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ABSTRACT

Efs is a Fyn-binding protein with an SH3
domain and multiple tyrosine phosphorylation
sites, and it functions as a possible modulator
in intracellular signal transduction. To better
understand signaling through Efs, we searched
for Efs-binding proteins by using immobilized
SH3 domains fused to glutathione S-transferase
(GST) . Proteins which bound to the affinity
matrices from cell and tissue extracts were
analyzed by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) . By this method, it was

possible to identify multiple proteins at one time.
However, special care was necessary to elimi-
nate nonspecific binding of cytoskeletal proteins,
including actin, myosin and tropomyosin; the
amounts of these proteins present in the cell
lysate were large and significant amounts were
found to bind to the affinity matrices. The
preclearing process did not work well to elimi-
nate these cytoskeletal fractions and a specific
elution procedure was necessary to selectively
identify signaling proteins.

Key words : Signal transduction, SH3 domain, MALDI-TOF-MS, Peptide-mass fingerprinting

INTRODUCTION
Src homology domain 3 (SH3) is composed
of about 50 amino acids and associates with
short amino acid sequence motifs that are rich

12 This association has been shown

in proline
to be very important for protein-protein interac-
tions of signaling molecules, which modify
and/or link intracellular signal transduction
pathways. Efs was first found as the Fyn-SH3

binding molecule®, and its structure is closely

related to those of pl30Cas and HEF1. Al-
though the latter two molecules have been
shown to have important roles in signal
transduction of integrin and other cell surface
receptors”, we do not have any significant ev-
idence so far on the function associated with
Efs. We have observed, however, the charac-
teristic expression of Efs, in which elevated ex-
pression of Efs is only seen in several restrict-
ed tissues such as brain, skin and bone. Our
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extensive effort to screen Efs-binding proteins
by utilizing a phage display library and yeast
two-hybrid system failed. One of the possible
reasons for this failure is that these in vitro
systems did not properly reconstitute the as-
sociations of signaling proteins. Protein-protein
interactions that occur naturally and can only
be observed in living cells can be studied by a
system that directly analyzes the association of
proteins within cells. However, high sensitivity
is required to identify proteins that are only
present in very limited amounts within cells.
The recently developed method of peptide
fingerprinting combined with protein identifica-
tion by mass spectrometric analysis using ma-
trix-assisted laser desorption ionization time-of
-flight mass spectrometry (MALDI-TOF-MS)
and by database searching is a very effective
approach to quickly identify very small amounts

5,6)

of proteins™®. In this study, we have applied
this strategy to our system and identified
mutiple proteins that were bound to affinity
matrices of GST-SH3 proteins. Problems in
handling these systems and their possible solu-

tions are discussed.

MATERIALS AND METHODS

Recombinant adenovirus

The BstUI-Stul fragment of human Efs1”
containing the entire coding sequence was in-
serted into the Swal site of the adenovirus cos-
mid cassette, pAxCAwt®¥. A recombinant
adenovirus for expression of hEfsl, Ax-
CAShEfsl, was obtained by transfecting 293
cells with the above cosmid together with
adenoviral DNA cut with EcoT22I, according to
the COS-TPC method?.
Efs, the medium was removed from HelLa cells

For expression of

growing at 75% confluence and cells were in-
fected with AxCAShEfsl in 1ml of culture me-
dium per 10 cm dish at a moi of 10. The cells
were supplied with 10 ml of culture medium 1
h after infection, and used 2 days later.

Affinity binding and SDS-PAGE

The vector for the expression GST-FynSH3
was as described”. HeLa cells infected with
and without AxCAShEfsl were harvested at 2
days postinfection and lysed in RIPA buffer
(1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 1% Nonidet P-40, 25mM HEPES pH
7.2, 150 mM NaCl, ImM EDTA, 0.3 mg/ml
benzamidine, 1ug/ml leupeptine, 10 ng/ml
aprotinin, 0.1 mg/ml soybean trypsin inhibitor,
1 mM phenylmethylsulfonyl fluoride, 50 mM
NaF, and 1.5 mM NasVO.) . Soluble extracts
were mixed at 4°C overnight with GST-FynSH3
protein (30 ug) in the presence of glutathione-
agarose beads (SIGMA). The beads were
washed 3 times with RIPA buffer and proteins
binding to the beads were eluted in 3X sample
buffer (187.5 mM Tris-HCI pH 6.8, 6% SDS,
30% glycerol, 0.03% phenol red, 125 mM DTT)
by heating for 1 h at 60°C. Electrophoresis was
performed in 10% polyacrylamide gels in the
presence of 0.1% SDS. To obtain placental ex-
tract, 2.5 g of human placenta was homogenized
in 10 ml of RIPA buffer and centrifuged at
16000 g for 10 min. Soluble lysate was used for
affinity preparations. GST and GST-EfsSH3
columns were prepared by binding 2 mg of the
protein to 1 ml of CNBr-activated Sepharose
beads (Pharmacia). Eluted samples were con-
centrated with microconcentrators (Amicon,
Beverly, MA, USA) for the separation by SDS-
PAGE.

In-gel tryptic protein digestion

All steps were done at room temperature
unless otherwise specified. After visualization
by Coomassie blue staining, gels were washed
twice with water for 15 min. Protein bands
were excised, diced and put in siliconized 0.5
ml centrifuge tubes. The gels were washed
twice in water, once in 50% acetonitrile, and
then once in pure acetonitrile. Each of these
three washes was followed by incubation for 15
min. Acetonitrile was discarded and 40 pl of
100 mM ammonium bicarbonate was added to
the gels, which were then incubated for 5 min,
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after which the same amount of acetonitrile
was added to make 50% acetonitrile/50 mM am-
monium bicarbonate. After another incubation
for 15 min, the solution was pulled off and
samples were dried completely in a vacuum
centrifuge. For tryptic digestion of proteins
within gels, 40 ul of 12.5 ug/ml trypsin solution
in digestion buffer (50 mM ammonium bicar-
bonate and 5 mM CaCl:) was added to the
dried gels. After incubation for 45 min on ice,
excess solution was pulled off and the gels
were soaked in digestion buffer without tryp-
sin. The samples were incubated overnight at
37°C and supernatants were saved in different
tubes. Peptide fragments of digested proteins
within gels were extracted as follows. To the
gels,
added and then incubation for 15 min was fol-

25 mM ammonium bicarbonate was

lowed by addition of the same amount of
acetonitrile, and incubation again for 15 min.
Then the supernatants were pooled with the
first supernatant. Next, 5% formic acid was
added to the gels, which were then incubated
for 15 min, followed by addition of the same
amount of acetonitrile, another incubation for
15 min, and pooling of supernatants again.
This step was repeated twice. Then 10mM
DTT solution was added to the pooled solu-
tions to make ImM DTT, which was complete-
ly dried in a vacuum centrifuge. Collected
proteins were resuspended in 5% formic acid.
Samples were bound to ZipTip (Millipore)
and eluted with 50% acetonitrile saturated with
a-cyano-4-hydroxycinnamic acid. Samples
were dried again and MS analysis was carried
out using a Voyager DE-STR MALDI time-of
-flight mass spectrometer (ABI). For inter-
pretation of the MS spectra of protein digests,
we used the MS-Fit program available at the
World Wide Web site of the University of Cal-
ifornia, San Fransisco (http://rafael.ucsf.sdu/
cgi-bin/msfit) .
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RESULTS AND DISCUSSION
Proteins bound to GST-FynSH3 in Efs-expressed
HeLa cells

Protein-protein interactions have been stud-
ied using a variety of experimental systems.
Although some in vitro systems have been
proved to be effective, natural association of
proteins within cells is best reproduced by ex-
perimental systems that can utilize the cellular
environment for the detection of binding. To
study binding partners of Efs, cDNA of Efs
was introduced in Hela cells via an adenovirus
vector designed to express excessive amount of
Efs protein. In this experiment, Efs-binding
protein was precipitated together with Efs by
an immobilized ligand of Efs. Because the most
effective ligand of Efs known so far is the SH3
domain of Fyn (Fyn-SH3), we used GST-Fyn
-SH3 immobilized to glutathione-agarose beads
to pull down the expressed Efs protein. Al-
though GST-Fyn-SH3 should also bind authen-
tic Fyn-binding proteins from HeLa cell ex-
tracts, we expected extra proteins pulled down
together with Efs from the extract of Hela cells
that expressed exogenous Efs. We found, as
expected, several additional proteins pulled
down from the extract of Efs-introduced cells
(Fig 1, lane 2, band E1, E2). Interestingly,
at least one protein was seen in a larger
amount in the control precipitate (lane 1,
band C1). We identified these proteins bound
to GST-Fyn-SH3 by analyzing their tryptic
digests with MALDI-TOF-MS. The major
protein specifically pulled down from the Efs-
introduced cells (band E1) was found to be
Efs itself, as expected, while the prominent
protein pulled down from the control cell (band
C1) was Sam68''?.

The results showed that Fyn-SH3 bound to
Sam68 endogenously present in control cells,
but that Sam68 was replaced by Efs when Efs
was present. Because Sam68 is expressed rath-
er ubiquitously and abundantly among differ-
ent cells and tissues, Fyn may commonly bind
Sam68. It is likely, however, that the binding
affinity of Fyn to Sam68 is in itself not very
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high, because Samé68 does not have the typical
consensus sequence of the Fyn-SH3 binding
site'®, whereas Efs does®. It is thus possible
that, although Fyn usually binds Sam68, Efs
could easily, if present and close to Fyn, re-
place Sam68 as a binding partner of Fyn. This
hypothesis concerning Efs may also be applica
ble to pl130Cas, which also have authentic
proline-rich binding motifs for Fyn and Src
SH3 domains®'*'®. Thus, high-affinity associ-
ation of these SH3 domains to pl30Cas and
FAK 1is also anticipated.

Actin and myosin were major proteins binding to
GST fusion protein immobilized to glutathione
agarose beads

There was at least one clear band of prote-
in other than that of Efs, which was found spe-
cifically in the Efs-introduced cells (Fig. 1,
lane 2, band E2). This protein was revealed
to be fascin. Fascin is an actin binding prote-

16,17)

in that bundles actin filaments . However,

we were not able to detect any in vivo or in
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Fig. 1 HeLa cells with (for lane 2) and without (for
lane 1) infection by the recombinant adenovirus
for the expression of human Efsl were har-
vested, lysed, and subjected to an affinity pre-
cipitation with Fyn-SH3 matrices, as described
in Materials and Methods. Samples were
analyzed by SDS-PAGE with 10% gel and the
gel was stained with Coomassie Blue R-250.

vitro binding of fascin to either Efs-SH3 or Fyn
-SH3. This implied that the apparently specif-
ic binding of fascin was an artifact. We also
identified proteins in the bands seen in both
lanes (lanes 1 and 2) of SDS-PAGE analysis of
samples with and without expression of Efs
and it was revealed that the most prominent
bands (band N2 and N3) were the myosin
heavy chain and actin bands, respectively.
Other bands present were: filamin, B-spectrin,
myosin I B, alpha-actinin, lipocortin and the
calpactin I heavy chain: all of which are actin
and actin-associated proteins. Control experi-
ments revealed that the GST moiety was suf-
ficient to precipitate actin and myosin (data
not shown). The results suggested that GST
or the matrices on which GST was immobil-
ized were potent binders of an actin-related
cytoskeletal protein, which could be either
actin itself or myosin. It was thus likely that
fascin was coprecipitated with the actin com-
plex. Because Efs is a member of the p130Cas
family of proteins, which are related to the pro-

t'8729  we postulated

cess of actin rearrangemen
that Efs influenced some process of actin reor-
ganization within cells expressing excessive
amounts of Efs. This effect of Efs may have
caused enhanced binding of fascin to actin and
then the pulling down of fascin with an actin

complex by GST matrices.

Effective identification of signaling proteins
utilizing affinity column

Protein on the subpicomol order could be
identified by the method combining peptide
fingerprinting, MALDI-TOF-MS and computer
-based data base searching. However, when
dealing with signaling proteins, which are usu-
ally the minor components within cells, for re-
liable identification it is necessary to collect
these proteins on a larger scale. Though signif-
icant amounts of actin and myosin are present
in cell extracts, it seemed inappropriate to ap-
ply the protocol of affinity precipitaion to a
large-scale system. Thus, we used an affinity
column to analyze a RIPA-soluble lysate of hu-
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man placenta. Human placenta was selected as
a source of a larger amount of cellular
proteins. Preclearing of cytoskeletal proteins
was attained with a GST-Sepharose column of
an appropriate size. The flow-through was then
applied to a GST-Efs-SH3-Sepharose column.
After washing the column with PBS, proteins
were eluted from the column with 7mg/ml poly
-L-proline in PBS. Several bands of protein
were seen in the elute. (Fig. 2 lane 1). Howev-
er, when we used a high-salt buffer to elute
more protein, we again had many proteins
coming out of the affinity column (lane 2);
some of the major bands of which (L and N in
lane 2) turned out to represent tropomyosine,
a typical cytoskeletal protein. The result indi-
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Fig. 2 Human placenta tissue was lysed and homogenized
in RIPA buffer as described in Materials and
Methods. The supernatant was precleared with
a GST column and the proteins which did not
bind to the column were applied to a GST-Efs
-SH3 column. The second column was washed
with PBS and bound proteins were eluted first
with 7mg/ml polyproline (lane 1) and then with
1M NaCl (lane 2). Eluted proteins were
separated by SDS-PAGE with 10% gel.
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cated that elution was best attained with a spe-
cific binding-competitor. In contrast, the use of
a general elution protocol utilizing a high-salt
buffer may result in significant elution of non-
specifically bound cytoskeletal proteins, even
after the preclearing process.

In summary, we successfully identified cel-
lular proteins that bind to the SH3 domain,
prepared as a recombinant fusion protein. The
protein identification method combining in-gel
tryptic digestion, MALDI-TOF-MS analysis
and database searching worked well in iden-
tifying proteins of the subpicomol order.
However, specific care is necessary to avoid
contamination by cytoskeletal proteins, which
are present in large quantities within cells.
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