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mRNA display is a genotype—phenotype conjugation method that allows for amplification-based,
iterative rounds of in vitro selection to be applied to peptides and proteins. mRNA display can be
used to display both long natural protein and short synthetic peptide libraries with unusually high
diversities for the investigation of protein—protein interactions. Here, we summarize the advantages
of mRNA display by comparing it with other widely used peptide or protein-selection techniques,

and discuss various applications of this technique in studying protein—protein interactions.
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The functions of many proteins are realized
by interacting with other proteins. Often, such
protein—protein interactions only occur under
specific conditions. One of the most effective
strategies to obtain a thorough understanding of
a protein of interest is through mapping its pro-
tein—protein interaction network on a proteome-
wide scale, while simultaneously searching the
peptide sequence space to find what random
sequences it can interact with. A number of
protein-selection techniques, including yeast two-
hybrid, phage display, ribosome display, mRNA
display, in vitro compartmentalization (IVC)
and bacteria/yeast cell-surface display, have been
developed to address the challenge [1-12]. For any
protein-selection techniques, the most important
feature is the linkage of a functional peptide or
protein sequence with its coding nucleic acid
sequence. This linkage between the phenotype
and the genotype can be virus or microorganisms
as in phage display, cell surface display and
n-hybrid systems, aqueous micro-droplet as in
IVC, complex of protein and nucleic acid as in
ribosome display and simply a covalent bond as
in mRNA display. In these methods, the pro-
teins are directly or indirectly coupled with either
DNA or mRNA. Many rounds of enrichment
and selection can be performed, thus enabling the
selections for sequences with desired properties
from a very large library. Here, we briefly review

the advantages of mRNA display over other
selection techniques for the investigation of pro-
tein—protein interactions. It should be noted that
some important works on mRNA display are not
discussed, owing to the focus on protein—protein
interactions of this article.

Principle of mRNA display

mRNA display is a completely in vitro selection
technique that allows for the identification of
polypeptide sequences with desired properties
from both a natural protein library and a com-
binatorial peptide library [5-7.12,13]. The central
feature of this method is that the polypeptide
chain is covalently linked to the 3" end of its
own mRNA (Ficure 1). This is accomplished by
synthesis and in vitro translation of an mRNA
template with puromycin attached to its 3’
end via a short DNA linker. During in vitro
translation, when the ribosome reaches the
RNA-DNA junction and translation pauses,
puromycin, an antibiotic that mimics the ami-
noacyl moiety of tRNA, enters the ribosome
‘A’ site and accepts the nascent polypeptide by
forming a peptide bond. This results in tether-
ing the nascent polypeptide to its own mRNA.
When the initial nRNAs are composed of many
different sequences, the corresponding protein
or proteome library will be generated. Since the
genotype coding sequence and the phenotype

www.expert-reviews.com

10.1586/EPR.11.15

© 2011 Expert Reviews Ltd

ISSN 1478-9450 335



Wang & Liu

cDNA library

T7 promoter Kozak Tag 1 Tag 2
] | [T ] e ], ..
o 2. Specific elution
Transcription \Amplification SA
s B
gz H Sequencing and binding analysis
seessy e P
T FT W E
Conjugation wuey P —— — Capture using
streptavidin
agarose
g! ’3 — Chromatograph
Translation
and fusion

P Puromycin
Purification based on
affinity tags .
P — ) DNA puromycin
linker

Binding with
biotin target

gB

Reverse transcription

B Im i rra

2

Streptavidin
agarose

Biotin target

Figure 1. General selection scheme for target-binding partners using mRNA display.

polypeptide sequence are covalently combined within the same
molecule, the selected proteins can be revealed by DNA sequenc-
ing after reverse transcription and PCR amplification. Therefore,
mRNA display provides a powerful means to effectively ‘reverse
translate’ a peptide or protein for reading and amplifying after it
has been functionally isolated from a library with high diversity.
Multiple rounds of selection and amplification can be performed,
enabling enrichment of rare sequences with desired properties.
So far, mRNA display has been successfully applied in the iden-
tification of drug-binding targets, mapping of the protein—protein
interaction network and DNA—protein interaction network, elu-
cidation of the enzyme—substrate interactions, improvement of
the binding affinities of existing affinity molecules, synthesis
of peptides containing unnatural amino acids and evolution of
enzymes from partially randomized protein scaffolds [14-24].

Principles of other screening or selection techniques

& their limitations

There exist many other protein screening platforms that allow
for studying protein—protein interactions (Ficure 2). Here, we
briefly summarize the principles of some widely used screening
techniques and their limitations.

Co-immunoprecipitation coupled with mass spectrometry
Among the techniques available, co-immunoprecipitation (co-IP)
is a widely used conventional method for identifying and verifying
protein—protein interactions. Co-IP can be performed when a pro-
tein of interest is present at the physiological concentration and in
the correct conformation with all the necessary post-translational
modifications and physiological binding partners [25]. The combi-
nation of co-IP with mass spectrometry turns it into a powerful
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Figure 2. Selection scheme of different selection methods.

Co-IP: Co-immunoprecipitation; IVC: In vitro compartmentalization.

approach for screening protein—protein interactions. However, the
success of co-IP is highly dependent on the availability of high-
quality antibodies. One solution is to fuse an epitope or affinity
tag to the protein of interest. Tandem affinity purification is one
of the most robust immunoprecipitation techniques in which the
protein of interest is fused with a tandem affinity purification
tag that allows for highly efficient detection and purification [26].
However, this approach is limited to one round of purification and
enrichment and the signal detection relies on highly sophisticated
mass spectrometric techniques, making it challenging to identify
weak interacting partners, particularly when the abundance is low.

Yeast two-hybrid

The yeast two-hybrid system is widely used to screen for pro-
tein—protein interactions with numerous successes [1.27-29]. The
method is based on the modular nature of the activating and
DNA-binding domains of eukaryotic transcription factors that
can function in close proximity to each other without direct bind-
ing. In yeast two-hybrid, the DNA-binding domain is fused with
a target protein of interest as the bait, while the activation domain
is fused with a library of known or unknown proteins as the prey.

Phage display
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The two plasmids are then transformed into engineered yeast
cells. If the bait and prey fusion proteins physically interact with
each other, the activation domain will be brought in proximity to
the transcription start site, resulting in transcription of reporter
gene(s) and subsequent phenotypic changes of yeast cells [28,29].
The libraries of the proteins used in yeast two-hybrid are typically
from natural sources, such as those based on cDNAs of humans or
model organisms [29]. The major advantage of yeast two-hybrid is
that it is an 7z vivo method in which both the protein expression
and the selection for protein—protein interaction occur in eukaryo-
tic yeast cells. The challenge is that the bait—prey interactions take
place within the yeast nuclei, which are highly regulated and diffi-
cult to manipulate. In addition, the complicity of the intracellular
environment, including numerous positive and negative feedbacks,
compensating pathways and other cellular regulations, could result
in false-positive clones whose origins are difficult to track [30].

Phage display

Another well-established technology for the selection of pep-
tide or protein sequences with desired properties is phage dis-
play. This method uses bacteriophage to noncovalently couple
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a protein with its coding cDNA by displaying the peptide of
interest as a fusion with a coat protein on the surface of fila-
mentous phage [2]. This technology has been widely used to
display randomized short peptide or antibody fragment libraries.
Selected phages containing fusion proteins with desired proper-
ties are used to infect a suitable bacterial host, from which the
phagemids can be collected and the relevant DNA sequences
amplified for the next round of selection or sequenced and ana-
lyzed (31-33). In phage display, the proteins in the library are
expressed in host bacteria, thus transformation is mandatory.
The selection for protein—protein interaction is performed under
in vitro conditions, typically using a technique called biopan-
ning [31,32]. Phage display is most effective in the selection of
short synthetic sequences, which are often poorly correlated
with cellular proteins (34]. Other limitations of phage display
in screening cDNA libraries include the different codon usage
of bacteria from mammalian cells, the lack of post-translational
modifications, and the limited and biased folding capacity of
proteins in bacteria [35].

Cell-surface display

Bacteria and yeast cell-surface displays are similar to phage dis-
play in many ways. The library proteins are fused to a membrane
protein, which acts as an anchor to display the library proteins
on the surface of bacteria or yeast cells [36-38]. In this method,
in addition to biopanning that can be used for the selection, the
targets can be coupled with fluorescent probes, allowing the use
of FACS for target-binding selections [36-38]. The most impres-
sive advantage of this technique is the lower nonspecific back-
ground by using FACS when compared with that of biopanning.
However, the sequence space that can be screened is limited due
to the much lower throughput of the cell-sorting procedure. In
addition, the displayed proteins should be compatible with the
transport machinery of bacteria or yeast to be displayed on the
cell surface correctly.

Ribosome display

Ribosome display is an entirely 77 vitro protein-selection tech-
nique that utilizes stalled ribosome-mRNA—polypeptide com-
plexes to couple a protein of interest with its coding mRNA [3.4].
This method relies on maintaining the integrity of the ternary
complex of mRNA, ribosome and nascent polypeptide chain,
which can be stabilized to some extent by removing the stop
codon, lowering the temperature and adding cations such as
Mg?* [39.40]. Since the transformation step is not necessary, both
synthetic peptide and natural proteome libraries with very high
diversities can be used. The selected peptide or protein sequences
can be directly amplified by PCR or sequenced for the next
round of selection or analysis. The protein expression is per-
formed by using an in vitro cell-free translation system, such
as cell lysates from bacteria, wheat germ or rabbit reticulocyrte.
The major limitation of ribosome display is that the selection
for protein—protein interactions should be carefully performed
under 77 vitro conditions that maintain the integrity of the fragile
ribosome/mRNA/protein complex [39.40].

In vitro compartmentalization

In vitro compartmentalization is an emulsion-based 77 vitro pro-
tein-selection method that noncovalently couples genotype and
phenotype within the same cell-like vesicle 8.9]. Each compart-
ment, typically water-in-oil emulsion, contains no more than one
gene, whose transcription and translation result in the correspond-
ing protein being trapped inside the compartment together with
its encoding cDNA. In principle, any protein libraries, including
synthetic peptide and natural proteome libraries, can be used. The
in vitro transcription, translation and protein—protein interaction
should be performed within the vesicles when the compartments
are intact [8.9.41-43]. To recover the sequences, emulsion will be
broken by successive steps of removing mineral oil and surfactants
and the cDNAs are amplified for the next round of selection or
analysis [41-43]. It is critical to design an appropriate selection
scheme that allows for tracking each protein product to its coding
gene. While this method could be very useful for directed evolu-
tion of enzymes, its application in protein—protein interactions
is not general because of the difficulty in designing a selection
scheme that permits the conjugation of phenotype and genotype
after the compartment is destroyed.

While performing protein selection using these techniques under
in vitro conditions provides great flexibility, i vitro selections could
generate false positives that do not function inside the cells due to
degradation, loss of solubility and conditions different from the
physiological environment. Therefore, in vivo selection has unique
advantages that are difficult to achieve using 77 vitro approaches.

Advantages of mRNA display over other

selection techniques

mRNA display is similar to ribosomal display except the linkage
between the mRNA and the protein is a highly stable covalent
amide bond instead of noncovalent coupling through an unsta-
ble ternary complex. Compared with other protein-selection
techniques, mRNA display provides the advantages listed in the
following section.

Easy & robust recovery of the selected polypeptide
sequences & freedom of using arbitrary

selection conditions

The success of any protein-selection techniques for investigat-
ing protein—protein interactions relies on a selection scheme
that allows specific enrichment of sequences with desired target-
binding properties, while minimizing nonspecific sequences that
might be coselected due to various biases. However, the nature of
the selection techniques often restricts the use of highly specific
selection conditions. In yeast two-hybrid, for example, the selec-
tion conditions cannot be readily controlled because the interac-
tion takes place in the cell nuclei. Ribosome display shares many
important features with mRNA display, such as use of cell-free
translation system and being applicable to protein libraries with
very high diversity. However, the fragile noncovalent conjugation
between genotype and phenotype in ribosome display requires
that the selection should be performed under very mild condi-
tions. By contrast, the phenotype—genotype linkage in mRNA
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display is covalent and highly stable, making it possible to per-
form many types of selection under very stringent conditions.
Optimal selection conditions that allow specific binders to be
distinguished from nonspecific ones can be readily applied. The
selection stringency can be carefully controlled and tuned, includ-
ing using detergents, chelating agents, unusual pH, temperature
and ionic strength, in addition to nonspecific or specific competi-
tors, cofactors and metal ions, as long as they do not affect the
functions of the peptides or proteins.

Making use of very large libraries of candidate sequence
Most protein-selection methods that rely on an i vivo step are
typically limited to relatively small libraries with low complexity,
owing to the low efficiency of transforming or transfecting the
starting cDNA library into the organism of choice. The phage dis-
play allows a complexity in the range of approximately 10°-10",
but typically around 10® [33]. The library size for cell-based selec-
tions, such as the yeast two-hybrid system, bacteria and yeast
surface display, is typically limited to approximately 1 million [30].
In IVC system, water-in-oil micro-droplets with a mean diameter
of 2-3 pm are typically used, corresponding to 10" droplets/ml
of emulsions [42.43]. Since no more than one cDNA molecule
is contained in each compartment where the transcription and
translation are coupled, the diversity of the library is typically
limited to less than 10° [43].

mRNA display is an entire 77 vitro selection method that takes
advantage of cell-free translation systems for the generation of
polypeptide sequences. Both the expression and the selection are
performed 77 vitro. Since no transformation is required, the upper
limit of the library size is dictated by the genetic materials one
can reasonably handle in the laboratory, including the amount
of DNA oligonucleotides that can be synthesized, the volume of
PCR that can be performed to generate the cDNA library and
the volume of in vitro translation reaction to express the protein
library (13]. Peptide or protein libraries containing as many as
10'>~10" unique sequences can be readily generated and selected,
while a few orders of magnitude higher than that can be achieved
using phage display and other selection techniques [13].

For totally or partially randomized peptide or protein libraries,
the much higher diversity provides a big advantage for explor-
ing the sequence space to a greater depth for the identification
of target-binding partners. According to Lancet and colleagues’
model of olfactory receptors and antibodies [44], the affin-
ity of the best binders can increase by 300-fold as the library
size increases 10,000-times [13.44]. Therefore, the larger library
size means the higher possibility of isolating target-binding
sequences with higher affinity and specificity. Compared with
totally synthetic protein libraries, natural proteome libraries
have much lower diversities. The human genome contains only
25,000-30,000 protein-coding genes [45.46]. In principle, the
full-length proteins in the proteome can be displayed. However,
it requires amplification of the genes of interest using gene-spe-
cific primers, which significantly reduces the throughput and
increases the costs of the selection. One compromise is to con-
struct a cDNA library from isolated mRNAs by using a random

reverse-transcription primer to cover all the possible regions of
the open reading frames in the genome. Hence, a much larger
cDNA library is required for the comprehensive coverage of the
protein sequences with desired function, which is enabled by
the large library size feature of mRNA display. In addition, each
gene and each domain of a particular gene can have numerous
copies in an mRNA-displayed proteome library. Therefore, both
the likelihood of isolating rare sequences and the diversity of the
sequences isolated in a given selection are significantly increased.

Minimizing context dependence in both expression

& selection

In many other selection approaches, the context in which an
expressed protein is present can profoundly influence the nature
of the library generated. In phage and cell-surface display, the
candidate protein sequences in the library are expressed in the
context of a fusion protein on the surface of viruses or cells. In
ribosome display, the proteins are displayed on very large ribo-
somes, hence there would be unpredictable interactions between
the huge ribosome complexes with the target. Not being restricted
by these factors, mRNA display allows the use of any candidate
libraries with the random regions present in isolation or within
the context of a desired fusion protein. From the point of view
of protein expression, phage display relies on using the trans-
lational machinery in bacteria for protein expression, while yeast
two-hybrid is limited to yeast cells, although mammalian cells
can be used but with lower efficiency. It is well known that some
sequences are expressed poorly in bacteria or in yeast [47.48]. Very
often, 7 vivo selection biases will be raised against certain pro-
teins and scaffolds, due to folding, transport, membrane insertion
and complexation problems. This is particularly true for partially
unfolded proteins, which are usually rapidly degraded within
cells (47]. These problems can result in the loss of functional
molecules or restrict the nature of the selection procedures that
one can apply. In mRNA display-based selection, the translation
efficiency is the limiting factor. The proteins are expressed in cell-
free eukaryotic translation systems, such as the rabbit reticulo-
cyte lysate, allowing the synthesis of proteins with reasonable
post-translational modifications [49].

Easy removal of abundant sequences from the starting or

selected pools

One major challenge in most protein-selection platforms is that
some abundant sequences, either specific or nonspecific binders,
could dominate the pool as selection goes on. This is a particular
problem for the selections using natural cDNA libraries, in which
the copy number of the most abundant mRNA species could be
more than 10,000-times higher than the least abundant ones [s0].
Some protein sequences with desired target-binding properties
have more copies than others in the initial cDNA library and could
be preferentially enriched, thus interfering with the isolation of
other lower abundance sequences and generating false positives. In
mRNA display, since the nucleic acid coding sequences are always
linked with the selected proteins, those most abundant sequences
could be efficiently removed at the mRNA level. Specifically, after
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obtaining the identity of the abundant genes by sequencing a cou-
ple of hundred clones, biotinylated antisense oligonucleotides are
designed against the common region mapped by aligning the abun-
dant protein sequences derived from the parental proteins [18,2151].
These abundant sequences can be effectively captured and removed
by the complementary oligonucleotides immobilized on streptavi-
din-agarose beads. This unique feature significantly increases the
chance of discovering nonabundant sequences.

Applicable to the selection of protein sequences of

long length

Typically, we use an mRNA displayed proteome library whose
length of polypeptides is in the range of 50-300 residues. Longer
protein sequences with desired length distribution can also be
obtained by appropriate fractionation (e.g., by gel electrophoresis).
Peptides or proteins of this size (5.5-33 kDa) are much more likely
than short synthetic peptides to adopt native conformations or
structures. The high diversity also allows the identification of
residues or motifs that play a range of major or minor roles in
mediating protein—protein interactions.

Compatible with most random mutagenesis methods

Random mutagenesis is now widely used to generate mutations
in directed evolution for the isolation of sequences with desirable
functions [52]. Most random mutagenesis approaches are PCR
based, using methods such as error-prone PCR, DNA shuffling,
random insertion and deletion, and random insertional-deletional
strand exchange [53]. The in vivo screening approaches do not
readily allow the incorporation of these methods directly because
PCR products have to be ligated to a plasmid and transformed into
the host cells. Nevertheless, mnRNA display uses PCR to amplify
cDNA in every round of selection. The resulting PCR products
are directly used to perform 7 vitro transcription and translation,
making it highly compatible with PCR-based mutagenesis and
recombination techniques. Indeed, Fukuda and colleagues used
mRNA display to improve an antifluorescein single-chain variable
fragment antibody from a library generated by error-prone DNA
shuffling and identified five consensus mutations, with the off-
rates decreased by more than one order of magnitude and the dis-
sociation constants improved by 30-fold [22]. Tsuji and colleagues
used mRNA display to screen for GTP-binding proteins from
a DNA shuffling library constructed from the human estrogen
receptor ligand-binding domain [54]. After three rounds of selec-
tion, they successfully identified a novel GTP-binding protein
with K of approximately 224 nM. Schultz and colleagues have
developed an approach for the incorporation of unnatural amino
acids into proteins by introducing an engineered tRNA that can
recognize a stop codon [55,56]. This approach can be used to intro-
duce affinity tags, biophysical probes and substrate analogues
to the library proteins without post-translational modifications.
mRNA display is compatible with this approach and can be used
to screen for proteins or peptides with unnatural amino acids. Li
and colleagues undertook the first attempt to combine these two
systems [57]. They used the engineered THG73 amber suppres-
sor tRNA, which can incorporate biocytin, a biotin derivative of

lysine, to the the UAG stop codon. After two rounds of selection
against immobilized streptavidin, the DNA sequences with UAG
codon dominated the library. In addition to the nonsense suppres-
sion system, novel 7z vitro translation systems utilizing unnatural
base paring or four-base codon—anticodon system can incorporate
a much larger set of amino acids to construct polypeptide libraries
similar to synthetic small molecule libraries (58,59].

mRNA display has been used to synthesize polypeptides that
contain many unnatural amino acids and to evolve de novo pro-
teins with enzymatic activities. Using a reconstituted Escherichia
coli translation system, Szostak and colleagues demonstrated
that the reprogramed genetic code could be used to direct the
ribosomal synthesis of polypeptides containing up to 13 different
unnatural amino acids, including N-methyl amino acids, which
allow for further post-translational cyclization and chemical
derivitization [23,60-62]. Significantly, this system is compatible
with mRNA display, enabling the synthesis of unnatural pep-
tide libraries of 10" unique members for iz vitro selection of
unnatural peptides with desired properties. Seelig and Szostak
used mRNA display to evolve synthetic proteins with genuinely
new enzymatic activities without the need for prior mechanistic
information [24). Starting from an mRNA-displayed, partially
randomized noncatalytic zinc finger scaffold library of very high
diversity, they successfully evolved novel RNA ligases that exhibit
multiple turnover with rate enhancements of more than 2 million-
fold. This system has the potential to be further developed for
the evolution of novel enzymes that bind protein substrates and
catalyze biochemical reactions [24].

Disadvantages & limitations of mRNA display
Despite its unique advantages in addressing a wide variety of bio-
logical problems, mRNA display has limitations like most other
protein-selection platforms do [51]. One major concern is whether
the covalently attached mRNA portion interferes with the func-
tion of the displayed protein or with the interaction between the
target molecule and the displayed protein. It appears that proteins
displayed on the mRNA retain the binding specificity of the free
proteins very well (7. The interference of interaction is possible
when the mRNA is present as the flexible single-stranded form,
particularly for proteins that nonspecifically bind to nucleic acids.
In order to minimize the problem, the mRNA can be reversely
transcribed into an mRNA/DNA hybrid, which has a very rigid
structure and is less likely to interfere with other molecules.
mRNA display works well when the displayed proteins are less
than 300 residues in size. Large proteins might also be displayed,
but typically with lower efficiency [s1. mRNA display cannot
be used to address those proteins whose biological functions
are strictly dependent on the formation of complexes with their
binding partners. Furthermore, mRNA display is not suitable
for displaying membrane-bound proteins due to the difficulty in
expressing such proteins using iz vitro translation systems [29].
Owing to the simultaneous manipulation of proteins and nucleic
acids at a low-nanomolar scale in an RNase-free environment,
mRNA display-based selection is relatively difficult to perform.
The efficiency with which a particular sequence is selected depends
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on several factors, including its mRNA abundance, efficiencies of
PCR amplification, in vitro protein expression, fusion formation
and functional selection. In addition, all the target proteins used
in the selection must be highly purified without contamination
from RNases and proteases. Because of the quick degradation of
RNA by nucleases, mRNA display is not favorable for screening
against the targets on the surface of living cells. Another limitation
of mRNA display is that the solid surface-based biopanning pro-
cedure often results in nonspecific binding, even after preblocking
using bovine serum albumin and tRNA. Thus, it takes quite a few
rounds to enrich a library with a diversity of 10'2-10" [20,63-65].
Furthermore, the mRNA portion of the fusion molecules is highly
negatively charged, so it might be problematic when applied to a
selection where the target is highly positively charged (e.g., a target
protein with an isoelectric point of >9) [63].

There have been several attempts to address these limitations.
To increase the stability of the fusion molecules, conversion of
the single-stranded mRNA in the mRNA-—protein fusion into an
mRNA/DNA hybrid significantly increases the stability of the
nucleic acid portion. A variant of mRNA display, called cDNA
display, has also been developed [66-68]. In this technique, puro-
mycin is introduced by the reverse-transcription primer, thus the
polypeptide will be covalently linked to the cDNA that is presum-
ably more stable. The purification and enrichment efficiencies
by using the target protein immobilized on microsphere beads
are typically low. This prompted the use of other more efficient
separation methods such as microfluidic systems [64]. Tabata and
colleagues showed that a much higher enrichment efficiency could
be achieved by combining mRNA display with a gold microfluidic
chip on which the target protein was immobilized to minimize
nonspecific binding [64]. Using this approach, the washing and
elution can be monitored in real-time and the target-binding
sequences are enriched after two rounds of selection from an
original diversity of approximately 10'2. However, the cost for
higher enrichment efficiency is the loss of ability to obtain binding
partners with low affinity, which could be very useful for many
applications. Thus, this modified version is appropriate for appli-
cations such as the generation of antibody-like affinity molecules,
where only the binders with the highest affinities are desired.

Application of mRNA display in studying
protein—protein interactions

To investigate protein—protein interactions, an ideal protein-selec-
tion method should allow the identification of the target-interact-
ing sequences from both natural protein and synthetic peptide
libraries under the conditions that are specific for such interac-
tions. mRNA display is particularly suitable for such purpose [69].
To perform the selection, the mRNA-displayed peptide or protein
library is first incubated with a target protein of interest (Ficure 1).
The target protein/binding partner complexes are isolated from
the reaction mixture using affinity purification on a solid surface.
After washing away sequences that bind to the target protein non-
specifically, sequences that bind to the target protein in a desired
manner are eluted from the solid surface under mild and highly
specific conditions. The selected mRNA—protein fusion molecules

are then amplified by PCR to regenerate the cDNA library for
the next round of selection. After several rounds of selection and
amplification, the final enriched library is cloned and sequenced
for analysis. The design of the selection scheme is the most critical
issue. If designed appropriately, specific target-binding partners
will be rapidly enriched after several rounds of selection, whereas
a poorly designed selection scheme will either take many more
rounds in order to get desired sequences or enrich for irrelevant
sequences that quickly overwhelm the regenerated library pool.

In general, capture or immobilization of target/binding part-
ner complexes on a solid surface followed by competitive elution
using a free target is an effective approach for specific enrichment.
Selection approaches based on ‘binary’ events such as conditional
binding in the presence or absence of small molecules or a third
regulatory partner can also be effective in identifying proteins with
desired properties. Selections based on binding events where con-
ditions that achieve specificity are not known are challenging and
may take more rounds of selection to enrich the desired sequences.
To facilitate capture and isolation of the target/binding partner
complexes from the reaction mixture, the target protein should be
appropriately tagged. A terminal epitope tag such as polyhistisine
(His x 6), hemagglutinin, E and FLAG tags can be engineered.
However, the binding affinities between these affinity tags and
the corresponding capturing molecules (Ni**-nitrilotriacetic acid
or antibody) are typically in the nanomolar range. Such bind-
ing strength does not allow for extremely tight immobilization
of the target protein on the solid surface, making it difficult to
isolate highly specific and tight binders that often require a very
stringent washing procedure. One effective approach to address-
ing the problem is to biotinylate the target protein, which allows
for immobilization of the target almost irreversibly on the solid
surface coated with streptavidin. Both chemical and enzymatic
biotinylation can be used. The first approach is easy to perform
but suffers from lack of control of the extent and sites of biotinyla-
tion. The latter is achieved by engineering a terminal short peptide
called AViTag™ that can be recognized by a biotin protein ligase
(BirA) for highly efficient and site-specific biotinylation, either
during recombinant expression in an appropriate bacterial strain
or after expression using a purified BirA enzyme [21].

For all the selections, special procedures should be designed
to minimize the enrichment of nonspecific sequences. The wash
step before elution is important. In the target-binding selection,
a stringent wash effectively removes sequences that bind the tar-
get nonspecifically, but it might also result in loss of the desired
sequences if they bind to a target relatively weakly. Typically,
an appropriate wash condition should be determined prior to
selection by using both positive and negative control sequences.
For most selections in protein—protein interactions, gentle and
competitive elution should be applied whenever possible.

The various applications of mRNA display in studying pro-
tein—protein interactions can be classified based on the type of
the initial libraries. The first type of libraries that can be used for
mRNA display-based selection are synthetic combinatorial pep-
tide libraries with varying length of randomized residues or pro-
tein domain libraries containing totally or partially randomized
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amino acids (e.g., single-chain variable fragment antibody library,
fibronectin type III [FN3] domain library or zinc finger scaffold
library). The second type of libraries are natural proteome librar-
ies derived from the mRNAs of organisms (or tissues) of interest.
Direct comparison of these two types of libraries against the same
target using mRNA display has been reported [69].

Wilson and colleagues used mRNA display to identify non-
constrained peptides that bind to streptavidin [70]. Starting with
a library of approximately 10" random peptides, 20 streptavidin-
binding peptides were isolated. These linear peptides contain a
histidine—proline—glutamine consequence motif, with dissocia-
tion constants as low as 5 nM, which are three to four orders of
magnitude higher than those isolated by phage display from lower
complexity libraries of shorter random peptides. Xu and colleagues
used mRNA display to isolate affinity molecules that bound to
TNF-a with the highest K, of 20 pM after ten rounds of selection
from a library of more than 10" unique sequences by randomiz-
ing three solvent exposed loops of the tenth FN3 domain (71]. Ja
and colleagues applied mRNA display to map the epitope of an
antipolyhistidine monoclonal antibody with a random, uncon-
strained 27-mer peptide library [72]. After iterative rounds of selec-
tion and refinement, the resulting peptides bound to the antibody
with 10-75-fold higher affinities than a hexahistidine peptide. The
highest affinity peptides encoded both a short histidine track and
the ARRXA motif, suggesting that the motif and other flanking
residues make important contacts adjacent to the core polyhis-
tidine-binding site. Olson and colleagues used mRNA display
to isolate affinity molecules that bind to phosphorylated IxBa
from an FN3 domain library with 3 x 10" unique sequences. One
of the affinity molecules they isolated bound to phosphorylated
IkBa with an affinity of approximately 18 nM and was more
than 1000-fold specific compared with the nonphosphorylated
peptide [73]. The same library was also used to screen for inhibi-
tors of nucleocapsid protein of severe acute respiratory syndrome
coronavirus [74]. Six N-terminal binders and two C-terminal
binders of severe acute respiratory syndrome nucleocapsid pro-
tein were isolated after six rounds of selection. The best sequence
has an affinity of approximately 1.7 nM and seven of the isolated
binders can inhibit the virus replication from 11- to 5900-fold.
Matsumura and colleagues used mRNA display to select Bel-xL
inhibitors from a 16-mer peptide library [75]. The best inhibitor has
an IC, of 0.9 uM, approximately ten-times better than the natural
inhibitor: BH3 domain of Bak protein. Kosugi and colleagues
used mRNA display to define consensus patterns and properties
of importin o-dependent nuclear localization signals (NLSs) [76].
Starting from an mRNA-displayed random peptide library, they
were able to identify six classes of NLSs that specifically bound to
distinct binding pockets of importin o, including two noncanoni-
cal classes that specifically bound the minor binding pocket and
two classical monopartite NLSs that bound to the major binding
pocket. Austin and colleagues demonstrated that mRNA display is
a powerful technology that can be used to evolve short peptide lig-
ands that target protein families with high class specificity and state
specificity (77]. Starting from an mRNA-displayed peptide library
based on the short Go-modulating peptide R6A-1, they were able

to identify and further maturate R6A-1 variants that target a con-
vergent protein-binding surface of Gas/GDP. Interestingly, the
selected peptides made specific contacts with the effector-binding
region of Ga.. The optimized matured Gais(s)-binding peptide-1
peptide showed remarkable selectivity and affinity, exhibited little
or no binding to nine homologous Ga. subunits or human H-Ras,
and discriminated the Gats splice variant Ga.

There have also been a lot of successful cases using mRNA
display on natural proteomic libraries. Hammond and colleagues
used mRNA display to screen for natural proteins that can bind to
the anti-apoptotic protein BclxL from a mixture of four human
cDNA libraries derived from kidney, liver, bone marrow and brain
tissue [14]. After four rounds of selection, more than 70 different
proteins were obtained, including known Bcl-xL-binding part-
ners such as Bim, Bax and Bak. Horisawa and colleagues used a
similar approach to identify the binding partners of transcription
factor Jun from a mouse brain proteome library [17]. A total of
20 sequence groups of proteins were isolated after five rounds
of selection, among which 16 sequence groups had already been
known and four of them were hypothetical Jun-interacting pro-
teins. McPherson and colleagues used mRNA display to examine
drug/receptor interactions by identifying the binding target(s) of
the small molecule therapeutic agent FK506 [16]. Starting with an
mRNA-displayed proteome library from human liver, kidney and
bone marrow, FKBP12, the well-known FK506-binding protein,
was found to be the dominant clone after three rounds of drug-
binding selection. They further demonstrated that the method
allowed mapping of the minimal drug-binding domain within
FKBP12. Shen and colleagues used mRNA display to screen a
human proteome library derived from brain, heart, spleen, thymus
and muscle for Ca**-dependent calmodulin binding partners [13].
After two rounds of selection, a large number of proteins that
can bind calmodulin in a Ca?*-dependent manner were identi-
fied, with the dissociation coefficients ranging from nanomolar
to micromolar. A similar study has been performed by using the
adult Caenorbabditis elegans proteome library. After two rounds
of selection, nine known and 47 novel Ca?*/calmodulin-binding
proteins were enriched [19]. A similar strategy was used to identify
the associating proteins of tyrosine phosphatase nonreceptor type
substrate-1 (SHPS-1) from a cDNA library constructed from vas-
cular smooth muscle cell mRNA [78]. A number of proteins that
were not known to bind to phosphorylated SHPS-1 were isolated.
Miyamoto-Sato and colleagues used mRNA display to map the
transcription regulation network [79]. They used 68 proteins to
represent 50 human transcription factors as the baits and screened
for the sequences that can bind to these proteins from a human
brain cDNA library. After verifying the interactions by pull-down
assays, they analyzed the interaction networks and generated a
domain-based protein interaction database.

mRNA display has also been used to study the specificity of
antibodies. Shibui and colleagues used a monoclonal antihuman
p53 antibody as the target and screened binders from a cDNA
library constructed using mRNAs from several tissues and cell
lines [80]. Five proteins were found to bind to the antibody,
including p53 protein, with a consensus motif of SDLXKL.
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mRNA display has also been used to identify the natural down-
stream substrates of enzymes such as kinases and proteases. Cujec
and colleagues used mRNA display to study the substrates of the
v-abl tyrosine kinase from both a synthetic peptide library and a
natural proteome library [15]. When the synthetic peptide library was
used, a consensus sequence closely matching that previously reported
for the v-abl tyrosine kinase was isolated. Selections from a pro-
teomic library derived from cellular mRNAs revealed several novel
targets of v-abl, including a new member of a class of SH2 domain-
containing adaptor proteins. Ju and colleagues designed a general
strategy to identify the downstream substrates of highly specific
proteases [21]. In this method, the substrate library was immobilized
on streptavidin agarose. Upon incubation with a protease of interest,
the substrates were cleaved and the corresponding mRNAs released.
They used this method to identify the downstream substrates of
human caspase 3 and obtained 115 positive sequences [21].

Expert commentary

Currently, biopharmaceuticals based on drug target-binding affin-
ity molecules are considered to be the future of pharmaceutical
industry. Indeed, targeted protein therapeutics based on human-
ized anti-EGF receptor, anti-HER2 and anti-VEGF monoclonal
antibodies have been demonstrated with clinical efficacy in sev-
eral cancers, including breast, lung and colon malignancies. Many
target-binding biopharmaceuticals rely on a full-length human-
ized monoclonal antibody that is difficult to optimize through a
directed protein evolution approach. Currently, there is an urgent
need for the development of small protein domains that are ame-
nable for directed protein evolution to create the next-generation
affinity molecules exhibiting desirable therapeutic or targeting
features. Recently, the patent rights to mRNA display technology
were acquired by Bristol-Myers Squibb as a major protein design
engine for the systematic development of biopharmaceuticals with
high potency and specificity 101]. CT-322, an FN3 domain-based

antagonist of VEGF receptor-2 developed by using mRNA display-
based protein—protein interaction selections, is currently under
clinical trials in oncology, including in patients with recurrent
glioblastoma multiforme, metastatic colorectal cancer and non-
small-cell lung cancer. The success of this product will further
justify the potential high power of mRNA display in the develop-
ment of targeted therapeutic or diagnostic agents for the treatment
of many human diseases.

Five-year view

Currently, mRNA display is a totally 77 vitro peptide or protein
selection method. Owing to its unique features, we expect that this
technique will be widely applied to investigate many different types
of protein—protein interactions that are difficult to address using
other protein-selection techniques. In particular, it is ideal for the
investigation of conditional protein—protein interactions that rely
on the present of a third partner. We expect that improvement
will be made to make mRNA display suitable for selections using
bioactive receptors on the surface of living cells. We also expect
that mRNA-displayed full-length proteins, such as all the proteins
involved in a particular signaling pathway, will be used to under-
stand their comprehensive protein—protein interaction networks
and the regulatory mechanisms governing them.
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Key issues

Easy and robust recovery of the selected polypeptide sequences
Freedom of using arbitrary selection conditions

Making use of very large libraries of candidate sequences
Minimizing context dependence in both expression and selection

Applicable to the selection of protein sequences of long length
Compatible with most diversity-generation methods

peptide libraries, including:

mRNA display has many advantages over other widely used peptide or protein-selection techniques, including:

Easy removal of the abundant sequences from the candidate pools

Researchers have used mRNA display to study various protein—protein interactions from both natural protein and synthetic

— Generation of affinity molecules against target proteins from synthetic polypeptide libraries

Studying the specificity of antibodies

Mapping the consensus-binding motifs of proteins

Identifying the downstream substrates of kinases and proteases
Evolution of enzymes from partially randomized protein scaffolds

Mapping protein—protein interactions network from proteomic libraries
Mapping DNA—protein interactions network from proteomic libraries
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