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Affinity maturation of receptor–ligand interactions represents an important area of academic and

pharmaceutical research. Improving affinity and specificity of proteins can tailor potency for both

in vivo and in vitro applications. A number of different display platforms including phage display,

bacterial and yeast display, ribosome display, and mRNA display can optimize protein affinity

and specificity. Here, we will review the advantages and disadvantages of these molecular display

methods with a focus on their suitability for protein affinity maturation.

Introduction

The goal of affinity maturation is to strengthen protein binding

to a particular ligand. Ultimately, affinity maturation can

produce high affinity proteins with specific functions for use as

therapeutic or research reagents.1–10 For example, biomedical

applications ranging from disease diagnostics to gene therapy

often require improved affinity, specificity, or both for

therapeutic uses. Molecular display techniques provide powerful

tools for tailoring protein affinity and specificity.

The invention of phage display demonstrated display of a

polypeptide on the surface of filamentous phage.11 This

coupling of genotype (the encapsulated DNA encoding the

displayed protein) and phenotype (the displayed protein)

allowed affinity enrichment selections from large libraries with

millions to trillions of polypeptide variants.12 Bacterial display

offered the first cell surface display system, in this case with

proteins displayed on the surface of E. coli.13–16 The advent of

cell-surface display introduced the advantages of quantitative

screening by fluorescence-activated cell sorting (FACS). Yeast

display offers the advantages of cell-surface display, but using

an eukaryotic organism, which is well suited for the display of

extracellular mammalian proteins.17

Cell-free protein engineering techniques apply an in vitro

transcription/translation (IVTT) reaction for the display of

proteins on ribosomes18 or mRNA.19 DNA display, another

IVTT method, has not been reported in affinity maturation of

a protein–ligand interaction, and is not reviewed here.20,21 The

primary advantage of the cell-free techniques is the ability to

create potentially huge libraries with up to 1014 different

polypeptide variants, since the library size is not limited by

cellular transformation efficiencies necessary for construction

of cell or viral surface display libraries.10 All molecular display

technologies can provide high-quality protein libraries, which

can be subjected to in vitro selection methods to yield affinity-

matured proteins. Depending on the protein of interest and its

starting affinity, some molecular display methods can be more

useful than others. For example, one might begin a protein

discovery program by first using the large library sizes of

phage display or mRNA display for lead discovery, then

applying a cell-surface display method for final affinity

maturation.

The molecular display methods described here are subject to

some caveats. For example, one important consideration is
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‘‘background’’ binding between the display system and the

target protein. Such deleterious binding can prevent isolation

of the highest affinity ligands by corrupting selections with

overwhelming numbers of false positives. To pre-empt this

problem, the first step of any molecular display project should

examine background binding to guide choice of the appro-

priate molecular display scaffold. Next, development of

selection conditions requires some insight about the stability

of the target protein. Finally, selection and screening condi-

tions should test for specificity. Conditions for screening

individual variants obtained from the selection should mini-

mally examine binding to the blocking agent used to compete

for non-specific interactions. When optimizing specificity,

screening conditions can also compare target with off-target

binding.

To obtain high affinity binders from molecular display,

library selections can feature either thermodynamic or kinetic

control (Fig. 1). For thermodynamic control selections (also

called ‘‘affinity selections’’), a biotinylated target ligand at a

concentration below the desired Kd is mixed with the molecular

display library. During equilibration, the highest affinity

receptor can theoretically out-compete other receptor variants

for binding to the ligand. Members of the library binding to

the biotinylated ligand are then captured with streptavidin

attached to a solid support, such as magnetic beads or a

microtiter plate. For kinetic control (also called ‘‘off-rate

selections’’), the library initially binds to a biotinylated ligand.

Then, unbiotinylated, competitor ligand is added for a set

amount of time before streptavidin capture. Longer competi-

tion times can select variants with slower off-rates.22

Since, to our knowledge, affinity maturation by all relevant

molecular display techniques has not been reviewed recently,

many older articles in addition to newer ones are included

here. This review is organized with commonly used virus- and

cell-based molecular display methods of phage, bacterial and

yeast display first, followed by the cell-free molecular display

methods of ribosome and mRNA display. By examining

selected examples of successful affinity maturation projects

from each system, effective strategies for successful affinity

maturation can be described.

Phage display

Phage display, the oldest and most commonly applied

molecular display technique, has been used to display and

affinity mature a wide range of proteins. In one early example

of affinity maturation, human growth hormone (hGH)

variants with high affinity to hGH binding protein (hGHbp)

were developed as potential treatments for acromegaly.23,24

Lowman and Wells prepared phage particles displaying hGH

variants as fusions to the phage minor coat protein P3. Phage

with variants of hGH displayed were subjected to several

rounds of in vitro selection to isolate variants binding to solid

phase-immobilized hGHbp. The selection procedure yielded

affinity-enhanced hGH variants from five different libraries of

mutant hGH proteins. Combining the substitutions provided a

final hGH variant that bound hGHbp with 380-fold stronger

affinity (Kd # 0.9 pM) than wild-type hGH.25,26 The selection

strategy largely decreased the off-rate with little change in the

hGH on-rate, as measured by surface plasmon resonance

(SPR), demonstrating the power of monovalent phage display

on P3 for improving off-rates. Additionally, the strategy of

combining mutations from separate libraries to construct high-

affinity protein variants has proven very useful for other

projects.27–29 The success of this approach illustrates two

fundamental principles of protein engineering. First, the

energetic contributions from individual amino acid substitu-

tions are largely additive. This rule holds true in the absence of

unusual conformational rearrangements or charge–charge

pairs at the interface.30 Thus, multiple substitutions can often

be combined to yield a super mutant with the net binding

energy of all substitutions. Second, there is no requirement for

particular substitutions to be introduced early, midway, or late

in the process of affinity maturation. These principles provide

a firm foundation for applying molecular display to affinity

maturation.

Another early example of affinity maturation with phage

display applied bovine pancreatic trypsin inhibitor (BPTI) for

inhibition of the serine protease human neutrophil elastase.31

An efficacious inhibitor of HNE was proposed as treatment

for a hereditary disorder resulting in decreased expression of

an HNE inhibitor. Using multivalent display of BPTI on

Fig. 1 Two methods for selecting affinity-matured receptors dis-

played on the surface of phage. A) Thermodynamic control or

‘‘affinity-based’’ selections allow phage-displayed receptors to compete

for a limited amount of biotinylated ligand. B) In kinetic control or

‘‘off-rate-based’’ selections, phage-displayed receptors are first satu-

rated with biotinylated ligand, and then mixed with competing non-

biotinylated ligand. The two approaches are applicable to all molecular

display methods.
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phage, Roberts, Ladner, and co-workers produced a small

library of only 1000 different variants of BPTI. The results,

however, were phenomenal as an affinity enhancement over

wild-type binding to HNE of over three million-fold was

obtained through a mutant with a 1 pM dissociation constant.

This experiment used a modified M13 phage genome with up

to five copies per phage of BPTI displayed as fusions to P3.

This example demonstrates success with a multivalent phage

display system. More importantly, the results demonstrate that

selections for enhanced binding affinity can also identify

improved enzyme inhibitors.32

One very successful approach to affinity maturation

switches between multivalent and monovalent display using a

phagemid system. Phagemid vectors for phage display feature

a single open reading frame encoding the displayed protein

fused to an anchoring coat protein. In this common format,

the fusion protein is packaged into phage particles upon co-

infection with a helper phage, which provides all components

necessary for phage assembly and infectivity. The phagemid

system provides at least two important advances over the

phage genome display format. First, the phagemid system is

exceptionally stable, and easy to propagate. Second, better

control over display levels is possible through choice of the

anchoring coat protein. For example, displaying a library of

peptides or small proteins on the M13 major coat protein, P8,

can usually achieve high copy, multivalent display. A naı̈ve

library of ligands displayed in a multivalent format can

leverage avidity or ‘‘velcro’’ effects to identify an initial, often

weak or medium affinity ligand. Upon identification of the

initial ligand, the protein can next be displayed on the M13

phage minor coat protein, P3, for typically monovalent display

and further display-based optimization. Monovalent display

can allow selections based on affinity, thus avoiding avidity

effects.33–35

Methods for regulating specific genes in humans, viruses,

and plants could improve prospects for gene therapy. Zinc

finger domains have been explored as artificial transcription

factors for controlling gene transcription.36–38 Isalan, Choo,

and co-workers described an elegant affinity maturation of

phage-displayed zinc fingers for transcriptional control. As in

the previously described example of hGH affinity maturation,

mutations from multiple zinc finger libraries were combined to

yield the re-engineered transcription factor. The zinc finger

affinity maturation featured two complementary three-finger

libraries displayed on P3 with one-and-a-half zinc fingers from

each library randomized. Thermodynamic control selections

with limiting concentrations of target DNA were followed by

combination of the selected mutations. The resultant zinc

fingers were tested for binding to a nine base-pair DNA

sequence in the HIV-1 promoter, a demanding target. The

approach successfully generated DNA-binding proteins with

low nanomolar Kd and high DNA sequence specificity.28

In one elegant example, affinity maturation was used to

modify not the displayed protein, but the molecular display

scaffold itself. To develop an anchoring phage coat protein for

C-terminal phage display, libraries of linkers to a poly-His tag

were selected for optimization of display.39,40 The resultant

linker for the P8 C-terminus allows display of polypeptides

with free C-termini, in contrast to the standard N-terminal

display used in essentially all other phage display experiments.

Next, Laura, Sidhu, and co-workers displayed a library of

random heptapeptides linked to the C-terminus major coat

protein P8 by an affinity-matured 13-residue linker. With a

free C-terminus, the displayed peptides were selected for

binding to the Erbin PDZ domain. PDZ domains mediate

protein–protein interactions in the cell by binding the free

C-termini of various proteins. Having identified Erbin PDZ

ligands by C-terminal phage display, the next series of

selections focused on affinity maturation to obtain ligands

with high affinity and specificity. In this series of experiments,

affinity maturation played two roles—optimizing the molecu-

lar display system and, more conventionally, for tailoring

binding affinity.

Examples of affinity maturation with N-terminal phage

display can apply focused mutagenesis methods to improve the

efficiency of the affinity maturation process. Homolog shotgun

scanning has been used to simultaneously affinity mature

proteins and provide structure activity relationship data by

making subtle homologous amino acid substitutions.41 In the

first example of homolog shotgun scanning applied to affinity

maturation, a short (20 residue) peptide was examined for

binding to elongation factor-Tu (EF-Tu).42 The EF-Tu ligand

was first selected from a very large naı̈ve phage display library

with >1011 different peptides. Next, a smaller, more focused

library, exploring substitutions of wild-type or a close homolog

in every position of the EF-Tu ligand, was synthesized to

dissect and optimize sidechain requirements for binding to EF-

Tu. In this two-step approach to discovering peptide ligands,

the first library provided a broad snapshot of chemical space,

encoded by a series of NNS codons (which includes all 20

amino acids and the TAG stop codon)43 to uncover the initial

lead peptide (Fig. 2). The second library, using homolog

shotgun scanning, optimized the sidechain functionalities of

the lead peptide. This approach mimics medicinal chemistry,

whereby a lead compound is refined with small changes to

optimize the ligand fit for its receptor. Further demonstrating

the value of homolog shotgun scanning, the technique has

been used to affinity mature engrailed homeodomain for

binding to a specific DNA sequence.29

Two additional examples of peptide affinity maturation also

illustrate the utility of phage display for discovering lead

peptides, and then applying a second phage-displayed library

to enhance affinity. Landon, Deutscher, and co-workers

required small, high-affinity anti-Thomsen-Friedenreich (TF)

antigen molecules for use as tumor cell targeting agents.45 A

large P3-displayed library initially identified a consensus

ligand to TF (HGRFILP-WWYAF-SPS). To improve the

affinity and solubility properties of the lead peptide, the

researchers then created a second library with the middle

region of the peptide fixed and randomized flanking residues.

This process yielded a final peptide that was more soluble,

exhibited a fivefold affinity increase, and had possible clinical

applications as anti-adhesive and anti-metastatic agents.45–47

Fleming, Sexton, and co-workers used similar methodology to

identify high-affinity, high-selectivity peptides that bound B

lymphocyte stimulator (BLyS).48 An initial library produced

low mM Kd ligands to BLyS, but a second selectant-focused

library produced short peptides with Kd values as low as
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26 nM. An affinity-matured peptide could disrupt a high-

affinity cytokine–receptor interaction. In addition to the

potential use for treating autoimmune diseases, this example

illustrates the effectiveness of small peptides for disrupting

protein–protein interactions.

The T-cell receptor (TCR), an antigen recognition molecule

with a naturally diverse repertoire, recognizes peptide–human

leukocyte antigen complexes (pHLA).49 Artificial TCRs could

potentially find applications in anti-cancer therapeutics or as

reagents to block autoimmune T-cell activation. Li, Boulter,

and co-workers developed a robust phage display method for

displaying and evolving TCRs on the surface of phage. Their

method displays a stable TCR on P3 as a disulfide-linked

heterodimer, and generates libraries at the CDRs (comple-

mentary determining region) with the NNK codon, which

encodes 12 amino acids.50 High-affinity receptors were selected

by decreasing the concentration of the target pHLA during

each round of selection, an effective thermodynamic control

selection strategy. TCRs with affinities as low as 26 pM were

discovered, an increase of #106-fold over naturally occurring

TCRs.22

Like TCRs, antibodies provide a stable scaffold amenable to

amino acid substitutions for the development of high-affinity

receptors to a specific ligand. The subject of numerous affinity

maturation studies, monoclonal antibodies (mAbs) can play a

significant role in the treatment and imaging of cancer.51–53

Single-chain Fv (scFv) and Fab fragments can have the same

affinity and specificity for antigens as full-size mAbs, and are

preferred for molecular display due to their much smaller

size.1,54–56 Also, scFvs and Fabs can be used directly as

therapeutics with potentially better tumor-penetrating ability

and faster clearance than full-size mAbs. In addition, scFvs

and Fabs can often be converted to mAbs if necessary.57 The

tremendous interest in developing specific antibodies for

therapeutic applications and the highly modifiable nature of

the antibody scaffold has inspired numerous examples of

affinity maturation of specific scFvs with typically P3-

displayed Ab fragments.

For example, using a thermodynamic control selection,

Schier, Marks, and co-workers selected a scFv with a 1230-fold

increase in affinity from the wild-type scFv for binding to

tumor antigen c-erbB-2. In this study, the combination of

mutations from four VH CDR3 libraries yielded a final scFv

with picomolar affinity. The resultant high affinity scFv

receptors had a predicted half-life (t1/2) on the tumor cell

surface of 24 hours, compared to the wild-type t1/2 of only

13 minutes. This result illustrates the power of thermodynamic

control selections to improve a kinetic parameter, in this case

tumor retention.57,58 In the first example of homolog shotgun

scanning, Vajdos, Sidhu and co-workers mapped the func-

tional epitope of a different anti-c-erbB-2 antibody, revealing a

small set of amino acids involved in precise contact with the

antigen.41 Further efforts to affinity mature scFvs using phage

display have targeted VEGF,59,60 CD22,61 anthrax toxin,62

and scorpion toxin Cn2.63,64 Display of Fabs on phage has also

resulted in minimally immunogenic high-affinity antibody

variants65 and anti-HIV-1 gp120 variants.66

Many outstanding examples of enhancing the specificity of

antibody fragments binding to small molecules have been

demonstrated using phage display.67–71 For example,

Saviranta, Lövgren, and co-workers employed random muta-

genesis and a simple selection strategy to enhance the steroid

specificity of a Fab. Motivated to improve antibody specificity

for clinical applications, the researchers aimed to decrease the

testosterone-binding ability of an estradiol-binding Fab. A

large excess of free testosterone was added as a competitor

ligand, during selections of a phage-displayed (P3-fused) Fab

library binding to estradiol. This strategy resulted in 20-fold

improvements to Fab specificity.71 In a similar example,

Dubreuil, Ducancel, and co-workers applied a strategy of

saturation mutagenesis and error-prone PCR together with

competition selections to enhance discrimination between 5a-

and 5b-dihydroprogesterone. From these experiments, two

scFvs retained picomoler binding affinity, but emerged with

23-fold and 15-fold improvements to binding specificity.67 The

results illustrate the tremendous accuracy of binding possible

through clever selection conditions, even for complex scaffolds

such as antibodies.

Bacterial display

The development of a molecular display method on the surface

of E. coli provided an effective alternative to phage dis-

play.13,14 Bacterial display retains many useful features of

phage display, such as the high transformation efficiency, ease

of manipulation, and familiarity of handling E. coli. Cell-

surface display methodology such as bacterial display and

yeast display (described below) present thousands of copies of

the displayed protein on the cell surface. The most important

advance made possible by cell-based molecular display

methods is the use of FACS for quantitative screening and

Fig. 2 A two-step method for discovering high-affinity binding

proteins using molecular display. First, displayed peptides with affinity

for the target are selected from a large naı̈ve library. Then, more-

focused, non-stochastic libraries of homologous substitutions are

created for affinity maturation of the receptor–ligand interaction. In

addition to the homolog shotgun scanning method illustrated here,

look-through mutagenesis and other techniques can explore optimiza-

tion by small changes to an initial lead isolated from the naı̈ve library.
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potentially high enrichment ratios of proteins bound to

fluorescently labeled ligands under solution equilibrium

conditions. FACS eliminates the uncertainty that elution

successfully recovers the most tightly bound clones and the

potential for nonspecific binding to the solid support used

to immobilize the target molecule. In addition, different

display levels of receptor variants can be normalized by

quantifying display levels with a second fluorescently-labeled

probe.15 Kd values in agreement with measurements made with

non-displayed proteins can also be obtained using flow

cytometry.72

Though bacterial display was developed in part for

production of live bacterial vaccines,73 bacterial display of

scFvs has been used successfully for affinity maturation. For

example, Daugherty, Georgiou, and co-workers developed a

quantitative system using FACS for selecting affinity-matured

bacterial-displayed scFv mutants bound to fluorescently-

labeled haptens.74,75 After library construction, the first round

of selection applied thermodynamic control conditions, and

the successive two rounds applied kinetic control conditions.

The relative dissociation constants obtained using flow

cytometry were verified by SPR, yielding Kd values of eight

clones ranging from 0.9 to 2.4 nM. This method of rapidly

isolating rare, high-affinity clones was next applied to measure

the effect of mutation frequency on the effectiveness of affinity

scFv maturation.76 Libraries with various mutation frequen-

cies (from 1.7 mutations for a low rate to 22.5 for a high rate of

mutations per scFv gene) were generated by error-prone PCR.

Each library produced affinity matured clones, but the

libraries with a moderate and high number of mutations

yielded the strongest binders. Also, the mutations in the

highest affinity binders included substitutions often outside the

antigen binding site. Thus, unpredictable second sphere

mutations led to the greatest enhancement of binding. The

researchers also found that in vitro scanning saturation

mutagenesis could be applied to obtain affinity-matured

variants.77

The most diverse peptide libraries of any cell-surface display

methods have been produced by bacterial display. Due to the

high transformation efficiency of bacteria, Bessette,

Daugherty, and co-workers could construct a bacterial display

library consisting of 5 6 1010 different polypeptides.78 Using

this diverse library, high-affinity binders to five unrelated

proteins were isolated. The fine affinity discriminating abilities

of FACS-based selections allowed determination of lengthy

consensus motifs from a series of high-affinity binders to each

protein. In conjunction with previously mentioned affinity

maturation techniques and library construction methods such

as homolog shotgun scanning, the technique could conceivably

be used for affinity maturation of proteins.

Yeast display

Yeast display benefits from the advantage of FACS-based

selections,79 yet has the additional feature of including

eukaryotic protein folding pathways and codon usage very

similar to mammalian cells.80 As a result, yeast display is

perhaps the most ideally suited system for the surface display

of mammalian cell-surface and secreted proteins such as

antibodies and T-cell receptors. Since phage and bacterial

display both require bacterial hosts, such libraries could

potentially contain variants with improper folding or

decreased representation due to mismatched human/bacterial

codon bias.58

In an early demonstration of affinity maturation by yeast

display, Kieke, Wittrup, and co-workers isolated scFv mutants

with improved affinity for T-cell receptors.81 Mutant scFvs,

created with an E. coli mutator strain, were selected using a

powerful combination of FACS and thermodynamic control

selections. Although the library size was only 3 6 105 different

scFvs, several mutants with affinities higher than the starting

scFv were discovered. Recommendations for cell-sorting

stringency to result in optimal screening of surface-displayed

libraries, using a statistics algorithm were developed with yeast

display.82 As a test system, two yeast-displayed scFvs were

mixed at a ratio of 1000 : 1 with the 2-fold higher affinity scFv

at the lower concentration. Using a thermodynamic control

selection, an approximately 125-fold enrichment level for the

higher affinity mutant was achieved in a single pass,

demonstrating that yeast display can recover rare, slightly

improved mutants from a large population.83

As previously described, the potential for diagnostic and

therapeutic applications using TCRs motivates affinity

maturation for specific pHLA complexes. A TCR displayed

on yeast with a wild-type Kd of 1.5 mM was affinity-matured

100-fold over wild-type with a library of only 105 mutants in

five amino acid positions. When the wild-type and affinity-

matured TCRs were tested for binding to a pHLA complex on

the surface of T-cells, the mutant demonstrated detectable

levels of binding unlike the wild-type TCR.84 In another

example, a TCR was affinity matured for binding to the

superantigen staphylococcal enterotoxin C3 (SEC3) to uncover

the details of binding between TCR and SEC3.85 After a total

of two rounds of mutagenesis (in the CDR3 region of the

TCR) and six FACS selections, a TCR mutant with a Kd of

7 nM was isolated, representing a #1000-fold improvement in

binding affinity. The improved variant was an effective

inhibitor of T-cell activity mediated by SEC3, unlike the low

affinity TCR variants. This approach to TCR antagonists

against various superantigens could prove useful for treatment

of diseases. More recently, it was demonstrated that the CDR1

and CDR2, in addition to the CDR3,85,86 regions of TCRs

could be mutated to generate high-affinity TCR mutants and

contribute to antigen specificity.87

The cytokine IL-2 is used for the treatment of metastatic

renal cell carcinoma and melanoma. However, IL-2 is rapidly

cleared from the body with a t1/2 of around an hour.88 Rao,

Wittrup, and co-workers demonstrated yeast-displayed affinity

maturation of IL-2 for the receptor IL-2Ra with the goal of

engineering an IL-2 variant with improved therapeutic

value.89,90 By subjecting the IL-2 gene to error-prone PCR

and using a thermodynamic selection against soluble IL-2Ra

at concentrations as low as 0.2 nM, an IL-2 mutant (Kd #
1.1 nM) with a 25-fold improvement over the original IL-2 Kd

of 28 nM was obtained.90 A pulsed bioassay, which

approximated clearance of IL-2 from the body, indicated that

the higher affinity mutant demonstrated increased activity for

T-cell proliferation.
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In one of the largest yeast displayed libraries to date, Fab

antibody fragments were displayed on the surface of

yeast.31,91,92 To construct the 5 6 109 diversity library,

separate VH and VL libraries were created in two different

yeast strains, and then combined into one library through

highly efficient yeast mating. This technology was also applied

to the construction of a large heterodimeric immune Fab

library with diversity of 3 6 109 different members. This

innovative approach should prove very useful for the field of

affinity maturation by accessing larger yeast display libraries.91

Using the 4-4-20 anti-fluorescein antibody model system, a

monovalent scFv mutant with a Kd of 48 fM and an off-rate

>5 days was found through four rounds of error-prone PCR

and kinetic control selections. Error-prone PCR was applied to

the entire scFv rather than focusing on the CDR loops. This

strategy produced a collection of very high affinity mutants

through combinations of small improvements.93,94 A similar

method was successfully applied to improve the retention time

of a scFv against carcino-embryonic antigen (CEA) in tumor

tissue.95 Starting with hMFE (a humanized antibody already

known to bind CEA), Graff, Wittrup, and co-workers

obtained hMFE variants with a large range of improved off-

rates (10 to 1000-fold). The tightest binding hMFE variant had

a t1/2 of nearly 4 days, an improvement over the 10 min t1/2 for

wild-type hMFE. Unfortunately, the hMFE variants were not

stable at 37 uC; therefore, the mutants were next matured for

enhanced stability by selecting for improved display levels on

yeast. This resulted in the highest affinity-matured hMFE

variant retaining 80% binding activity after incubation at 37 uC
for 9 days. These techniques could prove valuable to

enhancing the affinities and stabilities of current scFvs with

short off-rates.

In an example with a new approach to focused mutagenesis,

look-through mutagenesis (LTM) was used to affinity mature

an anti-TNFa scFv previously optimized to a Kd of 1 nM.

LTM, like alanine and homolog shotgun scanning, uses a

binomial set of amino acids in targeted positions. In LTM,

targeted positions are substituted with either the wild-type

residue or one of nine amino acids representing the major

sidechain chemistries—small, nucleophilic, hydrophobic, aro-

matic, amide, or basic. The nine libraries required for complete

coverage of this chemical diversity could also map functional

group requirements for antibody binding. An initial thermo-

dynamic control selection yielded variants with affinities

increased two-fold. Final mutants were selected from a kinetic

control selection, and had dissociation constants improved by

an impressive 870-fold (Kd # 1.1 pM).96

Intrabodies, a disulfide-free form of antibodies, show

potential for controlling intracellular protein function. Using

yeast display, Colby, Wittrup, and co-workers generated single

domain antibodies to inhibit huntingtin (htt) aggregation by

binding to the first 20 amino acids of the Huntington’s disease-

associated htt. Next, the researchers engineered disulfide-free

variants to create an intrabody capable of functioning outside

or inside the reducing environment of the cell.97,98 Having

replaced the disulfide with hydrophobic residues, the intra-

body was next affinity matured to regain the massive affinity

loss following disulfide replacement. The resultant disulfide-

free intrabody could rescue toxicity in a neuronal model of

Huntington’s Disease. Affinity-matured intrabodies have

potential therapeutic value for the treatment of other diseases

caused by protein aggregation.

Ribosome and mRNA display

Both ribosome and mRNA display apply an in vitro

transcription/translation (IVTT) system that circumvents

growth in and transformation of cells (Fig. 3).18 As a result,

IVTT-based methods can potentially create much larger

libraries (routinely >1012) than cell-based systems and

potentially avoid expression bias.99 Libraries are selected using

methods similar to phage display, because the nucleic acid–

protein complexes are too small for detection by FACS.

Another advantage of the IVTT methods is the potential for

Fig. 3 Schematic of ribosome and mRNA display. A) Ribosome

display uses IVTT to yield a ribosome–mRNA–protein complex for

selection against an immobilized target. In step 1, library-encoding

DNA is transcribed with RNA polymerase. The resultant mRNA

(step 2) is translated using bacterial cell extracts, and the displayed

protein bound to the ribosome–mRNA complex is trapped due to the

lack of a stop codon in the transcript. Following selection and elution

conditions (steps 3 and 4, respectively), selectants are reverse

transcribed (step 5), before the process is repeated. (B) mRNA display

creates a covalent protein–mRNA complex by means of a DNA–

puromycin linker. After transcription (step 1), the transcript is

attached to a DNA–puromycin handle (step 2). During translation,

the ribosome stalls at the mRNA–DNA junction (step 3), which allows

puromycin to form a covalent bond with the nascent protein. The

resultant mRNA–protein hybrid can be used for selection and elution

steps (steps 4 and 5), and the cycle repeated, after reverse transcription

(step 6).
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affinity maturation through recursive mutagenesis, in which

selectants are further mutated after each round of selection.

One example of ribosome display applied recursive evolution

using standard Taq DNA polymerase (#1 mutation every

20,000 bases) to amplify the library after each round of

selection.100 This recursive mutagenesis and evolution with

ribosome display was first applied to the affinity maturation of

a scFv binding to a monomeric variant of the transcription

factor GCN4; the best mutant had a 65-fold higher affinity

than the starting scFv.101 More extensive diversification

beyond the capabilities of Taq can be performed by employing

methods such as error-prone PCR,102 mutagenic dNTP

analogs,103 or DNA shuffling.104

A ribosome-displayed library of synthetic scFvs yielded

many scFv variants with 40-fold higher affinities and

dissociation constants as low as 82 pM to bovine insulin.105

In another example, a scFv antibody fragment with a starting

affinity of 1.1 nM was improved 30-fold for binding to

fluorescein. In the same report, ribosome display and DNA

shuffling were used to mature the stability of an antibody

under reducing conditions.4 A peptide-binding antibody

fragment with a Kd of 5 pM, a 500-fold improvement over

its precursor, was generated by ribosome display and then

characterized by X-ray crystallography.106 The crystal struc-

ture revealed that none of the mutations made direct contact

with the peptide ligand, demonstrating again that affinity

maturation can occur through subtle backbone changes or

through networks of sidechain–sidechain interactions.

Ankyrin repeats (AR), disulfide-free, easily-expressed, ver-

satile binding proteins, are well suited for generating diversity,

since repeated structural motifs can be varied while retaining a

constant hydrophobic core. Furthermore, non-antibody scaf-

folds could have superior properties for specific therapeutic

uses.107 As an alternative to antibody libraries, Binz,

Plückthun, and co-workers evolved ARs for binding to

maltose binding protein (MBP) and two kinases.108

Selections were performed on microtiter plates with biotiny-

lated antigen, and ligands to each of the three target proteins

were affinity-matured to the low nM range. The results

demonstrate the high specificity and applicability of AR

proteins as scaffolds for a wide range of applications.107,108

mRNA display, independently invented by two groups, is

functionally very similar to ribosome display with a protein

linked to its encoding mRNA.19,109 However, in ribosome

display, the ternary complex is quite stable, but non-covalent;

in mRNA display, the covalent mRNA–protein complex can

allow for more stringent selection methods such as elevated

temperature. With mRNA display, the mRNA is attached to

puromycin, which can form a covalent bond with the protein

after translation (Fig. 3). As an IVTT method, mRNA display

has the advantage of harnessing easily constructed, often

massive libraries.110 In one example, Wilson, Szostak, and co-

workers used an mRNA display library of nearly 1013

members to identify high-affinity (with Kd as low as 5 nM),

streptavidin-binding linear peptides lacking disulfides.111

Reduced from 88 residues, one 38-residue peptide could be

used as an affinity tag for protein purification.

mRNA display has also been used to select for new protein

motifs that bind to ATP. With 80-mer completely random

peptides lacking structural constraints, a large starting library

of 6 6 1012 was necessary to identify new ATP-binding

motifs.112 Receptors were obtained after eight rounds of

selection, and the library was further mutagenized using error-

prone PCR to affinity mature the remaining clones. After a

total of 18 rounds of selections, new ATP-binding motifs made

up 34% of the library. The strongest binding mutant had a Kd

of 100 nM and was not homologous to any known ATP-

binding motifs. This attractive method to discover new protein

motifs also demonstrates the requirement for affinity matura-

tion of selectants from even the most diverse molecular display

libraries reported to date.

Diagnostic protein microarrays generally require high-

affinity, high-specificity proteins that can function properly

when immobilized on a solid surface. Xu, Lipovsek, and co-

workers designed the small-sized 10Fn3 protein as an antibody

mimic, and engineered higher affinity and specificity than the

starting protein using mRNA display.113 10Fn3 contains three

solvent-accessible loops, similar to the three CDRs in the VH

portion of an antibody. A >1012 diversity library was

constructed at the three 10Fn3 loops and selected for binding

to TNFa. After ten rounds of enrichment for functional

variants, a thermodynamic control selection at elevated

temperature was performed to obtain variants with subnano-

molar dissociation constants. Comparison of selectant binding

to TNFa versus two other cytokines demonstrated that the

selected binders exhibited high specificity. A 10Fn3 antibody-

mimic also retained high affinity and specificity when spotted

on a microarray plate.

Conclusion

A tremendous number of engineered proteins with enhanced

affinity and specificity have been created using a variety of

different molecular display techniques. Harnessing large

libraries and powerful selection methods, new proteins can

be discovered and affinity matured for almost any target. A

general strategy for the affinity maturation of proteins can be

derived from the papers reviewed here. First, moving from

thermodynamic control (affinity-based) to kinetic control (off-

rate-based) selections, or using only kinetic control selections,

generally produced the greatest affinity enhancements. Second,

selecting proteins from libraries constructed by focused

mutagenesis methods, such as LTM or homolog shotgun

scanning, after lead selections from an initial naı̈ve library, can

produce affinity-enhanced variants in addition to providing

structure–activity data. These efforts will eventually expand

applications of proteins used in biomedical applications.

Consequently, molecular display will continue to impact

proteomics, diagnostics, and therapeutics.
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