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ABSTRACT. Protein—protein interactions play a critical role in cellular processes such as signal transduction.
Although many methods for identifying the binding partners of a protein of interest are available, it is
currently difficult or impossible to assess the functional consequences of a specific interaction in vivo.
To address this issue, we propose to modify proteins by addition of an artificial protein binding interface,
thereby forcing them to interact in the cell in a pairwise fashion and allowing the functional consequences
to be determined. For this purpose, we have developed an artificial binding interface consisting of a
anti-Myc single-chain antibody (ScFv) and its peptide epitope. We found that the binding of an ScFv
derived from anti-Myc monoclonal antibody 9E10 was relatively weak in vivo, so we selected an improved
clone, 3DX, by in vitro mutagenesis and phage display. 3DX bound well to its epitope in a yeast two-
hybrid system, and GST-fused 3DX also bound to several Myc-tagged proteins in mammalian cells. In
vivo binding was relatively insensitive to the position of the ScFv in a fusion protein, but was improved
by including multiple tandem copies of the Myc epitope in the binding partner. To test the system, we
successfully replaced the SH3 domain-mediated interaction between the Abl tyrosine kinase and adaptor
proteins Crk and Nck with an engineered interaction between 3DX and multiple Myc tags. We expect
that this approach, which we term a functional interaction trap, will be a powerful proteomic tool for
investigating proteifrprotein interactions.

In cellular signal transduction, protetiprotein interactions A variety of methods for analyzing proteiiprotein
play a critical role in regulating processes such as prolifera- interactions are available, including pull-down assays and
tion, adhesion, and differentiation. Signaling proteins often the yeast two-hybrid system, which are now being applied
contain one or more modular proteiprotein binding to define protein interactions on a proteome-wide sczte (
domains such as Src homology 2 (SH&) Src homology 3 7). While such screens provide insight into what complexes
(SH3) domainsy). Although such protein-binding domains can exist in the cell, they do not address the functional
have considerable binding specificity, in almost all cases consequences of those interactions. We propose an approach,
several partners can bind with similar affinity. This redun- called the functional interaction trap (FIT), for assessing and
dancy leads to complex networks of interactions; a given validating the functional role of specific interactions in the
stimulus can lead to multiple outputs, or different stimuli context of an intact cell. In this method, the normal binding
can generate the same output, due to the binding ofinterface between two proteins of interest is replaced by an
overlapping sets of partners. To truly understand the mech-artificial, highly specific protein binding interface. By
anisms of intracellular signaling, therefore, it is necessary expressing the two modified proteins in the cell, we can
to tease out which specific interaction or set of interactions therefore force them to interact in a pairwise fashion and
is responsible for a particular biological output. determine the functional consequences of that interaction,

for example, whether a biological response of interest can
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studies have described ScFvs directed against Her2/Neu, a

protein X receptor-type tyrosine kinase that is amplified in many breast
b @ Biological cancers 20). To date, most studies have used ScFvs that
C é Phenotype target cell surface proteins, while a few successes have also
B A been reported using ScFvs intracellularly. Besides therapeutic
purposes, intracellular ScFvs, so-called “intrabodies”, have
also been proposed as tools for functional genomics, as a
protein X’ means of specifically knocking out the function of targeted
@ Gﬁ proteins 21, 22).
@) C CB ——* Nophenotype In this report, we demonstrate the feasibility of the FIT
B A approach by reconstituting the SH3 domain-mediated inter-
action between the Abl tyrosine kinase and the SH2/SH3
adaptors Crk and Nck. The kinase activity of c-Abl is tightly
protein X’ regulated; for example, truncation or point mutation in the
b SH3 domain stimulates Abl kinase activity and renders it
C_i\) % —,  Biological oncogenic (reviewed in re23). Furthermore, Abl can be
C CB - Phenotype regulated by several adaptor proteins, including Crk and Nck,
B A A which bind via their SH3 domains to a proline-rich region

located in the C-terminal tail of c-Abl2d—26). Adaptor
proteins play an important role in many signaling processes

by mediating the assembly of multiprotein complex28)(
&D Although molecular mechanisms of Abl regulation by
é C é > No phenotype adaptor proteins have been investigated biochemically, the
B B biological outputs from each specific interaction in vivo are
A still unclear. In this study, we demonstrate that the ScFv
system can be used to induce the association of Abl with
protein X’ specific adaptor proteins, as a first step in assessing the bio-

EXPERIMENTAL PROCEDURES

&D logical role of specific Abt-adaptor complexes in signaling.
é C % — = No phenotype
B A c

PlasmidsFor bait and prey vectors in the yeast two-hybrid
FiGURE 1: Schematic representation of the FIT strategy. In this @ssay, we used pGBK-BN and pGAD-PA, which are
example, the binding of protein X to protein A leads to a biological modified plasmids derived from pGBKT7 and pGADT7
output of interest; however, protein X can also be shown to bind (Clontech), respectively. To make pGBK-BN, a fragment
to proteins B and C (top). In the FIT approach, protein X and its of the multicloning site of pGBKT7 from théicd site to

candidate binding partners are modified by addition of an atrtificial . . . .
protein binding interface which can mediate their specific, pairwise 1€ Not site, which contains the Myc epitope tag, was

interaction, in the absence of other competing interactions that might replaced with a fragment containirganHi, Aspr18, and
normally also occur. When the protein binding domain of protein Notl sites, thus deleting the Myc tag. Five tandemly repeated
X is replaced with an engineered interaction interface (red), no Myc tags were amplified from pCS2-MTBN2) by poly-
biological output is seen in cells because the modified protein merase chain reaction (PCR) using Pfu polymerase and
(protein X) no longer binds to A, B, or C. Candidate partners are . - .
then assayed by fusing them to a complementary binding interfaceiNserted into theBanHl and Notl sites of pGBK-BN to
(red) and coexpressing them with proteir. Xhe engineered  generate pGBK-BN-5Myc. To make pGAD-PA, the frag-
interface mediates specific, pairwise interaction betweéemnd ment of pGADT7 from theNcd to Xhd sites was deleted
@'&; g&%f&,ﬁﬂ rﬁ;’l‘lg gc;elg t:‘;iseiﬁam%’féi;hs wtg%(’girco%igﬁ]tpm to remove the HA epitope. A DNA fragment derived from
very strong evié/ence that thepspecifi% Ft))inding of prét%insx a?nd A the h'.nge doma.lm ofStaphoncoccus aureuprotein A
is sufficient to induce this phenotype. encoding 13 amino acids (AKKLNDAQAPKSDR6) was
inserted as a linker followed byanHI|, Asprl8, and
including the requirement for relatively bulky fusion partners, Not sites. Bglll—Notl fragments encoding anti-Myc ScFv
competing homodimerization reactions, the need for costly CDNAs were inserted between tBamH| and Not sites of
CIDs, and the potential effects of CIDs on endogenous PGAD-PA.
proteins. Here we report the development of a modified Constructs expressing ScFvs fused with glutathiGnhe
single-chain antibody (ScFv) and its peptide epitope for use transferase (GST) were made in pEB&J)(and pEBGC
as the artificial protein binding interface for FIT. vectors. To make pEBGC, the GST fragment of pEBG was
An ScFv consists of the heavy and light chain variable amplified by PCR using a'%rimer containingBanH! and
regions (M and \, respectively) of an antibody connected Asp718 sites preceding the initiation codon of GST, and a
by a flexible peptide linkerX6). ScFvs have been adapted 3’ primer containing a termination codon followed biXat
for expression in the phage-display system, which allows site. The resulting PCR fragment was inserted intd®aeH|
genetic selection of mutants with desirable properties. ( and Notl sites of pEBB 80). Using pEBG, a cDNA of
Since ScFvs can be expressed as a single 25 kDa peptideinterest can be inserted to the C-terminal side of GST, while
they have been proposed as tools for therapeutic purposesising pEBGC, the cDNA can be inserted to the N-terminal
and functional genomics18, 19). For example, several side of GSTBglll —Aspr18 fragments of the anti-Myc ScFv
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were inserted between tilBanH| and Aspr18 sites of pEBG mented with 20 mM 3-amino-1,2,4-tetrazole (3-AT) to inhibit
and pEBGC to make GSTScFv and ScF¢GST proteins, leaky basal HIS3 expression. For theyalactosidase assay,
respectively. Expression vectors for p130Cas, HS-1, andtransformants which were selected erleucinef~tryp-
CD19 were made as follows. A synthetic oligonucleotide tophan/histidine plates with 20 mM 3-AT were inoculated
fragment encoding th&glll site—FLAG epitope-BarH| into —leucine/tryptophan medium and grown overnight.
site motif was inserted into trganH| site of pEBB to make Transformants that were not viable on triply deprived plates
pEBB-FL. To make pEBB-FL5MT, a fragment containing were selected from doubly deprived plates, and grown
five tandemly repeated Myc tags with aBglll site and a overnight in doubly deprived medium as described above.
3' BanHI site was PCR-amplified from pCS2-MTBN and  One milliliter of these overnight cultures was resuspended
inserted into theBanH| site of pEBB-FL. cDNAs of rat in 700 uL of Z buffer [100 mM phosphate buffer (pH 7.0),
p130Cas, mouse HS-1, and the cytoplasmic domain of human10 mM KCI, and 1 mM MgSG] containing 4 mg/mL
CD19 were cloned by PCR and inserted into BzerH| and o-nitrophenyl-b-galactopyranoside (ONPG) and lysed by
Not sites of either pEBB-FL or pEBB-FLSMT. The Myc-  adding 25L of 0.1% SDS and 2@L of chloroform. Lysates
tagged N-WASP expression vector was previously describedwere incubated at 30C and occasionally monitored for a
(31). change of color. To stop the reaction, 3d0of 1 M sodium
PGDN-ADbI, encoding mouse type IV c-Abl, was reported carbonate was added to the lysates. The absorbance of the
previously 82). pPGDN-AbIAPro was made by deleting the  supernatants was measured at 420 rhGalactosidase
proline-rich region from Al&® to Asp® and replacing it activities were calculated with the equation 1 umit
with a fragment containingylsil and Sadl sites. A fragment 10000D,¢/[min(elapsed time of incubationy ODsofAsoo

consisting of six tandemly repeated Myc tags which was of 1 mL of culture)]. Assays were performed in triplicate,
PCR-ampIified from pCS2-MTBN was then inserted between and the standard error was calculated.

the Nsil and Sadl sites to make pGDN-AAPro-6Myc. To
make pEBB-Crk-3DX, the region from the SH3 domain to
the C-terminus of Crk-1 (from Asii?to Arg?®) was replaced
with 3DX coding sequences by two-step PCR, generating a
5'-Bglll —Crk—MIul—3DX—Asp/18-3 product; similarly,
pEBB-Nck-3DX was made by replacing the two N-terminal
SH3 domains (from Métto Leut%®) with 3DX, generating a
5'-Bglll —3DX—MIlul—Nck—Aspr18-3 fragment. These frag-
ments were cloned between tBanHI and Aspr18 sites of
pEBB-HA (33); the resulting proteins encode an HA epitope
tag at their C-termini.

Cloning and Selection of SefeDNAs and Their Mutants.
Total RNA was extracted from hybridomas 9EB%;(anti-
Myc) and 12CA5 85; anti-HA) and reverse-transcribed into
cDNA using random primers according to standard proce-
dures. Primer sets36) were used to PCR-amplify the
variable heavy (M) and light (M) chain regions of the
immunoglobulins expressed in these hybridomas. These :
cDNA fragments were combined with a (G8er}; linker to phate, 1 mM sodium prthqvanadate, 10 niMlycerophos-
generate ScFv and inserted into phage-display vectorphate' and protease inhibitors].
pCANTABSE (Amersham Pharmacia Biotech). In some  GST Pull-Down Assay, Immunoprecipitation, and Immu-
cases, these cDNA fragments were subjected to randomnoblotting.For the GST pull-down assay, equal amounts of
mutagenesis by error-prone PCR amplification using Tagq protein lysate in TXB were added to 14 of a 50% slurry
polymerase %7) before recloning into pCANTABSE to  of glutathione-Sepharose 4B (Amersham Pharmacia Bio-
construct phagemid libraries of ScFv derived from 9E10 and tech). Lysates were incubated with rotation &tGtfor 30
12CA5. To select ScFv clones with improved antigen binding min and beads washed four times with ice-cold TXB. For
properties, typically 18 pfu of recombinant phages was immunoprecipitation, Jg of the anti-HA polyclonal anti-
added to six-well plates coated with GST-fused peptide body (Y11, Santa Cruz) was added to lysates, and immune
epitopes (EQKLISEEDL for Myc and YPYDVPDYA for  complexes were collected on 40 of protein A-conjugated
HA). Phage binding was carried outrf@ h at room beads. Precipitated proteins were separated by-SDEsE
temperature in PBS supplemented with 5% nonfat milk and and electrophoretically transferred to nitrocellulose or PVDF
0.05% Tween 20, followed by extensive washes with the membranes. Membranes were then subjected to immunob-
same buffer. Bound phage were eluted either with an excesdotting. The anti-GST polyclonal antibody (Santa Cruz), the
of GST-fused antigen or with a low-pH buffer. anti-Myc monoclonal antibody (9E10, Santa Cruz), the anti-

Yeast Two-Hybrid Assajxperimental procedures were FLAG monoclonal antibody (M2, Sigma), and the anti-HA
performed as suggested in tieast Protocol Handbook monoclonal antibody (HA11l) were used as probes, and
(Clontech) unless otherwise mentioned. Yeast cells (strain detection was performed either by the colorimetric method
Y190) were grown in YPD medium and transformed with with alkaline phosphatase-conjugated secondary antibody or
both bait and prey plasmids by the LIAc/PEG method. by chemiluminescence (ECL, Amersham Pharmacia Biotech)
Transformed cells were plated ontdeucine/~tryptophan with a horseradish peroxidase-conjugated secondary anti-
plates and-leucinef-tryptophant-histidine plates, supple-  body.

Cell Culture and Transfectiorduman embryonic kidney
cell line 293T was cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and antibiotics.
Cells were transfected by calcium phosphate coprecipitation
as described previousi3Q). For the GST pull-down assay,

5 ug of plasmid encoding GST or GST-fused ScFv and 2
ug of plasmid encoding FLAG-tagged proteins were cotrans-
fected per 100 mm dish. One day post-transfection, cells were
lysed with 300uL of TXB [10 mM Tris-HCI (pH 8.0), 150
mM NaCl, 1% Triton X-100, 10% glycerol, and protease
inhibitors]. For immunoprecipitation of Abl mutants and
adaptor proteins, 2g of plasmid encoding Abl mutants and
12 ug of plasmid encoding Crk-3DX or Nck-3DX (or/Ag

of wild-type Crk or Nck plasmid) were cotransfected and
treated as described above except the lysis buffer was KLB
[25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM EDTA,
1% Triton X-100, 10% glycerol, 10 mM sodium pyrophos-
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A Antigen binding pocket

N L

(Gly4Ser)3 linker
C
B gm0 MAEVKLVESGGDLVKPGGSLKLSCAASGFTFSHYGMSWVRQTPDKRLEWVATIGSRGTYT 60
3DX EEVKLVESGGDLVKPGGSLKLSCAASGFTFSHYGMSWVRQTPDKRLEWATIGSRGTYT 60
100p12 EVKLVESGGDLVKPGGSLKL SCAASGETFSHYGMSWYRQTPDKRLEWVATIGSRGTYT 60
9E10 YPDSVKGRFTISRDNDKNALYLQMNSLKSEDTAMYYCARRSEFYYYGNTYYYSAMDYWG 120
3DX YPDSVKGRFTISRDNDKNALYLMSHEEDTAMYY KSEFYYYGNTYYYSAMDYWG 120
100p12  LySDSVKGRFTISRONDKNALYLOMNSLRTEDTATYYCARKSEFYYYGNTYYYSAMDYWG 120
9E10 GASVTVSSGGRGGSCRGESGGGGSDIVLTQSPASLAVSLGQRATISCRASESVDNYGFSE 180
3DX GASVTVSSGGGGSGGGDSGGGGSDIVLTQSPASLAVSLGQRATISCRASESVDNYGFSF 180
100pl2 ASVTV! DIVLTQSPASLAVSLGQRATISCRASESVDNYGESE 180
9E10 MNWFQQKPGQPPKLLIYAISNRGSGVPARFSGSGSGTDFSLNIHPVEEDDPAMYFCQQTK 240
3DX EﬁFQQKPGQPPKLLIYATENRGSGVPARFSGSGSGTDFSLNIHPVEED AMYFCQQTK 240
100p12 WFQQKPGOPPKLLIYATSNRGSGVPARFSGSGSGTDESLNIHPVEEDDSAMYFECQQTK 249

9E10 EVPWTFGGGTKLEIKRADAAPTVSA 266
3DX VPWTFGGGTKLEIKRADAAPTYSA 266
100pl2 VPWTFGGGTKLETKRADAAPTY 266

C 12¢as MAEVKLVESGGDLVKPGGSLKLSCAASGFTFSSYGMSWVRQTPDKRLEWVATISRGGSYT 6@
YYPDSVKGRFTISRDNAKNTLYLQMSSLKSEDTAMYYCARRETYDEKGFAYWGQGTTVTV 120
SSGGGGSGGEGGSGGGGSDIELTQSPSSLTVTAGEKVTMSCKSSQSLLNSGNQKNYLTIYQ 180
QKPGQPPKLLIYWASTRESGYPDRFTGSGSGRDFTLTISSVQAEDLAVYYCQNDNSHPLT 240
FGAGTKLELKWAA 253

Ficure 2: Structure and peptide sequences of ScFvs used in this report. (A) The schematic structure of an ScFv, consistind 9f V
fragments derived from the variable regions of immunoglobulin connected by aS@lylinker. (B) The amino acid sequences of two

mutant anti-Myc ScFvs (3DX and 100p12) derived from 9E10. Mutants were aligned with the parental 9E10 sequence, and residues identical
to those of 9E10 are shaded pink. CDR regid®® @re shaded light gray. Amino acid numbers on the right correspond to the numbering

of the mutants in text. (C) Amino acid sequence of the anti-HA ScFv derived from 12CAS5.

RESULTS — Lys, GIy*®® — Asp, lle!®® — Thr, and Pré*' — Ser
mutations. Among these, the last three mutations are the most
Selection of Sc#s. To construct ScFvs, we cloned cDNA  drastic, likely contributing to the improvement in binding.
fragments for the variable regions of the Myc-specific 3DX and 100p12 each have additional unique mutations not
monoclonal antibody 9E10 and the HA-specific monoclonal present in the other, an Af&— Val mutation for 3DX and
antibody 12CAS5 from the corresponding hybridoma mRNA. Prd2 — Ser and Mé®P — Thr mutations for 100p12.
The V4 cDNA fragment was linked to the Vportion with Both Vi and | possess hypervariable regions termed
a 15-amino acid (GhSer} linker. Figure 2 shows the complementarity determining regions (CDRs), the positions
deduced amino acid sequences of the ScFvs derived fromof which are indicated in Figure 2. Interestingly, only one
9E10 and 12CA5. We found that these ScFvs had relatively of the major amino acid differences between 3DX and the
low binding affinities for their peptide epitopes (data not parental 9E10 ScFv was found in a CDR {ife— Thr),
shown); therefore, to obtain clones with improved binding while the other mutations in 3DX were located in relatively
properties, we mutagenized the ScFv coding sequences byconserved framework regions. Since 3DX had the highest
error-prone PCR. Using a phage-display system, we selectecapparent affinity among anti-Myc ScFvs in the yeast two-
mutant clones for 9E10 from a library of approximatelyy 10 hybrid assay (see below), it is likely that those mutations
independent recombinant phages. After four rounds of PCR contributed to the improvement in affinity. We also obtained
mutagenesis and phage display, we selected two clonesseveral mutant clones for 12CA5 by the phage-display
100p12 and 3DX, which showed significantly improved system, but the improvement in their binding properties was
binding compared with the original 9E10 ScFv. The se- not as pronounced as in the case of the anti-Myc ScFvs (data
guences of these two clones revealed several point mutationsnot shown), leading us to focus on the latter for further
100p12 and 3DX shared L§%s— Arg, Sef® — Thr, Argtot analysis.
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Ficure 3: Binding of the anti-Myc ScFv to its epitope in the yeast two-hybrid system. Either pGBKT7, encoding a single Myc tag (1xMyc),

or pGBK-BN-5Myc, encoding five tandem Myc tags (5xMyc), was used as a bait plasmid, while 9E10 ScFv or its mutants, inserted into
pPGAD-PA, were used as prey. Bait and prey plasmids were cotransformed into yeast strain Y190. The interaction between the Nck SH3-2
domain (Nck) and the Pakl N-terminus (Pakl) serves as a positive control. (A and C) Transformants were first seleted-oFrp

plates, and then viable clones were spread-bru/—Trp/—His plates containing 20 mM 3-AT. (B and D) Binding activities were quantitated

with the liquid -galactosidase assay as described in Experimental Procedures. AD is the pGAD-derived prey vector; DBD is the pGBK-
derived bait plasmid.

Binding of Schks to the Myc Epitope in Wb. We next To examine the binding between the ScFv and its epitope
used the yeast two-hybrid assay to test whether improvementsn mammalian cells, we used transient expression in human
in binding could also be seen in the intracellular milieu. 293T cells followed by a GST pull-down assay. Plasmids
Using this system, reconstitution of a known biologically encoding GST-fused 9E10 or 3DX were cotransfected with
relevant interaction [between the N-terminus of Pakl and either untagged or Myetagged proteins, including p130Cas
the second SH3 domain of NcRB3, 38, 39)] allowed yeast (40, 41), HS-1 @2), or the cytoplasmic domain of CD19
cells to grow on selective media as expected (Figure 3A). (43). Because all the Myc-tagged proteins also encoded a
Under the same conditions using a single Myc tag as bait, FLAG epitope tag at their N-termini, they could all be
growth of yeast transformed with the 9E10 ScFv prey detected by anti-FLAG antibodies. GSBcFv fusion pro-
plasmid could hardly be detected, while cells transformed teins were collected with immobilized glutathione beads, and
with a 3DX prey plasmid showed significant growth. We coprecipitating Myc-tagged proteins were detected by im-
then tested five tandemly repeated Myc tags in the bait munoblotting. As can be seen in Figure 4, Myc-tagged
plasmid instead of a single Myc tag. In this case, the growth proteins coprecipitated with the GSBDX protein, sug-
of cells cotransformed with the 9E10 prey was greatly gesting that 3DX bound to its epitope in mammalian cells.
stimulated compared with that of the bait plasmid alone. Binding was much weaker in the case of the parental 9E10
These results were then extended using a quantitativefusion, where a faint band could be seen in only the lane
fB-galactosidase assay (Figure 3B). In this assay, 3DX where Myg-tagged HS-1 was cotransfected (Figure 4, anti-
exhibited a much stronger apparent interaction with the Myc Myc).
epitope than 9E10, while 100p12 had an intermediate activity Next we examined whether the position in which the ScFv
(Figure 3D). These results indicate that the ScFv could bind is inserted affects its ability to bind to the Myc epitope. We
its peptide epitope in the cell, that the binding affinities of fused the ScFv to either the N-terminal or C-terminal side
mutants derived from 9E10 were improved relative to that of GST, and each construct was cotransfected into 293T cells
of the parental ScFv, and that the apparent affinities were along with a plasmid encoding Mytagged N-WASP44).
increased when multiple copies of the epitope tag were used.The resulting lysates were subjected to the GST pull-down
It also suggests that the affinity for binding between 3DX assay to detect differences in binding affinity. As shown in
and five tandem Myc tags was at least as high as that of theFigure 5, we did not detect any significant difference between
interaction between the Nck SH3 domain and Pak1. constructs where 3DX was inserted to the N-terminal or
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Ficure 4: Binding between GST-fused anti-Myc ScFv and Myc-tagged proteins in mammalian cells. The plasmid expressing GST-fused
9E10 or 3DX was cotransfected into 293T cells with vectors encoding p130Cas, HS-1, or the cytoplasmic domain of CD19, tagged with
the FLAG epitope with or without five tandem Myc tags. Cells were lysed 24 h post-transfection, and GST fusion proteins collected on
glutathione beads. Bead-bound proteins or whole cell lysates were separated by 16%AES transferred to membranes, and probed

with an anti-FLAG or anti-Myc monoclonal antibody or an anti-GST polyclonal antibody. The positions of prestained molecular mass

markers are indicated at the left (in kilodaltons).

C-terminal side of GST. Once again, coprecipitation of variant with the proline-rich SH3-binding domain deleted
Myc-tagged N-WASP with the parental 9E10 fusion could (AblAPro), and an Abl variant in which the proline-rich
barely be detected, irrespective of the orientation of the ScFv.region was replaced with six tandem Myc tags (ABfo-
These results suggest that binding between the ScFv andMyc) (depicted in Figure 6). As shown in Figure 7, wild-
the Myc tag is relatively insensitive to the position of the type (wt) c-Abl co-immunoprecipitated with wt Crk-I or Nck
ScFv in a fusion protein. We also tested the effect of inserting when coexpressed in 293T cells. When Crk-3DX or Nck-

a linker peptide (consisting of 13 amino acids derived from
the hinge domain o8. aureugprotein A) between GST and
the ScFv, with the aim of increasing the flexibility of the
fusion proteins 29). No increase in the extent of binding
was apparent (Figure 5), implying that there is no signifi-

3DX was coexpressed with wt Abl, AbPro, or AbAPro-
6Myc, only AblAPro-6Myc specifically co-immunoprecip-
itated with Crk-3DX or Nck-3DX. These data demonstrate
that AblAPro-6Myc bound Crk-3DX or Nck-3DX in vivo
via the ScFv and Myc tag. This strongly suggests that these

cant steric interference with binding, at least in the context mutants will be useful and novel tools for investigating the

of GST fusions. Taken together, these results demonstratebiological consequences of specific binding between Abl and
that the 3DX ScFv and multiple Myc epitopes can stably Crk or Abl and Nck, and that this general approach could
interact in the cytosol of mammalian cells, suggesting this be used to direct the specific association of other proteins in

would be a suitable artificial protein binding interface for
FIT purposes.
ScR-Mediated Association of Signaling Proteiifge next

examined whether we could use 3DX and its epitope to direct

the binding of biologically relevant target proteins, in the
absence of their normal intrinsic binding interface. Since
SH2/SH3 adaptor proteins, including Crk and Nck, are
known to bind via their SH3 domains to the proline-rich
region of the c-Abl tyrosine kinasd®, 46), we constructed

a Crk-1 mutant in which the SH3 domain was replaced with
3DX (Crk-3DX), a Nck mutant in which the two N-terminal
SH3 domains were replaced with 3DX (Nck-3DX), an Abl

the cell.

DISCUSSION

As the genomes of major experimental organisms are
completed, there is a new emphasis on the functional
characterization of gene products, including the construction
of global interaction maps4{). Several groups have gener-
ated interaction maps for yeast Gaenorhabditis elegans
by the yeast two-hybrid system, (5, 7). Although this is a
well-characterized method for analyzing proteprotein
interactions 48), it can only identify potential binding
partners for a protein of interest; no information is provided
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+6Myc-NWASp ized monoclonal antibodies 9E10 and 12CA5, directed
- against the Myc and HA epitopes, respectively, as these
antibodies and their corresponding epitope tags are widely
used and interact with high specificity. In most cases,
addition of these epitope tags has no apparent effect on the
function of proteins to which they are fused, and because
130- 6Mye- the HA epitope is from a viral protein and the Myc epitope
90- 5 NWASp is not recognized by 9E10 in the native (nondenatured) Myc
anti- 70- protein @4), expression of the ScFv is not expected to
Mye interfere with endogenous functions. Finally, many proteins
are already available as Myc- or HA-tagged fusions; thus,
GST the FIT system could take advantage of existing epitope-
pull- tagged constructs.
down 70- GST- We found that ScFvs constructed from monoclonal
0. MYTCmme Rt 4 seFy antibodies 9E10 and 12CA5 bound relatively weakly to their
anti- 40- epitopes in yeast and mammalian cells, but that after several
GST rounds of mutagenesis and phage display we could isolate
- - ~ = qGst mutants such as 3DX with significantly improved in vivo
20- - "~ binding (Figures 3 and 4). In a previous repet®), Schier
et al. succeeded in generating picomolar affinity ScFvs using
130- — targeted mutagenesis of the CDR of &d .. In contrast,
whole . 9- m A\wasp we mutagenized the entire ScFv cDNA randomly, and
cell Ant- 70- - e surprisingly, almost all of the mutations in 3DX were located
lysate Mye 60- P o outside the CDR. Since the CDRs determine antigen
—— i = specificity, this result suggests that mutations in 3DX may
= affect the overall conformation or stability of the ScFv, as
» _ o others have observe®( 51). Interestingly, one mutation
Ficure 5: Effect of the position of the inserted ScFv on binding \y455 [ocated in the (Glper), linker segment of 100p12 and

to Myc-tagged proteins in vivo. 9E10 and 3DX were inserted to . . - .
either the N-terminal or C-terminal side of GST. In the nomenclature SPX- Itis possible that this mutation may affect the structural

of GST-fused ScFv constructs, PA denotes the insertion of a linker flexibility between \j; and \{, allowing the ScFv to bind to
peptide (derived frons. aureusprotein A) between GST and the  the epitope more tightly.

ScFv. ScFv-encoding plasmids were cotransfected into 293T cells Despite the potential usefulness of intrabodies, one major
with the plasmid encoding N-WASP bearing six tandem Myc tags , oo must be overcome, their relative instability and

(6Myc-NWASD). Lysates were analyzed with the GST pull-down ! P . " :
assay and immunoblotting as described in the legend of Figure 4.insolubility in the reducing conditions encountered in the

The positions of prestained molecular mass markers are indicatedcytosol, where the formation of conserved intrapeptide
at the left (in kilodaltons). disulfide bonds is not favored®?2, 53). We found that when
ScFvs were fused to GST and expressed in human cells, the
about whether an interaction actually occurs, or the conse-steady-state expression levels of the ScFv fusions were
quences of binding. Pull-down approach2s3) can reveal  considerably lower than that of GST alone (see Figure 4).
protein associations that occur in a cell of interest, but still Furthermore, when we estimated the fraction of GST-fused
cannot address the functional consequences of those interac3DX bound to Myg-tagged N-WASP in transfected cells
tions. Thus, it remains difficult or impossible to identify those (using purified recombinant N-WASP and GST as standards),
specific protein interactions that are functionally relevant to we found that only a relatively small fraction of the total
a biological activity of interest. Here we describe an GST-3DX protein was stably bound when N-WASP was
approach, termed the functional interaction trap (FIT), that in excess (data not shown). This suggests that a large
can complement binding-based methods. In this method, twopercentage of the ScFv fusion may not be active in vivo. To
proteins are forced to interact specifically via an artificial address this issue, efforts have been made to directly screen
binding interface, such as an ScFv and its epitope, and thefor ScFvs that are soluble and stable in vivo by the yeast
biological output resulting from this interaction can be two-hybrid system %4—56). We are currently working to

GST-PA-9E10
GST-PA-3DX

9E10-GST
3DX-PA-GST

GST-9E10
GST-3DX
3DX-GST
YE10-PA-GST
GST
GST-9E10
GST-3DX
GST-PA-9E10
GST-PA-3DX
9E10-GST
3DX-GST
9E10-PA-GST
3DX-PA-GST

|
s
1 ]
1

determined. obtain improved anti-Myc ScFvs by selection in yeast under
We chose to adapt ScFvs for FIT applications because ofvery stringent two-hybrid conditions. Of course, other types
their relatively high specificity and small size-25 kDa), of protein interaction interfaces could also be adapted for

and because their binding partner (the epitope) is a short,FIT, such as amphipathic coiled-coil segmeBid (We have
linear peptide. The latter is important because it might allow found that engineered coiled coils can mediate specific
the epitope to be inserted into various positions in a protein pairwise interaction of protein kinases with candidate
of interest, for example, in the solvent-exposed loops of a substrates in cells, leading to phosphorylation of those
globular domain, with minimal disruption of the overall substrates (A. Sharma, S. Antoku, K. Fujiwara, and B. J.
structure. The linear nature of the epitope also mimics the Mayer, manuscript in preparation).

peptide ligands for naturally occurring modular protein  We tested the FIT approach by reconstituting an interaction
interaction domainsg). In contrast, CID-based heterodimer- between the c-Abl tyrosine kinase and SH2/SH3 adaptors.
ization schemes require fusion to bulky drug binding domains In contrast to other nonreceptor tyrosine kinases such as those
(9, 12, 14). We derived our ScFvs from the well-character- of the Src family, c-Abl has a long unique C-terminal
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SH3  SH2 kinase PRD

wtAbl [ A T

APRD
SH3  SH2 kinase AB
AblAPro A7 I H

i [

SH3  SH2 kinase 6xMyc AB

AblAPro-6Myc [ VA V/A/Z/A] [ I i

SH2 SH3
CrkI VA

SH2 3DX
Crk-3DX A1

SH3 SH3 SH3 SH2
Nck A A VvV /1]

3DX SH3  SH2
Nck-3DX VA /1]

FiGure 6: Structures of the Abl, Crk, and Nck mutants used in this reportARDb has a deletion in the proline-rich region encompassing
amino acids 546645. In AblAPro-6Myc, the proline-rich region is replaced with six tandemly repeated Myc epitopes. PRD and AB

denote the proline-rich segment and actin binding domain, respectively. Crk-3DX and Nck-3DX were made by replacing a single SH3

domain in Crk-1 or the two N-terminal SH3 domains in Nck with 3DX.

segment with which a number of proteins have been reportedand epitopes with different numbers of tandem repeats, may
to interact. The biological consequences of most of these provide the means for generating such a range of affinities.
interactions are not known, however. A proline-rich region Second, some biological interactions may require a specific
in the Abl C-terminus contains multiple PxxP SH3-binding relative orientation of the interacting molecules. Although
motifs, which bind adaptor proteins, including Crk, Nck, and we have shown that the ScFv and epitope tag can be inserted
Grb2 @5, 46). Overexpression of Crk can lead to cellular in different positions in a protein, a negative result (lack of
transformation %8), while Nck is thought to play an  biological output) from an FIT experiment will always be
important role in actin organizatio2%). There are numerous less informative than a positive result. Finally, for the FIT
reports also implicating Abl in both biological phenomena approach, the region of a target protein that normally
(59), and binding of Crk to Abl increases the processivity mediates its interaction with candidate binding partners must
of Abl toward some substrates in vitr®(@). For these  be disrupted so that only those interactions mediated by
reasons, it would be of great interest to know what specific ScFv—epitope binding are possible. This can be accom-
biological outputs result from the interaction between Abl plished by replacing the existing binding site with the ScFv
and Crk, or between Abl and Nck. or epitope. On the other hand, it is not necessary to disrupt
The FIT approach is ideal for addressing these issues, andhe native binding site on the candidate binding partners to
we demonstrate in this report that the specific in vivo binding be tested by FIT; thus, full-length N-terminal or C-terminal
between Abl and modified adaptor proteins can be mediatedfusions can be used for this purpose.
by an ScFv and its epitope (Figure 7). These results The FIT approach may ultimately be most useful in
demonstrate that 3DX and its epitope can bind when they identifying novel, biologically relevant interactions from cell-
are inserted into full-length, biologically relevant proteins, based screens based on reconstituting a biological activity
and that they can be used to substitute for the intrinsic of interest. We anticipate that full-length fusion libraries will
binding modules of proteins of interest. We are now pe available for all human cDNAs in the relatively near future
investigating the biological consequences which result from (61), thus allowing truly proteome-wide screens for function-
each of these specific pairwise interactions. Any biological ally important interactions with any protein of interest. For
output that occurs when both the modified Abl and modified example, a library of Myc-tagged full-length cDNAs could
adaptor are expressed (but does not occur when one of thaye introduced into cells expressing a target protein fused to
two proteins lacks the ScFv or Myc epitope required for the 3DX domain, to screen for interactions that lead to
specific association) must be due to the specific pairwise piological phenotypes of interest in those cells. As currently
interaction of the two modified proteins. described, the FIT approach can only be used to screen for
The FIT approach should have wide applications in dominant biological activities, as the corresponding wt
validating the biological role of suspected proteprotein proteins are still present in cells. However, in the future, FIT
interactions; a few general considerations for this approachassays could be performed in cells where the endogenous
are outlined here. First, because the aim of the FIT approachtarget protein is absent, allowing screening for recessive
is to replace intrinsic protein binding interactions, which vary phenotypes. This approach is straightforward in yeast, where
in their affinity, it would be useful to have available a series the gene for a FIT-compatible fusion protein can be ef-
of artificial interaction domains with various binding affini-  ficiently recombined into the endogenous locus, and will
ties. In this context, PCR-mutagenized variants of ScFvs, become more practical in vertebrate systems as more genetic
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Ficure 7: Reconstitution of binding between Abl and Crk or Nck
by the FIT approach. The plasmid encoding wt Abl, ABro, or
AblAPro-6Myc was cotransfected with the plasmid encoding wt
Crk1 or Nck, or a 12-fold greater amount of plasmid encoding Crk-  11.
3DX or Nck-3DX. All Crk and Nck derivatives were HA-tagged.
Lysates were immunoprecipitated with an anti-HA polyclonal
antibody followed by immunoblotting with an anti-Abl or anti-HA 12.
monoclonal antibody. In whole cell lysates probed with anti-HA,
arrows denote the positions of full-length Crk-3DX and Nck-3DX
proteins. The positions of prestained molecular mass markers are 13

indicated at the left (in kilodaltons).

knockout cell lines become available and as new methods

of downregulating endogenous proteins are more widely 14

applied.
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