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ABSTRACT: mRNA splicing and various posttrans-
lational modifications to proteins result in a larger num-
ber of proteins than genes. Assessing the dynamic na-
ture of this proteome is the challenge of modern proteo-
mics. Recent advances in high throughput methods
greatly facilitate the analysis of proteins involved in
signal transduction, their production, posttranslational
modifications and interactions. Highly reproducible two
dimensional polyacrylamide gel electrophoresis (2D-
PAGE) methods, coupled with matrix assisted laser de-
sorption-time of flight-mass spectrometry (MALDI-
TOF-MS) allow rapid separation and identification of

proteins. These methods, alone or in conjunction with
other techniques such as immunoprecipitation, allow
identification of various critical posttranslational modi-
fications, such as phosphorylation. High throughput
identification of important protein-protein interactions
is accomplished by yeast two hybrid approaches. In
vitro and in vivo pulldown assays, coupled with MALDI-
TOF-MS, provide an important alternative to two hy-
brid approaches. Emerging advances in production of
protein-based arrays promise to further increase
throughput of proteomics-based approaches to signal
transduction.
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Introduction

In the broadest sense, signal transduction can be con-
sidered the mechanisms by which a cell responds to its
environment. Most often, signal transduction reflects
responses to hormones, growth factors, neurotransmit-
ters, and other such molecules. However, similar path-
ways also mediate responses to extracellular matrix,
inorganic ions and various other factors. Often, distinc-
tions are made among endocrine, neuronal, paracrine,
autocrine, and juxtacrine signaling. Such distinctions
are useful in the context of organ or animal physiology,
but the signaling pathways activated are often very
similar.

Activation of a signal transduction pathway requires
a sensing molecule, such as a hormone receptor. Activa-
tion of this receptor elicits one or more of a wide variety
of pathways that lead to alteration of the transcription/
translation process, alteration of the structure of ex-
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isting proteins or both. These pathways are activated
in the context of a specific genome. Obviously, transcrip-
tion of a particular set of genes requires the presence
of appropriate genes and regulatory elements. Addi-
tionally, genotype can affect nontranscriptional path-
ways by its impact on the specific signaling molecules
present.

Although genomics has proven to be a powerful field,
and the sequencing of several important organisms, as
well as the amount of information available in others
is impressive and useful, genome organization alone is
insufficient to explain physiological processes. Critical
questions emerging in the postgenome era involve how
genetic information is expressed as a phenotype and
how that expression is altered in response to environ-
ment. Emerging methods place considerable emphasis
on high throughput techniques. DNA arrays, capable
of simultaneous analysis of the expression of thousands
of genes, are the current archetype of high throughput
analysis in biology (Cheung et al., 1999). A frequent use
of these arrays is to assess the cell or tissue content of
several thousand mRNA simultaneously (Duggan et al.,
1999). As useful as this information is, it still provides
an incomplete picture of cell biology (as described be-
low). More complete understanding of how genotype
and its interactions with the environment result in the
expressed phenotype requires additional information
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on protein production and posttranslational modifica-
tions. Unfortunately, protein-based methods cannot yet
achieve the throughput of DNA-based techniques. How-
ever, rapid progress in proteomics promises to greatly
improve the throughput of protein-based analytical pro-
cedures.

The objective of the present review is to describe some
of the issues and techniques involved in improving our
understanding of the broad field of signal transduction,
with an emphasis on protein-based approaches. Toward
this end, this review will focus on proteomics issues,
including identification of specific proteins, posttransla-
tional modification and protein-protein interaction, in-
cluding examples from mammary gland biology.

Proteome Concept

If the genome is defined as the collection of all genes
in an organism, one could define the collection of all
expressed genes (at the mRNA level) and their trans-
lated proteins as the transcriptome. Furthermore, the
proteome can be defined as all proteins present in a cell
or tissue at any given time. This includes all posttrans-
lational modifications that occur. Thus, unlike the ge-
nome that is stable, the transcriptome and proteome are
highly dynamic. The genome of mammals is generally
considered to consist of about 30,000 genes. Surpris-
ingly, this number is only about twofold greater than
that found in what are generally considered less com-
plex organisms, including insects and the nematode
Caenorhabditis elegans (Rubin et al., 2000). However,
mammals generally produce a considerably more com-
plex array of proteins from their genome. This addi-
tional complexity in the mammalian proteome arises
from a number of sources, including alternative splicing
of mRNA, multiple pathways of proteolytic processing
of proteins and various other posttranslational modifi-
cations, such as glycosylation, perenylation, and phos-
phorylation. Furthermore, subcellular localization of a
protein can affect its function (Petsko, 2001). Although
these mechanisms exist in all eucaryotes, they are em-
ployed to a greater extent in some phyla, such as mam-
mals, giving rise to more complex proteomes.

mRNA Splice Variants

The presence of multiple mRNA species correspond-
ing to a single transcribed region of DNA is well known
and exist for 40 to 60% of expressed genes (Modrek and
Lee, 2002). In some cases, this represents the presence
of multiple states of processing (mature mRNA vs. un-
spliced pre-mRNA). However, in many cases, multiple
splice variants exist. In the case of prolactin receptor,
all species examined to date have multiple isoforms of
the prolactin receptor (Bole-Feysot et al., 1998; Horse-
man, 2002). These prolactin receptor isoforms are often
termed long and short isoforms, although the so-called
short isoform is a variety of specific isoforms. In addi-
tion, an intermediate isoform has been identified in rat

and human. The long isoform of the receptor is capable
of both mitogenic and lactogenic signaling, whereas the
short isoforms are generally considered incapable of
supporting these functions (Chang and Clevenger et
al., 1996; Chang et al., 1998). The rat intermediate
isoform of prolactin receptor has been reported to be
mitogenic and activate JAK2, while a human interme-
diate isoform has minimal mitogenic activity, although
it activates JAK2 (Kline et al., 1999). Short isoforms
of the prolactin receptor have been shown to inhibit
lactogenic signaling by long isoforms, probably because
of the formation of inactive heterodimers of long and
short isoform receptors (Berlanga et al., 1997). How-
ever, in the rat corpus luteum (in which prolactin is
luteotropic), short isoforms of prolactin receptor appear
to be involved in activating specific pathways, including
binding of a specific prolactin receptor associated pro-
tein (Duan et al., 1997).

In addition to transmembrane isoforms of prolactin,
a splice variant that gives rise to a soluble form of the
prolactin receptor lacking transmembrane and intra-
cellular domains has recently been identified (Trott et
al., 2003). Similar findings have also been observed for
growth hormone receptor in rodents (Postel-Vinay and
Finidori, 1995). Interestingly, while the soluble forms
of growth hormone receptor in rodents arises from alter-
native splicing, a similar protein in humans appears to
arise from proteolytic processing of the growth hormone
receptor (Postel-Vinay and Finidori, 1995).

Several splice variants of epidermal growth factor
(EGF) receptor have also been reported (Reiter and
Maihle, 1996; Reiter et al., 2001). A soluble 110-kDa
EGF receptor, consisting of the extracellular domain,
is present in human serum, appears to be regulated
by reproductive hormones (Baron et al., 2001) and is
elevated in certain cancers, most notably ovarian
(Baron et al., 1999). Recently, we have also detected a
similar protein in bovine serum (Figure 1).

At least three splice variants of transforming growth
factor alpha (TGFa), an EGF receptor agonist, are
known to exist. Although they interact with members
of the ErbB family, they do so with varying specificities.
The so-called wild-type variant coimmunoprecipitated
with ErbB4, whereas variants I and II coimmunopreci-
pitated with ErbB2. All of these variants activated
ErbB2, but the biological consequences differed, with
Variants I and II, but not wild type, producing autono-
mous growth (Xu et al., 2000).

As a final example of splice variants, Yu et al. (1992)
observed a splice variant of acidic fibroblast growth
factor. This variant produces a frameshift mutation,
resulting in a different C-terminal sequence. Unlike
acidic fibroblast growth factor, which is mitogenic to
a number of cells, including fibroblasts, this variant
appears to be an acidic fibroblast growth factor antago-
nist. Unfortunately, its physiological significance is
unclear.
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Figure 1. Soluble epidermal growth factor (EGF) recep-
tor (SEGFR) in bovine serum. Bovine serum or A431 cell
membranes (a human epidermoid carcinoma that ex-
presses high levels of EGF receptor and is used as a posi-
tive control) were separated by SDS-PAGE (10% gel),
transferred to polyvinylidene fluoride (PVDF) mem-
branes and probed with anti-EGF receptor as previously
described (Hendrix et al., 1996). Note the presence of a
110-kDa protein immunologically reactive with anti-EGF
receptor in bovine serum.

Protease Processing

Signal peptides are generally removed from proteins
during processing. The identity of consensus signal pep-
tides is known, and can be readily predicted from DNA
sequence information (Baldi et al., 2000). Furthermore,
protein sequence is also capable of predicting a number
of other processing features, including likely subcellu-
lar localization (Emanuelsson and von Heijne, 2001).
However, other processing events are more difficult to
predict, and many proteins are processed by multiple
pathways, giving rise to multiple processing variants.

Transforming growth factor alpha is one important
regulator of mammary development that is processed
by multiple pathways. Transforming growth factor
alpha is produced as a 160-amino acid transmembrane
precursor. In most cases, this precursor is processed
to a 50-amino acid mature peptide that is biologically
active. However, transmembrane forms of TGF« have
been identified (Luetteki and Lee, 1990). Juxtacrine
actions of these forms of TGFa have been suggested
(Bush et al., 1998; Xiao and Majumder, 2001). In addi-

tion, dimerization of transmembrane TGF« molecules
with anti-TGF« induces protein phosphorylation remi-
niscent of receptor activation (Shum et al., 1994). Be-
cause the intracellular domain of the transmembrane
form of TGFa does not appear to contain kinase activity,
this is most likely due to association of transmembrane
TGF« with other signaling molecules. This appears to
require palmitoylation of Cys 153 and 154 in the intra-
cellular domain of transmembrane TGF«a (Shum et al.,
1996). Recently, Shi et al. (2000) determined that CD9
physically associates with transmembrane forms of
TGF«, while Kuo et al. (Kuo et al., 2000) found that the
Golgi associated protein GRASP55 was also associated
with transmembrane TGFa. These results indicate that
transmembrane forms of growth factors may have func-
tions beyond serving as juxtacrine ligands, although
this possibility has received little attention.
Epidermal growth factor is also produced as a large
(>1200 amino acid) glycoprotein precursor that contains
a transmembrane domain and a short intracellular do-
main (Mroczkowski and Carpenter, 1988). In some tis-
sues, preproEGF is almost completely processed to ma-
ture peptides, including the 53-amino acid mature EGF.
However, in others, such as the kidney, very little is
processed in this way, and most remains as a trans-
membrane protein. In the mammary gland, some EGF
does appear to be processed and secreted into milk
(Grosvenor et al., 1993), although a substantial amount
of EGF remains as partly processed preEGF (Mroczow-
ski and Reich, 1993). Recently, we have observed that
bovine mammary epithelial cells also produce pre-EGF
like molecules, although they do not appear to produce
mature EGF in detectable amounts (Figure 2). The bio-
logical role of these forms of EGF remains unclear.
Mroczkowski et al. (1989) suggested that they might
give rise to juxtacrine signaling, by activating EGF re-
ceptors in adjacent cells. Maheshwari et al. (2001) has
also observed that expression of EGF in transmem-
brane forms results in directional migration of cells,
whereas soluble EGF stimulates random migration.

Phosphorylation

A major modification important in signal transduc-
tion is protein phosphorylation. This can arise from
receptor kinases, receptor-associated kinases or ki-
nases downstream of the initial signal. In addition, cells
contain a diverse array of phosphatases that dephosph-
orylate proteins. Although one often thinks of hormone
action as stimulating protein phosphorylation and
phosphatase activity reversing those actions, this is not
always the case. For example, the kinase src is actually
inhibited by a specific tyrosine phosphorylation (Court-
neidge et al., 1993). Whereas the details of kinase regu-
lation are beyond the scope of this review, the ability
to detect this modification is critical to studying sig-
nal transduction.
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Figure 2. Forms of epidermal growth factor (EGF) in
mammary tissue. Left: Cell membranes from mouse
mammary epithelial cell line (NMuMG), mouse fibro-
blasts lacking EGF expression (B82L), or B82L cells
transfected with murine EGF were separated by SDS-
PAGE on a 10% gel, transferred to polyvinylidene fluoride
(PVDF) membranes and probed with anti-EGF essentially
as previously described (Hendrix et al., 1996), except that
anti-EGF was used instead of other antibodies. Right:
Cell membranes were isolated from B82L cells (negative
control), a cultured bovine mammary epithelial cell line
(MAC-T), lactating bovine mammary tissue (Mammary)
or milk fat globule membranes. Proteins were separated
by SDS-PAGE on a 10% gel, transferred to PVDF mem-
branes and probed with anti-EGF essentially as pre-
viously described (Hendrix et al., 1996), except that anti-
EGF was used instead of other antibodies. Note the pres-
ence of two major partly processed forms of EGF (arrows)
and other less intense bands. B82L cells are a negative
control, lacking EGF.

Studying the Proteome

Protein Separation and Identification

A major advance in the study of protein expression
has been in two-dimensional PAGE. Initial methods
(O’Farrell, 1975) involved initial separation by isoelec-
tric focusing (usually in a small tube gel) followed by
transferring this gel to an SDS-PAGE gel for the second
dimension separation. The initial isoelectric focusing
gel was usually generated in situ by the use of carrier
ampholytes added to samples, gels and/or running buff-
ers. Such gels provided high resolution, but were diffi-
cult to reproduce, in large part because of inconsistenc-
ies in reproducing the pH gradient of the first dimension
gel. More recently, the availability of immobilized pH
gradients has greatly facilitated two-dimensional
PAGE (Righetti et al., 1983; Fichmann, 1999; Gianazza,
1999; Matsui et al., 1999; Gorg et al., 2000). Immobi-
lized pH gradient gels of various lengths and pH ranges
are available from a number of commercial suppliers.
Further advances in computer assisted image analysis

methods has improved the ability to accurately compare
specific spot intensities.

For two-dimensional PAGE to be particularly useful,
methods of identifying specific proteins are necessary.
Some clues may be obtained from molecular weight and
isoelectric point estimations, but identification by these
methods is not particularly reliable. If antibodies to a
suspected protein are available, immunological detec-
tion (Western blot) is useful. However, this method is
not particularly useful for the identification of a large
number of proteins or for novel proteins.

Historically, protein sequencing, either of the N-ter-
minus or of tryptic fragments, is a useful method of
protein identification. Even without a full sequence,
fragments can often be matched to a specific DNA se-
quence for identification. More recently, developments
in mass spectrometry provide a rapid method of protein
identification. Entire proteins are often not particularly
useful for mass spectrometry, but protease digestion
products (such as tryptic fragments) are readily sepa-
rated by modern methods. In particular, matrix as-
sisted laser desorption time of flight mass spectrometry
(MALDI-TOF-MS) techniques are emerging as the
method of choice for identifying tryptic fragments
(Hamdan et al., 2001; Leushner, 2001; Mann et al.,
2001; Zaluzec et al., 1995).

Modern mass spectrometry instruments have a reso-
lution well below 1 atomic mass unit. This allows ready
matching of a particular tryptic fragment to a specific
amino acid composition, since only a single combination
of amino acids will provide an appropriate match in
almost all cases. However, this does not generally pro-
vide an unambiguous determination of the specific se-
quence of amino acids, since any sequence combination
of the same amino acids match the molecular weight
estimates. Therefore, automated search routines that
compare the tryptic map with that of other proteins are
necessary. Importantly, these maps can be theoretical
maps, based on DNA sequence alone.

In addition to appropriate algorithms for analyzing
mass spectra, the quality of the underlying database is
also critical to the success of proteomics efforts (Stupka,
2002). In the case of researchers using human, mouse,
or other widely used models, very complete and high-
quality databases are available and readily accessible.
In other cases, such as most livestock and many less
studied species, database completeness can be a major
limitation. In the case of genomics or gene expression
profiling, identifying a sequence with 80 or 90% identity
to a human sequence is a reasonable prospect. In the
case of tryptic mapping by mass spectrometry, this is
likely to prove difficult or impossible.

Statistical approaches allow calculation of the proba-
bility that a particular match of a peptide map with a
protein in a database is due to chance (Berndt et al.,
1999; Eriksson et al., 2000; Eriksson and Fenyo, 2002).
However, complete match is rarely obtained. In some
cases, predicted fragments are absent from the mass
spectra, whereas in others, some mass spectra peaks
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are not predicted for the particular protein. Often, these
extraneous peaks are caused by known contaminants,
such as trypsin, or to acrylamide contaminants. Regard-
less, verification by other methods, such as micro-
sequencing or immunological approaches is desirable
for proteins identified for further study.

Previously, Beaton et al. (1997) used a proteomics
approach to identify proteins, including glucose-regu-
lated protein 78 and protein disulphide isomerase, asso-
ciated with lactation and prolactin action in mammary
glands. In other studies, proteomics approaches have
been used to map the proteome of the endoplasmic retic-
ulum and milk fat globule membrane, and to examine
the changes in the golgi associated with transition from
a basal state to maximum secretion (Wu et al.,
2000a, 2000Db).

As an additional example of the applications of pro-
teomics methods to mammary gland biology, we have
investigated the possibility that the previously de-
scribed soluble variants of EGF receptor induce signal-
ing by associating with transmembrane forms of EGF.
Such reverse signaling has been demonstrated for
transmembrane forms of TGFa (using antibodies,
rather than soluble receptors, to induce signaling by
the transmembrane growth factor) (Shum et al., 1994).
For these studies, the extracellular domain of mouse
EGF receptor was cloned into pIZ/V5-His in frame with
a polyhistidine tag. Cabbage looper embryo cells (High-
Five, Invitrogen, Carlsbad, CA) were transfected, and
stable lines were generated that were resistant to Zeo-
cin. Soluble EGF receptor was found to be secreted into
culture media in these cells. The soluble EGF receptor
was purified from culture media by wheat germ aggluti-
nin chromatography (Quijano and Sheffield, 1998) fol-
lowed by Ni-affinity chromatography (Lilius et al.,
1991). Mammary epithelial cells previously shown to
express transmembrane forms of EGF (NMuMG line,
American Type Culture Collection, Rockville, MD) were
treated with soluble EGF receptor for various times,
proteins were extracted with 8 M urea, 4% (3-[(3-cho-
lamidopropyl)dimethylamino]-1-propane sulfonate, 40
mM Tris base, 1 mM phenylmethanesulfonyl fluoride,
100 ug of aprotonin/ml and 100 ug of leupeptin/ml. Pro-
teins were separated by two-dimensional PAGE using
immobilized pH gradient strips for the first dimension
and a 10% PAGE gel for the second (Amersham Phar-
macia Biotech, Piscataway, NJ). After 24 h of treatment
with EGF receptors, substantial differences were ap-
parent in proteins resolved by two-dimensional PAGE
(Figure 3). Protein spots were chosen for subsequent
identification by MALDI-TOF-MS based on their
change in spot intensity and resolution in the area of
the spot. Among the proteins increased are cytokeratin
8, phospholipase C alpha, and tubulin «6. Cytokeratin
8 resolved as three independent spots, probably because
of different phosphorylation states of the protein.

An important consideration in interpreting these re-
sults, as in other analyses of protein content by two-
dimensional PAGE is the mechanism by which a de-

crease in spot intensity is achieved. Several possibilities
exist in addition to the most obvious alteration in pro-
tein production. Protein stability could be altered. Al-
ternatively, the solubility of the protein in the lysis
buffer used could be altered. This could be due to either
posttranslational modifications to the protein itself or
alterations in its association with other cell compo-
nents, such as caveoli or the cytoskeleton (Prusheik et
al., 1997; Schlegel and Lisanti, 2001; Schroeder et al.,
2001). These alternatives are currently under investi-
gation for the impacts of EGF receptors on cellular pro-
tein content.

Assessing Phosphorylation Status

Classically, protein phosphorylation was detected by
incubating cells with 32 P and assessing incorporation
into proteins. In addition, immunological approaches
are also available, particularly for assessing tyrosine
phosphorylation. Immunological approaches to de-
termining phosphorylation of a specific protein formerly
involved immunoprecipitation of the protein and prob-
ing with anti-phosphotyrosine or immunoprecipitation
from 3%P-labeled cells and autoradiography. More re-
cently, antibodies that recognize specific phosphopep-
tides have been developed and used to differentiate
phosphorylated and nonphosphorylated states of pro-
teins. These have been widely used to assess tyrosine
phosphorylation of a number of proteins, including mi-
togen-activated protein kinase, c-src, focal adhesion ki-
nase, various members of the STAT (signal transducers
and activators of transcription) family, and others
(Kaufmann et al., 2001; Nagata et al., 2001). However,
one should note that these antibodies recognize only a
short peptide sequence. If that sequence is present in
other proteins, this approach cannot distinguish be-
tween them. For example, the tyrosine phosphorylation
of STAT5a and 5b are identical, and so STAT5a tyrosine
phosphorylation cannot be resolved from STAT5b tyro-
sine phosphorylation by using phosphorylation state-
specific antibodies alone (although prior immunoprecip-
itation with specific antibodies allows separation of
STAT5a and STAT5D).

Another approach to protein phosphorylation is the
use of mass spectra. Because the addition of phosphate
to a peptide results in a distinctive shift in mass spectra,
this can be used as a signal for the presence of phos-
phate in a protein (Wilkins et al., 1999). Often, the
specific phosphorylation site can be mapped using this
technique. However, the method is technically de-
manding, in that very high sensitivity or enrichment
of samples is usually required (Sickmann and Meyer,
2001).

Recently, considerable interest has arisen on the use
of protein array-based approaches to study protein
phosphorylation. Conceptually, antibody arrays would
be very useful in identifying proteins present in a cell
extract as well as their post-translational modifications
(Borrebaeck, 2000; Srinivas et al., 2001; Yarmush and
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Figure 3. Two-dimensional PAGE analysis of soluble epidermal growth factor (EGF) receptor effects on mammary
epithelial cells. NMuMG mouse mammary epithelial cells were treated as controls or for 24 h with 500 ng/ml of
recombinant soluble EGF receptor (EGFRs). Proteins were extracted and separated by two dimensional PAGE on a
4.0-7.0 pH isoelectric focusing gel, followed by a 12% SDS-PAGE gel. A number of proteins spots were seen to increase
and decrease upon treatment. 1, 2, 3 = cytokeratin 8, 4 = phospholipase Cc, 5 = tubulin 6.

Jayaraman, 2002). Antibodies attached to a solid sur-
face could be designed to capture a wide variety of pro-
teins. Anti-phosphotyrosine, serine, or threonine could
then be used to probe the array to determine phosphory-
lation status of specific proteins. Alternatively, a large
number of phosphorylation state-specific antibodies
could be arrayed. A major disadvantage of this approach
is that production of antibodies is considerably more
time consuming than production of DNA fragments. In
addition, choosing DNA fragments that require similar
hybridization conditions is relatively straightforward,
particularly when compared to developing a large num-
ber of antibodies that have similar optimal conditions.
As a result, few such arrays are currently available.
To investigate the possible signaling by soluble forms
of EGF receptor, we also used standard phosphotyro-
sine western blots to determine whether EGF receptors
induced changes in cellular phosphotyrosine. These
studies determined that EGF receptors increased pro-
tein tyrosine phosphorylation in Triton X-100-insoluble
proteins, but not in soluble proteins (Figure 4), sug-
gesting an increased tyrosine phosphorylation of cy-
toskeletally associated proteins (Prusheik et al., 1997).
Immunoprecipitation followed by SDS-PAGE and
MALDI-MS has identified some of the tyrosine phos-

phorylated proteins. Interestingly, these appear to be
members of the cytokeratin family.

Cytokeratins are tyrosine phosphorylated in re-
sponses to various cell signals, including EGF and the
phosphotyrosine phosphatase inhibitor pervanadate
(Aoyagi et al., 1985; Feng et al., 1999). Because phos-
phorylation changes are often associated with changes
in molecular structure and function, and because cyto-
keratins are major components of intermediate fila-
ments, these results suggest possible roles for growth
factor signaling in modifying cytoskeleton and interme-
diate filament organization. Interestingly, such organi-
zational changes have been associated with normal
mammary development, differentiation, and tumori-
genesis (Ben-Ze’ev, 1987; Taylor-Papadimitriou et al.,
1992; Hendrix et al., 1996; Lelievre et al., 1996; Rud-
land et al., 1998).

Intermolecular Interactions

In addition to identifying proteins directly modified
by a signaling pathway, identifying interactions among
proteins is critical to understanding signal transduction
(Legrain et al., 2001; Tucker et al., 2001). Currently,
major efforts are under way to map all possible protein-
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Figure 4. Tyrosine phosphorylation in response to solu-
ble epidermal growth factor (EGF) receptor. NMuMG
mouse mammary epithelial cells were treated as controls
or for 10 min with 500 ng/ml of recombinant soluble EGF
receptor (EGFRs). Triton X-100 soluble proteins (cytosol)
and insoluble (cytoskeleton) proteins were separated on
a 10% SDS-PAGE gel, transferred to polyvinylidene fluo-
ride (PVDF) membranes and probed with anti-phospho-
tyrosine as previously described (Hendrix et al., 1996).
Tyrosine phosphorylation of several proteins was modi-
fied by treatment. 1 = cytokeratin 8, 2 = cytokeratin 18, 3
= cytokeratin 19.

protein interactions in simple models, such as Sacchar-
omyces cerevisiae. In more complex mammalian sys-
tems, this is currently an intractable problem, but some
specific subsets of the problem are being investigated.
These efforts contain a number of major challenges,
including not only the complexity of the mammalian
proteome itself, but also the fact that intermolecular
interactions are often highly dynamic and respond rap-
idly to changes in cellular environment (Auerbach et
al., 2002; Figeys, 2002).

Classically, ligand binding methods, such as radiore-
ceptor assays, were standard methods of determining
protein interactions. These same methods could be used
to assess interactions among nonreceptor proteins. Ad-
ditionally, coimmunoprecipitation studies are com-
monly used to assess protein-protein interactions (for
example, Johnson et al., 1996). Pulldown assays (in
vitro and in vivo) are extensions of ligand binding meth-
ods. In these methods, a target is expressed in a cell
(in vitro) or added to a cell lysate (in vitro), usually
fused with a tag, such as glutathione S transferase
(Smirnova et al., 2001) or polyhistidine (Lu et al., 1993).
The glutathione S transferase tag is then immunopre-
cipitated, and associating proteins are identified by im-
munological methods, sequencing, or mass spec-
trometry.

A major advance in high-throughput analysis of pro-
tein-protein interactions is the Yeast two hybrid screen
and its various relatives (Gietz and Woods, 2002). The
basic principal of this assay is that a number of tran-
scription factor DNA-binding domains are capable of
activating transcription only when associated with a
transcription activating domain. This activation do-
main do not need to be the same protein provided it is
in appropriate proximity to the DNA binding domain.
Ifthe DNA binding domain and transcription activation
domain are expressed separately but fused with pro-
teins that interact, transcription can be activated via
the interaction of the fusion proteins. In practice, one
usually expresses a known protein (often called “bait”)
fused with a DNA binding domain. A ¢cDNA library is
then fused with the transcription activation domain,
such that transcription of a reporter gene (often 3-galac-
tosidase or green fluorescent protein driven by an ap-
propriate promoter) is activated if the known protein
and the protein coded by a cDNA fragment interact. In
this way, thousands of possible interacting proteins can
be screened simultaneously, and only positive clones
need be sequenced and identified.

Although useful, two hybrid approaches are subject
to a number of artifacts, including relatively large num-
bers of false positives and false negatives. As a result,
additional methods to verify a specific interaction are
generally considered necessary. A large number of
methods are available (Lakey and Raggett, 1998). In
addition to coimmunoprecipitation, ligand binding and
affinity purification methods discussed above, such
methods as microcalorimetry or plasmon resonance
spectrometry can provide information on binding kinet-
ics and thermodynamics, although their use requires
specialized equipment (Phipps and Mackin, 2000; Coo-
per, 2002).

Array approaches similar to DNA arrays have re-
cently begun to emerge for identifying protein-protein
interactions (Emili and Cagney, 2000; Figeys and Pinto,
2001; Li, 2000;Yarmush and Jayaraman, 2002). A ma-
jor limitation is the difficulty of producing large protein
fragments in substantial numbers. As a result, most
applications to date have focused on arraying relatively
small peptide fragments that are readily synthesized
by chemical methods. For example, these can be useful
for mapping phosphotyrosine sites interacting with a
particular src homology 2 (SH2) domain (Yeh et al.,
2001). However, a number of protein-protein interac-
tions may require structures larger than those repre-
sented by short peptides, or may be modified by the
global protein structure, such that binding assays based
on peptide fragments may be misleading. Nonetheless,
the potential throughput for these methods is consid-
erable.

Conclusions

Developments in protein chemistry, including repro-
ducible two-dimensional PAGE and MALDI-TOF-MS,
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coupled with database and statistical developments,
allow rapid and high throughput identification of pro-
teins and posttranslational modifications. Yeast two hy-
brid approaches and other high throughput methods
allow analysis of a large number of possible protein-
protein interactions of potential importance in signal
transduction. Recent advances in antibody and protein
arrays, analogous to DNA arrays, hold considerable
promise for further increases in the throughput of pro-
teomics approaches to signal transduction.
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