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Description

[0001] This invention relates to methods for isolating novel proteins. This invention also relates to cancer diagnostics
and therapeutics.
[0002] In most eukaryotic cells, the cell cycle is governed by controls exerted during G1 and G2. During G2, cells
decide whether to enter M in response to relatively uncharacterized intracellular signals, such as those that indicate
completion, of DNA synthesis (Nurse, Nature 344:503-508, 1990; Enoch and Nurse, Cell 65:921-923, 1991). During G1,
cells either enter S or withdraw from the cell cycle and enter a nondividing state known as G0 (Pardee, Science
246:603-608, 1989). While the control mechanisms for these decisions are not yet well understood, their function is
clearly central to processes of normal metazoa development and to carcinogenesis.
[0003] In yeast, and probably in all eukaryotas, the G1/S and G2/M transitions depend on a family of -34kd protein
kinases, the Cdc2 proteins, encoded by the cdc2+ (in S. pombe) and CDC28 (in S. cerevisiae) genes. Cdc2 family
proteins from mammalian cells have been also identified. Some including Cdc2 (Lee and Nurse, Nature 327:31-35,
1987), Cdk2 (Elledge and Spotswood, EMBO J. 10:2653-2659, 1991; Tsai et al., Nature 353:174-177, 1991), and Cdk3
(Meyerson et al., EMBO J. 11:2909-2917, 1992) can complement a cdc28- S. cerevisiae for growth.
[0004] The activity of the Cdc2 proteins at the G2/M transition point is regulated in two ways: positively, by association
with regulatory proteins called cyclins, and negatively, by phosphorylation of a tyrosine near their ATP binding site. At
least one of these regulatory mechanisms is operative during G1 (see Figure 1A). At this time, Cdc2 protein activity is
regulated by facultative association with different G1 specific cyclins. In S. cerevisiae at least five putative G1 cyclins
have been identified in genetic screens, including the products of the CLN1, CLN2, CLN3, HSC26 and CLB5 genes
(Cross, Mol. Cell. Biol 8:4675-4684, 1988; Nash et al., EMBO J. 7:4335-4346, 1988; Hadwiger et al., Proc. Nat. Acad.
Sci. USA 86:6255-6259, 1989; and Ogas et al., Cell 66:1015-1026, 1991). The CLN1, CLN2, and CLN3 proteins (here
called Cln1, Cln2, and Cln3) are each individually sufficient to permit a cell to make the G1 to S transition (Richardson
et al., Cell 59:1127-1133, 1989), and at least one of them (Cln2) associates with Cdc28 in a complex that is active as a
protein kinase (Wittenberg et al., Cell 62:225-237, 1990). Recently, putative G1 cyclins have been identified in mammalian
cells: Cyclin C, Cyclin D (three forms), and Cyclin E (Koff et al., Cell 66:1217-1228, 1991; Xiong et al., Cell 65:691-699,
1991). Each of these three mammalian cyclins complement a yeast deficient in Cln1, Cln2, and Cln3, and each is
expressed during G1.
[0005] In S. cerevisiae, the synthesis, and in some cases, the activity of the G1 cyclins is under the control of a network
of genes that help to couple changes in the extracellular environment to G1 regulatory decisions (Figure 1A). For example,
the SWI4 and SWI6 gene products positively regulate CLN1 and CLN2 transcription and may also positively modulate
the activity of Cln3 (Nasmyth and Dirick, Cell 66:995-1013, 1991), the FAR1 product negatively regulates both CLN2
transcription and the activity of its product (Chang and Herskowitz, Cell 63:999-1011, 1990), and the FUS3 product
negatively regulates Cln3 activity (Elion et al., Cell 60:649-664, 1990).
[0006] Several lines of evidence suggest that mammalian G1 to S transitions may be regulated by similar mechanisms:
regulatory molecules (Cdc2 kinases and cyclins) similar to those found in yeast are observed in mammalian G1, and
like S. cerevisiae, mammalian cells arrest in G1 when deprived of nutrients and in response to certain negative regulatory
signals, including contact with other cells or treatment with negative growth factors (e.g., TGF-β) (Figure 1B). However,
several considerations suggest that the higher eukaryotic G1 regulatory machinery is likely to be more sophisticated
than that of yeast. First, in mammalian cells there appear to be more proteins involved in the process. At least ten different
Cdc2 family proteins and related protein kinases (see Meyerson et al., EMBO J. 11:2909-2917, 1992) and at least three
distinct classes of putative G1 cyclins (Koff et al., Cell 66:1217-1228, 1991; Matsushime et al., Cell 65:701-713, 1991;
Motokura et al., Nature 339:512-518, 1991; Xiong et al., Cell 65:691-699, 1991) have been identified. Second, unlike
yeast, the proliferation of most mammalian cells depends on extracellular protein factors (in particular, positive growth
regulatory proteins), deprivation of which leads to arrest in G1. Third, arrest of many cell types during G1 can progress
to a state, G0, that may not strictly parallel any phase of the yeast cell cycle.
[0007] Because proteins involved in controlling normal cell division decisions in mammals (e.g., humans) are also
very likely to play a key role in malignant cell growth, identification and isolation of such proteins facilitate the development
of useful cancer diagnostics as well as anti-cancer therapeutics. "The Journal of NIH Research" (1991, Vol. 3: 44-46)
discloses a two-hybrid system for detecting protein-protein interactions in vivo, which encompasses a "bait" hybrid gene
and a "prey" hybrid gene. The "prey" protein comprises a strong transcriptional activation domain, i.e. the activation
domain of GAL4 or VP16. We now describe (i) a novel system for the identification of proteins which, at some time during
their existence, participate in a particular protein-protein interaction; (ii) the use of this system to identify interacting
proteins which are key regulators of mammalian cell division.

Summary of the Invention

[0008] In general, the invention features a method for determining whether a first protein is capable of physically
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interacting (i.e., directly or indirectly) with a second protein. The method involves: (a) providing a host cell which contains
(i) a reporter gene operably linked to a protein binding site; (ii) a first fusion gene which expresses a first fusion protein,
the first fusion protein including the first protein covalently bonded to a binding moiety which is capable of specifically
binding to the protein binding site; and (iii) a second fusion gene which expresses a second fusion protein, the second
fusion protein including the second protein covalently bonded to a weak gene activating moiety of lesser activation
potential than GAL4 activation region II; and (b) measuring expression of the reporter gene as a measure of an interaction
between the first and the second proteins. In a preferred embodiment, the method further involves isolating the gene
encoding the second protein.
[0009] The weak gene activating moiety is of lesser activation potential than GAL4 activation region II and preferably
is the gene activating moiety of B42 or a gene activating moiety of lesser activation potential; the host cell is a yeast
cell; the reporter gene includes the LEU2 gene or the lacZ, gene; the host cell further contains a second reporter gene
operably linked to the protein binding site, for example, the host cell includes both a LEU2 reporter gene and a lacZ
reporter gene; the protein binding site is a LexA binding site and the binding moiety includes a LexA DNA binding domain;
the second protein is a protein involved in the control of eukaryotic cell division, for example, a Cdc2 cell division control
protein.
[0010] As used herein, by "reporter gene" is meant a gene whose expression may be assayed; such genes include,
without limitation, lacZ, amino acid biosynthetic genes, e.g. the yeast LEU2, HIS3, LYS2, or URA3 genes, nucleic acid
biosynthetic genes, the mammalian chloramphenicol transacetylase (CAT) gene, or any surface antigen gene for which
specific antibodies are available.
[0011] By "operably linked" is meant that a gene and a regulatory sequence (s) are connected in such a way as to
permit gene expression when the appropriate molecules (e.g., transcriptional activator proteins or proteins which include
transcriptional activation domains) are bound to the regulatory sequence(s).
[0012] By a "binding moiety" is meant a stretch of amino acids which is capable of directing specific polypeptide binding
to a particular DNA sequence (i.e., a "protein binding site").
[0013] By "weak gene activating moiety" is meant a stretch of amino acids which is capable of weakly inducing the
expression of a gene to whose control region it is bound. As used herein, "weakly" is meant below the level of activation
effected by GAL4 activation region II (Ma and Ptashne, Cell 48:847, 1987) and is preferably at or below the level of
activation effected by the B42 activation domain of Ma and Ptashne (Cell 51:113, 1987). Levels of activation may be
measured, using any downstream reporter gene system and comparing, in parallel assays, the level of expression
stimulated by the GAL4 region II-polypeptide with the level of expression stimulated by the polypeptide to be tested.
[0014] By "substantially pure" is meant a preparation which is at least 60% by weight (dry weight) the compound of
interest, e.g., a Cdi1 polypeptide. Preferably the preparation is at least 75%, more preferably at least 90%, and most
preferably at least 99%, by weight the compound of interest. Purity can be measured by any appropriate method, e.g.,
column chromatography, polyacrylamide gel electrophoresis, or HPLC analysis.
[0015] By "purified DNA" is meant DNA that is not immediately contiguous with both of the coding sequences with
which it is immediately contiguous (one on the 5’ end and one on the 3’ end) in the naturally occurring genome of the
organism from which it is derived. The term therefore includes, for example, a recombinant DNA which is incorporated
into a vector; into an autonomously replicating plasmid or virus; or into the genomic DNA of a prokaryote or eukaryote,
or which exists as a separate nolecule (e.g., a cDNA or a genomic DNA fragment produced by PCR or restriction
endonuclease treatment) independent of other sequences. It also includes a recombinant DNA which is part of a hybrid
gene encoding additional polypeptide sequence.
[0016] By "substantially identical" is meant an amino acid sequence which differs only by conservative amino acid
substitutions, for example, substitution of one amino acid for another of the same class (e.g., valine for glycine, arginine
for lysine, etc.) or by one or more non-conservative substitutions, deletions, or insertions located at positions of the
amino acid sequence which do not destroy the function of the protein (assayed, e.g., as described herein). A "substantially
identical" nucleic acid sequence codes for a substantially identical amino acid sequence as defined above.
[0017] By "transformed cell" is meant a cell into which (or into an ancestor of which) has been introduced, by means
of recombinant DNA techniques, a DNA molecule encoding (as used herein) a Cdi1 polypeptide.
[0018] By "positioned for expression" is meant that the DNA molecule is positioned adjacent to a DNA sequence which
directs transcription and translation of the sequence (i.e., facilitates the production of, e.g., a Cdi1 polypeptide).
[0019] By "purified antibody" is meant antibody which is at least 60%, by weight, free from the proteins and natural-
ly-occurring organic molecules with which it is naturally associated. Preferably, the preparation is at least 75%, more
preferably at, least 90%, and most preferably at least 99%, by weight, antibody, e.g., Cdi1-specific antibody. A purified
Cdi1 antibody may be obtained, for example, by affinity chromatography using recombinantly-produced Cdi1 polypeptide
and standard techniques.
[0020] By "specifically binds" is meant an antibody which recognizes and binds Cdi1 polypeptide but which does not
substantially recognize and bind other molecules in a sample, e.g., a biological sample, which naturally includes Cdi1
polypeptide.
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[0021] By a "malignant cell" is meant a cell which has been released from normal cell division control. Included in this
definition are transformed and immortalized cells.
[0022] The interaction trap system described herein provides advantages over more conventional methods for isolating
interacting proteins or genes encoding interacting proteins. Most notably, applicants’ system provides a rapid and inex-
pensive method having very general utility for identifying and purifying genes encoding a wide range of useful proteins
based on the protein’s physical interaction with a polypeptide of known diagnostic or therapeutic usefulness. This general
utility derives in part from the fact that the components of the system can be readily modified to facilitate detection of
protein interactions of widely varying affinity (e.g., by using reporter genes which differ quantitatively in their sensitivity
to a protein interaction). The inducible nature of the promoter used to express the interacting proteins also increases
the scope of candidate interactors which may be detected since even proteins whose chronic expression is toxic to the
host cell may be isolated simply by inducing a short burst of the protein’s expression and testing for its ability to interact
and stimulate expression of a β-galactosidase reporter gene.
[0023] Moreover, detection of interacting proteins through the use of a weak gene activation domain tag avoids the
restrictions on the pool of available candidate interacting proteins which is characteristically associated with stronger
activation domains (such as GAL4 or VP16); although the mechanism is unclear, such a restriction apparently results
from low to moderate levels of host cell toxicity mediated by the strong activation domain.
[0024] Other features and advantages of the invention will be apparent from the following detailed description thereof,
and from the claims.

Brief-Description of the Drawings

[0025] The drawings are first briefly described.

FIGURE 1 illustrates cell cycle control systems. FIGURE 1(A) illustrates G1 control in yeast. FIGURE 1B illustrates
cell cycle control in yeast and mammals.
FIGURE 2 A-C illustrates an interaction trap system according to the invention.
FIGURE 3A is a diagrammatic representation of a "bait" protein useful in the invention; the numbers represent amino
acids. FIGURE 3B is a diagrammatic representation of reporter genes useful in the invention. FIGURE 3C is a
diagrammatic representation of a library expression plasmid useful in the invention and the N-terminal amino acid
sequence of an exemplary "prey" protein according to the invention.
FIGURE 4 depicts yeast assays demonstrating the specificity of the Cdi1/Cdc2 interaction.
FIGURE 5 shows the results of an immunoprecipitation experiment demonstrating that Cdi1 physically interacts
with Cdc2.
FIGURE 6 shows an alignment of Cdc2 proteins and FUS3. Depicted is an alignment of the sequences of the bait
proteins used herein. Amino acids are numbered as in human Cdc2. Abbreviations are as follows: HsCdc2, human
Cdc2; HsCdk2, human Cdk2; ScCdc28, S. cerevisiae Cdc28; DmCdc2 and DmCdc2c, the two Drosophila Cdc2
isolates; and ScFus3, S. cerevisiae FUS3. Residues shown in boldface are conserved between the Cdc2 family
members; residues present in Fus3 are also shown in bold. Asterisks indicate potential Cdi1 contact points, i.e.,
amino acids that are conserved among human Cdc2, Cdk2, S. cerevisiae Cdc28, and Drosophila Cdc2, but that
differ in Drosophila Cdc2c and in Fus3.

[0026] There now follows a description of one example of an interaction trap system and its use for isolating a particular
cell division protein. This example is designed to illustrate, not limit, the invention.

Detailed Description

[0027] Applicants have developed an in vivo interaction trap system for the isolation of genes encoding proteins which
physically interact with a second protein of known diagnostic or therapeutic utility. The system involves a eukaryotic host
strain (e.g., a yeast strain) which is engineered to express the protein of therapeutic or diagnostic interest as a fusion
protein covalently bonded to a known DNA binding domain; this protein is referred to as a "bait" protein because its
purpose in the system is to "catch" useful, but as yet unknown or uncharacterized, interacting polypeptides (termed the
"prey"; see below). The eukaryotic host strain also contains one or more "reporter genes", i.e., genes whose transcription
is detected in response to a bait-prey interaction. Bait proteins, via their DNA binding domain, bind to their specific DNA
site upstream of a reporter gene; reporter transcription is not stimulated, however, because the bait protein lacks its own
activation domain.
[0028] To isolate genes encoding novel interacting proteins, cells of this strain (containing a reporter gene and ex-
pressing a bait protein) are transformed with individual members of a DNA (e.g., a cDNA) expression library; each
member of the library directs the synthesis of a candidate interacting protein fused to a weak and invariant gene activation



EP 1 362 913 B1

6

5

10

15

20

25

30

35

40

45

50

55

domain tag. Those library-encoded proteins that physically interact with the promoter-bound bait protein are referred to
as "prey" proteins. Such bound prey proteins (via their activation domain tag) detectably activate the transcription of the
downstream reporter gene and provide a ready assay for identifying particular cells which harbor a DNA clone encoding
an interacting protein of interest.
[0029] One example of such an interaction trap system is shown in Figure 2. Figure 2A shows a yeast strain containing
two reporter genes, LexAop-LEU2 and LexAop-lacZ, and a constitutively expressed bait protein, LexA-Cdc2. Synthesis
of prey proteins is induced by growing the yeast in the presence of galactose. Figure 2B shows that if the prey protein
does not interact with the transcriptionally-inert LexA-fusion bait protein, the reporter genes are not transcribed; the cell
cannot grow into a colony on leu- medium, and it is white on Xgal medium because it contains no β-galactosidase activity.
Figure 2C shows that, if the prey protein interacts with the bait, then both reporter genes are active; the cell forms a
colony on leu- medium, and cells in that colony have β-galactosidase activity and are blue on Xgal medium.
[0030] As described herein, in developing the interaction trap system shown diagrammatically in Figure 2, careful
attention was paid to three classes of components: (i) use of bait proteins that contained a site-specific DNA binding
domain that was known to be transcriptionally inert; (ii) use of reporter genes that had essentially no basal transcription
and that were bound by the bait protein; and (iii) use of library-encoded prey proteins, all of which were expressed as
chimeras whose amino termini contained the same weak activation domain and, preferably, other useful moieties, such
as nuclear localization signals.
[0031] Each component of the system is now described in more detail.

Bait Proteins

[0032] The selection host strain depicted in Figure 2 contains a Cdc2 bait and a DNA binding moiety derived from the
bacterial LexA protein (see Figure 3A). The use of a LexA DNA binding domain provides certain advantages. For example,
in yeast, the LexA moiety contains no activation function and has no known effect on transcription of yeast genes (Brent
and Ptashne, Nature 312:612-615, 1984; Brent and Ptashne, Cell 43:729-736, 1985). In addition, use of the LexA rather
than the GAL4 DNA-binding domain allows conditional expression of prey proteins in response to galactose induction;
this facilitates detection of prey proteins which might be toxic to the host cell if expressed continuously. Finally, the use
of LexA allows knowledge regarding the interaction between LexA and the LexA binding site (i.e., the LexA operator) to
be exploited for the purpose of optimizing operator occupancy.
[0033] The bait protein illustrated in Figure 3A also includes a LexA dimerization domain; this optional domain facilitates
efficient LexA dimer formation. Because LexA binds its DNA binding site as a dimer, inclusion of this domain in the bait
protein also optimizes the efficiency of operator occupancy (Golemis and Brent, Mol. Cell Biol. 12:3006-3014, 1992).
[0034] LexA represents a preferred DNA binding domain in the invention. However, any other transcriptionally-inert
or essentially transcriptionally-inert DNA binding domain may be used in the interaction trap system; such DNA binding
domains are well known and include the DNA binding portions of the proteins ACE1 (CUP1), lambda cI, lac repressor,
jun fos, or GCN4. For the above-described reasons, the GAL4 DNA binding domain represents a slightly less pre-
ferred-DNA binding moiety for the bait proteins.
[0035] Bait proteins may be chosen from any protein of known or suspected diagnostic,or therapeutic importance.
Preferred bait proteins include oncoproteins (such as myc, particularly the C-terminus of myc, ras, src, fos, and particularly
the oligomeric interaction domains of fos) or any other proteins involved in cell cycle regulation (such as kinases,
phosphatases, the cytoplasmic portions of membrane-associated receptors, and other Cdc2 family members). In each
case, the protein of diagnostic or therapeutic importance would be fused to a known DNA binding domain as generally
described for LexA-Cdc2.

Reporters

[0036] As shown in Figure 3B, one preferred host strain according to the invention contains two different reporter
genes, the LEU2 gene and the lacZ gene, each carrying an upstream binding site for the bait protein. The reporter genes
depicted in Figure 3B each include, as an upstream binding site, one or more LexA operators in place of their native
Upstream Activation Sequences (UASs). These reporter genes may be integrated into the chromosome or may be
carried on autonomously replicating plasmids (e.g., yeast 2P plasmids).
[0037] A combination of two such reporters is preferred in the invention for a number of reasons. First, the LexAop-LEU2
construction allows cells that contain interacting proteins to select themselves by growth on medium that lacks leucine,
facilitating the examination of large numbers of potential interactor protein-containing cells, Second, the LexAop-lacZ
reporter allows LEU+ cells to be quickly screened to confirm an interaction. And, third, among other technical consider-
ations (see below), the LexAop-LEU2 reporter provides an extremely sensitive first selection, while the LexAop-lacZ
reporter allows discrimination between proteins of different interaction affinities.
[0038] Although the reporter genes described herein represent a preferred embodiment of the invention, other equiv-
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alent genes whose expression may be detected or assayed by standard techniques may also be employed in conjunction
with, or instead of, the LEU2 and lacZ genes. Examples of other useful genes whose transcription can be detected
include amino acid and nucleic acid biosynthetic genes (such as yeast HIS3, URA3, and LYS2) GAL1, E. coli galK
(which complements the yeast GAL1 gene), and the higher cell reporter genes CAT, GUS, and any gene encoding a
cell surface antigen for which antibodies are available (e.g., CD4).

Prey proteins

[0039] In the selection described herein, a fourth DNA construction was utilized which encoded a series of candidate
interacting proteins, each fused to a weak activation domain (i.e., prey proteins). One such prey protein construct is
shown in Figure 3C; this plasmid encodes a prey fusion protein which includes an invariant N-terminal moiety. This
moiety carries, amino to carboxy terminal, an ATG for protein expression, an optional nuclear localization sequence, a
weak activation domain (i.e., the B42 activation domain of Ma and Ptashne; Cell 51:113, 1987), and an optional epitope
tag for rapid immunological detection of fusion protein synthesis. As described herein, a HeLa cDNA libraray was
constructed, and random library sequences were inserted downstream of this N-terminal fragment to produce fusion
genes encoding prey proteins.
[0040] Prey proteins other than those described herein are also useful in the invention. For example, cDNAs may be
constructed from any mRNA population and inserted into an equivalent expression vector. Such a library of choice may
be constructed de novo using commercially available kits (e.g., from Stratagene, La Jolla, CA) or using well established
preparative procedures (see, e.g., Current Protocols in Molecular Biology, New York, John Wiley & Sons, 1987). Alter-
natively, a number of cDNA libraries (from a number of different organisms) are publically and commercially available;
sources of libraries include, e.g., Clontech (Palo Alto, CA) and stratagene (La Jolla, CA). It is also noted that prey proteins
need not be naturally occurring full length polypeptides. For example, a prey protein may be encoded by a synthetic
sequence or may be the product of a randomly generated open reading frame or a portion thereof. In one particular
example, the prey protein includes only an interaction domain; such a domain may be useful as a therapeutic to modulate
bait protein activity.
[0041] Similarly, other weak activation domains may be substituted for the B42 portion of the prey molecule; such
activation domains must be weaker than the GAL4 activation region II moiety and preferably should be no stronger than
B42 (as measured, e.g., by a comparison with GAL4 activation region II or B42 in parallel β-galactosidase assays using
lacZ reporter genes); such a domain may, however, be weaker than B42. In particular, the extraordinary sensitivity of
the LEU2 selection scheme (described above) allows even extremely weak activation domains to be utilized in the
invention. Examples of other useful weak activation domains include B17, B112, and the amphipathic helix (AH) domains
described in Ma and Ptashne (Cell 51:113, 1987), Ruden et al. (Nature 350:426-430, 1991), and Giniger and Ptashne
(Nature 330:670, 1987).
[0042] Finally, the prey proteins, if desired, may include other optional nuclear localization sequences (e.g., those
derived from the GAL4 or MATα2 genes) or other optional epitope tags (e.g., portions of the c-myc protein or the flag
epitope available from Immunex). These sequences optimize the efficiency of the system, but are not absolutely required
for its operation. In particular, the nuclear localization sequence optimizes the efficiency with which prey molecules reach
the nuclear-localized reporter gene construct(s), thus increasing their effective concentration and allowing one to detect
weaker protein interactions; and the epitope tag merely facilitates a simple immunoassay for fusion protein expression.
[0043] Those skilled in the art will also recognize that the above-described reporter gene, DNA binding domain, and
gene activation domain components may be derived from any appropriate eukaryotic or prokaryotic source, including
yeast, mammalian cell, and prokaryotic cell genomes or cDNAs as well as artificial sequences. Moreover, although yeast
represents a preferred host organism for the interaction trap system (for reasons of ease of propagation, genetic ma-
nipulation, and large scale screening), other host organisms such as mammalian cells may also be utilized. If a mammalian
system is chosen, a preferred reporter gene is the sensitive and easily assayed CAT gene; useful DNA binding domains
and gene activation domains may be chosen from those described above (e.g., the LexA DNA binding domain and the
B42 or B112 activation domains).
[0044] The general type of interaction trap system described herein provides a number of advantages. For example,
the system can be used to detect bait-prey interactions of varying affinity. This can be accomplished, e.g., by using
reporter genes which differ quantitatively in their sensitivity to an interaction with a library protein. In particular, the
equilibrium Kd with which a library-encoded protein must interact with the bait to activate the LexAop-LEU2 reporter is
probably ≤10-6M. This value is clearly sufficient to detect protein interactions that are weaker and shorter lived than
those detected, e.g., by typical physical methods. The lacZ reporters are less sensitive, allowing the selection of different
prey proteins by utilizing reporters with the appropriate number, affinity, and position of LexA operators; in particular,
sensitivity of the lacZ reporter gene is increased by either increasing the number of upstream LexA operators, utilizing
LexA operators which have increased affinity for LexA binding dimers, and/or decreasing the distance between the LexA
operator and the downstream reporter gene promoter. This ability to manipulate the sensitivity of the system provides



EP 1 362 913 B1

8

5

10

15

20

25

30

35

40

45

50

55

a measure of control over the strength of the interactions detected and thus increases the range of proteins which may
be isolated.
[0045] The system provides at least three other advantages. First, the activation region on the library-encoded proteins
is relatively weak, in order to avoid restrictions on the spectrum of library proteins detected; such restrictions are common
when utilizing a strong, semi-toxic activation domain such as that of GAL4 or VP16 (Gill and Ptashne, Nature 334:721-724,
1988; Triezenberg et al., Genes Dev. 2:730-742, 1988; Berger et al., Cell 70:251-265, 1992). Second, the use of LexA
to bind the bait to DNA allows the use of GAL4+ yeast hosts and the use of the GAL1 promoter to effect conditional
expression of the library protein. This in turn allows the Leu or lacZ phenotypes to be unconditionally ascribed to expression
of the library protein and minimizes the number of false positives; it also allows conditional expression and selection of
interactor proteins which are toxic to the host cell if continuously produced. And third, placing the activation domain at
the amino terminus, rather than at the carboxy terminus, of the fusion protein guarantees that the activation domain
portion of the protein will be translated in frame, and therefore that one out of three fusion genes will encode a candidate
activation domain-tagged interactor protein.
[0046] One particular interaction trap system is now described. The use of this system to isolate a protein (termed
Cdi1) which physically interacts with a known cell division control protein (termed Cdc2) is also illustrated.

Isolation and Characterization of Cdi1

Isolation of the Cdi1 cDNA

[0047] To isolate proteins which interact with the cell division control protein Cdc2, the yeast strain EGY48/p1840 was
utilized. This strain contained both the LexAop-LEU2 and LexAop-lacZ reporters, as well as a plasmid that directed the
synthesis of a LexA-Cdc2 bait protein (see below). The LexAop-LEU2 reporter replaced the chromosomal LEU2 gene.
This reporter carried 3 copies of the high affinity colE1 double LexA operator (Ebina et al., J. Biol. Chem. 258:13258-13261,
1983) 40 nucleotides upstream of the major LEU2 transcription startpoint. The LexAop-lacZ reporter (p1840) was carried
on a URA3+ 2P plasmid. This reporter carried a single LexA operator 167 nucleotides upstream of the major GAL1
transcription startpoint.
[0048] A HeLa cDNA interaction library (described below) was also introduced into this strain using the plasmid depicted
in Figure 3C (termed pJG4-5); this library vector was designed to direct the conditional expression of proteins under the
control of a derivative of the GAL1 promoter. This plasmid carried a 2P replicator and a TRP1+ selectable marker. cDNA
was inserted into this plasmid on EcoRI-XhoI fragments. Downstream of the XhoI site, pJG4-5 contained the ADH1
transcription terminator. The sequence of an invariant 107 amino acid moiety, encoded by the plasmid and fused to the
N-terminus of all library proteins, is shown below the plasmid map in Figure 3C. This moiety carries, amino to carboxy
terminal, an ATG, the SV40 T nuclear localization sequence (Kalderon et al., Cell 39:499-509, 1984), the B42 transcription
activation domain, (Ma and Ptashne, Cell 51:113-119, 1987; Ruden et al., Nature 350:426-430, 1991) and the 12CA5
epitope tag from the influenza virus hemagglutinin protein (Green et al., Cell 28:477-487, 1982).
[0049] Following introduction of the prey-encoding plasmids into EGY48/p1840, over a million transformants were
isolated, of which 3-4 X 105 expressed fusion proteins (see experimental procedures below). The colonies were pooled,
diluted, and grown for five hours in liquid culture in the presence of galactose to induce synthesis of library-encoded
proteins. The pool was then diluted again so that each original transformant was represented about 20 times and plated
on galactose-containing medium without leucine. From about 2 X 107 cells, 412 LEU2+ colonies were isolated. 55 of
these colonies were blue on galactose Xgal medium, presumably due to the lower sensitivity of the lacZ reporter. In all
cells in which both reporters were active, both phenotypes were galactose-dependent, confirming that they required the
library-encoded protein. Library plasmids were rescued from these cells, assigned to one of three classes by restriction
mapping, and the plasmids identified from each class that contained the longest cDNA inserts. Synthesis of a fusion
protein by the plasmid was verified in each case by Western blot analysis using anti-epitope antiserum.
[0050] Further analysis by detailed mapping and partial DNA sequencing showed that two of the recovered cDNA
classes were identical to previously identified genes encoding CKS1hs and CKS2hs (Richardson et al., Genes Dev.
4:1332-1344, 1990), human homologs of the S. pombe suc1+ product. Sequencing of the third restriction map class
showed it to be a previously unidentified gene. This gene was termed CDI1, for Cdc2 Interactor 1; its protein product
was termed Cdi1.
[0051] The CDI1 gene was introduced into a panel of EGY48-derived strains (i.e., EGY48/1840 containing different
LexA fusion baits) in order to test the reproducibility and specificity of the interaction between Cdc2 and Cdi1. Cells from
8 individual transformed cells that contained Cdi1 plus a given bait (horizontal streaks) or the same bait plus the library
vector as a control (adjacent vertical streaks) were streaked with toothpicks onto each of three plates (Figure 4). The
plates, shown in Figure 4, included a "control" plate, a Ura- Trp- His- glucose plate which selected for the presence of
the bait plasmid, the LexAop-lacZ reporter, and the Cdi1 expression plasmid; a "glucose" plate, a Ura- Trp- His- Leu-

glucose plate, which additionally selected for activation of the LexAop-LEU2 reporter; and a "galactose" plate, a Ura-
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Trp- His- Leu- galactose plate, which selected for the activation of the LexAop-LEU2 reporter, and which induced the
expression of Cdi1. Baits used in this test included: (1) LexA-Cdc2, (2) LexA-Bicoid, (3) LexA-Max, (4) LexA-Cln3, (5)
LexA-Fus3, and (6) LexA-cMyc-Cterm (Figure 4).
[0052] As judged by the LEU2 and lacZ transcription phenotypes, Cdi1 interacted specifically with LexA-Cdc2, and
did not interact with LexA-cMyc-Cterm, LexA-Max, LexA-Bicoid, LexA-Cln3, or LexA-Fus3 (Figure 4). Cdi1 also interacted
with other Cdc2 family proteins, including LexA-Cdc28, as discussed below. Applicants also note that, on glucose, the
LexA-Cln3 bait weakly activated the LexAop-LEU2 reporter, but that, on galactose, the inferiority of the carbon source
and the dimished bait expression from the ADH1 promoter eliminated this background.
[0053] The specificity of the Cdi1/Cdc2 interaction was then confirmed by physical criteria, in particular, by immuno-
precipitation experiments. Extracts were made from EGY48 cells that contained a library plasmid that directed the
synthesis of tagged Cdi1 and that also contained either a LexA-Cdc2 or a LexA-Bicoid bait.
[0054] In particular, 100 ml of cells were grown in glucose or galactose medium (in which Cdi1 expression was induced)
to an OD600 of 0.6-0.8, pelleted by centrifugation, resuspended in 500Pl RIPA, lysed by beating with glass beads five
times for two minutes each, and spun twice for five minutes in a microfuge (10,000 X G) at 4° to remove the beads and
cell debris. 5Pl of this supernatant was taken as a control, and 15Pl of rabbit anti-LexA antiserum was added to the
remainder, which was incubated at 4°C for four hours on a rotating platform. LexA-containing proteins were first precip-
itated from this remainder with 50Pl Staph A-coated sepharose beads (Pharmacia, Piscataway, NJ) as described in
Wittenberg and Reed (Cell 54:1061-1072, 1988). The entire pellet was then dissolved in Laemmli sample buffer, run on
a 12.5% protein gel (SDS/PAGE), and blotted onto nitrocellulose. Tagged Cdi1 fusion proteins were identified by Western
analysis of the blotted proteins with the 12CA5 monoclonal antihemagglutinin antibody essentially as described in Samson
et al. (Cell 57:1045-1052, 1989).
[0055] The results are shown in Figure 5; the lanes are as follows: (1) Galactose medium, LexA-Bicoid bait, immuno-
precipitation; (2) Glucose medium, LexA-Bicoid bait, immunoprecipitation; (3) Galactose medium, LexA-Bicoid bait, cell
extract; (4) Glucose medium, LexA-Bicoid bait, cell extract; (5) Galactose medium, LexA-Cdc2 bait, immunoprecipitation;
(6) Glucose medium, LexA-Cdc2 bait, immunoprecipitation; (7) Galactose medium, LexA-Cdc2 bait, cell extract; and (8)
Glucose medium, LexA-Cdc2 bait, cell extract. As shown in Figure 5, anti-LexA antiserum precipitated Cdi1 from a yeast
extract that contained LexA-Cdc2 and Cdi1, but not from one that contained LexA-Bicoid and Cdi1, thus confirming that
Cdi1 physically interacted only with the Cdc2-containing bait protein.

Cdc2-Cdi1 Interaction

[0056] To identify determinants of Cdc2 recognized by Cdi1, Cdi1 was tested for its ability to interact with a panel of
different bait proteins that included Cdc2 proteins from yeast, humans, and flies, as well as the yeast Fus3 protein kinase
(a protein kinase of the ERK class which negatively regulates Cln3 and which, by sequence criteria, is less related to
the Cdc2 proteins than those proteins are to one another (Elion et al., Cell 60:649-664, 1990).
[0057] To perform these experiments, EGY48/JK103 (described below) containing a plasmid that directed the galac-
tose-inducible synthesis of tagged Cdi1 was transformed with one of a series of different transcriptionally-inert LexA-Cdc2
family protein baits. Five individual transformants of each bait were grown to OD600=0·5-1·0 in minimal medium that
contained 2% galactose but that lacked uracil, histidine, and tryptophan. Results are shown in Table 1 and are given in
β-galactosidase units; variation among individual transformants was less than 20%.

[0058] As shown in Table 1, tagged Cdi1 stimulated transcription from these baits to different levels; it activated strongly
in strains that contained the human Cdc2 bait, against which it was selected, less strongly in strains that contained S.
cerevisiae Cdc28 or human Cdk2 baits, and only weakly in strains that contained the DmCdc2 bait, one of the two
Drosophila Cdc2 homologs (Jimenez et al., EMBO J. 9:3565-3571, 1990; Lehner and O’Farrell, EMBO J. 9:3573-3581,
1990). In strains that contained the DMCdc2c bait or Fus3, Cdi1 did not activate at all. Since baits in this panel were
related in sequence, were made from the same vector, were translated from a message that had the same 5’ untranslated

TABLE 1
Bait β-Galactosidase Activity

LexA-Cdc2 (Hs) 1580
LexA-Cdk2 (Hs) 440
LexA-Cdc28 (Sc) 480
LeXA-Cdc2 (Dm) 40
LexA-Cdc2c (Dm) >2
LexA-Fus3 (Sc) >2
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sequence and the same LexA coding sequence, and were expressed in yeast in the same amounts, the differences in
transcription among the bait strains very likely reflected differences in interaction with the tagged Cdi1.
[0059] In order to identify residues on Cdc2 proteins that Cdii might recognize, the transcription interaction data was
compared to the sequence of the baits. A lineup of the bait sequences was searched for residues that were conserved
in the proteins with which Cdi1 interacted, but which differed in the proteins that Cdi1 did not touch. Use of this criterion
identified 7 residues, which are indicated by asterisks in Figure 6. Of these residues, two, Glu 57 and Gly 154 (in human
Cdc2), are altered in the non-interacting baits to amino acids of different chemical type. In DmCdc2c, residue 57 is
changed from Glu to Asn, and residue 154 from Gly to Asn; in Fus3, these residues are changed to His and Asp. In
human Cdc2, both of these residues adjoin regions of the molecule necessary for interaction with cyclins (Ducommun
et al., Mol. Cell. Biol. 11:6177-6184, 1991). Projection of the human Cdc2 primary sequence on the crystal structure
solved by Knighton et al. for bovine cAMP dependent protein kinase (Science 253:407-413, 1991) suggests that residues
57 and 154 are in fact likely to be close to these cyclin contact points in the folded protein.

Experimental procedures

Bacteria and yeast

[0060] Manipulation of bacterial strains and of DNAs was by standard methods (see, e.g., Ausubel et al., Current
Protocols in Molecular Biology, New York, John Wiley & Sons, 1987; and Sambrook et al., Molecular Cloning: a Labo-
ratory Manual, Cold Spring Harbor, NY, Cold Spring Harbor Laboratory, 1989) unless otherwise noted. E. coli "Sure"
mcrA ∆ (mrr, hsdRMS, mcrBC) endA1 supE44 thi-1 gyrA96 relA1 lac recB recJ sbcC umuC::Tn5(kanR) uvrC /F’[proAB,
lacIqZ∆N15]::Tn10(tetR) (Stratagene Inc., LaJolla, CA) and KC8 (pyrF::Tn5 hsdR leuB600 trpC9830 lac∆74 strA galK
hisB436) were used as bacterial hosts throughout.

Baits

[0061] In order to optimize operator occupancy, baits were produced constitutively under the control of the ADH1
promoter (Ammerer, Meth. Enzym. 101:192-210, 1983), and contained the LexA c-terminal oligomerization region, which
contributes to operator occupancy by LexA-containing proteins, perhaps because it aids in the precise alignment of LexA
amino termini of adjacent operator half sites (Golemis and Brent, Mol. Cell. Biol. 12:3006-3014, 1992). It is worth noting
that all LexA-bait proteins so far examined enter the yeast nucleus in concentrations sufficient to permit operator binding,
even though LexA derivatives are not specifically localized to the nucleus unless they contain other nuclear localization
signals (see, e.g., Silver et al., Mol. Cell. Biol. 6:4763-4766, 1986).
[0062] pL202pl has been described (Ruden et al., Nature 350:426-430, 1991). This plasmid, a close relative of pMA424
and pSH2-1 (Ma and Ptashne, Cell 51:113-119, 1987; Hanes and Brent, Cell 57:1275-1283, 1989) carries the HIS3+

marker and the 2P replicator, and directs the synthesis in yeast of fusion proteins that carry the wild-type LexA protein
at their amino terminus. Baits used in this study were made as follows: human Cdc2 (Lee and Nurse, Nature 327:31-35,
1987), Cdk2 (Tsai et al., Nature 353:174-177, 1991) and the S. cerevisiae CDC28 genes (Lorincz and Reed, Nature
307:183-185, 1984) were amplified by PCR using Vent polymerase (New England Biolabs, Beverley, MA) and cloned
into pL202pl as EcoRI-BamHI fragments. These proteins contained two amino acids (glu phe) inserted between the last
amino acid of LexA and the bait proteins. The Drosophila Cdc2 (Jimenez et al., EMBO J. 9:3565-3571, 1990; Lehner
and O’Farrell, EMBO J. 9:3573-3581, 1990) baits were cloned as BamHI-SalI fragments following PCR amplification.
LexA-Fus3 (Elion, Cell 60:649-664, 1990) and LexA-Cln3 (Cross, Mol. Cell. Biol 8:4675-4684, 1988, Nash et al., EMBO
J. 7:4335-4346, 1988) were made in a similar way except they were cloned as BamHI fragments. These plasmids
contained five amino acids (glu phe pro gly ile) (SEQ ID NO:2) inserted between LexA and the baits. All these fusions
contained the entire coding region from the second amino acid to the stop codon. LexA-cMyc-Cterm contained the
carboxy-terminal 176 amino acids of human cMyc, and LexA-Max contained all of the human Max coding sequence.
LexA-Bicoid (amino acid 2-160) has been described (Golemis and Brent, Mol. Cell. Biol. 12:3006-3014, 1992).

Reporters

[0063] In the interaction trap, one reporter, the LexAop-LEU2 construction, replaced the yeast chromosomal LEU2
gene. The other reporter, one of a series of LexAop-GAL1-lacZ genes (Brent and Ptashne, Cell 43:729-736, 1985;
Kamens et al., Mol. Cell. Biol. 10:2840-2847, 1990), was carried on a 2P plasmid. The reporters were designed so that
their basal transcription was extremely low, presumably due both to the removal of the entirety of the UAS from both
reporters, and to the fact (whose cause is unknown) that LexA operators introduced into promoters tend to decrease
transcription (Brent and Ptashne, Nature 312:612-615, 1984; Lech, Gene activation by DNA-bound Fos and Myc proteins.
Ph.D. thesis, Harvard University, 1990). Reporters were selected to differ in their response to activation by LexA fusion
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proteins. In this study, the LEU2 reporter contained three copies of the high-affinity LexA binding site found upstream
of E. coli colE1 (Ebina et al., J. Biol. Chem. 258:13258-13261, 1983; Kamens et al., Mol. Cell. Biol. 10:2840-2847, 1990),
and thus presumably binds a total of 6 dimers of the bait. In contrast, the lacZ gene employed in the primary screen
contained a single lower affinity consensus operator (Brent and Ptashne, Nature 312:612-615, 1984) which binds a
single dimer of the bait. The LexA operators in the LEU2 reporter were closer to the transcription startpoint than they
were in the lacZ reporter. These differences in the number, affinity, and position of the operators all contributed to making
the LEU2 gene a more sensitive indicator than the lacZ gene, a property that is useful for this method.
[0064] p1840 and pJK103 have been described (Brent and Ptashne, Cell 43:729-736, 1985, Kamens et al., Mol. Cell.
Biol. 10:2840-2847, 1990). pHR33 (Ellerstrom et al., Plant Mol. Biol. 18:557-566, 1992) was cut with HindIII and an
~1166bp fragment that contained the URA3+ gene from yEP24M13-2, a derivative of yEP24, was introduced into it to
create pLEU2-0. This plasmid contains a BglII site 87 nucleotides upstream of the major LEU2 transcription startpoint.
pLEU2-0 was cut with BglII, and a 42bp double stranded BglII-ended oligomer

that contains the overlapping LexA operators found upstream of the colecin E1 gene (Ebina et al., J. Biol. Chem.
258:13258-13261, 1983) and which presumably binds 2 LexA dimers, was introduced into it. One plasmid,
pLEU2-LexAop6, that contained three copies of this oligomer was picked; it presumably binds 6 dimers of LexA fusion
proteins.

Selection strains

[0065] EGY12 (MATa trp1 ura2 LEU2::pLEU2-0 (∆UASLEU2)) and EGY38 (as above but ::pLEU2-LexAop6) were
constructed as follows. pLEU2-0 and pLEU2-LexAop6 were linearized by digestion with ClaI within the LEU2 gene, and
the DNA was introduced into U457 (MATa SUP53-a ade2-1 can1-100 ura3-52 trp1-1 [phi+]) by lithium acetate trans-
formation (Ito et al., J. Bacter. 153:163-168, 1983); ura+ colonies, which presumably contained the plasmid DNA integrated
into LEU2, were selected. Several of these transformants were grown in YPD. Ura- cells were selected by plating these
cultures on medium that contained 5-FOA (Ausubel et al., Current Protocols in Molecular Biology, New York, John Wiley
& Sons, 1987). Both plasmids carry a TY1 element. For each integration, some of the ura3-revertants were also trp1-,
suggesting that the URA3+ marker was deleted in a homologous recombination event that involved the TY1 sequences
on the LEU2 plasmids and the chromosomal TY1 element upstream of SUP53-a (Oliver et al., Nature 357:38-46, 1992).
Trp- colonies from each integration, EGY12 (no LexA operators) and EGY38 (6 operators) were saved. These were
mated to GG100-14D (MATα·his3 trp1 pho5). The resulting diploids were sporulated, and a number of random (MATα
leu2- ura3- trp1- his3- GAL+) spore products were recovered. EGY40 and EGY48 are products of this cross; EGY40
has no LexA operators, EGY48 has 6. To make the bait strains, EGY48 was transformed with p1840 or pJK103 and
with the different bait plasmids. Double transformants were selected on Glucose Ura- His- plates, and expression of the
bait protein confirmed by Western blotting using anti-LexA antibody and standard techniques.

Library ("prey") expression vectors

[0066] Library-encoded proteins were expressed from pJG4-5, a member of a series of expression plasmids designed
to be used in the interaction trap and to facilitate analysis of isolated proteins. These plasmids all carried the 2P replicator,
to ensure high copy number in yeast, and the TRP1 marker. pJG4-5 was designed to possess the following features: a
galactose-inducible promoter to allow conditional expression of the library proteins, an epitope tag to facilitate their
detection, a nuclear localization signal to maximize their intranuclear concentration in order to increase the sensitivity
of the selection, and a weak acid blob activation domain (Ma and Ptashne, Cell 51:113-119, 1987). This domain was
chosen for two reasons: because its activity is not subject to known regulation by yeast proteins as is the major GAL4,ac-
tivation domain, and, more importantly, because it is a weak activator, presumably avoiding toxicity due to squelching
or other mechanisms (Gill and Ptashne, Nature 334:721-724, 1988, Berger et al., Cell 70:251-265, 1992) very likely to
restrict the number or type of interacting proteins recovered.
[0067] pJG4-5 was constructed as follows. An "expression cassette" containing the GAL1 promoter and the ADH1
terminator and a 345 nt insert that encoded a 107 amino acid moiety was inserted into pJG4-0, a plasmid that carries
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the TRP1 gene, the 2P replicator, the pUC13 replication origin, and the ampicillin resistance gene. The pJG4-5 expression
cassette directed the synthesis of fusion proteins, each of which carried at the amino terminus, amino to carboxy terminal,
an ATG, an SV40 nuclear localization sequence (PPKKKRKVA) (SEQ ID NO: 5) (Kalderon et al., Cell 39:499-509, 1984),
the B42 acid blob transcriptional activation domain (Ma and Ptashne, Cell 51:113-119, 1987) and the HA1 epitope tag
(YPYDVPDYA) (SEQ ID NO: 6) (Green et al., Cell 28:477-487, 1980) (Figure 3C). In addition to this plasmid, these
experiments used two Cdi1 expression plasmids. EcoR1-XhoI Cdi1-containing fragments were introduced into pJG4-4
to make the plasmid pJG4-4Cdi1; Cdi1 was transcribed from this plasmid as a native, unfused protein under the control
of the GAL1 promoter. EcoRI-XhoI Cdi1-containing fragments were also introduced into pJG4-6 to make the plasmid
pJG4-6Cdi1; in this case, Cdi1 was expressed as an in-frame fusion containing, at its amino terminus, an ATG initiation
codon and the hemagglutinin epitope tag.

Library construction

[0068] The activation-tagged yeast cDNA expression library was made from RNA isolated from serum grown, prolif-
erating HeLa cells that were grown on plates to 70% confluence. Total RNA was extracted as described in Chomczynski
and Sacchi (Anal. Biochem. 162:156-159, 1987), and polyA+ mRNA was purified on an oligodT-cellulose column. cDNA
synthesis was performed according to Gubler and Hoffman (Gene 25:263-269, 1983) as modified by Huse and Hansen
(Strategies 1:1-3, 1988) using a linker primer that contained, 5’ to 3’, an 18nt polydT tract, an XhoI site, and a 25 nt long
GA rich sequence to protect the XhoI site. To protect any internal XhoI sites, the first strand was synthesized in the
presence of 5’-methyl-CTP (instead of CTP) with an RHAseH defective version of the Moloney virus reverse transcriptase
(Superscript, BRL, Grand Island, NY). For second strand synthesis, the mRNA/cDNA hybrid was treated with RNAseH
and E. coli DNA polymerase I, and the resulting ends were made flush by sequential treatment with Klenow, Mung Bean
exonuclease, and Klenow onto which EcoRI adaptors:

were ligated, and the cDNA was digested with XhoI. This DNA was further purified on a Sephacryl S-400 spin column
in order to remove excess adaptor sequences, and fractionated on a 5-20% KoAc gradient. Fractions containing >700
bp cDNAs were collected, and approximately 1/5 of the cDNA was ligated into EcoRI- and XhoI-digested pJG4-5. This
ligation mixture was introduced into E. coli SURE cells by electroporation (Gene-Pulser, Bio-Rad, Hercules, CA) according
to the manufacturer’s instructions. 9.6 x 106 primary transformants were collected by scraping LB ampicillin plates.
Colonies were pooled and grown in 6 liters of LB medium overnight (approximately three generations), and plasmid
DNA was purified sequentially by standard techniques on two CsC1 gradients. Digestion of transformants of individual
library members with EcoR1 and XhoI revealed that >90% of the library members contained a cDNA insert whose typical
size ranged between 1kb-2kb. Western blots of individual yeast transformants using the anti-hemagglutinin monoclonal
antibody suggested that between 1/4 and 1/3 of the members expressed fusion proteins.

Selection of Cdc2 interactors

[0069] Library transformation of the above-described strain was performed according to the procedure described by
Ito et al. (J. Bacter. 153:163-168, 1983), except that the cells were grown to a higher OD as described in Schiestl and
Gietz (Curr. Genet 16:339-346, 1989) and single stranded carrier DNA was included in the transformation mix also as
described in Schiestl and Gietz (Curr. Genet 16:339-346, 1989). This procedure gave 1.2 x 106 primary library trans-
formants (104 library transformants/Pg DNA). Transformants were selected on Glucose Ura- His- Trp- plates, scraped,
suspended in approximately 20 ml of 65% glycerol, 10mM Tris-HCl pH 7.5, 10mM MgCl2, and stored in 1ml aliquots at
-80°. Plating efficiency was determined on Galactose Ura- His- Trp- after growing 50Pl of a cell suspension in 5 ml YP
in the presence of 2% galactose. For screening the library, approximately 20 colony forming units on this medium/original
transformant (about 2 X 107 cells) were plated on 4 standard circular 10cm Galactose Ura- His- Trp- Leu- plates after
the YP/galactose induction described above.
[0070] 412 Leu+ colonies appeared after a 4 day incubation at 30°C. These colonies were collected on Glucose Ura-

His- Trp- master plates and retested on Glucose Ura- His- Trp- Leu-, Galactose Ura- His- Trp- Leu-, Glucose Xgal Ura-

His- Trp-, and Galactose Xgal Ura- His- Trp- plates. 55 of these colonies showed galactose-dependent growth on leu-

media and galactose-dependent blue color on Xgal medium, and were analyzed further.
[0071] Plasmid DNAs from these colonies were rescued as described (Hoffman and Winston, Gene 57:267-272,
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1987), introduced into the bacterial strain KC8, and transformants were collected on Trp- ampicillin plates. Plasmid DNAs
were analyzed and categorized by the pattern of restriction fragments they gave on 1.8% agarose 1/2X TBE gels after
triple digestion with EcoRI and XhoI, and either AluI or HaeIII. Characteristic plasmids from different restriction map
classes of these cDNAs-were retransformed into derivatives of EGY48 that expressed a panel of different LexA fusion
proteins. Plasmids that carried cDNAs whose encoded proteins interacted with the LexA-Cdc2 bait but not with other
LexA fusion proteins, including LexA-Bicoid, LexA-Fus3, LexA-Cln3, LexA-cMyc-Cterm, and LexA-Max were character-
ized further.

Microscopy

[0072] 5ml cultures of yeast cells were grown in the appropriate complete minimal medium up OD600 = 0.8-1 and
sonicated in a short burst to disrupt the clumps (Ausube et al., Current Protocols in Molecular Biology, New York, John
Wiley & Sons, 1987). The cells were collected by centrifugation, washed in 1ml TE, resuspended in 1ml 70% ethanol,
and shaken for 1 hour at room temperature to fix then, then collected and resuspended in TE. The fixed cells were either
examined directly at 1000x magnification with a Zeiss Axioscope microscope under Nomarski optics or by fluorescence
after staining with 2.5Pg/ml DAPI as described in Silver et al. (Mol. Cell. Biol. 6:4763-4766, 1986).

FACS analysis

[0073] Yeast cells were grown and fixed as described above and prepared for FACS analysis of DNA content essentially
as in Lew et al. (Cell 63:317-328, 1992). After fixation the cells were collected and washed three times in 0.8 mls 50mM
Tris/HCl pH 8.0, then 200Pl 2mg/ml RNaseA was added and incubated at 37°C with continuous shaking for 5 hours.
The cells were pelleted, resuspended in 0.5 ml of 5mg/ml pepsin (freshly dissolved in 55mM HCl) and incubated in a
37° waterbath for 30 minutes. The cells were spun down, washed with 1 ml of 200mM Tris/HCl pH 7.5, 211mM NaCl,
78mM MgCl2 and resuspended in the same buffer. 55Pl of 500 Pg/ml propidium iodide was then added, and cells were
stained overnight at 4°C. Typically 10,000-20,000 events were read and analysed in a Becton Dickinson Fluorescence
Activated Cell Sorter (Becton Dickinson, Lincoln Park, NJ) with a CellFIT Cell-Cycle Analysis program Version 2.01.2.
[0074] For FACS analysis of DNA content, HeLa cells were grown on plates and transfected (Ausubel et al., Current
Protocols in Molecular Biology, New York, John Wiley & Sons, 1987) either with pBNCdi1, a DNA copy of a retroviral
cloning vector (Morgenstern and Land, Nucl. Acids. Res. 18:3587-3596, 1990) that directs expression of native Cdi1
under the control, of the MoMuLV promoter, or with the vector alone. Clones of transfected cells were selected by growth
in medium that contained 400Pg/ml of G418; Cdi1 expression did not diminish the number of G418 resistant cells
recovered. Individual clones of each transfection (about 20) were rescued and grown on plates in DMEM + 10% calf
serum/collected using 0.05% trypsin, 0.02% EDTA and washed once with 1X PBS. Cells from four clones derived from
the Cdi1 transfection and four from the control transfection were suspended in 225Pl of 30 Pg/ml trypsin dissolved in
3.4mM citrate, 0.1% NP40, 1.5mM spermine and 0.5mM Tris, and incubated on a rotator for 10 minutes at room tem-
perature. 188Pl of 0.5mg/ml of trypsin inhibitor and 0.1 mg/ml RNAse A was then added and the suspension was vortexed.
After adding 188Pl of 0.4 mg/ml of propidium iodide and 1mg/ml spermine, the samples were incubated for 30 minutes
at 4°C. FACS analysis was carried out as described above.

Claims

1. A method for determining whether a first protein is capable of physically interacting with a second protein, comprising:

(a) providing a host cell which contains

(i) a reporter gene operably linked to a protein binding site;
(ii) a first fusion gene which expresses a first fusion protein, said first fusion protein comprising said first
protein covalently bonded to a binding moiety which is capable of specifically binding to said protein binding
site; and
(iii) a second fusion gene which expresses a second fusion protein, said second fusion protein comprising
said second protein covalently bonded to a weak gene activating moiety of lesser activation potential than
GAL4 activation region II; and

(b) measuring expression of said reporter gene as a measure of an interaction between said first and said
second proteins.
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2. The method of claim 1, further comprising isolating the gene encoding said second protein.

3. The method of claim 2, wherein said weak gene activating moiety is the B42 activation domain.

4. The method of claim 1, wherein said host cell is a yeast cell.

5. The method of claim 1, wherein said reporter gene comprises the LEU2 gene or the lacZ gene.

6. The method of claim 1, wherein said host cell further contains a second reporter gene operably linked to said protein
binding site.

7. The method of claim 1, wherein said protein binding site is a LexA binding site and said binding moiety comprises
a LexA DNA binding domain.

8. The method of claim 1, wherein said first protein is a protein involved in the control of eukaryotic cell division.

9. The method of claim 8, wherein said cell division control protein is encoded by a Cdc2 gene.

Patentansprüche

1. Verfahren zum Bestimmen, ob ein erstes Protein in der Lage ist, mit einem zweiten Protein physikalisch zu intera-
gieren, umfassend:

(a) Bereitstellen einer Wirtszelle, die

(i) ein Reportergen, das funktionsfähig mit einer Proteinbindungsstelle verknüpft ist;
(ii) ein erstes Fusionsgen, das ein erstes Fusionsprotein exprimiert, wobei das erste Fusionsprotein ein
erstes Protein enthält, das kovalent an eine Bindungskomponente gebunden ist, die in der Lage ist, spe-
zifisch an die Proteinbindungsstelle zu binden; und
(iii) ein zweites Fusionsgen, das ein zweites Fusionsprotein exprimiert, wobei das zweite Fusionsprotein
ein zweites Protein enthält, das kovalent an eine schwache Gen-aktivierende Komponente gebunden ist,
die ein geringeres Aktivierungspotential als die GAL4-Aktivierungsregion II aufweist

enthält; und
(b) Messen der Expression des Reportergens als Maß fiir die Interaktion zwischen den ersten und zweiten
Proteinen.

2. Verfahren nach Anspruch 1, zusätzlich umfassend das Isolieren des Gens, das das zweite Protein kodiert.

3. Verfahren nach Anspruch 2, wobei die schwache Gen-aktivierende Komponente die B42-Aktivierungsdomäne ist.

4. Verfahren nach Anspruch 1, wobei die Wirtszelle eine Hefezelle ist.

5. Verfahren nach Anspruch 1, wobei das Reportergen das LEU2-Gen oder das lacZ-Gen enthält.

6. Verfahren nach Anspruch 1, wobei die Wirtszelle zusätzlich ein zweites Reportergen enthält, das funktionsfähig mit
die Proteinbindungsstelle verknüpft ist.

7. Verfahren nach Anspruch 1, wobei die Proteinbindungsstelle eine LexA-Bindungsstelle ist und wobei die Bindungs-
komponente eine LexA-DNA-Bindungsdomäne enthält.

8. Verfahren nach Anspruch 1, wobei das erste Protein ein Protein ist, das in die Kontrolle der eukaryotischen Zellteilung
einbezogen ist.

9. Verfahren nach Anspruch 8, wobei das Zellteilungskontrollprotein von dem Cdc2-Gen kodiert wird.
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Revendications

1. Procédé visant à déterminer si une première protéine est susceptible d’interagir physiquement avec une seconde
protéine, comprenant :

(a) la fourniture d’une cellule hôte qui contient

(i) un gène rapporteur fonctionnellement lié à un site de liaison d’une protéine ;
(ii) un premier gène de fusion qui exprime une première protéine de fusion, ladite première protéine de
fusion comprenant ladite première protéine liée de façon covalente à une entité de liaison qui est capable
de se lier spécifiquement audit site de liaison d’une protéine ; et
(iii) un second gène de fusion qui exprime une seconde protéine de fusion, ladite seconde protéine de
fusion comprenant ladite seconde protéine liée de façon covalente à une entité d’activation génique faible
de potentiel d’activation inférieur à celui de la région d’activation II de GAL4 ; et

(b) la mesure de l’expression dudit gène rapporteur en tant que mesure d’une interaction entre ladite première
et ladite seconde protéines.

2. Procédé selon la revendication 1, comprenant en outre l’isolement du gène codant ladite seconde protéine.

3. Procédé selon la revendication 2, dans lequel ladite entité d’activation génique faible est le domaine d’activation B42.

4. Procédé selon la revendication 1, dans lequel ladite cellule hôte est une cellule de levure.

5. Procédé selon la revendication 1, dans lequel ledit gène rapporteur comprend le gène LEU2 ou le gène lacZ.

6. Procédé selon la revendication 1, dans lequel ladite cellule hôte contient en outre un second gène rapporteur
fonctionnellement lié audit site de liaison d’une protéine.

7. Procédé selon la revendication 1, dans lequel ledit site de liaison d’une protéine est un site de liaison de LexA et
ladite fraction de liaison comprend un domaine de liaison à l’ADN de LexA.

8. Procédé selon la revendication 1, dans lequel ladite première protéine est une protéine impliquée dans le contrôle
de la division des cellules eucaryotes.

9. Procédé selon la revendication 8, dans lequel ladite protéine de contrôle de la division cellulaire est codée par un
gène Cdc2.
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