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ABSTRACT. MRNA display is a genotypephenotype conjugation method that allows the amplification-
based, iterative rounds of in vitro selection to be applied to peptides and proteins. Compared to prior
protein selection technigues, mMRNA display can be used to select functional sequences from both long
natural protein and short combinatorial peptide libraries with much higher complexities. To investigate
the basic features and problems of using mRNA display in studying conditional prpteirin interactions,

we compared the target-binding selections against calmodulin (CaM) using both a natural protein library
and a combinatorial peptide library. The selections were efficient in both cases and required only two
rounds to isolate numerous €&aM-binding natural proteins and synthetic peptides with a wide range

of affinities. Many known and novel CaM-binding proteins were identified from the natural human protein
library. More than 2000 CaM-binding peptides were selected from the combinatorial peptide library. Unlike
sequences from prior CaM-binding selections that correlated poorly with naturally occurring proteins,
synthetic peptides homologous to the 2Q&aM-binding motifs in natural proteins were isolated.
Interestingly, a large number of synthetic peptides that lack the conventional CaM-binding secondary
structures bound to CaM tightly and specifically, suggesting the presence of other interaction modes between
CaM and its downstream binding targets. Our results indicate that mRNA display is an ideal approach to
the identification of C&-dependent proteinprotein interactions, which are important in the regulation

of numerous signaling pathways.

One of the most effective strategies to get a thorough accomplished by synthesis and in vitro translation of an
understanding of a protein of interest is through mapping mRNA template with puromycin attached to itsehd via a
its conditional interactions with other proteins on a proteome- short DNA linker. During in vitro translation, when the
wide scale, while simultaneously searching the peptide ribosome reaches the RNADNA junction and translation
sequence space for the binding specificity. The ideal methodpauses, puromycin, an antibiotic that mimics the aminoacy!
should allow the identification of target-interacting sequences moiety of tRNA, enters the ribosome “A” site and accepts
from both natural protein and combinatorial peptide libraries the nascent polypeptide by forming a peptide bond. This
under the conditions that are specific for such interactions. results in tethering of the nascent peptide to its own mRNA.
A number of approaches have been developed to addresssince the genotype coding sequence and the phenotype
this problem. The yeast two-hybrid method has been widely polypeptide sequence are united in a single molecule, MRNA
used to isolate interacting sequences of_a target protein fromdisplay provides a powerful means for reading and amplify-
natural cDNA libraries 1, 2). Phage display is another 4 3 peptide or protein sequence after it has been selected
approach to the selection of sequences with desired functionsy, the pasis of its function. Multiple rounds of selection and
often flrom a short cq(;nblnatonal _pept||de |,'bra®'(g”2°r'h amplification can be performed, enabling enrichment of rare
t.un.ate_ Y, ”.“’St peptll eor pr_qteln se ec'gon ”?et. 0as avesequences with desired properties. Compared to prior peptide
limitations in addressing conditional proteiprotein interac- or protein selection methods, MRNA display has several
tions. . . . L . major advantages. First, the genotype is covalently linked

mRNA display is a relatively new in vitro selection . . .

. . e o to and is always present with the phenotype. This stable
technique that allows the identification of conditional . d . . ;
protein—protein interactions from both a natural protein Imka_g_e m"’?"es It posglble to use any arbitrary and strlnggnt
library and a combinatorial peptide libra~6). The central c?rt1r<]:i|t|onst|r:jthe functt|o_nalllselectlon. iecolnd, t?e tchoerlfeﬁ:ty
feature of this method is that the polypeptide chain is (I;NAe p%ph;Ae or lproPelnt_(lj rary ca? . eI.EOS(? 0 at of the
covalently linked to the '3end of its own mRNA. This is or pools. Feptide or protein libraries containing

as many as 18-10' unique sequences can be readily
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features and potential problems of using mRNA display in selection using a phage-displayed combinatorial peptide
studying conditional proteinprotein interactions. ldeally, library (23). Another problem in phage-display-based selec-
this question should be addressed by comparing two selec-ion is that the selected peptide sequences usually correlate
tions against the same target using both a natural proteinpoorly with naturally occurring proteins in GenBank. Indeed,
and combinatorial peptide libraries, so that the interacting none of the selected CaM-binding peptides was found to be
partners in both the proteome of interest and the sequencenomologous to natural CaM-binding proteins. We hypoth-
space can be examined. The model target we chose toesized that the observed poor correlation could be due to
compare here is CaMwhich is considered as the primary low complexity of the initial libraries. Accordingly, screening
transducer of C4 signals in eukaryotes. Although numerous a synthetic peptide library with much higher complexity
CaM-binding proteins have been revealed, novel signaling could result in better correlation. However, most in vitro
pathways mediated by CaM are continuously identifiéd (  selection techniques only allow screening of peptide libraries
7). Like many other C&-sensing proteins, CaM contains with less than 19 sequences. Therefore, a novel strategy
EF-hand motifs as Ca binding sites and undergoes distinct should be used to address the problem.

conformational changes upon binding with?CaCaM is In this work, we describe the €dCaM-binding selection

involved in a wide variety of biological processes through
its interaction with many different protein targets, which
come in various shapes, sizes, and sequei&es4). Many
Ca&"-dependent CaM-binding proteins have one or more
CaM-binding motifs that are characterized by a basic
amphipathic helix with approximately 20 amino acids in
length 5—17). On the basis of the positions of the
conserved hydrophobic residue®)( three related Ca/

using an mRNA-displayed combinatorial peptide library with
about 162 unique sequences. More than 200 @@aM-
binding peptides were identified, including several that were
highly homologous to the CaM-binding motifs in naturally
occurring proteins. We also compared the CaM-binding
selection from a human protein domain library with that from
the combinatorial peptide library. The selection was very
efficient in both cases, and CaM-binding natural proteins and

CaM-binding motifs have been grouped, namely 1-10, 1-14, synthetic peptides with a wide range of affinities were
and 1-16 motifs, which refer to groups of sequences whoseenriched. Some unique features and potential problems of
key bulky hydrophobic residues are spaced 8, 12, and 14mRNA-display-based selection were revealed. Our results
residues apart, respectively. Another well-known CaM- indicate that mRNA display is an ideal approach to the

binding motif is the 1Q or 1Q-like motif, which has a
consensus sequence of (FILV)QRK)GX3(RK)X.® or
(FILV)QX3(RK), respectively 18, 19). Due to the presence

identification of C&"-dependent proteinprotein interactions,
which are important in the regulation of numerous signaling
pathways.

of numerous CaM-binding moatifs, a robust selection strategy
should allow the identification of peptides or proteins with EXPERIMENTAL PROCEDURES
all of the subclasses of CaM-binding moitifs. Construction and Generation of MRNA-Displayed Protein
Phage display had been used to identify CaM-binding and Peptide LibrariesThe mRNA-displayed natural protein
peptides from combinatorial peptide libraries. Dedman and domain library was generated with a mixture of poly(A)
co-workers reported the first CaM-binding screening using mRNAs from human brain, heart, spleen, thymus, and muscle
a phage library displaying random peptides 15 amino acids as reported recentl). For the combinatorial peptide library,
in length Q0). Twenty-eight independent CaM-binding a preselected, high-quality DNA library that codes for
sequences were isolated in this screen, and all contained geptides with 20 consecutive random amino acids was used
tryptophan residue within the 15 amino acid insert. Kay and as templates for in vitro peptide synthesi®4)( Each
co-workers used a phage library displaying random peptidessequence in the DNA library contains a T7 RNA polymerase
26 amino acids in length for CaM-binding sequenc28.( promoter, a TMV translation enhancer sequence, an N-
Twenty CaM-binding peptides were identified in this work, terminal FLAG tag coding sequence, a random cassette
and 17 contained one of the three consensus sequence motiféncoding 20 consecutive random codons, and & tdig
Interestingly, the sequences of the selected peptides fromcoding sequence. The library was preselected using mRNA
these two selections had little in common, which was display to remove sequences with stop codons and frame
attributed to different types of combinatorial peptide libraries shifts. Unlike prior CaM-binding selections in which all of
used in the selection. It is now clear that phage display could the random residues were coded by an NNK codor~(S,
preferentially select high-affinity interacting peptides atthe A, T, or C; K= G or T) (20, 21, 23), we started from a
expense of low-affinity binders, presumably due to biases library that encoded short peptides with more balanced amino
against certain sequences at different st@gs (n the work acid compositions (Supporting Information, Table 1). This
reported by Nairn and co-workers, for example, two CaM- was realized by using three phosphoramidite mixtures with
binding sequences (AWDTVRISFG and AWPSLQAIRG) appropriate proportions of each of the four phosphoramidites
comprised 80% of the pool after two rounds of affinity in the DNA synthesis, corresponding to each of the three
positions in the random codon®4, 25). The DNA library

! Abbreviations: CaM, calmodulin; CAMK2D, calcium/calmodulin-
dependent protein kinase # isoform; CBSPP, CaM-binding site
prediction program; CDC5-LSchizosaccharomyces pondadl division
cycle 5 homologue-like; GLUT4, glucose transporter membe#;
binding affinity; MLCK, myosin light chain kinase; MYBL1, v-myb
myeloblastosis viral oncogene homologue (avian)-like 1; Ni-NTA&;Ni

nitrilotriacetic acid; PPP3C, catalytic subunit of protein phosphatase 3

o isoform; snRNA, small nuclear RNA; TBC1D4, TBC (Tre-2, BUB2,
CDC16) domain-containing family member 4; TMV, tobacco mosaic
virus; TNT, coupled in vitro transcription and translation.

was in vitro transcribed using T7 RNA polymerase (Ambion,
Austin, TX) to get mRNAs. The mRNA templates with
puromycin at the 3ends were generated by cross-linking
with an oligonucleotide containing a psoralen moiety and a
puromycin residue at its mnd 3 ends, respectivel\26). In
vitro translation was performed using rabbit reticulocyte
lysate (Novagen, Madison, MI), and mRN#rotein fusion
formation was accomplished under optimized conditic)s (
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mMRNA templates and mRNAprotein fusions were then
isolated from the lysate using an oligo(dT) column, taking
advantage of oligo(dA) residues at the puromycin-containing
DNA linker [psoralen-(ATAGCCGGTG)OMe-dA;5-CC-
puromycin]. To remove secondary RNA structures that might
interfere with the selection step, the fusion molecules were
converted to a DNA/RNA hybrid by reverse transcription.
The resulting mRNA-displayed peptide library was succes-
sively purified on the basis of each of the affinity tags at the
N- and C-termini. More than 85% of the purified sequences
had contiguous ORF without stop codons or frame sk (

On the basis of the large number of clones we have picked
up from the initial library for sequencing analysis, none was
found to be identical to others.

Selection of C&-Dependent CaM-Binding Sequences
from mRNA-Displayed Peptide or Protein LibrarieBhe
purified combinatorial peptide or natural protein library
displayed on their own mRNAs-(1.5—3 pmol each round)
was first diluted in a selection buffer (50 mM Tris-HCI, pH
7.5, 150 mM KCI, 0.05% Tween-20, 1 mg/mL BSA, 5 mM
2-mercaptoethanol, and 0.5 mM Thand passed through
a precolumn with 10QuL of streptavidin beads (Pierce,
Rockford, IL) to minimize the enrichment of matrix-binding
sequences. The flow-through was incubated withug5of
biotinylated CaM 6) for 1 h at 4°C. After binding, the
mixture was incubated with 100L of streptavidin beads
for another 0.5 h followed by loading to an empty column.
Unbound and nonspecifically bound molecules were washed
off the column using 18 and 40 column volumes of selection
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Ficure 1: Selection of C&-dependent CaM-binding sequences
using an mRNA-displayed combinatorial peptide library: mRNA,
green; DNA, red; protein, yellow circles; puromycin, blue circle
labeled with P; streptavidin beads, orange cross. The 20 random
amino acids (raa) are shown as a black bar at the DNA level, flanked
with two affinity tags at both sides.

¢DNA Library

In Vitro CaM-Binding AssaysAn aliquot of purified
peptide or protein was incubated with an appropriate amount
of biotinylated CaM in a well of 96-well microplate in a
CaM-binding buffer (25 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 1 mg/mL BSA, 5 mM 2-mercaptoethanol) at room
temperature for 60 min. The binding was performed in the
presence of 1 mM Ca or 2 mM EGTA. The CaM-peptide
or CaM—protein complexes were then captured by adding
20 uL of a streptavidin-agarose slurry on the same plate,
and the mixture was incubated at room temperature for 30
min with gentle mixing. After removal of the supernatant,
the beads were washed four times each with 4Q0of
corresponding binding buffer to wash away unbound mol-
ecules. Peptides or proteins captured by CaM were then
gently released from the beads by chelating'Gssing 100

buffe_r fo_r the natural _protein library and combinatorial uL of elution buffer (CaM-binding buffer supplemented with
peptide library, respectively. Molecules that bound to CaM > mm EGTA). Each fraction, including flow-through,

in a C&"-dependent manner were eluted using the same
buffer containing 2 mM EGTA. The selected molecules were
PCR amplified for the next round of selection or cloned into
a TOPO vector (Invitrogen, La Jolla, CA) for sequencing
and analysis.

Synthesis and Purification of Selected Peptides or Prateins
To examine the CaM-binding properties of a large number
of selected peptide sequences, a parallel CaM-binding assa
was used. First, individually cloned sequences selected from
round 1 or round 2 were PCR amplified and used as
templates for a coupled in vitro transcription and translation
(TNT) reaction in the presence of I4Ti of [**S]methionine
(Perkin-Elmer, Wellesley, MA) in a total volume of 28.
for 90 min at 30°C. Expressed peptides or proteins were
purified using Ni-NTA agarose (Qiagen, Valencia, CA),
either individually or in a 96-well microplate format. To
purify peptides or proteins using 96-well plates, /25 of
the TNT reaction mixture was diluted into 10Q. of Ni-

NTA binding buffer (50 mM HEPES, pH 7.4, 300 mM NaCl,
0.05% Tween 20) and incubated with 25 of Ni-NTA
agarose at room temperature fb h with gentle shaking.
The mixtures were then transferred to a 96-well filter plate.
The supernatant was removed by applying vacuum in a
manifold for 3 min. The Ni-NTA resin in each well was
washed with 80@L of binding buffer for four times. Bound
peptides or proteins were then eluted twice each withl50

of elution buffer (50 mM HEPES, pH 7.4, 300 mM NacCl,
250 mM imidazole, 0.05% Tween 20). Peptides or proteins

washes, eluates, and agarose beads, was recovered. The
binding percentage was determined from the scintillation
counts of each fraction.

Binding Affinity of Selected CaM-Binding Peptides or
Proteins To determine the binding affinity, biotinylated CaM
with different final concentrations (from 5 nM to 14M)
was used to interact with an appropriate amount of purified,

¥35S]methionine-labeled peptides or proteins in a polypro-

pylene 96-well microplate. The binding assay was performed
in the presence of 1 mM Ga The radioactive counts of

the flow-through, washes, eluates, and agarose beads were
counted. The binding assay was performed twice, and the
averaged data were fitted to a binding curve using GraphPad
Prism software.

RESULTS

CaM-Binding Sequences Were Selected Very Efficiently
from both Natural Protein and Combinatorial Peptide
Libraries. The length of the protein portion from the ORFs
of the natural protein library was in the range of-8D0
amino acids. Typically, 1.5 pmol~10Y molecules) of
mRNA-displayed protein sequences was generated and used
in the binding selection. Therefore, each protein and its
fragments should have numerous copies. The combinatorial
peptide library has a complexity of approximately5L02,
which is more than 3 orders of magnitude higher than those
used in most phage-display-based selecti@4}. (We then

thus purified were passed through a Zeba desalt spin columnperformed C#&'-dependent CaM-binding selection using

(Pierce) to further remove residual freé’gJmethionine
before being used in the binding assay.

either an mRNA-displayed natural protein domain library
or a combinatorial peptide library. Figure 1 illustrates the
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Table 1: Sequences and CaM-Binding Properties of Several CaM-Binding Protein Fragments Isolated from the mRNA-Displayed Human

Protein Domain Library

isolated protein fragment and potential CaM-binding motif % binding with C&" % binding with EGTA
S no. its mapped CaM-binding motif predicted by CBSPP (elution/on beads) (elution/on beads)  Kq(nM)

P1 CaMK2D; D248-R390 from BAD92525; contains a database 27113 0.7/2.6 326
32RRKLKGAILTTMLATR basic 1-5-10 motif

p2 PPP3CA; E382R478 from NP_000935; contains a database 54/9.5 0.1/0.1 193
393 EVIRNKIRAIGKMARVFSV 1-5-8-14 motif

P3 MLCK; M1736-G1823 from NP_444253; contains a database 42/12.7 1.8/1.4 264
T RRKWQKTGNAVRAIGRLSSM basic 1-8-14 motif

P4 TBC1D4; D826-G925 from NP_055647; 9.8/32.8 2.9/15.5 163
838ELRSLWRKAIHQQILLLR

P5 CDC5-L; A22-E115 from NP_001244; 31.7/14.6 0.9/2.2 3£ 6
SWSRIASLLHRKSAKQCKAR

P6 MYBL1; K30—E191 from XP_034274; 25.8/26.4 3.4/13.5 325

15lYEAHKRLGNRWAEIAKLLP

aThis column lists the name of the protein, the region of the fragment isolated from the selection, and the CaM-binding motif included in this
region predicted using a CaM-binding site prediction program (CBSPP). The underlined residues are the key bulky hydrophobic residues as reported
in the literature? This column lists the type of the CaM-binding motifs predicted by CBSPP. Each of these motifs refers to a group of sequences
whose key bulky hydrophobic residues are spaced 8, 12, and 14 residues apart, respectively, based on the classification detailed in

http://calcium.uhnres.utoronto.ca/ctdb/ctdb/3cIn-big.html.

selection scheme. In both selections, the signal was close to
background in round 1 but rapidly increased to approximately
8% in round 2 (Supporting Information, Figure 1). Among
the 269 annotated or hypothetic proteins isolated in round 1
from the natural protein library, 28 known and 99 novel
CaM-binding proteins were confirmed using the CaM-
binding assay®). Interestingly, almost all of the sequences
from the round 2 pool bound to CaM in a €adependent
manner. Out of 120 sequences we thoroughly analyzed from
round 2, 72 were from 12 classes of well-known CaM-
binding proteins, including different isoforme.,(f3, v, and

0) of Ca&*/CaM-dependent protein kinases, different isoforms
(o, B, andy) of Ca*/CaM-dependent protein phosphatases,
C&* transporting ATPaseq. Il spectrin, phosphoinositide
3-kinase, myosin heavy polypeptides, voltage-dependent
sodium channel Il, DEAD-box protein, cyclic nucleotide
phosphodiesterase, myosin light chain kinase, dystrophin, and
nitric oxide synthase. The remaining 48 sequences were from
potential novel CaM-binding proteins, including TBC1
family members. Other well-known CaM-binding proteins
were found when more clones were picked up for analysis
(data not shown).
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We picked up several selected sequences to detail theirFicure 2: In vitro binding analysis of several selected natural
CaM-binding affinity and specificity. These sequences protein fragments (A) or peptides (B) with biotinylated CaM.
include selected protein fragments originating from well- Radiolabeled protein fragments or peptides were generated by TNT

hindi : and purified using Ni-NTA. The purified TNT product was
known CaM-binding proteins (CAMK2D, PPP3C, and incubated with biotinylated CaM in the presence of 1 mM GacCl

MLCK), together with a few originating from potential novel o 2 mm EGTA. The complex was captured with streptaviein
CaM-binding proteins (TBC1D4, CDC5-L, and MYBL1). agarose beads. After extensive wash, the bound molecules were
As shown in Table 1 and Figure 2A (also Supporting eluted using a buffer containing 2 mM EGTA. Tieaxis is the

Information, Figure 2A), these protein fragments bound to Percentage (%) of a protein or peptide present in the EGTA elution
and beads calculated from its radioactive counts. Panel A: 1,

CaM tightly and sp_eC|f|caI_Iy. _ The binding was highly CAMK2D: 2. PPP3C: 3, MLCK: 4, CDC5-L: 5, TBC1D4: 6,
dependent on C4, as it was significantly reduced when®a  MyBL1. In panel B, X1 and X2 are negative controls, and others
was chelated. The binding affinities were in the range of are different round 2 peptides. Only the combined percentage from
16—37 nM, and those of known CaM-binding proteins were elution and those that remained on beads are shown. White bars:

close to that reported in the literatur27( 28).

We attributed the efficient enrichment of CaM-binding
proteins from the natural protein library to its relatively lower
complexity (<10” unique protein sequences) and the presence

binding in the presence of €a Black bars: binding in the presence
of EGTA. The percentages of all of the fractions are given in
Supporting Information, Figure 2.

of a large number of CaM-binding proteins in the human selection before the pool is dominated by?Gédependent

proteome. Since the combinatorial peptide library is totally CaM-binding peptides. Surprisingly, a similar selection
unnatural and contains more tharx5L0'2 unique sequences, profile was obtained (Supporting Information, Figure 1).
we postulated that it should take many more rounds of Unlike in the selection using the natural protein library in
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Table 2: Some Selected CaM-Binding Fragments Originated from Known CaM-Binding Proteins Whose CaM-Binding Motifs Have Been
Reported

protein fragments isolated from our selection and
protein its CaM-binding motif reported in the literatdre

1-10 Subclasses

basic 1-5-10 motif

CaM kinase llo. subunit (NP_741960) H273K328; RRKLKGAILTTMLATR
CaM kinase 113 (NP_001211) E244A364;2RRKLKGAILTTMLATR
CaM kinase llo (BAD92525) E316-R390;%?'RRKLKGAILTTMLATR
1-5-10 motif - - -
CaM kinase | (NP_003647) 12365324;3°OWKQAFNAAVVRHMRKLQL
CaM kinase kinase. (NP_757343) V371E470;*PSWTTVILVKSMLRKRSFGNPF
heat-shock 90 kDa (NP_001017963) Q616K668; XNSAFVERLRKHGLEVI
heat-shock 90 kDA (NP_001004082) V381P516;*°*NSAFVERVRKRGFEVV
heat-shock 70 kDa protein 8 (NP_006588) G263801;’KRAVRRLRTACERAKRTLSSS
utrophin (NP_009055) E687L764; *9KKFDAISAELLNWILKWKTA
1-14 Subclasses
1-8-14 motif
nonerythroido-spectrin (NP_003118) M1174.1256;18ASPWKSARLMVHAVATFNSI
basic 1-8-14 motif - - -
myosin light chain kinase (NP_444253) K17381824; " RRKWQKTGNAVRAIGRLSSM
1-5-8-14 motif - - -
calcineurin Aa. (NP_000935) G386E472;3KEVIRNKIRAIGKMARVFSV
calcineurin A3 (NP_066955) E3995455;%%KEIIRNKIRAIGKMARVFSV
calcineurin Ay (NP_005596) V364 G469;38KEIIRNKIRAIGKMARVFSI
titin (NP_596869) S31513G31622252HTLIKKDLNMVVSAARISCG
plasma membrane €aATPase 1b (NP_001673) G107&1168;QILWFRGLNRIQTQIRVVNA
TBC1 domain member 4 (NP_055647) K834884;83¥%ELRSLWRKAIHQQILLLR
1-16 Subclass
DEAH box polypeptide 57 (NP_945314) V4205424V NLKKKISKRYDWQAKSV.
1Q or 1Q-like Subclasses
myosin heavy chain 1 (NP_005954) Q16151125;111 GMQLQKKIKELQARIEELE
dynein heavy polypeptide 1 (NP_001367) H4a3534;“2EYEKLQVLLRDIVKRKREEN
mitochondrial H-ATP synthase, F1-1 (NP_005165) PIR79; 3RRLKSIKNIQKITKSMKMVAAA

aThis column lists the region of the fragment isolated from the selection and the included CaM-binding motif reported in the literature.

The underlined residues are the key bulky hydrophobic residues as reported in the literature. Each of these motifs refers to a group of sequences
whose key bulky hydrophobic residues are spaced 8, 12, and 14 residues apart, respectively, based on the classification detailed in

http://calcium.uhnres.utoronto.ca/ctdb/ctdb/3cIn-big.html.

which the round 2 pool was dominated by a limited number ways. In addition to known CaM-binding proteins that are

of known CaM-binding proteins, the complexity of the round involved in protein phosphorylation, dephosphorylation,

2 pool from the combinatorial peptide library was still very second-message generation, and cytoskeletal elements regu-
diverse. By detailed analysis of 300 clones, none of them lation, novel CaM-binding proteins that belong to other
was found to be identical to others. Using a high throughput protein families were also identified, including numerous
CaM-binding assay, we were able to examine the conditional DEAD/H box proteins, ribosomal proteins, splicing factors,
interaction of a large number of selected peptide sequencesand proteasome subunits) (

with CaM. Almost all of the round 2 peptide sequences we  Apalysis of CaM-Binding Motifs on Selected Natural CaM-
picked up for analysis bound to CaM, suggesting that the Binding Proteins One big advantage of the mRNA-display
e_nrichment is as efficient as that from the natural protein approach is that the CaM-binding motif of a selected protein
library. can be readily mapped by localizing the shortest overlapping
Selected CaM-Binding Proteins from the Natural Protein region of multiple selected fragments originating from the
Library Cover Almost All Known Subclasses of CaM-Binding same parental protein. Using this method, CaM-binding
Motifs. The most characteristic feature of the selected natural motifs from a number of well-characterized CaM-binding
protein fragments is that all those from known CaM-binding proteins were mapped and found to be the same as reported
proteins contain the corresponding CaM-binding motifs in the literature (Table 2). This approach is particularly useful
reported in the literature. Table 2 lists some selected CaM-in determining the binding motifs on novel CaM-binding
binding fragments originating from known CaM-binding proteins with long cDNAs. In the round 2 pool from the
proteins whose CaM-binding motifs could be found in the human protein domain library, for example, we found that
literature (7). Significantly, all known subclasses of CaM- 9 out of 120 sequences were originated from human TBC1
binding motifs can be found from these proteins, including domain family member 4, a large protein with 1298 amino
1-8-14, 1-5-8-14, basic 1-8-14, 1-5-10, basic 1-5-10, 1-16, acids in length. TBC1D4 contains a functional Rab GTPase-
and 1Q or 1Q-like maotifs. activating protein domain and was found to be a substrate
The selected CaM-binding sequences from round 1 wereof AKT kinase involved in the regulation of GLUT4
diverse with approximately 125 unique proteins, whereas translocation29). The 9 selected TBC1D4 sequences have
those from round 2 were more focused. These CaM-binding different lengths, but all share a common region with 50
proteins include proteins in many different signaling path- amino acids, corresponding to K838884 in TBC1D4



Comparison of mRNA-Display-Based Selections Biochemistry, Vol. 46, No. 35, 200710107

(Supporting Information, Figure 3). Recently, the GTPase peptide sequences contain the conventional CaM-binding
activating protein domain region of TBC1D4 was found to secondary structures. Interestingly, these sequences cover
interact with C&"/CaM through the yeast two-hybrid method most subclasses of CaM-binding motifs, including basic 1-5-
(30), and the CaM-binding motif was mapped to a small 10 motif (B7 and C6), 1-5-10 motif (H8, D6, and F7), 1-14
domain just amino terminal to the GAP domain using the motif (C8, D5, and G7), 1-8-14 motif (D3 and E2), 1-16
conventional protein truncation method. The CaM-binding motif (D9 and F6), and 1Q motif (A6 and H7). Significantly,
motif thus mapped is just 27 amino acids shorter than the 26 out of 41 sequences do not contain the conventional CaM-
shortest overlapping region we identified by aligning the pinding secondary structures. A1, A3, A9, C10, C12, D8,
selected sequences, indicating that our method is particularlyp10, E7, F3, G11, and H3, for example, are not predicted
useful for mapping the potential CaM-binding motifs on very o have the conventional CaM-binding secondary structures.
large proteins. Nevertheless, they still bound to CaM tightly in a%Ga
Most Selected CaM-Binding Peptides from the Combina- dependent manner with a binding percentage over 35%.
torial Peptide Library Bound to CaM in a Ca-Dependent  These results indicate that many sequences other than the
Manner.The selection was also efficient when an mRNA-  ¢conyentional CaM-binding motifs are able to interact with
displayed combinatorial peptide library was used. Almost caMmin a C&*-dependent manner. Since a large number of
all of the peptides we picked up for analysis from the round g ,ch sequences were isolated, we were not able to character-
2 pool bound to CaM in a Ca-dependent manner. The ;¢ thejr secondary structures using experimental approaches.
complexity of the round 2 pool was still very high. We 5y ever, all of these peptides are relatively short with 20
estimated by large-scale sequencing that more than 2000, g acids in the random region. Therefore, their secondary
unique sequences could be present in this pool (data NOly,res predicted by the Network Protein Sequence

shown). The percentage of binding ranged from 8% to 50%, Analvsis (NP BSPP Tabl il
indicating that peptides with different binding affinities could V;igﬁ;z (NPS@) and CBSPP programs (Table 3) are sti

be enriched. Since the number of CaM-binding peptides o ) ]
isolated was far more than what we were able to characterize, S@€ral Selected CaM-Binding Peptides from the Combi-
we picked up 41 peptide sequences for detail analysis,”atc?”a_l Peptide Library Cprrelate ywth thq CaM-Bmdmg
together with a number of positive and negative controls. Motifs in Naturally Occurring Proteinsin prior selections

For negative controls, we hypothesized that most of the of CaM-binding peptides from phage-displayed combinatorial
peptide sequences before selection should not bind to CaM.Peptide libraries, none of the selected CaM-binding sequences
Indeed, none of the negative control sequences (X1 to X6) Was found to match any CaM-binding proteins in the protein
we randomly picked up from the initial peptide library bound database20, 21, 23). Since our library has much higher
to CaM (data not shown). The CaM binding of these 41 complexity, itis likely that such correlation exists. To address
peptide sequences was detailed in the presence or absenddis question, we systematically blasted the characterized 41
of C&*. Significantly, all 41 peptides bound to CaM in a CaM-binding motifs in the protein database. Although most
Ca&'-dependent manner (Table 3), consistent with the matches were to nonrelevant proteins, at least 3 out of 41
specific elution condition applied in the selection. We then peptides, namely, A12, A6, and D6, were homologous to
picked up ten sequences that bound to CaM tightly for the CaM-binding motifs in some natural CaM-binding
guantitative analysis (Table 3, column 6, Figure 2B, and proteins.

Su.ppprting Information, Eigure 2B). The €&CaM-binding The first such peptide is A12, which has a?G€aM-
affinities of these peptides vary from 16 to 64 nM, pinging affinity of approximately 41 nM. This peptide
comparable to those of CaM-binding motifs from well-  contains a CaM-binding site (RRASSKLTKK) that is
characterlzed CaM-binding proteins. In addition to_thes_e tlght homologous to the potential CaM-binding motifs in 12
binders, we found that peptide sequences with binding yigterent natural proteins (Table 4). The matched CaM-

gffinities.in the range of the micromolar scale were e}lso binding motifs on these proteins are very different among
isolated in round 2 (data not shown). These results 'nd'catethemselves, although they match to the selected A12

that mRNA display can be used to efficiently isolate both sequence at different residues. When analyzed using the

highiafﬁryity and low-affinity ligands from a highly complex CBSPP program, it appears that all of the 12 proteins could

pe&t'di}gb[ar{d CaM-Bindina Peptides f the Combi interact with CaM using the motifs that are homologous to

toriacl)sPe ii?j(; eLibr:r -ngml\?on?:grlnei?iorr(])azrl] S:cor?(;:lrma- the selected A12 peptide. We were able to generate the full-

Structureg The sele():/ted CaM-binding peptides are v)tler length zebrafish G protein-coupled receptor 19 (gpri9) by
: 9 pep Y TNT and found that it indeed bound to CaM in a%Ga

diverse in sequence. However, the first two residues in the dependent manner. althouah the bindina was relatively weak
random region are limited to only several amino acids. This P ' 9 9 y
I,‘data not shown).

is because these two residues were coded by a restrictio
enzyme cleavage site (NACTGN) for the purpose of library A6 is an 1Q-motif-containing peptide that bound to*Ca
construction 24). Other than that, no obvious homology was CaM with an affinity of approximately 19 nM. Four natural
detected among these 41 peptides using various bioinformatigoroteins were found to contain a potential CaM-binding 1Q
tools. To investigate whether the selected peptides containmotif homologous to that found in A6 (Table 5), including
the conventional positively charged amphiphilic helical or human transglutaminase 5 (TGM5), human 1Q motif con-
IQ-motif secondary structures that are often adopted by taining GTPase activating protein 2 (IQGAP2), human
natural CaM-binding motifs, we systematically analyzed voltage-gated sodium channel type #I{SCN3A), and
these sequences using the CBSPP program (http://calciumzebrafish similar to myosin XV (LOC559486). IQGAP2 and
uhnres.utoronto.ca/ctdb/ctdb/3cIn-big.html). Fifteen out of 41 SCN3A are well-characterized CaM-binding proteins. The
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Table 3: Sequences and CaM-Binding Properties of Some CaM-Binding Peptides Isolated from the mRNA-Displayed Combinatorial Peptide

Library
Isolated sequence and Binding score % binding % binding
its secondary structure predicted by with Ca®* with EGTA K.
predicted by NPS@* CBSPP (highest (elution/ (elution/ (nM

S# 9; lowest 0) on beads) on beads)
Negative controls randomly picked up before selection
DWNTVMVPLIMVPSLHNSDSY

X1 CCCEE EEEEEEECCCCCCCCC 0 0.7/0.4 0.1/0.6
HWQLYLYDEGPQGMKFLMLNY

X2 CEEEEEECCCCCCCEEEEECC 0 0.8/1.0 0.2/0.9
YWGNQRYRLNSNDEDMNKTAN

X3 CCCCCCEEECCCCCCCCCCCC 0 0.3/0.3 0.2/0.8
HCLLTLTETNPAQEWDLWWAN

X4 CEEEEEECCCCCCCCHEH HCC 0 0.8/0.8 0.4/0.9
DWQMTAPLSMGPAKGPERMPH

X5 CCC CCcccececeeeceecececceccece 0 0.6/0.3 0.2/0.5
YCRNPTSLQVRHDVPVIAPKN

X6 C CC CCCCEEEC CC CCECCC CC 0 0.6/0.6 0.5/0.5
41 peptide sequences picked up for binding analysis from round 2 pool
NWENKSDVLNKMLHLRLITN

Al C C CCH HHHHH H HH HHHHHCC 0 33.5/3.4 0.4/1.5
HWEKIRDNVIHKSDRSYYQKH

A3 CCCCCCCCEEECCCCCCCCCC 0 41.8/6.7 0.2/2.3
NWKSIHHORNLRWNKFKRFYQD 0.5; contains a

A6 C C HHHHHHHHH H HH HHHH CCC potential 1Q motif 22.8/18.4 0.9/3.9 19+5
NWNILRQEVMKMGPAKDTVRN

A9 CCCHHHHHHHCCCCCCCCCCC 0 48.3/2.8 0.2/1.3 24+5
NWNTVWSAYRRASSKLTKKTY 9; contains a

Al2 | CCCHHHHHHH HHHHHH CC CCC database CBM 21.4/5.2 0.6/9.2 41+£7
NWNRWRWIYLAQKNHKECLKN

Bl C CCCHHHHHH HHH HH HH HHC C 0 16.7/4.1 1.5/3.1
YWKRYRLMALKANFGSRYSRN L

B7 C CHHHHHH HH HHHC CCC CCC C basic 1-5-10 motif 14.3/11.8 1.2/10.1
NCPSTRKRWIVYLYRGRLINN 2;

C6 CCCCCCCEEEEEEEECCECCC basic 1-5-10 motif 7.9/4.7 0.8/4.5
NWNRVRRYCKCKYTLVAKNNY L

C8 CCCCCEECEEEEEEEEECCCC 1-14 motif 33.5/5.1 0.5/6.4
NWYTVKQMMIKDRRRSQAMYN

C10 | CCHHHHH H H HHHH HHHH HH CC 0 35.7/6.4 0.7/8.6
NWSDIRMHGLMRRREKNVLNH

C12 | CCCCHH HHHHH HHHHH HHCC C 0 35.0/3.6 0.2/5.8
NWVKLRQRYTLAKRVYAVNLNY L

D3 C C C HH HHH HHH HH HHH HHCC C 1-8-14 motif 40.0/5.4 0.7/8.2 18+4
HWNKVASERINKMRRKAILNY 2;

D5 C CCH HHHHHHHH H HH HHHHCC 1-14 motif 29.8/5.1 0.6/8.6
HWNAIKNVVHSQRMTKKIAMN 9; contains a
C C H HHHHH HH HHHH H HHHH CC database 38.2/8.8 0.5/1.9 25+4

D6 1-5-10 CBM
NWEILRSKYNSHMTKSNVFTY

D8 CCEEE EECCCCC CCCCCEECC 0 38.7/3.2 0.3/2.2
YWSELRRKKWWKVWKLSSCPH L

D9 CHHHHHHHHH E EEEE CC CCCC 1-14 or 1-16 motif 10.8/6.7 0.6/5.2
YWNHELRVRLINRIKMTN

D10 [ C CC HHH HH HHHHHEE C CC 0 34.8/4.1 0.6/3.4
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Table 3 (Continued)

HWGIIRQKIVVAHDIFQCKDY

D12 | C C EEEEE EE HHH HHHHHHC C C 0 25.8/3.4 0.3/0.9
NWINNVRLRIHTKRWLLKSNH L

E2 C CHH HHHH HHHHHH E E H HCC C 1-8-14 motif 31.1/11.7 1.7/11.3 20+ 5
NWLRLVPRIKALNKVQVKNHN

E7 CHHHH HHHHHHHHH EEE CCCC 0 50.1/5.8 0.3/8.9 16+3
NCKMQPQNWYHVYRMSRLVKN

ES8 CCCCCCCCHHEEHHHHHHCCC 0 21.5/3.6 0.4/4.4
DCEYRDKVTLFNLVRLVMTKN

E11 | C CCH HH HHHH HHHHH HE E CCC 0 21.4/3.4 0.5/3.2
YWSNRVTQSIKARYVIDSWQD

F1 CCCHCCHHHHEE EEEHHHC CC 0 22.4/2.7 0.8/1.1
NWHKVFIRRQSKKLVYNTIKN

F3 CCCEEEEECCCCEEEEEECCC 0 33.6/9.7 0.5/15.0
YCHKYTVANESHWSKIRLKMY

F4 CCCCEEECCCCHHHHEEE CCC 0 20.0/4.0 0.5/2.3
YWVFLKKKMKLENKCVRVVKN 2;

F6 CHHHHHHHHHCCCCEEEEECC 1-14 or 1-16 motif 21.8/5.8 1.1/6.5
DWNMLKVKLYALRYRRRRMAN L

F7 CCCHHHHHHHHHHH HHH H H CC 1-5-10 motif 24.8/19.5 1.5/17.9 30£5
HWMRTSQRVRVNNAFHKYMGY

G2 C C CCCCHHE HHH HH HHH HC CC 0 30.5/6.5 1.0/11.6
NCEVLKTQRWRKVLQQHIIRH

G5 C CC CHC HH H H HH HH HHHHECC 0 22.5/5.5 0.7/6.5
HWSKTQGGNKRWRMIGAVVAH 2;

G7 CCCCCCCCCCEEE EEEEEECC 1-14 motif 35.9/5.7 0.5/6.7
NWDKVRSTFKKCHSIVIFKRN

G9 C C HH HHHHHC CC E EEEEEE C C 0 31.0/6.5 0.2/4.9
YWSLIVSKLRRRKVMNDPSTY

G10 | CHHHEH HHHCH CCE C CC CCCC 0 23.4/7.6 0.7/7.5
HWDRVRLTMLRSRLKDDKKKH

G11 | CCHHHHHHHHHHHHHHH C CCC 0 42.8/9.2 0.5/13.7
NCLKQRLLRTPYLMMSRAVTH

G12 | C CHHHHH HHC HHHH HHHH CC C 0 25.0/2.5 0.372.3
NWRKAINLVRKWRNNDDPNKD

H3 CCHHHHHHHHHHCCCCCCCCC 0 39.3/8.5 0.5/3.9
HWAMTRWHILANNVMNRRTCD

H4 CCC HHHHHHH HHH HH C CC C CC 0 26.1/3.6 0.3/3.2
YWQRLQOSMLKRVDPRPYRVRD . 2; ' 28.3/5.6 0.5/6.0 64+11
CH HHH HHHH H HCC CCC CC C CC contains a potential

H7 IQ motif
HWNKLSYTVRIGEIKRYVWRN 2;

HS CCCCEEEEEEECCHHHEEECC 1-5-10 motif 23.4/3.4 0.4/5.0
YWRQKAKDDLMVRRLRRAVKH

H9 CCCCCCCHHHHHHHHHHH HC C 0 29.0/16.0 1.3/17.0 28+ 6
NWRNLRLKWRRLNSVHRH

H11 | CC HHHH HH H HH HHHHH C C 0 23.4/24.6 1.2/20.8
NCLKQRLLRTPYLMMSRAVTH

H12 | C CHHHH HHH CHHH H H HHH CC C 0 16.8/16.5 1.2/10.8

2The secondary structures were predicted using the Network Protein Sequence Analysis (NPS@) program (http://npsa-pbil.ibcp.fr/cgi-bin/
npsa_automat.pl?pagapsa_nn.html). C, E, and H stand for random coil, extended strande.avelix, respectively. Scoring is based on the
evaluation criteria of the program, including hydropathyhelical propensity, residue charge, hydrophobic residue content, and helical class, for
determining putative CaM-binding sites as detailed in http://calcium.uhnres.utoronto.ca/ctdb/ctdb/3cIn-big.html. The higher the score, the m
likely it contains a conventional CaM-binding motif.
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Table 4: Natural Proteins That Contain a Motif Homologous to the CaM-Binding A12 Peptide Selected from the Combinatorial Peptide
Library

accession motif homologous to A12: CaM-binding motif predicted
protein name number RRASSKLTKKTY?2 by CBSPP program
human erythrocyte membrane NP_001422 20/ASQKVTKK 214 207ASQKVTKK 214
protein band 4.1-like 2 (EPB41L2) T
human DNA (cytosine-5-)- NP_008823 “RRSSSRLSK’ 51SSSRLSKR®
methyltransferase 3-b (DNMT3B)
human oxysterol binding NP_065892 H2SSKLTTKME IUTSSKLTKK8
protein-like 8 (OSBPLS) S72Y AHCKGILYGTMTL 585
human inner centromere protein ~ NP_001035784 333RRASRRLAKKTS343 "RISYVQDENRDPIRRRLSRR®
antigens 135/155 kDa (INCENP) T 32IKYSLVAKQES VVRRASRRLA KKT343
578 RK VLQARERVEQ MKEEKKK 697
human establishment of NP_443143 12SSKVTKK!® LNSSKVTKK?®
cohesion 1 homologue (ESCO1)
mouse similar to spindlin-like XP_621036 BISSKLTKKM3 BESSKLTKK43
protein 2 (SPIN-2)
mouse schlafen 1 NP_035537 1BISKLTKK 186 7K QSKLTKK 186
(Slfn1)
mouse calmodulin binding NP_033921 BIASSKHTKRT®® HEQAQKLYKR 1476
protein 1
mouseo-kinase 1 XP_929293 ZIIASSKMSKK?® 2IIASSKMSKK?®
(Alpk1)
zebrafish G protein-coupled NP_957288 360ASSRMAKKNY 369 BPAAACRILR F4
receptor 19 (gpr19) 360ASSRMAKK367
Arabidopsisunknown protein NP_001032066 15RRVSSRLNKK!2 15%/SSRLNKK162
ArabidopsisATP binding/ NP_201200 625ATSKLSKK®32 625ATSKLSKK632
ATP-dependent helicase (AT5G63950)

@ The residues that match the corresponding positions on A12 are underlined.

Table 5: Natural Proteins That Contain an 1Q Motif Homologous to the CaM-Binding A6 Peptide Selected from the Combinatorial Peptide
Library

motif homologous to A6: CaM-binding IQ motif predicted

protein name accession number IQRNLRWNKFK by CBSPP Program
human transglutaminase 5 NP_963925 (TGM5) 699QANMRSNKFK706 699QANMRSNKFK706
human IQ motif containing GTPase activating NP_006624 (IQGAP2) BQRNLR37 69IQAFWKGYKQRKEY 720
protein 2 21QSWFRMATARKSY"40
751QSLLRANKARDDY 770
1374|QRNLR1379
human sodium channel, voltage-gated, typedll, NP_008853 (SCN3A) 1904 QRNFR!912 190|IQRNFRCYLLKQRL1920

XP_687921 (LOC559486) 1323QRNIR33 18] QGQKKMLKSKILQK 201
1329QRNIRGFICRRNR328

1349 QSHIRGHQARKY P31

zebrafish similar to myosin XV

IQ motif in A6 has 72% identity to a motif (I696K706) in interactions that are dependent on?Csaignals. Such
human transglutaminase 5, which is predicted to be a CaM- conditional protein-protein interactions are more likely to
binding protein by the CBSPP program. These results be identified using in vitro methods. The proteome chip is
strongly suggest that the selected CaM-binding peptides fromprobably the most high throughput approach to addressing
the combinatorial peptide library could be related to CaM- the problem. Indeed, the yeast proteome chip has been
binding motifs in natural proteins, and novel CaM-binding successfully used to identify CaM-binding proteins in yeast
proteins might be identified using this approach. (7). However, the preparation of a proteome chip from any
multicellular organism is a major undertaking. In addition
to phage display, ribosome display is another powerful in

The conditions that modulate numerous protginotein vitro techniq_ue to study prote%rpro_tein_ in_teracti_ons. How-
interactions are often difficult to manipulate in vivo. ©Ver itrequires metal ions to maintain its tertiary structure
Recently, the yeast two-hybrid system has been used to@nd therefore cannot be applied to selectlons that rely on
construct comprehensive proteiprotein interaction maps ~ chelating agents. Unlike most of the prior methods, mRNA
of several model organisms, includin§accharomyces display can 'be us_ed to dleplay both Iong natural protein and
cerevisiag Drosophila melanogasterand Caenorhabditis ~ Short combinatorial peptide libraries with more thart?10
elegans(31-33). In each of these genome-wide protein ~ Unique sequences. Although it still suffers from sparse
protein interaction maps, however, only very few”@&aM- sampling, the library complexity thus generated is a few
binding proteins were identified. One possible explanation Magnitudes higher than most of the prior methods. Therefore,
is that the tightly regulated Galevel in the yeast nucleus it IS more likely to isolate peptide sequences that are
does not allow monitoring of strict @adependent interac-  homologous to naturally occurring proteins.
tions (34, 35). These results imply that the yeast two-hybrid Itis of great interest to ask why prior phage-display-based
method has limitations in finding cellular proteiprotein selections resulted in only limited numbers of CaM-binding

DISCUSSION
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sequences. The most likely explanation is that the diversity binding peptides with less thare®1 could still be isolated.
of the sequences displayed on phage was at least 3 orderslowever, the amplification-based selection is a competitive
of magnitude lower than that in the mRNA display. The process between weak and tight binders and is also highly
second possibility is that the selection pressures were raiseddependent on the interaction between the target and its
against certain peptide sequences. A large number of CaM-binding ligands. Therefore, the minimum dissociation con-
binding peptides are positively charged amphipathic helices, stant around %M is for the current C&/CaM-binding
which could affect protein expression, transport, membrane selection, but not necessary for the selections using other
insertion, toxicity on host cells, phage viability, and infectiv- targets.
ity. In mRNA-display-based selection, however, all of the  The number of selection cycles is probably one of the most
steps are totally in vitro; therefore, most selection biases critical parameters. The percentage of selected sequences that
present in phage display are greatly reduced. Compared tdbound to C&"/CaM from the natural protein library was
the combinatorial peptide libraries encoded by the same NNK approximately 50% and 100% in round 1 and round 2 pools,
codon, the amino acid compositions we used in the peptiderespectively. When a combinatorial peptide library was used,
library were more balanced, particularly for those residues few sequences from round 1 bound to CaM, presumably due
that are highly enriched in CaM-binding motifs. Whether to the much higher complexity of the initial library. However,
this feature of the library affected the selection efficiency is almost all of the sequences we tested from round 2 bound
not clear. to CaM tightly and specifically. We attributed this efficient
Our results demonstrate that the mRNA-displayed com- enrichment to a combination of very stringent wash (40
binatorial peptide library can be used to isolate target-binding column volumes) and gentle and specific elution by EDTA.
peptides that are not only useful for specificity studies but Typically, fewer rounds of selection should be performed if
also correlate with natural proteins. Indeed, the results from the target of interest has many binding partners. On the other
the identification of c-myc binding peptides using an mRNA- hand, selection should continue until the final pool is
displayed peptide library support this observati®®) (Since dominated by few tight binders, if the target protein has a
few mRNA-display-based selections have been published,limited number of binding partners or the aim is to find
it is not yet known whether it is also true for other types of sequences that bind to the target with high affinities. We
mRNA-display experiments with combinatorial peptide found that one of the most effective approaches was to
libraries. The successful enrichment of?@&€aM-binding perform two to four rounds of selection, followed by
sequences from both natural and synthetic libraries does notdetermining which selected pool should be used for further
necessarily mean that other proteprotein interactions can  analysis. The pool that has limited diversity but has not yet
be identified with similar efficiency. Several potential been dominated by just a few sequences is then chosen for
problems of mMRNA-display-based selection should be made detail characterization.
aware of. First, the selection conditions should be carefully  The efficient selection of a large number of diverséCa
designed to minimize the enrichment of nonrelevant se- CaM-binding sequences from both natural protein and
guences. It appeared that preselection procedures to removeombinatorial peptide libraries indicates that mRNA display
matrix-binding and nonspecific sequences were helpful butis a robust system for the investigation of conditional
not very effective. It was found that the most effective protein—protein interactions. Our results clearly demonstrate
approach was through specific elution to enrich sequencesthat the mRNA-displayed synthetic peptide library can be
with desired properties. In €aCaM-binding selection, a  used to isolate target-binding peptides that are not only useful
low concentration of EGTA was used to chelateé Cavhich for specificity studies but also correlate with natural proteins.
resulted in conformation change of CaM and therefore
specific release of bound sequences. For other protein ACKNOWLEDGMENT

protein interactions, gentle and competitive elution should  \ye thank Drs. Biao Dong and C. Alexander Valencia for

be applied whenever possible. assistance in experimental techniques.
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