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Dynamic Visualization of Expressed Gene Networks
INGRID REMY AND STEPHEN W. MICHNICK*
Département de Biochimie, Université de Montréal, succursale centre-ville,
Montréal, Québec, Canada
Cellular biochemical machineries, what we call pathways, consist of dynamically
assembling and disassembling macromolecular complexes. While our models for
the organization of biochemical machines are derived largely from in vitro experiments, do they reflect their organization in living cells? We have developed a
general experimental strategy that addresses this question by allowing the quantitative probing of molecular interactions in intact living cells. The experimental
strategy is based on protein fragment complementation assays (PCA), a method
whereby protein interactions are coupled to refolding of enzymes from cognate
fragments where reconstitution of enzyme activity acts as the detector of a protein
interaction. A biochemical machine or pathway is defined by grouping interacting
proteins into those that are perturbed in the same way by common factors
(hormones, metabolites, enzyme inhibitors, etc). In this review, we describe how
we go from descriptive to quantitative representations of biochemical networks at
an individual to whole genome level and how our approach will lead ultimately to
better descriptions of the biochemical machineries that underlie living processes.
J. Cell. Physiol. 196: 419–429, 2003. ß 2003 Wiley-Liss, Inc.

Technology and scale are themes that define all things
‘‘omic’’ and the emerging offspring of the genomics
revolution variously called proteomics, functional genomics, or systems biology can be attributed an overall
aim: as only a fraction of gene functions can be inferred
from primary gene sequences, we need to develop strategies to define gene function that are not conducted at the
level of a classical gene-by-gene approach, but that aim
at characterizing the totality of genes or large subsets
thereof. The question then is: by what approaches do we
meaningfully ascribe function to genes and more so,
address the problems that genomics has traditionally
sought to address, such as establishing common and
unique traits to determine phylogenic and evolutionary
relationships among organisms? In the broadest and
most ambitious sense, those of us working at the frontiers beyond the analysis of DNA sequence data hope that
our efforts will result in a deeper appreciation of the
biochemical organization of living cells and the molecular schemes that all living things share as well as those
things that make individual cells and organisms unique.
In this review, we describe a general strategy that goes
directly to the heart of this problem: physically mapping
biochemical pathways in living cells.
LARGE-SCALE EXPRESSION
CLONING PROBLEM

Before a discussion of pathway mapping, we have to
face the fact that we really do not know the function of
most genes in any genome and so we must answer an
essential question: what does it mean to ascribe function
to genes products and how can this be done on a large
scale? Although many proteins have been identified
by functional cloning of novel genes, such ‘‘expression
cloning’’ remains a significant experimental challenge.
ß 2003 WILEY-LISS, INC.

Many ingenious strategies have been devised to simultaneously screen cDNA libraries in the context of assays
that allow both selection of clones and validation of their
biological relevance (Aruffo and Seed, 1987; D’Andrea
et al., 1989; Lin et al., 1992; Sako et al., 1993). However,
in the absence of an obvious functional assay that can be
combined with cDNA library screening, researchers
have turned to strategies that use as readout some
general functional properties of proteins. A powerful
experimental approach to obtain clues about gene
function would entail both the ability to establish how
proteins and other biological molecules interact in living
cells and simultaneously, the ability to validate the
biological relevance of the interactions using the same
assay system. A first step in defining the function of a
novel gene is to determine its interactions with other
gene products; that is, since proteins make specific
interactions with other proteins as part of functional
assemblies, an appropriate way to examine the function
of the product of a novel gene is to determine its physical
relationships with the products of other genes. This is
the basis of the highly successful yeast two-hybrid
system, which has been demonstrated to be effective in
genome-wide screening for interacting proteins (Drees,
1999; Vidal and Legrain, 1999; Uetz et al., 2000;
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Walhout et al., 2000). The central problem with twohybrid screening is that detection of protein–protein
interactions occurs in a fixed context, the nucleus of
Saccharomyces cerevisiae and the results of a screening
must be validated as biologically relevant using other
assays in appropriate cell, tissue, or organism models.
While this would be true for any screening strategy, it
would be advantageous if one could combine cDNA or
defined array library screening with tests for biological
relevance into a single strategy, thus tentatively validating a detected protein as biologically relevant and
eliminating false-positive interactions immediately.
This is both an intellectual and technical challenge all
life scientists are facing. This is a challenge that we took
up some years ago and our solution is described in the
next section.
PROTEIN FRAGMENT COMPLEMENTATION
STRATEGIES FOR LARGE-SCALE
EXPRESSION CLONING

It would be advantageous if one could combine screening of protein–protein interactions with tests for
biological relevance into a single strategy, thus validating detected protein interactions as biologically relevant
and eliminating spurious interactions immediately. It

Fig. 1. Schematic representation of the strategy used to study
protein–protein interactions in mammalian cells with the dihydrofolate reductase (DHFR) protein fragment complementation assays
(PCA). Left part: Interacting proteins A and B are fused to the
complementary fragments of murine DHFR (F[1,2] and F[3]) to
generate A–F[1,2] and B–F[3] fusions. A physical interaction between
proteins A and B drives the reconstitution of DHFR from its fragments
(F[1,2] þ F[3]), allowing DHFR-negative cells expressing these constructs to grow in media lacking nucleotides. DHFR-positive cells can

was with this goal in mind that we developed a strategy
called protein fragment complementation assays (PCA)
to detect protein–protein interactions in living cells.
The first assay, we have developed is based on protein
interaction-induced folding and reassembly of the enzyme murine dihydrofolate reductase (DHFR) (Pelletier
et al., 1998; Remy and Michnick, 1999; Remy et al.,
1999). The gene for DHFR is rationally dissected into
two fragments called F[1,2] and F[3]. Any two proteins
that are thought to bind to each other are fused to either
of the two DHFR fragments. Folding and reassembly of
DHFR from its fragments is induced by the binding of
the test proteins to each other and is detected as reconstitution of enzyme activity. Reconstitution of enzyme
activity can be monitored in vivo by cell survival in the
absence of nucleotides or by fluorescence detection of
fluorescein-conjugated methotrexate (fMTX) binding to
reconstituted DHFR (F[1,2] þ F[3]) (Fig. 1) (Remy and
Michnick, 1999). The DHFR PCA allows for rapid
detection of interactions between full-length proteins,
even at very low expression levels, to measure in vivo the
effects of specific stimuli and inhibitors on particular
interactions and to determine the physical location of
the interacting partners in the cell (Remy and Michnick,
2001). Further, protein interactions can be studied in

also be used in a recessive selection strategy (see text). Right part:
The fluorescence assay is based on high affinity binding of the specific
DHFR inhibitor fluorescein-methotrexate (fMTX) to reconstituted
DHFR. fMTX passively crosses the cell membrane and binds to
reconstituted DHFR (F[1,2] þ F[3]) and is thus retained in the cell.
Unbound fMTX is rapidly released from the cells by active transport.
Detection of bound and retained fMTX can then be detected by
fluorescence microscopy, FACS or fluorescence spectroscopy.
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the specific compartment of the cell where they function
and in the context of other proteins that participate
in biochemical pathways and networks.
In addition to the specific capabilities of PCA described above, are special features of this approach that make
it appropriate for genomic screening of molecular
interactions, including: (1) PCAs are not a single assay
but a series of assays; an assay can be chosen because it
works in a specific cell type appropriate for studying
interactions of some class of proteins; (2) PCAs are
inexpensive, requiring no specialized reagents beyond
those necessary for a particular assay and off the shelf
materials and technology; (3) PCAs can be automated
and high-throughput screening could be done; (4) PCAs
are designed at the level of the atomic structure of the
enzymes used; because of this, there is additional
flexibility in designing the probe fragments to control
the sensitivity and stringencies of the assays; (5) PCAs
can be based on enzymes for which the detection of
protein–protein interactions can be determined differently including by dominant selection or production of a
fluorescent or colored product. We have already developed five PCAs based on dominant-selection, colorimetric, or fluorescent outputs (Remy et al., 2001). Here,
we will discuss the most well developed PCA, based on
the enzyme murine dihydrofolate reductase (mDHFR).
‘‘MAPPING’’ BIOCHEMICAL PATHWAYS

The advent of DNA microarray technologies has
changed the manner in which we view biochemical pathways (Chu et al., 1998; Holstege et al., 1998; Spellman
et al., 1998; Hughes et al., 2000a; Roberts et al., 2000;
Ideker et al., 2001). The practical monitoring of changes
in expression of complete genomes or large subsets of
genes has allowed researchers to begin to scrutinize in
some detail the evolution of genetic programs and
sometimes, by inference, the underlying biochemical
pathways that control these programs. The most well
described analyses of gene expression have been performed for the bakers yeast S. cerevisiae, for which the
entire genome has been sequenced and microarrays
representing all predicted genes have been available for
some time (Lashkari et al., 1997). Complete analyses of
the cell cycle and responses of the organism to a number
of perturbations have been explored (Chu et al., 1998;
Holstege et al., 1998; Spellman et al., 1998; Hardwick
et al., 1999; Hughes et al., 2000a,b; Roberts et al., 2000;
Ideker et al., 2001). In combination with other data and a
complete set of knockouts, it is becoming possible to
conceive of mapping the output of a genetic program
(gene expression changes) back to the organization of
the biochemical pathways underlying these changes
(Chu et al., 1998; Holstege et al., 1998; Hardwick et al.,
1999; Roberts et al., 2000; Causton et al., 2001; Ideker
et al., 2001). A particularly important recent effort was
described by (Ideker et al., 2001), in an attempt to define
a comprehensive strategy to map the biochemical
response of yeast to changing the primary carbon source
from glucose to galactose. The strategy consisted of four
steps: (1) generate a comprehensive model of the underlying biochemical pathways involved based on literature
with addition available data on protein–protein interactions from large scale two-hybrid screening studies;
(2) perturb each pathway component through a series of
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genetic gene deletions or over expressions or environmental (e.g., changes in growth conditions or temperature) manipulations; (3) detect and quantify the
corresponding global cellular response to each perturbation with technologies for large-scale mRNA and proteinexpression measurement; (4) integrate the observed
mRNA and protein responses with the current pathway
specific model and with the global network of protein–
protein, protein–DNA, and other known physical interactions; (5) formulate new hypotheses to explain the
incorporation of new data. They performed an analysis
of gene expression at the mRNA and protein levels in
responses to: (i) switch from glucose to galactose utilization and (ii) deletion in yeasts strains for individual
genes in the GAL pathway. In this way, they were able
to propose modifications to existing models for the GAL
pathway and identify some novel proteins as being
implicated in the GAL response.
The ‘‘global’’ integrated approach to mapping pathways described above does not help us to side-step a
problem which should be obvious to any engineering
undergraduate, let alone an experienced biologist: if you
do not know the details of the underlying machinery
leading to specific outputs of a system, then any new
insights from analyzing outputs remain inferences that
must still be tested directly. The bottleneck to understanding biochemical networks is not opened by examining more and more complex and detailed outputs
without going to the heart of what created the outputs in
the first place. Recently, we have proposed a way to
address this problem head-on and performed a proof-ofprinciple study, demonstrating that a PCA-based
analysis of biochemical networks not only affords an
approach to mapping biochemical pathways but also
reveals detail of such pathways that are not obvious
(Remy and Michnick, 2001). Further such analyses are
performed in living cells in which the pathways under
study are probed.
GETTING TO THE HEART OF
BIOCHEMICAL MACHINERY

As we pointed out above, protein–protein interactions
can be used as a basic readout for linking a protein of
unknown function to proteins that are known to be
involved in a known biochemical pathway. In this way,
as Roger Brent has described it, a protein function can be
inferred, to a first approximation, as ‘‘guilt by association.’’ The genius of yeast two-hybrid screens is this fact.
The studies, we describe below both remind us of a basic
problem in biology as well as provide us with a powerful
new tool to explore this problem. Biochemical processes
are mediated by non-covalently associated multienzyme
complexes (Reed, 1974). Cellular machineries for transcription, translation, and metabolic or signal transduction pathways are examples of processes mediated by
multiprotein complexes. The formation of multiprotein
complexes produce the most efficient chemical machinery, in which the substrates and products of a series of
steps are transferred from one active site to another over
minimal distance, with minimal diffusional loss of
intermediates, and in chemical environments suited to
stabilizing reactive intermediates. Further, physical
coupling of enzymes can allow for allosteric regulation of
different steps in a chain of reactions (Perham, 1975).
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Much of modern biological research is concerned with
identifying proteins involved in cellular processes,
determining their functions and how, when, and where
they interact with other proteins involved in specific
pathways. For instance, signal transduction ‘‘pathways’’
in eukaryotes have been shown to in fact consist of both
constitutive and transient macro-complexes organized
by modular protein domains (Pawson and Nash, 2000).
Bluntly worded: biochemical ‘‘pathways’’ are networks
of dynamically assembling and disassembling protein
complexes and therefore, a meaningful representation
of a biochemical pathway in a living cell would be a stepby-step analysis of the dynamics of individual protein–
protein interactions in response to perturbations that
impinge upon the pathway under study and the time
and spatial distribution of these interactions.
Thus a strategy for genome-wide mapping of biochemical pathways using PCA would entail first, a screening
step; a simple assay to detect protein–protein interactions among potential partner proteins, followed by the
generation of a functional validation profile (Fig. 2A).
Such a profile would consist of two types of data. First, a
biochemical network of interest should be perturbed by
specific stimuli or inhibitors, for example, hormones,
drugs, or nutrients. Consequently, interactions between component proteins of the pathway should be
perturbed by these reagents and a pattern of responses
or ‘‘pharmacological profile’’ observed by PCA should be
consistent with the response of the pathway or network

under study. We have previously demonstrated that we
could measure the direct induction of protein–protein
interactions (Remy and Michnick, 1999; Remy et al.,
1999) and the perturbations of protein interactions
by drugs or hormones acting at steps remote from
the interactions studied (Remy and Michnick, 2001).
Second, interactions of protein components of a network
should take place in specific subcellular compartments
or locations consistent with the function of the pathway.
The combined pharmacological profiles and subcellular
interaction patterns would then form the basis of a
functional validation profile to be used to annotate novel
gene products and to describe the biochemical pathway
or network.

Fig. 2. A: Schematic representation of the strategy for generating a
functional validation profile of a biochemical network using the DHFR
PCA. Positive clones are detected with the DHFR survival-selection
assay. They correspond to interacting component proteins of two
convergent signal transduction pathways (Path 1 and Path 2). An
interaction matrix (upper left) represents all positive (green) and
negative (red) interacting pairs observed in the survival-selection
assay. Positive clones from survival selection are propagated and
subjected to two functional analyses: (1) using the DHFR fluorescence
assay, interactions are probed with pathway specific stimulators
(1 and 2) and inhibitors (A and B). Pharmacological profiles are

established based on the pattern of response of individual interactions
to stimulators and inhibitors, represented in the histograms (ordinate
axis represent fluorescence intensity). For example, stimulation of
pathway 1 will augment all the interactions composing that pathway.
The inhibitor A will inhibit protein interactions downstream, but not
upstream of its site of action in pathway 1. (2) Cellular locations of the
interactions are determined by fluorescence microscopy, also using the
DHFR fluorescence assay. B: Well established connections within
RTK (growth factor activated) and FRAP mediated pathways that
control translation-initiation and sites of action of inhibitors of these
pathways. Broken lines indicate that actions are indirect.

PROOF OF PRINCIPLE: MAPPING A
BIOCHEMICAL NETWORK THAT CONTROLS
TRANSLATION-INITIATION
IN MAMMALIAN CELLS

To validate the PCA strategy for genome-wide functional annotation, a clear application of the approach to
mapping a known biochemical network needed to be
chosen. Signal transduction pathways have proven useful models for examining biochemical processes on a
genome-wide scale. For example, gene microarray expression analyses have been used to study cellular
responses to general stimuli, pharmacological responses
to drugs acting on convergent targets and to testing
hypotheses concerning the hierarchical organization of
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signal transduction networks (Marton et al., 1998;
Fambrough et al., 1999; Iyer et al., 1999). For these
reasons, we chose to apply the PCA strategy to two
convergent signal transduction pathways involved in
insulin, growth factor, and amino acid-activated control
of translation-initiation (Fig. 2B). The two pathways
have been implicated in activation of the 70 kDa S6
ribosomal protein serine/threonine kinase (p70S6K)
and phosphorylation of eIF-4E binding protein (4EBP1,
also known as PHASI), events involved in the control
of the initiation of protein synthesis. The first pathway implicates phosphatidylinositol-3-kinases (PI3K),
enzymes activated by insulin and many growth factor
receptor tyrosine kinases (RTK). PI3K phosphorylates
phosphatidyl inositol (4,5) diphosphate (PIP2) to produce phosphatidyl inositol (3,4,5) triphosphate (PIP3).
PIP3 acts as a receptor for pleckstrin homology (PH)
domains of a number of protein kinases, directing their
localization to the plasma membrane. Inhibitors of
PI3Ks, including wortmannin and LY294002, prevent
insulin and growth factor mediated phosphorylation of
p70S6K. The immunosupressent drug rapamycin also
causes dephosphorylation of p70S6K, independent of
wortmannin, defining a second pathway. Rapamycin
binds to a soluble receptor called FKBP12 and the
FKBP12–rapamycin complex binds to the serine/threonine kinase FRAP (FKBP12–rapamycin associating
protein) also known as mTOR (mammalian target of
rapamycin) or Raft1 (Brown et al., 1994; Sabatini et al.,
1994). It has been suggested that the action of FRAP on
p70S6K is mediated indirectly, through the serine/
threonine phosphatase PP2A (Di Como and Arndt,
1996; Jiang and Broach, 1999; Peterson et al., 1999).
The strategy for mapping the RTK/FRAP signaling
network can be summarized as follows (Fig. 2A). First,
we used the survival assay based on DHFR PCA to
determine which protein–protein interaction occur and
to select positive clones for further studies. The principle
of the survival assay is that cells simultaneously expressing complementary fragments of DHFR fused to interacting proteins or peptides will survive in media
depleted of nucleotides, only if the proteins interact
and then bring the complementary fragments of DHFR
into proximity where they can fold and reassemble
into active enzyme (Remy and Michnick, 1999). It is
obviously more convenient to use a DHFR-negative cell
line and therefore, perform a dominant selection for
DHFR activity. However, DHFR-positive cell lines can
be used in a recessive selection strategy. The DHFR
used in our studies contains a methotrexate resistance
mutation that nonetheless is capable of binding fluorescein-methotrexate sufficiently to perform fluorescence assays. However, DHFR-positive cells grown
in the presence of methotrexate will only survive if
complemented with the DHFR PCA (unpublished data).
The survival selection assay is extremely sensitive, we
have previously demonstrated that only 25–100 molecules of reconstituted DHFR per cell are necessary for
cell survival (Remy and Michnick, 1999). We performed
essential controls, including tests for orientation specificity and for interactions that were not probable, to
establish whether false positives are observed. First,
except in specific cases, we tested the same interactions
with fusions of the test proteins at either the N or C
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terminus of DHFR fragments. We tested these variants
because, not knowing the structures of these proteins,
we would not be able to predict the optimal orientation
of the protein fusions to bring the complementary
DHFR fragments into proximity to fold/reassemble. In
addition to that, we inserted a flexible linker peptide
of 10 amino acids between the test protein and the
DHFR fragment in the fusion, allowing us to probe interactions across distances of 80 Å (&4 Å per peptide
bond  10 aa  2 linkers: 1 per fusion). Second, as an
additional control, we tested interacting pairs of proteins in which the DHFR fragments were swapped. We
reasoned that an observed interaction should occur
regardless of which fragment either of the proteins was
attached to. Finally, we reasoned that interactions
among kinases and their substrates could occur exclusively through the catalytic site of the kinase and then be
too transient to be detected by PCA. Thus in some cases
we also tested ‘‘kinase dead’’ mutants that are thought to
bind with higher affinity to their substrates. However,
we observed interactions with both wild type and kinasedead forms. To functionally validate the protein–protein
interactions identified in the survival screen, pharmacological profiles were established using the in vivo
quantitative fluorescence assay based on DHFR PCA
(detection of fMTX binding to reconstituted DHFR), to
assess the responses of the various protein–protein
interactions to insulin or serum stimulation and pathway-specific inhibitors (wortmannin and rapamycin)
(Remy and Michnick, 2001). Insulin- and serum-activated signal transduction pathways have been studied
in detail in CHO cells (Mamounas et al., 1989; Ruderman et al., 1990; Mamounas et al., 1991) and analysis of
the p70S6K pathway is well documented (for review,
see Proud and Denton, 1997; Avruch, 1998). These
studies have largely been performed in cell lines in
which the insulin receptor is overexpressed (CHO-IR
cells, Mamounas et al., 1989). However, we found in
preliminary studies that insulin/serum induction and
drug inhibition of protein–protein interactions could be
easily detected by the DHFR fluorescence assay, without
overexpression of insulin receptors, and that the degree
of induction of protein interactions were consistent with
increases in interactions or enzyme activity over background observed previously in in vitro and in vivo studies
(Alessi et al., 1998). Finally, we performed fluorescence
microscopy to establish the physical locations of individual interactions within cells.
A total of 148 combinations of 35 different protein–
protein interactions in the RTK/FRAP signal transduction pathways were tested against each other (Fig. 3). In
all cases, full-length proteins were used. Of the 35 interactions tested, 14 corresponded to interacting partners
of which five have not been previously reported. No false
positive interactions were observed among the protein
pairs tested, based on pharmacological responses and
cellular location analysis described above. Four distinct
types of pharmacological profiles and two physical
locations of interacting proteins were immediately
evident (Fig. 4). These patterns reflect a hierarchical
organization of the RTK/FRAP pathways with RTK
pathway components sensitive to wortmannin and
FRAP pathway components sensitive to rapamycin,
and protein pairs involved in early steps are exclusively
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Fig. 3. Summary of the results obtained for the different protein–protein interactions tested in the RTK/
FRAP network with the DHFR survival selection assay in CHO DUKX-B11 (DHFR) cells. On the X-axis
are the fusions to DHFR[1,2] fragment and on the Y-axis the fusions to DHFR[3] fragment. The
orientations of the fusions (N-terminal or C-terminal) are also indicated. Positive interactions: green (þ),
absence of interaction: red (), not tested: gray squares.

Fig. 4.
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at the plasma membrane (such as PDK1/PKB and
PDK1/p70S6K) while later occurring interactions are
in the cytosol. Below we describe the individual pathways, but as will become immediately evident, even
studying a limited number of genes a number of new and
intriguing relationships were revealed.
MAPPING THE RTK PATHWAY

The membrane to cytosol hierarchical organization of
the RTK pathway can be clearly demonstrated by the
fluorescence DHFR PCA (Fig. 4A). Near the top of this
hierarchy, we observed a direct interaction between
PDK1 and PKB. PDK1 has been identified as a specific
PKB kinase (for review see Belham et al., 1999;
Vanhaesebroeck and Alessi, 2000). PKB is activated,
in part, by phosphorylation by PDK1 on Thr 308 in the
kinase domain activation loop and perhaps also in
another crucial C-terminal site, Ser 473 (PDK2 activity).
It has been proposed that membrane localization of both
enzymes is required for PKB phosphorylation by PDK1,
via binding to PIP3 through PH domains. We showed
that the interaction between PDK1 and PKB occurs
exclusively at the plasma membrane and is inhibited by
wortmannin (Fig. 4A), which inhibits PI3K and thus
prevents the synthesis of PIP3. The association of PKB
with PIP3 then appears to be an obligatory step in PKB
activation.
The kinase p70S6K, like PKB, is a member of the AGC
class of protein serine/threonine kinases and both have
homologous crucial phosphorylation sites in the activation loop and C-terminus. It was demonstrated that
PDK1 phosphorylated this homologous site in p70S6K
(Alessi et al., 1998; Pullen et al., 1998). We observed that
the cellular location and the pattern of stimuli/inhibitorresponses of the PDK1/p70S6K interaction were identical to those of the PDK1/PKB interaction (Fig. 4A).
Surprisingly, a novel direct interaction between PKB
and p70S6K showed the same pattern of stimulus/
inhibitor-response but with a cytosolic distribution
(Fig. 4B). This interaction has been suspected but never
demonstrated before and PKB has not been shown to act
as a p70S6K kinase in vitro (Dufner et al., 1999).
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by an ‘‘X’’ in Figure 2A. However, we also observed a
novel interaction between p70S6K and 4EBP1, which
has the same pharmacological profile and occurs in the
cytosol as does p70S6K/S6 interaction. There is no evidence that 4EBP1 is a substrate of p70S6K in vitro
(Diggle et al., 1996). However, it is possible that in vivo
there is an obligatory first step, perhaps phosphorylation at another site on 4EBP1 that is necessary prior to
phosphorylation by p70S6K. 4EBP1 has been shown to
be phosphorylated on multiple residues in vivo and some
of these sites are sensitive to rapamycin (Diggle et al.,
1996; Fadden et al., 1997; Gingras et al., 1998; Heesom
et al., 1998). Further, it has been shown that rapamycin
can augment the activity of PP2A against 4EBP1, and
that PP2A directly interacts with and dephosphorylate
p70S6K (Peterson et al., 1999). As discussed below, we
showed that the PP2A/p70S6K interaction occurs but
we did not observe an interaction between PP2A and
4EBP1, nor has this interaction been reported in the
literature. We propose, therefore, that the inhibitory
effect of PP2A on 4EBP1 could occur via dephosphorylation of p70S6K.
RTK TO FRAP PATHWAY CROSS-TALK

The only step of the wortmannin/rapamycin-sensitive
pathways that is inhibited by both drugs is the endpoint
downstream interaction of p70S6K/S6 protein (Fig. 4A).
This is an example of pathway convergence, represented

One thing that has become obvious from both direct
analysis of signaling pathways and transcriptional output from such pathways is that they are far more ramified than previously imagined (Fambrough et al., 1999).
Our analysis of the RTK and FRAP pathways dramatically illustrates this, with suspected as well as completely novel evidence of cross-talk. The first clue was our
observation that the interaction between FRAP and
4EBP1 was wortmannin sensitive, but rapamycin resistant (Fig. 4A). Previous studies have shown that FRAP
can directly phosphorylate 4EBP1 in vitro (Brunn et al.,
1997; Burnett et al., 1998; Gingras et al., 1999). What is
surprising with this picture is that the profile we
observed would put FRAP downstream from the RTK
pathway as opposed to being part of a completely parallel
path. How could this happen? We observed a direct
interaction between PKB and FRAP, but also a novel
interaction between PDK1 and FRAP (Fig. 4B). Both
are inducible by serum and insulin, inhibited by wortmannin, but are rapamycin insensitive. Direct phosphorylation of FRAP by PKB on Ser2448 in vitro has
been reported (Nave et al., 1999). Because we have
shown that the interactions between FRAP and 4EBP1,
and between PDK1 and PKB with FRAP, are sensitive to

Fig. 4. Fluorometric and microscopic analysis of the interacting
protein pairs fused to the complementary fragments of DHFR. The
pharmacological profiles are represented by the histograms. Cells
were treated with stimulants and inhibitors as indicated (X-axis: NT,
no treatment; I, insulin; S, serum; R, rapamycin; W, wortmannin; C,
calyculin A). Fluorescence intensity is given in relative fluorescence
units (Y-axis). The background fluorescence intensity corresponding
to non-transfected cells was subtracted from the fluorescence
intensities of all the samples. Error bars represent standard errors
for the mean calculated from at least three independent experiments.
Fluorescence microscopy images revealing patterns of cellular location are also presented. The constitutive dimerization of GCN4 leucine
zipper (GCN4/GCN4) is used as a control. Blue arrows indicate new
protein–protein interactions. A: PDK1/PKB and PDK1/p70S6K
interactions occur at the plasma membrane, FRAP/4E-BP1, p70S6K/
4E-BP1, and p70S6K/S6 protein interactions are cytosolic. Pharmacological profiles for the first three interactions are consistent with
rapamycin resistant, wortmannin sensitive pathways. The serum/

insulin-stimulated and wortmannin/rapamycin-inhibited profiles of
the p70S6K/4EBP1 and p70S6K/S6 interactions place them at a
convergent point downstream of both wortmannin- and rapamycinsensitive pathways. B: Analysis of pharmacological profiles reveals
novel ramifications of wortmannin and rapamycin-sensitive pathways
including serum/insulin stimulated and wortmanin-sensitive association of FRAP, placing FRAP as a downstream target of PDK1 and
PKB. C: Regulation of p70S6K and PKB by FRAP (through PP2A) and
PDK1. aI-PO4 represents a regulatory subunit of the phosphatase
PP2A, regulated via its phosphorylation by FRAP. The FRAP/FKBP,
PP2A/p70S6K, and PP2A/PKB interactions are serum/insulin-insensitive but rapamycin-induced. The interactions between PP2A/PKB
and PP2A/p70S6K are also inhibited by the PP2A phosphatase
inhibitor calyculin A. All of these interactions occur in the cytosol.
D: Positive/negative regulation of p70S6K in the RTK/FRAP network.
The serum/insulin/rapamycin-induced interactions of p70S6K/Cdc42
and p70S6K/Rac1 occur at the plasma membrane, suggesting that
p70S6K is recruited at the membrane via the two GTPases.

PATHWAY CONVERGENCE
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wortmannin but not to rapamycin, we suggest a direct
role of PDK1 and/or PKB in regulating the function of
FRAP. We also observed insulin- and serum-induced
homodimerization of FRAP, consistent with evidence
that FRAP autophosphorylates (Peterson et al., 2000),
and this is blocked by wortmannin but not by rapamycin
(Fig. 4B). Induction of FRAP homodimerization may
also, therefore, depend on its phosphorylation by PDK1
and/or PKB.
MAPPING THE FRAP PATHWAY

The precise role of FRAP in mediating p70S6K and
4EBP1 phosphorylation and how rapamycin/FKBP12
modulates these effects has been the subject of considerable revision recently. In vivo studies have demonstrated that FRAP kinase activity is insensitive to
rapamycin (Peterson et al., 2000). Evidence from genetic
and biochemical studies in yeast and mammalian cells,
suggests that FRAP actions are mediated indirectly
through the general serine/threonine phosphatase
PP2A (Di Como and Arndt, 1996; Murata et al., 1997;
Chen et al., 1998; Jiang and Broach, 1999). We observed
a rapamycin-induced cytosolic interaction between
FKBP and FRAP (Fig. 4C), as previously demonstrated
(Sabatini et al., 1994; Lorenz and Heitman, 1995). We
did not observe a direct interaction between FRAP and
full-length p70S6K, supporting the argument that
FRAP actions on this enzyme are indirect. In contrast,
we were able to clearly demonstrate a rapamycininduced PP2A/p70S6K complex (Fig. 4C). Further, the
complex was inhibited by the PP2A-specific inhibitor
calyculin A, suggesting that the interaction occurs, at
least in part, between the catalytic site of PP2A and
substrate sites on p70S6K. We also observed a rapamycin-induced and calyculin A-sensitive direct interaction
between PP2A and PKB (Fig. 4C). A direct interaction
between these two proteins has not been previously
demonstrated in vitro or in vivo, but indirect in vitro
evidence suggests that PKB is a substrate of PP2A
(Andjelkovic et al., 1996). The pattern of stimulatory
and inhibitory responses and cytosolic location of PP2A/
PKB were identical to those for PP2A/p70S6K, suggesting similar mechanisms of induced interaction of PP2A/
PKB and PP2A/p70S6K. The fact that rapamycin
induces this interaction provides evidence of a negative
feedback circuit to PKB, via FRAP activation of PP2A.
These results present a paradox, as rapamycin would be
predicted to inhibit PKB in a similar manner to wortmannin. In a few cases such inhibition has been observed
(Halse et al., 1999; Li et al., 1999). Further, rapamycin
has been shown to induce apoptosis in some cancer cell
lines, possibly via this mechanism (Muthukkumar et al.,
1995; Shi et al., 1995; Hosoi et al., 1999). However, in
most cells, it is likely that there is a compensatory
mechanism by which PKB is rephosphorylated and
reactivated.
EXAMINING MECHANISTIC PARADOXES

In Figure 4A, we show that p70S6K interacts with
PDK1 at the cellular membrane; no particular surprise
as the most well known substrate of PDK1, PKB, also
interact at the membrane. However, how does p70S6K
get to the membrane? Both PDK1 and PKB contain PH
domains that interact with phosphoinositides; p70S6K

does not have a PH, nor any other recognized membrane
localization domain. Candidate membrane anchoring
proteins for p70S6K have been suggested to be the Rho
family GTPases Rac1 and Cdc42 (Chou and Blenis,
1996). We examined interactions of p70S6K with both
Cdc42 and Rac1. We were able to detect both interactions, inducible by serum and insulin stimulation, and
show that these interactions occur at the plasma
membrane (Fig. 4D). The pharmacological profiles were
identical for both interactions; rapamycin enhanced
serum-induced association whereas wortmannin had no
effect. Our results can be interpreted in the same way as
for rapamycin effects on the p70S6K/PP2A interaction.
In the presence of rapamycin, PP2A is activated,
resulting in an increase in the quantity of hypophosphorylated p70S6K. Since Rac1 and Cdc42 only interact with this form (Chou and Blenis, 1996), we see an
enhancement. Wortmannin has no effect on Rac1/
Cdc42/p70S6K interaction. As PI3K likely plays a role
in the activation of Rac1 and Cdc42 (Bishop and Hall,
2000), this result could be interpreted as contradictory.
However, because inhibition of PI3K also prevents
membrane translocation of PDK1, an increase in the
quantity of hypophosphorylated p70S6K and therefore,
an increase in the number of Rac1/Cdc42/p70S6K
complexes would be predicted. Thus, in vivo, a potential
decrease in available activated Rac1 or Cdc42 may be
compensated for by an increase in available deactivated
p70S6K.
SUMMARY AND PERSPECTIVES

The results presented here demonstrate that the PCA
strategy has the features necessary for a general gene
function annotation strategy. Further, such analysis
is not limited to a specific cell type; we have already
demonstrated the utility of PCA strategies in bacteria
and mammalian cells and more recently in plant cells
(Pelletier et al., 1998; Remy and Michnick, 1999, 2001;
Remy et al., 1999; Subramaniam et al., 2001). We have
demonstrated that pharmacological perturbations of
interactions can be observed, even if the site of action of
the perturbant is distant from the interaction being
studied. The pharmacological profiles and subcellular
locations of interactions, we observed allowed us to
‘‘place’’ each gene product at its relevant point in the
pathways. It should also be noted that the direct probing
of biochemical networks in living cells has not been
achieved on this scale by any other approach. Further,
while specific inhibitors such as those used in this study
may not be available for other pathways, other perturbants could be used to generate a functional profile,
including dominant-negative forms of enzymes, receptor- or enzyme-specific peptides or antisense RNA. The
ability to monitor the network in living cells containing
all of the components of the network studied revealed
hidden connections, not observed before, inspite of
intense scrutiny of this network. From the results of
our analysis, a map of the organization of the RTK/FRAP
network emerges. Figure 5 summarizes the results. Two
activation–deactivation cycles can be defined for PKB
and p70S6K, in which the dephosphorylated/deactivated kinases are localized to the plasma membrane;
PKB via its N-terminal PH domain to PIP3 and p70S6K,
via association to activated Rac1 and Cdc42. At the
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Fig. 5. Proposed model for the RTK/FRAP signaling network. Regulation of translation of mRNA is controlled by FRAP and p70S6K,
leading to the phosphorylation of 4EBP1 and the ribosomal protein S6.
Growth factor-mediated PI3K activation results in the production of
the lipid second messenger PIP3, which stimulates the translocation of
PKB to the plasma membrane through its PH domain. This
translocation displaces the inhibitory PH domain of PKB, rendering
the phosphorylation sites accessible for phosphorylation by PDK1,
which is also anchored to the membrane via a PH domain. p70S6K is
recruited to the plasma membrane through the GTPases Rac1/Cdc42
and is then phosphorylated by PDK1. We have also shown that PKB

interacts with p70S6K. The phosphorylated form of p70S6K is released in the cytosol where it can interact with its substrates S6
protein and 4EBP1. The activated PDK1 and PKB translocate to
the cytosol to phosphorylate FRAP, inducing its homodimerization.
FRAP phosphorylates 4EBP1 in the cytosol. The phosphatase PP2A
inactivates p70S6K and PKB by dephosphorylation. These last
interactions are stimulated by rapamycin and are proposed to be
regulated via FRAP. The hypophosphorylated form of p70S6K is then
recruited at the plasma membrane by Rac1/Cdc42 completing a cycle
of stimulation/activation/deactivation and finally, re-recruitment to
the membrane.

membrane, both kinases are phosphorylated and activated by PDK1. These early events were shown to occur
unambiguously at the plasma membrane, whereas
downstream target interactions all occurred in the
cytosol. We suggest that FRAP is a point of integration
for growth factor-mediated pathways. FRAP is modulated by the RTK pathway via its direct interactions
with PKB and PDK1 but likewise, FRAP feeds back
on both p70S6K and PKB by modulating the activity of
PP2A.
Functional mapping of biochemical networks by PCA
would be complementary to other approaches for
genome-wide probing of cell function. For example, as
noted above, recent and dramatic evidence of highly
ramified integration of signal transduction pathways
has been suggested by studies on the induction of early
genes (IEG) by activation of parallel pathways emanating from a receptor tyrosine kinase (Fambrough et al.,
1999). The results of these studies suggested that IEGs
are activated in a concerted way by networks of
interconnected pathways. However, while these results
strongly support the idea that pathways are highly

ramified, they do not provide direct evidence of the
organization of signaling networks. A pair-wise analysis
of all known interactions in ramified signaling pathways
as performed here would provide the essential evidence.
Finally, an effort to standardize functional annotation of
known or emerging genomes is underway. The organization of information in this ‘‘Gene Ontology’’ database
is based on a vocabulary describing biological processes,
molecular function and cellular component ontologies
(Ashburner et al., 2000; Rubin et al., 2000). The data
derived from PCA detection of interactions among
members of a biochemical network, pharmacological
profiles, and subcellular locations can be directly
translated into the language of gene ontologies.
LITERATURE CITED
Alessi DR, Kozlowski MT, Weng QP, Morrice N, Avruch J. 1998.
3-Phosphoinositide-dependent protein kinase 1 (PDK1) phosphorylates and activates the p70 S6 kinase in vivo and in vitro. Curr Biol
8:69–81.
Andjelkovic M, Jakubowicz T, Cron P, Ming XF, Han JW, Hemmings
BA. 1996. Activation and phosphorylation of a pleckstrin homology
domain containing protein kinase (RAC-PK/PKB) promoted by

428

REMY AND MICHNICK

serum and protein phosphatase inhibitors. Proc Natl Acad Sci USA
93:5699–5704.
Aruffo A, Seed B. 1987. Molecular cloning of a CD28 cDNA by a highefficiency COS cell expression system. Proc Natl Acad Sci USA
84:8573–8577.
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM,
Davis AP, Dolinski K, Dwight SS, Eppig JT, et al. 2000. Gene
ontology: Tool for the unification of biology. The Gene Ontology
Consortium. Nat Genet 25:25–29.
Avruch J. 1998. Insulin signal transduction through protein kinase
cascades. Mol Cell Biochem 182:31–48.
Belham C, Wu S, Avruch J. 1999. Intracellular signalling: PDK1—a
kinase at the hub of things. Curr Biol 9:R93–R96.
Bishop AL, Hall A. 2000. Rho GTPases and their effector proteins.
Biochem J 348:241–255.
Brown EJ, Albers MW, Shin TB, Ichikawa K, Keith CT, Lane WS,
Schreiber SL. 1994. A mammalian protein targeted by G1-arresting
rapamycin-receptor complex. Nature 369:756–758.
Brunn GJ, Hudson CC, Sekulic A, Williams JM, Hosoi H, Houghton
PJ, Lawrence J, Jr., Abraham RT. 1997. Phosphorylation of the
translational repressor PHAS-I by the mammalian target of rapamycin. Science 277:99–101.
Burnett PE, Barrow RK, Cohen NA, Snyder SH, Sabatini DM.
1998. RAFT1 phosphorylation of the translational regulators p70 S6
kinase and 4E-BP1. Proc Natl Acad Sci USA 95:1432–1437.
Causton HC, Ren B, Koh SS, Harbison CT, Kanin E, Jennings EG, Lee
TI, True HL, Lander ES, Young RA. 2001. Remodeling of yeast
genome expression in response to environmental changes. Mol Biol
Cell 12:323–337.
Chen J, Peterson RT, Schreiber SL. 1998. Alpha 4 associates with
protein phosphatases 2A, 4, and 6. Biochem Biophys Res Commun
247:827–832.
Chou MM, Blenis J. 1996. The 70 kDa S6 kinase complexes with and is
activated by the Rho family G proteins Cdc42 and Rac1. Cell 85:
573–583.
Chu S, DeRisi J, Eisen M, Mulholland J, Botstein D, Brown PO,
Herskowitz I. 1998. The transcriptional program of sporulation in
budding yeast. Science 282:699–705.
D’Andrea AD, Lodish HF, Wong GG. 1989. Expression cloning of the
murine erythropoietin receptor. Cell 57:277–285.
Di Como CJ, Arndt KT. 1996. Nutrients, via the Tor proteins,
stimulate the association of Tap42 with type 2A phosphatases.
Genes Dev 10:1904–1916.
Diggle TA, Moule SK, Avison MB, Flynn A, Foulstone EJ, Proud CG,
Denton RM. 1996. Both rapamycin-sensitive and -insensitive
pathways are involved in the phosphorylation of the initiation
factor-4E-binding protein (4E-BP1) in response to insulin in rat
epididymal fat-cells. Biochem J 316:447–453.
Drees BL. 1999. Progress and variations in two-hybrid and threehybrid technologies. Curr Opin Chem Biol 3:64–70.
Dufner A, Andjelkovic M, Burgering BM, Hemmings BA, Thomas G.
1999. Protein kinase B localization and activation differentially
affect S6 kinase 1 activity and eukaryotic translation initiation
factor 4E-binding protein 1 phosphorylation. Mol Cell Biol 19:4525–
4534.
Fadden P, Haystead TA, Lawrence J, Jr. 1997. Identification of
phosphorylation sites in the translational regulator, PHAS-I, that
are controlled by insulin and rapamycin in rat adipocytes. J Biol
Chem 272:10240–10247.
Fambrough D, McClure K, Kazlauskas A, Lander ES. 1999. Diverse
signaling pathways activated by growth factor receptors induce
broadly overlapping, rather than independent, sets of genes. Cell
97:727–741.
Gingras AC, Kennedy SG, O’Leary MA, Sonenberg N, Hay N. 1998.
4E-BP1, a repressor of mRNA translation, is phosphorylated
and inactivated by the Akt(PKB) signaling pathway. Genes Dev
12:502–513.
Gingras AC, Gygi SP, Raught B, Polakiewicz RD, Abraham RT,
Hoekstra MF, Aebersold R, Sonenberg N. 1999. Regulation of 4EBP1 phosphorylation: A novel two-step mechanism. Genes Dev
13:1422–1437.
Halse R, Rochford JJ, McCormack JG, Vandenheede JR, Hemmings
BA, Yeaman SJ. 1999. Control of glycogen synthesis in cultured
human muscle cells. J Biol Chem 274:776–780.
Hardwick JS, Kuruvilla FG, Tong JK, Shamji AF, Schreiber SL. 1999.
Rapamycin-modulated transcription defines the subset of nutrientsensitive signaling pathways directly controlled by the Tor proteins.
Proc Natl Acad Sci USA 96:14866–14870.
Heesom KJ, Avison MB, Diggle TA, Denton RM. 1998. Insulinstimulated kinase from rat fat cells that phosphorylates initiation

factor 4E-binding protein 1 on the rapamycin-insensitive site
(serine-111). Biochem J 336:39–48.
Holstege FC, Jennings EG, Wyrick JJ, Lee TI, Hengartner CJ, Green
MR, Golub TR, Lander ES, Young RA. 1998. Dissecting the regulatory circuitry of a eukaryotic genome. Cell 95:717–728.
Hosoi H, Dilling MB, Shikata T, Liu LN, Shu L, Ashmun RA,
Germain GS, Abraham RT, Houghton PJ. 1999. Rapamycin causes
poorly reversible inhibition of mTOR and induces p53-independent
apoptosis in human rhabdomyosarcoma cells. Cancer Res 59:886–
894.
Hughes TR, Marton MJ, Jones AR, Roberts CJ, Stoughton R,
Armour CD, Bennett HA, Coffey E, Dai H, He YD, et al. 2000a.
Functional discovery via a compendium of expression profiles. Cell
102:109–126.
Hughes TR, Mao M, Jones AR, Burchard J, Marton MJ, Shannon KW,
Lefkowitz SM, Ziman M, Schelter JM, Meyer MR, et al. 2000b.
Expression profiling using microarrays fabricated by an ink-jet
oligonucleotide synthesizer. Nat Biotechnol 19:342–347.
Ideker T, Thorsson V, Ranish JA, Christmas R, Buhler J, Eng JK,
Bumgarner R, Goodlett DR, Aebersold R, Hood L. 2001. Integrated
genomic and proteomic analyses of a systematically perturbed
metabolic network. Science 292:929–934.
Iyer VR, Eisen MB, Ross DT, Schuler G, Moore T, Lee J, Trent JM,
Staudt LM, Hudson J, Jr., Boguski MS, et al. 1999. The transcriptional program in the response of human fibroblasts to serum.
Science 283:83–87.
Jiang Y, Broach JR. 1999. Tor proteins and protein phosphatase 2A
reciprocally regulate Tap42 in controlling cell growth in yeast.
EMBO J 18:2782–2792.
Lashkari DA, DeRisi JL, McCusker JH, Namath AF, Gentile C,
Hwang SY, Brown PO, Davis RW. 1997. Yeast microarrays for
genome wide parallel genetic and gene expression analysis. Proc
Natl Acad Sci USA 94:13057–13062.
Li J, DeFea K, Roth RA. 1999. Modulation of insulin receptor
substrate-1 tyrosine phosphorylation by an Akt/phosphatidylinositol 3-kinase pathway. J Biol Chem 274:9351–9356.
Lin HY, Wang XF, Ng-Eaton E, Weinberg RA, Lodish HF. 1992.
Expression cloning of the TGF-beta type II receptor, a functional
transmembrane serine/threonine kinase. Cell 68:775–785.
Lorenz MC, Heitman J. 1995. TOR mutations confer rapamycin
resistance by preventing interaction with FKBP12-rapamycin.
J Biol Chem 270:27531–27537.
Mamounas M, Gervin D, Englesberg E. 1989. The insulin receptor as a
transmitter of a mitogenic signal in Chinese hamster ovary CHO-K1
cells. Proc Natl Acad Sci USA 86:9294–9298.
Mamounas M, Ross S, Luong CL, Brown E, Coulter K, Carroll G,
Englesberg E. 1991. Analysis of the genes involved in the insulin
transmembrane mitogenic signal in Chinese hamster ovary cells,
CHO-K1, utilizing insulin-independent mutants. Proc Natl Acad Sci
USA 88:3530–3534.
Marton MJ, DeRisi JL, Bennett HA, Iyer VR, Meyer MR, Roberts CJ,
Stoughton R, Burchard J, Slade D, Dai H, et al. 1998. Drug target
validation and identification of secondary drug target effects using
DNA microarrays. Nat Med 4:1293–1301.
Murata K, Wu J, Brautigan DL. 1997. B cell receptor-associated
protein alpha4 displays rapamycin-sensitive binding directly to the
catalytic subunit of protein phosphatase 2A. Proc Natl Acad Sci USA
94:10624–10629.
Muthukkumar S, Ramesh TM, Bondada S. 1995. Rapamycin, a potent
immunosuppressive drug, causes programmed cell death in B
lymphoma cells. Transplantation 60:264–270.
Nave BT, Ouwens M, Withers DJ, Alessi DR, Shepherd PR. 1999.
Mammalian target of rapamycin is a direct target for protein kinase
B: Identification of a convergence point for opposing effects of
insulin and amino-acid deficiency on protein translation. Biochem J
2:427–431.
Pawson T, Nash P. 2000. Protein–protein interactions define
specificity in signal transduction. Genes Dev 14:1027–1047.
Pelletier JN, Campbell-Valois F, Michnick SW. 1998. Oligomerization
domain-directed reassembly of active dihydrofolate reductase from
rationally designed fragments. Proc Natl Acad Sci USA 95:12141–
12146.
Perham RN. 1975. Self-assembly of biological macromolecules. Philos
Trans R Soc Lond B Biol Sci 272:123–136.
Peterson RT, Desai BN, Hardwick JS, Schreiber SL. 1999. Protein
phosphatase 2A interacts with the 70-kDa S6 kinase and is
activated by inhibition of FKBP12-rapamycinassociated protein.
Proc Natl Acad Sci USA 96:4438–4442.
Peterson RT, Beal PA, Comb MJ, Schreiber SL. 2000. FKBP12rapamycin-associated protein (FRAP) autophosphorylates at serine

VISUALIZATION OF EXPRESSED GENE

2481 under translationally repressive conditions. J Biol Chem 275:
7416–7423.
Proud CG, Denton RM. 1997. Molecular mechanisms for the control of
translation by insulin. Biochem J 328:329–341.
Pullen N, Dennis PB, Andjelkovic M, Dufner A, Kozma SC, Hemmings
BA, Thomas G. 1998. Phosphorylation and activation of p70s6k by
PDK1. Science 279:707–710.
Reed LJ. 1974. Multienzyme complexes. Acc Chem Res 7:40–46.
Remy I, Michnick SW. 1999. Clonal selection and in vivo quantitation
of protein interactions with protein fragment complementation
assays. Proc Natl Acad Sci USA 96:5394–5399.
Remy I, Michnick SW. 2001. Visualization of biochemical networks in
living cells. Proc Natl Acad Sci USA 98:7678–7683.
Remy I, Wilson IA, Michnick SW. 1999. Erythropoietin receptor
activation by a ligand-induced conformation change. Science 283:
990–993.
Remy I, Pelletier JN, Galarneau A, Michnick SW. 2001. Protein
interactions and library screening with protein fragment complementation strategies. In: Golemis EA, editor. Protein–protein
interactions: A molecular cloning manual. Woodbury, New York,
USA: Cold Spring Harbor Laboratory Press. pp 449–475.
Roberts CJ, Nelson B, Marton MJ, Stoughton R, Meyer MR, Bennett
HA, He YD, Dai H, Walker WL, Hughes TR, et al. 2000. Signaling
and circuitry of multiple MAPK pathways revealed by a matrix of
global gene expression profiles. Science 287:873– 880.
Rubin GM, Yandell MD, Wortman JR, Gabor Miklos GL, Nelson CR,
Hariharan IK, Fortini ME, Li PW, Apweiler R, Fleischmann W, et al.
2000. Comparative genomics of the eukaryotes. Science 287:2204–
2215.
Ruderman NB, Kapeller R, White MF, Cantley LC. 1990. Activation of
phosphatidylinositol 3-kinase by insulin. Proc Natl Acad Sci USA
87:1411–1415.

429

Sabatini DM, Erdjument-Bromage H, Lui M, Tempst P, Snyder SH.
1994. RAFT1: A mammalian protein that binds to FKBP12 in a
rapamycin-dependent fashion and is homologous to yeast TORs.
Cell 78:35–43.
Sako D, Chang XJ, Barone KM, Vachino G, White HM, Shaw G,
Veldman GM, Bean KM, Ahern TJ, Furie B, et al. 1993. Expression
cloning of a functional glycoprotein ligand for P-selectin. Cell 75:
1179–1186.
Shi Y, Frankel A, Radvanyi LG, Penn LZ, Miller RG, Mills GB. 1995.
Rapamycin enhances apoptosis and increases sensitivity to cisplatin
in vitro. Cancer Res 55:1982–1988.
Spellman PT, Sherlock G, Zhang MQ, Iyer VR, Anders K, Eisen MB,
Brown PO, Botstein D, Futcher B. 1998. Comprehensive identification of cell cycle-regulated genes of the yeast Saccharomyces
cerevisiae by microarray hybridization. Mol Biol Cell 9:3273–
3297.
Subramaniam R, Desveaux D, Spickler C, Michnick SW, Brisson N.
2001. Direct visualization of protein interactions in plant cells. Nat
Biotechnol 19:769–772.
Uetz P, Giot L, Cagney G, Mansfield TA, Judson RS, Knight JR,
Lockshon D, Narayan V, Srinivasan M, Pochart P, et al. 2000. A
comprehensive analysis of protein–protein interactions in Saccharomyces cerevisiae. Nature 403:623–627.
Vanhaesebroeck B, Alessi DR. 2000. The PI3K–PDK1 connection:
More than just a road to PKB. Biochem J 3:561–576.
Vidal M, Legrain P. 1999. Yeast forward and reverse ‘n’-hybrid
systems. Nucleic Acids Res 27:919–929.
Walhout AJ, Sordella R, Lu X, Hartley JL, Temple GF, Brasch MA,
Thierry-Mieg N, Vidal M. 2000. Protein interaction mapping in C.
elegans using proteins involved in vulval development. Science
287:116–122.

