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The control of protein-protein interactions is a fundamental aspect of cell regulation. Here we
describe a new approach to detect the interaction of two proteins in vivo. By this method, one binding
partner is an integral membrane protein whereas the other is soluble but fused to a G-protein y-subunit.
If the binding partners interact, G-protein signaling is disrupted. We demonstrate interaction between
known binding partners, syntaxin 1a with neuronal Secl (nSecl), and the fibroblast-derived growth factor
receptor 3 (FGFR3) with SNT-1. In addition, we describe a genetic screen to identify nSecl mutants that
are expressed normally, but are no longer able to bind to syntaxin 1a. This provides a convenient method
to study interactions of integral membrane proteins, a class of molecules that has been difficult to study

by existing biochemical or genetic methods.
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All biological processes require precise control of protein activity.
Proteins can be regulated by post-translational modifications,
altered localization, or association with regulatory subunits or other
components of a supramolecular structure (e.g., ribosome,
cytoskeleton).

In the past, protein—protein interactions have typically been
studied using biochemical techniques such as cross-linking, co-
immunoprecipitation, and co-fractionation by chromatography. A
disadvantage of these techniques is that interacting proteins often
exist in low abundance and are therefore difficult to detect.
Moreover, once an interaction is detected, the newly identified pro-
tein still must be isolated and sequenced, before the gene can be
identified. Another disadvantage is that these methods do not
immediately provide information about which domains of a protein
are involved in the interaction.

To address technical difficulties associated with the biochemical
characterization of protein—protein interactions, alternative genetic
methods have been developed. One such method is the yeast two-
hybrid system, wherein two proteins are fused to either the DNA-
binding domain or the transcription-activation domain of Gal4
(refs 1,2). If the two proteins interact, the function of Gal4 is recon-
stituted (Fig. 1). Transcriptional activation can be detected using the
appropriate promoter and a reporter gene, such as lacZ (encodes
[B-galactosidase). This approach allows the rapid detection of pro-
tein binding partners, including the relevant interacting domains,
and immediately provides the gene that encodes the identified inter-
acting proteins. Various permutations of the two-hybrid method
have been described, including the split-ubiquitin system34, the
SOS-recruitment system®, dihydrofolate reductase complementa-
tion’8, and B-galactosidase complementation®L,

Although the yeast two-hybrid system has greatly facilitated the
study of protein—protein interactions, there are some situations
where it is not suitable. For instance, the method relies on the inter-
action of two proteins in the nucleus of the cell, so the method is not
useful for the study of most integral membrane proteins. Moreover,
if one of the proteins is a transcriptional activator, it may itself
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induce transcription of the reporter gene. Finally, the yeast two-
hybrid system requires that both proteins be expressed as fusion
proteins, resulting in the possible loss of function.

Here we describe a method to monitor protein—protein interac-
tion, using the well-characterized G-protein signaling pathway as
the readout. G-protein-coupled receptors can respond to hormones,
neurotransmitters, odors, and light. Receptor activation triggers a
conformational change in the G-protein a-subunit, exchange of
GDP for GTP, and dissociation of Ga from the G-protein
By-subunits. Depending on the system, either Ga or Gy can acti-
vate downstream effectors, until GTP is hydrolyzed and the protein
reverts to the inactive conformation (Fig. 1). In yeast, pheromone
stimulation leads to activation of a G protein composed of the prod-
ucts of the GPAL (Ga), STE4 (GB), and STE18 (Gy) genes. GRy in
turn activates a kinase signaling cascade that culminates in growth
arrest, new gene transcription, cell fusion, and mating?..

In the method described here, two protein-binding partners have
been tested: syntaxin la with nSecl, and FGFR3 with SNT-1.
Syntaxin 1la was chosen because it has a well-characterized function
in synaptic vesicle fusion, and it is a proven drug target. nSecl
binding prevents syntaxin la assembly with the “SNARE core
complex,” which is needed for bilayer fusion. An inhibitor of syntax-
in is used therapeutically to treat muscle spasms and spasticity that
result from inappropriate neurotransmitter release'213, FGFR3 was
selected because it plays a key role in cell differentiation and prolifer-
ation, and mutations of the receptor are associated with birth defects
and cancer!*1, Binding of fibroblast growth factor to FGFR3 leads to
receptor dimerization, tyrosine phosphorylation (including recep-
tor autophosphorylation), and the recruitment of cytoplasmic sig-
naling proteins that transmit the signal. Other cytoplasmic proteins,
such as SNT-1, bind permanently to the intracellular domain of the
receptorl6l’,

The ability to monitor the activity of these proteins expressed in
their native form (not as a hybrid) and localized at the cell mem-
brane (not in the nucleus) should prove useful in screening for
mutants, drugs, or other proteins that alter their binding properties.
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Figure 1. Use of G-protein fusions to monitor integral membrane
protein—protein interactions in yeast. (A) In the traditional two-hybrid
method the interaction between protein X and protein Y occurs in the
nucleus. Reconstitution of the Gal4 DNA-binding domain (DBD) and
transcription-activation domain (TAD) leads to induction of a reporter
gene. (B) In the G-protein fusion method, the interaction between
protein X and protein Y occurs at the membrane, and sequesters Gy.
Disruption of G-protein signaling leads to reduced transcription of a
reporter gene and failure to undergo growth arrest. Drugs or mutations
that disrupt binding of X and Y will restore G-protein signaling.

Results

Expression of syntaxin 1a and nSec1-Gy. Our central goal was to be
able to monitor the binding of integral membrane proteins to their
cytoplasmic protein targets in vivo. Our approach was to convert
these interactions into a G-protein-mediated event. With fusion of a
cytoplasmic binding partner to the G-protein y-subunit, high-
affinity interactions should disrupt G-protein-dependent changes in
gene transcription and cell growth (Fig. 1).

As a first test of this approach, we expressed syntaxin la and a
fusion of nSecl with Gy in yeast. We initially examined whether
expression of syntaxin 1a or the nSec1-Gy fusion alone would inter-
fere with G-protein signaling, using the pheromone-dependent
growth inhibition (halo) assay. A stel8A mutant (Gy-deficient)
strain was transformed with plasmids expressing nSec1-Gy, syntaxin
1a, or Gy (Ste18) alone. Cells were plated and then exposed to differ-
ent amounts of synthetic a-factor spotted onto filter disks. After
48 h, cells expressing nSec1-Gyexhibited a clear zone of growth inhi-
bition, comparable to that seen with Gy (Fig. 2A). These results indi-
cate that attachment of a heterologous protein to the N terminus of
Gy does not alter GByassembly or signaling in vivo. In contrast, co-
expression of syntaxin 1a and nSecl-Gy yielded considerably more
turbid halos, indicating a potent inhibition of Gy signaling
(Fig. 2A). Presumably nSec1-Gy is capable of forming a functional
dimer with G3, but one that binds preferentially to syntaxin 1a and
is therefore unable to activate a signaling pathway leading to growth
arrest.

Table 1. nSecl mutations that disrupt binding to syntaxin la

S42F Contact site

M51K, K294R Contact site, contact region
D112N Contact region

1482T, K524M Hinge region
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To confirm that binding is specific, we tested another isoform of
syntaxin (syntaxin 4) that does not recognize nSec118. In this case, co-
expression with nSec1-Gy yielded normal halos, comparable to Gy
alone (data not shown). The expression and membrane association of
nSecl-Gy or syntaxin la was not altered under any of the conditions
tested, as shown by immunoblotting (Fig. 2B).

To corroborate the results of the halo assay, and to provide a more
guantitative assessment of the change in pheromone signaling, we
performed a reporter transcription assay (Fig. 2C). For these experi-
ments we used the lacZ reporter gene under the control of the
pheromone-inducible promoter from FUS1 (refs 19,20). As shown
in Figure 2C, expression of nSec1-Gy yielded B-galactosidase activi-
ties even higher than that seen with wild-type Gy. In contrast, co-
expression of syntaxin la with nSecl-Gy resulted in a marked
decrease in the maximum level of induction, with no change in ECs
for pheromone induction. These data are consistent with the halo
assay above, indicating that the nSec1-Gy can function in place of
Gy, but preferentially binds to syntaxin la.

Expression of FGFR3 and SNT-Gy fusion. To determine if the
G-protein fusion method can be used to monitor the interaction of
other proteins, we tested a second pair consisting of FGFR3 and
SNT-1. SNT-1 was selected because binding is independent of recep-
tor activity?. FGFR3 was selected because it does not appear to be
toxic to the host yeast cell, unlike several other tyrosine kinases (see
below)222, Finally, FGFR3 is an attractive drug target, since the FGF
signaling pathway is permanently activated in some cancer cells%,

As shown in Figure 3A, expression of the SNT-Gy fusion yielded
normal halos, comparable in size to Gy alone. However, cells co-
expressing FGFR3 and SNT-Gy exhibited more turbid halos, indicat-
ing a loss of G-protein signaling. These results were corroborated by
the transcription reporter assay (Fig. 3B). Again, expression of Gy or
SNT-Gy vyielded nearly equivalent [-galactosidase responses,
whereas co-expression of FGFR3 and SNT-Gy yielded a marked
decrease in the maximum level of induction. These results mirror
those described above, using nSecl and syntaxin 1a.

Genetic screen for nSec1 mutants that block binding to syntaxin
la. A particular advantage of any yeast-based assay is the ability to
carry out simple genetic screens on a large scale. Thus the approach
described above could also be used to screen for mutations that
modulate the interaction between any two protein-binding partners,
even those not normally present in yeast. As an example, mutations in
nSecl that disrupt binding to syntaxin la could easily be isolated, by
screening for the reacquisition of pheromone responsiveness. A
unique feature of this approach is that such mutants must not inter-
fere with expression or overall folding of the protein, since the Gy moi-
ety must retain the ability to bind G[3, even if nSecl activity is lost.

To isolate nSecl mutants that no longer bind syntaxin 1a, the
nSec1-Gy fusion was amplified by polymerase chain reaction (PCR)
using conditions designed to increase misincorporation of
nucleotides (“error prone PCR”). The amplified products were then
co-transformed with the original plasmid, which had been digested
S0 as to remove the entire nSecl open reading frame. After transfor-
mation into yeast, recombination of the DNA fragments allows
plasmid replication and cell growth on selective media. Resulting
colonies were replica stamped to plates either with or without high
concentrations of a-factor. Rare a-factor-sensitive colonies were
then restreaked, and retested for pheromone sensitivity using the
halo assay (58 colonies out of 15,000 screened). Finally, to confirm
that the activity was conferred by the plasmid, episomal DNA was
prepared from 13 colonies, amplified in Escherichia coli, and used to
retransform the original ste18A strain. After these manipulations,
four candidate mutants were selected for sequencing (Table 1).

Sequencing of the nSec1-Gy mutants revealed single-site substitu-
tions at position 42 (serine to phenylalanine, nSec1%%) and 112
(aspartic acid to asparagine, nSec1P!2N), The remaining mutants con-
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Figure 2. Detection of syntaxin 1a binding to nSecl. (A) Halo assay. Gy-deficient cells (ste184 mutant) were transformed with vectors containing
no insert (“vector”), Gy, nSec1-Gy fusion, syntaxin 1a, or syntaxin 4 (not shown) as a negative control. Cells were plated and exposed to filter
disks containing 20 or 48 ug a-factor pheromone for 48 h, and then photographed. (B) Immunoblot. To confirm expression of nSecl and
syntaxin, cells were lysed, centrifuged to resolve membrane (“pellet”) and cytosolic (“supernatant”) fractions, and resolved by gel
electrophoresis. Immunoblots were probed with antibodies to nSecl (top panels) or syntaxin (bottom panels). Mobility of molecular weight
standards is indicated. (C) Reporter transcription assay. Cells were treated with the indicated concentrations of a-factor, and B-galactosidase
activity was determined using a pheromone-responsive FUS1 promoter-lacZ reporter construct. Data shown are typical of two to five

independent experiments performed in triplicate. Error bars, s.e.

tained two substitutions, at 51 (methionine to lysine) and 294 (lysine
to arginine) (nSec1M1K. K24R) or at 482 (isoleucine to threonine) and
524 (lysine to methionine) (nSec1!62T K54M) - Al| of these mutations
can be rationalized in the context of the recently described crystal
structure of the nSecl-syntaxin 1a complex!3, This analysis revealed
that nSecl is composed of three domains, arranged in an arch that
surrounds a portion of syntaxin la. Residues in the first and third
domains form direct contacts with syntaxin 1a, and these contacts are
largely polar or complementary in charge. Three of the mutants
isolated in our screen alter a contact-site amino acid (S42F, M51K) of
the first domain or an amino acid within a contact region of the first
(D112N) or third (K294R) domain. The remaining mutant affects
residues distal to the contact interface, but that are part of a hinge
region needed to form the arch that surrounds syntaxin 1a.

Discussion

All cell processes involve highly regulated protein—protein interac-
tions. One particularly well-characterized example involves
receptor—G protein coupling, and the consequent dissociation and
reassociation of G-protein subunits. Here, we describe an
adaptation of this signaling apparatus that permits the detection of
other protein—protein interactions in vivo. Our method is
conceptually similar to the yeast two-hybrid method, where two
binding partners are fused to the DNA-binding and transcriptional-
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activation domains of Gal4, respectively (Fig. 1A). In our method,
one of the proteins is fused to the G-protein y-subunit. Interaction
between the two test proteins disrupts G protein-dependent
signaling, affecting such easily measured events as gene
transcription and cell growth (Fig. 1B). In principle, other effects of
G-protein activation could also be monitored, such as phosphoryla-
tion, protein translocation, cell morphogenesis, and fusion (mat-
ing). The availability of multiple signaling assays will likely reduce
the incidence of false positives. In contrast, other well-known
signaling pathways, such as that controlled by the small G-protein
Ras, have not been nearly as well delineated in yeast55,

A major advantage of our method is that it can be used to detect
protein—protein interactions at the plasma membrane. This is signif-
icant because about 40% of all proteins (including many important
drug receptors) are thought to be anchored in the lipid bilayer, and
are unlikely to enter the nucleus®. Thus, our approach could be used
to identify drugs that bind receptors at the cell surface, and regulate
the activity of some target protein inside the cell, through changes in
receptor conformation. Some examples include receptor tyrosine
kinases, ion channels, transporters, virus receptors, antigen recep-
tors, and cell adhesion molecules.

A second advantage of our approach is that only one of the two
binding partners needs to be expressed as a fusion protein. A protein
in its native form is more likely to exhibit normal folding and ligand
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binding properties. Even some native proteins cannot be functionally
expressed in yeast, however. For instance, we have attempted to
express the FGFR2 and HER-2/neu receptor without success. One
alternative may be to express these proteins in cultured mammalian
cells instead of in yeast.

Another goal for the future is to identify new binding partners
for integral membrane proteins, including syntaxin la and the
FGFR3. The construction of cDNA libraries in standard two hybrid
vectors has been extremely useful in this regard. A similar approach
could be used to screen cDNAs fused to Gy, or to screen for compet-
itive inhibitors of known binding partners fused to Gy.

Finally, we are interested in identifying new drugs that regulate
FGFR3 or syntaxin 1a activity. The ability to find mutations that dis-
rupt protein—protein interactions suggests that drugs with similar
properties might be identified?”. Moreover, a screen for mutants can
usually be adapted into a screen for drugs, using the same readout.
Syntaxin 1a is a known substrate for Clostridium botulinum toxin,
and this agent is used therapeutically to treat conditions of overac-
tive muscle contraction, such as spasticity in children with cerebral
palsy, or spasms in patients with multiple sclerosis, stroke, or spinal
cord injury2. Thus, the identification of new inhibitors of syntaxin
la could lead to new drugs for the treatment of human disease.

In summary, we describe an approach to detect interaction
between two proteins in vivo. We have demonstrated the utility of the
method for two different protein-binding partners, and for carrying
out genetic screens for mutants that are expressed normally but are no
longer able to recognize their binding partner. This approach could be
used to monitor the interactions between any two proteins in a cell,
under various physiological and pharmacological conditions.

Experimental protocol

Strains, media, and plasmid construction. Standard methods for the growth,
maintenance, and transformation of yeast and bacteria, and for the manipu-
lation of DNA, were used throughout®, The yeast Saccharomyces cerevisiae
strain used in this study was MHY6 (MATa ura3-52 lys2-8012m ade2-101°
trp1-63 his3- 200 leu2-1 stel8:LEU2) (provided by Jeremy Thorner,
University of California Berkeley).

STE18 was PCR amplified using a 5’ oligonucleotide containing an EcoRI
site followed by sequence encoding MAHHHHHHASM (original start
codon). The PCR product was ligated into the yeast expression vector
pRS314-GAL (ref. 29) (amp’, CEN/ARS, TRP1, GAL1/10 promoter) to yield
pRS314-GAL-H6-STE18. To prepare Gy fusions, the coding sequence of rat
nSecl or human SNT-1 (with a C-terminal triple myc epitope tag, provided
by Mitchell Goldfarb, Mt. Sinai School of Medicine) was PCR amplified and
ligated into pRS314-GAL-H6-STE18. Full-length rat syntax in 1a was PCR
amplified and ligated into pRS316-ADH (amp', CEN/ARS, URA3, ADH1
promoter and termination sequence)®. Mouse FGFR3, either wild type (data
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not shown) or containing the TDII-type mutation3., was PCR amplified, and
then ligated by co-transformation and homologous recombination into
vector pRS423-GAL (amp', 2, HIS3, GAL1/10 promoter, CYC1 terminator)
or pRS426-GAL (amp', 2, URA3, GAL1/10 promoter, CYC1 terminator).

Mutagenesis of the GAL-nSecl-H6-STE18 cassette was carried out
using “error-prone PCR,” as described®. The amplified products were
recombined with pRS314-GAL-nSec1-H6-STE18, which had been digest-
ed with EcoRI so as to remove the entire nSecl open reading frame, by co-
transformation and nutritional selection. Resulting colonies were replica
stamped to plates either with or without =40 pM of o-factor. Rare
a-factor-sensitive colonies were then restreaked, and retested for
pheromone sensitivity using the halo assay. Plasmid DNA was prepared
from each colony, amplified in E. coli, and used to retransform the original
ste18A strain, and retested by the halo assay.

Cell disruption, membrane fractionation, and immunoblot analysis. For
preparation of whole-cell lysates, cell pellets were resuspended in 1x sample
buffer for sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE), boiled for 10 min, and subjected to glass bead vortex homoge-
nization for 2 min. Fractionated cell lysates were prepared as described.
Protein extracts were resolved by 8% or 12% SDS—PAGE and transferred to
nitrocellulose. Blots were probed with antibodies against nSecl (supplied by
Pietro De Camilli, Yale University) or syntaxin (supplied by Colin Barnstable,
Yale University). Blots were also performed using antibodies against syntaxin
4 (Chemicon International, Temicula, CA), FGFR3 (C-15; Santa Cruz
Biotechnology Inc., Santa Cruz, CA), or FRS2 (H-91; Santa Cruz
Biotechnology Inc.) (data not shown). SNT-1 is homologous to mouse FRS2.
Antibody detection was achieved using horseradish peroxidase-conjugated
goat anti-mouse 1gG (Bio-Rad Laboratories, Hercules, CA) or goat anti-
rabbit 19G (Bio-Rad Laboratories) and colorimetric?® or chemiluminescence
detection (New England Nuclear, Boston, MA; Pierce Chemical Co.,
Rockford, IL) according to the manufacturer’s instructions.

Pheromone response assays. The pheromone-dependent growth inhibition
assay (halo assay) was performed as described®.

For pheromone-dependent reporter-transcription assays®, mid-log phase
cells were aliquoted (90 pl) to a 96-well plate, and mixed with 10 pl of
a-factor for 90 min, in triplicate. B-galactosidase activity was measured by
adding 20 pl of a freshly prepared solution of 83 pM fluorescein
di-B-D-galactopyranoside (10 mM stock in dimethyl sulfoxide; Molecular
Probes, Eugene, OR), 137.5 mM PIPES pH 7.2, 2.5% Triton X-100, and incu-
bating for 90 min at 37°C. The reaction was stopped by the addition of 20 pl
1 M Na,COs3, and the resulting fluorescence activity was measured at 485 nm
excitation, 530 nm emission. Because of differences in instrument calibra-
tion, sample number, and the like, data from each experiment are presented
as arbitrary units rather than absolute values.
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