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79 (LEE3), Thbb, KETHIR
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YT Ha—AMBICEEL, IW A7 Y —
=T B Tol, A7 U —=0 THEZE
ToOEBYTHDH, ~4 b & LT Irei,
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T YU —DOER) (2) IW Lo oItid
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WEEND, BEHRRNTE (Ire-l & Ire-2
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BLAIAs A & iz, BIE. BLAST ¥ —F%
T 2T = a VENTEITD, ST
F T 4 INRRARE RPN TH D,
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Ie7 7 4=7 4 BEE& AV, & R4 mRNA
HEIW A7)V —DRI YV —= Tk
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AmB0%E A MZL/ZBZED8T U Kivd
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UHy RBREICIVVABRE I L E 2
Hiviz, €2 T, 125 REDCDNAR
ya—=v7 L, BEIEN&ITo7,

# 11CAm80% 357 m—. ., Ch55%227
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FRENDEINT, ZOEFID P T, mock
TRH&EHRS ., IWICH A X7 open
reading flame P iZ§#&lk 2 R D A>T
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mRNA % /N PRI SRR TRAR R CRIRR L, %f
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BYOFETERLEZIWIAT I U —0
B, TRPCAE WO ERE % 22— K3 BRNA
DOWrh A, WmHERTREXI. BEMRICE
T AHRENSLEAEERHTZ &M
TERMPoT, BEGE, IWFTATFY
—DOEEIZBWT, HEDCHEBTERET
AFEXZERE L, TRPCAX S E2 WV E Mitn
RNAHSEIVVS A 75 U —Z {8l L=, Z D
FATZ)—DAZ V== T ETolz L
Z A, Ire-1bIre-20WEIZRHEAT D AEE
HERHLH20BOERELRE Lz, 4%&0,
PNAFA T heT 4 ANVIRBIAHRRR, In
vitro¥E T-iaia s = #BRH 2 Hn
TetRIz LY, 4 vy FORIERDERRIZ
DIRNBT ERBFENS,

YD) F=A FFEEEZA MW,
t MG EnRNABSRIVVSG A4 75 U —D R ¥
V—= 7Tk, 18DV Y Fvof R
ETHAEMENSHLEREERELE, Z
OHFIZIIDNADIEEIZBE 54 3 & HE Rl
BEEIHTAEAENESEN, YU F=A
NDOEWER Té DR & o Bz Bk A3
Bi-hs, BENSOEQED AL A A
ITART AT AERWET /T —3
VIR, RET T AT CBEEERRLEY
J F=A FLOFEEMERETPTHD,

LVF ) A4 B THBDAnS0 & ChobH#E ik %~
A MIHAWE, B MEmRNARKIVVS A 7
FUV—DRARY Y —= Tk, 1D AnS0
L Chos B ERICRET I EREZRE LT,
DRI ) —= 7Tk, IVWWORERIR 4y
2R8I LS4 TSV —EFER L,
W4k 2 ARKHILTHITERT, 475U —
DY A X (ZEEIE) B10%EEIZEADT 5
ZERHBILTCWE, ZORZY—= 7
T, 1fioERYE (BEEE 1) LIRET
ERDoT-DE, 2RBEILEDTATFY
— YA AOWIZEEB L TWA00E L
W, L0EBEOLVF A FERAEAEE
FET A7, IVWHIEHTED 2 &7
— VT v TETAT S —P A XOEEINE

KBLERD D,

BEAHE 1A a— FER T ADNARCH] (B
F11) iX, BLASINV—F DR, 16
FLOE LD ) AEHIO—FEIZIE—FK
L7z, BEF| 1%, NCBI Reference Sequenc
es7 — A N—ZAZmRNA & L TERESIR TR
VWS, Hefa R RGO BB T 66
K base pairs (Kbp) & 16 KbpHEiL T3 .
FHBERTOREELEZ LD, .
ERE 107 I /BRI, ~UVADH D
BESARO—y EHEMETRL, LF
A REDOREIZ LD EWIFELEORER L EI
YR OB IZ BE A - B, '

AR O BRI, EREHEERTIE
BE%Z. IVW 2 HAWiBaE - ofiEmIC A 7
UV —= 7t 57 u T d— MR ET 5 B
¥TAHZLTHY., SEBOFFETENE
ERTHIENTEE, Thbhb, IVW &
AW 7o 73— ARITC B &5+
OWEERER SN VW 54075 U —1F
WEEREL, BACHEERATLIERY
DEBICEBHEINARA T Y —= v T HE%
FESL U7z, $£72., BMERBRERMOEREL
Tohd, U FA R, A byd, BT
VF A FHEEKCHEERT ERED
AN == TRV, i hEAEARE
REE L,

EAY L BIEF (mRNA) OFHRST 45T
THDIIWERWL, R EMEEHTS
BREOY 0T A — AEHIEIE, FHi-%E
FEMEAEORRZT TR, Fh6D
EREOMEERAFy hU—2 OfEHIZY
IRATEBRFRETHY ., FINICKERE
#035HD, REEZELIWEHW-Z o7
A —AFREEE. RN b2 =— Y i F
BETHY . o ORIITENO—FRFAH

BICbEH I, SR TS, AF
EBIZL 2EAEHAERT2EREOEE
HIRNT L, FTRERENEREORRE D
oL, BERLOBIEHGED - TRIZZT T
2, HHEEGORREIZ RN D AR
LdhY, HEMBERLRENVEEZ D,

REETIIRH L-fx 0AHESES
BN, in vitroRHIENE T, EEIZER
EFAERTANEMERTAILERD D,



E7o. BHEREERFOEREOREBR O HIZE,
TNOLOEFN, SERHENZEBRT L
HEERATZ Licky, Yolksi4m
RABRE5EETHENRTILERD D,
At in vitro7 w4 RLMIRESFEN
FHEEHAW, SEIRA T V== FDRA b
AW ZRF O RIERBF ORER DM I
i L= EFE TN A,

(GEFD)
AFEERE L, BRLEETIOIERE
BF B L UEN G % 72— N4 SDNAERHIIE,
BRSO MY H D DT, HEFIT—
FEHIVERHOREKNATOLRIT, &
WEDRTIIALEZLS,

D. fi

1. ALYV OFEEKRTH DIre-1&
Ire-2%~_A MZULEZIWARZ Y —= Tk
[T BEDOIVWS A 75V —Ti.
TRPCAD ER43 BCHIRNA UG S e o 1=,

2. IWSA4 7V —DERIZBWT,
BEORELF2BRETIHFELZRRE L,
TRPCA% & F 72V e MfimRNAESEIVV S A 7
FY—EEHLE, ZOFA TSV —DR
TV == 2T, Ire-1& Ire-20
AT AEEMLR D200 ERE R A
H i,

3. %Y Fed FFEHEEE A MW,
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ABSTRACT

Although yeast two-hybrid assay and biochemical
methods combined with mass spectrometry have
been successfully employed for the analyses of
protein-protein interactions in the field of proteo-
mics, these methods encounter various difficulties
arising from the usage of living cells, including inabil-
ity to analyze toxic proteins and restriction of testable
Interaction conditions. Totally in vitro display tech-
nologies such as ribosome display and mRNA dis-
play are expected to circumvent these difficulties. In
this study, we applied an mRNA display technique to
screening for interactions of a basic leucine zipper
domain of Jun protein in a mouse brain cDNA
library. By performing iterative affinity selection and
sequence analyses, we selected 16 novel Jun-
associated protein candidates in addition to four
known interactors. By means of real-time PCR and
pull-down assay, 10 of the 16 newly discovered can-
didates were confirmed to be direct interactors with
Jun in vitro. Furthermore, interaction of 6 of the
10 proteins with Jun was observed in cultured cells
by means of co-immunoprecipitation and observation
of subcellularlocalization. These results demonstrate
that this in vitrodisplay technology is effective for the
discovery of novel protein—protein Interactions
and can contribute to the comprehensive mapping
of protein—protein interactions.

INTRODUCTION

Comprehensive analysis of protein-protein interactions is
an important task in the field of proteomics, functional
genomics and systems biology. Protein—protein interactions
are usually analyzed by means of biochemical methods
such as pull-down assay and co-immunoprecipitation, yeast
two-hybrid (Y2H) assay and phage display. Recently, the
combined use of mass spectrometry (MS) with an affinity
tag (1) has made the biochemical methods more comprehen-
sive and reliable. However, the testable interaction conditions
are restricted by the properties of the biological sources.

The Y2H assay is one of the major tools used in the discovery
and characterization of protein—protein interactions (2). How-
ever, the results of Y2H analyses often include many false
positives due to auto-activating bait or prey fusion proteins (3)
and interactions of proteins that are toxic to yeast cells cannot
be examined, Phage display, the most widely used display
technology (4), is an effective alternative, because the inter-
actions between libraries and target proteins occur in vitro,
allowing optimal conditions to be used for many different
target proteins. Further, very low copy number proteins can
be identified by repeating the selection round. However, the
use of phage display is similarly limited, because phage
libraries are produced in living bacteria (5).

Totally in vitro display technologies such as ribosome
display (6,7), mRNA display (8-10) and DNA display (11)
can circumvent the above difficulties, because they do not
need living cells. In mRNA display, a library of genotype—
phenotype linking molecules is constructed in which mRNA
genotype) binds to protein (phenotype) through puromycin
during cell-free translation. After affinity selection via the
protein moiety of the molecules in the library, the mRNA
moiety of the selected molecules can be amplified by
means of RT-PCR. By performing iterative selection, very
low copy number proteins can be detected from large-scale
cDNA libraries, routinely in the range of 10'* members.
In 1997, the prototype of mRNA display was originally
developed in our laboratory and that of Szostak independently,
and the conjugate of protein with its encoding mRNA was
named in vitro virus (IVV) (8,9) and RN A—peptide fusion (10),
respectively. So far, RNA-peptide fusion has been applied
to the selection of various functional peptides and antibody
mimics (12,13}, but the application to protein—protein
interaction analysis has been limited (14,15). Recently, we
improved the stability of the template mRNA for IVV mole-
cules and the efficiency of TVV formation by employing a
polyethylene glycol (PEG) spacer and wheat germ cell-free
translation system (16} to improve the selection ability of the
IVV technique. In this study, we applied the improved IVV
technique to the screening of protein—protein interactions. As a
mode] bait protein, we chose a basic leucine zipper (bZIP)
domain of Jun profein, an important transcription factor,
to screen Jun interactors from a mouse brain ¢cDNA library.
The screening afforded several known and unknown Jun-
associated protein candidates, and we confirmed that many
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of the candidates interacted directly with Jun, not only in vitro,
but also in cultured cells, by using pull-down assay and
co-immunoprecipitation assay. These results demonstrate
that our in vitre display technology is effective for discovery
of novel protein—protein interactions and can contribute to the
comprehensive mapping of protein—protein interactions.

METHODS
Preparation of bait template RNA

The cDNA of mouse Jun (167-319 amino acids) was amplified
by PCR using a forward primer (¥-CCGCGGGATCCCCG-
GTCTACGCCAACCTC-3') containing a BamHI site and a
reverse primer (5’-CACCCCTCGAGAACGTGGTTCATGA-
CTTTCTGCTTA-3") containing an Xhol site, and digested
with BamHI and Xhol. The fragment was subcloned into
the BamHI/Xhol site of pCMV-CBPzz vector (16), which
contains a SP6 promoter, a part of the omega sequence
named O' (5-ACAATTACTATTTACAATTACA-3) (17,
an N-terminal T7-tag coding sequence, and a C-terminal
TAP tag coding sequence (1). From the resulting plasmid
pCMV-JunCBPzz, a bait template DNA was PCR-amplified
with primers 5'SP6(0°)T7 (5'- GAATTTAGGTGACACTAT-
AGAAACAATTACTATTTACAATTACAATGGCTAGCA-
TGACTGGTGGACAG-3") and 3'FosCBPzz (5'-GGATCTC-
CATTCGCCATTCA-3"). The PCR product was purified
with a QIAquick PCR purification kit (Qiagen). The purified
DNA was used as a template for in vitro transcription with a
RiboMax large-scale RNA production system-SP6 (Promega).
The RNA was purified with an RNeasy mini kit (Qiagen).

Preparation of IVV template RNA library

The architecture of IVV was described previously (16).
Mouse brain poly(A)* RNA (BD Biosciences) was primed
using the oligonucleotide 5-TCGTCATCGTCCTTGTA-
GTCAAGCTTN,-3' and cDNA was synthesized wsing a
SuperScript double strand ¢cDNA synthesis kit (Invitrogen).
The ¢cDNA was ligated with adaptor DNA (forward oligo-
nucleotide: 5-TAGCATGACTGGTGGACAGCAAATGGGT-
GCGGCCGCGAATTCC-3'; reverse oligonucleotide: 5'-GGA-
ATTCG-3') using a Ligation High kit (Toyobo). After ethanol
precipitation, the ligated DNA was PCR-amplified with primers,
5'F3 (5-GGAAGATCTATTTAGGTGACACTATAGAACAA-
CAACAACAACAAACAACAACAAAATG-3") and 3'lib_PCR
(§-TTTTTTTTCTTGTCGTCATCGTCCTTGTAGTC-3"). The
PCR product was purified with the QIAquick PCR purification
kit and fractionated (over ~200 bp) with a CHROMA SPIN-1000
(BD Biosciences). The fractionated PCR product was used as a
template for transcription using the RiboMax large RNA produc-
tion system-SP6. The resulting RNA was ligated with PEG Puro
spacer [p(dCp)2-T(Fluor)p-PEGp-(dCp)2-puromycin] using T4
RNA ligase (Takara). The ligated RNA was purified with the
RNeasy mini kit.

Affinity screening

The IVV formation reaction was performed as described pre-
viously (16), with some modifications. Briefly, a 50 p! aliquot
of wheat germ extract reaction mixture (Promega) containing
10 pmol of the bait Jun RNA, 10 pmol of the ligated library
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RNA, 80 uM amino acid mixture, 76 mM potassium acetate
and 40 U of RNase inhibitor (Invitrogen} was incubated for 1 h
at 26°C. Subsequently, the reaction mixture was added to 50 pl
of rabbit immunoglobulin G (IgG) agarose beads (Sigma)
equilibrated with 50 pul of IPP150 buffer (10 mM Tris—HCI,
pH 8.0, 150 mM NaCl and 0.1% NP-40), and mixed on a
rotator for 2 h at 4°C. The beads were washed with 800 pl
of IPP150 buffer once and with 800 ul of TEV cleavage buffer
(10 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.1% NP-40,
0.5 mMEDTA and 1 mM DTT) five times, then 100 ul of TEV
cleavage buffer containing 100 U of TEV protease was added,
and rotation was continued for 2 h at 16°C. The resulting
eluate was used as the RT-PCR template. RT-PCR was per-
formed with a OneStep RT-PCR kit (Qiagen} using primers,
5'F3 and ¥Flag-1AL (5'-TTTTTTTTICTTGTCGTCATCG-
TCCTTGTAG-3'). The optimal number of PCR ¢ycles with-
out reaching a plateau was 26-30 cycles at each RT-PCR step.
The RT-PCR product was used for the next round of selection
as described above. After five rounds of affinity screening, the
RT-PCR product was cloned vsing a PCR cloning kit (Qiagen)
and sequenced with an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems).

Sequence analysis

The selected clones were subjected to nucleotide—nucleotide
BLAST (BLASTN) search (18) to identify the protein repres-
ented by each clone. The nucleotide database obtained from
the NCBI ftp site (ftp:/ftp.ncbi.nlm.nih.gov/blast/db/) was
employed as a reference database. The threshold of the
E-value was configured at 1.0 x 107", Clustering of the clones
was performed using the CLUSTALW program (19).

Real-time PCR analysis

Real-time PCR were performed with LightCycler FastStart
DNA master SYBR green | kit (Roche) and protein-specific
primer sets (Supplementary Table 1) on the LightCycler
{Roche). The standard template DN A was PCR-amplified from
each selected sequence on pDrive vectors (Qiagen) using
primers, 5MI13F (5'-GTTTTCCCAGTCACGACGTTG-3")
and 3’M13R (5-GAAACAGCTATGACCATGATTACG-3").

Pull-down assay

Pull-down assay using the C-terminal fluorescence labeling
technique was performed according to the method of Miyamoto-
Sato et al. (16). The DNA templates were PCR-amplified
from the cloned plasmids with primers, $F3 and 3'R3
(3-TTTTTTTTCTCGAGCTTGTCGTCATCG-3). The amp-
licons were used as templates for transcription. The resulting
mRNAs were translated in the presence of fluorescence-
labeled puromycin to make fluorescence-labeled proteins.
Bait Jun was also translated in the cell-free translation system
separately. These translated proteins were mixed together,
incubated with rabbit IgG agarose beads, and washed as
described above. The binding proteins were eluted with
sample buffer (0.1 M Tris-HCl, pH 6.8, 4% SDS, 0.2%
bromophenol blue and 20% glycerol) at 100°C for 5 min,
subjected to 17.5% SDS-PAGE, and analyzed with a
Molecular Imager FX (Bio-Rad Laboratories).
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Co-immunoprecipitation assay

Full-length ¢cDNA of Jun was inserted into a pCMV-Tag5
expression vector (Stratagene). DNA fragments of the selected
proteins were subcloned into the pQBI2S5f expression vector
(Qbiogene), in which the peptide linker has been replaced with
a HL4 helix linker (20) and a C-terminal FLAG-tag added.
Neuro2a cells were co-transfected with both pPCMV-Tag5 cod-
ing Jun and pQBI25f coding each selected protein sequence or
GFP-HL4-FLAG alone (mock) using Lipofect AMINE2000
(Invitrogen). After 24 h, the cells in a 6 cm dish were rinsed
once with ice-cold phosphate-buffered saline (PBS) and
scraped using cell-scrapers with 1.5 ml of PBS. The cells in
the suspension were collected by centrifugation at 5000 r.p.m.
for 5 min and lysed in 375 pl of NP lysis buffer (20 mM Tris—
HCI, pH 7.6, 150 mM NaCl, 1.0% NP-40, 50 mM NaF, 1 mM
Na;VO,4 and 2 mM EDTA) containing a Complete protease
inhibitor cocktail (Roche) with sonication for 1 min at 170 W
and rotation for 1 h at 4°C. The lysate was centrifuged at
15000 r.p.m. for 15 min at 4°C. An aliquot of 15 pl of the
supernatant was separated and used for western-blot analysis
to compare protein expression levels, For co-immunoprecipi-
tation, 30 pi of anti-FLAG M2 agarose beads (Sigma) was
added to 350 pl of the cell lysate and the mixture was incu-
bated 2 h at 4°C with rotation. Finally, the agarose beads were
washed four times with lysis buffer and resuspended in
SDS-PAGE loading buffer for immunoblot analysis.

For western-blot analysis, the polyacrylamide gel was
transferred onto a PVDF membrane. Duplicate blots were
made from the identical immunoprecipitation experiment.
One blot was probed with a rabbit anti-Jun polyclonal antibody
{Calbiochem) to detect co-immunoprecipitated Jun, and the
other was probed with a rabbit anti-green fluorescent protein
(GFP) polyclonal antibody (Molecular Probes) to monitor the
amount of GFP- and FLAG-tagged selected proteins that
had been immunoprecipitated by the anti-FLAG M2 agarose
beads in each reaction. The blots were revealed by an ECF
western blotting kit (Amersham Biosciences) and Molecular
Imager FX.

Subecellular localization analysis

COS7 cells in a 3.5 cm glass dish were co-transfected with
an expression vector pQBI25f coding each newly selected
protein fragment interacting with Jun in vitro, selected
Fos, or OFP-HL4-FLAG alone (mock), together with an
expression vector pCMV-Tag5B coding full-length Jun,
using Lipofect AMINE2000 reagent for 24 h. Before observa-
tion, the transfected cells were treated with 100 ng/ml of
Hoechst33342 (Molecular Probes) for 5 min to stain the
nucleus. The cells transfected with each GFP-tagged protein
were observed with an Axiovert 200 M system {Carl Zeiss).

Functional clustering using annotation data

The functional annotations of the selected proteins were
searched in the entries under Gene Ontology (GO) in the
Mouse Genome Informatics (MGI) website (http://www,
informatics.jax.org/) and those under Refseq in the Locuslink
website  (http://www.ncbi.nlm.nih.gov/LocusLink/). The
selected proteins were clustered based on the common
terms of the annotations.
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RESULTS
Preparation and confirmation of IVV template library

Figure 1A shows the principle of the formation of an IVV
molecule, a conjugate of protein (phenotype) and RNA
{genotype). A library of IVV molecules was constructed
from a ¢DNA library derived from mouse brain poly(A)*
RNA. Because each process in the IVV template construction,
i.e. reverse transcription, ligation of the PEG Puro spacer, and
especially PCR-amplification (21), can be a cause of bias,
which may prevent enrichment of specifically selected clones,
we confirmed that no significant bias had occurred in the
process of construction of the IVV template library before
affinity selection. We performed RT-PCR analysis for several
genes with specific primers to compare the amounts in the
original mouse brain poly(AY" RNA and the constructed
IVV template RNA library: all genes tested were found in
both libraries in almost equal amounts (data not shown).
The result indicates that this IVV template library is suitable
for selection. Indeed, this test of the library was critical for
success in the selection of novel interactions.

Co-translation of IVV library and bait protein

As shown in Figure 1B, we employed cell-free co-translation
of bait protein with the IVV library. This protocol does not
require a separate preparation of bait proteins, as was
performed in the previous study (14). Thus, we considered
that this convenient approach would be more suitable for
high-throughput screening for protein—-protein interactions.
We examined the optimal concentration of mRNA template
for bait Jun (Figure 1C) to generate a sufficient amount of bait
pretein in a cell-free translation system. The largest amount of
the bait protein (~10 ng/ul) was obtained when the mRNA
concentration was 200 nM (data not shown).

Selection of Jun-associated proteins from ¢DNA library

We then applied the IVV selection system to discover
Jun-associated proteins in the mouse brain ¢DNA library.
We performed two different kinds of selection, one being
selection of the IVV library in the presence of the Jun bait
protein, and the other being selection in the absence of the bait
protein. Co-translated bait protein with its interactors was
captured by IgG agarose beads through the added affinity
tag. After five rounds of selection, the resulting libraries
were cloned and sequenced. Consequently, 217 clones were
obtained from the 5th round library of the bait (+) selection,
and 151 clones were obtained from the 5th round library of
the bait (=) selection. In the bait {—) library, it seems that
materials specifically bound to the rabbit IgG agarose beads
are enriched, and thus we considered clones also detected
in the bait (—) library to be false positives [50 of 217 clones
in the bait (+) library were removed in this step]. This
simple approach to remove false positives was lacking in
the previous protocols of mRNA display (14) and other display
technologies (22).

Also, 24 clones including stop codons were removed,
because such clones cannot form IVV and thus cannot interact
with the bait protein as an IVV containing a protein moiety.
The remaining 143 clones were subjected to nucleotide-
nucleotide BLAST {BLASTN) search to identify the coded



