-
coded by the degenerate codon NTN and 32 combi-
natorially varied hydrophillic residues encoded by the
degenerate codon VAN. (The remaining 18 residues
were designed to occur at helix ends and interhelical
turns. These residues were held constant and were
not combinatorially diverse.)

Figure 1. Designed combinatorial libraries based on binary patterning. (A) The degenerate DNA codons, along with the
nonpolar (b) and polar (O) residues they encode. (B) Linear arrangement of polar and nonpolar residues within a
combinatorial library of four-helix bundle proteins. Folding into a four-helix bundle would bury nonpolar residues in the
core and expose polar residues to solvent.34 (C) Linear arrangement of polar and nonpolar residues in a library of â-sheet
structures. This pattern would cause one face of each strand to be polar and the opposite face to be nonpolar.47
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The theoretical diversity of this library would be
524 × 632 ) 4.7 × 1041 different sequences.34 While
this is an enormous number of possible sequences, it
is drastically smaller than the theoretical diversity
of a fully unconstrained library of 74-residue se-
quences (2074 > 1096). Thus, the binary code strategy
constrains the diversity of the sequences being ex-
amined. In return for this constraint, what is gained?

All the binary code sequences examined thus far
(>50) formed water-soluble proteins that fold into
R-helical structures. In contrast, sequences chosen
randomly would not have yielded such results. By
using elements of rational design to constrain com-
binatorial diversity, the binary code strategy vastly
increases the likelihood of finding the ‘good’ se-
quences.

Over 50 proteins from this initial combinatorial
library have been purified and characterized. All the
sequences examined thus far showed circular dichro-
ism spectra of R-helical proteins, with negative
minima at 208 and 222 nm. The collection also
yielded some proteins with nativelike properties, such
as NMR chemical shift dispersion,35,36 cooperative
chemical and temperature denaturations,37 and slow
H/D exchange rates.38

While some of the sequences within this designed
library showed nativelike characteristics, many were
more similar to molten globules. The molten globule
state typically has considerable secondary structure
but lacks a single, uniquely folded, ground-state
structure. Instead, it interconverts between many
related structures. Molten globules typically show
little cooperativity in thermal denaturations, poor
chemical shift dispersion in NMR studies, and fast
H/D exchange rates. Most of the sequences from the
originally designed 74-residue binary code library
displayed at least some characteristics of molten
globules.

V. Uniquely Folded Proteins from Binary
Patterned Libraries

The binary code strategy for protein design suc-
cessfully produced a large collection of de novo
sequences that folded into soluble R-helical struc-
tures. However, the goal of producing large numbers
of nativelike proteins was not fully achieved. Two
possible reasons can be proposed to explain the
abundance of molten globule-like proteins in this
library: (i) The binary code strategy might not be
sufficient to yield nativelike structures. Because of
its combinatorial underpinnings, the binary code
strategy cannot explicitly specify the core packing of
a protein. One might expect that to achieve well-
packed structures, hydrophobic cores must be de-
signed explicitly, and without such residue-by-residue
design, molten globules would be the default struc-
tures. (ii) Alternatively, one might argue that specific
tertiary interactions need not be designed a priori;
in the context of a stable structural scaffold, unique
packing will occur nonetheless a posteriori. Support
for this hypothesis can be drawn from numerous
experiments demonstrating that natural protein
structures can tolerate the simultaneous substitution
of many (in some cases all) of their hydrophobic core
residues.39-43 For example, Fersht and co-workers
replaced all the core residues of barnase with random
hydrophobic side chains and found that a high
proportion of these mutants (23%) retained activity.39

In another example, Matthews and co-workers de-
vised an explicit test of the “jigsaw puzzle model for
protein folding” by replacing up to 10 residues in the
core of T4 lysozyme with methionines.40 They found
that, in contrast to the predictions of the jigsaw
puzzle model, the multiply substituted proteins were
active and cooperatively folded.40 These and other
results44 suggest that in the context of an ap-
propriately designed structural scaffold, many dif-
ferent amino acid sequences can yield well-folded
proteins. Clearly, however, for the binary code strat-
egy to ‘live up to its potential’, it must be applied to

Figure 2. (A) Hydrogen-bonding interactions within a
typical R-helical peptide. Hydrogen-bonding interactions
occur between the backbone carbonyl of residue i and the
backbone amide of residue i+4. (B) Hydrogen-bonding
interactions in a â-sheet protein. Hydrogen bonding can
occur between residues occurring at arbitrary distances
from each other in the primary sequence.
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a scaffold that is more robust than the original 74-
residue design.

The template that served as the basis for the
original binary code library may have suffered from
significant shortcomings (both literally and figura-
tively). Most natural four-helix bundles are composed
of >100 amino acids, with individual helices typically
longer than 20 residues.45 However, the template for
the original library of four-helix bundle proteins was
designed to be 74 amino acids in length, with each
helix consisting of merely 14 residues.

To investigate the potential of the binary code
strategy to encode collections of nativelike proteins,
a second-generation library of binary-coded proteins
was prepared46 (Figure 3). This new library used
protein #86, a preexisting sequence from the original
74-residue library, as the starting material. Minor
changes were initially introduced to protein #86,
including alterations to the turn regions and the
addition of a tyrosine chromophore to aid in quanti-
fying protein concentration. The major change to
protein #86 was the addition of six combinatorially
diverse residues to each of the four helices. These 24
additional helix-lengthening residues continued to
follow the binary patterning with polar residues
designed to be solvent exposed and nonpolar residues
designed to be buried. In all, the second-generation
proteins consist of 102 amino acids, comparable in
size to natural four-helix bundle proteins.

From this second-generation library, five sequences
were arbitrarily chosen for detailed analysis. All five
sequences were found to be monomeric by size
exclusion chromatography and highly helical by
circular dichroism spectroscopy.46 Chemical denatur-
ation studies showed that the free energies (∆G°)
stabilizing the second-generation proteins were typi-
cally 2- to 3-fold larger than the corresponding ∆G
for the ‘parental’ protein #86. NMR spectroscopy was
used to probe the structures of the proteins. In
comparison to protein #86, the second-generation
proteins yielded NMR spectra with enhanced chemi-
cal shift dispersion, sharper signals, and abundant
NOE cross-peaks, all indicative of well-folded native-
like proteins. The success of this new library indicates
that the binary code strategy is capable of yielding
de novo proteins with structures resembling those of
well-folded natural proteins.

VI. Designed Combinatorial Libraries of de Novo
â-Sheet Proteins

The binary code strategy is not limited to the
design of R-helical proteins. Libraries of de novo
â-sheet proteins have also been constructed. Am-
phiphilic â strands have an alternating periodicity
of P-N-P-N-P-N. On the basis of this periodicity,
a combinatorial library of synthetic genes was created
to encode â-sheet proteins.47 Polar residues were
designed to comprise one face of the â strands, with
nonpolar residues on the opposing face (Figure 1C).
The sequences in the library were designed to have
six â strands with each strand having the binary
periodicity P-N-P-N-P-N-P. Proteins from this
library were expressed from a collection of synthetic
genes cloned in E. coli. The proteins were expressed
as inclusion bodies, solubilized in 6 M urea, and
exchanged into phosphate buffer. All the proteins
studied in this collection showed typical â-sheet
secondary structure, having CD spectra with the
characteristic minimum at 217 nm. The â-sheet
proteins self-assemble into large fibrils visible by
electron microscopy and atomic force microscopy.47

The de novo fibrils resemble the amyloid fibrils found
in several neurodegenerative diseases. Like natural
amyloid, the de novo fibrils are composed of â-sheet
secondary structure and bind the diagnostic dye,
Congo red.

The de novo proteins isolated from the â-sheet
binary code library have significantly different prop-
erties from those isolated from the R-helical library.
Why did the first library yield R-helical structures
that fold intramolecularly into small globular do-
mains while the second library yielded â-strands that
assemble intermolecularly into large aggregates re-
sembling amyloid? What accounts for the differences
in physical properties between these two libraries?
Both libraries are composed of the same binary-coded
amino acids. Hence, the different properties are not
due to differences in amino acid composition. The
differences are also not due to differences in sequence
length. Several libraries of different lengths have
been examined for both the R-helical pattern and the
â-sheet pattern. Irrespective of the length, sequences
with P-N-P-P-N-N-P periodicity form soluble
proteins with R-helical secondary structure while
sequences with P-N-P-N-P-N-P periodicity (ex-
amined under the same experimental conditions)
form â-sheet secondary structures that self-assemble
into amyloid-like fibrils. The key difference between
these two libraries of sequences is the binary pat-
terning itself.

After discovering that alternating polar/nonpolar
patterns predispose de novo sequences to form amy-
loid-like structures, we became curious about the
occurrence of such patterns in the sequences of
natural proteins.48 Analysis of a database of 250514
protein sequences for all possible binary patterns of
polar and nonpolar residues revealed that alternating
patterns (...P-N-P-N-P...) occur significantly less
frequently than other patterns with the same com-
position.48 This under-representation was apparent
for all ‘windows’ from 5 to 10 residues in length. The
statistical under-representation of alternating binary

Figure 3. (A) Schematic representation of the original
binary code library of Kamtekar et al.34 Cylinders represent
R-helices. Sequences in the original library were 74 resi-
dues long. (B) Second-generation library.46 The darkened
regions show elongation of the R-helices via combinatorial
addition of residues in accordance with the binary pattern
for amphiphilic R-helices.
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patterns in natural proteins, along with the observa-
tion that such patterns promote amyloid-like struc-
tures in de novo proteins, suggests that this alter-
nating pattern is inherently amyloidogenic and
disfavored by evolutionary selection.

VII. Beyond Binary Patterning: Selecting the Best

A. Optimizing the Hydrophobic Core
Binary patterning of hydrophilic and hydrophobic

amino acids provides a foundation for the design of
combinatorial libraries of de novo proteins. However,
this strategy alone does not attempt to optimize
amino acid interactions within the de novo proteins.
To find optimal packing interactions, screens must
be devised to sort through the various combinatorial
possibilities.

Screens and selections in vivo are based on biologi-
cal phenotypes. However, proteins designed de novo
do not have biological phenotypes. Moreover, even for
natural proteins the occurrence of optimal packing
interactions is only loosely correlated with an observ-
able phenotype. Therefore, screening combinatorial
libraries of de novo proteins for well-packed hydro-
phobic cores is a challenging task.

We have attempted to meet this challenge by
devising new screens to facilitate the hunt for well-
packed structures among combinatorial libraries
expressed in bacteria. Because the de novo proteins
do not have observable biological phenotypes, these
screens must be based on biophysical properties
assayed in vitro. Biophysical properties, however,
have historically been measured using only highly
purified samples and thus typically have not been
suitable for high-throughput screening. To facilitate
rapid screening, it is essential that methods be
effective without the necessity for laborious and time-
consuming protein purifications. Therefore, we de-
veloped methods to enable the isolation of semi-pure
protein samples from bacterial cultures using only
temperature shifts and centrifugation.49 The simplic-
ity of these methods facilitates preparation of many
protein samples in parallel. Although the resulting
samples are not 100% pure, they are quite suitable
for screening for nativelike biophysical properties.

We developed two novel screens to search for well-
packed structures amidst libraries of de novo pro-
teins. Both screens assess biophysical properties that
are hallmarks of nativelike structures but absent in
fluctuating molten globules. The first screen uses
one-dimensional 1H NMR spectroscopy to probe for
chemical-shift dispersion and sharp peaks among
collections of semi-pure samples of de novo proteins
expressed in Escherichia coli.35 The second screen
uses electrospray mass spectrometry to monitor the
hydrogen-deuterium (H-D) exchange kinetics in
expression libraries of de novo proteins.38 Since
protection of amide protons from exchange depends
on the existence of a stably folded and nonfluctuating
structure, this screen can be used to identify native-
like proteins from combinatorial libraries containing
both nativelike and molten globule-like structures.
Both screens can be applied to semi-pure samples
that do not require extensive protein purification, and

thus can be used for rapid screening of large combi-
natorial libraries.

Biophysical methods have also been used by Dut-
ton and co-workers to search through regions of
sequence space for well-folded de novo proteins. They
began with a rationally designed sequence called
[H10H24]2 as their prototype protein maquette.50

This de novo protein is composed of four identical
R-helices, each containing 31 amino acids. The 31-
mers have N-terminal cysteines, which when oxidized
yield [H10H24], a disulfide-linked 62-residue peptide.
These 62-mers then dimerize noncovalently to form
[H10H24]2, a four-helix bundle protein. [H10H24]2
is molten globule-like and displays poor NMR chemi-
cal shift dispersion.

Dutton and co-workers used iterative protein re-
design, followed by NMR screening, to convert the
original [H10H24]2 sequence into a well-folded na-
tivelike structure.51 The original 31-residue R-helix
in [H10H24]2 had leucine residues in all of its three
core heptad ‘d’ positions. The sequence was renamed
protein “LLL” to describe this composition. In their
iterative redesign, Dutton and co-workers modified
these three core positions by introducing point muta-
tions from among the nonpolar amino acids, isoleu-
cine, valine, and phenylalanine. With four residues
allowed at three sequence positions, a library of 64
different sequences was possible.

The first round of redesign produced the nine
possible single-point mutations of LLL (LLI, LLV,
LLF, LIL, LVL, LFL, ILL, VLL, and FLL). Each of
these nine sequences was analyzed by NMR, and the
resulting chemical shift dispersion for each sequence
was compared to LLL. Three sequences (ILL, VLL,
and LFL) showed enhanced chemical shift dispersion
in their NMR spectra and were therefore selected for
a second round of redesign. Single-point mutations
were made in each of these three sequences. Five of
the resulting doubly mutated sequences (IIL, IVL,
IFL, VIL, and VVL) showed improved NMR spectra.

A third round of redesign was carried out beginning
with protein IFL. This protein was mutated to IFI,
IFV, and IFF. All three of these third-generation
sequences showed a complete loss of conformational
specificity and were less stable than IFL.51 Iterative
redesign and NMR screening had selected IFL as the
best sequence from the library. The structure of
protein IFL was then determined by NMR spectros-
copy and shown to be predominantly nativelike.52

These experiments demonstrate that without explic-
itly searching through all combinatorial possibilities,
iterative redesign of a protein core can be accom-
plished using biophysical screens to optimize se-
quences.

Case and McLendon used a very different approach
to search sequence space for optimal packing ar-
rangements.53 They constructed a peptide library that
relied upon self-assembly processes to find the best
packed three-helix bundle sequences. Three different
20-residue peptides were synthesized. Each peptide
possessed the same water-exposed hydrophilic resi-
dues, but the residues designed to pack within the
core were varied. Peptide sequence RpL contained
four Leu residues targeted to pack within the core,
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sequence RpA contained four Ala residues, and
sequence RpLA alternated Ala, Leu, Ala, Leu within
the core (see Figure 4). Each peptide was attached
at the N-terminal to Bpy (2,2′-bipyridyl-5-carboxylic
amide), which coordinates to metals such as ruthe-
nium(II) and iron(II) in a stoichiometry of three
peptides to one metal. The coordination of Bpy to Fe-
(II) is not strong and forms an exchange-labile
species.53 Two scenarios are possible with an exchange-
labile library: (i) Mixing of the three peptides with
Fe(II) might yield an equal concentration of all of the
11 possible three helix bundle complexes. (ii) Alter-
natively, if the packing of the helices is thermody-
namically coupled to metal binding, the final equi-
librium mixture will favor the most stable protein
complexes and these will be present in the highest
concentrations.

Case and McLendon found that packing and metal
binding are thermodynamically coupled.53 In the case
where 2/9 equiv of Fe(II) was added to 1 equiv of
protein, the homotrimer, (RpL)3, was found in higher
abundance than any of the other possible three-helix
bundles. Denaturation studies of each of the 11
possible trimeric peptides (bound covalently to Ru-
(II) which is not exchange labile) showed that the RpL
trimers were in fact the most stable of the 11 possible
three-helix bundles. These experiments showed that
self-assembly of a virtual library of peptide sequences
can guide the design and selection of core residues
in de novo sequences. While this example was a proof
of principle experiment, it could be used with much
larger libraries of combinatorially diverse peptide
sequences.

B. Selecting Stable Interfaces

While core packing is considered a key ingredient
for the formation of stable protein structures, the
interfaces between units of secondary structure and/
or in protein oligermization are also of great impor-
tance. Arndt et al. described a “protein-fragment
complementation” selection system to identify stable
heterospecific interfaces between the R-helices of
coiled coil proteins.54 They constructed two combina-
torial libraries of sequences: Library A was based
on the coiled coil region of the proto-oncogene c-Jun,
and library B was based on the coiled coil region of
the proto-oncogene c-Fos.54 Both libraries held the
solvent-exposed b, f, and c positions constant (see
Figure 5). The core position, ‘d’, was held constant
as leucine for all sequences, and the core position, ‘a’
was valine for all positions except for a 50% mixture
of valine and asparagine in the central ‘a’ position.
Combinatorial diversity was introduced at the e and
g interfacial positions of the coiled coil proteins of
both libraries. These libraries were designed to have
an equal mixture of glutamine, glutamate, lysine, and
arginine in the e and g interface positions (see Figure
5).

Genetically fused to each helical sequence in the
library was one of two pieces of the enzyme murine
dihydrofolate reductase (mDHFR). This enzyme is
necessary for the survival of bacteria growing on
minimal media plates containing trimethoprim (a
selective inhibitor of prokaryotic DHFR). For mDH-
FR to be active in this system the two segments of
mDHFR must be brought together by “cognate in-

Figure 4. Library of three-helix bundles designed by Case and McLendon.53 Cylinders represent the three peptides: RpL,
which has Leu residues in each of the four hydrophobic core positions; RpLA, which alternates Leu and Ala at the core
positions; and RpA, which has Ala residues in each core position. Each peptide is attached at its N-terminus to 2,2′-
bipyridyl-5-carboxylic amide, which is capable of coordinating to Fe2+ or Ru2+ in a ratio of 3 peptides to 1 metal. With a
library of three different peptides, 11 different three-helix bundle proteins are possible. Introduction of Fe2+ results in the
formation of an exchange-labile population of three-helix bundle proteins. The boxed protein, (RpL)3, was found to be the
most thermodynamically stable three-helix bundle and hence found in the highest concentration. (Figure kindly provided
by M. Case and G. McLendon).
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teraction between members of both libraries”.54 Plas-
mids containing genes from library A and plasmids
containing genes from library B were cotransformed
into E. coli. The bacteria were then plated on selec-
tive media. Only those bacteria whose protein prod-
ucts from libraries A and B interacted to form coiled
coil dimers (and therefore reassembled the two parts
of mDHFR) would survive. By altering the stringency
of the selections, the authors were able to select more
stable dimerization interactions, ultimately selecting
one very stable coiled coil protein, WinZip-A1B1. This
heterodimeric coiled coil protein was found to have
a Kd of 24 nM and a tm of 55 °C.54 For comparison,
the natural homodimeric coiled coil APC (adenoma-
tus polyposis coli) protein has a tm of 46 °C despite
the fact that it is longer than WinZip-A1B1.55

A method for selecting both an optimized hydro-
phobic core and a stable interprotein interface was
investigated by Braisted and Wells.56 They used
combinatorial libraries displayed on phage to mini-
mize a natural three-helix bundle protein, the Z-
domain of protein A, into a stable two-helix protein.56

To accomplish this goal, both the hydrophobic core
of the new two-helix bundle and its interface with
an antibody had to be optimized and selected.

The Z-domain of protein A is a stable, 59-residue
three-helix bundle that binds the Fc portion of
IgG.57,58 Inspection of the X-ray59 and NMR60 struc-
tures show that only residues from helix 1 and helix
2 of protein A contact IgG. Helix 3 makes no contacts
to IgG, yet helix 3 is necessary to stabilize the
structures of helices 1 and 2. Upon removal of helix

3 of protein A, helices 1 and 2 become unstructured,
thereby decreasing the binding affinity to IgG by
>105-fold.61 The goal of the project initiated by
Braisted and Wells56 was to find a sequence that
would yield a two-helix bundle that would both retain
stability and bind to IgG.

To isolate a stable two-helix bundle the authors
used an iterative approach. Rather than randomizing
all the residues in the sequence simultaneously
(which would yield a theoretical library far surpass-
ing the size of the phage display library), the protein
was randomized in three separate steps correspond-
ing to three structural regions. The first step involved
removing helix 3 and preparing a library of “exoface”
mutants capable of binding IgG. (Braisted and Wells
defined the exoface as the residues of helices 1 and 2
that form the hydrophobic core with helix 3 in the
intact Z-domain).56 The exoface library had four
residues randomized among all possible 20 naturally
occurring amino acids, yielding a theoretical library
of 204. In the wild-type domain, these residues are
nonpolar and make contact with helix 3 of the
original protein A. The library of exoface mutants
was selected for IgG binding, and two mutations were
found that rendered the sequence capable of binding
IgG. The other two residues were maintained as wild
type. The two mutations, Leu20Asp and Phe31Lys,
placed polar residues on the new solvent-exposed
surface of the protein.

The second iterative step took the best sequence
from the exoface library as the starting point for
production of a second library. This library, the

Figure 5. (a) Schematic representation of a parallel dimeric coiled coil. Side view: the helical backbones are represented
by cylinders, the side chains by knobs. The path of the polypeptide chain is indicated by a line wrapped around the cylinders.
For simplicity, supercoiling of the helices is not shown. Residues at positions a and d make up the hydrophobic interface,
and residues at positions e and g pack against the hydrophobic core. They can participate in interhelical electrostatic
interactions between residue i (g position) of one helix and residue i′+5 of the other helix (e′ position, belonging to the next
heptad), as indicated by the hatched bars. Top view: arrangement of the heptad positions. (b) Schematic representation
of the protein-fragment complementation assay. Each library is genetically fused to one of two mDHFR fragments.
Interaction between the two library peptides restores enzyme activity, which is crucial for cell survival under selective
conditions. (c) Overview of the library design depicted as R-helical wheel plot from the N to the C terminus (inside to
outside). The black residues correspond to the original residues from c-Jun (library A) and c-Fos (library B). Changes
introduced by the design are in blue. The randomized positions are in red (*, equimolar mixture of Q, E, K, R; ×, equimolar
mixture of N, V) and are boxed with the same colors as used in part a. The selected residues from the best sequences,
named WinZip-A1B1, are next to the randomized positions in the respective boxes. (Reprinted with permission from ref
54. Copyright 2000 Academic Press.)
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“intraface” library, had all five of the nonpolar
residues between helices 1 and 2 randomized, gen-
erating a theoretical library of 205. (The intraface was
defined as the hydrophobic core region between helix
1 and helix 2 of the intact Z-domain).56 This library
was selected for IgG binding. Three non-wild-type
residues were selected, Ala13Arg, Ile17Ala, and
Leu35Ala, with the other two residues retained as
wild type.

The third step took the best sequence from the
exoface/intraface library and prepared five “interface”
libraries. (The interface was defined as the region of
contact between the Z-domain and the Fc portion of
IgG).56 Each interface library randomized 4 of the 19
residues of protein A known to contact IgG. The
majority of the residues in these libraries were
conserved. The newly discovered two-helix variants
were examined in binding studies. The best variants,
which included the exoface/intraface mutations along
with seven or eight additional interface mutations
produced stable two-helix sequences with only a 10-
fold loss in IgG binding ability. The new sequence,
Z38, was only 38 residues in length, cut down from
the natural three-helix 59-residue protein. Of those
38 residues, 13 were altered to yield a new protein
sequence capable of binding IgG.

Wells and co-workers solved the NMR structure of
sequence Z38 in solution.62 The protein folds into a
two-helix structure “essentially indistinguishable”
from helices 1 and 2 of the three-helix bundle of the
wild-type domain of protein A.62 However, Z38 was
only marginally stable.62 Using the NMR structure
as a guide, two residues of Z38 were changed to
cysteines, with the intent of incorporating a stabiliz-
ing disulfide bond. Also, four residues not involved
with the binding of IgG were removed. This final,
disulfide containing 34-residue sequence, named
Z34C, had greater thermal stability and a 9-fold
improvement in binding affinity relative to Z38.
Moreover, Z34C has approximately the same binding
affinity as the natural three-helix protein. These
experiments demonstrate how a combinatorial ap-
proach, coupled with rational design and iterative
selections, can be used to produce new sequences
with desired functions.

VIII. Cofactor Binding and Function
Among the most important goals of protein design

are the incorporation of binding and catalysis into
de novo amino acid sequences. Nature uses two
general strategies to produce functional proteins. In
the ‘purist’ strategy, nature uses only the 20 amino
acids (and the polypeptide backbone) to generate
binding and catalytic sites. In the second strategy,
nature ‘cheats’ by relying on nonprotein cofactors to
accomplish catalysis. Cofactors, which range in size
and complexity from a single zinc atom to a large
heme macrocycle, can be thought of as ‘preorganized
activity modules’ capable of performing a variety of
chemical reactions. Bound cofactors present the op-
portunity for a range of activities that may have been
difficult or impossible to achieve using the polypep-
tide sequence alone. It has been estimated that over
one-half of naturally occurring enzymes harbor a

metal and/or other cofactor.63

Nature’s success in using cofactors suggests that
these preorganized activity modules might also be
useful in generating de novo enzymes. Rational
design of binding sites has been attempted for both
small and large cofactors.9,64-72 In some cases, achiev-
ing the required binding geometry is quite difficult.
For example, the rational design of a type II copper
site into a preexisting protein scaffold required great
precision and the absence of competing reactions.73

In other cases, however, cofactor binding is relatively
easy to achieve. For example, heme binding has been
accomplished in several different design contexts50,74-75

and has even been observed for the backward or
‘retro’ version76 of a designed sequence.

Both the ‘difficult’ and the ‘easy’ cases of cofactor
binding are attractive targets for the combinatorial
approach. Even for difficult cases, the sequence
diversity of combinatorial libraries coupled with the
use of powerful selections or screens can enhance the
likelihood of finding sequences capable of ligand
binding.

Initial work using combinatorial methods to isolate
cofactor binding proteins has focused primarily on the
binding of heme by R-helical proteins. Haehnel and
co-workers described a system for screening libraries
of designed four-helix bundles in search of heme-
binding and heme-based functionality.77 They con-
structed a cyclic decapeptide scaffold upon which
R-helices were covalently attached (see Figure 6).
Two different libraries of helices were designed and
synthesized. Proteins in library Ai were 15 residues
long, with five residues targeted to pack within the
core. These core residues were combinatorially ran-
domized among Gly, Ala, Val, Leu, Ile, Phe, Tyr, and
Gln. The second library, Bj, contained peptides 16
residues long with the four core residues comprised
of the same combinatorially randomized amino acids
used in Ai. However, the fifth core residue in the Bj
library was histidine, which was included to ligate
heme.

The four-helix bundles were prepared by attaching
two identical helices from the Ai library and two
identical helices from the Bj libraries to a decapeptide
scaffold. To ensure an antiparallel configuration, the
Ai library proteins were attached to the decapeptide
scaffold via an N-terminal linkage while the Bj
library proteins were attached via a C-terminal
linkage. The resulting scaffold-bound proteins were
targeted to fold into A2B2 antiparrallel four-helix
bundles capable of bis-histidine heme binding.

To screen for heme binding, the protein solutions
were spotted onto a cellulose membrane and the spots
were incubated with a hemin solution. The im-
mobilized spots were analyzed by UV-vis spectra to
determine the extent of heme binding. Midpoint
redox potentials were then estimated by viewing the
UV-vis spectra of samples in their oxidized form and
reduced form and at a potential of -95 mV. Midpoint
potentials for nearly 400 samples were extrapolated
using those three spectra. The ranges of potentials
fell between -90 and -150 mV (versus the standard
hydrogen electrode).77 This strategy of manufacturing
scaffold-assisted heme proteins can be used for
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constructing many different de novo sequences in
parallel. The immobilization of these proteins onto
addressable spots facilitates rapid screening for redox
potentials and could also be used for large-scale
screening for numerous heme-based functionalities.
Moreover, it can also be used to screen for the binding
of other cofactors, as demonstrated by a recent study
in which Haehnel and co-workers used their method
to screen for copper binding in combinatorial libraries
of immobilized de novo four-helix bundles.78

While the libraries of Haehnel and co-workers were
explicitly designed to bind heme (or copper in their
more recent work), work in our lab has shown that
it is possible to isolate de novo heme proteins even
from libraries that were not explicitly designed to
bind heme. The original binary code R-helical library
included histidine and methionine in the combina-
torial mix.34 These residues are frequently found as
heme ligands in natural proteins. Although heme
binding was not a consideration in our original binary
code strategy, the incorporation of His and Met
residues presented the possibility for yielding a
collection of de novo heme proteins. Screening the
original library of R-helical sequences showed, sur-
prisingly, that approximately one-half bound heme.79

These hemeproteins yielded bright red solutions with
UV-vis and resonance Raman spectra similar to
those of natural heme proteins.79

The availability of this binary patterned library of
de novo heme proteins provided for the possibility of
heme-based functionality. The novel heme proteins
were assessed both for their function as small mol-
ecule binders (analogous to myoglobin or hemoglobin)
and for their ability to carry out redox catalysis. The
binding experiments focused on the kinetics and
affinity of carbon monoxide binding. The de novo
heme proteins were found to bind CO with kinetic
rates of association and dissociation similar to those
of natural heme proteins.80 This indicated that the
heme groups were partially buried within the core
of the protein, rather than remaining solvent ex-

posed. Resonance Raman spectroscopy of the CO
adducts of the novel heme proteins supported these
findings.80

To evaluate the catalytic potential of the binary
code heme proteins, the collection was screened for
peroxidase activity. Several proteins exhibited cata-
lytic rates nearing those of natural peroxidases.81 The
best peroxidase isolated from this collection had a
catalytic turnover rate only 3.5 times slower than
that of horseradish peroxidase.81

When comparing the binary code proteins to natu-
ral or synthetic peroxidases, it should be emphasized
that the binary code peroxidases were not subjected
to genetic selections for heme binding or peroxidase
activity. Moreover, they were not explicitly designed
to bind heme. They were isolated from a library of
sequences designed by binary patterning of polar and
nonpolar amino acids to fold into R-helical bundles.
Among this unselected collection of binary code
proteins, (i) all of the purified proteins form R-helical
structures,34,37 (ii) approximately one-half bind heme,79

(iii) several function as peroxidases,81 and (iv) at least
one protein exhibits a rapid catalytic turnover.81

The organization of the genetic code suggests a role
for polar/nonpolar patterning in the evolution of
protein structure and function. Our earlier findings
with libraries of de novo sequences showed that
binary patterning plays a key role in dictating protein
structure.34,36,47 Our recent finding that several pro-
teins from a small sampling of a binary code library
bind heme and accomplish catalysis suggests that
binary patterning coupled with binding to preorga-
nized activity modules (heme or other cofactors) may
have provided a facile route toward the evolution of
functional enzymes.

IX. Computer-Assisted Design: Screening
Libraries Prior to Synthesis

Two main challenges for combinatorial protein
design are (i) choosing which regions of sequence
space are most likely to yield productive sequences

Figure 6. Stepwise assembly of the cellulose-bound library of synthetic heme proteins. Varied residues in peptide library
Ai are labeled as Xk, and those in peptide library Bj are labeled as Zl. H9 is the heme-ligating histidine in library Bj.
(Reprinted with permission from ref 77. Copyright 2000 WILEY-VCH.)
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and (ii) screening the resulting libraries for proteins
with desired traits. An increasingly powerful method
for meeting both of these challenges involves com-
puter-assisted library design. In essence this ap-
proach aims to use modeling and prediction to sift
through a huge number of sequences prior to any wet
lab work. Ideally, the sequences ‘most likely to
succeed’ can be identified a priori, thereby guiding
library design. In the best case scenario, not only are
the ‘most likely to succeed’ sequences identified, but
moreover the absolute winner (e.g., most thermo-
stable or most active) can be identified in silico prior
to any synthetic laboratory work.

Reviews of algorithms for computational design can
be found in refs 82-85. Here we will concentrate not
on the algorithms themselves, but on their applica-
tions as presynthesis screens of combinatorial diver-
sity.

Considerable effort has focused on the computa-
tionally assisted redesign of natural proteinssusually
with the goal of repacking the core residues. One of
the earliest attempts to repack the hydrophobic core
of a natural protein was carried out by Desjarlais and
Handel, who used two programs to repack the core
of phage 434 Cro protein.86 The first program pro-
duced a library of rotomer structures for the amino
acid side chains. The second program used this
rotamer library as input to screen through the
combinatorial possibilities for low-energy packing
sequences. Guided by their computational results,
Desjarlais and Handel constructed stable versions of
434 Cro in which up to eight core residues were
mutated. The algorithm found one sequence, D5,
which repacked the core with five mutations and had
a higher Tm than the wild-type protein.86 As a control,
the authors showed that random mutations gener-
ated unfolded sequences. These experiments demon-
strate the power of computational methods to analyze
sequence space and select good sequences prior to
constructing new proteins.

An alternative algorithm, entitled CORE, was
developed by Farid and co-workers to repack the
buried residues of native proteins by computationally
searching through sequence space prior to protein
synthesis.87,88 In their method, residues found to be
less than 10% solvent exposed in the wild-type
structure were considered core residues and could be
altered while all other residues were left unchanged.
Overall, CORE aimed to accomplish three goals: (i)
To ensure there were no ‘bumps’ or steric hindrances
of residues with the backbone structure; (ii) To
maximize the change in heat capacity (∆Cp) between
the folded protein and the unfolded state; (iii) To
minimize the change in conformational entropy as-
sociated with folding (∆Sconf).87

CORE was used to repack the interior of four
natural proteins with the goal of producing hyper-
thermophilic variants.89 Jiang et al. used CORE to
repack the interior of the B1 domain of protein G
(Gâ1).89 Their analysis yielded hundreds of sequences
expected to show greater thermostability than wild-
type Gâ1. One such sequence, ranked sixth by Farid
and co-workers, was the sequence R90, first discov-
ered by Dahiyat and Mayo90 and experimentally

determined to be hyperthermostable relative to the
wild-type sequence.

Farid and co-workers also used CORE to repack
the Cro protein from bacteriophage 434.89 Their in
silico search through sequence space led to several
sequences expected to possess higher thermal stabil-
ity than the wild-type protein. The only sequence
selected by both CORE and the programs of Desjar-
lais and Handel was sequence D5. This was also the
only sequence experimentally determined by Desjar-
lais and Handel to have a higher Tm than the wild-
type protein (as discussed above and in refs 86 and
89). Moreover, CORE did not suggest the other, less
thermostable, sequences examined by Desjarlais and
Handel.

CORE has also been used by Farid and co-workers
for the design of a de novo hyperthermostable four
helix bundle.88 Their novel protein was composed of
two peptide chains held together by a disulfide bond
between the C-terminal cysteine from chain A and
the N-terminal cysteine of chain B. This protein unit
was designed to dimerize into a homodimeric four-
helix bundle protein. Solvent-exposed residues were
Lys and Glu, which were positioned to provide
favorable electrostatic interactions. The core residues
were then selected by the CORE packing program
from among the various combinatorial possibilities.
The structure of the resulting protein has not been
determined; however, chemical and thermal dena-
turation data show this protein, HYP-1, is very
stable. At pH 7, the protein was estimated to be only
10% denatured at 98 °C. The chemical denaturation
data revealed that the free energy of unfolding of the
dimer was 13 kcal per mol.88

The first successful fully automated computational
sequence selection was reported by Dahiyat and
Mayo.91 These authors took the known backbone
structure of the zinc finger domain of Zif268 and used
an algorithm based upon the dead end elimination
theorem92.93 to search for the lowest energy arrange-
ment of residues consistent with this backbone
structure. For the 28 residue sequence, the combi-
natorial diversity of possible sequences is 2028 ) 3 ×
1036. To computationally model each of these se-
quences in a productive manner would require that
several rotomers be considered for each amino acid
at each position. Thus, the number of possible
sequence and rotomer combinations is 1.1 × 1062 (ref
91). Even with fast computers, this level of combi-
natorial diversity precludes analysis of every possible
sequence and rotomer combination. To meet this
combinatorial challenge, the algorithm of Dahiyat
and Mayo used dead end elimination to discard any
residue/rotomer combination that is not part of the
global minimum energy conformation (GMEC).91

Implementation of these computational methods to
redesign Zif268 converged on one optimal sequence,
named full sequence design (FSD-1).91 Dahiyat and
Mayo synthesized this sequence and showed by NMR
that the backbone fold of FSD-1 is very similar to
the target structure, with an rms deviation between
FSD-1 and the targeted structure of only 1.98 Å (and
less than 1 Å for residues 8-26).
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In addition to using computational methods to
search through alternative packing arrangements,
algorithms can also be devised to search for combina-
tions of side chains that facilitate the incorporation
of novel binding sites into preexisting protein scaf-
folds. Hellinga and co-workers developed an auto-
mated design algorithm, DEZYMER, which identifies
regions in a natural protein structure that might be
capable of accommodating metal-binding ligands in
a predefined geometry.94 DEZYMER sorts through
the various possible combinations of side chain
substitutions and selects those most likely to be
compatible with a new metal binding site. Guided by
the DEZYMER algorithm, Hellinga and co-workers
constructed several different metal sites in natural
proteins previously lacking such sites. They also
showed that several of their novel metalloproteins are
catalytically active.69,95-98

Most of the first-generation computational algo-
rithms required that protein backbone structures
remain fixed throughout the calculations. This re-
quirement typically forced researchers to focus at-
tention on natural proteins with known 3-dimension-
al structures. Consequently, the earliest computation-
ally driven designs tended to be ‘redesigns’ of natural
proteins rather than de novo designs of novel struc-
tures.

To address the limitations imposed by keeping the
main chain fixed, Harbury et al.99 set out to design
novel coiled coil structures in which the conformation
of the protein backbone was allowed to vary in
accordance with “a family of parametric curves”.100

The regular and symmetric pattern of coiled coils
allowed the authors to use only three parameters,
supercoil radius, supercoil frequency, and the a-
position orientation angle, to describe the backbone
conformation.100 Their first use of this algorithm
successfully predicted the structures of GCN4 coiled
coil variants previously known to form dimeric,
trimeric, or tetrameric structures.100,101 Next they
used their algorithm to search for de novo sequences
that would fold into dimeric, trimeric, and tetrameric
R-helical bundles having the never-before seen right-
handed super-helical twist.99 Rather than using the
7-fold repeating pattern of natural, left-handed
bundles, the authors used a novel 11-fold repeating
pattern aimed to yield a right-handed twist. This
novel pattern contained three hydrophobic core resi-
dues per undecatad repeat. The algorithm searched
through a combinatorial mix containing six different
nonpolar amino acids, each with several low-energy
rotomer conformations, to find sequences compatible
with dimeric, trimeric, and tetrameric R-helical
bundles. The best sequences, as scored by the algo-
rithm, were synthesized and analyzed by sedimenta-
tion equilibrium. The novel sequences were found to
oligomerize as intended. The crystal structure of
RH4, the sequence targeted to form a tetrameric
R-helical bundle, was solved and compared to the
calculated structure. RH4 not only folded into a four-
helix bundle with a right-handed super-helical twist,
but the experimentally determined structure “matched
the designed structure in atomic detail”.99

X. Concluding Remarks
As the era of proteomic research continues to

accelerate, it is apparent that a new era, which
progresses ‘beyond proteomics’, is already under way.
Research into the structures and functions of proteins
need not be limited to ‘only’ all proteins that exist
on earth. It is already possible to venture beyond
proteomics and to devise vast combinatorial libraries
of novel proteins not found in nature. Recent work
by Szostak and co-workers has shown that even
libraries of random sequencessnot constrained by
elements of rational designscan occasionally yield
functional polypeptides.102,103 Keefe and Szostak used
an mRNA display system to screen a library of
6 × 1012 sequences (containing 80 contiguous ran-
domized residues) for rare sequences that bind ATP.
Following several rounds of selection, four new ATP
binding sequences were discovered. The ability of
these novel sequences to fold into protein-like struc-
tures was not determined. Nonetheless, the finding
that specific binding molecules can be isolated from
random libraries indicates that if libraries are large
enough and if selection methods are stringent enough,
even random libraries can yield novel proteins with
interesting properties.

As described in the preceding sections, by using
rational design to guide the search through sequence
space, a variety of structural and functional de novo
proteins can be isolatedseven without the use of
selections. These rationally designed combinatorial
libraries have already yielded proteins that are (i)
R-helical, (ii) â-sheet, (iii) monomeric, (iv) capable of
self-assembly into ordered arrays, (v) well packed and
nativelike, (vi) hyperthermostable, (vii) capable of
binding cofactors, and (viii) catalytically active.

Future work on de novo proteins from combinato-
rial libraries will incorporate all of the different
approaches outlined in this review. Ultimately the
most successful projects will probably use rational
methods to constrain large libraries that are then
subjected to stringent selections for desired properties.

The current revolution in proteomics research is
providing the foundation for significant advances in
biotechnology. As protein research progresses beyond
proteomics, applications will no longer be limited to
proteins derived from biological systems. Future
advances in biotechnology will likely rely increasingly
on combinatorial libraries of proteins designed en-
tirely de novo.
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