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ABSTRACT Two-hybrid methods have augmented the
classical genetic techniques biologists use to assign function to
genes. Here, we describe construction of a two-bait interaction
trap that uses yeast cells to register more complex protein
relationships than those detected in existing two-hybrid sys-
tems. We show that such cells can identify bridge or connect-
ing proteins and peptide aptamers that discriminate between
closely related allelic variants. The protein relationships
detected by these cells are analogous to classical genetic
relationships, but lend themselves to systematic application to
the products of entire genomes and combinatorial libraries.
We show that, by performing logical operations on the phe-
notypic outputs of these complex cells and existing two-hybrid
cells, we can make inferences about the topology and order of
protein interactions. Finally, we show that cells that register
such relationships can perform logical operations on protein
inputs. Thus these cells will be useful for analysis of gene and
allele function, and may also define a path for construction of
biological computational devices.

Genetic analysis is a tool for understanding the regulatory
networks that govern biological processes (1–7). The manip-
ulations performed by geneticists (e.g., staging of temperature-
sensitive mutants, construction and analysis of double mu-
tants) define relationships among gene activities, which in turn
reflect underlying biochemical mechanisms. For example,
these relations may suggest that one gene product normally
acts on another to carry out a process (epistasis), that two gene
products physically interact (allele specific suppression) (1, 5),
or that action of one gene product precedes that of another in
time (dependency) (4).

Information obtained from classical genetic manipulations
is typically of high quality, but can be difficult to acquire. The
recent increase in the rate of identification of new coding
sequences has stimulated interest in global systematic methods
to understand gene function. These methods include DNA
sequencing (8), analysis of expressed transcripts (see, for
example, ref. 9), and two-hybrid methods, including the inter-
action trap, that we and others have developed to assay contact
between two proteins (10–14). Such contact defines a physical
relationship that frequently has functional significance.

In classical two-hybrid systems (10–13), transcription of
reporter genes depends on an interaction between a DNA-
bound ‘‘bait’’ protein and an activation-domain containing
‘‘prey’’ protein. The underlying molecular biology of these
systems converts a single initial event input into billions of
molecules that produce an output signal. The initial event,
introduction of a plasmid encoding an interacting protein into
a single cell, is first typically amplified by the growth of that cell
into a colony of 107 cells. When protein interaction occurs, the
amount of translated reporter protein from the reporter’s

mRNA and the amount of substrate converted by reporter
protein into signal vary linearly with the amounts of reporter
mRNA. The detection of reporter phenotypes in these systems
is subject to thresholds, above which a phenotype is scored
(14); the end result is a nonlinear amplification of the input
signal.

Here we construct cells that register more complex protein
relationships, and view these relationships in symbolic-logical
terms. We demonstrate that ability to use these cells to select
proteins that satisfy complex relationships, particularly bridg-
ing and the two discrimination relationships, allows identifi-
cation of proteins and peptide aptamers from library screens
that can illuminate the function of genes and alleles, and can
help distinguish among different models of protein topology
and sequence of action in protein networks. Finally, we
demonstrate that these complex cells can perform logical
operations on input proteins, suggesting a path for construct-
ing computational circuitry.

MATERIALS AND METHODS

The Two-Bait System. In two-hybrid systems, we refer to the
activation tagged protein as the prey (P) and the LexA-fusion
protein as the bait (Ba) (12). Here, we constructed a two-bait
two-hybrid system in which a plasmid, pCWX200, directed the
synthesis of one bait (Ba1), whereas plasmids pEG202 and
pJG4-5 (12) directed synthesis of the second bait (Ba2) and the
prey. The Ba1yP interaction was measured by expression of
TetOp-URA3 reporter constructs integrated into Saccharo-
myces cerevisiae (strains CWXY1 and CWXY2), and the Ba2yP
interaction was measured by expression of LexOp-LacZ from
pCWX24, an episomal LYS2 plasmid. (A detailed description
of these constructions can be found at http:yyxanadu.mgh.har-
vard.edu.)

Assays for the And and Discrimination Relationships. We
cloned c-Raf1 (1–313) into the EcoRIyXhoI sites of pCWX200
and JG4-5. After amplifying RasA15A186, hSos1 (601–1,019)
and Cdc25 (907–1,589) with RasA15A186 primers 59-
GCCTGAATTCATGACGGAATATAAGCTGG-39 and 59-
CCCGAACTCGAGTCAGGAGAGCACTGCCTTGCAGC-
39, hSos1 (601–1,019) primers 59-GCCTGAATTCAAAG-
CAGGAACTGTT-39 and 59-CCCGAACTCGAGCTATCG-
TGGTTCTATTTCTAG-39, and Cdc25 catalytic domain
(907–1,589) primers 59-GCCTGAATTCATGTCTTCG-
GTCTCCTCAG-39 and 59-CCCGAACTCGAGTTATC-
GAAATAACCTAGAAGG-39, we cloned the EcoRIyXhoI-
ended PCR products of RasA15A186, hSos1 (601–1,019) and
Cdc25 (907–1,589) into EcoRIyXhoI sites of pCWX200,
pEG202, and pJG4-5. We transformed (15) CWXY2y
pCWX24 with combinations of the above baits and preys,
streaked transformants onto LHKWyGlu dropout plates (16)
that contain 100 mgyml 6-azauracil, an inhibitor of the URA3
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gene product (17), for 12–48 hr at 30°C. We subsequently
replicated the yeast streaks onto dropout plates LHKWyGlu 1
5-bromo-4-chloro-3-indolyl b-D-galactopyranoside (X-Gal),
LHKWyGal 1 raffinose (Raff) 1 X-Gal, LHKWUyGlu, and
LHKWUyGal 1 Raff and scored the results after 12–72 hr at
30°C.

Assays for the And Operation on Protein Inputs. We cloned
into pCWX200 a EcoRIyXhoI-ended human GAP1 PCR
product amplified with primers 59-GCCTGAATTCAT-
GAAGGGGTGGTATCACGGA-39 and 59-CCCGAACTC-
GAGCTACTTGACATCATTGGTTTTTG-39. Similarly, we
introduced EcoRIyXhoI-ended Cdc25 (907–1,589) into
pCWX200. Subsequently, we transformed CWXY2 containing
pEG202-RasA186 and pJG-c-Raf (1–313) with one of follow-
ing: pCWX200, pCWX200-CDC25 (907–1,589), and
pCWX200-GAP. We then replicated streaks of transformants
pooled from .50 independent transformants onto LHKWy
Glu 1 X-Gal and LHKWyGal 1 Raff 1 X-Gal dropout plates
and incubated them at 30°C for 2–3 days. Cells on the former
showed no blue color, but on the latter showed blue color of
varied intensity. We assayed b-galactosidase activity from
liquid assays (14) in triplicate cultures grown from pooled
colonies, each of which contained .50 independent transfor-
mants.

RESULTS

Preliminary Considerations: Logical Protein Relationships
in Two-Hybrid Systems. In classical (one-bait) two-hybrid
systems, the output of the reporter gene depends on the
interaction between the DNA-bound bait and activation-
tagged prey. Genetic markers expressed by some reporters, for
example URA3 (ref. 17 and this work), allow selection against
reporter transcription and thus selection for lack of interac-
tion. We can describe the relation between proteins in these
systems in symbolic-logical terms.

In this view, contact between a bait (Ba1) and a prey (P)
defines a variable (A1), here called the touching relationship.
Because A1 is operationally defined by the reporter output, A1
can also to refer to the reporter output. There are four possible
Boolean operations, or functions, on this relationship (18).
Two of these are constant functions: F1 (A1) 5 0 and F2 (A1)
5 1; two are not: F3 (A1) 5 A1 and F4 (A1) 5 Not A1.

In one-bait systems, the phenotype dependent on the re-
porter output can register both the F3 and F4 operations on the
touching relationship. Both operations have important biolog-
ical correlates. Consider a one-bait system in which contact
between Ba1 and P (for example, because these proteins
heterodimerize) gives a positive output (blue color on X-Gal,
growth on Ura2 medium), whereas loss of that contact [for
example by mutation, or disruption by a peptide aptamer (19)]
gives a negative output [white color on X-Gal, growth on
5-fluoroorotic acid (5-FOA) medium]. We can think of such a
cell growing on 5-FOA medium as a device that performs the
logical Not operation on the touching relation, or, alterna-
tively, as a cell that registers the state (Not A1). Although this
formalism is not necessary for the analysis of data from
one-bait systems, it provides a convenient way of describing
data from more complex systems (see below).

Cells That Detect More Complex Protein Relationships. We
constructed cells that allow simultaneous selection for and
against two distinct protein–protein interactions (Fig. 1). This
two-bait interaction trap utilizes the DNA binding moieties of
LexA and TetR, the tetracycline repressor of bacterial trans-
poson Tn10 (20). The LexA and TetR fusion bait proteins are
expressed in a yeast cell that contains an integrated TetOp-
URA3 reporter and an episomal LexAOp-lacZ reporter. The
ADH1 promoter controls expression of baits in these cells, and
the GAL1 promoter conditionally directs expression of acti-
vation-tagged protein (the prey) from a 2-mm plasmid.

Logical Operations on the Touching Relationship. In two-
bait cells, we can view the two touching relationships (and the
output of the corresponding reporters) as Boolean variables,
A1 and A2. There are 16 possible operations on these variables
(18), four of which are registered by these cells (Table 1). We
refer to these operations as And, Nor, and the two discrimi-
nation operations, logic state 1 (Ls1) and logic state 2 (Ls2).
We imagined that And, Ls1, and Ls2 should represent partic-
ularly useful operations for determining protein function.

To test this idea, we used a set of derivatized interacting
proteins described in Materials and Methods. Some of these are
involved in Ras-Raf-dependent signal transduction: RasA186,
RasA15A186, RasV12A186, GAP, hSos1 (residues 601–1,019),
Cdc25 (residues 907–1,589), and c-Raf1 (residues 1–313); their
sequence differs from that of the wild-type human proteins as
noted. These proteins are here referred to as Ras, RasV12,

Table 1. Boolean operations on the touching relationship detected
in the two-bait interaction trap

Value of
Variable variable

A1 0 1 0 1
A2 0 0 1 1 Alternative name Interpretation

Operation
Results of
operation

F2 1 0 0 0 Nor No interactions
F9 0 0 0 1 And, bridging, P interacts with

A1 And A2 Ba1 and Ba2

F3 0 0 1 0 Ls1, discrimination, P interacts with
(Not A1) And A2 Ba2 and not

with Ba1

F5 0 1 0 0 Ls2, discrimination, P interacts with
A1 And (Not A2) Ba1 and not

with Ba2

We denote the touching relationship between Bait1 (Ba1) and prey
(P) as A1, measured by the output of the TetOp–URA3 reporter, and
between Bait2 (Ba2) and P as A2, is measured by the output of the
LexAop–lacZ reporter. The binary values of A1 and A2 refer both to
values of the touching relationship and to the values (off and on states)
of the reporter. The four subcolumns under ‘‘value of variables’’
denote the four different possible combinations of values of these two
variables. The column labeled ‘‘operation’’ shows the four operations
on these variables enabled in this system (18). The column labeled
‘‘alternative name’’ gives common names for the operations. The
column labelled ‘‘interpretation’’ describes the state of interaction
between the bait and prey proteins.

FIG. 1. The two-bait interaction trap. Cells contain bait1, a protein
fusion of Tet repressor and protein X, and bait2, a fusion of LexA and
protein Y. In cell 1, a prey, a fusion of protein Z1 and transcriptional
activator B42, does not interact with either X or Y. The reporters are
not activated, the cell grows on 5-FOA, does not grow on Ura2
medium, and is white on X-Gal. In cell 2, another prey, a fusion of Z2
and B42 interacts with X but not with Y, the TetOp-URA3 reporter
is selectively expressed, and the cell grows on Ura2 medium but is
white on X-Gal.
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RasA15, GAP, SOS, Cdc25, and c-Raf1. In addition, we used
derivatives of human Max and Mxi1, which heterodimerize
(21) as positive and negative controls for interaction.

The Harvey ras gene product, Ras, is a GTPase that exists
in two conformations, a GDP-bound (inactive) and a GTP-
bound (active) form. Because Ras can cycle between these
conformations, it can act as a switch protein in signal trans-
duction pathways that control cell proliferation (22). The Ras
proteins used here all contained a Cys-186 3 Ala mutation,
which inactivates a farnesylation site and increases apparent
nuclear concentration (A. Makris, personal communication;
C.W.X. and R.B., unpublished data). Ras exists in a mixture of
GDP- and GTP-bound forms, whereas RasA15 and RasV12 are
respectively predominantly in the GDP- and GTP-bound
forms. GAP, which stimulates Ras GTPase activity, binds to
GTP-bound Ras. c-Raf1, a downstream target of Ras, also
binds GTP-bound Ras. By contrast, hSos1 and Cdc25, both of
which activate Ras, only bind GDP-bound Ras.

Table 2 summarizes experiments that show that two-bait
cells can register the logical And. This relationship is fulfilled
by proteins, such as bridging proteins in pathways, that can
interact with both baits. In this experiment, CWXY2 carried
B42-Ras as prey, TetR-c-Raf1 and LexA-hSos1 as the baits,
and TetOp-URA3 and LexAOp-LacZ as the reporters. B42-
Ras interacted with both TetR-c-Raf1 and LexA-hSos1. The
cell was blue on X-Gal and grew on medium lacking uracil.
This bridging relationship is expected from the fact that Ras
interacts with both proteins, and suggests that proteins that
activate both reporters can be selected from genome-wide
screens.

Table 2 also shows that the two-bait system can register the
discrimination relationships Ls1 or Ls2. These relationships
are expected for proteins that interact with one bait but not
another. In cells that contained TetR-RasV12 and LexA-Max
baits, and expressed a B42-c-Raf1 prey, c-Raf1 interacted with
TetR-RasV12 and activated the URA3 reporter, but did not
interact with LexA-Max, and thus did not activate the lacZ
reporter. In cells that contained TetR-RasV12 and LexA-Max
baits, and that expressed a B42-Mxi1 prey, Mxi1 interacted
with Max and activated the lacZ reporter, but did not interact
with RasV12 to activate the URA3 reporter.

Finally, Table 2 shows that these cells can discriminate
between allelic variants. In a cell that expressed TetR-RasA15,
LexA-RasV12 and B42-c-Raf1, the RafyRasV12 interaction
only activated expression of the LexAop-LacZ reporter: the
cells turned blue on X-Gal, but did not grow on medium
lacking uracil. By contrast, in a cell that expressed the same
TetR-RasA15 and LexA-RasV12 baits, but a different prey,

B42-Cdc25, the Cdc25yRasA15 interaction activated the
TetOp-URA3 reporter, and allowed the cell to grow on
medium lacking uracil, but caused it to remain white on X-Gal.
This result suggested that these cells could identify, from
genomic or combinatorial libraries, proteins and peptides (19)
that interact with allelic protein variants specific for disease
states.

Identification of Peptide Aptamers That Discriminate Be-
tween Allelic Variants. To test this idea, we used a two-bait cell
that contained TetR-RasV12 and LexA-RasA15 to isolate
members of a peptide aptamer library that interacted specif-
ically with RasV12. We screened URA1 library transformants
for lacZ2 cells, which presumably contained aptamers that did
not interact with LexA-RasA15. We then rescued plasmids
encoding aptamers from these and lacZ1 cells and recon-
firmed their phenotypes. Fig. 2 shows that these cells can easily
detect discriminatory aptamers: Pep22 interacted with both
RasV12 and RasA15, whereas, by contrast, Pep104 interacted
only with RasV12. These results demonstrate the utility of this
system in selection of specific peptide aptamers. For Pep22, the
second bait increased the selectivity of the system by elimi-
nating potential false positives that might arise from artifactual
activation of a single reporter. For Pep104, the second bait
allowed detection of aptamers specific for an allelic form of the
protein active in signal transduction.

Logical Operations on Protein Inputs. These cells can also
perform logical operations on protein inputs, and register their
result by changes in output. Fig. 3 shows a logical And
operation on protein inputs. In a cell that expressed LexA-Ras,
B42-c-Raf1, and TetR-GAP, the output of the LexAop-lacZ
reporter was low (light blue on X-Gal medium; Fig. 3A)
presumably because GAP drove most of the Ras into the
GDP-bound, Raf nonbinding conformational state (Fig. 3B).
By contrast, input of TetR-Cdc25 instead of TetR-GAP in-

FIG. 2. Peptide aptamers that discriminate between Ras alleles.
(A) Reporter phenotypes of cells on Ura2 or X-Gal medium. These
cells contain TetR-RasV12 and LexA-RasA15, and also peptide
aptamer Pep104 or Pep22. The Pep104 containing cell grows on Ura2
medium but is white on X-Gal medium. The Pep22 cell grows on Ura2
medium and is blue on X-Gal. (B) Protein relationships in these
two-bait cells. Pep104 interacts only with RasV12 but not with RasA15,
and thus selectively activates the TetOp-URA3 reporter. Pep22 in-
teracts with both RasV12 and RasA15, and thus activates both the
TetOp-URA3 and LexOp-lacZ reporters. (C) Sequences of the vari-
able (recognition) regions of peptide aptamers Pep104 and Pep22.

Table 2. Examples of cells that register the And and
discrimination relationships (Ls1 and Ls2) on the touching
relationships A1 and A2

Baits Prey

Reporter output Logical
relationshipUra- X-Gal

1
TetR-c-Raf1

Ras Growth Blue And
LexA-hSos1

2
TetR-RasV12 c-Raf1 Growth White Ls2
LexA-Max

3
TetR-RasV12 Mxi1 No growth Blue Ls1
LexA-Max

4
TetR-RasA15 c-Raf1 No growth Blue Ls1
LexA-RasV12

5
TetR-RasA15 Cdc25 Growth White Ls2
LexA-RasV12

Cells were grown on raffinose medium, on which preys are ex-
pressed. Identities of the bait and prey proteins are given in the first
two column headings. Reporter output phenotype is indicated by
growth or blue color on the indicated medium. The logical relationship
registered is given in the last column.
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creased the Rasyc-Raf1 interaction, as shown by the intensity
of blue color on X-Gal plates (Fig. 3A), presumably by
changing Ras into the GTP-bound, Raf binding conformation
(Fig. 3B). In this experiment, the cell had two inputs, one of
which, B42-c-Raf1 (logical value 1) was constantly present,
whereas the other was either TetR-GAP (logical value 0) or
TetR-Cdc25 (logical value 1); and the cell’s output was either
high (1) or low (0) (Fig. 3C). Thus, in these cells a LexA-Ras
switch, whose conformation depended on the values of the
inputs, controlled the output of the lacZ reporter.

DISCUSSION

Construction of Cells with Independently Functional Inter-
action Reporters. We constructed cells that allow simulta-
neous detection of two touching relationships (Fig. 1). These
cells utilize the DNA binding moieties of LexA and TetR, the
Tn10 tetracycline repressor. Fusion proteins containing these
moieties are expressed as baits in cells that also contain
TetOp-URA3 and LexAop-lacZ reporters.

The inclusion of TetR baits and TetOp-URA3 reporters
significantly facilitates conventional applications of the inter-
action trap (12). The phenotype dependent on the TetOp-
URA3 reporter is more sensitive than that of previously
described lacZ and LEU2 reporters (12, 14), which should
facilitate detection of even weaker interactions (C.W.X. and

R.B., unpublished data). In addition, both the URA3 (17) and
LacZ reporters can be quantitatively assayed. Moreover, the
sensitivity of the URA3 reporter can be down-regulated in two
ways. Expression of the URA3 reporter can be titrated by
6-azauracil, an inhibitor of the URA3 gene product (17, 23, 24).
Reporter activity can also be reduced by tetracycline and its
derivatives, which disrupt binding of the TetR bait to Tet
operators (C.W.X. and R.B., unpublished data). Both kinds of
inhibitors thus diminish the sensitivity of the URA3 reporter,
allowing its use with baits that activate transcription, and,
along with lacZ, to estimate interaction affinities. Moreover,
the URA3 reporter allows the use of 5-FOA (25) to select
against its gene expression. In this case tetracycline and
6-azauracil can alter the threshold amount of transcription
selected against, facilitating the selection of peptide aptamers
that break specific protein interactions (C.W.X. and R.B.,
unpublished data).

Protein Relationships in Two-Bait Systems. As Tables 1 and
2 show, the two-bait cells register four logical relations, Nor,
And, Ls1, and Ls2. Three are particularly important. The And
relationship [A1 (between Ba1 and P) And A2 (between (Ba2
and P)] is found for preys that contact both baits (connecting
proteins). Cells that register the And relationship will speed
the identification of such proteins, which will help connect
pathways not previously known to be related and help elabo-
rate protein networks.

Ls1 and Ls2, the discrimination relationships, are more
complex: for example, the Ls1 relationship [Not A1 (between
Ba1 and P) And A2 (between Ba2 and P)] involves two
operations on two interactions. These relationships have nu-
merous biological correlates, one of which (see below) corre-
sponds to the detection of peptide aptamers that interact
differently with allelic variants. The use of these relationships
to survey the products of combinatorial libraries and genomes
will allow selection of proteins that interact specifically with
proteins encoded by disease-state alleles, or that interact
specifically with proteins that differ from wild-type due to
differential splicing or posttranslational modification.

Use of Two-Bait Cells to Identify Allele-Specific Peptide
Aptamers. To demonstrate the utility of these cells in isolating
interacting molecules, we used them to select a peptide
aptamer that interacts specifically with an allelic form of Ras
that causes cell proliferation (Fig. 2). That is, we isolated a
peptide aptamer that satisfies the Ls1 discrimination relation
and interacts with an active allelic form of Ras but not with an
inactive allelic form. The ability to select proteins that satisfy
this relationship may open the way to select molecules that
specifically suppress the function of activated Ras alleles, as
well as to select reagents to probe the function of allelic
variants of other genes.

Analysis of Higher-Order Protein Relationships. The pro-
tein relationships that can be inferred from two-bait cells are
not always identical to those revealed by one-bait cells. For
example, if both Ba1 and Ba2 oligomerize to form a surface that
interacts with P, then neither the Ba1yP nor Ba2yP interaction
will be detected in one-bait cells. Such differences in touching
relationships are useful, since combining data from one- and
two-bait cells allows the experimenter to make inferences
about the topology, temporal sequence, and posttranslational
modification dependence of the protein interactions.

Table 3 shows inferences about physical interactions among
three proteins, X, Y, and Z: (i) from possible outputs of a
two-bait cell that detects touching relationships A1 (between X
and Z) and A2 (between Y and Z), and (ii) from outputs of
three one-bait cells that detect A1 (between X and Z), A2
(between Y and Z), and A3 (between X and Y). We anticipate
that experiments suggested by such linkages of one- and
two-bait data will prove useful in ordering function of proteins
in pathways and complexes.

FIG. 3. Cells that perform the logical And operation on input
proteins. (A) Expression of the LexOp-lacZ reporter in cells contain-
ing TetR-Cdc25 (907–1,589) or GAP as measured by the intensity of
blue color on X-Gal medium and by b-galactosidase activity in Miller
units. (B) Inferred protein relationships in these cells. In the cell
expressing TetR-Cdc25, Cdc25 loads LexA-Ras with GTP, increasing
the amount of Ras that is in the GTP bound conformation (black
outline) with which B42-c-Raf1 can interact to stimulate transcription
of the lacZ reporter, and decreasing the amount of Ras in the
GDP-bound conformation (grey outline) with which B42-c-Raf-1
cannot interact. In the cell expressing TetR-GAP, this switch is
reversed. In this cell, TetR-GAP stimulates Ras GTPase activity,
increasing the amount of Ras in the GDP-bound form (black outline),
with which B42-c-Raf1 cannot interact, and decreasing the amount of
Ras in the GTP-bound form (grey outline), thus resulting in lowered
lacZ output. (C) Table depicting results of these operations on protein
inputs. In the table, the 1’s in the first column indicate the presence
of B42-Raf, the 0 and 1 in the second column denote, respectively, the
presence of TetR-Gap and TetR-Cdc25, and the 0 and 1 in the third
column denote respectively low and high outputs of b-galactosidase.
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Application to the Analysis of Gene Function. This two-bait
system thus extends the utility of yeast interaction technology
for determining gene function. It can aid the identification of
proteins and peptide aptamers (this work) that distinguish
between allelic variants of proteins. In addition, linkage of data

from two-bait cells (likely to result from individual experi-
ments) and from one-bait cells [perhaps obtained from ge-
nome-wide surveys (26, 27)] will allow detailed analysis of
protein function and contact topology in pathways and com-
plexes.

Table 3. Analysis of the interaction of three proteins by operations on reporter outputs in two- and one-bait cells

Reporter output

Physical interpretation
(one-bait and two bait data combined)

Physical interpretation
(one-bait data only)

One-bait cells Two-bait cells

A1 A2 A3 A1 A2

Ba(X) Ba(Y) Ba(X) Ba1(X) Ba2(Y)
P(Z) P(Z) P(Y) P(Z) P(Z)

0 0 0 0 0 X, Y, Z do not interact X, Y, Z do not interact
0 0 0 0 1 X, Y, Z associate weakly, modified Y andyor Z interact X, Y, Z do not interact
0 0 0 1 0 X, Y, Z associate weakly, modified X andyor Z interact X, Y, Z do not interact
0 0 0 1 1 X, Y, Z form trimer, requires X, Y, and Z X, Y, Z do not interact

0 0 1 0 0 X, Y form dimer X, Y form dimer
0 0 1 0 1 X modifies Y, modified Y binds Z X, Y form dimer
0 0 1 1 0 Y modifies X, modified X binds Z X, Y form dimer
0 0 1 1 1 X, Y form dimer, Z binds XyY dimer to form XyYyZ trimer X, Y form dimer

0 1 0 0 0 X breaks YyZ dimer Y, Z form dimer
0 1 0 0 1 Y, Z form dimer, Z discriminates between X and Y Y, Z form dimer
0 1 0 1 0 Y modifies Z, modified Z binds X Y, Z form dimer
0 1 0 1 1 Y, Z form dimer, X binds to YyZ dimer to form XyYyZ

trimer
Y, Z form dimer

1 0 0 0 0 Y breaks XyZ dimer X, Z form dimer
1 0 0 0 1 X modifies Z, modified Z binds Y X, Z form dimer
1 0 0 1 0 X, Z form dimer, Z discriminates between X and Y X, Z form dimer
1 0 0 1 1 X, Z form dimer, Y binds to XyZ dimer to form XyYyZ

trimer
X, Z form dimer

0 1 1 0 0 X, Y and Y, Z form dimers, XyY dimer precludes Y binding Z Y, Z and Y, X form dimers
0 1 1 0 1 X, Y and Y, Z form dimers, YyZ dimer precludes X binding Y Y, Z and Y, X form dimers
0 1 1 1 0 Y modifies X, modified X binds Z Y, Z and Y, X form dimers
0 1 1 1 1 XyY and YyZ dimers interact through Y to form XyYyZ

trimer
Y, Z and Y, X form dimers

1 0 1 0 0 X, Y and X, Z form dimers, XyY dimer precludes X binding Z X, Z and X, Y form dimers
1 0 1 0 1 X modifies Y, modified Y binds Z X, Z and X, Y form dimers
1 0 1 1 0 X, Y and X, Z form dimers, XyZ dimer precludes X binding Y X, Z and X, Y form dimers
1 0 1 1 1 XyZ and XyY dimers interact through X to form XyYyZ

trimer
X, Z and X, Y form dimers

1 1 0 0 0 X, Z and Y, Z form dimers, dimers inactivate one another X, Z and Y, Z form dimers
1 1 0 0 1 X, Z and Y, Z form dimers, YyZ dimer precludes X binding Z X, Z and Y, Z form dimers
1 1 0 1 0 X, Z and Y, Z form dimers, XyZ dimer precludes Y binding Z X, Z and Y, Z form dimers
1 1 0 1 1 X, Z and Y, Z dimers form X, Z and Y, Z form dimers

1 1 1 0 0 X, Y forms dimer, XyY dimer inactivates Z X, Y and X, Z and Y, Z
form dimers, XyYyZ
trimer may form (16)

1 1 1 0 1 X, Y and X, Z and Y, Z form dimers, Y modifies X, modified
X binds Z poorly

X, Y, and X, Z, and Y, Z
form dimers, XyYyZ
trimer may form (16)

1 1 1 1 0 X, Y and X, Z and Y, Z form dimers, X modifies Y, modified
Y binds Z poorly

X, Y, and X, Z and Y, Z,
form dimers, XyYyZ
trimer may form (16)

1 1 1 1 1 X, Y and X, Z and Y, Z form dimers, XyYyZ trimer may form X, Y and X, Z and Y, Z
form dimers, XyYyZ
trimer may form (16)

‘‘Reporter output’’ shows the state of the touching relationships registered by outputs of the reporters in three one-bait cells and a single two-bait
cell. In the one-bait cells, the reporter output shows the touching relationships A1, A2, and A3 for different combinations of proteins X, Y, and
Z. Here, X and Z are fused to an activation domain to form preys [P(X) or P(Z)], and Y and X are fused to a DNA binding domain to form baits
[Ba(X), Ba(Y)]. In a two-bait cell, the outputs of the reporters show the state of the touching relationship for proteins X, Y and Z where they are
fused with one of two DNA binding domains [Ba1(X) or Ba2(Y)] and an activation domain [P(Z)]. ‘‘Physical interpretation’’ shows one possible
biological interpretation of this set of reporter outputs for possible combinations of one- and two-bait data, or for one-bait data alone. Although
all patterns here may not have biological correlates, many have been observed, for example, the interaction of Bait1 and prey depends on the presence
of Bait2 (P. King, personal communication).
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Toward Protein-and-Transcription-Based Logical Cir-
cuitry. The cells used in this work illustrate another point. In
these experiments, we used a protein, Ras, that cycles between
two conformational states, and used an activation tagged
protein, Raf, that binds Ras in one of these states. We showed
that the state of the Ras switch, and its output measured by
transcription, varied depending on whether the input protein
was GAP or Cdc25. In these experiments the cells were acting
as logical And gates, in which one input, c-Raf1, was held
constant (logical value 1), the other was either Gap (logical
value 0) or Cdc25 (logical value 1), and the phenotypes caused
by expression of the reporters constitute the outputs.

In these cells, to change the inputs, we employed different
DNA constructions that expressed interacting proteins; to
measure outputs, we employed a human observer. Construc-
tion of wholly biological logic circuitry will require replacing
these inputs and outputs with extracellular signals such as
secreted peptide pheromones or light. Such logical devices
might not be very fast: although the switch, Ras, can cycle in
milliseconds, and a number of signal transduction pathways
can provide inputs within minutes (28), reporter output may
require minutes to hours to be detectable. However, because
we know so much about how to perform the required con-
struction work near the DNA, it is likely that gene expression
will remain a useful output. Construction of such circuits will
be facilitated by the rapid increase in the number of natural
and artificially selected protein domains with useful allosteric
and targeting properties (19). It is thus possible that transcrip-
tion-based technologies will provide an early route to biolog-
ical computation.

Note Added in Proof. While a previous version of this manuscript was
under review, Jiang and Carlson (29) described a two-hybrid system
that employs LexA and Gal4 baits.
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