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The identification of protein-protein interaction networks
has often given important information about the functions
of specific proteins and on the cross-talk among metabolic
and regulatory pathways. The availability of entire genome
sequences has rendered feasible the systematic screening
of collections of proteins, often of unknown function, aimed
to find the cognate ligands. Once identified by genetic
and/or biochemical approaches, the interaction between
two proteins should be validated in the physiologic environ-
ment. Herein we describe an experimental strategy to
screen collections of protein-protein interaction domains to
find and validate candidate interactors. The approach is
based on the assumption that the overexpression in cul-
tured cells of protein-protein interaction domains, isolated
from the context of the whole protein, could titrate the
endogenous ligand and, in turn, exert a dominant negative
effect. The identification of the ligand could provide us with
a tool to check the relevance of the interaction because the
contemporary overexpression of the isolated domain and of
its ligand could rescue the dominant negative phenotype.
We explored this approach by analyzing the possible dom-
inant negative effects on the cell cycle progression of a
collection of phosphotyrosine binding (PTB) domains of hu-
man proteins. Of 47 PTB domains, we found that the over-
expression of 10 of them significantly interfered with the cell
cycle progression of NIH3T3 cells. Four of them were used
as baits to identify the cognate interactors. Among these
proteins, CARM1, interacting with the PTB domain of Rab-
GAP1, and EF1¢, interacting with RGS12, were able to res-
cue the block of the cell cycle induced by the isolated PTB
domain of the partner protein, thus confirming in vivo the
relevance of the interaction. These results suggest that the
described approach can be used for the systematic screen-
ing of the ligands of various protein-protein interaction do-
mains also by using different biological assays. Molecular
& Cellular Proteomics 6:333-345, 2007.
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The identification of novel protein-protein interactions has
become a common strategy to assess the function of gene
products. Taking into account the availability of biological
sequence data and the annotations of genes in several spe-
cies, systematic approaches have been realized in model
organisms, from yeast to human, to define the molecular
frames of binary interactions among proteins, which can be
used to define the interactome of a given species (for a
review, see Ref. 1). Identification of protein-protein interac-
tions has taken advantage, in the last 2 decades, of both
genetic and biochemical traps. Since its introduction, yeast
two-hybrid screening (2) has served as a potent genetic tool
to trap molecular interactions among proteins; its suitability
to high throughput performance has been the result of its
fundamental relevance to interactome mapping projects in
invertebrates (3) as well as in mammalian species including
human (4).

Besides genetic screens, alternative approaches are
needed to overcome the limitations of the yeast systems. For
instance, not all post-translational modifications relevant to
some protein-protein interactions may properly occur in yeast
cells (i.e. tyrosine phosphorylation). Furthermore the use of
molecular baits encoding protein domains particularly small
and/or prone to complex with other proteins, such as tran-
scription activation domains, may in some cases preclude the
feasibility of a genetic screen because of the high background.
In this context, identification of biochemical interactions among
proteins through co-precipitation assays provides a valid alter-
native approach to a detailed characterization of interactomes.
This may be useful to find interactors for small protein binding
motifs, which can be easily synthesized and derivatized for
effective coupling to activated resins, or take advantage of
recombinant expression of appropriate biochemical baits in
bacteria or in eukaryotic cells. Once again, the availability of
detailed annotations of biological sequences has accelerated
the accumulation of data defining novel protein-protein inter-
actions, also benefited by the availability of protein tagging
strategies and the increased sensitivity of mass spectrometry-
based methodologies for protein identification (5, 6). In any
event, downstream of the capture of novel protein-protein
interactions by either genetic or biochemical traps, molecular
(co-fractionation and co-immunoprecipitation) and/or cellular
(confocal microscopy and fluorescence resonance energy
transfer analysis) approaches are required to confirm the oc-
currence of the complexes in living cells, and functional as-
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Functional Strategy to Identify PTB Domain Interactors

says are necessary to assess their physiological relevance in
the appropriate cellular context.

Adaptor proteins are specialized products, assembled
through evolution-driven sequence modification and combi-
natorial shuffling of protein-protein interaction domains. For
instance, SH2" and PTB domains from selected adaptors link
activation of receptor tyrosine kinases to downstream signal-
ing events regulating cellular proliferation, differentiation, and
survival (7). Molecular adaptors are indeed involved in scaf-
folding the protein complexes necessary to perform and in-
tegrate distinct signaling pathways. Indeed the modular struc-
tures of adaptor proteins allow them to form complexes with
one or more proteins at the same time. In turn, the bound
proteins may link the former complexes to other proteins and,
finally, to effector proteins. For these reasons, the expression
of a protein domain, isolated from the context of the complete
adaptor molecule, can render ineffective the progression of
this molecular flow of interactions, preventing the formation of
the ordered and functional protein complexes required for the
effectiveness of the pathway. Thus, the overexpression of an
isolated protein-protein interaction domain can be used as a
functional tool to perturb cellular processes through dominant
negative mechanisms. In this study, we describe a strategy
aimed to identify and validate protein complexes based on the
functional assay of the interaction. We decided to explore the
interactions involving the phosphotyrosine binding domains
(PTB or PID (phosphotyrosine interaction domain); for a re-
view, see Ref. 8) present in a collection of human proteins.
Despite the acronym, which would define this domain as a
selective ligand for phosphotyrosine (Tyr(P)) residues, PTB
domains are heterogeneous in their binding specificities: al-
though IRS- and Shc-based PTB modules actually interact
with phosphotyrosines, PTB domains from other proteins,
such as Fe65, do not require the Tyr(P) residue for complex
formation (9). Also in the absence of Tyr(P), which can be
substituted for by unmodified tyrosine or by phenylalanine,
the binding often requires a hydrophobic residue at —5, Asn at
—3, and the Pro at —2. However, in several interactors of PTB
domains it was impossible to find sequences with these char-
acteristics, thus indicating pronounced heterogeneity in bind-
ing specificities (8). Given their participation in important cel-
lular mechanisms, the proteins containing PTB domains often
do participate in pathogenic mechanisms, such as in the case
of oncogenic transformation (Shc) (10), hypercholesterolemia
(ARH) (11), diabetes (IRS-1) (12), and developmental disorders
(Dab) (13).

Considering the involvement of PTB domain-containing
proteins in several signal transduction mechanisms, we spec-

" The abbreviations used are: SH, Src homology; PTB, phosphoty-
rosine binding; IRS, insulin receptor substrate; EF1a, elongation fac-
tor 1a; GAP, GTPase-activating protein; EPS, epidermal growth factor
receptor protein substrate; BrdUrd, 5’-bromo-2’-deoxyuridine; LDL,
low density lipoprotein; LRP1, LDL receptor-related protein 1; GFP,
green fluorescent protein; EGFP, enhanced green fluorescent protein;
HEK, human embryonic kidney; FACS, fluorescence-assisted cell
sorting; JNK, c-Jun N-terminal kinase; RGS, regulators of G protein
signaling; E13.5, embryonic day 13.5; SNARE, soluble N-ethylmale-
imide-sensitive factor attachment protein receptors.

ulated that at least some of these proteins could be involved
in the regulation of cell cycle. Therefore, we have examined
the possibility that isolated protein domains could act as
dominant negative effectors, thus interfering with the progres-
sion of the cell cycle. According to this approach, we exam-
ined 47 PTB domains and found that the overexpression of 10
of them perturbed the cell cycle regulation. The ligands of four
of these proteins were identified. Two of these ligands,
CARM1, interacting with the PTB domain of RabGAP1, and
EF1q, interacting with RGS12, were able to rescue the block
of the cell cycle induced by the PTB domain of the partner
protein, thus validating in vivo the relevance of the interaction.

EXPERIMENTAL PROCEDURES

In Silico Isolation of PTB Domains, Molecular Methods, and Library
Setup—To obtain a full list of human PTB domains, we searched the
Conserved Domains Section of the National Center for Biotechnology
Information (NCBI) and the Ensembl databases; for the search in the
latter database we considered both the annotated gene list (ENSG)
and the protein family list (ENSF). The PTB domains were isolated
from the full protein sequence using InterPro (14). The PTB domains
showing a positive hit to one or more structural prediction programs
were included; furthermore the PTB domains of EPS8L3 and CTEN,
which were not detected by our approach, were also included, given
their homology to the EPS8 family paralogs for EPS8L3 (15) and to the
Tensin family members for CTEN (16).

The 47 human PTB domains were aligned with ClustalX (17) to
determine the boundaries of the PTB domains; such information was
used to design specific primers for RT-PCR amplification of the cDNA
regions containing the domains. Total RNA preparations were ob-
tained with the use of the RNeasy Mini kit (Qiagen) by three different
human cell lines: human embryonic kidney HEK293 cells, IMR-90
fibroblasts, and SHSY-5Y neuroblastoma cells. The cDNAs for am-
plification were obtained through reverse transcription with Super-
script Il reverse transcriptase (Invitrogen) from DNase-treated RNA
preparations using either oligo(dT) or random hexamers for priming.
The individual PTB domain cDNAs were obtained by at least one of
the three cell lines (for the sequences of the primers see Supplemen-
tal Table sd2) and cloned in the pEGFP-C1 vector (Invitrogen) in-
frame to the EGFP coding region. The amplified cDNAs of the PTB
domains were also cloned into a modified version of the pGEX2TK
vector in which a sequence encoding the Strep-tag sequence WSH-
PQFEK was inserted 3’ to the vector polylinker. The cloning of the
cDNAs allowed the expression of recombinant PTB domain polypep-
tides with an N-terminal GST tag and a C-terminal Strep-tag.

Cloning of the full-length cDNAs was achieved through RT-PCR
amplification of EPS8L3, RabGAP1, RGS12, Q7Z2X4/P-CLI1, NMD3,
and CARM1 cDNAs from at least one of the above cited human cell
lines; the cDNAs for EF1a1 and the expression vector for LRP1 were
a gift from Prof. P. Arcari and Prof. Strickland, respectively. The
cDNAs for the PTB domain-containing proteins EPS8L3, RabGAP1,
RGS12, and Q7Z2X4/P-CLI1 were cloned in-frame to a Myc tag,
whereas the cDNAs of the ligands were cloned in-frame to the FLAG
sequence, in the pRcCMV vector (Invitrogen). Supplemental Table
sd3 reports the sequences of the oligonucleotides used for these
amplifications.

Cell Cultures and Cell Cycle Analysis—NIH3T3, HEK293, IMR-90,
and SHSY-5Y cells were grown in Dulbecco’s modified Eagle’s me-
dium (Invitrogen) supplemented with 10% fetal bovine serum (Hy-
clone) using standard procedures. For metabolic labeling, NIH3T3
cultures were starved of methionine and cysteine for 30 min and then
incubated in Dulbecco’s modified Eagle’s medium containing 0.08
mCi/ml [**S]Met and [**S]Cys mixture (Promix, GE Healthcare) for
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12 h before preparation of protein extracts. Cells were transfected
with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. For fluorescence-assisted cell sorting (FACS) analysis,
mouse fibroblasts NIH3T3 were plated in 60-mm dishes, allowed to
attach to the dish overnight, and transiently transfected with the
appropriate plasmids (10 ug of total DNA) using Lipofectamine 2000
(Invitrogen). Thirty hours after transfection, cells were dissociated
from the plates with trypsin and washed with PBS without CaCl, and
MgCl,. Cells were then washed twice and fixed in 70% ethanol in
PBS. Following another wash in the PBS, cells were treated with 10
ng/ml RNase A and then stained with 25 png/ml propidium iodide.
Transfected cells (20,000 cells for each experiment) were selected for
analysis of DNA content (as measured by monitoring fluorescence
from propidium iodide) by gating on fluorescein isothiocyanate-pos-
itive cells due to EGFP using a FACScan (BD Pharmingen). Cell cycle
analysis was performed by the CELL-FIT program (BD Pharmingen).
Three independent experiments were performed in triplicate. Statis-
tical analysis was carried out with the Student’s t test. For 5-bromo-
2'-deoxyuridine (BrdUrd) incorporation experiments, NIH3T3 cells
were grown on polylysine-precoated glass coverslips in 60-mm
dishes and transfected with the appropriate vectors (10 n.g of DNA) by
using Lipofectamine 2000 (Invitrogen) according to the instructions
from the manufacturer. Thirty hours after transfection, cells were
incubated with 10 uM 5-bromo-2’-deoxyuridine (Roche Applied Sci-
ence) for 2 h. Cells on coverslips were fixed with paraformaldehyde
(4% in PBS, pH 7.4), permeabilized with 0.3% Triton X-100, and
incubated with anti-BrdUrd monoclonal antibody (5-bromo-2’'-de-
oxyuridine labeling and detection kit, Roche Applied Science) follow-
ing the instructions of the supplier; then the cells were stained with
Texas Red-conjugated secondary antibody (Jackson ImmunoRe-
search Laboratories). The coverslips were mounted in Mowiol (Cal-
biochem) onto a glass microscope slide, and fluorescence was ex-
amined using an Axiophot microscope (Zeiss). BrdUrd incorporation
experiments were repeated three times for each transfected con-
struct. In each independent experiment, BrdUrd-positive cells were
scored from at least 200 EGFP-positive and 200 EGFP-negative cells.
The ratios from the independent experiments were averaged, and
standard deviation was calculated and reported on the chart.

Protein Expression and FPurification, Mass Spectrometry, and Im-
munological Methods—The recombinant PTB domains from the
modified pGEX2TK vector were expressed in the BL21 strain of
Escherichia coli following induction of exponentially growing cultures
with 0.25 mwm isopropy! 1-thio-B-D-galactopyranoside for 3 h at room
temperature. Recombinant proteins were extracted and purified on
GSH-Sepharose following described procedures (9) and further puri-
fied on Streptactin-Sepharose columns. Final eluates, obtained with
2.5 mm desthiobiotin in 100 mm Tris-HCI, 150 mm NaCl, 1 mm EDTA,
pH 8.00, were dialyzed against PBS containing 1 mm DTT and stored
at —80 °C until use.

Cellular and embryo extracts were obtained by lysis in a buffer
containing 50 mm Tris-HCI, 150 mm NaCl, 0,5% Triton X-100, 10%
glycerol, pH 7.5, 50 mm NaF, 1 mm NagVO,, 1 mm DTT, 0,4 mm EDTA,
pH 8.0, and a mixture of protease inhibitors (Complete, Roche Ap-
plied Science). Lysates were clarified by centrifugation at 12,000 X g
for 20 min at 4 °C. For radioactive pulldown, 250 ug of radiolabeled
extracts from NIH3T3 cells were added to 10 ug of each recombinant
protein bound to 10 ul of GSH-Sepharose resin; binding reactions
were allowed to proceed for 2 h at 4 °C followed by washes in lysis
buffer, elution, and loading onto 9% polyacrylamide gels for SDS-
PAGE. Detection of bound proteins was obtained by scanning the
fixed and dried gels on a Typhoon 9400 phosphorimaging system
with the ImageQuant software (GE Healthcare).

Preparative pulldown experiments were performed with 10 nmol of
the recombinant proteins bound to 100 ul of GSH-Sepharose. The

embryo lysates (25 mg) were first run on a GST column for preclear-
ing, then added to the recombinant proteins, and incubated for 2 h at
4 °C. The unbound proteins were removed by five washes in lysis
buffer, and then the bound polypeptides were eluted by lysis buffer
containing 1 M NaCl or by 2% SDS in Tris-HCI, pH 6.8. Alternatively
after washes, the resin containing the bound material was exposed to
thrombin protease (3 units) for 12 h at room temperature to release
the PTB domains and the bound proteins. The collected material was
separated by SDS-PAGE on 9% polyacrylamide gels, which were
stained with silver nitrate according to standard procedures. Bands
from SDS-PAGE were excised from the gel, minced, and washed with
water. Proteins were in-gel reduced, S-alkylated, and digested with
trypsin as reported previously (18). Digest aliquots were removed and
subjected to a desalting/concentration step on C,4 ZipTips (Millipore
Corp., Bedford, MA) using acetonitrile as eluent before MALDI-
TOF-MS analysis.

Peptide mixtures were loaded on the MALDI target, using the dried
droplet technique and a-cyano-4-hydroxycinnamic acid as matrix,
and analyzed by using a Voyager-DE PRO mass spectrometer (Ap-
plied Biosystems, Framingham, MA). Internal mass calibration was
performed with peptides derived from enzyme autoproteolysis. The
PROWL software package was used to identify bands unambiguously
from the updated mammalian NCBI non-redundant sequence data-
base (19). Candidates with ProFound estimated Z scores >1.8 were
further evaluated by the comparison with their calculated mass using
the experimental values obtained from SDS-PAGE. Detailed peptide
mass fingerprint analysis is reported in the supplemental data.

Validation of the interactions was performed by pulldown followed
by Western blot with antibodies directed against the endogenous or
FLAG-tagged interactors of PTB domains: anti-CARM1 T-16 goat
polyclonal (Santa Cruz Biotechnology); anti-eEF1«, CBP-KK1 mouse
monoclonal (Upstate); anti-LRP1, rabbit polyclonal 483 (a kind gift
from Dr. J. Herz); anti-FLAG peptide M2, mouse monoclonal (Sigma).
Co-immunoprecipitations were carried out with the following antibody
pairs: anti-FLAG M2 as precipitating antibody for NMD3-FLAG,
CARM1-FLAG; anti-Myc 9E10 mouse monoclonal (Santa Cruz Bio-
technology) as precipitating antibody for RGS12-Myc; anti-cubilin
A-20 goat polyclonal (Santa Cruz Biotechnology). Detection of im-
mune complexes in Western blot was carried out with the following
antibodies: anti-Myc 9E10 for EPS8L3-Myc, RabGAP-Myc and
Q7Z2X4; anti-eEF1«a CBP-KK1. Detection for Western blot was car-
ried out with the chemiluminescence system LiteAblot from Euroclone
using horseradish peroxidase-conjugated protein A (GE Healthcare).

RESULTS AND DISCUSSION

Setup of a Library of PTB Domains—To build a collection of
PTB domains, we searched GenBank™ and Ensembl data-
bases to select the genes encoding proteins with this module.
Considering the high level of conservation among the PTB
domains of mammalian species, we focused on the human
dataset, also assuming the presence of a higher number of
entries and a more detailed annotation for human genes. To
reduce the redundancy of information arising from GenBank
and to avoid duplications from the combination of the outputs
from the two databases, we aligned the 47 domains with
ClustalW (20). We removed from analysis the proteins pos-
sessing an IRS-like PTB domain (8), which is annotated as a
distinct entry in public databases (InterPro domain
IPR002404). Our analysis was then focused on the remaining
domains, classified as InterPro domain IPR006020, compris-
ing both Shc-like and Dab-like PTBs (8). This approach led to
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Fic. 1. Overexpression of isolated PTB domains affects cell cycle progression in NIH3T3 cells. A, cell cycle analysis of NIH3T3 cells
transfected with the indicated EGFP-PTB constructs. After transfection, the cells were fixed, stained with propidium iodide, and analyzed by
FACS. The results refer to the percentage of the cells with sub-G,, G,, S, and G,/M DNA content in representative experiments in which cells
from each transfection were sorted as EGFP-positive (transfected) and EGFP-negative (untransfected) populations. B, analysis of the
expression of the PTB domains fused to EGFP by Western blot. The constructs of the indicated proteins were transfected in NIH3T3 cells. The
fusion proteins were visualized with an EGFP monoclonal antibody. C, evaluation of DNA synthesis in cells transfected with the EGFP-PTB
constructs by BrdUrd incorporation experiments. NIH3T3 cells transfected with the indicated EGFP-PTB constructs were labeled with BrdUrd,
fixed and stained with 4',6-diamidino-2-phenylindole to identify nuclei and with anti-BrdUrd monoclonal antibody to detect the cells in S phase.
The BrdUrd-positive nuclei were counted by microscopic analysis in both transfected (EGFP+) and untransfected (EGFP—) populations. The
chart reports the percent values of BrdUrd-positive cells in both populations. The standard deviation of triplicate experiments is reported.

the identification of 42 human genes coding for products with
PTB domains. Considering that some proteins, such as Fe65
family members, do possess two PTB domains, the total
number of our in silico search gave rise to 47 PTB modules.
These are listed in Supplemental Table sd1; the table also
indicates the known ligands for the PTB domains of previously
characterized proteins.

A Subset of PTB Domains Perturbs Cell Cycle Progression
in Mouse Fibroblasts—To examine the possible dominant
effect of the overexpression of isolated PTB domains on the
cell cycle progression, we generated the collection of PTB

domains in the pEGFP-N eukaryotic expression vector, which
allowed us to express the PTB domains with an N-terminal
EGFP tag. Following the transfection of the constructs in
NIH3T3 cells, we analyzed the distribution of transfected
(GFP-positive) and untransfected (GFP-negative) cells in the
Go/G,, S, and G,/M phases of cell cycle by FACS analysis; the
percentage of apoptotic cells (sub-G,) was also established.
In the first instance, the cells expressing the EGFP protein
alone did distribute in a fashion highly superimposed to the
non-GFP-expressing cells from all the tested constructs, in-
dicating no side effects from GFP expression. In both cases,
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the content of sub-G;, cells ranged between 1.5 and 3.5% of
total cells, so we set 5% as an arbitrary threshold for exclu-
sion of potentially toxic PTB domains. Fig. 1A shows a rep-
resentative set of data obtained with those PTB domains,
inducing significant perturbations of the cell cycle, as well as
the cell cycle distribution of cells transfected with the unmod-
ified EGFP vector or with some constructs that did not alter
significantly the cell cycle. We observed that the common
effect of 10 overexpressed PTB domains was the increase of
the number of cells in the G, phase of cell cycle accompanied
by significant decrease of the S phase or of both S and G,/M
pools. This behavior suggests that the overexpressed do-
mains mostly induce a G, arrest. Accordingly the estimation
of proliferating cells by BrdUrd incorporation confirmed that
the 10 GFP-PTB domains eliciting G, arrest show reduced
proliferation because the number of cells involved in active
DNA synthesis is decreased compared with the cells trans-
fected with EGFP alone or with untransfected cells (Fig. 1C).

To understand the molecular basis of the events underlying
the G, arrest, we designed a strategy to purify and identify the
interactors of PTB domains through affinity chromatography
with GST fusion proteins. To this aim, we transferred the
collection of the PTB domains in a modified prokaryotic ex-
pression vector. The pGEX2TK plasmid, which normally al-
lows the fusion of polypeptides to the N-terminal tag of GST,
was improved by cloning the Strep-tag (21) to the C terminus
of the recombinant proteins. This strategy allowed us to ob-
tain highly purified biochemical baits of the PTB domains,
devoid of contaminating E. coli proteins, for use as affinity
matrices. The ability of the highly purified, correctly folded,
and soluble PTB domains to work properly in protein-protein
interaction assay was tested through co-precipitation with
35S-labeled proteins from metabolically labeled NIH3T3 fibro-
blasts. Fig. 2 shows the results of some of the pulldown
experiments, showing that the PTB domains specifically bind
to labeled polypeptides.

Among the subset of PTB domains possessing the ability to
interfere with cell cycle progression, we found some well
characterized proteins, in terms of functional relevance and
binding properties, such as Shc1, EPS8, hCed6, and JIP1.
Given the involvement of Shc1 and EPS8 in the downstream
events of receptor tyrosine kinase activation, it is expected
that their isolated PTB domains may perturb mitogenic sig-
naling and cell cycle progression. An additional member of the
EPS8 family, EPS8L3, also possesses a PTB domain able to
interfere, in a more pronounced way compared with EPS8,
with cell cycle events. The JIP1 protein is another well de-
scribed adaptor protein, binding to components of the JNK
signaling module, involved in JNK activation (22).

hCed6/hGULP is the mammalian orthologue of the Cae-
norhabditis elegans gene ced-6 (23). In the worm, it partici-
pates in the engulfment of apoptotic cells, acting as an adap-
tor for the phagocytic receptor, CED-1, through an interaction
between the CED-6 PTB domain and the NPLY motif in
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Fic. 2. Interaction of PTB domains with cellular proteins. The
recombinant, bacterially expressed PTB domains fused to GST and
Strep-tag were incubated with protein lysates from [*°S]Met and
[3°S]Cys metabolically labeled NIH3T3 cells. The bound proteins were
resolved by SDS-PAGE analysis and visualized with a phosphorim-
aging system. The black arrows indicate the proteins retained by the
GST-Strep-tag (GSTag) control protein; the gray arrowheads indicate
the proteins specifically retained by the PTB domains of the indicated
proteins. Size markers are reported on the left.

30",

CED-1. The involvement of hCed6 in apoptosis has been
suggested by the ability of the human protein to partially
rescue the engulfment defects of ced-6 mutant worms (23).

hCed6 has also been shown to interact with the LDL recep-
tor-like protein, LRP1, in an interaction enhanced by phos-
phorylation of the receptor (24). As expected from the known
properties of all the previous proteins to serve as molecular
scaffolds in relevant signal transduction mechanisms, several
labeled proteins bind their PTB domains as confirmed by the
pull-down experiment with radiolabeled proteins.

EPS8L3, RabGAP1, RGS12, and TBC1D4 are less charac-
terized proteins compared with the previous proteins. Rab-
GAP1 and TBC1D4 belong to a discrete group of proteins
characterized by the TBC (Tre-2/Bub2/Cdc16)/Rab GTPase-
activating protein  homology domain (InterPro domain
IPR0O00195), typical to proteins with GTPase-activating prop-
erties directed toward the Rab family of small G proteins. Due
to the homology of RabGAP1 with the yeast spindle check-
point protein Bub2p (25), its involvement in cell cycle events
may be relevant. RGS12 also possesses a GAP activity do-
main, typical to the large family of regulators of G protein
signaling (RGS) proteins; however, RGS12 has the unique
property, among the various members of the family, to pos-
sess a PTB domain and a GolLoco moatif (26). Finally only
bioinformatic predictions are available for FAM43A and the
annotated gene ENSG153823, encoding for the Q7Z2X4
protein.

Although the PTB domain of FAM43A binds to numerous
labeled proteins, a more limited spectrum of interactors was
observed with the PTB domains of RabGAP1, RGS12, and
Q7Z2X4 proteins (see Fig. 2). Considering the absence of
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Fic. 3. The NMD3 protein is a ligand of the EPS8L3 PTB domain. A, the recombinant, bacterially expressed PTB domains fused to GST
and Strep-tag were incubated with protein lysates from [**S]Met and [**S]Cys metabolically labeled NIH3T3 cells. The bound proteins were
resolved by SDS-PAGE analysis and visualized with a phosphorimaging system. The arrowheads indicate the specific ligands. Lane M,
molecular weight markers. B, the recombinant GST-Strep-tag (GSTag) and GST-EPS8L3 PTB proteins were incubated with E13.5 mouse
embryo extracts. The bound proteins were resolved by SDS-PAGE analysis and visualized by silver staining. C, the protein band (arrowhead
of B) was excised and subjected to proteolysis for mass spectrometry identification. The table shows the identification of the polypeptide as
the mouse homolog of the human NMD3 protein. D, validation of the EPS8L3-PTB/NMD3 interaction by co-precipitation analysis. The
recombinant PTB domains of EPS8, EPS8L2 and EPS8L3 fused to GST-Strep-tag were expressed in E. coli and incubated with extracts from
NIH3T3 cells transfected with the full-length NMD3 cDNA fused to the FLAG epitope. The bound proteins were analyzed by Western blot with
anti-FLAG antibody. The arrow indicates the migration of the NMD3-FLAG protein. 20 ug of cellular extracts from untransfected (—) or
transfected (+) cells were loaded in the first two lanes, respectively, as a migration control. E, the full-length proteins EPS8L3 and NMD3 form
a stable complex in mammalian cells. NIH3T3 fibroblasts were transfected with the full-length cDNAs of NMD3 fused to the FLAG epitope and
of EPS8L3 fused to the Myc epitope. Extracts from transfected cells were immunoprecipitated with mouse IgG or with anti-FLAG antibody, and
the complexes were analyzed with the Myc antibody. The arrow indicates the migration of the EPS8L3-Myc protein. 50 ug of cellular extracts
from transfected cells were loaded in the first lane as a migration control. Est’d, estimated; m/gG, mouse IgG; /P, immunoprecipitation.
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Fic. 4. The histone arginine methyltransferase CARM1 is a specific ligand of the RabGAP1 PTB domain. A, rhe recombinant
GST-Strep-tag (GSTag) and GST-RabGAP1 PTB proteins were incubated with E13.5 mouse embryo extracts. The bound proteins were
resolved by SDS-PAGE analysis and visualized by silver staining. B, the protein bands 1 and 2 (arrowheads of A) were excised and subjected
to proteolysis for mass spectrometry identification. The table shows the identification of both polypeptides as the histone arginine methyl-
transferase CARM1. C, validation of the RabGAP1-PTB/CARM1 interaction by co-precipitation analysis. The recombinant GST-Strep-tag
protein and the PTB domains of RGS12 and RabGAP1 fused to GST-Strep-tag were expressed in E. coli and incubated with extracts from
E13.5 mouse embryos. The bound proteins were analyzed by Western blot with a CARM1 antibody. The arrow indicates the migration of the
endogenous CARM1 protein. D, the full-length proteins RabGAP1 and CARM1 form a stable complex in mammalian cells. NIH3T3 fibroblasts
were transfected with the full-length cDNAs of CARM1 fused to the FLAG epitope and of RabGAP1 fused to the Myc epitope. Extracts from
transfected cells were immunoprecipitated with mouse IgG or with anti-FLAG antibody, and the complexes were analyzed with the Myc
antibody. The arrow indicates the migration of the RabGAP1-Myc protein. 50 ug of cellular extracts from transfected cells were loaded in the
first lane as a migration control. Est’d, estimated; m/gG, mouse IgG; /P, immunoprecipitation.

relevant information for the EPS8L3, RabGAP1, RGS12 and
Q7Z2X4 proteins, we decided to use their PTB domains as
baits for the identification of specific ligands.

Interactors of the EPS8-L3 PTB Domain—The proteins be-
longing to the EPS8 family show a conserved modular struc-
ture composed, N-terminal to C-terminal, of a PTB domain, an
SH3 domain, and a C-terminal region (15). The most repre-
sentative member of the family, EPS8, was discovered as a
substrate for receptor tyrosine kinase activity of the epidermal
growth factor receptor (27). The protein is involved in actin
cytoskeleton dynamics and associated to membrane ruffle

formation. Also the other members of the family, EPS8-L1 and
-L2, bind actin and are more homologous to EPS8 than the
EPS8-L3 protein (15). In our functional screening for modifiers
of cell cycle progression, overexpression of both EPS8 and
EPS8-L3 PTB domains is able to induce G, arrest; however,
the latter is more efficient than EPS8. On the contrary, statis-
tical analysis revealed that EPS8L2 did not induce significant
perturbations of cell cycle (data not shown). Accordingly the
pattern of proteins, which are bound by the PTB domains of
the corresponding proteins, is different (Fig. 3A). In fact, al-
though the three proteins tested share common ligands, spe-
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cific interactors are displayed by both EPS8 and EPS8L3 but
not by EPS8L2. To increase the complexity of the protein
extracts, in terms of number of different proteins with the
ability to interact with our PTB domains, we decided to use
protein lysates from E13.5 mouse embryos. Fig. 3B shows the
results of the preparative pulldown, which appeared particu-
larly rich in potential interactors of the EPS8L3-PTB protein.
However, MALDI-TOF identification of the putative ligands
showed that several protein bands were due to aggregation of
the protein bait. Among these polypeptides, we were able to
identify the 65-kDa band, also present in the radiolabeled
lysate, as the NMD3 protein (Fig. 3C). A pulldown experiment,
shown in Fig. 3D, confirmed that NMD3 is an actual and
specific interactor of EPS8L3 because the overexpressed,
tagged NMD3 protein is specifically recognized by EPS8L3-
PTB, and not by GST alone, or by the PTB domains of either
EPS8 or EPS8L2. Furthermore the interaction occurs between
the two full-length proteins because a specific complex is
co-precipitated by Myc antibody in cells expressing the
EPS8L3-Myc and the NMD3-FLAG proteins (Fig. 3E).

The PTB Domain of RabGAP1 Binds the Arginine Methyl-
transferase CARM1—As for the EPS8L3 PTB domain, the
RabGAP1 PTB domain acts as a strong inducer of G, arrest in
NIH3T3 cells. Its PTB domain, fused to GST, has been used in
preparative pulldown experiments with protein extracts from
mouse embryos. The domain is able to bind specifically two
closely migrating polypeptides with molecular masses of
about 60 kDa (Fig. 4A) that have been identified by mass
spectrometry fingerprint as the coactivator-associated Arg
methyltransferase CARM1 (Fig. 4B). The validation of the in-
teraction between the two proteins was achieved in the pull-
down of the recombinant GST-RabGAP1 PTB domain with
the endogenous CARM1 protein (Fig. 4C). To verify the pres-
ence of a complex between the full-length RabGAP1 and
CARM1 proteins, we co-precipitated the complex between
the two tagged proteins, expressed in NIH3T3 cells. The
Western blot of Fig. 4D shows that the Myc-RabGAP1 protein
is detected specifically in immune complexes containing the
FLAG-CARM1 protein.

An RGS12-eEF1a Complex Assembles in Mammalian
Cells—Similarly to RabGAP1, RGS12 is involved in the acti-
vation of GTPase activity of G proteins because of the pres-
ence, in its coding region, of an RGS domain. It is thus
expected that RGS12 works as a regulator of the activity of G
proteins. RGS12 is a unique member of the family of RGS
proteins because it has a specific combination of protein-
protein interaction domains (N-terminal PDZ and PTB do-
mains) and the GoLoco domain (26), which is associated to
guanine nucleotide dissociation inhibitor activity (28). It is then
expected that RGS12 forms complexes with proteins involved
in molecular events mediated by G proteins. We performed
preparative pulldown experiments with the RGS12-PTB fu-
sion protein; because the radioactive pulldown indicated the
presence of a strong ligand migrating in a position (45 kDa)

close to the recombinant protein, we subjected the material
retained by the affinity matrix to digestion with the thrombin
protease. In fact, a vector-encoded thrombin site is present in
the fusion protein in the linker region between the GST and
the PTB domain. The material loaded on the preparative gel
showed the presence of a series of seven polypeptides (Fig.
5A), which were all identified as a unique protein, suggesting
that the different fragments were derived by proteolytic diges-
tion of the retained protein. Indeed mass spectrometry data
indicated that the ligand of the RGS12-PTB protein was the
translation elongation factor eEF1a1 (Fig. 5B). A recent report
indicated that a region encompassing the RGS12 PTB domain
interacts with the SNARE-binding region of the Cav2.2 cal-
cium channel (29). This interaction requires the phosphoryla-
tion of a tyrosine in a sequence differing from the classical
NPXY motif recognized by other PTB domains. We were not
able to identify such protein in our assay probably because of
the limited amount of tyrosine-phosphorylated channel in the
embryo extract. However, the interaction of RGS12-PTB with
eEF1a1 is highly specific as demonstrated by the pulldown
(Fig. 5C) and the co-precipitation of the Myc-tagged RGS12
(Fig. 5D) with the endogenous, native eEF1a1.

The Novel Protein Q7Z2X4 Interacts with Protein Com-
plexes Formed by the LDL Receptor-related Protein LRP1—
The gene ENSG153823 encodes for an in silico annotated
product, corresponding to the Q7Z2X4 protein. The structure
of this protein is very simple: a 250-amino acid-long peptide
mainly composed of the PTB domain. Expressed sequence
tag data, as well as our RT-PCR experiment, aiming to isolate
the corresponding PTB domain for cloning, do confirm that
the annotated gene is actually expressed. The purification of
interactors for the PTB domain of Q7Z2X4 reveals proteins
with a very high molecular mass; indeed proteins with an
elevated molecular weight are specifically co-precipitated
with the radiolabeled (Fig. 2) and with the cold lysates (Fig.
6A). Mass spectrometry-based fingerprint analysis identified
two proteins, the LDL receptor-related protein, LRP1, and
cubilin, as interactors of Q7Z2X4 PTB domain (Fig. 6B). LRP1
is a member of the LDL receptor-related proteins; it is derived
from a precursor, which is cleaved and arranged as a het-
erodimer, possessing a large (515-kDa), extracellular domain,
linked by disulfide bond to the small (85-kDa), membrane-
spanning domain. Fig. 6C confirms the MS-based identifica-
tion of LRP1 as a specific ligand of the Q7Z2X4 PTB domain.
Cubilin is a large (460-kDa), peripheral membrane protein
known to associate to megalin, another member of the LDL
receptor-related protein family, and to the receptor-associ-
ated protein RAP, a 39-kDa protein that interacts with all the
lipoprotein receptors in the endoplasmic reticulum (30). Given
the absence of transmembrane and cytosolic domains in
cubilin, its interaction with the PTB domain of Q7Z2X4
strongly suggests that the latter co-precipitates within a large
complex involving both LRP1 and cubilin. Indeed co-immu-
noprecipitation with a cubilin antibody followed by Western
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Fic. 5. The translation elongation factor EF1a1 is a specific ligand of the RGS12 PTB domain. A, the recombinant GST-Strep-tag
(GSTag) and GST-RGS12 PTB proteins were incubated with E13.5 mouse embryo extracts. The bound proteins were digested with thrombin
protease, resolved by SDS-PAGE analysis, and visualized by silver staining. Lane M, molecular weight markers. B, the protein bands 1-7
(arrowheads of A) were excised and subjected to proteolysis for mass spectrometry identification. The table shows the identification of the
seven polypeptides as the elongation factor EF1a1. C, validation of the RGS12-PTB/EF1a1 interaction by co-precipitation analysis. The
recombinant GST-Strep-tag protein and the PTB domains of RabGAP1 and RGS12 fused to GST-Strep-tag were expressed in E. coli and
incubated with extracts from E13.5 mouse embryos. The bound proteins were analyzed by Western blot with the EF1a1 antibody. The arrow
indicates the migration of the endogenous EF1a1 protein. 10 ng of extract were loaded in the first lane as a migration control. D, the full-length
proteins RGS12 and EF1a1 form a stable complex in mammalian cells. NIH3T3 fibroblasts were transfected with the full-length cDNA of RGS12
fused to the Myc epitope. Extracts from transfected cells were immunoprecipitated with mouse IgG or with anti-EF1a1 antibody, and the
complexes were analyzed with the Myc antibody. The arrow indicates the migration of the RGS12-Myc protein. 20 ng of cellular extracts from
transfected cells were loaded in the /ast lane as a migration control. Est’d, estimated; /P, immunoprecipitation.
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Fig. 6. The novel protein Q7Z2X4/P-CLI1 is part of a trimeric complex with the membrane proteins cubilin and LRP1. A, the
recombinant GST-Strep-tag (GSTag) and GST-Strep-tag-Q7Z2X4/PTB proteins were incubated with E13.5 mouse embryo extracts. The bound
proteins were eluted with salts (1 m NaCl in lysis buffer) and collected in three fractions (lanes 3-5). The samples were resolved by SDS-PAGE
analysis and visualized by silver staining. Lane M, molecular weight markers. B, the protein bands 1 and 2 (arrowheads of A) were excised and
subjected to proteolysis for mass spectrometry identification. The table shows the identification of the two polypeptides as the lipoprotein
receptor-related protein LRP1 and cubilin, respectively. C, validation of the Q7Z2X4-PTB/LRP1 interaction by co-precipitation analysis. The
recombinant GST-Strep-tag protein and the PTB domains of RGS12 and Q7Z2X4 fused to GST-Strep-tag were expressed in E. coli and
incubated with extracts from E13.5 mouse embryos. The bound proteins were analyzed by Western blot with an LRP1 antibody. The arrow
indicates the migration of the endogenous LRP1 protein. 10 ng of extract were loaded in the first lane as a migration control. D, cubilin forms
stable complexes with Q7Z2X4 and LRP1 in mammalian cells. NIH3T3 fibroblasts were transfected with the full-length cDNA of Q722X4 fused
to the Myc epitope. Extracts from transfected cells were immunoprecipitated with control IgG or with a cubilin antibody, and the complexes
were analyzed with the Myc antibody (lanes 7-3) or with the LRP1 antibody (lanes 4-6). The arrows indicate the migration of the
Q7Z2X4/P-CLI1-Myc protein and LRP1 C-terminal domain, respectively. 50 ug of cellular extracts from transfected cells were loaded in the
first lanes as migration controls. Est’d, estimated; /P, immunoprecipitation.
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Fic. 7. The G, arrest triggered by the isolated PTB domains of RabGAP1 and RGS12 is rescued by the overexpression of the cognate
ligands CARM1 and EF1a1. FACS analyses of NIH3T3 cells transfected with the PTB domains fused to EGFP of RabGAP1 (A), RGS12 (B),
Q722X4/P-CLI1 (C), and EPS8L3 (D) with the tagged, full-length interactors CARM1, EF1a1, LRP1, and NMD3, respectively, or with empty
expression vectors is shown. In E and F, NIH3T3 cells were transfected with the RabGAP1-PTB domain fused to EGFP and EF1a1 or with the
RGS12 PTB domain fused to EGFP and CARM1, respectively. The charts also report the cell cycle distributions of control cells transfected with
EGFP alone or with EGFP and the vectors encoding the full-length CARM1, EF1a1, LRP1, and NMD3 proteins. After transfection, the cells were
fixed, stained with propidium iodide, and analyzed by FACS. The results refer to EGFP-positive cells from three independent experiments. The
asterisks in A and B indicate p values <0.001. Vec, vector.
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blot with the Myc antibody to reveal the overexpressed
Q7Z2X4 protein (lanes 1-3) or with LRP1 antibody to detect
the endogenous protein (lanes 4-6) suggests the formation of
the trimeric complex cubilin-LRP1-Q722X4 (Fig. 6D). On the
basis of this experimental evidence we suggest to assign to
the Q7Z2X4 protein the name P-CLI1 (PTB-containing cubilin-
LRP1-interacting protein).

Functional Rescue of G, Arrest by Overexpression of PTB
Domain Ligands—The biochemical experiments carried out
on the EPS8L3-NMD3, RabGAP1-CARM1, RGS12-EF1«1, and
P-CLI1-LRP1-cubilin complexes demonstrated the physical
association of these proteins in living cells. Taking into ac-
count the demonstrated ability of the isolated PTB domains to
exert arrest of cell cycle progression, we tested the functional
relevance of the novel complexes in cell cycle. Indeed we
postulated that the simultaneous overexpression of the PTB
modules and cognate interactors could generate a condition
overwhelming the effects of the isolated domains and then
leading to the functional rescue of the cell cycle progression
arrest. We then set up experiments aiming to relieve the cells
from G, arrest induced by the PTB domains of EPS8LS,
RabGAP1, RGS12, and P-CLI1, co-transfect the cognate li-
gands, and analyze cell cycle distribution of transfected cells,
through FACS analysis, as the readout. Transfection experi-
ments were performed with amounts of the EGFP-PTB plas-
mids 3 times lower than those of the vectors expressing the
interactor. This strategy allows us to assume that the interac-
tors are expressed in most of the GFP-sorted cells.

We measured the percentage of cells in G,/G;, S, and G,/M
phases 36 h after the transfection of the EGFP-PTB con-
structs or the co-transfection of the EGFP-PTBs with the
cognate interactors described above. As shown in Fig. 7A,
CARM1 co-transfection almost completely abolished the G,
arrest provoked by RabGAP1-PTB. The same significant ef-
fect was observed with EF1a1 in cells co-transfected with
RSG12-PTB (see Fig. 7B). On the contrary, both LRP1 and
NMD3 were unable to rescue the phenotype induced by P-
CLI1 and EPS8L3, respectively (see Fig. 7, C and D).

The most plausible interpretation of these results is that the
two pairs, P-CLI1-LRP1 and EPS8L3-NMD3, are not involved
in the control of the cell cycle progression, and thus the
effects observed in cells overexpressing the isolated PTB
domains of P-CLI1 and EPS8L3 are due to the titration of
other partners that we did not identify in the pulldown exper-
iments. Another possibility is that the rescue was not suc-
cessful because of an incorrect stoichiometry of the co-trans-
fected proteins possibly due to the different expression levels
of the vectors and/or of the turnover of the recombinant
proteins.

On the contrary, in the first two cases the results suggest
that we have identified the relevant in vivo ligands of Rab-
GAP1 and RGS12, .e. CARM1 and EF1q, respectively. This is
also confirmed by the inability of CARM1 to overcome the G,
arrest elicited by the PTB domain of RGS12; accordingly the

overexpression of EF1a does not rescue the accumulation of
the cells expressing the PTB domain of RabGAP1 in the G,
phase of the cell cycle (Fig. 7, E and F). These results prove
that the experimental strategy was working efficiently. On this
basis, we think that it also can be extended to other collec-
tions of isolated protein-protein interaction domains whose
possible dominant effects can be also analyzed in several
biological assays, such as those measuring cell differentia-
tion, regulation of apoptosis, cell migration, interference with
signaling, etc.
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