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For almost a decade, in vitro selection experiments have been
used to isolate novel nucleic acids, peptides and proteins
according to their function. Selection experiments have altered
our perception of molecular mimicry and catalysis, and they
appear to be more facile than rational design at generating
biopolymers with desired properties. New methods that have
been developed improve the power of functional strategies in
ways that nature has already discovered — by expanding library
size and facilitating the recombination of positive mutations.
Recent structural information on a number of selected and
evolved molecules highlights future challenges for design via
rational approaches.
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Abbreviations
EF elongation factor
FMN flavin mononucleotide
HSQC heteronuclear single quantum coherence
PCR polymerase chain reaction
scFv single-chain variable domain fragment
TSA transition-state analog
VEGF vascular endothelial growth factor

Introduction and terms of art
This review will focus on both recent results and some
general conclusions from selection experiments. In vitro
selection is a process that involves sieving a pool of mole-
cules through repeated cycles of enrichment and
amplification to recover only those molecules with a
desired functional property. When performed with RNA or
DNA, this process is conducted entirely in vitro using a
combination of PCR, transcription, selection and cDNA
synthesis [1]. When performed with peptides and proteins,
the process may contain an in vivo step (as in phage display
[2]) or be performed entirely in vitro (as in ribosome dis-
play [3] or mRNA–protein fusion systems [4,5••,6]). In all
cases, in vitro selection experiments have the functional
information topologically linked to the genetic informa-
tion. Indeed, for nucleic acids, this information is
contained in one and the same molecule.

Generally, in vitro selection experiments allow all the
molecules in the pool to be tested for function at the
same time. By comparison, screening experiments
require that each pool member be queried individually.
Thus, selection experiments generally allow much larger
libraries to be surveyed than screening experiments. On

the other hand, the activity of individual members in a
selection experiment is not known without cloning and
testing each individual.

Functional RNA and DNA
Aptamers and mimicry
A decade ago, the proposal that either an RNA or a DNA
molecule could be found that mimicked the structure
and/or function of a protein was heretical at best. The iso-
lation of RNA and DNA aptamers (from aptus, ‘to fit’ [7])
that bind both small molecules and proteins has done
much to advance the general notion that one heteropoly-
mer (e.g. RNA or DNA) may be used to mimic the
function of another (e.g. a protein).

RNA and DNA aptamers have been isolated that bind
nucleic-acid-binding proteins (e.g. HIV reverse transcrip-
tase and HIV Rev), as well as small molecules and proteins
that have no natural nucleic-acid-binding activity
(e.g. thrombin, vascular endothelial growth factor [VEGF]
and vasopressin) [8]. These aptamers can be adapted for
use in vivo if they are protected from degradation by the
addition of phosphorothioates or by the substitution of the
2′-OH with 2′-NH2 (e.g. [9]). Alternatively, if the mirror
image of the original protein target is used with natural
RNA or DNA, a mirror image, biologically stable oligonu-
cleotide may be constructed that binds the natural
target [10].

The ability of nucleic acids to mimic proteins in selection
experiments is echoed in examples we now know from
natural systems. One of the best examples exists in trans-
lation. There, RNA and the protein factors involved in
elongation (EF-Tu•GTP•tRNA and EF-G•GTP) and ter-
mination (RF-1, RF-2 and RF-3•GTP) seem to have the
same general structure [11,12]. Similarly, in eukaryotic
translation initiation, a portion of the important factor
eIF4G can be mimicked by an internal ribosome entry
sequence (IRES) [13,14]. Hence, a great many protein
motifs can be functionally mimicked by folded RNA struc-
tures. The diversity of this mimicry in both natural and
non-natural structures provides experimental support for
the theory that the transition from an ‘RNA world’ to a bio-
chemistry that is dominated by proteins is possible.

Mimicry does, however, have its bounds. It follows that, if
aptamers could bind any small molecule target, catalysts
could be discovered by selecting library members that
bind transition-state analogs (TSAs). This approach has
been used to great advantage in the immune selection of
catalytic antibodies [15]; however, success has been limit-
ed using RNA and DNA aptamers. The first example was
a ribozyme that enhanced the isomerization of substituted
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biphenyls by 88-fold over background [16]. Subsequently,
RNA and DNA aptamers that bind N-methylmesopor-
phyrin (NMMP) were found to stimulate porphyrin
metalation [17,18]. The scarcity of enzymes compared
with catalytic antibodies may be a result of the different
mechanisms used by nucleic acids to recognize small mol-
ecules compared with those used by proteins (see
discussion below). On the other hand, the relative paucity
of TSA-binding protein catalysts that have been isolated
via phage display may imply that in vitro selection tech-
niques need to be improved in order to match the ability
of the immune system.

Amide- and peptide-bond-forming catalysts
One central tenet of the ‘RNA world’ hypothesis is that
the mother of all enzymes, the ribosome, contains RNA in
its catalytic heart. In addition to investigations that point to
rRNA as being essential for ribosome activity [19–21], a
number of laboratories have set out to test whether or not
ribozymes could be found that are capable of catalyzing
amide-bond formation. The first success involved an acyl
transferase ribozyme that was capable of forming an amide
bond between a 5′-NH2–RNA and N-biotinyl methionine
attached to the 3′ end of a hexanucleotide (kf ~ 0.6 min–1)
[22]. Recently, Eaton and co-workers [23] reported the iso-
lation of amide-bond-forming ribozymes that do not
require an oligonucleotide tether to the substrate, a 5′-
AMP activated ester of biotin. These ribozymes do require
5′-imidazole uridine, which was incorporated uniformly in
place of uridine in the RNA pool.

Although neither of these ribozymes was reported to con-
tain sequence homology to natural RNA sequences, one of
the peptidyl transferase ribozymes isolated by Zhang and
Cech did [24,25•]. The clone 25 ribozyme contains an
internal loop with regions of sequence identity to the cen-
tral loop of domain V of 23S rRNA, a region that is central
to the peptidyl transferase function of the ribosome.
Surprisingly, aptamers that bind the peptidyl transferase
inhibitor CcdAp–Puromycin share identity with the pep-
tidyl transferase ribozyme and with 23S rRNA [26].
Despite the recent retraction of work arguing that domain
V RNA transcripts have peptidyl transferase activity [27],
the selection data represent proof that RNA has the poten-
tial to carry out a variety of amide-bond-forming reactions.

New ribozyme reactions
A number of ribozymes with new activities have been iso-
lated recently, including molecules that are capable of
catalyzing the synthesis of a nucleotide [28••], enzymes
selected to mimic reactions in the spliceosome [29•] and
ribozymes capable of performing a Diels–Alder cycloaddi-
tion reaction [30]. In the first example, Unrau and Bartel
[28••] uncovered ribozymes that are capable of joining a
tethered 4-thio-uridine nucleotide to pRpp (5′ phosphori-
bosyl-α-pyrophosphate), the activated ribose used in
nucleotide biosynthesis (kcat = 0.13 min–1). This reaction is
almost identical to the natural reaction carried out by uracil

phosphoribosyltransferase (UPRT) to couple uracil and
pRpp, making uridine 5′ phosphate.

In the second example, a selection was designed to test
whether modern spliceosomal RNA U2/U6 could be used
to resurrect RNA-based spliecosomal activity. Each of the
four ribozyme classes found performs some kind of cleav-
age reaction, followed by a ligation; however, none of the
selected molecules produces an activity that is similar to
that of the spliceosome [29•]. Interestingly, the templates
generated by the ribozymes uncovered a previously
unknown activity for reverse transcriptase, nontemplated
jumps in sequence.

Adding functional group diversity — ‘If I only had a
histidine’
A number of laboratories have recently worked to expand
the chemical diversity of RNA and DNA, either through
covalent modification or through the addition of cofactors
and ions to the selection mixture. Examples of the first cat-
egory include ribozymes that catalyze carbon–carbon bond
formation though a Diels–Alder reaction [30], as well as the
previously mentioned amide-bond-forming ribozymes [23]
that contain 5-pyridylmethylcarboxamid uridine and
5-imidazole uridine, respectively. Examples of the second
case include the routine addition of low (micromolar to
millimolar) concentrations of divalent cations, including
Mg+2, Ca+2, Zn+2, Mn+2, Cu+2 and even Pb+2, or cofactors,
such as histidine [31•]. The importance of these prosthet-
ics can be seen in that their omission abrogates function.

DNA catalysts
Although DNA plays a central role in biological informa-
tion storage, it is a functionally impoverished biopolymer
compared with either proteins or RNA. Despite its limita-
tions, the list of DNA catalysts has grown significantly in
the past few years (see Table 1 in [32]; [33]). It is not sur-
prising that many of the DNA catalysts isolated require a
cofactor of some kind. It is surprising that the highest cat-
alytic efficiency, 109 M–1•s–1 (although not the highest
kcat), is held by the 10–23 RNA-cleaving DNA enzyme
[34,35]. To date, the scope of DNA-based catalysts has sig-
nificant diversity, including ligation [36], RNA
phosphoester cleavage [34,37–39], DNA cleavage [40],
porphyrin metalation [18], peroxidase activity [41•], fluo-
rophore oxidation [42] and 5′-DNA phosphorylation [43•].
It is interesting to note that G-quartets seem to play a cen-
tral role in the folded structure of many DNA catalysts, as
well as of DNA aptamers.

Engineering allosteric enzymes and templates
One potentially powerful application of nucleic acid
aptamers and catalysts is the engineering of allosterically
controlled enzymes and templates. Breaker and co-work-
ers [44,45•] have shown that, through combinatorial
engineering, chimaeras between either the ATP or FMN
aptamer with the hammerhead ribozyme may be allosteri-
cally regulated to function only when they bind their
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respective small molecule. Werstuck and Green [46•] have
demonstrated that allosteric mRNA templates may be gen-
erated by inserting a drug-binding aptamer into the
5′-untranslated region (5′-UTR) of an mRNA. This inser-
tion allows both in vitro and in vivo translation to be
repressed in the presence of a small molecule.

The thirst for structural information
Logically, structural analysis provides a clear path to under-
standing the mechanisms of recognition and catalysis
performed by functional nucleic acids. Indeed, Jencks [47]
argued that, for protein enzymes, the most striking gener-
alization was that many of the expectations based on
chemical studies were simply confirmed once crystal struc-
tures were in hand. In this vein, the structure of aptamers
in solution solved using NMR spectroscopy has generally
provided significant insight into the recognition process,
indicating the presence of compact binding pockets for
small molecules (for reviews, see [48–50]). Analysis of

three pockets (present in ATP, FMN and arginine
aptamers) indicates that binding appears to provide some-
what less of a tight fit than protein sites and relies heavily
on stacking, as opposed to hydrogen bonding [50].

The path has been somewhat bumpier when examining
nucleic acid catalysts. The central difficulty is crystallizing
either RNA or DNA enzymes in their active form. In the
crystal structure of the 10–23 DNAzyme, the molecule has
rearranged to form a dimer that is not likely to be the active
conformation [51•]. The structure of the lead-dependent
ribozyme crystallizes in two forms, one of which is ‘precat-
alytic’ and rationalizes the cleavage chemistry [52••].
Difficulties are seen in structural analyses of natural
ribozymes as well. Much has been made of the conundrum
that the hammerhead ribozyme structures do not rational-
ize the cleavage chemistry [53,54], whereas larger RNA
catalysts, such as the group I intron catalytic core [55] and
the hepatitis delta virus ribozyme (after cleavage) [56],
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Table 1

Peptides evolved from randomized sequences.

Initial pool* Diversity† Target Result References

MVSKGEEX27DAQAPKA 2 × 1013 c-myc mAb Epitope (a)
X(Q/E)XLISEXX(L/M)

Pool: X7CX4CX7 5 × 108 (each) VEGF Mimic [69••]
X7CX5CX6 3.5 × 109 (total) (i) RGWVEICVADDNGMCVTEAQ
X6CX6CX6 (ii) GWDECDVARMWEWECFAGV
X6CX7CX5
X5CX8CX5
X5CX9CX4
X4CX10CX4

X4CX2GPX4CX4 5 × 108 VEGF Mimic [69••]
GERWCFDGPLTWVCGEES

X12GGGS 1.9 × 109 Paclitaxel Epitope [107]
HTPHP

SRX12SR 1 × 109 Troponin C Epitope [75]
(V/L)(D/E)XLKXXLXXLA

SADGAX15GAAGA 2.5 × 108 CTLA4 mAb Unknown [108]
(i) GFVCSGIFAVGVGRC
(ii) APGVRLGCAVLGRYC

ADGAX6GAAG 4 × 107 CSF IgG Epitope [109]
RRPFFX

X10 2 × 109 (phage) Ii peptide Epitope [110]
WFSWGFPQWW

LEX6TS 2.8 × 108 (clones) PAI-1 Unknown [111]
GQFWHLTSMSGSYFLEPFDLIST
SQQRNIPLEIRDADT

LEX15TS 1.4 × 107 (clones) PAI-1 Mimic [111]
PVSQFVFLCGHQPCFTSEHAHDVP
DPAPPHHPLELITGRQATPISVGMS

*Flanking sequences shown where reported. †Where further rounds
differ, values given refer to only the initial round of selection. Values
represent diversity, except where indicated (clones = number of
transformants; phage = number of input phage). Sequences in bold
type represent amino acids encoded by DNA sequences

corresponding to restriction sites. (a) P Burgstaller, S Hale, M Wright,
RW Roberts, R Liu, JW Szostak, RW Wagner, unpublished
observations. CSF, cerebrospinal fluid; CTLA4, anti-T lymphocyte
co-stimulatory molecule; Ii, invariant chain peptide from cytosolic tail of
MHC class II; PAI-1, plasminogen activator inhibitor 1.



seem to provide better support for known biochemical
data. Even at high resolution, several structures (before,
during and after catalysis) will probably be necessary to
fully understand the details of the cleavage chemistry.
Overall, the structural work implies movement during the
catalytic process [51•] and that this movement may be
more significant in smaller ribozymes.

Peptides and proteins
Selections using phage display
The most common technique for the in vitro selection of
peptides and proteins is currently the phage display sys-
tem developed by George Smith. Sequences are
expressed either in multicopy format (~1–2700
copies/phage) as N-terminal fusions to gene VIII or in
‘single’ copy format (0–5 copies/phage) in the N terminus
of gene III on the surface of filamentous bacteriophage
(for a recent review, see [2,57•]). Molecules are selected
by affinity panning on immobilized substrates or recep-
tors, and the resulting phage are mixed with bacteria to
produce progeny phage for subsequent rounds. In a typi-
cal experiment, each sequence in the library is
represented by many phage (>1000), with a total library
size of approximately 107–109 members. High multiplici-
ty is essential, because the fraction of phage recovered is
generally very low (typically between 0.01% and 0.0001%
of the input population). This percentage can be even
lower using a variation of phage display dubbed selective-
ly infective phage or ‘SIP’ (reviewed in [58]). In this
selection procedure, ligand–target binding is required for
infectivity using bipartate gene III fusions containing the
library and target.

New methods
Until recently, the library size used for the in vitro selection
of peptides and proteins has been limited to only about
one billion molecules, mainly due to the transfection limit
in bacteria. In addition, phage display is not easily portable
to other powerful techniques, including in vitro mutagene-
sis and recombination (see [59,60••,61•] and references

therein). By comparison, the limit with nucleic acid selec-
tions is 1015–1016 sequences, because all the steps in the
process are performed in vitro. This difference is important
because the computational power of a combinatorial exper-
iment is directly proportional to the number of molecules
that can be screened. Two recently developed methods,
ribosome display and mRNA–protein fusions, provide the
ability to screen libraries of more than 1011 or 1013 peptides
or proteins, respectively, by keeping translated proteins
linked to their own mRNA (see [3,6] for reviews). A third
approach, whereby information is linked via compartmen-
talization, has also been reported [62•].

All of these strategies utilize cell-free in vitro translation
systems, thereby avoiding any transformation or other
constraints imposed by the host cell. In ribosome display,
translated proteins and mRNA remain complexed with
the ribosome as a result of lowering the temperature and
increasing the Mg2+ concentration [63]. Selections using
ribosome display recently have demonstrated the affinity
maturation of scFvs (single-chain variable domain frag-
ments) from immunized libraries [64•]. One limitation of
ribosome display is that libraries must be screened in the
presence of the entire ribosome under conditions in
which the ternary mRNA–ribosome–peptidyl-tRNA
complex is stable (high Mg2+ and low temperature). A
novel method for producing covalently linked
mRNA–protein fusions has been recently introduced
[4,5••]. In this approach, a mRNA library is tagged with a
3′-puromycin. After translation, the puromycin enters the
peptidyl transferase site and becomes covalently linked
with the protein that it encodes. This chemically robust
linkage allows selections to be performed under a wide
variety of conditions. Recently, this technique has been
used to generate and screen a library containing approxi-
mately 2 × 1013 different peptides for binding and
evolution to the anti-c-myc antibody 9E10, with enrich-
ment factors of more than 200 per round (Table 1)
(P Burgstaller, S Hale, M Wright, RW Roberts, R Liu,
JW Szostak, RW Wagner, unpublished observations).
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Table 2

Proteins displayed on phage.

Protein modified Clones* Target(s) Result References

Heregulin (nine sections 1.0–6.4 × 108 ErbB3 receptor >50-fold higher affinity [104••]
mutagenized separately)

Knottins (CBD) 5.5 × 108 Cellulose Epitope [87••]
α-Amylase Unsuccessful
Alkaline phosphatase Kd = 10 µM
β-Glucuronidase Unsuccessful

Lipocalin (16 residues in 3.7 × 108 Fluorescein Kd = 35.2 nM (>102-fold higher affinity) [88•]
binding site)

hGH (site 2: four sections 1.3–7.3 × 107 hGH receptor Kd = 0.16 nM (38-fold higher affinity) [112]
mutagenized separately)

*Values represent the number of transformants in the first round. CBD, C-terminal cellulose-binding domain; hGH, human growth hormone.



Several other technical advances are also expected to
enhance the power of in vitro selection techniques,
including improved in vitro recombination and mutagen-
sis, and interaction mapping by NMR spectroscopy. New
methods for in vitro recombination may be technically
simpler and/or more effective than the original DNA
shuffling technique devised by Stemmer [65]. Among
these is family shuffling [60••], whereby diversity is cre-
ated by recombining two or more homologous genes.
This has the advantage of creating diversity that has
already been prescreened by nature to weed out muta-
tions that are deleterious to a particular fold, generating
libraries that are much richer in functional proteins.
Alternatives to the original DNase-I-based shuffling pro-
tocol have also been developed, including random
priming recombination (RPR) [66] and the staggered
extension process [61•]. Random elongation mutagenesis
(REM), the addition of a partially randomized sequence
to the C terminus of the protein, is unlikely to change
catalytic properties, but may be a simple approach for
enhancing enzyme stability [67].

In an increasing number of cases, the conformations of
selected molecules (peptides and proteins) bound to their
targets have been solved by crystallography (see discus-
sion below). NMR spectroscopy has proved to be
increasingly useful for characterizing both dynamical sys-
tems and those that are recalcitrant to crystallization. Two
representative examples are given. The Schultz and
Wemmer laboratories [68•] have recently used transferred
NOE (nuclear Overhauser enhancement) experiments to
determine the geometry of two substrates in the active
site of an acyl transferase antibody. Fairbrother et al. [69••]
used two-dimensional 1H-15N HSQC (heteronuclear sin-
gle quantum coherence) experiments to define the
interaction between selected peptides and the 1H,15N-
labeled target VEGF. Peptide interactions with VEGF
were confirmed by a crystal structure of one of these com-
plexes [70•]. It is important to note that HSQC
experiments allowed interactions to be defined, even for
one of the complexes in which the VEGF-binding pep-
tide had limited solubility.

Peptide selections: mimicry versus linear epitopes
The results of phage peptide selections can be roughly par-
titioned into two classes: those sequences that conform to a
linear epitope and folded peptides that mimic a discontin-
uous or three-dimensional binding interface (for some
recent examples, see Table 1 and [2,71]). The outcome of a
given selection appears to be determined by the binding
target chosen. If the natural binding partner is a linear
sequence, selection experiments will recover linear epi-
topes that match that motif. Examples of this type of
outcome have been seen recently with SH3 (Src homology)
domain-binding peptides [72,73], tumor-vasculature-bind-
ing peptides [74] and troponin C binders [75]. In this way,
in vitro selection can uncover unknown binding partners or
establish the biological relevance of known interactions.

An increasing number of laboratories have reported pep-
tides or small protein ligands that can functionally mimic
the three-dimensional surface that is normally bound by a
full-sized protein. These examples are particularly inter-
esting because they emphasize both the plasticity of
protein surfaces and the range of structures (both in size
and topology) that can functionally substitute for one
another. The functional substitution of small peptides for
much larger proteins runs counter to the notion that pro-
tein interactions are driven in proportion to the burial of
hydrophobic surface (see [76] and references therein). One
of the most compelling examples of this mimicry are the
erythropoetin mimetic peptides (EMP), short (~13–20
residues) β hairpins that functionally mimic erythropoetin,
a 34 kDa glycoprotein, but bear no sequence homology
[77,78,79•]. Similarly, peptides or minimized proteins have
been found that mimic the function of thrombopoetin [80],
an antagonize VEGF [69••,70•], or bind to constant regions
in antibody structures [81].

The peptides isolated by both types of selection general-
ly bind to the same regions utilized by the natural
counterparts they are meant to mimic. For linear epitopes,
this is perhaps not surprising. For the peptide mimics, it
borders on scandalous, as, often, most of the target protein
surface is available for interaction during the selection.
The clear implication is that some regions of protein sur-
face are more ‘sticky’ than others and, thus, act as hot
spots for interaction [82].

Antibody selection: the importance of large libraries
Although complete coverage of phage antibody selection is
beyond the scope of this work, a recent review highlights
the importance of high-complexity starting libraries [57•].
When low-complexity libraries containing 3 x 107 clones
were used, single-chain antibodies with affinities ranging
from 10 to 0.1 × 10–6 µM [83,84] were isolated. With
libraries containing 1010 clones, affinities of 10 to 0.3 nM
were found [85]. The commensurate increase in binding
constant with increased library size is in line with theoret-
ical predictions developed to estimate the binding
constants from library complexity [86].

Alternative scaffolds
If peptides can be found that mimic proteins, one might
expect that small, structured peptides could be used as
scaffolds to display function. Rather than choose a single
motif, Fairbrother et al. [69••] used a variety of small, disul-
fide-containing peptides to isolate binders to VEGF
(Table 1). Similarly, knottins, small, disulfide-rich proteins
have been used to generate libraries that recognize alka-
line phosphatase, a protein with no wild-type knottin
binding [87••].

Protein scaffolds that could be imbued with antibody
diversity have also been sought, particularly because of the
refractory nature of some scFvs. Skerra and co-workers
[88•] have recently reported that lipocalin BBP variants
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(a 174 amino acid β barrel) could be isolated that bound
fluorescein with a dissociation constant (Kd) of 35 nM.

Direct selections for catalysis
There is great interest in using selection both to refine
known catalysts and to isolate new ones. TSAs have been
used to isolate a great diversity of antibody catalysts via in
vivo immune selection [15]. In a few cases, in vitro selec-
tion has been used for affinity maturation of the catalysts
using TSAs [89,90•,91,92] or via a mechanism-based
approach (discussed below). The potential limitations of
the TSA approach are highlighted by work from the Wells’
laboratory. Baca et al. [89] used affinity panning of an
esterolytic antibody library derived from immune selection
to isolate variants with two- to eightfold improvements in
their binding affinity for a phosphonate TSA. Notably, a
correlation between binding affinity and catalytic ability
was not observed. A weaker binding variant was identified
with twofold greater catalytic activity than the parent anti-
body, emphasizing the need for an approach that selects for
catalytic activity [90•].

In the direct strategy, enzymatic activity is required to
either covalently attach or release the library members dur-
ing selection. This approach has been successfully applied
to isolate RNA and DNA catalysts that are capable of per-
forming chemistry with rates ranging from 0.1 to more than
100 min–1, significantly faster than many catalytic antibod-
ies [33]. Lerner and co-workers [93,94] have applied this
strategy to immune selection with great success. In one
interesting combination of reactive and TSA approaches,
phage display was used to improve catalytic antibodies
designed to cleave a glycosidic bond by 700-fold
(kcat/kuncat = 7 × 104 versus 102 from immune selection)
[95]. Substrate-bond cleavage generated a quinone
methide that reacted with the phage to afford immobiliza-
tion and selection.

Reactive approaches can also be incorporated in phage
selections to afford specific release. The Schultz labora-
tory [96•] has recently demonstrated that phage
harboring active staphylococcal nuclease can be enriched
100-fold in a single round, based on cleavage of an
oligonucleotide tether in cis. A similar strategy involving
immobilization demonstrated enrichments of more than
50-fold for two model proteins using phage-displayed
enzymes and the calcium-dependent binding of sub-
strate to calmodulin [97].

Structural studies of selected and evolved peptides and
proteins
There are now a significant number of selected peptides
and proteins whose structures are known. We include cat-
alytic antibodies and in vitro screened proteins in this
discussion because the structural conclusions seem gener-
ally applicable to all functional approaches. One very
striking feature is the way in which protein structure can
be modulated by seemingly subtle changes in sequence.

In general, proteins that have been evolved either in vivo
or in vitro contain positive mutations that are distal to the
active site ([98–100]; B Spiller, A Gershenson, FH Arnold,
RC Stevens, personal communication). These mutations
often have the effect of remodeling the shape of the active
site and may act by biasing the conformation towards lock-
and-key-type recognition [99,101]. In addition, the
selected mutations often make significant changes to the
local structure (B Spiller, A Gershenson, FH Arnold,
RC Stevens, personal communication) and can even alter
topology [102••].

As interesting as where mutations are is where they are
not — the active site or critical residues on the interface of
the proteins. For example, residues conserved in phage
selections of heregulin variants (binding to the ErbB3
receptor) correlate strongly with positions that were found
to be important using alanine-scanning mutagenesis
[103•,104••]. Selection and evolution thus seem to avoid
changing residues that are in direct contact with the target.
Rather, beneficial mutations enhance affinity by reconfig-
uring essential binding residues or by forming new
contacts. Indeed, these complicating secondary effects
prohibit the delineation of a recognition code, even for
highly modular protein contacts, such as zinc-finger–DNA
interactions [105••]. The importance of long-range interac-
tions and plastic local structure are likely reasons why
rational design has yet to produce the results seen with
functional approaches, such as in vitro selection [106].
Computational approaches may significantly enhance pool
design, however, allowing us to ‘stack the deck’ of initial
libraries, making selections more fruitful or reducing the
number of cycles required.

Conclusions
In vitro selection has proved itself to be a powerful tech-
nique. For the foreseeable future, functional approaches
provide the most facile path for engineering nucleic acids
and proteins alike. The new methods developed will allow
larger, better libraries to be generated and more powerful
ways to screen them to be elaborated — further expanding
our ability to generate interesting molecules for study. A
fundamental question is how the information from selec-
tion experiments can be used to further insight into
biopolymer folding and function. For the present, the
results of selection and screening experiments provide
existence proofs and hard data on some very interesting
questions, including the number of nucleotides needed to
specify a catalyst, the number of amino acid changes need-
ed to improve protein thermostability and the free energy
consequences (or lack thereof!) of introducing or removing
a small functional group (e.g. a methyl group) from either
the macromolecule or its target. Future experiments are
likely to address issues such as the generation of new func-
tion, the minimum size of protein needed to perform
catalysis and the likelihood that such a protein could be
found in random sequence libraries.
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