1 A FUNGAL. Bl CASSAY FOR COVPOUNDS THAT | NTERACT W TH FUNCTI ONAL L YaBRPRESSED

HETEROLOGOUS G PROTEI N COUPLED RECEPTORS Field of Invention This invention

rel ates tq heterol.oggus G prot 'n"?QHB&EUD HELRptof eXpressi on
?6 §€ctorF

useful for

constructs, yeast . cells exp ain ,sucﬁ rece]
maki ng such cells, and met hods |, HHERP Y aﬁd’bs1nd°§ﬁﬁ§ Background of the

| nvention The actions of many & ‘TaCéF)ulé?¥%1g aﬂ@ﬂﬂﬁﬁrqg inpl e:
neurotransmitters, hornones, of¥ d*&ng: Picght-- apeaﬁﬁdﬁﬁi d by receptors
with seven transnenbrane dommi (¥ {E5'5F0t ei preedufl-dd prgedept.arls) and
heterotrineric guani ne nucl eot |BATEi adi RECEEYUL.at.ory. proteins (32,335-01
proteins). G proteins are conprised of three subuniTs—a-guanyl -

nucl eoti de bi ndi ng a subugi e t (for review,
see Conklin, [err].R and EPN§A£Fﬁi&h{#@@?&h&éﬁﬂﬂ%@ﬂ*ﬁ%%ﬂé@a G proteins
cycl e between tmmcmmﬁdmcuommmw @BTEROLOBOUS @ the a
subunit. Wien CGDP i s bound, ryké?ﬁywz | oRgheterotriner, the
Jerr] conplex. Wen GIP is boun e a ggguﬁF g?sa5500|ates | eaving a-
Gerr]y conpl ex. | mportantly, when a err] conpl ex

Field of Invention

This invention relates to heterologous G protein-
10 coupled receptor expression constructs, yeast cells
expressing such receptors, vectors useful for making such

cells, and methods of making and using same.

Background of the Invention

The actions of many extracellular signals, for
15 example: neurotransmitters, hormones, odorants and light,
are mediated by receptors with seven transmembrane domains
(G protein-coupled receptors) and heterotrimeric guanine
nucleotide-binding regqulatory proteins (G proteins). G
proteins are comprised of three subunits: a guanyl-
20 nucleotide binding « subunit; a B subunit; and a y subunit
(for review, see Conklin, B.R and Bourne, H.R. (1993) cCell
73, 631-641]. G proteins cycle between two forms, depending
on whether GDP or GTP is bound to the & subunit. When GDP
is bound, the G protein exists as a heterotrimer, the Gafy
25 complex. When GTP is bound, the a subunit disassociates,
leaving a GPy complex. Importantly, when a Gepfy complex
operatively associates with an activated G protein coupled
receptor in a cell membrane, the rate of exchange of GTP for
_ bound GDP is increased and, hence, the rate of
30 disassociation of the bound Ga subunit from the Gpy complex
increases. The free Ga subunit and GBy complex are capable
of transmitting a signal to downstream elements of a variety
of signal transduction pathways. This fundamental scheme of
events forms the basis for a multiplicity of different cell
356 _ signaling bhenomena. For a review, see H.G. Dohlman, J.
é?horne;, M. Caron, and R. J. Lefkowitz, Ann. Rev. Biochem,
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operatively associates with an activated G protein coupled receptor in a
cell nenbrane, the rate of exchange of GIP for bound GDP S increased
and, hence, the rate of disassociation of the bound Ga subunit from

the err] conplex increases. The free Jerr] subunit and Jerr] conpl ex
are capable or transmting a signal to downstreamel enents of a variety of
si anal transduction pathways. This fundanental schene of events forns The
basis for a multiplicity of different cell signaling phenonena. For a
review, see H G Dohlman, J. Thorner, M Cajon, and R J. Lefkow ng, Ann.
Rev. Biochem This is the replacenent sheet 2 60, 653-688 (1991). G
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t hat 8 he manipulate the genetic constitution of the vyeast

Saccharomyces cerevisiae, researchers have developed a

detailed understanding of many complex biological pathways.

It has been demonstrated in numerous systems that the

evolutionary conservation of protein structure is such that

10 many heterologous proteins can substitute for their yeast

equivalents. For example, mammalian Ge¢ proteins can form

heterotrimeric complexes with yeast Gy proteins [Kang, Y.-

S., Kane, J., Kurjan, J., Stadel, J.M., and Tipper, D.J.

(1990) Mol. Cell. Biol. 10, 2582-2590]. The G protein-

15 coupled receptors represent important targets for new

therapeutic drugs. Discovery of such drugs will necessarily

require screening assays of high specificity and throughput.

For example, therapeutic intervention in the somatostatin-

growth hormone axis requires new chemical agents that act in

20 a somatostatin receptor subtype-selective manner. The

somatostatin receptor (SSTR) is a prototype of the seven

transmembrane-domain class of receptors in mammalian cells.

The cyclic tetradecapeptide somatostatin, first isolated

from hypothalamus and shown to be a potent inhibitor of

25 growth hormone release from the anterior pituitary, has been

shown to have broad:modulatory effects in CNS and peripheral

tissues. In response to binding of somatostatin, SSTR

activates a heterotrimeric G protein, which in turn modifies

the activity of a variety of effector proteins including but

30 not limited to adenylate cyclases, ion channels, and

phospholipases. The effects of somatostatin are transduced

through the action of gene products encoded in five distinct

receptor subtypes that have recently been cloned [Strnad,

_ J., Eppler, C.M., Corbett, M., and Hadcock, J.R. (1993) BBRC

35 191, 968-976; Yamada, Y., Post, S.R., Wang, K., Tager, H.S.,



evol utionary conservation of protein structure is such that 10 many
het er ol ogous proteins can substitute for their yeast equival ents. For
exanpl e, manmalian err] proteins can formheterotrineric conplexes with
yeast Jerr] proteins (Kang, Y.- S., Kane, J., Kurjan, J., Stadel, J.M,
and Tipper, D.J. (1990) Ml . Cell. Biol. 10, 2582-2590]. The G protein-
15 coupled receptors represent inportant targets for new

t herapeutic drugs. Discovery of such drugs will necessarily require
screeni ng assays of high specificity and thfoughput. For exanple,
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The effects ofUsypreg OSIBISI-RI PS4 apSCseLel, A.-M., Lolait, S.J., Konig,
M., and Mahan, L. (1992) Mol. Pharmocol. 42, 939-946].
10 Screening assays ﬁtilizing yeast strains genetically
modified to accommodate functional expression of the G
protein-coupled receptors offer significant advantages in
research involving ligand binding to the somatostatin
receptor, as well as a host of other receptors implicated in

15 various disease states.

Summary of the Invention

A first aspect of the present invention is

20 directed to expression vectors and yeast cells transformed
therewith, containing a first heterologous nucleotide

sequence which encodes for a G protein-coupled receptor, for

example, the somatostatin receptor, and a second nucleotide

sequence which encodes for all or a portion of a G protein

25 «fy complex. In certain embodiments, all or a portion of a
nucleotide sequence encoding for a heterologous G protein a.

subunit is fused to a nucleotide sequence from the yeast G

protein « subunit. In certain preferred embodiments, the

expression vectors and transformed cells contain a third

30 heterologous nucleotide sequence comprising a pheromone-
responsive promdtor and an indicator gene positioned
downstream from the pheromone-responsive promoter and
operatively associated therewith. The vectors and cells may

further contain several mutations. These :iInclude 1) a

35 mutation of the yeast SCG1/GPAl1 gene, which inactivates the



t hrough the action of gene products encoded in five distinct receptor
subtypes that have recently been cloned [Strnad, J., Eppler, C.M, Corbett,
M, and Hadcock, J.R (1993) BBRC 35 191, 968-976; Yanmda, Y.,
Post, S.R, Wang, K, Tager, H S. , 3 Bell, GI., and Seino, S. (1992)
Proc. Natl. Acad. Sci. USA 89, 251-25-5; Meyerhof, W, Paust, H-J.,
Schonrock, C., and Richter, D. (1991); Kluxen, F.-W, Bruns, C, and
Lubbert, H (1992) Proc. Natl. Acad. Sci. USA E9, 4618-4622; Li, X.- 5

J., Forte, M, North, R A, Rose, CA, and Snyder, S. (1992) J. BioI.

Chem 267, 21307-21312; Bruno, J.F., Xu, 4 Song, J., and Berelowtz,
(1992) Proc. cad. Sc USA 89, 151 1 LoI |t,
S.J., Konig, R'f‘?éasn‘ﬁ METan g’fmy 1992) *-15}‘? coI : §r85§é°§46] ¢ 1othe
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15 & var ipherahcreaseespon®é. signal transduction pathway, preferred
embodiments being mutations of the FARI and/or FUS3 genes:;
and, 3) a mutation of a yeast gene, the effect of the which
is to greatly increase the sensitivity of the response of
the cell to receptor-dependent activation of the pheromone

10 response signal transduction pathway, preferred genes in
this regard being the SST2, STES50, SGV1, STE2, STE3, PIKI,
AFRI, MSGS5, and SIGI genes.
' A second aspect of the present invention is a
chimeric expression construct and yeast cells transformed
15 therewith comprising a first nucleotide sequence encoding
for a yeast G protein coupled receptor in operative
association with a heterologous nucleotide sequence which
encodes for a heterologous G protein coupled receptor. The
constructs and cells may contain a second heterologous
20 nucleotide sequence comprising a pheromone-responsive
promotor and an indicator gene positioned downstream from
the pheromone-responsive promoter and operatively associated
therewith. The constructs and cells may further contain
several mutations. These include 1) a mutation of a yeast
25 gene to inactivate its function and enable the yeast cell to
' continue growing in spite of activation of the pheromone
response signal transduction pathway, preferred embodiments
being mutations of the FARI and/or FUS3 genes; and, 2) a
mutation of a yeast gene, the effect of the which is to
30 greatly increase the sensitivity of the response of the cell
to receptor-dependent activation of the pheromone response
signal transduction pathway, preferred genes in this reéard
being the SST2, STE50, SGV1, STE2, STE3, PIKl, AFRI, MSGS,
and SIGl1 genes. A productive signal is detected in a
35 bioassay through coupling of the heterologous receptor to a



Summary of the Invention A first aspect of the present invention is 20
directed to expression vectors and yeast cells transformed therew th,
containing a first heterol ogous nucl eoti de sequence which encodes for a G
protei n-coupl ed receptor, for exanple, the somatostatin receptor, and a
second nucl eoti de sequence which encodes for all or a portion of a G

protein 25 [err] conplex. In certain enbodinents, all or a portion
of a nucl eoti de sequence encoding for a heterologous G protein a subunit is
fused to a nucl eoti de sequence fromthe yeast G protein a subunit. 1In

certain preferred enbodrnents t he expressi &n vectors and transforned cells
contain a third terologous nucl eoti de sequence conprising a

pher onone- resﬁSﬁ§Fv8ﬁ&9ﬁﬁ&or and an indicator gene positioned downstream
fromthe pheronnne responsrveApmh&mﬁeasae&tObfrahevpkuséﬁﬁosnﬂéﬁﬂlon is a
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the g on cell growth. 1In certain preferred embodiments, yeast
cells of the kind described above are cultured in
appropriate growth medium to cause expression of
heterologous proteins, embedded in agar growth medium, and
exposed to compounds applied to the surface of the agar
10 plates. Effects on the growth of embedded cells are
expected around compounds that activate the heterologous
receptor. Increased growth may be observed with compounds
that act as agonists, while decreased growth may be observed
with those that act as antagonists.

15

Brief Description of the Drawings

FIGURE 1. Strains containing the indicated Ga
20 . expression plasmids are treated with mating pheromone («.
factor). A measure of resulting signal transduction is
provided by a reporter plasmid carrying FUS1-lacZ. Data are
represented as a percent of p-galactosidase activity
measured in a strain expressing solely the wild type Ga

25 protein.
FIGURE 2. Strains containing the indicated CUPlp-
Ge expression plasmid and grown in medium containing the
indicated concentration of copper are treated with mating

pheromone (& factor). A measure of resulting signal
30 transduction is provided by a reporter plasmid carrying
FUSl-lacZ. Data are represented as a percent of p-

galactosidase activity measured in a strain expressing no

exogenous Ga& protein.
FIGURE 3. Saturation binding of ‘H-spiperone to
35 veast membrane fractions prepared from a strain (CY382)



het er ol ogous receptor with the G protein; 2) a nutation of a yeast gene to
I nactivate its function and enable the yeast cell to continue growing in
spite of activation of the 5 pher onone response signal transduction
pat hway, preferred enbodi nents being mutations of the FARL and/or FUS3
genes; and, 3) a nutation of a yeast gene, the effect of the which is to
greatly increase the sensitivity of the response of the cell to
recept or - dependent activation of the pheronone 10 response signal
transducti on pathway, preferred genes in this regard being the SST2, STES50,
SGv1, STE2, STE3, PIK1, AFRI, MSG5, and Sl GE genes. A second aspect of the

present invention is a chineric expression construct and yeast cells
transformed 15eXPressing i@t l@ofBFPEPREN L SFFRECHucIRAY Fe 3sdqpBALémg

encodi ng for apyeasdirG KdteiILSTmMp) ed receptor in operative association

with a heterol ogous nucl | equence which encode 2. het G
protein coupl ed receptoriﬁ*ﬁgﬁééns#ﬁH§F§‘5%%“55#?3 yiﬁ%ﬁf%jn §£§%Zgﬁgfa
het er ol ogous 2@eceptors .nuclhetGRIEL]l stapepnayr CUMBEinRs nghe afirst 14 amino

pher gnone- r espgRyigee oFf AHY YoMt ¥ HHHAHH . I6Mfe ROBI1T OPecefO¥RShE SR
fromthe pheronone-responsive pronoter ‘and operatively assqgcl ated
therewith. TREPIGEEMARY sOAndhe| FBIRRATESTAIRRS Odnt ERE %&?éaal receptor

mut ati ons. Theghrboghudeht) Zimdtatteo otranymémbrane domains with the
' corresponding region of the Ste2 receptor. The CHI1S8
receptor has the same Ste2 sequences fused directly to the

10 amino-terminus of the 5HTla receptor to create a receptor
predicted to span the cellular membrane nine times. Bmax
values were determined by measuring maximal binding of the
radiolabeled ligand 3H-spiperone. Values are given as pmol
radioligand bound per mg total protein.

15 FIGURE S. Competition binding analysis of the
agonists isoproterenol or epinephrine against !¥%I-
cyanopindolol with crude membrane extracts prepared from a
wild-type yeast strain expressing the p,-adrenergic
receptor. Data are presented as percent maximal radioligand

20 binding. IC.,, values = 10 nM, isoproterenol; 200 nM,
epinephrine.

FIGURE 6. Competition binding analysis of the
. agonists isoproterenol or epinephrine against '¥I-
cyanopindolol with extracts prepared from a yeast strain

25 coexpressing the f,-adrenergic receptor and mammalian G,,.
Data are presented as percent maximal radioligand binding.
IC,, values = 10nM,isoproterenol; 60 nM, epinephrine.

FIGURE 7. Saturation binding of ['**I]tyr‘'S-14 to
membranes of yeast cells coexpressing the SSTR2 subtype and

30 Scgl/G.,;. Membranes from yeast cells expressing the SST2
subtype were prepared as described in Experimental
Procedures. Saturation binding was performed with 20-1600
pM [‘®#®I]tyr:sS-14. Non-specific binding for each point as
cpm bound in the presence of 1 pM cold S-14 ranged from 10

35 to 40%. Displaved is a representative experiment performed



25 gene to inactivate its function and enable the yeast cell to
continue growng in spite of activation of the pheronone response signal
transducti on pat hway, preferred enbodi ments being nutations of the FARL
and/ or FUS3 genes; and, 2) a nutation of a yeast gene, the effect of the
which is to 30 greatly increase the sensitivity of the response of
the cell to receptor-dependent activation of the pheronone response signal
transducti on pat hway, preferred genes in this regard being the SST2, STES50,
SGv1, STE2, STE3, PIK1l, AFRI, MSG5, and Sl genes. A productive signal
I's detected in a 35 bi oassay t hrough coupling of the heterol ogous
receptor to a :n JurAaHadgyotein. A third aspect of the present invention

is a nmethod of assaylng conpounds to determne effects of ligand binding to
t he neterol ogous recept orsgr%?irr@asumﬂfh@@f lodc sBowing somatestagdnl receptdr
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are examined by polyacrylamide gel elactrophoresis/Western
blot analysis. Molecular weight markers are indicated in
kilodaltons. - Arrows mark somatostatin receptor protein
bands. Several species of this receptor are observed;
doublet and triplet bands in addition to the 43 kd single

10 receptor. Lanes, 1+2, CY602 (see Table 1); 3+4. CY603; 5+6,
CY624; 7, congenic strain expressing no receptor.

FIGURE 9. Immunoblot showing muscarinic
acetylcholine receptor (mAchR) expression. Membrane
fractions are isolated from the :indicated yeast strains.

15 Aliquots of 30 pg of protein are examined by polyacrylamide
gel electrophoresis/Western blot analysis as described in
the text. Molecular weight markers are indicated in
kilodaltons. Arrows mark mAchR protein bands.

FIGURE 10. Immunoblot showing «2-AR expression.

20 Membrane fractions are isolated from the indicated yeast
strains. Aliquots of 30 pg of protein are examined by
polyvacrylamide gel électrophoresis/ western blot analysis.
Molecular weight markers are indicated in kilodaltons.
Arrows mark «2-AR protein bands.

25 FIGURE 11. Somatostatin receptor expression
plasmid, pJH1.

FIGURE 12. G protein expression plasmid,
pLP82.

FIGURE 13. Dose dependent growth response of

30 yeast cells to somatostatin. Cultures of yeast strain LY268
are embedded in agar (top plate) or spread evenly on the
surface of agar plates (bottom plate) and exposed to Ehe
indicated amounts of designated compounds spotted on paper
disks placed on top of the agar. Plates are incubated at

35 30°C.



exposed to conpounds applied to the surface of the agar 10 pl at es.
Effects on the growth of enbedded cells are expected around conpounds t hat
activate the heterol ogous receptor. Increased growh nmay be observed with
conpounds that act as agonists, while decreased growh may be observed with
t hose that act as antagonists. 15 Brief Description of the Draw ngs Fl GURE
1. Strains containing the indicated Gerr] 20 expressi on plasm ds
are treated with mati ng pheronone (a. factor). A nmeasure of resulting
signal transduction is provided by a reporter plasmd carrying FUSL-I|acZ.
Data are represented as a percent of [err] §al act osi dase activity nmeasured

in a strain expressing s vmldt err ] rotein.,

FI GURE 2. Strains cont ai %JI%’Y% nai C%F tlCQ%S%Xr?rf'esé?i’)%:pls‘j:srr‘ﬁ"&“sand
grown i n nedi uexposed ItiongomaE ostdiwiat eids oinpmmlerat iom afounppef chimeric
treated with ngt b?gt@?.?xr Qe s sl .f ach Cﬁudreby i r‘eport rest 1ﬁ§§d’é§éf’£bed

signal 30 ransduction IS provi er asmd carrying
FUSI -1 acZ. Dat érnar’éh?epr%"é‘ént"é’dE agmpegeleden Pnofa?%Fr]an‘balea‘@Pégpda§@ the
actigity nmeasuifdic@tadshmauntexpredesngnaeedxogenputnescspdt Q! &h paper

disks placed on top of the agar. Plates are incubated at
30°C.

FIGURE 15. Growth response of yeast strains
exposed to somatostatin is dependent on amount of yeast G

10 protein expressed. Cultures of yeast strains described in
the text are embedded in agar and exposed to the indicated
amounts orIf designated compounds spotted on paper disks
placed on top of the agar. Plates are incubated at 30°C.

FIGURE 16. Yeast cells bearing a mutation in the

15 sst2 gene exhibit elevated resistance to AT when exposed to
mating pheromone. Cultures of yeast strains are embedded in
agar and exposed to the indicated amounts of &« mating factor
spotted on paper disks placed on top of the agar. Plates
are incubated at 30°C.

20 FIGURE 17. A mutation in the sst2 gene enhances
the growth of the yeast cells exposed to somatostatin.
Cultures of yeast strains described in the text are embedded
in agar and exposed to the indicated amounts of designated
compounds spotted on paper disks placed on top of the agar.

25 Plates are incubated at 30°C.

FIGURE 18. Ligand-binding to the rat CCK;
receptor expressed in yeast. Crude membrane fractions from
overnight liquid cultures of LY631 cells were prepared, and
agonist saturation binding assays conducted as described in

30 Methods and Materials. Saturation binding was performed
with 4-6 nM[’H] ‘I CCK-8 (25 pg protein/tube). Non-
specific blnalng for each point as cpm bound in the presence
of 1 pM cold CCK-8 ranged from 20 to 60%. Displayed is a
representative experiment performed in duplicate.

35 FIGURE 189. Growth of yeast in response to CCK,



FIGURE 3. Saturation binding of [err]H spiperone to 35 yeast

menbrane fractions prepared froma strain (CY382) 6 expressing the
5HT1la serotonin receptor. Bnmax = 3.2 pnol/ng protein; Kd - 115 nM FlI GURE
4. Amno-termnal chineric Ste2/5HTla receptors. The CHII| receptor
contains the first 14 amno 5 acids of the yeast Ste2 protein. The

CHI 17 receptor has a replacenent of the am no-term nus of the 5HTla
receptor through the first two transnmenbrane domains with the corresponding
region of the Ste2 receptor. The CH 18 rgceptor has the same Ste2
sequences fused directly to the 10 am no-term nus of the 5HTla

receptor to Crgabged:l AERRidel edtied rasar ide Tldudarta By gnteg ne
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against Lert pPogR8RSoNAaSl ol 2Rl 1 R qﬁ“’?ﬁﬁ?ﬁ&%ﬁ‘% #35:*2@"’%‘*%?%&“% Yoma
Sterile filter disks were placed the surfac
solidified agar and saturated with 10 nl of DMSO containing
10 pl amounts of the indicated compounds. The plates were
then incubated at 30°C for 3 days. (A) CCK-8, (B) CCK-4.
FIGURE 20. A,,~adenosine receptor saturation
10 binding assay. Radioligand binding assays were performed in
96-well microliter plates using binding buffers (50nM HEPES,
pH 7.4, 10 mM MgCl,, 0.25% BSA) containing protease
inhibitors (Spg/ml leupeptin, 5 pg/ml aprotinin, 100 pg/ml
bacitracin, and 100 pg/ml benzamidine). All components were
15 diluted in.biﬁding'buffer containing protease inhibitors and
added to the microliter plate wells in the following order:
binding buffer, cold competitor (NECA, 1 ywM £final
concentrafion), [*HINECA (1-50nM). Binding reactions were
initiated by adding 82 pg of membrane protein in a 170 nl
20 volume. Final reaction volume was 200 pl/well. All
incubations were carried out at room temperature for 2
hours. Free radioligand was separated from bound ligand by
rapid filtration through a glass fiber filter using an
Inotech cell harvester. The filter disks were then washed
25 several times with cold (4°C) binding buffer lacking BSA
prior to counting.
FIGURE 21. Growth of yeast in response to A,-

adenosine receptor agonists. LYSS5 cells cultured as
described in Materials and Methods were plated in SC
30 Galactose (2 %)-ura, trp, his agar medium (2 x10* cells/ml).

Sterile filter disks were placed on the surface of the
solidified agar and saturated with 10 pni of DMSO containing
the 10 pg of the indicated compounds. The plates were then
incubated a 0°Cc for 3 days. (A, BY <CGS-21680, (B) NECA

35 (C) OPMA.



w |l d-type yeast strain expressing the [err]-adrenergic receptor. Data

are presented as percent nmaxi mal radioligand 20 bi ndi ng. I C[err]
values = 10 nM isoproterenol; 200 nM epinephrine. FIGURE 6. Conpetition
bi ndi ng anal ysis of the agonists i soproterenol or epinephrine agai nst
[err]l- cyanopindolol with extracts prepared froma yeast strain 25

coexpressing the [err]-adrenergic receptor and mammalian Jerr]. Data are
presented as percent naxinmal radioligand binding. |1 Cerr] values =

| OnM i soproterenol; 60 nM epinephrine. FI{J@RE 7. Saturation binding of
[[err]l]tyr[err]S-14 to nmenbranes of yeast cells coexpressing the SSTR2
subt ype and 30 Saciore 221 ] .Grdkibcamesakroneldastonebliningps&ERS ng

Saturation bi 4 RESRAESEe %LS%@%%?%%@%%&%&E?P%\EEFE?F] | FEE20 Lt

Non- speci fi ¢ kultureds as ekdvgidiedt ixs Maneticksl dnd (MfRthRds ofeee gplated

[err]Mcold S;}4 §@”€§9a{:£8§b10(235%) -ura, tE'g,‘lQ%?s DegakayRdii a(2 x10*

representati vé experinent perforned i.n upllcatf. d on the fa
cells/ml). Sterile filter disks were place surface
of the solidified agar and saturated with 10 pl of sterile
water containing the indicated amounts of the indicated
compounds. The plates were then incubated at 30°C for 3
days. (A)60nmol S-14, (B)30 nmol S-28.

10 Figure 23. Growth of yeast cells containing
porcine SSTR2 in response to somatostatin receptor agonists.
LY474 (two independent isolates: 21,22) were cultured as
described in Materials and Methods and plated in SC
Galactose (2 %)-ura, trp, his agar medium (2 210* cells/ml).

15 Sterile filter disks were placed on the surface of the
solidified agar and saturated with 10 pl of sterile water
containing the indicated amounts of the indicated compounds.
The plates were then incubated at 30°C for 3 days. (1) 600
pmol (2) 60 pmol.

20 FIGURE 24. Deletion of MSG5 increases the
sensitivity of the yeast bioassay. Cultures of yeast
strains were induced to express the SSTR2 as described in
Materials and Methods and were plated in SC Galactose (2 %) -
ura, trp, his agar medium (2 x10‘ cells/ml). Sterile filter

25 disks were placed on the surface of the solidified agar and
saturated with 10 pl of sterile water containing the
indicated amounts of S-14. The plates were then incubated
at 30°C for 3 days. (A} MPY459 sst2AADE2 msgS5ALEUZ2, (B)
MPY458 SST2 msgS54LEUZ2, (C) LY288 SST2 MSGS5, (D) LY268

30 sst2AADEZ2 MSGS.

FIGURE 25. Growth of yeast in response to GRF
receptor agonists. CY990 cells cultured as described-in
Materials and Methods were'plated in SC Galactose (2 %)-ura,
trp, his agar medium (2 x10* cells/ml). Sterile filter

35 disks were placed on the surface of the solidified agar and



FI GURE 8. | munobl ot showi ng somatostatin receptor expression. Menbr ane
fractions are isolated from the indicated yeast strains. Aliquots of 5
to 30 pg of protein 5 are exam ned by pol yacryl am de gel

el ectrophoresi s/ Western bl ot anal ysis. Ml ecul ar wei ght nmarkers are

I ndi cated in kil odal tons. Arrows mark somatostatin receptor protein
bands. - Several species of this receptor are observed; doublet and tripl et
bands in addition to the 43 kd single 10 receptor. Lanes, 1+2,
CY602 (see Table 1); 3+4. CY603; 5+6, CY624,_ 7, congenic strain expressing
no receptor. FIGURE 9 Innunoblot showi ng 1 muscarinic acetylcholine

receptor (mAchR SSI N ug%ﬁra e, Ctit |
t he i ndi cat ed rsqr% e T q‘l%ot”sato %Q&‘ﬂ eid&f%tog%%g

exam ned by polthe rifidirdated elomnamadphdihes ipsd/ansst enelreblt@terlanawglaseaisat
described in theect gy 3 dJdjLcul ghy)vei abkpmrlkefss\ S (8 agreql- Eg)-

kil odal tons. ArTows mar k. mchR roteln bands. Fi GJRE 10 | munobl ot ~s OW ng

[err]-AR expr ed¥horD-249") ~hGRF N%ﬁ%?b ¥y actions are i solated fromthe
i ndi gat ed yeast strains. FIGURBIURES of Effeps Gf PSTEEON waw&gﬁbrbyon

POl YacY e de fetn | SN S ShelR! Shlablg! A8 Xiakr MUSRILY. HRLd™
prepared as described in Materials and Methods. Plate A
contains the STES50 overexpression strain CY560; plate B
contains the control strain CY562. Filter discs saturated

10 with solutions of the following peptides were applied to
each plate: 1 mM yveast & pheromone (lefthand center), 1
mg/ml somatostatin-14 {righthand top), 100 ng/ml
somatostatin-14 (righthand bottom). Plates were incubated
at 30° C for 2 days.

15 FIGURE 27. Bioassay of compounds with somatostatin
receptor agonist and/or antagonist properties. LY364 cells
were plated in SC Galactose (2 %)-ura, trp, his agar medium
(2 x 10* cells/ml). For assay of antagonists, somatostatin
(20 nM S-14) was added to the molten agar prior to pouring.

20 Sterile filter disks were placed on the surface of the
solidified agar and saturated with 10 pl of sterile water
containing test compounds. The plates were then incubated
at 30°C for 3 days. (Left) Assay for somatostatin agonists.
Somatostatin (S-14) was applied to positions on the bottom

. 25 row, left side (6 nmol, 600 pmol, 60 pmol, 600pmol), (Right)
Assay for somatostatin antagonists. Somatostatin (S-14) was
applied to positions on the bottom row, left side (6 nmol,
600pmol,'60 pmol, 600 pmol).

FIGURE 28. Fusion of STEZ sequences to the amino

30 terminal of SSTR2 reduces signaling efficiency in response
to somatostatin. LY¥268 and LY322 cells were plated in SC
Galactose {2 %)-ura, trp, his agar medium (2 x 10* cell/ml).
Sterile filter disks were placed on the surface of the
solidified agar and saturated with 10 pl of somatostatin (S-

35



25 FI GURE 11. Somatostatin receptor expression
plasm d, pJHL. FIGURE 12. G protein expression plasmd, pLP82. FIGURE 13.
Dose dependent growth response of 30 'yeast cells to somatostatin.
Cultures of yeast strain LY268 are enbedded in agar (top plate) or spread
evenly on the surface of agar plates (bottom plate) and exposed to the

I ndi cat ed anounts of designated conpounds spotted on paper disks placed on
top of the agar. Plates are incubated at 35 30[err]C 8 FI GURE
14. Gowt h response of yeast strains exposed to somatostatin is dependent
on amount of chineric G protein expressed. éﬁltures of yeast strains
described in tﬂf t ext e embedded in agar and posed to. ng o)

i ndi cated anmount®! of JE& FHLASF TORPoLABE SRS %ﬂltﬁpe i SRE Bl 8848 -on
top of the agar(API .aYEGS ar s-ilm:u.bﬁ ebpitieti AeerfilCerFdEdRis 3 ockwds@Mftom

response of ya%ﬂesEﬁﬁkn%arrier, 60 nmol, 6 nmol, 600 pmol, 60 pmol, 6
pmol. (B) IYy322. S-14 was applied to filter disks
5 clockwise from the top: 0.6 pmol, carrier, 60 nmol, 6 nmol,

600 pmol, 60 pmol, & pmol.

Detailed Description of the Invention

10 Nucleotide bases are abbreviated herein as follows:
A-Adenine G-Guanine
C-Cytosine T-Thymine

U-Uracil (sometimes herein abbreviated as "ura")

15 Amino acid residues are abbreviated herein to
either three letters or a single letter as follows:

Ala;A-Alanine Leu;L-Leucine
Arg;R-Arginine " Lys:K~-Lysine
Asn;N-Asparagine Met;M-Methionine

20 Asp;D-Aspartic acid Phe;F-Phenylalanine
Cys:;C-Cysteine Pro;P-Proline
Gln;Q-Glutanmine Ser;S-Serine
Glu;E-Glutamic acid Thr;T-Threonine
Gly;G-Glycine Trp:;W-Tryptophan

25 His;H-Histidine Tyr; Y-Tyrosine
Ile;I-Isoleucine Val;V-Valine

The terms "DNA" and "nucleotide sequence” are used
interchangably and are meant to include all forms of linear
30 polymers comprising nucleotide bases, without limitation,
including RNA when appropriate.
The term "mammalian” as used herein refers to any
mammaiian species (e.g. human, mouse, rat, and monkey).
The term "heterologous" 1is used herein with



exposed to somatostatin is dependent on anmount of yeast G 10

protein expressed. Cultures of yeast strains described in the text are
enbedded in agar and exposed to the indicated anounts of designated
conpounds spotted on paper disks placed on top of the agar. Plates are

i ncubated at 30[err]C. FIGURE 16. Yeast cells bearing a nutation in the 15
sst2 gene exhibit elevated resistance to AT when exposed to mating
pheronone. Cultures of yeast strains are enbedded in agar and exposed to
the indicated anobunts of a mating factor s %tted on paper disks placed on
top of the agar. Plates are incubated at 3G[ferr]C. 20

FIGURE 17. A Lon Lo t. St 2 gene. enhances _t he grow f the yeast
cel | s exposed %ééé%r:rﬁt o§$at?eﬁ§§‘0ul t%‘rd;s 5 Seast St Fai 8 ri%?éﬂ‘%’r?ecsrre
text are enbedReetébnagacnghdoekposadtesioies iodigxietimpoindm afrganisms
desi gnat ed congpongss-1ppt 0N gR@Rer mei i Bhaced; t [ glD
Pl ates are incupated at 0'[:er[]_Ce3. %EI'GHIJ%@%E%B}L- ef}gzghd&@?tg{ﬁ%%ﬁ ?‘gl%e[cﬁ:é
rat CCK[err] RERRpt or W pFeBPiRatiopsasthereafie Mathbratureddoet | forndr dm
overdi ght |iquehstl tures of LY631 cells were prepared, and agoni st
saturation binding assay o] ed descr,i bed. i 30 . Methods and
Materials.  Saturation P%d?‘%g%%msuggFFSPﬂed 9 h HOBNFHELEM] TS etsed
CCK-8 (25 [er¥gxpin otte nredsy) .to Ndve direction of transcription and

translation, with a sequence being transcribed or translated
prior to another sequence being referred to as "upstream” of
10 the latter.

Any G 'protein-coupled receptor, or portions
thereof, as well as the nucleotide sequences encoding same,
may be emploved in practicing the present invention.
Examples of such receptors include, but are not limited to,

15 adenosine receptors, somatostatin receptors, dopamine
receptors, cholecystokinin receptors, muscarinic cholinergic
receptors, a-adrenergic receptors, P-adrenergic receptors,
opiate receptors, cannabinoid receptors, growth hormone
releasing factor, glucagon, and serotonin receptors. The

20 term receptor as used herein is intended to encompass
subtypes of the named receptors, and mutants and homologs
hereof, along with the nucleotide sequences encoding same.
One skilled in the art will also understand that in some
instances, it may not be necessary that the entire receptor

25 be expressed to achieve the purposes desired. Accordingly,
the term receptor is meant to include truncated and other
variant forms of a given receptor, without limitation. '

Any DNA sequence which codes for a Ga subunit (Ge)
may be used to practice the present invention. Examples of

30 Ge subunits include, but are not limited to Gs subunits, Gi
subunits, Go subunits, Gz subunits, Gq, Gll, G16 and
transducing subunits. G proteins and subunits useful'for
practicing the present invention include subtypes, and
mutants and homologs thereof, along with the DNA sequences

35 encoding same.



specific binding for each point as cpmbound in the presence of 1 pMcold

CCK-8 ranged from20 to 60% Displayed is a representative experinent
performed in duplicate. 35 : FI GURE 19. G owt h of yeast

in response to CCK[err] 9 receptor agonists. Yeast strains that

functionally express the rat CCK[err] receptor (LY628, LLY631) were
cultured as described in Materials and Methods were plated in SC Gal actose
(2 W-ura, trp, his agar nedium (2 x10[err] cells/m). 5 Sterile
filter disks were placed on the surface of the solidified agar and
saturated with 10 [err]pl of DWVSO containjnbﬂlo pl amounts of the indicated

e (B cada b cUrons, Sr BEE ThoEnge ase R T atiln o SR | B 10
bi ndi ng assay. tRa¢hdlniggams p@n@bmgeabbaysiwemhapetherGeprbnzﬂﬁsm&béful in
VGl err], 0. 2500 BRAS S eotiaraddeast, ce1l bf e phheds aydinibh nay
| eupeptin, 5 [EPPPFLSE FRERTNPTIOUDOCReSURINItHacTeaSEi FE MDUNHEHg/ont
benzBmi di ne). AhlimegipRoneehstymetekdlogous veirkibad.i N boAdi nEaRufdLLily
cont al ni ng prohg%a%mkgg ﬁﬁf&f égﬁ%iguration is best suited for adequate
coupling to a particular heterologous receptor by simply
constructing vectors as taught herein and measuring the
signaling of ligand binding in response to a given assay.
10 In certain preferred embodiments, G&,, is the Ga subunit of
choice, particularly when the heterologous G coupled protein
is all or a portion of a somatostatin receptor. It is
particularly preferred in this instance that the Ge., subunit
be coupled to a yeast Gy complex. Certain chimeric
15 constructs may also provide enhanced signal transduction
with regard to particular heterologous receptors.
Particularly preferred is a chimeric construct formed from
fusion of the amino terminal domain of yeast GPAl1/SCGl with

the carboxy terminal domain of a heterologous Ga«,, G&,, and

20 especially Ga& ;. _
Any DNA sequence which codes for a GPy subunit

(GBY) may be used to practice the present invention. G
proteins and subunits useful for practicing the present
invention include subtypes, and mutants and homologs

25 thereof, along with the DNA sequences encoding same. The
host cells may express endogenous GPy, or may optionally be
engineered to express heterologous GByY (e.g., mammalian) in
the same nanner as they would be engineered to express
heterologous Ge«.

30 Heterologous DNA sequences are expressed in a host
by means of an expression "construct" or "vector". An
expression vector is a replicable DNA construct in which a
DNA sequence encoding the heterologous DNA sequence is
operably linked to suitable control sequences capable of

35 affecting the expression of a protein or protein subunit



added to the mcroliter plate wells in the follow ng order: binding

buffer, cold conpetitor (NECA, 1 J[err]M final concentration),
[[err] H NECA (1-50nM. Binding reactions were initiated by adding 82 [err]g
of menbrane protein in a 170 [err]l 20 vol une. Fi nal reaction
vol ume was 200 pl/well. - Al incubations were carried out at room
tenperature for 2 hours. Free radioligand was separated from bound |igand
by rapid filtration through a glass fiber filter using an Inotech cel
harvester. The filter disks were then washed 25 several tinmes with
cold (4[err]C) binding buffer |acking BSA pgior to counting. FIGURE 21.

G owm h of yeast in response to Alerr] A- adenosi ne receptor agonists.

LY595 cells ocodedirint d&v ddseridmero hodbwer DEA ssemdeibehbddsther énpeatied i n

SC 30 nealact Oéﬂnéga?ﬁ;{‘}raeuﬁahéfoﬂé BGRE a?dislé@u(e%ac%ogﬁééiude a

cells/m). Sterile filter sSks were aced on the surface

sol i dified agdFeRsErERTHNTY AFOROIErpi howewern chht BN Re t APPIOPEéaLR]

of the indi catbdtcapsegdence ThadddalRs ¥e1 €abhennRNAUhAiRSkstha BObeRa) frgf OF

3 dgys._ (A, %&tegegézégggidggz aggc%bggionally) gg%uegges'which control
the termination of transcription. Vectors useful for
practicing the present invention include plasmids, viruses
(including bacteriophage), and integratable DNA fragments
(i.e., fragments integratable into the host genome by

10 genetic recombination). The vector may replicate and
function independently of the host genome, as in the case of
a plasmid, or may integrate into the genome itself, as in
the case of an integratable DNA fragment. Suitable vectors
will contain replicon and control sequences which are

15 derived from species compatible with the intended expression
host. For example, a promoter operable in a host cell is
one which binds the RNA polymerase of that cell, and a
ribqsomal binding site operable in a host cell is one which
binds the endogenous ribosomes of that cell.

20 , DNA regions are operably associated when they are
functionally related to each other. For example: a promoter
is operably linked to a coding sequence if it controls the
transCription of the sequence; a ribosome binding site is
operably linked to a coding sequence if it is positioned so

25 as to permit translation. Generally, operably linked means
contiguous and, in the case of leader sequences, contiguous
and in reading phase.

Transformed host cells of the present invention
are cells which have been transformed or transfected with

30 the vectors constructed.usihg recombinant DNA techniques and
express the protein or protein subunit coded for by the
heterologous DNA sequences. . A variety of yeast cultures,
and suitable expression vectors for transforming yeast
cells, are known. See e.g., U.S. Patent No. 4,745,057; U.S.

35 Patent No. 4,797,359; U.S. Patent No. 4,615,974; U.S. Patent



10 FIGURE 22. G owmh of yeast cells containing SSTR5 in response to
somatostatin receptor agonists. LY620 cells cultured as described in

Mat erials and Methods were plated in SC Gal actose (2 %-ura, trp, his agar
medi um (2 x104 5 cells/m). Sterile filter disks were placed on
the surface of the solidified agar and saturated with 10 [err]| of sterile
wat er containing the indicated anounts of the indicated conpounds. The
pl ates were then incubated at 30[err]C for 3 days. (A)60nnol S-14, (B)30
nnol S-28. 10 Fi gure 23. G owth of yeast cells

cont ai ni ng porcine SSTR2 in response to sonhbostatin receptor agonists.
LY4A74 (two independent isolates: 21,22) were cultured as described in

Mat eri al s and hobis8 &hd? pf at aSi nP8tenEl Ae-osb 1 08444 2and Y. Shi Basgae
nmedi um (2 x10[ efd.] 4G8lelss/o®9).. skecharomycedt ekirkeikiikbeis sk mose BoRmana:Y
on the surface of fhe solidified agar an Eaturated with 10

sterile water SO5R% #PARIt hdS ndfaSh®d MbORNGNOE { RBRPRE @ S#i%ﬁggfﬁﬁagl
The pl ates wer espdreres ane atomhoati VBRvarillablfer Fedaye.g.}l) U660 PatienE2No60
prol g 20 4,806,472 (kI GqFmides 1 DELEL! Olnd Ol oIBERss Bl 78R
sensitivity of the yeast bloassay. | tures of yeast strarns were Induced

to express t he tberRLore Jdes i 33l (Pichia pastoris and expression

vectors therefore). Yeast vectors may contain an origin of

replication from the endogenous 2 micron yeast plasmid or an

autonomously replicating sequence (ARS) which confers on the

10 plasmid the ability to replicate at high copy number in the

yeast cell, centromeric (CEN} sequences which limit the

ability of the plasmid to replicate at only low copy number

in the yeast cell, a promoter, DNA encoding the heterologous

DNA  sequences, sequences for polyadenylation  and

15 transcription termination, and a selectable marker gene.

Exemplary plasmids and detailed of materials and methods for

making and using same are provided in the Examples section.

Any promoter capable of functioning in yeast

systems may be selected for use in the constructs and cells

20 of the present invention. Suitable promoting sequences in

yeast vectors include the promoters for metallothionein, 3-

phosphoglycerate kinase (PGK) [Hitzeman et al., (1980)

J.Biol. Chem. 235, 2073] or other glycolytic enzymes [ (Hess

et al., (1968) J. Adv. Enzyme Reg. 7, 149]; and Holland et

25 al., (1978) Biochemistry 17, 4900], such as enolase,

glyceraldehyde-3-phosphate dehydrogenase, hexokinase,

pyruvate, decarboxylase,phosphofructokinase, glucose-6-

phosphate isomerase, 3- phosphoglycerate mutase, pyruvate

kinase, triosephosphate isomerase, phosphoglucose isomerase,

30 and glucokinase. Suitable vectors and promoters for use in

yeast expression are further described in R. Hitzeman. et

al., EPO Publn. No. 73,657. Other promoters, which have the

additional advantage of transcription controlled by growth

conditions, are the promoter regions for alcohol

35 dehydrogenase, 1,2,-isocytochrome <, acid phosphates,




Material s and Methods and were plated in SC Gal actose (2 %9 - ura, trp, his

agar nedium (2 x104 cells/m). Sterile filter 25 di sks were pl aced

on the surface of the solidified agar and saturated with 10 [err]l of

sterile water containing the indicated anounts of S-14. The plates were

then i ncubated at 30[err]C for 3 days. (A MPY459 sst 2[ err] DE2

nmsg5[err] LEU2, (B) MPY458 SST2 nmsgbALEU2, (C) LY288 SST2 MsSGh, (D) LY268
sst2[err] ADE2 MSGh. FI GURE 25. Growt h of yeast in response to

GRF receptor agonists. CY990 cells cultured as described in Materials and
Met hods were plated in SC Galactose (2 W-dfa, trp, his agar nmedium (2 x104
cells/m) . Sterile filter di sks were placed on the surface of

the solidifiedi®gapdande e%-aYTEﬁ%tt"étf%*tarFefb wigby PFtBng{‘éW‘F‘EDQ\)a’f%?r and
cont ai ni ng 20 ﬂmslaﬂbﬁémznumbnéﬁedeeammaund&neiweah@lg&y@@raﬂd@h de—3-

i 50 PSR ey o Rtdara! Oy wiliaq e iiieuiid cor
FI GURE 26. miktosef agtEsMmIacraseresilbnathoSSTRACHhi ansshg. galastoae
Rggﬁggg a”dplYﬁﬁiﬁCLEiéabgémoW@Ee RiagRar eb oS ASSEA L PPaparMREERT 2bs Qld
hereln are the PGK, GALl1, and alcohol dehydrogenase (ADH)
promoters. Finally, in constructing suitable expression
plasmids, the termination sequences associated with these
genes may also be ligated into the expression vector 3' of
10 the heterologous coding sequences to provide polyadenylation
and termination of the mRNA. In preparing the preferred
expression vectors of the present invention, translational
initiation sites are chosen to confer the most efficient
expression of a given nucleic acid sequence in the yeast
15 cell [see Cigan, M. and T.F. Donahue 1987, GENE, Volume 59,
pp. 1-18, for a description of suitable translatlonal
initiation sites].
A particularly preferred nucleotide expression vector
useful for carrying out the present invention comprises such
20 an aforementioned promoter sequence, positioned upstream to
the translational initiation site of the heterologous
nucleotide sequence encoding for the heterologous G protein
coupled receptor it is desired to express, and in correct
reading frame therewith. Particularly preferred promoters in
25 this regard are the GALI, PGK, and ADH promoters.
Positioning of the aforementioned promotor upstream to the
chosen translational initiation site may enhance expression
of a heterologous protein. In these preferred embodiments,
no yeast G protein coupled receptor segment is fused to the
30 heterologous G protein coupled receptor segment. The
present inventors have discovered that such hybrid receptors
are not critical to achieve receptor expression in yeast.
This is contrary to the art accepted teaching in this regard
[see King, et al. cited infral.
35 In certain other embodiments however, at least a



contains the STE50 overexpression strain CY560; plate B contains the
control strain CY562. Filter discs saturated 10 W th sol utions of
the foll owi ng peptides were applied to each plate: 1 mM yeast a pheronone
(lefthand center), 1 nmg/m somat ost ati n-14 (righthand top), 100
[err]g/mM somatostatin-14 (righthand botton). Plates were incubated at
30[err] Cfor 3 days. 15 FI GURE 27. Bi oassay of conpounds
with somatostatin receptor agoni st and/ or antagoni st properties. LY364
cells were plated in SC Gal actose (2 %-ura, trp, his agar nmedium (2 x
10[err] cells/m). For assay of antagonist§ sonatostatin (20 nM S-14) was
added to the Iten agar ourlnlg+ %erlle filter disks

were placed on tﬁgmsﬂ cfgto?e the SOt %‘ae% SPIARE SFt §r MSRFWidsPeLOS
[err]| of sterpb31uabaeacuDSaraamg*remtthen@euedeloqbespGapegtewmecaﬁp&ed

i ncubat ed at 3%&%% 5Ak §Pgéééwvé&§fL%séésﬂeﬁoghég@ﬁmﬁt Ly BRR0Sd,

Somat ostatin ( I ONS on t

| eft side (6 nkBE, ngsgﬁﬁl a—%ﬂeﬁé’ﬁan e@bmmqro‘(wgﬁt)C%%hwm hav:.ng
somagost atin aghaggpiat garoiwwé@tahan t(z%nls@aa&@sw.aappinedlhewrsiSIStﬂt@@s &
the bottomrow, |eft 6 _nnol,, 60Q I 60 % 600ﬁﬁnﬁl . FI GURE 28.

Fusi on of STEngﬁﬁﬁéﬁégs #B°Yfe diitho 1:trélr":r*‘f:isna &TR3 ¥Rt

signaling effisegmenti compspsing at least a fragment of the extreme amino-
terminal coding nucleotide sequence of a yeast G protein-

coupled receptor and a second segment downstream from said

10 first segment and in correct reading frame therewith, the
second segment comprising a nucleotide sequence encoding a
heterologous G protein-coupled receptor. The yeast segment

in this regard may be provided to actually act as a reporter

sequence, rather- than to serve to enhance effective

15 expression of the heterologous G protein in the yeast
system. Thus, certain embodiments comprise a gene sequence

encoding a yeast segment of a yeast G protein-coupled

receptor, that acts as a reporter segment, in that it

encodes a peptide that may be detected through conventional

20 means, such as antibody binding, and the like. Preferred in
this regard is all or a portion of a yeast pheromone

receptor fused to a heterologous G protein coupled receptor,

which may be used primarily as an "epitope tag"” for the

highly specific detection of expression of the desired

25 heterologous receptor using antibodies directed specifically
to the epitope sequence expressed. In constructing such a
vector, the yeast segment may be positioned upstream to the |
heterologous protein, or alternatively, a fragment of the

extreme amino-terminal coding sequence of the heterologous

30 G protein-coupled receptor may be deleted, and the yeast
segment fused directly thereto. In some cases, one or more

of the amino terminal transmembrane domains or intracellular

domains of the Theterologous protein are deleted.
Alternatively, the yeast segment may be added directly to

35 the amino terminus of the heterologous receptor, thereby



to somatostatin. LY268 and LY322 cells were plated in SC Gal actose (2
%-ura, trp, his agar nmedium (2 x 10[err] cell/m). Sterile filter disks
were placed on the surface of the solidified agar and saturated with 10

[err]] of somatostatin (S- 35 12 14). The plates were then incubated
at 30[err]C for 3 days. (A LY268. S-14 was applied to filter disks
cl ockwi se fromthe top: carrier, 60 nnol, 6 nnol, 600 pnol, 60 pnol, 6
pnol . (B) LY322. S-14 was applied to filter disks 5
cl ockwi se fromthe top: 0.6 pnol, carrier, 60 nnol, 6 nnol, 600 pnol, 60
pnmol, 6 pnol. Detailed Description of the Ik®ention 10 Nucl eoti de
bases are abbreyiated herein as follows: A-Adenine .G Guani ne

- Cvt 0si ne e °ngat?3?hyhﬁn8vegéﬁ&cFplﬁﬁﬁﬁﬂi4ﬁ9$Hﬁ9§HQPQﬁRﬁQ§ﬁaied as
"ura") 15 The FEI® andd $€60RHESYrRIHIDT e¥batdph MABIdYL | O

Per hnree | L1622 Bbat PtRY Do A3 b8 Bhe BRLL SIGRO0Er, which
is operative in a yeast cell. Coding sequences for yeast G
5 protein-coupled receptors which may be used in constructing
such vectors are exemplified by the gene sequences encoding
yeast pheromone receptors (e.g., the STE2 gene, which
encodes the a&-factor receptor, and the STE3 gene, which

encodes the a-factor receptor).

10 Certain preferred chimeric receptors provided
herein comprise a yeast Ste2 protein segment fused directly
to all or a portign of a heterologous G protein receptor,
and preferably, the SHTla receptor, muscarinic receptor, «-
adrenergic receptor, or a somatostatin receptor.

15 Any of a variety of means for detecting the
effects of ligand binding can be utilized. For example,
measurement of the disassociation of Ga from Gfy can be made
through conventional biochemical techniques. However, it
should be noted that the binding of ligand to a receptor may

20 either trigger or block a detectable biological response,
which may also lend itself to measurement. One such
biological response is the ability of yeast cells to mate.
Use of the pheromone induced mating signal transduction
pathway is a preferred method of detecting the effects of

25 ligand binding in the assay systems herein presented, the
basic premise of which is discussed in more detail, as
follows.

G protein-coupled pheromone receptors in yeast
control a developmental program that culminates in mating

30 (fusion) of a and « haploid cell types to form the a/a
diploid (for a review, see G.F. Sprague, Jr. and J. W.
Thorner, in the Molecular Biology and Cellular Biology-of
the Yeast Saccharomyces: volume II, Gene Expression). The
process of mating is initiated by extracellular peptides,

35 the mating pheromones. Cells of the a mating type secrete



Arg; R- Argi ni ne Lys; K- Lysi ne Asn; N- Aspar agi ne Met ;

M Met hi oni ne 20 Asp; D- Aspartic acid Phe;

F- Phenyl al ani ne Cys; C- Cysteine Pro; P-Proline dn; Qd utam ne
Ser;S-Serine Qu;E-Gutamc acid Thr; T- Threonine G y; G d ycine

Trp; W Trypt ophan 25 H s; H Hi stidine Tyr;
Y-Tyrosine |le;l-1sol euci ne Val ; V-Val ine The terns "DNA" and
“nucl eotide sequence” are used interchangably and are neant to include all
forms of linear 30 pol ymers conprising nucleotide bases, wthout
limtation, including RNA when appropriate.2@he term " mamalian” as used
herein refers to any mammal i an species (e.g. human, nouse, rat

nonkey). The t &ThadaQ®er d%ﬁ@ik%%@drﬁépﬁnﬁ%*ﬁh“ C°i§sr'e§6éé§ ofothe
yeast, and hﬁd%trﬁ{ et fpe (Sectdte SOUEBNESS, wii Ch eaeSs onby Oﬁhﬂrcells.
materials or! OLASING D OLUANGE o3 i HRRLLHERShe Enl pefBTHR' h3Ping
phe*omones through the action of endogenous G protein- -

5 coupled pheromone receptors (STE2: the a-factor receptor,
expressed only in a« cells and STE3: the a-factor receptor

expressed only in a-cells). Both receptors interact with

the same heterotrimeric G proteins and a signal transduction

cascade that is common to both haploid cell types. Upon

10 pheromone-binding to receptor, the receptor presumably
undergoes a conformational change leading to activation of

the G protein. The a-subunit, SCG1/GPAl, exerts a negative

effect on the pheromone response pathway, which is relieved

by receptor-dependent activation. The complex of fy

15 subunits (STE4, STE18) is thought to transmit the positive
signal to an effector, possibly STE20, a putative protein

kinase [Leberer, E., Dignard, D., Harcus, D., Thomas, D.Y.,

Whiteway, M. (1992) EMBO J. 11, 4815-4824]. The effector in

turn activates downstream elements of the signal

20 transduction pathway which include STES5, and a presumptive
protein kinase cascade composed of the products of the

STE11l, STE7, FUS3 and KSS1 genés, eventually resulting in

cell cycle arrest and transcription induction. The primary

interface between elements of the pheromone response pathway

25 and cell cycle regulatory machinery is the FARI gene
product. Certain recessive alleles of FARI and FUS3 fail to

undergo cell cycle arrest in response to pheromone, while
permitting pheromone dependent transcription to occur.
Pheromone—-dependent transcription is mediated through the

30 action of the sequence-specific DNA-binding protein STE1Z.
Activation of 35TE12 results in transcription of genes
possessing a cis-~acting DNA sequence, the pheromone response

element. These pheromone responsive genes encode products

that are required for pheromone synthesis (MFal, MFa2, MFAIl,

35 MFA2, STE6, STE13) and the response to pheromone (STEZ2,



plant), or conbinations thereof not naturally found in 5 yeast. The
term"upstreamt and "downstreamt are used herein to refer to the direction
of transcription and translation, with a sequence being transcribed or
transl ated prior to another sequence being referred to as "upstreamt of 10
the latter. Anv G protein-coupled receptor, or portions thereof, as well as
t he nucl eoti de sequences encoding sane, may be enployed in practicing
the present invention. Exanples of such receptors include, but are not
limted to, 15 adenosine receptors, sonmatostatin receptors,
dopam ne receptors, chol ecystokinin receptalks, nuscarinic cholinergic
receptors, [err]-adrenergic receptors, %err -adrenergi c receptors, opiate
receptors, canf3BPnoifGleEAbr sTUSF ot Raadl ibaser Ore PARTE FIRAWR ,in cell
gl ucagon, and g§eegt9RkANCaRA! BhSion TNEUSP) , cell cycldMair@eaR! QFARS) V'Sgdd

herein is integged t 0 _enconpas subt¥ges of .the narned rgceptois, and
mutants and hohBFoJSTRBPLBFICA o RYCRCH TEANIRES &BFi BBTsBJuentRstRACHERRE
same. One skil thdti thehematcting Idrodess ubhgdemgitandonsamma bedpnyeast adeEbs

Bl e o PREGRR° bt U “Phlr SIGRAILE! 080 pneromond® K0 £8ifs ! ©

i ncl ude truncandtornhg grpeeh. Thus, in certain preferred embodiments, the
FUS3 or FAR1 gene is mutated or deleted altogether, thereby
disconnecting the cell cycle arrest pathway from the signal
transduction pathway, and allowing continued growth of the
10 cells in response to mating pheromone binding to the
heterologous receptor. Since FAR1l is a primary factor in
the cell cycle regulatory pathway, its deletion or mutation
is preferred in the expression constructs of the present
invention. Yeast cells transformed with such constructs

15 yield superior veast strains for ligand-binding assays.
The mating signal transduction pathway is known to
become desensitized by several mechanisms including
pheromone degradation and modification of the function of
the receptor, G proteins and/or downstream elements of the
20 pheromone signal transduction by the products'of the ssT2,
STE50, AFR1 [Konopka, J.B. (1993) Mol. Cell. Biol. 13, 6876-
6888] and SGV1, MSGS, and SIGl genes. Selected mutations in
these genes can lead to hypersensitivity to pheromone and an
inability to adapt to the presence of pheromone. For
25 example, introduction of mutations that interfere with
function into strains expressing heterologous G protein-
coupled receptors constitutes a significant improvement on
wild type strains and enables the development of extremely
sensitive bioassavs for compounds that interact with the
30 receptors. Other mutations e.g. STE50, sgvl, ste2, ste3,
pikl, msg5, sigl, and afrl, have the similar effect of
increasing the sensitivity of the biocassay. One skilled in
the art will understand that increased sensitivity of the
assay systems is attained through deletion of one or more of
35 these aforementioned genes, introduction of mutations that



variant forms of a given receptor, wthout |imtation. Any DNA sequence
whi ch codes for a Jerr] subunit (Herr]) nay be used to practice the
present invention. Exanples of 30 Jerr] subunits include, but are
not limted to Gs subunits, G subunits, Go subunits, Gz subunits, @,
Gl1l, Gl6 and transducing subunits. G proteins and subunits useful for
practicing the present invention include subtypes, and nmutants and
honol ogs thereof, along with the DNA sequences 35 encodi ng sane.
14 One skilled in the art will understand fromthe teachings as presented
herein that the G proteins useful in the c@#tructs and yeast cells of the
present invention may conprise neterol ogous err] subunits, yeast Ga
subunits, or 5down-reguéhitmeriitelyea¥Praesénnl oguUsilverEitard. InstAmCesan

easi |y deternmi ge ﬁ&@teﬁace%w%%'r%&dr%s%i% SUIEHd dQinadeqUa & O Uphs 51

to a particul ar héeterologous receptor |y constructing vectors as
taught herein ﬁﬂﬁsﬁ§5§ﬁr|n%v?ﬁ%ygFﬁﬁﬁFPﬁg %ﬁ I#ﬁhn&eﬁﬁndrﬁg ¢ﬁ5+€§%on§5“%o

a given assay ddletion of khecgeheai.n preferred enbodinents, Jerr] is the
G agbunlt of Introduction of a constellation of mutations in
the mating signal transduction pathway results in a yeast
cell well suited to expression of heterologous G protein-
coupled receptors, which are able to functionally respond to
their cognate ligands, while providing a biological response

10 that signals the binding of the reéeptor to the ligand.

In conjunction with one or more of the above-
referenced mutations, a particularly convenient method for
detecting ligand-binding to heterologous receptor expressed
in yeast cells is to utilize a conventional genetic

15 indicator system. Thus, in certain preferred embodiments,
the cells are provided with an additional heterologous
nucleotide sequence, comprising a pheromone-responsive
promoter and an indicator gene positioned downstream from
the pheromone-responsive promoter and operatively associated

20 therewith. With such a sequence in place, the detecting
step can be carried out by monitoring the expression of the
indicator gene in the cell. Any of a variety of pheromone
responsive promoters could be used, examples being promoters
driving any of the aforementioned.pheromone responsive genes

25 (e.g. mFal, mFa2, MFAl, MFA2, STE6, STE13), the BARl gene
promoter, and the FUS1 gene promoter. Likewise, any of a
broad variety of indicator genes could be used, with
'examples including the HIS3, G418r, URA3, LYS2, CAN1l, CYHZ2,
and LacZ genes. A particularly preferred reporter'gene

30 construct is utilized by fusing transcription control
elements of a FUSI gene to HIS3 protein coding sequences,
and replacing the original FUS1 gene with this reporter
construct. Expression of the HIS3 gene product is thereby
placed wunder the control of the pheromone signal

35 transduction pathway. Yeast strains (his3) bearing this



choice, particularly when the heterol ogous G coupled protein is all or a

portion of a somatostatin receptor. It is particularly preferred in this
i nstance that the err] subunit be coupled to a yeast derr] conplex.
Certain chimeric 15 constructs may al so provi de enhanced si gnal

transduction with regard to particul ar het er ol ogous receptors.
Particularly preferred is a chineric construct formed from fusion of the
am no term nal domain of yeast GPALl/SCGL with the carboxy term nal donain
of a heterologous Jerr], derr], and 20 especially Jerr]. Any DNA
sequence which codes for a Jerr] subunit (@3 err]) nmay be used to practice
the present invention. G proteins and subunits useful for practicing the
present i nvent CORSTRRCH S LRIARAR IO afBOHUFRALS Vadt 3R kReymed minimal
t her eof , aldongmwdtihg MQCQNAgSﬁQHQEEQtﬁ_eenﬁlﬁdi agesggﬁ._si&rbeegeétaﬁeiﬁﬁimor
express endogenqu ~ Or _may optiona engi neered to_express
het er ol ogous G° rr%]he( fog{ gﬁﬁ’rﬁwﬁ%éio T tﬂ{éostj}?é"%a‘?ﬁfeq’rraesét% R De
engi neered to pipswisishepergl auFUFlerkdcZ ene fusicn. Expressidet esdl gigous
DNA gequences e ssed Ji ' . ruct”
§ P0210%8heSI8d sl n@ 1023 Dk 'P?e@l Ciaﬁaq%;e %%e?édt r u:g{‘a?tgﬂpvﬁzc?‘:&a

or "vector". An expression_vector is areplic NA “con s )
DNA sequence eR¥OMPELIRGL hanaxsamfs DRNAreégyenceignal transduction can

be quantitated by measuring f-galactosidase activity
generated from the FUSl-lacZ reporter gene.

Other useful reporter gene constructs, still under

10 the control of elements of the pheromone signal transduction
pathway, but alternative to the above-discussed reporter
systems, may involve signals transduced through other
heterologous effector proteins that are coexpressed. For
example, 1) ligand-dependent stimulation of a heterologous

15 adenylylcyclase may permit a yeast strain lacking its own
adenylylcyclase due to mutation in the cdc35 gene to
survive, 2)ligand-dependent stimulation of a heterologous G
protein-coupled potassium channel may permit a yeast strain
unable to grow in medium containing low potassium

20 concentration [ (trkl, trk2), for example, see Anderson, J.A.
et al (1992) ( Proc. Natl. Adad. Sci. USA 89, 3736-3740] to
survive, or 3) ligand-dependent stimulation of a
heterologous phospholipase C (especially PLC-$) may permit
a yeast strain lacking its own PLC [(plc), for example, see

25 Payne, W.E. and Fitzgerald-Hayes, M. (1993) Mol. Cell Biol.
13,4351-4363] to survive.

Any DNA Sequence which codes for an
adenylylcyclase may be used to practice the present
invention. Examples of adenylylcyclase include the product

30 of the D. melanogaster Rutabaga gene and the mammalian
subunit types I-VIII ([for review see, Tang, W.-J. and
Gilman, A.G. (1992) Cell 70, 869-872], and mutants and
homologs thereof, along with the DNA sequences encoding
same, which are useful for practicing the present invention.

35 Any DNA sequence which codes for a G protein-gated



operably linked to suitable control sequences capable of 35

affecting the expression of a protein or protein subunit 15 coded for by
t he heterol ogous DNA sequence in the intended host. General |l y, eukaryotic
control sequences include a transcriptional pronoter, however, it may be
appropriate that a sequence encodi ng suitable nRNA ri bosomal binding 5
sites be provided, and (optionally) sequences which control the

termnation of transcription. Vectors wuseful for practicing the
present invention include plasmds, viruses,4including bacteriophage), and
i ntegratabl e DNA fragments (i.e., fragments integratable into the host
genone by 10 tass:.glﬁlnex'hﬁnqéecom N@lel ORged =JhereREi%e Mie NHRBd&REC
and function |58e pendent|y_ t he host . enone as in . the case of a plasnd,
or may |ntegratEVFHF&°Phe gﬁﬁ@ﬁéeﬁt%g PIQUINTFRURLER RITIFSIHE Jidnndt e

DNA fragnent . Snt:ﬂ.&ﬁbeG\mmorxmmol I Vcomteamemplj.qorsmmu,rcﬂ.pse,qummes

& host - Neo, I35 "GO0 SPPOLsP SRUHALI Wed, Middy Jdifeyl " A s
expreSS| on hos For anp operanble 1n a host IS ohe
whi cB bi nds thgsamlpfmyma@@l@mq rfd‘te @élelsenemd'larentlon, and mutants and

homologs thereof, along with the DNA sequences encoding
same.

Any DNA sequence which codes for a phospholipase -
protein may be used to practice the present invention.

10 Examples of phospholipase (PLC) proteins include the D.
melanogaster norpA gene product and the PLC-f proteins [for
review, see Rhee, S.G., and Choi, K.D. (1992) J. Biol. Chem.
267, 12392-12396], subunits useful for practicing the
present invention, and mutants and homologs thereof, along

15 with the DNA sequences encoding same.

A particularly preferred yeast expression system
is described herein, having yeast cells bearing SSTR and
chimeric G-protein, and dependent upon the presence of
somatostatin for continued growth. As noted above,

20 transformed host cells of the present invention express the
proteins or protein subunits coded for by the heterologous
DNA sequences. When expressed, the G protein-coupled
receptor is located in the host cell membrane (i.e.,
physically'positioned therein in proper orientation for both

25 the stereoselective binding of ligands and for functional
interaction with G proteins on the cytoplasmic side of the
cell membrane). Implementation of the sensitive and
specific yeast expression system described herein will
facilitate description of structural and functional aspects

30 of receptor-ligand and receptor-G protein interactions.
Powerful genetic selection schemes, made possible by
modification of elements of the mating signal transduction
pathway, may be employed to identify aspects of the receptor
that have effects on agonist selectivity, ligand stereo

35 selectivity, and determinants of agonist/antagonist binding.



ri bosonmal binding site operable in a host cell is one which binds the
endogenous ri bosones of that cell. 20 : DNA regions are
operably associ ated when they are functionally related to each other. For
exanple: a pronoter is operably linked to a coding sequence if it controls
the transcription of the sequence; a ribosone binding site is operably

| inked to a coding sequence if it is positioned so 25 as to permt
transl ation. Cenerally, operably |inked nmeans contiguous and, in the case
of | eader sequences, contiguous and in readgng phase. Transformed host
cells of the present invention are cells which have been transformed or

transfected w d’l‘r{’é 3bie of prébs NECLRL$S Q@&it‘rfuﬁ‘i@d*B%b@ﬁs"ee%‘fnb'eﬁﬁprcow

t echni ques and expr ess t he pro e| n or proteln subuni t code

het'er ol ogous B%s%qﬁ’éﬂ&%éns R \J‘af’ﬁé‘ﬁy"’@f" RESTOTELF LPRE, —&neegamlaméh
expressi on vedtn s faysigensd®odr niow yeddls celdowerdiud kngametiee esg¢stekl.S.

4615, 074; U SREGRYARTIY, (iR osvaremphaiitsts afdfpiiied;anproghl o q:

U. S5 Patent the study of the functioning and components of the G
protein-coupled signal transduction system, as well as a
generalized approach to screening assays utilizing the G
protein coupled signal transduction system. The present
invention provides expression constructs and assay systems

10 adapted to receive any of a variety of heterologous G
protein coupled receptors, in the form of "expression
cassettes”. The heterologous G protein-coupled receptor it

is desired to study is simply inserted into the vectors

herein provided, and expressed in yeast cells. Ligands that

15 may bind to the expressed receptor are allowed to come into

contact with the cells in any conventional assay manner, and

the effects of the interaction are easily monitored. The

systems presented herein thus provide tremendous utility in

the identification of ligands for orphan G protein-coupled

20 receptors and for discovering novel therapeutically useful

ligands for receptors of medical, veterinary, and
agricultural importance.

The following Examples are provided to‘further

illustrate various aspects of the present invention. They

25 are not to be construed as limiting the invention.
EXAMPLE 1
30 Functional expression of mammalian G «

proteins in Saccharomyces cerevisiae.

A sensitive bioassay is utilized to measure
interference of yeast Ga and GBy interactions byv expression
35 of heterologous Ga& proteins. Mammalian G& genes are



No. 4, 865,989. Saccharonyces cerevisiae is the nost commonly used anong the
yeasts, although a nunber of other yeast species are commonly avail abl e.
See. e.g., US. Patent No. 5 4,806,472 (Kluveronyces lactis and
expression vectors therefore); 4,855,231 (Pichia pastoris and expression
vectors therefore). Yeast vectors may contain an origin of replication from
t he endogenous 2 micron yeast plasmd or an autononously replicating

sequence (ARS) which confers on the 10 plasmd the ability to
replicate at high copy nunber in the yeast cell, centromeric (CEN)
sequences which [imt the ability of the plamd to replicate at only | ow
copy nunber in the yeast cell, a pronoter, DNA encoding the heterol ogous

DNA  sequencesxpressgdefcem 2y @r ceng semersteeaning phdsméds under the
transcription Lgh¥-Rati SE %{E’ %o%@cfﬁ%ﬁb'xfe MBGker o geNGhe Examcauep' agpy ds

and detailed of materials _and netho for nmakin andL§§|n%fsane

DL
provi ded in t hBFERRMSTes §§@tpéﬁa ARPOPSEHFES CRBELIFE L UGG dPfng ARd
yeast systens chimeeitelydsx)anmabian NGkheanorsfeottisrednd tetdsad® with

of tge pr esent ﬁ§¥gn§ﬂ%n. Sui t abl e pronoti ng sequences in yeast vectors
I ncl Ude the prg f'ér nmetal | ot hi onei n, 3- phosphogl ycerate kinase (PGK)

[H|tzenan et al., (1980)MdeaandCﬁ¢mB4@55 XrBitiorodt hactgrjadl pitirains
enzymes ((Hessagl Blasmid9%8hipull¥YonsNaYBEpERIorfed1BP] staRdath! h&PEL&5

(Maniatis T., Molecular Cloning, (Cold Spring Harbor
Laboratory Press, 1982). Growth and transformation of yeast
10 strains are performed as described in Rose et al. (Rose
M.D., Methods in vyeast genetics, Cold Spring Harbor
Laboratory Press, 1990). The yeast strains used in these
studies (CY414, MATa ura3-52 trpl leu2 his3 pep4::HIS3)
originate from strains described by E.Jones (Jones, E.W.,
15 Ann,. Rev. Genet 18:233, 1984). CY4l4 is sequentially
transformed with the FUSl1-lacZ fusion plasmid pSB234
(Trueheart J., et al Mol. Cell. Biol. 7(7): 2316-2328, 1987)
and Ga expression plasmids.
Construction of G aexpression plasmids. Rat cDNA
20 clones for Ge&, and Ga,, and for fusions with the yeast SCG1
gene are described elsewhere [Kang, Y.-S., Kane, J., Kurjan,
J., Stadel, J.M., and Tipper, D.J. (1990) Mol. Cell. Biol.
10, 2582~-2590]. To express these genes from low-copy-number
plasmids, XhoI-Sall fragments containing each expression
25 cassette (including the PGK promoter and terminator
sequences) are isolated and cloned into the CEN plasmid
pRS414 digested with Xhol. For inducible expression, the
DNA segment containing PGK promoter sequences are replaced
with upstream activating sequences form the CUPl gene.
30 p-galactosidase assays. Cultures are diluted to
5%x10" cells/ml and aliquotted into separate tubes.
Pheromone is added to a final concentration of 10-°M to one
sample. Cultures are then incubated for 4 hrs at 30°C.
Subsequent measurement of f-galactosidase activity is
35 conducted as described elsewhere (Rose M.D., Cold Spring



25 al., (1978) Biochemstry 17, 4900], such as enolase,

gl ycer al dehyde- 3- phosphat e dehydr ogenase, hexoki nase, pyruvate,

decar boxyl ase, phosphof r uct oki nase, gl ucose- 6- phosphate isonerase, 3-
phosphogl ycerat e nmutase, pyruvate kinase, triosephosphate isonerase,
phosphogl ucose i sonerase, 30 and gl ucoki nase. Suitable vectors and

pronoters for use in yeast expression are further described in R Htzeman
et al., EPO Publn. No. 73,657. Oher pronoters, which have the additional
advant age of transcription controlled by growh conditions, are the

pr onot er regi ons for alcohol 35 27 dehydr ogenase,
1,2,-isocytochrone C, . acid hosphat es 17 degradative enzvnes

47

; pne
associ at ed mﬁtﬁaﬁPPFo&éﬁoﬁéFQEBIF§ﬁFsand£¥%@-aforenentioned met al | ot hi onei n
and gl yceral dehyde- 3- phaiphatandiebyd-egppanembas WEldsmisdenzet®ying the

| nduci bl o pronbEarT GAGE path | cHPBIRY BRer arbed FBr GE hePBi b UARTRES
PGK, GAL1, andyebsolwenmahjanogemnasieno®Hexnuaasest s from- Akl yyeasn PGK
gggg% ir gtcte ijngvi fgf{,ﬁgggrewéeﬁm@fakﬁém f8tolH8i FAE 158 | AL SLBONLCHS also
containing & plasmid carrying a FUSI-lacZ gene fusion.
Expression of the FUSI gene is stimulated in response to
receptor activation by binding of pheromone. Therefore,
signal transduction can be quantitated by measuring p-
10 galactosidase activity generated from the FUSI1-lacZ reporter
gene. Interference of normal signal transduction by
expression of a heterologous Ge& protein is observed as a
decrease in P-galactosidase activity.

Strains expressing introduced Ga genes are assayed

15 for pheromone-induced gene activation. Data are represented
as percent of wild-type response in Figure 1. Expression
from all Ga plasmids reduced FUSl1-lacZ expression levelé
demonstrating that the Ga proteins functionally coupled to
yeast GBy. A dose dependence was observed for Scgl, Gas and

20 Gay, . Expression from high-copy-number plasmids greatly
reduces signaling suggesting that a large excess of
heterologous Ga protein is present. The Scg-Gei2 chimeric
protein reduces signaling to near the unstimulated
background levels even from the low-copy-number plasmid.

25 Other CEN expression plasmids reduce signaling to 53 to 84%
of wild-type levels.

To achieve more precise control of Ga expression
and reduce expression to a level sufficiently low that
minimal effects on pheromone induced signaling will occur,

30 Ge genes (except Gas) are placed under the control of the
inducible CUPI1 promoter and transformed into yeast on low-
copy-number plasmids. The level of signaling represéion
mediated by these plasmids is dependent on the concentration
of Cu++4 added to the medium (Figure 2). However, basal

35 expression (no Cu++4 added) was equivalent to levels



genes may al so be ligated into the expression vector 3' of 10 t he
het er ol ogous codi ng sequences to provi de pol yadenyl ati on and term nati on of
t he nRNA. In preparing the preferred expression vectors of the present
invention, translational initiation sites are chosen to confer the nost
efficient expression of a given nucleic acid sequence in the yeast 15

cell [see Cgan, M and T.F. Donahue 1987, GENE, Volune 59, pp. 1-18, for a
description of suitable translational initiation sites]. A particularly
preferred nucl eoti de expression vector useful for carrying out the present

i nvention conprises such 20 an af oPénent i oned pronot er sequence,

positioned upstfeamto the translagjgnal initiation site.,of the .

het er ol ogous nBPFEETEFe T err?’@ e‘%@gdpr‘f&mlo&ert hékﬁ‘é'ﬂ’é?oﬁ‘c}g‘ous piBt &
coupl ed recept peewtious eéeperddtena,exheeSCC-gud 2 whimerdst peding fedauoes
therewith. Parti . Rret 1 | 1 this regard are
the GALL, PG%}gHggékgADﬁ Sﬁéggtg%ggeggéﬁﬁigﬁ%%ﬁsdf the af or enent i oned
pronmot or upstream to theT&gosiata predentashain i higueesoh snde riynditatiese

eXPrgss] ion of aphjet slwld@a%asppés)éﬂm-pllarszﬁm%%ﬂfﬁd gﬂ:gﬁ@imt&om
heter ol ogous. & p PR ubhe Fiatechpy o PRiBYFaiie STHRAR: SEARSIHRRHor
have di scover egatheaysucisiwdrd constépuaisre promoter (PGK), most Ga genes
exhibit a dose~dependent effect with high-copy-number 2
micron plasmids drastically reducing signaling (Figure 1}.
10 Lower expression from CEN plasmids reduce signaling levels
as little as 16% (See G,, Figure 1l). Expression of the Ga
genes from the CUPl promoter shows expected dose/response
effects with reduced signaling correlated to increased Cu++
concentrations (Figure 2).
16

EXAMPLE 2

Pharmacological evaluation of heterologous
20 G protein-coupled receptors expressed
in Saccharomyces cerevisiae

Yeast strains. Growth and transformation of yeast
strains are performed as described (Rore, M.D., Methods in
25 Yeast Genetics, Cold Spring Harbor Laboratory Press, 1990).
The yeast strains used in these studies (CY414; MATa ura3-52
trpl leu2 his3 pep44HIS3) originate from strains described
by E. jones {(Jones, E. W., Ann. Rev. Genet, 18:233, 1984).
'Nucleic acid manipulation. Growth of bacterial
30 strains and plasmid manipulations are performedfby standard
methods [Sambrook, J., Fritsch, E.F., and Maniatis, T.,
Molecular Cloning, 2nd ed. (Cold Spring Harbor Laboratory
Press, 1989)]. DNA sequencing is performed by high
temperature cycle sequencing (Applied Biosystems).
35 Protein analysis. Receptor expression strains are



are not critical to achieve receptor expression in yeast. This is contrary
to the art accepted teaching in this regard [see King, et al. cited infra].
35 In certain other enmbodi nents however, at |east a
fragnent of the 5[err]-untransiated region of a yeast gene is positioned
upstream from the heterol ogous G protein coupled segnent and operatively
associ ated therewith. To that end, the present invention also provides
constructs having 5 suitabl e pronoters and translational initiation
sites as described above, but these construgts include a yeast segnent
conprising at least a fragnment of the extre am no- term nal coding

Seqment dounst SEAHT o sap ALEDecoe  CoMRLERY s SRAES anderALEs, r SBFCLELC
readi ng frame MhEDSENTE Tcheedecundoge grlasmicomertiesitigna andc centtedaing 3%
sequence encodigig s JRler b ogq o) |45,L£0 d gk on.Th t

segnent in thi s?ﬁr Qag;rzﬁt may be Bl’ﬁg\% de%e?o%a%tﬁg+? ea_?’?%ggq'anrepgcrz%{gﬁg are
sequence, rat h®fLiREed o NG vevashedhapBe dvBdst i \auffier (10 mMprsedium

of the heterol pgeasrbondtd,ciph im 2,he weeEGTAYSLemM EDWA) €ReharBsuspended
embodi ment s conpr §Sig 889?e§%§ §§"§§otease inhibitors (5 pg/ml leupeptin,
10 pg/ml benzamidine, 10 ng/ml Bacitracin, 5 pg/ml
pepstatin, 5 ug/ml aprotinin) and lysed by physical
disruption with glass beads. Debris 1is removed by
10 centrifugation at 1000 X g for 10 min. The membrane
fraction is isolated by centrifugation at 100,000 X g for 10
min. This pellet is washed once in 1lysis buffer plus
inhibitors. Polyacrylamide gel electrophoresis of yeast
extracts is performed by standard methods except without
15 boiling of samples. Proteins are transferred to Immobilon-P
millipore filters by the semi-dry technique. Receptor
protein is visualized using ECL reagents with rabbit anti-
Ste2 antibodies.
Radioligand binding assays. Reactions are
20 performed in a volume of 0.2 nl with 5 to 50 pg of protein.
Binding assays for SHTla receptor or P2-adrenergic receptor
ligands use buffer of 50 mM Tris, pH 7.4, 10 mM MgCl,.
Somatostatin binding is performed in a buffer of 50 mM
_ HEPES, pH 7.4, 5 mM MgCl,. After allowing ligand binding to
25 reach equilibrium at room temperature, membrane fractions
are isolated on GFC glass fiber filters. The following
final concentrations of ligands are used: radioligands-’H
spiperone, 30 nM; ‘®I-cyanapindolol, 250 pM; ['**I-tyril]-
somatostacin 14, 250 pM; competitors-serotonin, 10 pM;
30 propranolol, 20 uM somatostatin 14, 1 pM. The guanosine
triphosphate analog Gpp(NH)p is used at 100 pM.

Expression of the human 5HTla serétonergic
receptor. The gene encoding the human 5HTla receptor is
modified to add the first 14 amino acids of the yeast Ste2

35 protein, cloned into the expression plasmid pMP3 and,



encodi ng a yeast segnment of a yeast G protein-coupled receptor, that acts

as a reporter segnent, in that it encodes a peptide that may be detected

t hrough conventional 20 means, such as antibody binding, and the

like. Preferred in this regard is all or a portion of a yeast pheronone

receptor fused to a heterologous G protein coupled receptor, which may be

used primarily as an "epitope tag" for the highly specific detection of

expression of the desired 25 - heterol ogous receptor using anti bodi es

directed specifically to the epitope sequence expressed. |In constructing

such a vector, the yeast segnent may be posﬁﬁ oned upstreamto the

het erol ogous prqQtein, or alterpatively, a fragment of the ext .

am no-tern nal 8ﬁﬂ%ﬂ§a§88uﬁﬁgéegf tF@Xﬁe§EF%+ggdﬁ%s%@nat3d CY£€£? +S grown

pr ot ei n- coupl edin ecepEdirumay cbacdehdhed, galatbesyeado segndotel usssteptor

directly theret cas 5 Or, _Nor, f & ) ' .

t ransnenbr ane d%%%#%gggggfnfrgggrﬁgggr°8%ﬁ§%ﬁgec'g%fﬂg§§%éé§€;%§£iﬁﬁﬁy by

protein are kibnding. ofterchst i wadiokanehledt antpgonishy lit-spigerone.

?hreqily tolg5 Saturatibh® BThB9nker Beidds@rakle NehLRol QRIS FRGIUMY .« is

ere
y expressed at high levels (Bmax 3.2 pmol/mg protein) and

that it binds spiperone with an affinity (Kd = 115 nM;
Figure 3) similar to that observed in mammalian tissues (Kd
- 20 to 100 nM).

10 Two chimeric receptor genes are engineered; in
pCH117, sequences encoding the N-terminus including the
first two transmembrane domains of the SHTla receptor are
replaced with the corresponding sequences of the Ste2
receptor, and in pCH118, these Ste2 sequences are added

15 directly to the N-terminus of the 5HTla receptor to create
a novel nine-transmembrane-domain receptor (Figure 4).
Strains expressing these receptors are examined for binding
of radiolabelled ligand. Both receptors demonstrate
specific binding of the 5HT receptor antagonist ‘H-spiperone

20 (Figure 4). Replacement of the first two transmembrane
domains with those of an unrelated receptor does not
apparently affect binding of this ligand. Addition of
transmembrane domains do not effect binding, suggesting that
this unusual receptor can attain a functional conformation

25 in the cell membrane. Strains carrying pCHI1l, pCHIl17, or
pCHI18 produce Bmax values of 3.1, 1.6, or 0.7 pmol/mg,
respectively. Although these chimeric receptors produce
interesting results regarding receptor structure, they do
not enhance overall levels of functional receptors in the

30 cell.

All intracellular sequences of the 5HTla receptor

are replaced with corresponding sequences of the yeast Ste2

protein to directly couple the receptor to the yeast G

protein. The resultant chimeric .receptor, CHIle, is

35 expressed in a wild-type yeast strain and examined for high



el ongating the overall chineric receptor construct. The first and second
segnents are operatively associated with a pronoter, such as the GAL1
pronoter, which is operative in a yeast cell. Coding sequences for yeast G
5 prot ei n-coupl ed receptors which may be used in constructing such
vectors are exenplified by the gene sequences encodi ng yeast pheronone
receptors (e.g., the STE2 gene, which encodes the a-factor receptor, and
t he STE3 gene, which encodes the a-factor receptor). 10
Certain preferred chinmeric receptors provided herein conprise a yeast
Ste2 protein segnent fused directly to all &l a portion of a heterol ogous G
protein receptor, .and preferably, the 5HIla receptor, nuscarinic receptor,
[err]- adrener gRE“FBEEHt oPLNGFTE Vhmt-dStidt | REFEPEPEor 299B1STsS. Agonist
Qny of I a vgri etyintiAngans s f onoget @Hdel‘dg:dfdleth f gotevelr,| | geind ?i}_a@'brlg Cfn

e utilized. For..exanpl e, .measurement  of. .di sassoci at | of_
fromJerr] can” gglﬁﬁaggtllhﬁgugrfpcl%Ve?ﬂ? onﬁ#’ngfggherﬁscal g‘%%%ﬂni qﬁes.ed’}Hll'
However, it shouhdibathogedhatat-itilse tegrliter ois| eyandsseda atedagiorlewsl L0
eitheg (r1goer shabhACk gufetechall eohirdipdhadh fesponse, which may also

e

lend 1tself to neasurenent. ne such biological response is the ability
of yeast cells to nate. UEEPEPSE}RR A ShBnBUPARyCA4-REFPRETEIGnERCePtOr.

transduction The human adrenergic receptor is expressed in yeast with the
intention of using it as a model to optimize expression and
_ G protein coupling. A yeast strain expressing the receptor
10 is examined by Scatchard analysis'for binding of the ligand
*¥I-cyanopindolol. Binding is saturable and demonstrated a
Kd (23 pM), similar to that reported in mammalian tissues.
Strains with or without coexpressed Gas are then examined in
competition assays in which binding of this radioligand is
15 competed with the agonists isoproterenol or epinephrine.
High affinity binding, which is only expected to occur if
the receptor is actively coupled to G protein, was observed
in both strains (Figures 5 and 6). The extrapolated Ki
values for these ligands (isoproterenol = 10 nM; epinephrine
20 =60 nM) are consistent with affinities observed in mammalian
tissues and exhibit the expected order of potency. However,
other data suggest that the high affinity binding of
agonists to the f2-adrenergic receptor in veast is anomalous
and not a result of coupling to G protein. In particular,
25 the third intracellular loop (containing the primary Gea
contact points) of the P2-adrenergic receptor is replaced
with the corresponding domain of the yeast Ste2 receptor.
This receptor exhibits the same affinities for adrenergic
agonists suggesting that the f2-adrenergic receptor takes on
30 an inappropriate conformation in yeast.

Expression of rat somatostatin receptor. High
affinity binding of somatostatin to SSTR2 is dependent on
formation of a receptor/G protein complex (Strnad et al,
1993). When SSTR2 and G protein are uncoupled £rom each

35 other, high affinity binding of {**I]tyr**S~14 is attenuated.

n



pathway is a preferred nethod of detecting the effects of 25 | i gand
bi nding in the assay systens herein presented, the basic prem se of which

is discussed in nore detail, as follows. G protein-coupled pheronone
receptors in yeast control a devel opnental programthat culmnates in
mating 30 - (fusion) of a and a haploid cell types to formthe

al[err] diploid (for a review, see GF. Sprague, Jr. and J. W Thorner, in
t he Mol ecul ar Biology and Cel I ul ar Bi'ol ogy of the Yeast Saccharonyces:

volune |1, Cene Expression). The process of mating is initiated by
extracel | ul ar pepti des, 35 the mati¥%y pheronmones. Cells of the a
mati ng type secrete O [err]-factor, which elicits_a response i

a-cel I's; cel | sA8f SR e1‘1‘1] H‘@H‘-ﬁg $ypeinging: ©m- f 3cF bFYHR I]\4ac'3t°s T2 on
a cells. Hapl oeﬁpeebbsar eap@@ﬂstmdéwppéﬁm@@dﬁmmez nepsadargbliiengnd of

Pher omone. r ecetahs SR Hne S AT Icabr Sy & owpr dddaF 114 EBa Ry &
and STE3: the SSTR2t oexpeeepem xprreesad oal y600 FMel | s$imiBerh b iwdinar's
integact Wth s¢finities are observed when G,, is coexpressed with SSTR2
rather than Scgl/G,,. The X, observed in yeast is in close
agreement to the calculated K, of [‘¥*I]tyrS-14 binding of
SSTR2 expressed in mammalian cells (Strnad et al., 1993).
It is demonstrated that addition of the yeast Ste2 receptor
10 to the N-terminus of this receptor has no affect on its
ability to bind S-14. The Ste2 sequences act as a tag for
immunochemical examination of receptor expression. The
immunoblot shown in Figure 7 illustrates the high level of
expression of SSTR2 in three different strains. Yeast
15 strains expressing the SSTR2 somatostatin receptor and
different Ga proteins are derived from strain YPH500. These
strains share the genotype MATa scgldhisG lys2-801 ura3-52
leu2dl trplA63 his34200 ade2 SSTR2. Strains designated
_ CY624 (Geil), CY602 (Gas, and CY603 Scgl) are examined for
20 specific binding of radiolabelled somatostatin-14 (S-14).
All three exhibit some degree of somatostatin binding (Table
1). High affinity binding of this ligand requires coupling
of the receptor to G protein, normally Gei (Luthin D.R.
1993; Strnad J. 1993), so the high level of binding in the
25 absence of Gai is unexpected. As confirmation that the
receptor is coupled to G proteins, binding is examined in
the presence of the nonhydrolyzable guanosine triphosphate
analog Gpp (NH)p. The addition of this compound eliminates
ligand binding (Table 1), demonstrating that the SSTR2
30 receptor is coupled to G protein. These data demonstrate
that a mammalian G protein-coupled receptor can functionally
interact with a G protein composed of its favored G protein
plus yeast Gf and Gy subunits and that a heterologous
receptor can functionally couple to a G protein entirely
35 composed of veast subunits.



the sane heterotrineric G proteins and a signal transduction cascade that
Is common to both haploid cell types. Upon 10 pher onone- bi ndi ng

to receptor, the receptor presunably undergoes a confornmational change

| eading to activation of the G protein. The [err]-subunit, SCGL/ GPAl,
exerts a negative effect on the pheronone response pathway, which is
relieved by receptor-dependent activation. The conplex of J[err] 15
subunits (STE4, STE18) is thought to transmt the positive signal to an
effector, possibly STE20, a putative protein kinase [Leberer, E., Dignard,
D., Harcus, D., Thomas, D.Y., Witeway, M 331992) EMBO J. 11, 4815-4824].
The effector in turn activates downstream elenents of the si gnal
20 transducti on PABEBRaY.whBihdingl afie ‘**3IESomatdstapimsunptive
protei n ki nase cascade conposed of the products of the STE1l, STE7, FUS3
and KSS1 genes, eventually resulting in _cell cycle arrest and transcription
i nduction. The primary iﬁ%gﬁiaée bE#weeAmarénent s *6PPt HE3h& onone response
pat hway 25 and c¢cekba cycl gqiregul gtory naghkinery is the FARL

gene. product. Certain re Lve al leles, qf ,FARL and FUS3 fail to undergo
cxﬂf%cycle arrest in resggﬁgg to p E?onﬁﬁe? mhileggernitting pher onone
dependent transcription €66063cur. Phglofdne@- depend&nt transcription is
medi at ed t hrough the 30 . action of the sequence-specific DNA-binding

protein STE12. . .
*Crude membrane extracts were prepared from yeast

strains expressing the rat SSTR2Z somatostatin receptor

10 subtype and the indicated Gea protein. The maximal binding
of radiolabeled somatostatin 14 was measured as described in
the text. °Bmax values are given as fmol/mg total protein.
“The non-hydrolyzable GTP analog Gpp(NH)p was added to .
samples to uncouple receptor and G protein. Data are

186 presented as percent radioligand bound compared to untreated
samples.

Expression of Drosophila muscarinic acetylcholine
receptor. DNA sequences encoding a Drosophila muscarinic
acetylcholine receptor (Dm mAChR} are modified by addition

20 of a Sall site in the 5' coding sequences through the use of
PCR. DNA sequences encoding the first 23 amino acids of the
STE2 gene product are added to the 5' end of Dm mAChR as a
BamHI/Sall fragment. The modified Dm mAChR is inserted into
the BamHI site in plasmid pMP3, placing expression of the

25 receptor under the control of the GALl promoter, forming
plasmid pMP3-Dm mAChR. Strain CY414 is transformed with
this plasmid and cultured for receptor expression by
standard methods. Crude membrane preparations are prepared
from these cells and tested for the presence of specific

30 binding sites for the muscarinic antagonist 3H-quinuclidinyl
benzilate (10 nM) competed with atropine (50 pM). Specific
binding sites (Bmax 10 and 30 fmol/mg) are observed. .

Drosophila mAchR expression is also detectable by
immunoblotting methods. An abundant 75 kDa polypeptide,

35 consistent with the predicted molecuiar weight from the



Activation of STE12 results in transcription of genes possessing a
ci s-acting DNA sequence, the pheronone response el enent. These pheronone
responsi ve genes encode products that are required for pheronone synthesis
(MFal, MFa2, MFAL, 35 MFA2, STE6, STE13) and the response to
pheronone (STEZ2, STE3, SCGL/ GPAl, FUS3), facilitate or participate in
cell association and fusion (FUS1) , cell cycle arrest (FARl), and the
nor phol ogi cal events required for mating. |In the event that the mating
process is not consunmated, yeast cells 5 becone adapted to the
presence of pheronone and resunme mitotic grdéth. Thus, in certain preferred
enbodi ments, the FUS3 or FARL gene is nutated or del eted altogether, _
t her eby di sconEGAIHY (HRAUREqe GFcFRBCARy e56 FREPRRSd firbRannrles gfarrotein
transduction patyomy,laHuh akkew ner€@dt mduedieOWbhePiraBeodl from ceffk! s
in response to _mating pher ra]e Ri_ndi ngm 50 t he heterolo Qys _res\g tor.
Since FARL is &% G 28BN n-FRB PSR edll a 8&9‘ R&¥h gFEFng
del etion or nutgaiiorstd s whef er esdoiciateel exStelsi oppdapper uct{Fighrehe 9) .,
presegnt invent isom. ty pell r faar.ned .yt nstruct .
yi el d superi or s&gaggtanﬁ.ﬁ%l% f*g}%i?al—n%&%iqﬁdil\#g gsegg%?.egp whield ﬁAE:RR 1S
expressed from pMP2, a derivative of pMP3 1lacking GAL4
sequences, which is not expected to confirm high level
expression of mAchR.
Expression of an ®-adrenergic receptor ( 2=AR).
10 An EcoRI-NarI fragment from plasmid" pMP3, including the
GAL1,10 promoter EcoRI-BamHI fragment, DNA sequences
encoding the first 23 amino acids of the STE2 gene product
present on a BamHI-Sall fragment, SalI-Sphl polylinker
fragment from YEp352, and STE7 terminator sequences, is
15 transferred to pRS424, forming pLP15. A PstI-Pvull fragment
encoding a porcine «2A-AR [Guyer, C.A., Horstman, D.A.,
Wilson, A.L., Clark, J.D., Cragoe, E.J., and Limbird, L.E.
(1990) J. Biol. Chem. 265, 17307-17317] is inserted into the
PstI-Smal sites of pLPl5, forming pLP50. An EcoRI fragment
20 of GAL4 is inserted into the EcoRI site of pLP50, forming
pLP60. Strain LY124 [a derivative of YPH500 (Stratagene)
containing the scgldhisG allele and bearing plasmid pLP1l0
{pLP10: pUN75 (Elledge, S.J. and Davis, R.W. Genetics 87,
189-194) containing the PGK-Scgl-Gai2 XhoI-Sall fragment
25 from pPGKH-Scgl-Gai2 inserted into the Sall site] is
transformed with pLP60 and cultured for receptor expression
by standard methods. Crude membrane preparations are
prepared from these cells and tested for the presence of
specific binding sites for the «2-AR antagonist 3H-
30 rauwolscine (200 nM) competed with phentolamine (10uM).
Specific binding sites with a Bmax of between 10 and 84
fmol/mg were observed. . '
Porcine ®2AR expression is also detectable by
immunoblotting methods (Figure 10). Several abundant
35 polypeptides are detected in samples of protein (30ug/lane)



The mating signal transduction pathway is known to becone desensitized by
several nechanisns including pheronone degradation and nodification of
the function of the receptor, G proteins and/or downstream el enments of the
20 pheronone signal transduction by the products of the SST2,
STE50, AFR1 [ Konopka, J.B. (1993) M. Cell. Biol. 13, 6876- 6888] and
SGvl, MSG5, and SIGL genes. Selected nmutations in these genes can lead to
hypersensitivity to pheronone and an inability to adapt to the presence of
pher omone. For 25 exanple, introduction of nutations that
interfere wwth function into strains expres3 ng heterol ogous G protein-
coupl ed receptors constitutes a significant inprovenent on wild type
strains and eneflrbmsctbaedeemﬂmmerﬂreﬁamtiml:&*mmei Lllisvexprreassagse fZAR
conpounds t hat e £pko

e.g. STESO0, Sggk@h.#ﬁg% H%qu Qtlbogv a1£§8 a%dgg?l?gihaveQH%e ity d
ef fect of |ncréégpngbﬂﬁ@0§en5|t|V|ty of t he bloassay One skilled in the

art will understand that increased sensitivity of the assay systens is
attaéned t hrough del etion of one or nore of 35 t hese af orenenti oned
genes, introduction of nutations that

EXAMPLE 3

Agonist dependent growth of yeast in response to
somatotstatin receptor agonists.
10
Yeast strains that respond to somatostatin are
created by introducing several modifications into typical
laboratory yeast strains. First, a cDNA encoding the:
somatostatin receptor subtype 2 (SSTR2) is placed under the
15 control of the galactose-inducible GAL1 promoter in a
multicopy yeast plasmid (Figure 11). High level expression
of receptor is accomplished by inducible co-overexpression
of the transcriptional activating protein GAL4 from the same
plasmid. Second, the endogenous G« protein gene, GPA1l/SCG1,

20 is replaced with a chimeric gene composed of an amino
terminal domain from GPAl/SCGl, and C-terminal sequences
from rat Gai2 (Figure 12). Expression of chimeric G

proteins in yeast have previously been shown to suppress the
growth defect of scgl/gpal mutant cells [Kang, Y.-S., Kane,
25 J., Kurjan, J., Stadel, J.M., and Tipper, D.J. (1990) Mol.
Cell. Biol. 10, 2582-2590]. Third, the FARl gene is deleted,
permitting continued growth in the presence of an activated
mating signal transduction pathway. The FARl protein is
thought to serve as the primary interface between the mating
30 signal transduction pathway and cell cycle machinery (Chang,
F. and Herskowitz, I. (1990) Cell 63, 999-1012; Peter, M.,
Gartner, A., Horecka, J.,.Ammerer, G., and Herskowitz, I.
(1993) Cell. Biol. 13, 5659-5669]. Fourth, the FUS1 gene is
replaced with a reporter gene construct made by fusing
35 transcription control elements of the FUS1 gene to HIS3



22 down-regul ate their expression, or in certain instances, effecting their
overexpression. For exanple, in the STE50 construct, overexpression of the
gene is desired, not deletion of the gene. 5

I ntroduction of a constellation of nutations in the mating signal
transduction pathway results in a yeast cell well suited to expression of
het er ol ogous G protein- coupled receptors, which are able to functionally
respond to their cognate |ligands, while providing a biological response 10
that signals the binding of the receptor to the ligand. In conjunction with
one or nore of the above- referenced nutatioh&, a particularly convenient
nmet hod for detecting |igand-binding to heterol ogous-receptor expressed in
yeast cells is PEOGEHY £0% "G SPENCNSRS GBREEPY P3acing exprRgsiqnopt the

system Thus, HIsGegkaien F&baher:r efldetbeenesherol hefcehe spRé LombRY i §€§nal
bher omone r espofePIS eGP FRHIMEN: | ndl etors oo P e PRRRATS rEaHs
from the pherononastesyginsine ghbaoter grod pperdyi wal suprsicmiernwed 2inimal
theregi th.  WtRagyah i‘aéﬁﬂﬁgnﬁfséi‘d%é%q ta'l‘;e @Ehgﬁftk% §&e?-£n@{h:?31,2, 4s
carried out by nonitoring t expression of the indicator _gene 1n the cell.
Any of a variet §TépZpher ondRe, an inhibitor of the HIS3 gene product.
Receptor activation by agonist-binding leads to increased
HIS3 protein expression, a corresponding increase in
resistance to AT, and, therefore, the ability to grow on
10 medium lacking histidine and/or in the presence of the
inhibitor. Adjusting the pH of the growth medium to > pH
5.5 enhances the ability of such cells to grow in presence
of agonist, presumably due to an increased ability of
somatostatin to bind to SSTR2.
15 The utility of the yeast expression system lies in
its adaptability to rapid mass screening. To facilitate
screening for novel therapeutics directed at the SSTRs, a
convenient agar plate bioassay 1is developed in which
functional coupling of somatostatin binding to receptor and
20 subsequent activation of the mating signal transduction
pathway is detected as a zone of growth (halo) around
applied compounds (Figure 13). Overnight liquid cultures of
.LY268 ([a derivative of YPH500 (Stratagene) MATa ura3-52
lys2-501 ade2 trplA63 his3A200 leu2Al farlALYS2 scglAhisG
25 fuslAFUS1-HIS3 sst2AADE2 bearing the SSTR2 expression
plasmid and the SCGl-Gei2 expression plasmid pLP82 in SC
dextrose (23%) lacking ura, trp were transferred to SC
Lactate medium (2%) lacking ura and trp and subsequently SC
galactose (2%) medium lacking ura and trp. Cells (2 x10%)
30 are then plated in 30 mi of SC galactose (2%) lacking ura,
trp, and his agar (Figure 13, top panel), or'spread evenly
on the surface (Figure 13, bottom panel), the indicated
amounts of selected compounds applied to paper disks
situated on the surface of the agar plate, and incubated at
35 30°C Zor 3-5 days. Halos of growth are observed around



responsi ve pronoters could be used, exanples being pronoters driving any of
t he af orenenti oned pheronone responsi ve genes 25 (e. g. nfFal, nfaz,
MFA1, MFA2, STE6, STE13), the BARL gene pronoter, and the FUS1 gene
pronoter. Likew se, any of a broad variety of indicator genes could be
used, wth exanples including the H S3, (418r, URA3, LYS2, CANl, CYH2, and

LacZ genes. A particularly preferred reporter gene 30 construct
is utilized by fusing transcription control elenents of a FUS1 gene to

HI S3 protein coding sequences, and replacing the original FUSL gene with
this reporter construct. Expression of the H S3 gene product is thereby

| aced under the control t he pheromone si gnal transducti on
Bat hway.  YeaStS$tS & aﬁﬁé’r@iﬁegylggaf’ﬁﬁ Y1pgi ggncegtg BRiPRScPLafemappatatin

grow poorly on(SuﬂﬂheenmtEK6WBHﬂaaheﬂaﬂepﬁhbécknamob:GEI§bﬂ§to§ﬂ?t?§eghat
embodi ment s, pEALRAE Eiﬁrg‘; Aerhiny BERBIREL b | BxlRdco i BRERFE L heos,
FUS1 gene is sﬁﬁﬁﬁﬁﬁﬂéﬁlb resP¥ohte Ro rEsdisgdiorgenct iReat Baadyy Bi pdCugley,
phergnone. Thepef orgerpbgalp .l apgdevedaN GA" zacchei, A., Cordes, E.,
Anderson, P., and Hirschmann, R. (1981) Life Sci, 35, 1371-
1378]. Halo size increases in proportion to the amount of
agonist applied and a significant response is observed even
at the lowest amount applied (6 nmol S-14), demonstrating
10 the exquisite sensitivity of the assay. No detectable
response 1s observed with carrier alone, or to met-
enkephalin, an opiate receptor agonist, demonstrating the
high specificity of the aséay.
Yeast medium and culture conditions are formulated
15 according to standard procedures and DNA-mediated
transformation of yeast is by the LiAc method [Sherman, F.,
Fink, G.R., and Hicks, J.B. (1986) Methods in Yeast Genetics
(Cold Spring Harbor Laboratory Press]. LY268 is constructed
: by sequential insertional deletion wusing recombinant
20 scgl:AhisG, farlALYS2, FUS1AHIS3, and sst2AADE2 alleles.
- The scglAhisG allele is assembled by inserting the hisG-
URA3-hisG fragment from pNKY51 [Alani, E., Cao, L., and
Kleckner, N. (1987) Genetics 116, 541-545] between the 5'
EcoRI-HindIII and 3' SphI-SnaBI fragments of SCGl/GPAl.
25 After DNA-mediated transformation of appropriate vyeast
strains and selections for replacement of the chromosomal
allele, the URA3 gene is removed by inducing recombination
between hisG repeats by growth on 5-fluoroorotic acid (FOA)-
containing medium [Boeke, J., Lacroute, F., and Fink, G.
30 (1984) Mol. Gen. Genet. 197, 345—346]; The farlALYS2 allele
is constructed by amplifying two fragments of the FAR1 gene
[Chang, F. and Herskowitz, I. (1990) Cell 63, 999-1012] from
- yeast genomic DNA (strain YPH501, Stratagene) using
synthetic oligonucleotides that introduce an EcoRI site at
35 1201 in the 5' fragment and an HindIII site at position 2017



be quantitated by neasuring [err]-gal actosi dase activity generated fromthe
FUSL1l-l ac[err] reporter gene. O her useful reporter gene constructs, stil
under 10 the control of elenments of the pheronone signal
transducti on pat hway, but alternative to the above-di scussed reporter
systens, may involve signals transduced through ot her heterol ogous effector
proteins that are coexpressed. For exanple, 1) |igand-dependent
stinmulation of a heterol ogous 15 adenyl yl cycl ase nay pernmt a yeast
strain lacking its own adenylyl cycl ase due to nutation in the cdc35 gene to
survive, 2)ligand-dependent stimnulation of 38 heterol ogous G protein-coupl ed

potassi um channel nay permt a yeast strain unable to grow in medi um
cont ai ni ng | owapek asSiakh 2dte at 282origermbhentd 'orffagmeiy . tr'l'dm fn‘agments

exanpl e, see AEQQVSOé‘lode&\ ointd (E832) L&S!@%/S&?i' pgé‘SK

3736-3740] to rvive, ent st atlon
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product Sprague, G.F. (1992) Genes Dev. 6, 1293] and used to
transform appropriate yeast strains. The sst2AADE2 allele
(Dietzel, C. and Kurjan, J. (1987) Mol. Cell. Biol. 7, 4169~
10 4177] is built from a 2.5 kb fragment of the ADE2 gene
amplified by PCR using oligos that placed a Cla site at
position 1 and an Nhel site at position 2518. This fragment
is used to replace the internal ClaI-Nhel fragment in SST2.
The sst2AADE2 fragment is released by digestion with Salrl
15 and used to transform appropriate yeast strains.
The multistep construction of the SSTR2 expression
plasmid, pJH2 (Figure 11), is initiated by inserting a
SphI/NarI fragment of 3' untranslated region from the STE7
gene [(Teague, M.A., Chaleff, D.T., and Errede, B. (1986)
20 Proc. Natl. Acad. Sci. USA 83, 7371-7375], and an
EcoRI/BamHI fragment of the GAL1/10 promoter [Yocum, R.R.,
Hanley, S., West, R., and Ptashne, M. (1984) Mol. Cell.
Biol. 4 1985-1998] into appropriate sites in YEp352 [Hill,
J.E.,'Myers 2, A.M., Koerner, T.J., and Tzagoloff, (1986)
25 Yeast 2, 163-167.], creating pEKl. A PCR product, encoding
the open reading frame and transcriptional termination
sequences of the GAL4 gene, is amplified with oligos
containing S' EcoRI and 3' AatII sites and inserted into
PEK1l, creating pMP3. The cDNA encoding rat SSTR2 (Strnad,
30 J., Eppler, C.M., Corbett, M., and Hadcock, J.R. (1993) BBRC
191, 968-976] is modified by PCR using oligonucleotides that
add & BglII site in the DNA sequences encoding the amino
terminus of SSTR2 and a BglII site directly after the
: translational stop site. SSTRZ2 coding sequences are
35 inserted as a BglII PCR fragment into the BamHI site of pMP3.



30 of the D. nel anogaster Rutabaga gene and the manmal i an subunit
types -VIll  (for review see, Tang, W-J. and Glman, A G (1992)
Cell. 70, 869-872], and mutants and honol ogs thereof, along with the DNA
sequences encodi ng same, which are useful for practicing the present

I nvention. 35 Any DNA sequence which codes for a G
prot ei n-gat ed 24 potassium channel may be used to practice the present
i nvention. Exanples of G protein-coupled potassium channel include G RK1l

[ Kubo, Y. Reuveny, E., Slesinger, P.A, Jan, Y.N, and Jan, L.Y. (1992)
Nat ure 365, 802-806], subunits 5 us#Pul for practicing the present
invention, and mutants and honol ogs thereof, algng with the DNA sequences

encodi ng same. Any DNA s&hfsfid RhES? d(?d&u%rlzé pﬁogﬁﬁﬁFFB§§§dpP8t EiFsHay
be used to pragepleadifgy ﬁhéSﬁW&I!BN@RIIprmdﬁhr fraamenEXaﬂp¢EGKm¢SCGI-Gas

Product and ¢ hd PEEH SFrTSpr ol kiR (o r BUFARR” oot el sl T3ffa: crpd
K.D. (1992) J. TBpper,Ched. 2699012392-12996] Biabuni0s &5&2u2596i, with a -
prackicing thepsdsfied SCG1 promoter fragment [Dietzel, C. and Kurjan, J.
(1987) Cell 50, 1001-1010] amplified from yeast genomic DNA
using oligonucleotides that introduce 5' XholI and 3' EcoRI
sites at positions -200 and -42, forming plasmid pLP61. The
BamHI fragment encoding Gas domain is replaced with a
10 comparable fragment encoding Gei2, forming plasmid pLP71.
The XholI/Sall fragment of pLP71 encoding an SCGI-Gai2
chimeric G protein expressed under the control of the SCG1
promoter is transferred to the Sall site in pRS414
(Stratagene), forming pLP82.
185 ' Plasmid pLP83 is constructed by replacing the
' EcoRI fragment in pLP71 with the EcoRI fragment encoding I
from pPGKH-SCGl [Kang, Y.-S., Kane, J., KRurjan, J., Stadel,
J.M.,. and Tipper, D.J. (1990) Mol. Cell. Biol. 10, 2582-
2590], forming plasmid pLP7S. The XhoI/Sall fragment
20 encoding SCGl is transferred to the Sall site in pRS414
(Stratagene), forming plasmid pLP83.

EXAMPLE 4
25 Effects of G protein expression on the
sensitivity of the bioassay.

Yeast strains LY268 (pLP82: CEN pSCGl-Scgl-Gai2),

LY262 (pRS414-PGK-Scgl-Gai2: pRS414 containing the PGK-Scgl-

30 Gai2 Xho/Sall fragment from pPGKH-Scgl-Gei2 in the Sall
site), LY324 (pLP84: 2u pSCGl-Scg-Gei2), and LY284 (pRS424-
PGK-Scg-G&i2: pRS424 containing the PGK-Scgl-Gai2 Xho/Sall

fragment from pPGKH-Scgl-Gei2 in the Sall site) were
constructed by placing the designated plasmids in strain

35 LY260 [a derivative of YPHS00 (Stratagene) MATa ura 3-52



present invention, and nutants and honol ogs thereof, along 15 W th
t he DNA sequences encodi ng sane. A particularly preferred yeast expression
systemis described herein, having yeast cells bearing SSTR and chineric

G protein, and dependent upon the presence of somatostatin for continued
gr owt h. As noted above, 20 transforned host cells of the
present invention express the proteins or protein subunits coded for by the
het er ol ogous DNA sequences.  \Wen expressed, the G protein-coupled
receptor is located in the host cell nenbrane (i.e., physically positioned
therein in proper orientation for both 25 40 the stereosel ective

bi ndi ng of ligands and for functional interaction with G proteins on the
cytopl asmic si dos@-alie adie2 tnphﬁﬁénh)sBAZODmmeuﬂuﬁeﬁarﬂﬂLIﬁZ $6€1lAhisG

Foo | tate dos ﬁnggdﬁ%ﬁ& truct urﬁ?ﬁjand f unc %eS&Eé be§§?§%el ng\:’ll’:éés:l_%x?

facilitate descrlptlon of aspects
recept or - | i gan@ias@iddcept QVe@bngel-ﬁ-qL’mder%lth RoweiGRexyroste c(2%)

sel ecti on scheqagkif®RdeupLsandl e\:i%y neelef 1G] S e ! EHE@CS-L%&W:% ”Ei N9
si gngl transducti.Qn ed to identi ects of the
recegtor t hat ﬁ&%‘“ﬁ??%c‘%@%% Héﬁn R ceRd Fy,gsl% 1 Sepatactose
sel ectivity, arﬁa%detmmmnﬂacdiﬁ.nggmrat dadt aggni sCebladi(2x10%5) are then
plated in 30 ml of SC-Galactose (2%) lacking ura, trp, and
his agar, the indicated amounts of selected compounds
applied to paper disks situated on the surface of the agar
10 plate, and incubated at 30°C for 3-5 days (Figure 14). The
extent of growth around S-14 is dependent upon the G protein
expression plasmid contained in each strain. The most
luxuriant growth is observed in response to S-14 by LY268
(pLP82: CEN pSCGl-Scgl-Gai2), less growth is seen in strains
15 LY262 (pRS414-PGK-Scgl-Gai2) and LY324 (pLP84: 2p pSCGl-Scg-
Gai2), while little detectable growth is exhibited by LY284
(PRS424-PGK-Scgl-Gai2). These results are consistent with
the observed inhibition of pheromone stimulated
transcriptional induction by elevated amounts of expressed
20 Ga protein. Thus, precise regulation of G protein expression
- levels in strains expressing heterologous G protein-coupled
receptors is critical to the design and successful
implementation of a bioassay for compounds that interact
with the receptor. '
25 Plasmid pLP84 is constructed by first replacing
the Xhol/EcoRI promoter fragment in PPGKH-SCG1-Ga, [Kang,
Y.-S., Kane, J., Kurjan, J., Stadel, J.M., and Tipper, D.J.
(1990) Mol. Cell. Biol. 10, 2582-2590], with a modified SCG1
promoter fragment ([Dietzel, C. and Kurjan, J. (1987) Cell
30 50, 1001-1010] amplified from yeast genomic DNA using
oligonucleotides that introduce 5' XhoI and 3' EcoRI sites
at positions -200 and -42,. forming plasmid pLP61l. The BamHI
fragment encoding Ga, domain is replaced with a comparable
fragment encoging Ga&,,, forming plasmid pLP71. The XhoI/Sall
35 fragment of pLP71 encoding a SCGIl-Ge&,, chimeric G protein




25 The role of proteins that nodify the response of receptors and G
proteins to ligand nay be worked out in detail with the assi st ance of
this power f ul genetic system Inportantly, the system provides a
general i zed approach to 5 the study of the functioning and
conponents of the G protein-coupled signal transduction system as well as
a generalized approach to screening assays utilizing the G protein coupled

signal transduction system = The present invention provides expression
constructs and assay systens 10 ada‘Pt ed to receive any of a variety
Lin the form of "expressi on

of heterol ogous G protein coupled receptors;,
cassettes". The heteral.ogo protein- lLed recepiorkiqis Lred to
study is sinpl ?Xpﬁggtstegd i“‘#?ggt héB%eCEBEngﬁér e?ﬁ p?’gvi dggélan%g%@f){%gsehsi n
yeast cells. LtgangSetrired t6 the Sall mijrehiimdpRE4EHe(Skparvagene) echprmingr e
allowed to co Lb?h? contact with the cells in any conventional assay
manner, and the effects of the interaction are easily nonitored. The

systens presented herein thus provide trenendous utility in the
i dengi fication of |igands for orphan G protein-coupled 20 receptors

and for discovering novel therapeuticalM%
Somatostatin receptor is capable of
transmitting signal through the
endogenous yeast G &

10 '
SSTR2 is thought to couple to Ga&,; and Ge&,; in
mammalian cells (Luthin, D. R., Eppler, C. M., and Linden,
J. (1993) J. Biol. Chem. 268, 35990-5996]. However, when
expressed in appropriate yeast strains (described below),
15 SSTRZ is shown to be capable of transmitting a signal
through the endogenous yeast Ga protein. Implicit in this
observation is the necessary coupling of SSTRZ to the
egdogenous Ga protein. The ability of heterologous G
protein-coupled receptors to couple to the endogenous Gea
20 protein is a significant improvement in existing technology,
and is thought not to be possible in the prior art {(King K.
Dohlman, H.G., Thorner, J., Caron, M.G., and Lefkowitz, R.J.
(1990) Science 250, 121-123). Yeast strains LY266 (pLP83:
~ CEN pSCGl-Scgl), LY280 (pRS414-PGK-Scgl: pRS414 containing
25 the PGK-Scgl Xho-SalIl fragment from pPGKH-Scgl in the Sall
site), LY326 (pLP86: 2n p SCGl-Scg), and LY282 (pRS424-pPGK-
Scg pRS424 containing the PGK-Scgl Xho-SalIl fragment from
PPGKH-Scgl in the Sall site) were constructed by placing the
designated plasmids in strain LY260. Overnight 1liquid
30 cultures of these strains, which are capable of expressing
only SCGl1/GPAl, in SC-Dextrose (2%) lacking ura and trp were
transferred to SC-Lactate (2%) lacking ura, trp, and
subsequently to SC-Galactose (2%) lacking ura and trp
medium. Cells (2 x 10°) are then plated in 30 ml SC-
35 Galactose (2%) lacking ura, trp, and his medium, the



| i gands for receptors of nedical, veterinary, and agricul tural
I nportance. The follow ng Exanples are provided to further illustrate
vari ous aspects of the present invention. They 25 ' are not to be
construed as limting the invention. .EXAMPLE 1 30

Functional expression of mammalian G a proteins in Saccharomyces
cerevisiae. A sensitive bioassay is utilized to neasure interference of

yeast Gerr] and Jerr] interactions by expression 35 of
het erol ogous {err] proteins. Manmal i an gierr] genes are 26
expressed from 2u or centronere-bearing plé ds under the control of the

t1tut P th d bl e t Th de trat
fhat the rat QRATSacedorpPUREsd ch Sere Bt on CoRRaRIAs AbRL ke Paper
effectively i diskst sdittyated on thgeamurfiesrpf Mobea agalr Splaites. &ndwt h
f bacterial st Lat d
or bacteria Su{cg.&tﬁﬁtézg/ba@ a?ﬁ"é’ By pg 9 '&’ﬁsare ﬁSE‘LBQr”@f' et dard

nmet hods (Nhnlatl Cl™oni n ring
observed around disks saturated wit varylng concentratlons
5 of S-14, demonstrating that a productive signal can be

transduced through an interaction between SSTR2Z and the
yeast SCGl1/GPAl protein (Figure 15). These observations
demonstrate that a simple and broadly applicable bioassay
may be established in which ahy member of the class of G
10 protein-coupled receptors may be expressed in appropriately
modified yeast strains and made to couple to the endogenous
Ga protein.
Plasmid pLP86 is constructed by replacing the
EcoRI fragment in pLP71 with the EcoRI fragment encoding'
15 SCG1 from pPGKH—SCGI [Kang, Y.-S., Kane, J., Kurjan, J.,
Stadel, J.M., and Tipper, D.J. (1990) Mol. Cell. Biol. 10.
2582-2590], forming plasmid pLP75. The XhoI/Sall fragment
encoding SCGl is transferred to the Sall site in pRS424
(Stratagene), forming plasmid pLP86.

20
EXAMPLE 6
Mutations in SST2 enhance the sensitivity of the
responses to somatostatin
25

Mutations in the SST2 gene result in
supersensitivity of otherwise wild type cells to mating
pheromone. The effect of this mutation on levels of AT
resistance expressed in farl, FUS1-HIS3 strains is examined

30 (Figure 16). Cells (5 x 10% from overnight cultures of
LY230 [a derivative of YPH50 (Statagene) MATa SST2 ura3-52
lys2-801 ade2 trplA63 his34200 leu2Al farlAFUS1-HIS3] and
LY238 (a modification of LY230 sst2AADE2) in SCD-ura, trp
are plated on SCD-ura, trp, his, containing 10 mM AT and

35 incubated at 30°C for 2 days. Increased AT resistance in



Laboratory Press, 1982). Growth and transformati on of yeast 10

strains are perforned as described in Rose et al. (Rose MD., Methods in
yeast genetics, Cold Spring Harbor Laboratory Press, 1990). The yeast
strains used in these studies (CY414, MATa ura3-52 trpl leu2 his3 _
pep4::H S3) originate from strains described by E. Jones (Jones, E W, 15
Ann,. Rev. Cenet 18:233, 1984).. CY414 is sequentially transformed with
t he FUS1-1lacZ fusion plasmd pSB234 (Trueheart J., et al MIl. Cell. Biol.
7(7): 2316-2328, 1987) and Jerr] expressi %r} pl asm ds. Construction of G
[err] expression plasm ds. Rat cDNA 20 clones for Jerr]. and

[G[Kg;] rgl 3{”?8““%%@5833 Wit %A@fngeazgttggﬁl gegwﬁmﬁgwﬁ nghsewﬂ
Wbl Cell . Bl dhrowbh 0BELY2E®04s oRE exYRE QU dligh® Santaining 1o pmol
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25 cassette r onot er term nator

n
sequences) ar 35Kt éﬂc’é‘ﬂﬁ q”gr%’tﬂmrﬁbcqrh'é Qﬂ\‘l”‘b‘l‘a‘é‘?n rﬂ@?l’%’?ﬂ-geé&@’@
wi t B Xhol . Forntrmtﬂlncbienexplfesssaa tie DN clseg@rensteanhsi niradsBeK the

QUPL gene. 30 Seisi ELG1EGPLRC e by Sadiay BV LXELL 130D WTH, PRpaig o°
diluted to 5xithe pessdbalitynef ainthRﬂ!e-'erg Eheo sessidriatidy tebeether G
protein-coupled receptor biocassays as well.
Yeast strains that express SSTRZ and bearing a
10 defective sst2 gene exhibit much greater growth around disks
containing various concentrations of somatostatin than is
exhibited by strains containing a functional SST2 gene.
Overnight cultures of strains LY268 (sst2, containing
pLP82), LY266 (sst2, containing pLP83), LY288 [a derivative
15 of YPH500 (Stratagene) MATa SST2 ura3-52 1lys2-801 ade2
' trplA63 his3A200 leu2Al farlALYS2 scglAhisG fuslAFUS1-HIS3
bearing the SSTR2 expression plasmid and the SCGl-Gga,,
expression plasmid, pLP82] and LY290 (a modification of
LY288 that contains pLP83) in SC Dextrose (2%) lacking ura,
20 trp were transferred to SC Lactate medium (2%) lacking ura
and trp, and subsequently to SC Galactose (2%) medium
lacking ura and trp. Cells (2 x 10°) are then plated in 30
ml SC Galactose (2%) plates lacking ura, trp and his, the
indicated amounts of selected compounds applied to paper
25 disks situated on the surface of the agar plate, and
incubated at 30°C for 3-5 days. Halos of growth are
observed around disks saturated with varying concentrations
of S-14 in both sst2A and SST2 strains (Figure 17), however,
the amount of growth exhibited by strain LY268 and LY266
30 (sst2) 1is significantly greater than that observed for
strains LY288 and LY290 (SST2). Furthermore, the down-
regulatory effect of SST2 is more pronounced in those
strains that express solely the wild type SCG1/GPAl protein,
consistent with the expectation that SST2 interacts more
35 faithfully with the native protein than the SCGl-Ga,,



Pheronone is added to a final concentration of 10-[err]Mto one sanple.
Cultures are then incubated for 4 hrs at 30[err]C. Subseauent neasurenent
of [err]-gal actosidase activity is 35 conduct ed as descri bed

el sewhere (Rose M D., Cold Spring 27 Harbor Laboratory Press, 1990).

Hi gh and | ow copy- nunber plasm ds carrying the yeast SCGL or rmammalian
Jerr]. or ({derr] or chineric yeast/mammualian err] genes expressed
fromthe yeast PGK 5 pronoter are transformed into a wild-type
yeast strain also containing a plasmd carrying a FUS1-1acZ gene fusion.
Expression of the FUSL gene is stimulated %% response to receptor

activation by bindi ng of heriom)ne. Therefore, signal transduction can be
quantitated by*HhERSTrFng*PEFMP- 10 . gal act osi dase activity generat ed
fromthe FUSL-lac[err] reporter gene. Interference of normal signal

transduction by expression of a heterol ogous Ga protein is observed as a
decrease in [err]-gal actosi dase activity. Strains expressing introduced Ga
genes are assayed 15 for pher o MBLFIJced gene activation. Data

‘are gepresented

Functional expression of a rat cholecystokinin
(CCK,) receptor in yeast.

10 Cholecystokinin (CCK) is a major intestinal
hormone that plays an important role in regulating
pancreatic secretion and bile ejection (1). CCK is also one

of the most widely distributed of brain neuropeptides (2).
CCK promotes its effects through the action of cell surface
18 receptors which can be classified using pharmacological
criteria into two subtypes, CCK, and CCK, (3). Molecular
cloning efforts have identified cDNAs encoding G protein-
coupled CCK, (4) and CCK, (5-8) receptors. Recently,
compounds with selective CCK; receptor antagonist properties
20 having potent anxiolytic activity have been identified (9).
Functional expression of CCK, receptors in yeast should
permit rapid screening for new compounds with CCK,
antagonist properties and facilitate molecular
characterization of structural aspects of the CCK, receptor
25 required for rational design of new CCK; ligands.

MATERIALS AND METHODS

Plasmid constructions. All molecular biological

30 manipulations were performed according to standard
procedures (10). The rat CCK, receptor was cloned from rat

brain c¢DNA by PCR using oligonucleotide primers that

introduce BglII sites at 5' and 3' ends (5-
AAAAGATCTAAAATGGACCTGCTCAAGCTG, 3 AAAAGATCTTCAGCCAGG

35 CCCCAGTGTGCT) . The CCK, receptor expression plasmid, pJH20,



as percent of wild-type response in Figure 1. Expression fromall G

pl asm ds reduced FUS1-|acZ expression |evels denonstrating that the err]
proteins functionally coupled to yeast Jerr]. A dose dependence was
observed for Scgl, Gas and 20 Jerr]. Expression from

hi gh- copy- nunber pI asm ds greatly reduces signaling suggesting that a Iarge
excess of heterologous Ga protein is present. The Scg-{err]2 chineric
protein reduces signaling to near the unstinul ated background | evel s even

fromthe | ow copy-nunber plasmd. 25 O her CEN expression plasm ds
reduce signaling to 53 to 84% of wild-type Bévels. To achieve nore precise
control of Ga expression and reduce expression to a level sufficiently |ow

t hat mi ni mal ef"f%"‘ct‘?@r’cﬁ?%m-iﬂﬁéa'@éa%ﬁgﬁaﬁqlrbW-"fge%'é%%r?c%@ragment

Ga genes (excepin @fe cvz&d@@méimldm%%nbaﬁkwéutfmpad pelpl eﬁ#%a

pronoter and transfornmed into ye o] asm ds

| evel of si gnall?‘?ﬂg’:‘?le‘bre%‘§?5ﬁs¥ré8?atEgaﬁylgﬁesgzﬁaasn{"ds@*'%sdeﬁéﬁeéfnt weke

t he concentr at iconstiruated Mdedepmat:hagnﬂmmn‘séﬁugnmsZ)encbldmnqerthé)aaal'

3% 5 EXPIESHAWY - { S fHA T4 anASAe U s g8 S o s oAl £AY pL lFi’fi Swith
those of Ga,(pLP122), Ga&., (pLP121).

Strain constructions. Yeast strains were
constructed, and growth media and culture conditions
formulated according to standard procedures (12). DNA-

10 mediated transformation of yeast was carried out using the
lithium acetate method. The yeast strains used as the basis
for all experiments described in this report were
constructed by sequential insertional deletion using
recombinant alleles. Yeast strains that express the rat

15 CCK, receptor were constructed by sequential DNA-mediated
transformation of LY296 (MATa ura3-52 trplA63 his3A200
leu2Al ade2-101 1ys2-801 gpalAhisG farlALYS2 FUS1-HIS3
Sst2AADE2, ref. 7) with pJH20 followed by the G& protein
expression plasmids described above.

20 Radiolabeled agonist saturation b:.nd:l.ng assays.
Crude yeast membrane extracts from late log phase cultures
were prepared by glass-bead lysis and centrifugation at
40,000 xg following a published procedure (13). The protein
content of crude membrane fractions was measured using the

25 Biorad protein assay kit according to manufacturers
instructions. Radioligand binding assays were conducted
according to Strnad et al (14) using *H-CCK-8 (Amersham) in
the presence of 150 mM NacCl. Non-specific binding was
defined as that observed in the presence of 1 uM CCK-4.

30 Negligible specific binding was observed in membrane
fractions made from cells lacking CCK, receptor (data not
shown) . :

Bioassay. Functional assay of CCK; receptor

expressed in yeast was accomplished using modification of a
35 standard procedure (11). Yeast strains were grown overnight



28 observed fromthe P& pronoter (Figure 1). As in the previous
experinent, the SCG Gai2 chineric protein reduces signaling to al nost
background | evels. The data presented in Figures 1 and 2 indicates 5
that all Jerr] expression plasm ds exam ned produce functional Jerr]
proteins in that all inhibit the signal transduction pathway. Using a
constitutive pronoter (PCK), nost Jerr] genes exhibit a dose-dependent
effect with high-copy-nunber 2 mcron plasmds drastically reducing
signaling (Figure 1). 10 Lower expression from CEN pl asm ds reduce
signaling levels as little as 16% ( See G[erﬂf, Figure 1). Expression of the
Jerr] genes fromthe CUP1 pronoter shows .expected dose/respanse effects
wi th reduced siHheA Ty SBEHATHCFOD TSRS daditt e s 00h COMbA i SLcgsee
2). 15 EXAVPLE 22 Piggr maqal opachkingvahratibn arid hefrgipdopiars 3@CD-ura-trp)
G pr ot ei n-coupl ept, pressed._l ac : es I.Si Yeast
féa’%%ﬁﬁ J38héd P £3°°% ehBve gpa&a&xi g‘igg‘@%e Rd. “grown

strains. Gowh fansToOrnati o yeast rarns-ar or me
descri bed (Ror @vesmightvsithddal §C2Galactose V@adt) -Gracttres Ligwid sediumg.
Harbey Labor at Qfd f&£S50°¢998¢ - Galactose (2 %)-ura-trp-his agar medium (30
ml, adjusted to pH 6.8 by addition of concentrated KOH or
NHOH prior to autoclaving) was inoculated with the
overnight culture (2 x10* cells/ml) and poured into square
(9 x 9 cm) petri plates. Sterile filter disks were placed
10 on the surface of the solidified agar and saturated with 10
pl of DMSO containing the indicated amounts of the
designated compounds. Plates were incubated at 30 °C for 3
days. Cholecystokinins (CCK-4, CCK-8), somatostatin (S-14),

and met-enkephalin were from Bachem. Oxymetazoline,
15 isoproterenol, and carbachol were from Sigma.
RESULTS

Cholecystokinin binding to the rat CCK , receptor

20 expressed in yeast. High lewvel functional expression of the
rat CCK; receptor in yeast was a riecessary prerequisite to

the development of a useful bioassay. The rat CCK, receptor

cDNA was placed under the control of the GALl promoter in

plasmid pJdH20. This construct also confers inducible

25 overexpression of Galdp, the transcriptional activating
- protein for galactose-inducible genes, resulting in
significantly elevated levels of receptor protein in crude

membrane fractions compared to receptor expressed from a

plasmid lacking GAL4 sequences (data not shown). CCKg

30 receptor sequences were introduced into pJH20 without
modification of the protein coding sequences. Previously,

King et al. reported that replacement of the amino-terminal

domain of the fB,-adrenergic receptor with equivalent STE2

sequence was necessary for efficient receptor expression in

35 yeast (15}). In contrast, functional expression of CCK,



The yeast strains used in these studies (Cy414; MATa ura3-52 trpl leu2 his3
pep4[err]H S3) originate fromstrains described by E. Jones (Jones, E. W,
Ann. Rev. Genet, 18:233, 1984). Nucleic acid manipulation. G owh of
bacterial 30 strains and plasm d mani pul ati ons are performed by
standard net hods [ Sanbrook, J., Fritsch, E.F., and Maniatis, T., Ml ecular
Cl oning, 2nd ed. (Cold Spring Harbor Laboratory Press, 1989)]. DNA
sequencing is performed by high tenperature cycle sequencing (Applied
Bi osystens). 35 Protein anal ysis. Receptor expression

strains are 29 grown in synthetic corfpl ete medium |acking specific
plasmd_retention and contaigin . 3% gal actose to
dlgh

nutrients to sg%ggkgkpr1 : " §% LI n
i nduce receptof ExpreséFInt 9088 POt PRt TRt & 9 sREY Yeast
lysis buffer segoenges sddi ugh® amino-tbimanbsnate, Phasmids loiddiT#ng 1
lorrT g/ 1 oupsarr o 10 ol bt Pakiairal o PRyt Snbles "2F | dmino-
[err]g/m pepngﬂ“ﬁPalS B’{E?—EFQFWtiQBr domai) Zuem Gpedp ayd markaay-
di sréption w térmghaisrebepdsr intPeREtSon' SomheHBVEFomP¥at Ga,, (pLP121)
or Ga, (pLP122) under the control of the GPAl promoter were
constructed. - Yeast strains that contain expressed CCK,
receptor and chimeric Ge&,, (LY628) and Ga, (LY631) protein
were assembled by transformation of a yeast strain (LY296)
10 modified by deletion of genes encoding components of the
mating signal transduction pathway with CCK, receptor and Ga
protein expression plasmids. Most G protein-coupled
receptors exhibit both high and low agonist-dependent
affinity states. High-affinity agonist binding is dependent
15 on functional association of receptor with a heterotfimeric
G protein. If the receptor does not associate with, or is
uncoupled from the G protein, agonist binding will be of low
affinity and undetectable in radiolabeled agonist saturation
binding assays. In crude yeast membrane fractions made from
20 LY631 cells, the agonist ’H-CCK-8 bound to the CCK, receptor
with high affinity and in a saturable manner (Fig. 18),
demonstrating that (1) a functional ligand-binding
conformation of the CCK, receptor was expressed in yeast,
and (2) the receptor functionally associated with the
25 chimeric Ge& protein, resulting in a high-affinity agonist
binding state. _ The CCK, receptor expressed in yeast
displayed an affinity for *H-CCK-8 (K,= 8 nM) substantially
lower than the high affinity binding state of the CCK,
receptor expressed in mammalian cells (K; = 100 pM, ref. 5),
30 perhaps due to an inefficient interaction with the receptor
interaction domain from rat Ga, These binding parameters
would be expected to more closely resemble the native values
in extracts from cells containing the cognate Ga protein,
| Gag (5-8). The total number of °‘H-CCK-8 binding sites
35. observed (B,,=206 fmol/mg) was consistent with values



10 centrifugation at 1000 X g for 10 m n. The menbrane fraction

Is isolated by centrifugation at 100,000 X g for 10 m n. This pellet is
washed once in |lysis buffer plus inhibitors. Pol yacryl am de gel

el ectrophoresis of yeast extracts is perforned by standard net hods except
w t hout 15 boiling of sanples. Proteins are transferred to

| mobilon-P millipore filters by the sem -dry technique. Recept or
protein is visualized using ECL reagents with rabbit anti- Ste2 anti bodi es.
Radi ol i gand bi nding assays. Reactions are 20 perfornmed in a

volume of 0.2 [err]l with 5 to 50 [err]g of48rotein. Binding assays for
S5HTla receptor or lerr]2:adre erq’c receptor .| i gands use buffer

of
Tris, pH 7.4, AHPRGAZPT SoREt ¢&2R/G n*FrAELRE |@%@%53Fﬁp5°5uf¢?&° of
50 mM HEPES, pfindlAmgb IWIfIVgOJG[)e.r r JFoAfmanyabl pwoltglkn-gmmﬂ:ltadﬂcheu;;iubﬁ’é

h lib | ' d.
o gl ass 11 bt REFSATRE ALY ba iy 218 SCABLLRDE B60CTI MG
used: radl ol i FpAHRISH ﬁﬁﬁ)@ﬁ@d@as sodupe @lesspcleyanamﬁc@e|receza@>r/c;- :
[errgM  ([errgtotyih&dmpleOEASIBIAL idta 260 Mlﬁ?ﬁ?eééérﬂ{sst ?ﬁ%‘}ﬂj n,

10 [err]M 30 r anol o 20 ry somatosta 14 1
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Expressi on of drneldgyartcoHiha seomionebdingling assay decreased specific
binding of ‘H-CCK-8 to the CCK; receptor by greater than 50%
in crude membrane fractions from LY631 cells. These results

10 represent a further indication of functional coupling
between the CCK; receptor and the chimeric G protein.
Thus, the rat CCK, receptor expressed in yeast exhibits
high~affinity agonist binding properties comparable to those
observed in mammalian tissues.

15 The CCKQ receptor retained agonist selectivity
when expressed in yeast. A selective and sensitive bioassay
was designed using yeast strains bearing the above described
genetic modifications and plasmids conferring expression of
the CCK, receptor and chimeric G,;, and G,, proteins. A dose-

20 dependent growth response of LY628 and LY631 cells was
evident around applied CCK-4 (Fig. 19). The assay was
selective: the diameter of the growth zones was

proportional to the reported affinity of the ligands for the
CCKy; receptor (CCK-8 > gastrin > CCK-4) reflecting the
25 ability of the bioassay to discriminate between ligands of
varying potency (5-8). Detectable growth responses were not
observed in response to a variety of agonists selective for
other G protein-coupled receptors (somatostatin, met-
enkephalin, oxymetazoline, isoproterenol, carbachol), nor by
30 yeast cells lacking the CCK, receptor (data not shown). A
detectable response was observed to 10 ug of CCK-4.

DISCUSSION

35 Compounds that act at the CCK receptors, particularly



receptor. The gene encodi ng the human 5HTla receptor is nodified to add the
first 14 am no acids of the yeast Ste2 35 protein, cloned into :
t he expression plasmd pMP3 and, 30 designated pCH 11. This strain,
designated CY382, is grown in medium containing galactose to induce
receptor expression, fractioned and tested for receptor activity by binding
of the radiol abell ed antagoni st H spi perone. 5 Saturation binding
denonstrates that the receptor is expressed at high levels (Bmax = 3.2
prmol /ng protein) and that it binds spiperone with an affinity (Kd = 115 nM
Figure 3) simlar to that observed in manm®? i an ti ssues (Kd - 20 to 100

. 10 hi t
P07, sequeREESAERAmGEROREFERR ARSSchRGIAR AHE (PCEAToL (3) "
t ransmenbr ane IgofRien peefiphler yyHEhe Lahdptidorgr effepkacod GLKhanhagonists
cor espondi g SSaeneetnd’ LiReJushy cORALAL1aRRd | N eBEHL BrehiageSt o3t

sequences are ectl erm nus, o
receptor to cpasmcreatidids, wﬁmﬁ&@ﬁﬂﬁaﬁe MW%@F%PFQ&Fé af.

5 gastric emptying, and irritable bowel syndrome. CCK
antagohists reverse the development of satiety and might be
useful in improving appetite in anorectic patients or others

that require increased food intake. Conversely, CCK
agonists might be useful appetite suppressants. CCK
10 antagonists also potentiate opiate analgesia and so might be

appropriate for use in the management of clinical pain. In
the CNS, selective CCK antagonists have promise as powerful
anxiolytic agents (9). Further, CCK antagonists relieve the
anxiety associated with withdrawal from drug use, and so

15 might find a use in the treatment of withdrawal from
commonly abused drugs. CCK agonists may have use as
antipsychotic agents.
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Strai ns expressing these receptors are exam ned for binding of
radi ol abel l ed |igand. Both receptors denonstrate specific binding of

t he 5HT receptor antagoni st 3H spi perone 20 (Figure 4).

Repl acenent of the first two transnmenbrane dormains with those of an

unrel ated receptor does not apparently affect binding of this |igand.

Addi tion of transnmenbrane domai ns do not effect binding, suggesting that
this unusual receptor can attain a functional confornmation 25 in
the cell menmbrane. Strains carrying pCH 11, pCH 17, or pCHI 18 produce Bmax
values of 3.1, 1.6, or 0.7 pnol/ng, respectb@ely. Al t hough these chineric
receptors produce Interesting results regarding receptor structure, they do
not enhance overal | Bxprsssigh fakotinnaand ecchatarteF¥ycahionef the cagine.
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bi ndi ng S not detected. However , the Ilevel of radiolabelled
spiperone binding is equal to CHIII, indicating that this receptor is
expressed at high levels 5 and in a functional conformation.
Expression of the human [err]2-adrenergic receptor. The human adrenergic
receptor is expressed in yeast with the intention of using it as a nodel to
optim ze expression and G protein coupling. A yeast strain expressing the
receptor 10 i s exam ned by Scatchard anal ysis for binding of the
ligand [err]l-cyanopindolol. Binding is saturable and denonstrated a Kd (23
pM, simlar to that reported in manmal i ansii ssues. Strains with or w thout
coexpressed Gas are then exam ned in conpetition assays in which binding of
this radioligand i sJi5Biol. Chemonp@63cd WLOB36k&084@&ni sts i soproterenol or

epi nephrine. H gh ag{ini i ndi RQg, [ khs..only e to, occ i £ the
receptor is ag?velg/ét%%%re?t'o ggprwo{]el ,h'%gé 0 'serv%ggi%g"bo cEslf‘Pl”aiéls
(Figures 5 and 6). Badgodk:rap8P3tedThe RAtUSSTRZ sOMRLOStRinisreceptor

(i soproterenol = 10subtypei neghrisep28d to inﬁ_@Q_i'E%narchoﬁ?lezaﬁgpéé\?f%?

ot oy, “However - FHEPICTREROR T SHEkHEn f BoBiS nReR- SOREni (hPli ndbRy of
agonists to the [er?7@.adrenergic receptor in yeast is anonmal ous and not a
result of couplg Ny gfhd> KO ¥.NG.! BoRIchhCUT2" Thorner, M. G. Caron, and
R.J. Lefkowitz. 13990. Control of yeast mating signal
transduction by a mammalian B,-adrenergic receptor and
10 G, « subunit. Science 250: 121-123. _
16. Weiner, J. L., C. Guttierez-Steil, and K. J. Blumer.
1993. Disruption of receptor-G protein coupling in
yeast promotes the function of an SST2-dependent
adaptation pathway. J. Biol. Chem. 268: 8070-8077.

15
EXAMPLE 9
Functional expression of a rat édenosine
20 (A;,) receptor in yeast.

Adenosine, as well as ATP and related purinergic
compounds, function as both neurohormonal agents and
autocoids regulating the process of «cell to cell

25 communication (1). In this role, adenosine regulates a
broad range of physiological functions including heart rate
and contractility, smooth muscle tone, sedation, release of
neurotransmitters, platelet'function, lipolysis, kidney and
white blood cell action. Adenosine promotes its effects

30 through the action of cell surface receptors which can be
classified using pharmacological criteria into three
subtypes, A,, A,, and A,,, and A,. Molecular cloning efforts
have identified cDNAs encoding G protein-coupled adenosine
A, (2-5), A,, and A,, (6-9), and A, receptors (10). Functional

35 expression of adenosine receptors in yeast should permit



25 the third intracellular loop (containing the primary Jerr]
contact points) of the [err]2-adrenergic receptor is replaced with the
correspondi ng donmain of the yeast Ste2 receptor. This receptor exhibits the
sane affinities for adrenergic agoni sts suggesting that the
[err]-adrenergic receptor takes on 30 an i nappropriate conformation
I n yeast. Expression of rat sonmatostatin receptor. H gh affinity binding
of somatostatin to SSTR2 is dependent on formation of a receptor/G protein
conplex (Strnad et al, 1993). Wen SSTR2 and G protein are uncoupl ed from
each 35 other, high affinity bindimgp of [[err]l]tyr[err]S-14 is

at t enuat ed. 32 As shown in Figure 9, binding of [[err]tyr[err]S-14 to
SSTR2 expr essedapidysestentayptessiewy @qu:ddﬁdsZ withSatiehakliaeangoRishi 4

o T Aot Fiietde | | b Mo e

expressed I n
are observed mbar@perenr]magmnexrpfemwmssaepecashmfthha Sigridgiate | .

The K. [err] ob £8gk | I t leC
[ er$] I[] ty]r [ er§8&¥§qol§|§nél ng %)#é%s%g«’g Sﬁﬁf’gﬁﬁnﬁﬁgngﬂ (f?agr}acelgfﬁnf% ﬁ]ead

1993) gan S.

MATERIALS AND METHODS

Plasmid constructions. All molecular biological

10 manipulations were performed according to standard
procedures (1l1). The rat A,,_adenosine receptor (9) was

cloned from rat brain cDNA by PCR using oligonucleotide

primers that introduce BamHI sites at 5' and 3' ends (5
GAAGATCTAAAAAATGGGCTCCTCGGTGTAC, 3

15 ACATGCATGCAGATCTTCAGGAAGGGGCAAACTC) . The A,,.adenosine
receptor expression plasmid, pJH21l, was constructed by

inserting the BglII-digested PCR fragment in the correct
orientation into BamHI cut pMP3 (12). For constitutive
expression of the A,.adenosine receptor in glucose-

20 containing medium, the expression vector, pLP100, was
constructed. DNA fragments encoding transcriptional
regqulatory sequences from the ADHl gene (&) were amplified

by PCR and inserted into pRS426. An ADHl transcriptional
terminator fragment was amplified from yeast genomic DNA

25 (YPH501, Stratagene) using synthetic oligonucleotides that
add 35' XholI (TTTCTCGAGCGAATTTCTTATGATTT) and 3' Kpnl
(TTTGGTACCGGGCCCGGACGGATTACAACAGGT) sites. An ADHI promoter

fragment was amplified from yeast genomic DNA using

synthetic oligonucleotides that add 5t Sacl
30 GGGAGCTCTGATGGTGGTACATAACG) and 3. BamHI
(GGGGGATCCTGTATATGAGATAGTTGA) sites. The A,,_adenosine

receptor expression plasmid, pLPll6, was constructed by
inserting a PCR fragment encoding the A,,_adenosine receptor
amplified wusing oligonucleotides that add 5' BglII
35 (AAAGATCTAAAATGGGCTCCTCGGTGTAC) and 3' Sall (AAGTCGACTCAGGAA



It is denonstrated that addition of the yeast Ste2 receptor 10 to
the N-termnus of this receptor has no affect on its ability to bind S-14.
The Ste2 sequences act as a tag for inmunochem cal exam nation of receptor
expr essi on. The i mmunobl ot shown in Figure 7 illustrates the high |evel
of expression of SSTR2 in three different strains. Yeast 15

strains expressing the SSTR2 somatostatin receptor and different err]
proteins are derived fromstrain YPH500. These strains share the genotype
MATa scgl[err]hisG |lys2-801 ura3-52 leu2[err]1 trpl[err]63 nis3[err]200
ade2 SSTR2. Strains designated CY624 (Hemr]), CY602 (Gas, and CY603
Scgl) are exam ned for 20 speci fic binding of radiol abel |l ed

somat ost at i n- 18GGESRAAFTCA IsiftterseeBamiil 484 1 Boort d&@1E€ .of ThenGasiprotein

of the r coopt o R oot o practts UL dar thid: ek R R0 3 Bact e b
1993), so the FFR}RFENG DYA psemuenrces eneoding the 4Zhsaxbexyt-tErerinhli s
unexpected.  ABiRONEIdRLS OTGHAAL: A ML PEL AT WitHC RMRlsRA o0 GG R;:?.tp‘ib@?’ |
bindd ng is examhed in,t sence of the nonhydrol yzabl e guaffosine
trig%osphate §H5$d%“%pépgﬁﬁgg$'The addition of this conpound elim nates
ligand binding (Table 1)Streimnsecoastegeticis) he SSYEAsI0 strains'! eGRRLOr
b orel n Coupt SRR o, 1NERE, e BT AaAIE! Cabl' LRI LiHPrions
formulated according to standard procedures (13). DNA-
mediated transformation of yeast was carried out using the
10 lithium acetate method. The yeast strains used as the basis
for all experiments described in this report were
constructed by sequentional insertional deletion using
recombinant alleles. Yeast strains that express the rat A,,.
adenosine receptor were constructed by sequential DNA-

15 mediated transformation of LY296 (MATa ura3-52 trpldé63
his34200 leu2Al ade2-101 lys2-801 gpaldhisG farlALYS2 FUS1-
HIS3 sst24AAE2 , ref. 12) with BA,,_adenosine receptor
expression plasmids followed by the Ga& protein expression
plasmids described above.

20 Radiolabeled agonist saturation binding assays.
Crude yeast membrane extracts from late log phase cultures
were prepared by glass-bead lysis and centrifugation at
40,000 xg following a published procedure (14). The protein
content of crude membrane fractions was measured using the

25 Biorad protein assay kit according to manufacturers
instructions. Radioligand binding assays were conducted
according to Strnad et al. (15) using °H-NECA (Amersham).
Non-specific binding was defined as that observed in the

| presence of 1 pM NECA. Negligible specific binding was

30 observed in membrane fractions made from cells lacking A,,.

adenosine receptor (data not shown). _
Bioassay. Functional assay of the Airadenoéine

receptor expressed in yeast was accomplished using a

modification of a standard procedure (12). Yeast strains

35 were grown overnight in 2 ml synthetic coniplete liquid



interact with a G protein conposed of its favored Jerr] protein plus yeast
Jerr] and Jerr] subunits and that a heterol ogous receptor can
functionally couple to a G protein entirely 35 conposed of yeast
subuni ts. 33 TABLE 1. Binding of [err]l-somatostatin STRAIN err]

Jerr] Brrax[ err] +CGop (NH) Plerr] CY624 Gerr] 94.5 22% 5
CY602 Gas 13.7 0% CY603 Scgl 24.7 4% Crude nenbr ane
extracts were prepared fromyeast strains expressing the rat SSTR2
somatostatin receptor 10 subtype and the indicated err] protein.
The maxi mal bindi ng of radiol abel ed somat osgatin 14 was neasured as
described in the text. [err]Bmax values are given as fnol/ng total protein.
The non- hydr ol yeesdbi um GEBnaaahdggQ@.‘(Mbgewa(sz adifjeddd taoking udradilcoypHe

receptor and Gygy pr d rcent
radi ol i gand bounc}&%:onpar ed to unt re 4 nsl%dl‘ll% ﬁgﬂ%@ E ﬁg PVEy bESHANRY
nuscari ni ¢ acet3Augig mnd grown overnight :Ln 5 ml SC Galactose (2 %)-ura-

trp liquid medium. Molten (50°C) SC Galactose (2 $%)-ura-
5 trp-his agar medium (30 ml, adjusted to pH 6.8 by addition
of concentrated KOH or NHOH prior to autoclaving)
containing 5 mM 3-aminotriazole (Sigma) was inoculated with
the overnight culture (2 x10* cells/ml) and plated in square
(9 x 9 cm) petri plates. For expression of the A,,_adenosine
10 receptor in glucose-containing med'ium, samples were removed
from the first overnight culture and assayed in agar medium
composed as above with glucose (2%) replacing galactose.
Sterile filter disks were placed on the surface of the
. solidified agar and saturated with 10 pl of DMSO containing
15 the indicated amounts of the designated compounds. Plates
were incubated at 30 °C for 3 days. Adenosine ligands CGS-
21680, NECA, and DPMA were purchased from RBI. Somatostatin
(§-14) and met-enkephalin were from Bachem. Oxymetazoline,
isoproterenol, and carbachol were from Sigma.
20
RESULTS

Adenosine agonist binding to the rat A , _adenosine

receptor expressed in yeast. High level functional

25 expression of the A,,.adenosine receptor in yeast was a
necessary prerequisite to the development of a useful

bioassay. In plasmid pJH21, the rat A,,-adenosine receptor

cDNA was placed under the control of the inducible GALI

promoter. This construct also confers inducible

30 overexpression of Gal4p, the transcriptional activating
protein for galactose-inducible genes, resulting in
significantly elevated levels of receptor protein in crude

membrane fractions compared to receptor expressed from a

plasmid lacking GAL4 sequences (data not shown). Plasmid

35 pLP116 confers high level constitutive expression of the A,,.



recept or. DNA sequences encodi ng a Drosophila nuscarinic acetyl choline
receptor (Dm mAChR) are nodified by addition 20 of a Sall site in
the 5 codi ng sequences through the use of PCR DNA sequences encoding the
first 23 amno acids of the STE2 gene product are added to the 5 end of Dm
MAChR as a BanHl/Sall fragnment. The nodified DnmmAChR is inserted into the
BanmHl site in plasm d pMP3, placing expression of the 25 recept or
under the control of the GALI pronoter, form ng plasm d pMP3- Dm mAChR.
Strain CY414 is transformed with this plasmd and cultured for receptor
expressi on by standard methods. Crude nenbr &he preparations are prepared

fromthese cells and tested for the presence of specific 30 bi ndi na
sites for the mRASRATHIC BHREEREAT sender qtRARUEPRAFAYI CBehBRRI 4DE1( pOORMREer.

conpeted with atf apbr p38sheds] MDNASpPASGIdtcds NehBgdSh € eheBrRX ad8na8dnd0
fnol /ng) are observed. osophi | a mMAchR

| munoB] ot 1§ ng ARATRIRE WoRF ARGTQSNC AR ERORE Yoebt Loacias oF the proceln.
consi st ent wit leddisngr sdguerdesvl e@Areviowsht Kinog tedte al. 3deportedythat
sequgnce of MGORyaks APUHRC LA dhirdP MikiiSof thed BUleic roptrr with epielat T2
sequence was necessary for efficient receptor expression
in yeast (16). 1In contrast, functional expression of the
A,,.adenosine receptor in yeast does not require addition
of any yeast sequences to the amino-terminus. A chimeric
10 Ga protein composed of the proposed amino-terminal py-
interaction domain from Gpalp and a carboxy-terminal
receptor interaction domain from rat Ga, {(pLP122) under
the control of the GPAl promoter was constructed. Yeast
_ strains that contain expressed A,,.adenosine receptor and
15 chimeric Ga& protein were assembled by transformation of
a yeast strain (LY296) modified by deletion of genes
encoding components of the mating signal transduction
pathway with A,,_adenosine receptor and Ga& protein
expression plasmids. _
20 Most G protein-coupled receptors exhibit both
' high and low agonist-dependent affinity states. High-
affinity agonist binding is dependent on functional
association of receptor with a heterotrimeric G protein.
If the receptor does not associate with, or is uncoupled

25 from the G protein, agonist binding will be of low
affinity and undetectable in radiolabeled agonist
saturation binding assays. In crude yeast membrane

fractions from cells bearing pLPl16 and pLP122 (LY626),
the agonist °‘H-NECA bound to the A,,.adenosine receptor
30 with high affinity and in a saturable manner, (Fig. 20)
demonstrating that (1) a functional ligand-binding
conformation of the A,,.adenosine receptor was expressed
in yeast, and (2) the receptor functionally associated
with the chimeric Ga& protein, resulting in a high-
35 affinity agonist binding state. The total number of °*H-



(30pg/lane) from crude nmenbrane preparations fromcells expressi ng mAchR
frompMP3 using an antibody directed against t he associ at ed Ste2
epi t ope (Figure 9). 5 Substantially less protein is detected
when mAchR is expressed frompWP2, a derivative of [err] MP3 | acking GAL4
sequences, which is not expected to confirm high | evel expression of mAchR
Expression of an [err]-adrenergic receptor ( 2-AR). 10 An

EcoRI -Narl fragnment fromplasm d pMP3, including the GALI,10 pronoter
EcoRI -BamHI fragment, DNA sequences encoding the first 23 am no acids of
the STE2 gene product present on a BanH -S| fragment, Sall-Sph

pol yl i nker fragnment from YEp352, and STE7 term nator sequences, is 15

transferred toNERM2indongt 3G tRsPEhservd | {BVILD 45 r FaeR Mingg N Ceh ‘9‘3
porcine [err] 2%_—??@1[(31 ff:r" C. A.f, Ho%strran DA, Wlsan, A L., Cdark, J.D.,
Cragoe, E. J. . SRFUSTOPEEinEd-for 888, vaas b Gra kg, PRARSHOR FRoeR 0T | 5
inserted into tROPEmoiZmgl, sietfesldf . plTid,affimitg g ASB] NECECEd# the

or o, otpoo ratfloGihd ERcaBsst ot e irse S o g
the Scgl[err] hFSBixalans &/dthakrebgeprednin nammal (3% 9918 dndisatidg’5
(Elledge, S.J. fandtBevial JBuiiER)Ydtefeed’ rekibrddd)ari®rd Proegid he
PCK- Scgl -d err] 2 Xhol-Sall fragnment
The A, -adenosine receptor retained agonist
selectivity when expressed in yeast. A selective and
10 sensitive bioassay was designed using a yeast strain
(LY595) bearing the above described genetic modifications
and plasmids conferring expression of the A, -adenosine
receptor (pLPll6) and GPAl (pLP83). A dose-dependent
growth response of LY595 cells was evident around applied
15 CGS-21680, an A,,_adenosine receptor selective agonist.
The growth response was significantly more robust than
that exhibited by cells responding to NECA and DPMA (Fig.
21). The assay was selective: the diameter of the
growth zones was proportional to the reported affinity of
20 the ligands for the A,,_adenosine receptor (CGS-
21680>NECA=DPMA) reflecting the ability of the bioassay
to discriminate between ligands of varying potency.
Detectable growth responses were not observed in response
to a variety of agonists selective for other G protein-
25 coupled receptors (somatostatin, met-enkephalin,
oxymetazoline, isoproterenol, carbachol), nor by yeast
cells lacking the A,_adenosine receptor (data not shown).
A detectable response was observed to 10 pg of CGS-21680.

30 DISCUSSION

Multiple therapeutic opportunities exist for compoundé
that modulate the function of the adenosine receptors
(1) . Adenosine agonists may be useful in the treatment
35 of epileptic seizure episodes and in preventing neuronal
damage in stroke and neurodegenerative disorders. The
antidysrhythmic action adenosine suggests that adenosine



25 from pPGKH Scgl-Gai2 inserted into the Sall site) 1is
transfornmed with pLP60 and cultured for receptor expression by standard

met hods. Crude nmenbrane preparations are prepared fromthese cells and
tested for the presence of specific binding sites for the [err]2-AR
ant agoni st 3H 30 rauwol scine (200 nM conpeted wi'th phentol am ne

(10pM . Specific binding sites with a Bmax of between 10 and 84 fnol/ng
wer e observed. Porcine [err] 2AR expression is also detectable by

I mmunobl otting nethods (Figure 10). Several abundant 35

pol ypeptides are detected in sanples of pgetein (30[err]g/lane) 35 from
crude nenbrane preparations fromcells expressing [err] 2AR from pMP3 using

an anti body dla’@:ﬂﬁtﬁg@bﬂsa bheeZTeeiiateed rSithe eptddftend EXKANGRELSx
Agoni st _dependely ALOM T, O 4/°28knb3102°REBRESES AOVR! BhELAL LelERRLOT

_ anticonvulsant and anxiolytic activity. A,,~adenosine

selective agonists may be useful in stimulating lipolysis

5 in adipose tissue, making them useful as weight loss

treatments or antidiabetic agents and in the improvement

of carcass quality in agricultural animals. A, adenosine

antagonists may be useful in treatment of acute renal

~ dysfunction. A,-antagonists may be useful in modulating

10 mast cell degranulation for treatment of inflamatory

disorders, including asthema.
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Yeast strains that respond to somatostatin are created by introducing

several nodifications into typical |aboratory yeast strains. First, a
cDNA encodi ng the somatostatin receptor subtype 2 (SSTR2) is placed under
the 15 control of the gal actose-inducible GALI pronoter in a

nul ticopy yeast plasmid (Figure 11). High Ievel expression of receptor is
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activating protein GAL4 fromthe sane plasm d. Second, the endogenous
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replaced with a reporter gene construct made by fusing 35

transcription control elenments of the FUSL gene to HI S3 36 protein
codi ng sequences, thereby placing expression of the H S3 gene product under
the control of the pheronone signal transduction pathway. Yeast strains
(his3) bearing this construct are able to grow poorly on suppl enent ed
mnimal 5 medi um | acki ng histidine and are sensitive to

3-anmino-1,2,4- triazole (AT), an inhibitor of the H S3 gene product.
Receptor activation by agonist-binding | eads to increased H S3 protein
expression, a corresponding increase in regstance to AT, and, therefore,
the ability to grow on 10 medi um | acki ng histidine and/or in the

presence of the inhiBadcaick.Ad} 9881 nridergiH SYTRO @ oplatdistaddi wWaded taPH
5.5 enhances the abiJ ] such_cells.to graqw,i.n .pr.esence of agoni st
presumably due to ar#qsr\tﬁfpgaség a%‘fﬁ?f?/doft‘gomoﬁlt8%biﬁﬁc ICsdMB. 15
The utility of the Pe@muehalriedsi onBigshem.| iBdophys .t SReslapCatoml i t V191
rapi d mass screeni ngygg-9hg facilitate screening for novel therapeutics
diregted at th? SST§§, a
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signal transduction by a mammalian §,-adrenergic
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17. Weiner, J. L., C. Guttierez-Steil, and K. J. Blumer.
10 . 1993. Disruption of receptor-G protein coupling in
yeast promotes the function of an SST2-dependent
adaptation pathway. J. Biol. Chem. 268: 8070-

8077.
15
EXAMPLE 8
Functional expression of a rat somatostatin
subtype 5 receptor in yeast.
20

The cyclic tetradecapeptide somatostatin is a
potent inhibitor of secretion of several hormones,
including growth hormone from the pituitary, glucagon and
insulin from the pancreas, and gastrin from the qut.

25 Somatostatin also acts as a neurotransmitter and has been
shown to have broad modulatory effects in CNS and
peripheral tissues (1). The effects of somatostatin are
transduced through binding of the hormone to high-
affinity, plasma membrane localized somatostatin (SSTR)

30 receptors (2). The SSTR's, encoded in five distinct
subtypes (SSTR1-5), which account in part for tissue-
specific differences in responses to somatostatin (3-10),
comprise a subfamily of the seven-transmembrane domain,
G protein-coupled receptor superfamily that mediates

35 responses to a broad variety of extracellular signals.
Functional expression of SSTR5 in yeast should permit
rapid screening for new subtype-selective somatostatin



conveni ent” agar plate bioassay is devel oped in which functional coupling of

somatostatin binding to receptor and 20 subsequent activation of

the mating signal transduction pathway is detected as a zone of growth

(hal o) around applied compounds (Figure 13). Overnight liquid cultures of

LY268 [a derivative of YPH500 (Stratagene) MATa ura3-52 |ys2-801 ade2

trpl A63 hi s3A200 | eu2[err]l farl[err]LYS2 scgl AhisG 25

fusl[err]FUSI -H S3 sst2[err] ADE2 bearing the SSTR2 expression plasmd

and the SCGl-J err]2 expression plasmd pLP82 in SC dextrose (2% . | acking

ura, trp were transferred to SC Lactate negpum (2% |acking ura and trp and

subsequently SC gal actose (2% nmedium |l acking ura and trp. Cells (2

x10[err]) 30 agonists e ahencPmpdeds N 3&h1 apta§on 3t 2Pt fd¥s |%‘1‘?&i ng
e

ura, trp, and S r_ (Figure 13, top panel), ar spread eyénly on t
surface (Fi gur?af%‘?"arb%{?ommﬁéﬁgfl}?rt hé:?’iaﬁéi%ﬁ’éﬂ'aéﬁﬂﬁ’ntso f Serecterrl
conpounds appl izapaatpapbrthe sISTRS trqeired for satfonel odesign agirndk at e,

and i ncubat ed gton%ﬁ: statin PPEERGEC for 3-5 days. Hal os of growmh are
observed aroun c?sti(s saturated with varying concentrations of

somafost at i n (S-14) and MK678 [a hexapepti de anal og of somatostatin that

MATERIALS AND METHODS

Plasmid constructions. All molecular biological

10 manipulations were performed according to standard
procedures (ll). The rat SSTR5 (7) was cloned from rat
genomic DNA by PCR using oligonucleotide primers that
introduce BglII sites at 5° and 3! ends
(S'AAAAAGATCTAAAATGGAGCCCCTCTCTCTG, 3' AGCAGATCTTCAGATC

15 CCAGAAGACAAC) . The SSTRS expression plasmid, pJH19, was
constructed by inserting the BglII-digested PCR fragment
in the correct orientation into BamHI cut pMP3 (12). The
G& protein expression plasmids used in this study were
constructed by replacing DNA sequences encoding the 47

20 carboxy-terminal amino acids of GPAl in pLP83 (12) with
those of Ga, (pLP122), Ga&,, (pLP121).

Strain constructions. Yeast strains were constructed,
and growth media and culture conditions formulated
25 according to standard procedures (13). DNA-mediated
transformation of yeast was carried out using the lithium
acetate method. The yeast strains used as the basis for
all experiments described in this report were constructed
by sequential insertional deletion using recombinant
30 alleles. Yeast strains that express SSTR5 were
constructed by sequential DNA-mediated transformation of
LY296 (MATa ura3-52 trpld63 his34200 leu241 ade2-101
lys2-801 gpaldhisG farlALYS2 FUS1-HIS3 sst2AADE2, ref.
12) with pJH19 followed by the Ge& protein expression
35 plasmids described above.

Bioassay. Functional assay of SSTR5 expressed in yeast



exni bits high affinity binding to SSTR2 [ Verber, D., Saperstein, R, Nutt,
R, Friedinger, R, Brady, P., Curley, 5 P., Perlov, D.

Pal eveda, W, Zacchei, A, Cordes, E., Anderson, P., and Hirschmann, R
(1981) Life Sci, 35, 1371- 13781. Hal o size increases in proportion to the
anount of agonist applied and a significant response is observed even at
the | owest anount applied (6 nnol S-14), denonstrating 10 t he

exqui site sensitivity of the assay. No detectabl e response is observed
with carrier alone, or to net- enkephalin, an opiate receptor agonist,
denonstrating the high specificity of the gssay. Yeast nmedi um and cul ture
conditions are fornul ated 15 accordi ng to st andard pr ocedur es

and  DNA-nediwed & HOE on @fi nyea Li th man,
F., Fink, GR, and ?fgﬁs gﬁEb&éf%%G %kﬁ%'ék%ﬁﬁggzsﬁﬁ%bggtl%gaéé%?é
]

Spring Har bor ‘?_%?%’f{ﬁy b?!ess 295 68tFALRP EeF & CTERWRO¥RER:GREaln 2
i nsertional detletsyrchetigy dogmidta diiqud® medium cenghihen@] BléEose (2

o assenbled 1) | A1 IACERA vy SEEC TRARAT s G TN 1 GRS RRRES 1R R an
E., 8ao, L., m:meckwa:sheld teogBmaweeresidaas, cﬁmcma laatd/ve@mme 5'
ECORI - H ndl | | ngkrd gt NlinSNgBln 1 3GITE0A Padlo ST (PR} -ufd-trp 11qdld
DNA- nedlated tQﬁnsforn§£h%gn (Sséﬁg¥()élég§ac ggg (2 %)-ura-trp-his
agar medium (30 pl, adjusted to pH 6.8 by addition of
concentrated KOH or NHOH prior. to autoclaving) was
10 inoculated with the overnight culture (2 x10* cells/ml)
and plated in square (9 x 9 cm) petri plates. Sterile
filter disks were placed on the surface of the solidified
agar and saturated with 10 pl of sterile water containing
the indicated amounts of the designated compounds.
15 Plates were incubated at 30 °C for 3 days. Somatostatin
(S-14, S-28), met-enkephalin, and CCK-8 were from Bachem.

Oxymetazoline, isoproterenol, and carbachol were from
Sigma.

20 RESULTS

Somatostatin dependent growth response of yeast cells
expressing the SSTRS. High level functional expression
of the SSTR5 in yeast was a necessary prerequisite to the

25 development of a useful bioassay. The SSTRS5 cDNA was
placed under the control of the GALI promoter in plasmid
pJH19. This construct also confers inducible

overexpression of Galdp, the transcriptional activating
protein for galactose-inducible genes, resulting in
30 significantly elevated levels of receptor protein in
crude membrane fractions compared to receptor expressed
from a plasmid lacking GAL4 sequences (data not shown).
SSTR5 sequences were introduced into PJH1S without
modification of the protein coding sequences.
35 Previously, King et al. reported that replacement of the
amino-terminal domain of the f,~adrenergic receptor with
equivalent STEZ2 sequence was necessary for efficient



strains and sel ections for replacenent of the chronosomal allele, the URA3
gene is renoved by inducing reconbination between hisG repeats by growh on
5-fluoroorotic acid (FQA)- containina nmedium [ Boeke, J., Lacroute, F., and

Fink, G 30 (1984) Mol. Gen. Cenet. 197, 345-3461. The
farl[err]LYS2 allele is constructed by anplifying two fragnments of the FAR
gene [Chang, F. and Herskowitz, |. (1990) Cell 63, 999-1012] from yeast
genomic DNA (strain YPH501, Stratagene) using synthetic

ol i gonucl eoti des that introduce an EcoRl site at 35 1201 in the 5
fragnent and an Hindlll site at position 2047 38 and a Sall site at 2821

in the 3" fragnent. The fragnents are cloned into the EcoRI/ Sall

fragment of pB8Kep®brat @&%&@es 10 CIPl gdgdl- T ar] 44 YS2 copstr
digested with E%oRI £)and sed to tlr ansform;i_east j'g“ﬁcol?l ?agndgﬂttfg%t'

encoding the B%ftHP§§ PSPEPSELONG ke SSTRO (B ¥8368F dPESIRLL Fegmire
[ St evenson, B.JaddRbhddas ofN. qnyEr yeder BequandeSprtrguche Gaﬁlnblgg%)nlgg@es

oot 2lor ] ADEL o SHRifsed G BEBEEAP OGRS SFT3he St PSeed | Smangr 7,
4169-5 terminal B,- nteraction domain from Gpalp and a carboxy-
terminal receptor interaction domain from rat Ga,, (pLP121)
under the control of the GPAl promoter was constructed.
A yeast strain (LY620) that contains expressed SSTR5 and
chimeric Ga& protein was assembled by transformation of a
10 yeast strain (LY296) modified by deletion of genes
encoding components of the mating signal transduction
pathway with SSTRS (pJH19) and Ga protein expression
(pLP121) plasmids. A dose-dependent growth response of
LY620 cells was evident around applied S-14 (Fig. 22).
15 Detectable growth responses were not observed in response
to a variety of agonists selective for other G protein-
coupled receptors (CCK-8, met-enkephalin, oxymetazoline,
isoproteranol, carbachol), nor by yeast cells lacking the
SSTRS (data not shown). A detectable response was
20 observed to 60 nmol of S-14. '
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10 4177] is built froma 2.5 kb fragnent of the ADE2 gene anplified
by PCR using oligos that placed a Cla site at position 1 and an Nhel site
at position 2518. This fragnent is used to replace the internal d al-Nnel
fragnent in SST2. The sst2[err] ADE2 fragnment is rel eased by digestion with
Sall 15 and used to transform appropriate yeast strains. The
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termnus of SSTR2 and a Bglll site directly after the translational stop
site. SSTR2 coding sequences are 35 Inserted as a Bglll PCR
fragnent into the BanH site of pMP3. 39 Plasmd [err]LP82 (Figure 12)
.S constructed by first replacing the Xhol/EcoRl pronoter fragnment in
pP&KH SCGL-G err]s [Kang, Y.-S., Kane, J., Kurjan, J., Stadel, J.M, and
Ti pper, D.J. (1990) Mol. Cell. Biol. 10, 2582-2590], with a 5

nodi fied SCGL pronoter fragnment (Dietzel, C. and Kurjan, J. (1987) Cell 50,
1001- 1010] anplified from yeast genomc Dpip usi ng ol i gonucl eoti des t hat

I ntroduce 5 Xhol and 3' EcoRlI sites at positions -200 and -42, formng

plasm d pLP61.17he Baghh frRGIENt gORCORAkoFRIJONRIR. | Had@RlcRGedg I h a 10
conpar abl e fragnment _encodi ng Gai 2, formng plasmd p]g . The Xhol/ Sal_l
fragment of pLP71 eRZBBPRYIAR sard & -&.r|Bavsfheric #otei pr £8ddd
under the control ogrbfehSARl YsPMisy tcs ddamisderdepehdenbeabatiiragibs i n
pRS414 (Strat agene), .for

constructed by repl 3& ﬁgwagkgalzsf’%lgﬁﬁéﬁf\tﬁ'ﬂ 6fﬁ?ftv?nrt'h t%ﬁ% .ct%ﬁod_‘%?, 'S :

fraghent encodlBg |Rose, M., F. Winston, and P. Hieter. 1990. Methods
in Yeast Genetics. Cold Spring Harbor Press. Cold
Spring Harbor, NY.
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Example 10

25 Functional expression of the porcine somatostatin
subtype 2 (SSTR2) receptor in yeast.

The cyclic tetradecapeptide somatostatin is a

potent inhibitor of secretion of several hormones,

30 including growth hormone from the pituitary, glucagon and
insulin from the pancreas, and gastrin from the gut.
Somatostatin also acts as a neurotransmitter and has been

shown to have broad modulatory effects in CNS and
peripheral tissues (1). The effects of somatostatin are

35 transduced through binding of the hormone to high-
affinity, plasma membrane localized somatostatin (SSTR)

receptors (2). The SSTR's, encoded in five distinct



from pP&KH SCA (Kang, Y.-S., Kane, J., Kurjan, J., Stadel, J.M,. and

Ti pper, D.J. (1990) Mol. Cell. Biol. 10, 2582- 2590], formng plasmd
pLP75. The Xhol/Sall fragnent 20 encoding SCGL is transferred to
the Sall site in pRS414 (Stratagene), form ng plasm d pLP83. EXAMPLE 4 25
Effects of G protein expression on the sensitivity of the bioassay. Yeast
strains LY268 ([err]LP82: CEN [err] SCGL-Scgl-(d err]2), LY262

([err] RS414- PGK-Scgl -d err]2: [err] RS414 contai ni ng the PGK-Scgl- 30

Gai 2 Xho/ Sal I fragnent from pPGKH Scgl - Gai in the Sall site), LY324
(pLP84: 2[err] pSCGl- Scg- G[err]2) and LY2 ([err]RS424 PCK- Scg- Gai 2:

PGt Seq - G oA YHES hASSARE =S ¥ o) ML EGREPRECCRY BRTH] AQ%qtipaue-
desi gnat ed pl aspetsi fic si.ufﬁeraﬁ:es in respydses(todeomandstatbh YRHEDD,
I(SLrZ?Ea??]eInE) wﬁ ﬁ%YéS fAﬁﬁ y]‘ségﬁQérer %ﬁ%@%rr% Aﬁgab%hrl ng
the SSTR2 expr sPé'Rt&IJ@S‘tﬁOdﬂP ed()/é'ﬁﬁ?@%@ﬂ | GuPeréamidvestiatsorediatese -
(299 5 responses to a broad variety of extracellular signals.
Functional expression of porcine SSTR2 in yeast should
permit rapid -screening for new species and subtype-
selective somatostatin agonists. and compounds with
antagonist properties and facilitate molecular
10 characterization of structural aspects of the porcine
SSTR2 required for rational design of new somatostatin
ligands. Compounds identified in high-throughput,
mechanism-based screens represent leads for new growth-
enhancing agents for use in pigs.

15
MATERIALS AND METHODS
Plasmid constructions. All molecular
biological manipulations were performed according to
20 standard procedures (12). The porcine SSTR2 (11) was

cloned from a human brain cDNA library by PCR using
oligonucleotide primers that introduce BglII sites at 5°
and 3' ends (5' AAAAGATCTAAAATGTCCATTCCATTTGAC, 3!
AAAAGGTACCAGATCTTCAGATACTGGTTTGGAG) . The porcine SSTR2

25 expression plasmid, pJH18, was constructed by inserting
the BglII-digested PCR fragment in the correct
orientation into BamHI cut pMP3 (13).

Strain constructions. Yeast strains were

30 constructed, and growth media and culture conditions
formulated according to standard procedures (14). DNA-

mediated transformation of yeast was carried out usirié

the lithium acetate method. The yeast strains used as

the basis for all experiments described in this report

35 were constructed by sequential insertional deletion using
recombinant alleles. Yeast strains that express porcine

SSTR2 were constructed by sequential DNA-mediated



| acking ura and trp were transferred to Sc-Lactate (2% 5 medi um

| acking ura and trp and subsequently SC Gal actose (2% nedium | acking ura
and trp. Cells (2x105) are then plated in 30 nml of SC Gal actose (2%

| acking ura, trp, and his agar, the indicated anobunts of sel ected conpounds
applied to paper disks situated on the surface of the agar 10

pl ate, and incubated at 30[err]C for 3-5 days (Figure 14). The extent of
grow h around S-14 is dependent upon the G protein expression plasmd
contained in each strain. The nmost |uxurjant growth is observed in
response to S-14 by LY268 ([err]LP82: CENTerr] SCGLl-Scgl-Gerr]2), |less

growh is seen_in_strains.15 - Y. RS4.14- 2 g d
LY324 ([err] LPERANSERFPETESR ]%%G’ﬁ%gg_- 2‘%’% b7 a8 e ippuss. His A2l
growth is exhi Beuddlbyade28u0] [ dysPREV2IA- Rl AnigiG Fari phYS2THASL v A t s
are consistent Jw-baphe obsgrved 3y i it t k8B cRimerPBEI@IPNOrotein
stimul ated transcriptional jnduction hy el eY Eed unt s og ex ed 20
derr] protei neXPEESSipReP53SREGul /LEF? of S& pr mp%r é’si%ﬁﬁfév@% in-
stragns exprespgHy7het erol ogous G protein-coupled receptors is critical to

t he design and successful inplenentation of a bioassay for conpounds that
Interact with the receptor. 25 Plasm d pLP84 is

constructed by first repRadindabhbedagordaiRsapnoatien ASSaAyYs.
PPGKH- SCCGL- Ga, o387 | yeK8RY: membrane extracts from late log phase
cultures were prepared by glass-bead 1lysis and

10 centrifugation at 40,000 =xg following a published
procedure (15). The protein content of crude membrane
fractions was measured using the Biorad protein assay kit
according to manufacturers instructions. Radioligand
binding assays were conducted according to Strnad et al

15 (10) using radiolabeled somatostatin (15 T-tyril-g-14,
Amersham) . Non-specific binding was defined as that
observed in the presence of 1 npM S-14. Negligible
specific binding was observed in membrane fractions made
from cells lacking porcine SSTR2 (data not shown).

20 Bioassay. Functional assay of the porcine
SSTR2 expressed in yeast was accomplished using
modification of a standard procedure (13). Yeast strains
were grown overnight in 2 ml synthetic complete liquid
medium containing glucose (2 %) and lacking uracil and

25 tryptophan (SCD-ura-trp) medium, washed to remove
residual glucose, and grown overnight in 5 ml SC
Galactose (2 %)-ura-trp liquid medium. Molten (55 °C) SC
Galactose (2 %)-ura-trp-his agar medium (30 ml, adjusted
to pH 6.8 by addition of concentrated KOH or NH,0H prior

30 to autoclaving) was inoculated with the overnight culture
(2 x10* cells/ml) and plated in square (9 x 9 cm) petri
plates. Sterile filter disks were placed on the surface
of the solidified agar and saturated with 10 pl of
sterile water containing the indicated amounts of the

35. designated compounds. Plates were incubated at 30 °C for
3 days. Somatostatin (S-14, S-28), met-enkephalin were
from Bachem. Oxymetazoline, isoproterenol, and carbachol



Y.-S., Kane, J., Kurjan, J., Stadel, J.M, and Tipper, D.J. (1990) Ml.
Cell. Biol. 10, 2582-25901, with a nodified SCGL pronoter fragnment
(Dietzel, C and Kurjan, J. (1987) Cell 30 : 50, 1001-1010
anplified from yeast genom c DNA using oligonucleotides that introduce 5
Xhol and 3' EcoRl sites at positions -200 and -42,. formng plasm d pLP61.
The BanH fragnent encoding Jerr][err] domain is replaced with a

conpar abl e fragment encoging Herr][err], formng plasm d pLP71. The
Xhol / Sal I 35 fragnent of pLP71 eé‘o,codi ng a SCGl-Jerr][err]
chimeric G protein 41 expressed wunder the control of the SCGL

promoter is LSt ereRdsliomaNe Sakb761 bad %M&éﬁ&r%&@ewenéﬂ
pLP84. 5 EXAMPLE S Somatostatin receptor is capable of transmtting si gnal

t hrough the erfd ay]e]a-‘é‘c G[err] 10 SSTR2 is thought to couple to
Gerr][err] and Jerr][err] in
RESULTS
5

Somatostatin binding to the porcine SSTR2
expressed in yeast. High level functional expression of
the porcine SSTR2 in yeast was a necessary prerequisite
to the development of a useful biocassay. The porcine

10 SSTR2 cDNA was placed under the .control of the GALl
promoter in plasmid pJH17 and 18. These constructs also
confer inducible overexpression of Galdp, the
transcriptional activating protein for galactose-
inducible genes, resulting in significantly elevated

15 levels of receptor protein in crude membrane fractions
compared to receptor expressed from a plasmid lacking
GAL4 sequences (data not shown). The porcine SSTR2
sequences were introduced into pJH18 without modification
of the protein coding sequences. Previously, King et al.

20 reported that replacement of the amino-terminal domain of
the B,-adrenergic receptor with equivalent STE2 sequence
was necessary for efficient receptor expression in yeast
(16} . In contrast, functional expression of porcine
SSTR2 in yeast does not require addition of any yeast

25 sequences to the amino-terminus. A chimeric Ga& protein
composed of the proposed amino-terminal Py-interaction
domain from Gpalp and a carboxy-terminal receptor
interaction domain from rat Ga,, (pLP82) under the control
of the GPAl promoter was constructed. Yeast strains that

30 contain expressed porcine SSTR2 and chimeric G; protein
were assembled by transformation of a yeast strain
(LY296) modified by deletion of genes encoding components
of the mating signal transduction pathway with porcine
SSTR2 (pJH17, pJH18) and G, protein expression (pLP82)

35 plasmids.
Most G protein-coupled receptors exhibit both

high and low agonist-dependent affinity states. High-



manmmal i an cells [Luthin, D. R, Eppler, C. M, and Linden, J. (1993) J.
Biol. Chem 268, 5990-5996]. However, when expressed i n appropriate yeast
strains (described below), 15 SSTR2 is shown to be capabl e of
transmtting a signal through the endogenous yeast err] protein. Inplicit
in this observation is the necessary coupling of SSTR2 to the endogenous
Jerr] protein. The ability of heterologous G protein-coupled receptors

to couple to the endogenous Jerr] 20 protein is a significant
| nprovenent in existing technol ogy, and isgghought not to be possible in
the prior art (King K Dohlman, H G, Thorner, J., Caron, MG, and
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d
xho- Sal I fragmeatodr @P@:gn%eémn tiq%%@ah@lgﬁrm Sk%é”%tfe L&Y

pl aci hg the desi nat plasnfds in Str r ni
cultiBes of th %@*'éi’nsa%l ctndetectalRit e 4R exgAdinl @!BmiSPAl

5 oo e co gty oot St
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S-14 bound to the porcine SSTR2 with high affinity and in
a saturable manner, demonstrating that (1) a functional
10 ligand-binding conformation of the porcine SSTR2 was
expressed in yeast, and (2) the receptor functionally
associated with the chimeric Ga protein, resulting in a
high-affinity agonist binding state. The total number of
123 1-tyrt'-s-14 binding sites observed (B, =146 fmol/mg) was
16 consistent with values obtained for the yeast -mating
pheromone receptor (200 fmol/mg, ref. 17).

The porcine SSTR2 retained agonist selectivity
when expressed in yeast. A selective and sensitive
bioassay was designed using a yeast strain (LY474)

20 bearing the above described genetic modifications and
plasmids conferring expression of the porcine SSTR2
(pJH18) and a Gpal-Ge&,, chimeric protein (pLP82). A dose-
dependent growth response of LY474 cells was evident
around applied S-14, MK678, and sandostatin (Fig. 23).

25 The assay was selective: the diameter of the growth
zones was proportional to the reported affinity of the
ligands for the porcine SSTR2 (S-14=MK678>sandostatin)
reflecting the ability of the biocassay to discriminate
between ligands of varying potency (18). Detectable

30 growth responses were not observed in response to a
variety of agonists selective for other G protein~coupled
receptors (met-enkephalin, oxymetazoline, isoproterenol,
carbachol), nor by yeast cells lacking the porcine SSTR2
(data not shown). A detectable response was observed to

35 as little as 60 pmol of S-14, illustrating the exquisite
sensitivity of the bioassay.



35 Gal actose (2% lacking ura, trp, and his nmedium the 42
I ndi cat ed anounts of sel ected conpounds applied to paper disks situated on
the surface of the agar plate, and incubated at 30[err]C for 3-5 days.
Hal os of growh are observed around disks saturated with varying
concentrations 5 of S-14, denonstrating that a productive signa
can be transduced through an interaction between SSTR2 and the yeast

SCGL/ GPA1 protein (Figure 15). These observations denonstrate that a
sinpl e and broadly applicabl e bi oassay may be established in which any
menber of the class of G 10 proteﬁﬁ-coupled receptors may be

endogenous Ca EEEREREES, LfEl by oRadT BMBE" 7 o3 by Tepl aci ng the EQOR
fragment in pLP71 with the EcoRl fragment encoding 15 SCGL from
b 3. (1990) nor Y CePFReBrSr Ro! Thuo s R oerediey oM 12HG, . HECC
Xhol / Sal | fragnent Butelerg Sdel Bévﬂﬁansﬁeﬁrea-toGFﬁ£1€E§¥-site19ﬂ3pRS424-
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(Stratagene), formng plasm d pLP86. 20 EXAMPLE 6 Mutations in SST2 enhance
the sensitivity of the responses to sonmatostatin 25 Miutations I n t he
SST2 gene resul t in supersensitivity of otherwise wild type cells to
mat i ng pher onone. The effect of this nutation on |evels of AT resistance
expressed in farl, FUS1-H S3 strains is exam ned 30 (Figure 16).
Cells (5 x 10[err]) fromovernight cultures of LY230 (a derivative of
YPH50 (Statagene) MATa SST2 ura3-52 l'ys2-801 ade2 trpl[err]63 h|53[err]200
leu2[err]1 farl[err] FUS1-H S3] and LY238 (a nodification of LY230

sst 2AADE2) in SCD-ura, trp are pl ated on @}ura trp, his, containing 10
nv AT and 35 t 300C for days. lncreased AT resi st ance

u
in 43 response tH’ﬂE&F fac orRy P8y tﬁ't &ang, ByoSs Tage3)y Ggbw h of
LY238 is observed aBeMdaddslSs Sainai.ni NPP9D. pnalloainyatamy fired OIGREL
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mating factor for significant growh to be observed. Thus, 5

I ntroduction of sst2 into these strains raises the sensitivity of
t he bi oassay by at |east 100-fold, opening the possibility of increasing
the sensitivity of other G protein-coupled receptor bioassays as well. -
Yeast strains that express SSTR2 and bearing a 10 defective sst2
gene exhibit nmuch greater growth around di sks contai ning various
concentrations of somatostatin than is exhibited by strains containing a
functional SST2 gene. Overnight cultures of strains LY268 (sst2, containing
pLP82), LY266 (sst2, containing pLP83), LY288 (a derivative 15 -~ of
YPH500 ( Stratagene) Ta SST2 ura3-52 |ys2-801 ade2 trpl[err]63

hi s3[ err] 200 Ieu2[eer farl[err]LYS2 scgl[err]hisG fusl[err] FUSI - H S3
bearing the SSTERR.exmaebachn [R.asniWd aBauehe Siiid- .er Bpifleexpr esk98h.

plasm d, pLPOZ] and Lyzd0LaeTBdhELeahi OB Pkl Aty AR 0FONGhISOBLEET) (1

SC Dextrose (2% | ac ans erre actate
medi um (29 | acki ng &nalaga. tr§°r@nae§ubsgaﬂenﬁﬂy 38e SC Gal actose (2%

medi ugn | acking ura and trp. Cells (2 x 105) are then plated in 30 M SC

Gal actose (2% plates lacking ura, trp and his, the indicated anmounts of

sel ected conpounds applied to paper 25 di sks situated on the
surface of the agar plate, and incubEXRMREE A err]C for 3-5 days. Hal os

of growth are
Deletion of MSGS5 increases the sensitivity
10 of response to agonist.

The responsiveness of a signal transduction
system to a persistent stimulus diminishes with time.
This phenomenon, known as desensitization or adaptation,
15 is a universal characteristic of signal response systems.
Several molecular mechanisms for adaptation have been
described for the yeast mating signal transduction
pathway (1). Mutations in the S5ST2 gene confer defects
in adaptation and increased mating pheromone sensitivity
20 (2,3). The response to applied somatostatin by yeast
cells that functionally express the rat SSTR2 is greatly
increased in sst2 mutant cells (4). Mutations in others
genes whose products play a role in the adaptation
response would be expected to have similar effects.
25 Mutations in the MSG5 gene, which encodes a putative
protein tyrosine phosphatase, cause increased sensitivity
to mating pheromone (5). In this study, deletion of MSGS
in cells that express the rat SSTR2 greatly increases
sensitivity to somatostatin. The effect of the MSGS
30 mutation is additive with an SST2 deletion mutation. The
double mutant sst2 msg5 cells form the basis of an
extremely sensitive bioassay for compounds that interact
with G protein-coupled receptors and G proteins.

35 MATERIALS AND METEODS

Strain constructions. All molecular biological



observed around di sks saturated with varying concentrations of S-14 in both
sst2[err] and SST2 strains (Figure 17), however, the anmount of growth

exhi bited by strain LY268 and LY266 30 (sst2) is significantly
greater than that observed for strains LY288 and LY290 (SST2). Furthernore,
the down- regulatory effect of SST2 is nore pronounced in those strains
that express solely the wild type SCGL/ GPAl protein, consistent wth the
expectation that SST2 interacts nore 35 faithfully wth the
native protein than the SCGl-Jerr].2 ., 44 chineric protein. EXAVPLE 7
5 Functional expression of a rat chol ecystb%i nin (CCK[err]) receptor in

f e et p RN S1one kERY Lo Odtkaddind TBY O selRleRt 1o,
bile ejection (RHOCRHRTES B0 ondeAST hBLHBEASWIVRIG FORSTIMGTEed,of abdai n
neuropeptides (Fhowttndd PATARE diBrw¥d QGridit shaNEd ARu PeEL@NaGoFf@lhg
surface ‘s
to standard procedures (7). DNA-mediated transformation
5 of yeast was carried out using the lithium acetate
method. The yeast strains used in these experiments were
constructed using the recombinant msgSALEU2 allele in
pS/PDel and multicopy YEpMSGS (5). Yeast strains bearing
altered MSG5 levels were constructed by DNA-mediated
10 transformation of LY268 (MATa ura3-52 trplD63 his3D200
leu2Dl ade2-101 1ys2-801 gpalAhisG farlALYS2 FUS1-HIS3
sst24ADE2, pJH2, pLP82) yielding MPY459 (LY268 msg5ALEUZ
sst2AADE2) and MPY467 (LY268 YEpMSGS) and LY288 (LY268
SST2) yielding MPY458 (LY288 msg54LEU2 SST2 ) and MPY466

15 (LY288 YEpMSGS5) (4).

Bioassay. Functional bioassay of the rat SSTR2
expressed in yeast was accomplished using modification of
a standard procedure (4). Yeast strains were grown
20 overnight in 2 ml synthetic complete liquid medium
containing glucose (2 %) and lacking uracil, tryptophan
and leucine (SCD-ura-trp-leu) medium, washed to remove
residual glucose, and grown overnight in 5 ml SC
Galactose (2 %)-ura-trp-leu liquid medium. Molten (55 °C)
25 SC Galactose (2 $%)-ura-trp-leu-his agar medium (35 ml,
adjusted to pH 6.8 by addition of concentrated NH,0H prior
to autoclaving) was inoculated with the overnight
culture (2 x10* cells/ml) and plated in square (9 x 9 cm)
petri plates. Sterile filter disks were placed on the
30 ' surface of the solidified agar and saturated with 10 pl
of sterile water containing the indicated amounts of the
somatostatin (S-14). Plates were incubated at 30 °C for
3 days. Somatostatin (S-14) was from Bachem.

35 RESULTS

Deletion of MSGS promotes increased sensitivity



15 receptors which can be classified using pharnmacol ogical criteria
into two subtypes, CCKA and CCK[err] (3). Mdlecular cloning efforts have

i dentified cDNAs encoding G protein- coupled CCK[err] (4) and CCK[err]
(5-8) receptors. Recently, conpounds with selective CCKlerr] receptor
ant agoni st properties 20 havi ng potent anxiolytic activity have
been identified (9). Functional expression of CCKlerr] receptors in yeast
shoul d permt rapid screening for new conpounds with CCK[err] antagoni st
properties and facilitate nnlecu%gr characterization of structural
aspects of the CCK[ err]receptor 25 required for rational design of

ol ecul ar bl ol £ Fgandy  Thé RO BEE TR AR "R H S EBPEsa o g
to standard pobcebler MSGE1Q0pneTperodmctCOidne rds sassgsd Ay waempavhey them rat
prai n cDNA by &fditi! EE§BthQ”u% QLLICHY! IS, | Rkel Qipaduee chbabht

sites at
AAAAGATCTTCAG@@? 3 EFig. ) - clfubeniinreTihat o High MFFS ré@%@%%ﬁlon

exprgssi on pl aguic¢kidn H&ﬂ:ld belexpected to increase the sensitivity of
the biocassay to applied S-14, while overexpression of

MSG5 should blunt the growth response. As expected, a
dose~dependent growth response to applied S-14 was

observed for LY288 (SST2 MSGS). Consistent with

10 - expectations, deletion of the MSG5 gene in MPY458 causes

a substantial improvement in sensitivity of the bioassay.

The growth response of MPY458 is comparable to that

exhibited by LY268 (sst24ADE2, MSG5). The effects of
mutations in both genes was observed in the double mutant
1% MPY459 (msgSALEU2 sstZAADE2) which showed a further

improvement in the growth response. Overexpression of
MSG5 in SST2 (MPY466) and sst24ADE2 (MPY467) strains
severely reduced the growth response.
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was constructed by inserting the Bglll-digested PCR fragment in the correct
orientation into BanmH cut pMP3 (11). The (err] protein expression

pl asm ds used in this study were constructed by replaci ng DNA sequences
encoding the 47 5 car boxy-term nal am no acids of GPAl in pLP83
(11) with those of Gerr] (pLP122), Jerr]2 (pLP121). Strain

constructions. Yeast strains were constructed, and growth nedia and
culture conditions formul ated according to standard procedures (12).

DNA- 10 medi ated transformati on of yeast was carried out using the
lithium acetate nethod. The yeast strains7ésed as the basis for al
experinments described in this report were constructed by sequenti al

i nsertional del eti OFERMERgIReEEAPPAGRt T4 1ATULLST GQPRANA]DR G| AGtEWAELIRpr ess

tDRFA rag _ 1? i f&ﬂﬁ?ﬁaﬁméﬁsﬁﬁt gémwewa$t§Qﬂﬁg &ggé-tpdolby squgafﬁ!tah. 1 200
- medi at e ansformt on o ur g3- rpl] er is3[err
leu2[err] 1 ade 101‘9‘?%2- 01 ‘pa@@%’%ﬁi’s%‘fa&“ﬂﬁm'F 1-#§§de' H.
sst2[ err] ADE2, ref.Shinkawa), pEH2Sughlmokesd dmdt Ko @Hadrsumaheot ei il 39dor essi on
pl agm ds descri bed \gdeye. . ' d |
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6. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989.
Molecular Cloning, A Laboratory Handbook. Cold
10 Spring Harbor Press. Cold Spring Harbor, NY.
7. Rose, M., F. Winston, and P. Hieter. 1990. Methods
in Yeast Genetics. Cold Spring Harbor Press. Cold
Spring Harbor, NY.

15 _
EXAMPLE 12.
Functional expression of a human growth hormone
release factor (GRF) receptor in yeast.
20

The growth hormone release factor (GRF) is a
potent stimulator of secretion of growth hormone from
the pituitary (1). The effects of GRF are transduced
through binding of the hormone to high-affinity, plasma

25 membrane localized GRF receptors. The GRF receptor and
related secretin-class receptors comprise a subfamily of
the seven-transmembrane domain, G protein-coupled
receptor superfamily that mediates responses to a broad
variety of extracellular signals, and are distinguished

30 by the presence of a large amino-terminal ligand-binding
domain (2). Functional expression of the human GRF
receptor (3) in yeast should permit rapid screening for
new species-selective agonists and facilitate molecular
characterization of structural aspects of the GRF

35 receptor required for rational design of new GRF receptor
ligands. GRF agonists represent a new class of growth
promoting agents for use in agricultural animals and may .



content of crude nenbrane fractions was neasured using the 25

Biorad protein assay kit according to manufacturers instructions.
Radi ol i gand bi ndi ng assays were conducted according to Strnad et al (14)
using 3H CCK-8 (Anmersham) in the presence of 150 nM Nad . Non- specific
bi ndi ng was defined as that observed in the presence of 1 [err]M CCK-4. 30
Negligible specific binding was observed in nenbrane fractions nade
fromcells lacking CCK[err] receptor (data not shown). Bioassay.

Functional assay of CCK[err] receptor expressed in yeast was acconplished
usi ng nodification of a 35 st andar d3 procedure (11). Yeast strains

wer e grown overg 8 synthep#c co Iete kh uid_nmedi um
contai ning gl ucdd a(?“%PQMﬁquﬂﬂsqﬁ}qﬂéﬁﬁ n“EBE8eRERL: O
medi um washed gpowehvoE hdildren @EUGQSEtaﬁdagmmwn overnight in 5 nm SC
Gal actose (2 9-ura-trp liquid nmedium 5 Mol ten (50[err]C) SC
Gal actose (2 Y9-ura-trp-his agar medium (30 m, adjusted to pH 6.8 by
addi ti on of conRATERIALS AW MRTEQRSrr]OH prior to autoclaving) was

i nocuyated with the

Plasmid constructions. All molecular
biological manipulations were performed according to
standard procedures (4). The human GRF receptor (3) was
cloned from a human brain cDNA library by PCR using

10 oligonucleotide primers that introduce BamHI sites at 5°
and 3' ends (5' ATAGGATCCAAAATGGACCGCCGGATGTGGGGG, 3°
ATATGGATCCCTAGCACATAGATGTCAG) . The GRF receptor
expression plasmid, pJH25, was constructed by inserting
the BamHI-digested PCR fragment in the correct

16 orientation into BamHI cut pMP3 (5). The G, protein
expression plasmids used in this study were constructed
by replacing DNA sequences encoding the 47 carboxy-
terminal amino acids of GPAl in pLP83 (12) with those of
Ga, (pLP122).

20 Strain constructions. Yeast strains were
constructed, and growth media and culture conditions
formulated according to standard procedures (6). DNA-
mediated transformation of yeast was carried out using
the lithium acetate method. The yeast strains used as

25 the basis for all experiments described in this report
were constructed by sequential insertional deletion using
recombinant alleles. Yeast strains that express human
GRF receptor were constructed by sequential DNA-mediated
transformation of LY296 (MATa ura3-52 trpldé3 his34200

30 leu241 ade2-101 1lys2-801 gpaldhisG farlALYS2 FUS1-HIS3
sst24ADE2, ref. 5) with pJH25, followed by the chimeric
G,s protein expression plasmid, pLP122 (5).

Biocassay. Functional assay of the human GRF
receptor expressed in yeast was accomplished using

35 modification of a standard procedure (5). Yeast strains
were grown overnight in 2 ml synthetic complete liquid-
medium containing glucose (2 %) and lacking uracil and



overnight culture (2 x104 cells/m) and poured into square (9 x 9 cn) petri
plates. Sterile filter disks were placed 10 on the surface of the

solidified agar and saturated with 10 [err]l of DWMSO containing the

i ndicated anounts of the designated conpounds. Pl ates were incubated at
30 [err]C for 3 days. Chol ecystokinins (CCK-4, CCK-8), somatostatin (S-14),

and net-enkephalin were from Bachem Oxynet azol i ne, 15
i soproterenol, and carbachol were from Si gma. RESULTS Chol ecyst oki nin
binding to the rat CCK [err] receptor 20 expressed in yeast. High

I evel functional expression of the rat CCKIerr] receptor in yeast was a
necessary prerequisite to the devel opnent of a useful bioassay. The rat
CCK[ err]  receptYRIN AR pFPePs8randsP)t hanedbimol vashrd GAG pmmmwer in

plasm d pJH20. reshHitial cofbideld, al &0d COsFSNS é\P@'ﬂ?i She 20n 5 ml S
or

over expr essi on | 4 tran cr t ona at ote

g\z;I ac;(gse-i hducﬁoa&%%at g%ﬁe‘sé hﬁ I 9’ I "Ifq\'{‘b‘aln&%g)' eocl eiFéI s
of receptor pr(ﬁaéJacuqse:rLRje%)n‘Bntn-amp-ﬂFhmtagms meddan e (30 aulﬁ(aiaﬁmted
Sxpr Eocd [romed RiAYlY BRI Bk 4o f DL 08 R0l b REMN prsor

CCK[err] 30 receptior sequences _
wi t hout nodi fi && ?Bl"?o@ﬂ-at"ﬁélgﬁr Ulaél hnesHilagedeyithcele W%mmlst yGulkiuxe et

al . reported that xiepl aeamernif Jrte pUHIKY tBiNkgakre (9 x 9 cm) petri
plates. Sterile filter disks were placed on the surface

of the solidified agar and saturated with 10 pl of .

10 sterile water containing the indicated amounts of the
designated compounds. Plates were incubated at 30 °C for

3 days. Human GRF (hGRF (1-29)-NH,), (D-ala?)~hGRF (1-

29) -NH,, and met-enkephalin were from  Bachem.
Oxymetazoline, isoproterenol, and carbachol were from

15 Sigma.

RESULTS
GRF binding to the human GRF receptor expressed
in yeast. High level functional expression of the human
20 GRF receptor in yeast was a necessary prerequisite to the
development of a useful bioassay. The GRF receptor cDNA
was placed under the control of the GALI promoter in
plasmid pJH25. These constructs also confer inducible
overexpression of Galdp, the transcriptional activating
25 protein for galactose-inducible genes, resulting in
significantly ele\_rated levels of receptor protein in
crude membrane fractions compared to receptor expressed
from a plasmid lacking GAL4 sequences (data not shown).
The GRF receptor sequences were introduced into pJH25
30 without modification of the protein coding sequences.
Previously, King et al. reported that replacement of the
amino-terminal domain of the b,-adrenergic receptor witﬁ
~equivalent STEZ sequence was necessary for efficient
receptor expression in vyeast (9). In contrast,
35 functional expression of GRF receptor in yeast does not
require- addition of any yeast sequences to the amino-
terminus. A chimeric G& protein composed of the proposed



dormain of the [err]2-adrenergic receptor with equival ent STE2 sequence was
necessary for efficient receptor expression in 35 yeast (15). I n
contrast, functional expression of CCK[err] 47 receptor in yeast does
not require addition of any yeast sequences to the am no-term nus.
Plasm ds conferring expression of chinmeric Jerr] proteins conposed of
amno- terminal J[err]-interaction domain from Gpalp and carboxy- 5

term nal receptor interaction donains fron1rat Jerr][err] (pLPl21) or

Gerr][err] (pLP122) under the control _}pe GPAl pronoter were
construct ed. Yeast strains that contaln expressed CCK[err] receptor and

{ranst or mat | on B8 SRRL Yy P~ rpEsbReetal donale” ERbal TiERE SR Fon o

transformati on 0
genes encodi ngcé§hﬁ6&'er¢13§n@ﬂlatlheretmtr®g? dingrealacreriams doowiion fp‘@mﬂ\mayz (Eg,t h

CCK[ err] receptptpand) q@ﬁaérprﬁieelb@oﬁ%%qsswn ﬁ%!eas Eipds -

protein- coupled receptors exhjb hi oW agoni s e endent
affinity stateSOPEEGHERL ni t J2A8BNSEF2BRAJITHRY sc%'b%ﬁéleﬁﬁpisssed GRF on
f unchi onal assoeceptom ohnﬁecewlmexwd hG; bebeeghri wereC Gsglepidied by the

receptor does paLn@FSAELRAYBIMLP: LM yhSst strain (LY296) modified by
deletion of genes encoding components of the mating
signal transduction pathway with human GRF receptor
(pJH25) and chimeric Gpal-Ge&, protein expression (pLP122)
10 plasmids.

The human GRF receptor retained agonist
selectivity when expressed in yeast. A selective and
sensitive bioassay was designed using a yeast strain
(CY990) bearing the above described genetic modifications

16 and plasmids conferring expression of the human GRF
receptor (pJH23) and a Gpal-Ga, chimeric protein
(pLP122) . A dose-dependent growth response of CY990
cells was evident around an agonist analog of GRF [hGRF
(1-29) -NH,, Fig.25A] which was inhibited by

20 coadministration of an antagonist analog [ (D-arg?)-hGRF
(1-29)-NH,, Fig. 25B].. The assay was selective:
detectable growth responses were not observed in response
to a variety of agonists selective for other G protein-
coupled receptors (met-enkephalin, oxymetazoline,

25 isopfoteranol, carbachol), nor by yeast cells lacking the
GRF receptor (data not shown). A detectable response was
observed to 20 nmol of GRF, illustrating the sensitivity
of the bioassay.
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uncoupl ed fromthe G protein, agonist binding will be of low affinity and
undet ect abl e i n radi ol abel ed agoni st saturation binding assays. In crude
yeast nenbrane fractions made from 20 LY631 cells, the agoni st

3H CCK-8 bound to the CCK[err] receptor with high affinity and in a
saturabl e manner (Fig. 18), denonstrating that (1) a functional

| i gand- bi ndi ng confornmation of the CCK[err] receptor was expressed in
yeast, and (2) the receptor functionally associated with the 25

chinmeric Ga protein, resulting in a high-affinity agonist binding state.
The CCK[err] receptor expressed in yeast displayed an affinity for

T (RS ook, "esbuBstant LAl LY chare! SIAIANG 1 el (bR BN

state of the CCK, receptor éxpresse ian ce
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obtained for the yeast a-mating pheronone receptor (200 frnol/ng, ref. 16).
For many G protein-coupled receptors, high affinity agonist binding is
sensitive to GIP and its anal ogs. GIP anal ogs i nduce di ssociation of the
receptor/G 5 protein conplex, resulting in a low affinity agoni st
bi ndi ng state. Addition of GopNHp (100 [err]M, a non-hydrolyzable GIP
anal og, to an agoni st binding assay decreased specific binding of 3H CCK-8
to the CCK[err] receptor by greater than 50%in crude nenbrane fractions
fromLY631 cells. These results 10 represent a further

I ndication of functional coupling bet wekn t he CCK[err] receptor and the

chinmeric Jerr] pro n. . Thus r at e recept ess n yeast
exhi bits high-affi r?iqeasptﬁ&rﬂnst ?J&H"ﬂ?%g g%p éf'g’és g‘r?ﬂ‘arab é %??3'
observed i n nmamual i8@V7RX. ssues. The CCK9 recept or
retai ned agoni st selectivity when expressed in yeast. A selective and
sensitive bioassay was designed using yeast strains bearing the above
descri bed genetic nodifications and plasm ds conferring expression of the
CCKgerr] receptor and chimeric err gxampr® g3r] proteins. A dose- 20
dependent growt h response of LY628 and LY631 cells was evident around

applied CCK-4 (Fig. 19). The assay was sel ective: the dianeter of
the growth zones waOysrgxprdssisn of STESC:eahandesf thai ty of the
ligands for the sensitivity of yeast bioassay.

10 Several molecular mechanisms for adaptation

have been described for the yeast mating signal
transduction pathway (1). Alterations to one or more of
these mechanisms should serve to enhance the sensitivity
of a bioassay by altering desensitization pathways and,
15 therefore, prolonging the signal initiated by agonist
binding to receptor. The effects of an sst2 mutation on
the sensitivity of the yeast bioassay were described
previously (Example 6). As an alternative to the genetic
modification at sst2, overexpression of the yeast STES0
20 gene was predicted to have similar effects (2), although
by a different mechanism of action (2, 3). The STES0
gene was isolated and placed under the control of a
strong constitutive promoter in a high-copy-number
plasmid resulting in significant overexpression of the
25 gene. Yeast engineered to respond to the mammalian
hormone somatostatin through an expressed SSTR2
somatostatin receptor were found to exhibit a more robust
response to hormone if STE50 was overexpressed.

30 MATERIALS AND METHODS

Construction of STE50 expression plasmid.

Growth of bacterial strains and plasmid manipulations

were performed by standard methods (4). The protein

35 coding sequences for STE50 were amplified by polymerase
chain reaction (PCR) using oligonucleotides selected by
examination of the published sequence (2). The sense



CCK[err] receptor (CCK-8 > gastrin > CCK-4) reflecting the 25

ability of the bioassay to discrimnate between |igands of varying potency
(5-8). Detectable growth responses were not observed in response to a

vari ety of agonists selective for other G protein-coupled receptors
(somatostatin, met- enkephalin, oxymetazoline, isoproterenol, carbachol),
nor by 30 yeast cells lacking the CCKlerr] receptor (data not
shown). A detectable response was observed to 10 [err]g of CCK-4.

DI SCUSSI ON 35 Compounds that act at the CCK receptors,
particularly 49 antagoni sts, may posses®0great therapeutic potential
(3). In the perlphery t he |nh|b|tory ef fects of CCK ant a onlsts make

!

them - excel | eRligonugierEide (Hor GICGASARSTCAG ATG, G iGGT AAA
pancreatic cana®G hgliaBy)cokbaradnedr dehe Oftranslation ga§tarc esaéni Ng

of ‘sati ety and HIRELAEET UFRRY PrprBding TRERELEEA T dF Lo T patien o
or others that antdpense ohigeasedeotidd (|5r1t-aIG§iGC"'CK:o_‘iﬂ§_r §éle,TC'JCCTCC
agonigsts  m ghipecbegauseddl —33pPetdfs i PPERES A ShslatfEK stop codon
(underlined) and a Sacl restriction site. These
oligonucleotides were used as primers in a standard PCR
to amplify STES50 from Saccharomyces cerevisiae genomic
DNA. The 1,100 basepair amplification product was cloned
10 into the pCR2 vector (Invitrogen Corp., San Diego, CA)
and confirmed by DNA sequencing. The STE50 sequences
were then isolated on a SalI-Sacl restriction fragment
and cloned into a pADH expression vector (5), placing the
expression of STE50 under the control of the strong
15 constitutive ADHI promoter. This plasmid was designated
pOZl62.

Yeast strain comstruction. Growth and
transformation of yeast strains were performed as
described by Rose et al. (6). The SSTR2 somatostatin

20 receptor expression strain LY268 (MATa ura3-52 trplAé3
his34200 leu24l1 ade2-101 lys2-801 gpaldhisG farlALYS2
FUS1-HIS3 sst2AADE2, pJH2, pLP82) was described in prior
examples and by Price et al. (7). Strain LY268 was
transformed with either the STE50 expression plasmid

25 p0Z2162 or the pADH vector. These strains are denoted
CY560 or CY¥562, respectively.
Bioassay. Bioassay of SSTRZ somatostatin

receptor expressed in yeast was described in prior
examples and by Price et al. (7). Briefly, yeast strains
30 were grown overnight in 2 ml synthetic complete liquid
medium containing glucose (2%) and lacking uracil,
tryptophan and leucine .(SCD-ura-trp-leu), washed to
remove residual glucose, and grown overnight in 5 ml SC
Galactose (2%)-ura-trp-leu liquid medium. Molten (52° C)
35 SC Galactose (2 %)-ura-trp-leu-his agar medium (30 mi,
adjusted to pH 6.8 by addition of XOH prior to
autoclaving) was inoculated with 0.06 ml of the overnight



10 ant agoni sts al so potenti ate opi ate anal gesia and so m ght be
appropriate for use in the managenent of clinical pain. In the CNS,

sel ective CCK antagoni sts have prom se as powerful anxiolytic agents (9).
Further, CCK antagonists relieve the anxiety associated with w thdrawal
fromdrug use, and so 15 mght find a use in the treatnment of

w t hdrawal from commonly abused drugs. CCK agoni sts nay have use as
anti psychotic agents. REFERENCES CI TED IN THI S EXAMPLE 20 1. vy, A C
and E. O dberg. 1928. J. Physiol. (Londop) 86: 599-613. 2. Dockr ay,
GJ.R 1976. | munocheni cal  evi dence of chol ecyst oki nin-1i ke peptides

i brain. Na 57 t N, J.

Hghee 1001 SehSiER oE0 RFRIHCEN? aEHRRL: B0 Tk fensiEy OFnaPRrTinalRiyl,
31: 469- 501. 410° cag,ms/ns AndRpouxekii A8, s@udrdefden  Am)sSpesirioplatede 30
Veerth, and Tgrepl pit ?i}teﬁe é.hsjc%ggnere F veEE4Ccahl e @iﬁﬁéﬁé‘rofl eRENg.

and functlon expre55|on 0 ol ecystokinin receptqr fromrat pancreas.
Proc. Natl. AcatPligifiegragar andssafumpted with 10 pl of sterile water

5 containing the indicated amounts of somatostatin-14
(Bachem Bioscience Inc., Philadelphia, PA) or « mating
pheromone (Sigma, St. Louis, MO). Plates were incubated
at 30° C for 3 days.

10 RESULTS

The effect of STESO overexpression on the
sensitivity of the yeast bioassay was examined by
comparing strains differing only in the level of STES0

18 expression (Fig. 26). Bioassay plates were made
| containing either the STES0 overexpression strain CYS60

or the control strain CY562. The responses of these

strains to somatostatin or yeast pheromone were examined

as described in Materials and Methods. Both strains had

20 very weak responses to yeast pheromone because the wild-
type yeast Ga gene, GPAI, had been disrupted and
functionally replaced by a gene expressing a chimeric

Gpal/Ga,, protein (7). This chimeric G protein does not
efficiently interact with the yeast pheromone receptor.

25 However, the response of these cells to somatostatin is
strong (Fig. 26). As predicted, the overexpression of

STE50 resulted in a more robust response (Fig. 26a).

These data demonstrate that the overexpression of STES0

produces a hypersensitivity to ligands acting through G

30 protein-coupled receptors coupled to the yeast signal
transduction pathway, even if the ligand and receptor

originate from a heterologous source. |
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EXAMPLE 14

35 IDENTIFICATION OF COMPOUNDS WITH SOMATOSTATIN
RECEPTOR AGONIST AND/OR ANTAGONIST PROPERTIES
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Devel opnment of a class of selective 20 chol ecystokinin type B
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Har bor Press. Cold Spring Harbor, NY. 11. Price, L.A, E M Kajkowski,
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Col d Spring Harbor,
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of the [err] f atiedfapereit Ofo ©énSBET N OFNECEeteERY DAl aBd tredkmbntBidk -
Chem  263. 10%%?:1%918542types of cancer. Compounds with somatostatin
5 antagonist properties may be useful in promoting growth
hormone release in agricultural species. Increased
growth hormone release may lead to useful improvements in
growth performance and carcass quality. To these ends,
a yeast-based mechanism-based screening assay was
10 developed to assay compounds for those that possessed
desirable somatostatin agonist and/or antagonist

properties.

Bioassay. A bioasssay designed to detect compounds with
15 somatostatin agonist and/or antagonist properties was
mobilized 'using a yeast strain (LY364 MATa ura3-52
trplA63 his3A200 leu2Al ade2-101 1lys2-801 gpaldhisG
farlALYS2 FUS1-HIS33 sst2AADE2, pJH2, pLP82) that
functionally expressed the rate SSTR2. The assay was
20 accomplished wusing a modicication of a standard
procedure. Y364 was grown overnight in 2 ml synthetic
complete liquid medium containing glucose (2 %) and
lacking uracil and typtophan (SCD-ura-trp) medium, washed
to remove residual glucose, and grown overnight in 5 ml
25 SC Galactose (2 %)-ura-trp liquid medium. Molten (55°C)
SC Galactose (2 $&)-ura-trp-his agar medium (150 mi,
adjusted to pH 6.8 by addition of concentrated (2 x 104
cells/ml) and plated in square (500 cm?) petri plates For
assay of antagonists, somatostatin (20 nM S-14) was added
30 to the molten agar prior to pouring. Sterile filter
disks were placed on the surface of the solidified agar
and saturated with 10pl of sterile water containing
candidate compounds. Plates were incubated at 30° C for
3 days.
35
Results. Active compounds from a primary screen were
reassayed and the results displayed in Figure 27. The



14. Strnad, J., C M Eppler, M Corbett, and J. R Hadcock. 1993.

The rat SSTR2 somatostatin receptor subtype is coupled to inhibition of
cyclic AWMP 5 accurul ati on. Biochem Biophys. Res. Conmm

191: 968- 976. 15. King, K, H G Dohlman, J. Thorner, M G Caron, and
R J. Lefkowtz. 1990. Control of yeast mating signal transduction by a
manmmal i an [err]-adrenergic receptor and 10 Jerr] a subunit.
Sci ence 250: 121-123. 16. Winer, J. L., C CQuttierez-Steil, and K J.

Bl uner. 1993. Di sruption of receptor-G p&ﬁieln coupling in yeast pr onot es
the function of an SST2-dependent adaptati pathmay J. Biol. Chem 268:

2070 0077 1 DY E o ROl L3S B OLaflfl, | 430 cor
purinergic corrp@amp@urfdmem.bh wmasmnrmhegnnmat REINSL tiris aut daixs
RIS T o golerass, sihunti sseiiliadoarpech oL ARAD.
i ncl udi ng heart e*¥RESTAM ¢8Ot r aEPPPPEPASs npWL e tiRdataganist
rel eage of properties. The compounds found in the bottom left four
positions are varying amounts of somatostatin applied as
controls. The right hand panel displays the results of
an assay for compounds with somatostatin antagonist
activity. In the antagonist bioassay, somatostatin is
10 added to the molten agar prior to pouring. 1In this way,
all cells within the plate are induced to grow in
response to somatostatin. As applied active compounds
with antagonist properties diffuse into the agar medium
and come into contact with the cells within, the growth
15 response induced by somatostatin is interrupted, yielding
a clear zone of inhibited growth. Several compounds
exhibited detectable growth inhibiting properties.'

20 EXAMPLE 15

Fusion of STE2Z sequences to the amino terminal
of SSTR2 reduces signaling efficiency in response to
somatostatin.

25 High level functional expression in yeast of G
protein-coupled receptors in general, and the SSTR2 in
particular, was a necessary prerequisite to the
development of a useful biassay. King et al. reported
that replacement of the amino-terminal domain of the B,~

30 adrenergic receptor with equivalent STE2 sequence was
necessary for efficient receptor expression in yeast. To
test this hypothesis and the effect of STE2 sequences on
expression of the somatostatin receptor in yeast, the rat
SSTR2 cDNA was placed under the control of the GALl

35 promoter in plasmids pJHl and pJH2. These constructs
confer inducible overexpression of Galdp, the
transcriptional activating _ protein for galactose-



neurotransmtters, platelet function, lipolysis, kidney and white bl ood
cell action. Adenosine pronotes its effects 30 t hrough the action
of cell surface receptors which can be classified using pharnacol ogi cal
criteria into three subtypes, Alerr], Alerr] and Alerr], and Alerr].

Mol ecul ar cloning efforts have identified cDNAs encodi ng G protein-coupl ed
adenosine Alerr] (2-5), Alerr] and Alerr] (6-9), and A3 receptors (10).

Functional 35 expressi on of adenosine receptors in yeast should
permt 52 rapid screening for new conmpounds w th adenosi ne agoni st and
ant agoni st properties and facilit8be nol ecul ar characterization

of structural aspects of the adenosine receptors required for rational
desi gn of new akRGRilpkes genes, JesHHUNg MATERFAERLALSaptIMODSLPYatatid

constructions. Yd¢eI®! §Ukateptoro@iredeit) in crude MEMPHAAE| BBSncYEERS
performed accordin

adenosi ne recefiYP éaégsg‘?r#%]&?’? g%%%%?%%& %%ab;%%ﬁgcnng
ol i gonucl eot i deGAk4 neegueheesi ntdakthicroBarsgHowsijt.es dh TSTRI 8kpresdsidh’
5 plasmid pJH1, DNA sequences encoding the first 13 amino
acids of SSTR2 were replaced with coding sequence for the
first 23 amino acids of STE2 (Fig. 1l1). The rate SSTR2
sequences were introduced into pJH2 without modification
of the protein coding sequences. Yeast strains
10 containing these constructs (LY322: MATa ura3-52 trplAé63
his3A200 1leu24l ade2-101 lys2-801 gpaldhisG farlALYS2
FUSI-HIS3 sst2AADE2, pJHl1, pLP82; LY268: MATa ura3-52
trpld63 his34200 ade2-101 1lys2-801 gpaldhisG farlALYS2
FUSI-HIS3 sst24ADE2, pJH2, pLP82) bear a plasmid (pLp82)
15 that confers expression of a chimeric Ga& protein composed
of the proposed amino~terminal fy-interaction domain from
Gpalp and carboxy-terminal receptor interaction domain
from rat G,,, under the control of the GPAl promoter. The
magnitude of the response of these strains to applied
20 somatostatin (S-14) was measured (Fig. 28). LY268 cells
exhibited a robust growth response to applied S-14,
demonstrating that rat SSTR2 does not require STE2
sequences to be functionally expressed in yeast (Fig.
283) The growth response of LY268 cells was
25 substantially greater than that exhibited by LY322 cells
(Fig. 28B). The sole difference between these strains is
the presence of STE2 sequences in pJHl1 found in LY322.
Thus, replacement of the amino terminum of SSTR2 with the
equivalent segment of STEZ2 greatly reduces the efficiency
30 of signalling in response to applied somatostatin. In
spite of the observations of King et al., heterologous G
protein-coupled receptors expressed in yeast do not
require amino-terminal protein coding sequences from any

yeast protein for functional expression.
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GAAGATCT - 3 15
ACATGCATGCAGATCTTCAGGAA The Al err]adenosi ne receptor
expressi on pl ad °§dconstruct ed by inserting the Bglll-digested
PCR fragment inm rientation into BanH cut pMP3 (12). For
constitutive ex e Alerr] adenosine receptor in glucose- 20
cont ai ni ng nmedi um the expreSS| on vector, pLP100, was constructed.
DNA fragnents encoding transcriptional regulatory sequences fromthe
ADH1 gene (& were anplified by PCR and inserted into pR
transcriptional termnator fragment was a§}§l ified fromye

(YPH501, Strat ene}r usi n% s&nt hetic oligonucleotides that m“imim*mmf
( TTTCTCGAGOGAA ATEAFHRFand 3’ Kkpnl

(TTTGGTACCGGGCCCGGACGGATTACAACAGGT) sites. An ADHl pronoter fragrrent was

amplified [romyeash SRR paiI BENIC contid o 8! et

a a

and 3 BarrHI pectechideT SeARANCARGHTAGHT @9des; @ a he’Fﬁé'C’lAEJ@FIS]
denosi ne receptor egppeste?h lélo%xgmea dudptdr and@sa coasbhdchaelBytide
inserting a PCR fragrrent enco r&g_‘ t he A# errl_ aqﬁnom ne rec%ptor a{r'pl I i ed
usi ng ol i gonucl eot i HESUEHSE ion o
(AAAGATCTAAAATGGGCTp:E&CéEﬁEC%éﬁplendS' SaII ( AAGTCGACTCAGGAA

2. The transformed yeast cell of Claim 1, wherein said
first nucleotide sequence is selected from the group
consisting essentially of B2-adrenrgic receptor, a2-
adrenergic receptor, S5HT-1lA receptor, muscarinic
acetylcholine receptor, growth hormone releasing
factor receptor, cholecystokinin i:eceptor, adenosine
receptor, and somatostatin receptor.

3. The transformed yeast cell of Claim 1, wherein said
second nucleotide sequence codes for a Ga& protein
selected from the group consisting essentially of
yeast Ga&, heterologous G&, and chimeric Gea.

4. The transformed yeast cell of Claim 2, wherein said
second nucleotide sequence codes for a G protein
selected from the group consisting essentially of
yeast Ga&, heterologous G&, and chimeric Ga.

5. The transformed yeast cell of any of Claims 1-4
further comprising a pheromone-responsive promoter
and a reporter gene positioned downstream from the
pheromone-responsive promoter and operatively
associated therewith.

6. The transformed yeast cell of any of Claims 1-4
further comprising a pheromone-responsive promoter
and a reporter gene positioned downstream from the
pheromone-responsive promoter and operatively
associated therewith, wherein said reporter gene is



53 GGGCCAAACTC) sites BamHl-Sal | cut LPlOO r] protein expression
pl asmids used in this study were CdﬂﬁstShbHEHQ‘s(be r pl.aci ng DNA sequences

encodi ng the 47 carboxy-term nal am in pLP83 (12) with
those of (Jerr] (pLP122) 5 a 121). Strain
constructions. Yeast strains ed, and growth nedia and

culture conditions formul ated according to standard procedures (13).

DNA- nedi ated transformation of yeast was carried out using the 10

|l ithium acetate nethod. The yeast strai ng used as the basis for all
experinments described in this report dere construct ed by sequenti onal

I nsertional deletio | r t Ies t ex ress
the rat Alerr] aden%s?%ec[&%rde?eiq{%reﬁgr stcroﬁﬁjeﬁlb%/gs é%%qglz%{’ggiy

medi at ed transf or mafiléd rof34ll$296 UR@I@ATFXHE], G¥S82.,5ZANIr pnfle Le€3genes.

hi s3[err] 200 | eu2[err] 1 ade2-101 |ys2-801 gpal[err]hisG farl[err] LYSZ FUSI -

H S3 sst2[err] err#gz ,. ref n%ﬁ%\nth Al err denosr ne r%ce t or ressr on
plasnids follo Bhetxansiq t ¥PRS xrﬁ i 8% ABENP -’r b o :
above. 20 further coBptiigliakelsedeprteat gaher ednhetrbetdFos: -
assays. HIS3.

8. The yeast cell of any of Claims 1-4 further
comprising at least one gene mutation selected from
the group consisting essentially of fus3, farl,
sst2, sgvl, ste2, ste3, pikl, msg5, sigl, afrl, and
STESO0.

9. The yeast cell of Claim 8 wherein said mutation is
a deletion. C

10. The yeast cell of Claim 8 wherein said mutation is
an overexpression.

1ll1. The yeast cell of Claim 10 wherein said gene is
STESO0.

12. The yeast cell of Claim 3 further comprising a
mutation at a FARI gene in conjunction with at least
one mutation at a gene selected from the group
consisting essentially of SST2, STES50, SGV1, STE2,
STE3, PIK1, MSG5, SIGl, and AFRI.

'13. The yeast cell of Claim 12 further comprising a
reporter gene construct.

14. The yeast cell of Claim 13 wherein said reporter'
gene is FUS1-HIS3.

'15. The vyeast cell of Claim 3 further comprising a
mutation in a SCG1/GPAl gene.
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Crude yeast nenbrane extracts fromtatetogphase—cuttures were prepared by

gl ass-bead |lysis and centrifugation_at 40,000 xg f.ollow ng a published

procedure (14). The protein cont entThsSh o e fractions was
measured using the 25 Bi or ad n y kit according ‘to
manuf acturers instructions. Radi ol [ ssays were conducted

according to Strnad et al. (15) using [err] H NECA (Anersham. Non-specific
bi ndi ng was defined as that observed in the presence of 1 [err]M NECA.

Negl i gi bl e specific binding was 30 observed in nenbrane fractions
made fromcells lacking Alerr] adenosine r%eptor (data not shown).

Bi oassay. Funcgtio assa f Alerr denosine, 1 eggpt essed |n
yeast was accoﬁpq ?f’l&e usﬁ% % %Sgﬂ‘f i t| % 8‘3 aﬁsta’{ldaﬂ%d g&%gégﬁ

Yeast strains 35 heterm@tgscﬁmsmﬂmtgnompmaem asaf-mmmtcsaﬂmqﬁeﬂe
liguid =~ 54 Imedi umgeat aldid r%qio%oseonsas% ngndebaekiiaruyacet apd o

trypt ophan (SCDura trp) ne washed to_rendve resi ucqQse an

grown overni ght in SYRUNE GafacBRINLE 0y G r UbPRL Ly | qciﬁds%'PHP&ﬁfv Gl t en -
(50[err]C) SC CGal actgigde (ahd?9G16 a-

17. The yeast. cell of Claims 3 or 13 wherein said Ge.
subunit is a chimeric subunit.

18. The yeast cell of Claims 3 or 13 wherein said Ga.
subunit is a chimeric subunit comprising the amino
terminal domain of yeast GPA1/SCGl and the carboxy
terminal domain of a heterologous Ga,,.

19. The yeast cell of Claims 3 or 13 wherein said Ga&
subunit is Ga&,, and a GPy complex is an endogenous
yeast GBy complex.

20. The yeast cell of Claim 1 further comprising at
least a portion of a nucleotide sequence encoding
for a yeast G protein coupled receptor positioned
upstream to said nucleotide sequence encoding for
said heterologous G protein receptor and operatively
associated therewith, to encode for a chimeric G
protein coupled receptor.

21. The chimeric receptor of Claim 20 wherein said
nucleotide sequence encoding for all or a portion of
a yeast G protein coupled receptor comprises a yeast
gene selected from the group consisting essentially
of the group consisting of STEZ and STES3.

22. The yeast cell of Claim 21 further comprising a

nucleotide sequence encoding a chimeric G protein
comprising yeast nucleotide sequences and sequences

froma heterologous G protein.
L) A R




5 trp-his agar nmedium (30 nl, adjusted to pH 6.8 by addition of
concentrated KOH or NHerr]OH mﬁissheethBmﬁﬁFﬁvi ng) containing 5 nmM

3-ami notriazole (Sigma) was inocul at rnight culture (2
x10[err] cells/m) and plated in squ

petri plates. For =
expression of the Alerr] adenosine 1

: receptor in

gl ucose-contai ni ng nedi um sanples were renoved fromthe first overnight
culture and assayed i n agar nmedi um conposed as above with glucose (2%

repl aci ng gal actose. Sterile filter di sksaglvere pl aced on the surface of the
solidified agar and saturated with 10 pl "6f DWVSO cont ai ni ng 15 t he

i ndi cat ed anpyat s fh [ d nm,ln S rqa nc t at 30
[err]C for 3 ggis. q‘k(?engglgﬁg %%fa%dg(\foCGS- 2%2580?5%%%%\ %ﬁdq[%ﬁmgivi\gr?b
pur chased from RBI fUSEHRSTSORALT 109 A hakpIRkOIGNS FHBY | FOHRI@X f r om

Bachem Oxynetazoline, isoproterenol, and carbachol were from Sigma. 20

RESULTS Adenosi,ne ggoni.st _hi ndin o.the rat A [err enosi ne.recept or '
expressed i n§4yea?‘t g:ﬁlmerﬁlcgg p?g{;gf.n ?%%#‘?%rﬁ[a ceﬁétglg Qnéod%glq}?}é %n of .
the Alerr] adenosi nacieodider sequemmns ofaLlaim@dssary prerequisite to the

devel opment of a useful bioassay. In plasmd pJH21, the rat Alerr]

adenosi ne recegtor cDNA_was pl aced under the control of the inducible GAL1
25. A nucleotl_de expression vector capable of expressing

a heterologous G protein-coupled receptor into a
cell membrane of a yeast cell.

26. A nucleotide expression vector of Claim 25 further
capable of expressing G&, B, and y proteins into a
yeast cell.

27. A method of assaying compounds to determine effects
of ligand binding to a heterologous G protein
coupled receptor expressed on the surface of yeast
cells comprising the steps of:

a) providing a culture of the transformed yeast
cell of Claim 1;

b) contacting a selected compound to said cells to
allow binding of said compound to the
heterologous G protein receptor expressed on
the cell surface; and

c) determining the growth of said cells as an
indication of the activation of the

heterologous G protein coupled receptor upon
binding of said compound.

28. The method of assayihg compounds of Claim 27 to
determine effects on cell growth comprising:

(a} providing cultures of the yeast cell of Claim

1 by plating-the yeast cells in agar medium
R 0N




pronot er. Thi s construct —atso bUHIEfS induci bl e 30

overexpression of Gl 4p, the traﬂﬁc i éaél q&c ating protein for
gal act ose-i nduci bl e genes, res Icantly el evated | evels
of receptor protein in crude nenbr E onpared to receptor

expressed froma plasm d | acki ng data not shown). Plasm d
35 pLP116 confers high |evel constl tut| ve expression of the Alerr]
55 adenosi ne receptor under the control of the ADHL pronoter. In both

pl asm ds, DNA sequences encodi ng the Al er??]0 adenosi ne receptor were

i ntroduced w t hout nodi fi cation of the prodtein coding sequences.

Previously, King et al. b c ceePlacRimt of gpe 5
am no-termnal claim of ﬂg Perr errf Wi tﬁgGQI val et 'SE2 sequence was

necessary for efficient FSE@EP&P‘J@)&&QSWQ b FOCSPEPE? I n contrast,

functional expressi ¢p)of appeyAher skladteds conpotndst @ theyagsir fbmater:ot

requi re addition of any % §st sequences to the am no-termnus. A chineric
10 Jerr] protei onposed of the proposed ami no-termnal [err]-
interaction domai n febm tdenpifydng cachpepnds: nichakt r éobpbdt | agenasti on

domain fromrat Gerr], gabBAdéhtU"4fdtivation of the heterologous
receptor. :

29. The transformed yeast cell of any of Claims 1-4
further comprising a reporter system selected from
the group consisting essentially of heterologous
adenyly'lcyclase, heterologous G protein-coupled
potassiuni channel, and heterologous PLC-§.
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the control of the GPAl1 pronoter was construct ed. Yeast strains that
contain expressed Alerr] adenosine receptor and 15 chinmeric Jerr]
protein were assenbled by transformation of a yeast strain (LY296) nodified
by del etion of genes encodi ng conponents of the mating signal transduction
pathway with Al err] adenosine receptor and (Jerr] protein expression

pl asm ds. 20 Most G protein-coupl ed receptors exhibit
bot h high and | ow agoni st -dependent affinity states. Hi gh- affinity
agoni st binding is dependent on functional; association of receptor with a
heterotrineric G protein. If the receptor does not associate with, or is
uncoupl ed 25 from the Gprotein, agonist binding wll be of

low affinity and undetec | ni st saturation

bi ndi ng assays. In uég %Gbn %M%&%ﬁ&of romcells bearing
pLP116 and pLP122 (LY626) t he agoni st 3H—NECA bound to the Alerr]
adenosi ne receptor 30 | hi n at ur abl e manner,
(Fig. 20) denonstrati ngawﬁm ¢W# %ﬁ bi ndi ng _
conformati on of INEERNCT rwrmiamm-nmmarpmmsznmmms/ast , and
(2) the receptor functlonallypﬁﬁfegg Qm%?ﬁ&b himeric ({Jerr]
protein, resulting in high- Eﬁéﬁbﬂﬁﬁ I'nity agoni st binding

state. The total nunber of 3H-

The present invention is directed to expression
vectors and yeast cells transformed therewith containing
a first heterologous nucleotide sequence which codes for
a G protein-coupled receptor, for example, the
.somatostatin receptor, and a second nucleotide sequence
which codes for all or a portion of a G protein afy
complex. Said heterologous protein is physically
expressed in a host cell membrane in proper orientation
for both stereoselective binding of ligands, as well as
functional interaction with G proteins on the cytoplasmic
side of the cell membrane. In some embodiments, a
nucleotide sequence encoding a heterologous or chimeric
Ge protein is expressed in conjunction with nucleotide
sequences from the yeast G protein fy subunits. .

A second aspect of the present invention provides
expression vectors and yeast cells transformed therewith
encoding chimeric yeast/heterologous G protein coupled
receptors.

A third aspect of the present invention is directed
to methods of assaying compounds using such expression
constructs and yeast cell expression systems to determine
the effects of 1ligand binding to the heterologous
receptors expressed in the systems.
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56 NECA binding sites observed (B[err] =242 fnol/ng) exceeded val ues
obtained for the yeast [err]-mating pheronone receptor (200 fnol/ng, ref.
17). The affinity of [[err]H NECA for the A -adenosine receptor in yeast
menbranes (Kd-8pM is 5 equi valent to that observed in mamual i an
cells indicating functional coupling between receptor and G protein. The
Al err]-adenosi ne receptor retained agoni st selectivity when expressed in
yeast. A selective and 10 sensitive bioassay was designed using a
yeast strain (LY595) bearing the above described genetic nodifications and
pl asm ds conferring expression of the Alerr] adenosine receptor (pLP116)
and GPAl (pLP83). A dose-dependent growth response of LY595 cells was

evi dent around applied 15 CGS- 21680, an Alerr] adenosi ne receptor
sel ective agonist. The grow h response was significantly nore robust than
that exhibited by cells responding to NECA and DPMA (Fig. 21). The assay
was sel ecti ve: the diameter of the growth zones was proportional to the
reported affinity of 20 the ligands for the Alerr] adenosine
receptor gg (CGS-
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21680>NECA=DPMA) reflecting the ability of the bioassay to discrimnate
bet ween |igands of varying potency. Detectable.growth responses were not
observed in response to a variety of agonists selective for other G
protein- 25 coupl ed receptors (somatostati n,

nmet - enkephal i n, oxymnet azoline, isoproterenol, carbachol), nor by yeast
cells lacking the Alerr] adenosi ne receptor -(data not shown). A detectable
response was observed to 10 [err]g of CGS-21680. 30 . DI SCUSSI ON -
Mul tiple therapeutic opportunities exist for conpounds that nodul ate the
function of the adenosine receptors (1). Adenosine agonists nmay be usef ul

in the treatnent 35 of epileptic seizure episodes and in preventing
neuronal damage in stroke and neurodegenerative disorders. The
anti dysrhythm c acti on adenosi ne suggests that adenosi ne 57 agoni sts

could be effective in the treatnment of conplex tachycardia. A2 adenosine
agoni sts have potent sedative, anticonvul sant and anxiolytic activity.
Al err] adenosine sel ective agonists may be useful in stinmulating |ipolysis

100 -
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5 i n adi pose tissue, making them useful as weight |oss treatnents
or antidi abetic agents and in the inprovenent of carcass quality.in
agricultural aninmals. Alerr] adenosi ne antagoni sts nmay be useful in
treatment of acute renal dysfunction. A3-antagonists may be useful in
nodul ating 10 mast cell degranulation for treatnent of inflamatory
di sorders, including asthema. REFERENCES CI TED IN TH S EXAMPLE 15

1. Jacobson, KA, P.J.M van Galen, and M WIllians. 1992.

Adenosi ne receptors: Phar macol ogy, structure-activity
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receptor subtype is coupled to inhibition of cyclic AVP accunul ati on.
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Dohl man, J. Thorner, M G Caron, and R J. Lefkowtz. 1990. Control of
yeast mating signal transduction by a mammalian [err]-adrenergic receptor
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subtype 5 receptor in yeast. 20 The cyclic tetradecapepti de somatostatin is
a potent inhibitor of secretion of several hornones, including growh
hornmone fromthe pituitary, glucagon and insulin fromthe pancreas, and
gastrin fromthe gut. 25 Somat ostatin al so acts as a
neurotransmtter and has been shown to have broad nodul atory effects in CNS
and peripheral tissues (1). The effects of somatostatin are transduced

t hrough bi ndi ng of the hornone to high- affinity, plasna nmenbrane |ocalized
somatostatin (SSTR) 30 receptors (2). The SSTR[err]s, encoded
in five distinct subtypes (SSTR1-5), which account in part for tissue-
specific differences in responses to somatostatin (3-10), conprise a
subfam |y of the seven-transmenbrane domain, G protein-coupled receptor

superfam |y that nediates 35 responses to a broad variety of
extracel lul ar signals. Functional expression of SSTR5 in yeast should
permt rapid screening for new subtype-sel ective somatostatin 60

SSTR2 with SCG1/Giq2
- 250p
Bmax 284 fmol/mg

Kn= 600 pM .
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agoni sts and conpounds with antagoni st properties and facilitate nol ecul ar
characterization of structural aspects of the SSTR5 required for rational
desi gn of new somatostatin |igands. 5 MATERI ALS AND METHODS Pl asmi d
constructi ons. Al nol ecul ar biol ogical 10 mani pul ati ons
were performed according to standard procedures (11). The rat SSTR5 (7)
was cloned fromrat genom c DNA by PCR using oligonucleotide primers that
i nt roduce Bgl || sites at 5' and 3 ends

(5" AAAAAGATCTAAAATGGAGCCCCTCTCTCTG, 3" AGCAGATCTTCAGATC 15

CCAGAAGACAAC). The SSTR5 expression plasmd, pJH19, was constructed by
inserting the Bglll-digested PCR fragnent in the correct orientation into
BamH cut pMP3 (12). The Jerr] protein expression plasmds used in this
study were constructed by replaci ng DNA sequences encodi ng the 47 20
carboxy-term nal ami no acids of GPAl in pLP83 (12) with those of Jerr]
(pLP122), derr] (pLP121). Strain constructions. Yeast strains were
constructed, and growh nmedia and culture conditions fornul ated 25
according to standard procedures (13). DNA- nedi at ed transformati on of

yeast was carried out uFingZhe Iitgum4 5 6 7

116 w=m 4' a
06 =mm
80 wum v " ‘
56 =mm '
Iy
39 mm 7
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acetate nethod. The yeast strains used as the basis for all experinents
described in this report were constructed by sequential insertional

del eti on using reconbi nant 30 al | el es. Yeast strains that
express SSTR5 were constructed by sequential DNA-nedi ated transformation
of LY296 (MATa ura3-52 trpl[err]63 his3[err]200 leu2[err]1 ade2-101

| ys2-801 gpal AhisG farl[err]LYS2 FUSL1-H S3 sst2[err] ADE2, ref. 12) with
pJH19 followed by the Jerr] protein expression 35 pl asm ds

descri bed above. Bioassay. Functional assay of SSTR5 expressed in yeast

61 was acconplished usin 'ty ' t It Yeast
strains vvergpgrovm overn?ﬁﬁﬁpzagpsﬁﬁlgt%c%gmgggmnm
containing glucose (2 %9 and | acking uracil and tryptophan (SCD-ura-trp) 5
medi um washed to renove residual glucose, and grown overnight in 5 m SC
Gal actose (2 Y-=ura-trp liquid nmedium Molten (55 [err]C) SC Gal actose (2
%-ura-trp-his agar nedium (30 [err]l, adjusted to pH 6.8 by addition of
concentrated KOH or NH err]OH prior to autoclaving) was

pMP2-mAchR
pMP3-mAchR

™
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=
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10 I nocul ated with the overnight culture (2 X104 cells/m) and
plated in square (9 x 9 cn) petri plates. Sterile filter disks were placed
on the surface of the solidified agar and saturated with 10 [err]| of
sterile water containing the indicated anmounts of the designated conpounds.

15 Pl ates were incubated at 30 [err]C for 3 days. Somatostatin
(S-14, S-28), net-enkephalin, and CCK-8 were from Bachem Oxynetazoline,
i soproterenol, and carbachol were from Signa. 20 RESULTS

Somat ost at i n dependent growt h response of yeast cells expressing the SSTR5.
H gh | evel functional expression of the SSTR5 in yeast was a necessary
prerequisite to the 25 devel opnent of a useful bioassay. The
SSTR5 cDNA was pl aced under the control of the GAL1 pronoter in plasmd
pJH19. Thi s construct also confers i nduci bl e over expressi on of
Gal 4p, the transcriptional activating protein for gal actose-inducible
genes, resulting in 30 significantg el evated | evel s of receptor
protein in crude menbrane fractions conpargsego receptor expressed froma .
pl asm d | acki ng GAL4 sequences (data not sigs SSTR5 sequences were

I ntroduced into pJH19 wi thout nodificatiorg t he protein codi ng

sequences.

o) o o
™ w0 (o]
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35 Previously, King et al. reported that replacenent of the

am no-term nal domain of the [err]-adrenergic receptor with equival ent STE2
sequence was necessary for efficient 62 receptor expression in yeast
(15). In contrast, functional expression of SSTR5 in yeast does not
require addition of any yeast sequences to the amno-termnus. A chineric
Ga protein conposed of the proposed am no- 5 term na
[err]-interaction domain from Gpal p and a carboxy- term nal receptor
interaction domain fromrat err] (pLP121) under the control of.the GPAl
pronoter was constructed. A yeast strain (LY620) that contains expressed
SSTR5 and chineric Jerr] protein was assenbled by transformation of a 10
yeast strain (LY296) nodified by deletion of genes encoding
conmponents of the mating signal transduction pathway with SSTR5 (pJH19) and
derr] protein expression (pLP121) plasm ds. A dose-dependent growh
response of LY620 cells was evident around applied S-14 (Fig. 22). 15

Det ect abl e growmt h responses were response to a variety of
agoni sts sel ective for othe

SSTR2 yeast
expression
plasmid

GAL1/10
promoter
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coupl ed receptors (CCK-8, net-enkephalin, oxynetazoline, isoproteranol,

carbachol ), nor by yeast cells lacking the SSTR5G (data not shown). A
detectable response was 20 observed to 60 nnol of S-14. REFERENCES
CITED IN TH' S EXAMPLE 25 1. Brazeau, P., W Vale, R Burgus, N Ling,
M Butcher, J. Rvier and R Qillemn. 1973. Hypot hal am c

pol ypeptide that inhibits the secretion of imrunoreactive pituitary growh
hor none. Sci ence 30 129: 77-79. 2. Raisine, T. and G 1I.
Bel | 1993. Mbl ecul ar bi ol ogy of somatostatin receptors. Tr ends
Neurosci. 16: 34-38. 3. Meyer hof, W, H. -J. Paust, C. Schonrock, and D.
35 Richter. 1991. doning of a cDNA encoding a novel
putative G protein-coupled receptor expressed in specific rat brain

regi ons. DNA Cell Biol. 10: 63 689- 694.
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4. Bruno, J. F., Y. Xu, J. Song, and M Berelowtz. 1992. Ml ecul ar
cloning and functional expression of a brain specific somatostatin

recept or. Proc. 5 Natl. Acad. Sci. USA 89: 11151-11155.
5. Kl uxen, F.-W, C. Bruns, and H Lubbert. 1992. Expression cloning of

a rat brain somatostatin receptor. Proc. Natl. Acad. Sci. USA 89: 4618-
4622. 10 6. Li, X-J., M Forte, R A North, C. A Ross, and S.
H. Snyder. 1992. C oning and expre55| on of a rat sonmatosratin receptor
enriched in brain. J. Biol. ChemCENPSCGiScepteg2. 7. O cCarrol, A-M,
S. J. Lolait, M Konig, and L. 15 _ Mahan. 1992. Ml ecul ar
cloning and expression of a pituitary somatostatin receptor with
preferential affinity for somatostatin-28. Ml . Pharnocol. 42: 939-94 6. 8.

Yasuda, K S. Rens- Domano C. D. Breder, S. F. 20 Law,
C.B. Saper, T. Reigine and el
somatostatin recept or, SY Bi ol . €hem
28: 20422-20428. 9. Ya ager, G |I.
g ) .
17 nmol enk btank
100 nmol MK678 60 nmol S14
10 nmol MK678 6 nmol S14
. blank
17 nmol enk 10 nmol MK678
60 nmoil S14 100 nmol MK678
6.nmol S14
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25

Bell and S. Seino. -1992. doning and functional
characterization of a famly of human and nouse somatostatin receptors-

expressed in brain, gastroint eﬁlgm&}fag%ﬁkeplaam ki dney. Proc. Natl.
Acad. Sci. USA 89: 251-255. 30 ., C M Eppler, M
Corbett, and J. R Hadcock. 1993. MH MHE mtsomat ostatin receptor
subtype is coupled to inhibition accunul ati on. Bi ochem
Bi ophys. Res. Comm 191: 968-976. 35 11. Sanbrook, J., E F.
Fritsch, and T. Maniatis. 1989. Ml ecular Coning, A Laboratory Handbook.
Col d Spring Harbor Press. Cold Spring Harbor, NY. 64 12. Price, L.A,
E.M Kaj kowski, J.R Hadcock, B.A enberger, and M H Pausch. 199%.
Yeast cell growth in response to agorg st dependent activation of a [
mammal i an somat ost at¥n receptor. subrBtted. 5 1E§ Rose, M, F,E
Wnston, and P. Hiet®r. 1990. Mth&s in Yeast Geneti&. Cold Spring =

Har bor Pr .
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Spring Harbor, NY. 14. Bluner, K J., J. E Reneke, and J. Thorner. 1988.
The STE2 gene product is the |igand-binding 10 conponent of
the a-factor receptor I ST ae. :

10836-10842. 15. King, K, H G Dohl man, JTmlﬁ%a G. Car on, and
R J. Lefkowitz. 1990. Control of yeast nati ng E i on by a
il,

mammal i an [err] -adrenergic 15 rr] a subunit.
Sci ence 250: 121-123. 16. Winer, J. L. and K. J.

Bl uer. 1993. Disruption of receptor-G proteln coupllng |n yeast pr oot es
the function of an SST2-dependent adaptation pat hway. . Biol. Chem

268: 8070- 20 8077. Exanple 10 25 Functi ona
expression of the por.cine sonatostgtin_subtype 2 (SSTR2) receptor inE&east.
The cyclic tetradecapeptide sonatogtatin is a potent inhibitor of squetion
of several hornon#s, 30 ' I nEl udi ng growt h hornméne fromthe £
pituitary, glucag@n and insulin fr®mthe pancreas, ard gastrin from #he
gut. Sonmatostatin also acts as a neurotransnltter and has been shown to
have broad nog f.eC j gand -
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peripheral tissues (1). The effects of somatostatin are 35
transduced through binding of the hornone to high- affinity, plasm

menbrane | ocalized somatostatin (SSTR) receptors (2). The SSTR' s,
encoded in five distinct 65 subtypes (SSTR1-5), which account in part
for tissue- specific differences in responses to somatostatin (3-11),
conprise a subfamly of the seve ansnenbra omai n, G protein-coupled
receptor superfam |y that nedi at s 5 ses to a broad variety
of extracellular signals. Functi porci ne SSTR2 in yeast
should permt rapid screening for spe |es and subt ype- sel ective
somatostatin agonists and conpounds t h ant agoni st properties and
facilitate nol ecul ar 10 characterization of structural aspects of
the porcine SSTR2 required for argesi o pt ostatin |igands.

Conpounds identified i RS cd screens

represent |eads for new in pigs. 15
0.001 nmol  § 1 nmol
0.1 nmol
0.01 nmol
LY230 (SST2)
Carrier
0.001 nmol ! nmol
9.1 nmol
0.01 nmol ’
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MATERI ALS AND METHODS Pl asm d constructi ons. mol ecul ar

bi ol ogi cal mani pul ati ons were perfornﬂﬂm&mﬁnhﬂB acg st andard
procedures (12). The porcine SSTR2 (1 fron1a human brain.
CDNA library by PCR using ollgonucleotl i ntroduce Bgl |

sites at 5° and 3' ends (5 AAAAGATCT TTGAC 3
AAAAGGTACCAGATCTTCAGATACTGGTITTGGAG) . The porC|ne SSTR2 25

expression plasmd, pJH18, was constructed by inserting the Bglll-digested
PCR fragnent in the correct origntation into BarH cut pMP3 (13). %
Strain constructions. Yeast stfains were 30 onstructed—
and grow h nedia ang culture conditi®ns fornul ated accogding to standagd
procedures (14). - nmedi ated transs ormati on of yeast fas carried outh
using the Ilthlun1acetate nethod The yeast strains used as the basis for
al | experinment sia - : St < e
sequential inse
t hat express po
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66 transformati on of LY296 (MATa ura3-52 trpl[err]63 his3[err]200

| eu2[err] 1l ade2-101 |ys2-801 gpal[err]hisG farl ALYS2 FUS1-HI S3
sst2[err] ADE2 , ref. 13) wth the chineric Gerr] protein expression
pl asm d, pLP82 (13), followed by pJH18 or 5 pJH17. Radi ol abel ed
agoni st saturation binding assays. Crude yeast nenbrane extracts fromlate
| og phase cultures were prepared by glass-bead Ilysis and 10
centrifugation at 40,000 xg following a published procedure (15).
The protein content of crude nenbrane fractions was neasured using the

Bi orad protein assay kit according to manufacturers instructions.
Radi ol i gand bi ndi ng assays were conducted according to Strnad et al 15
(10) wusing radiolabeled somatostatin ([err]l-tyr[err]l-S-14, Amersham.
Non- speci fic binding was defined as that observed in the presence of 1
[err]M S-14. Negl i gi bl e specific binding was observed i n nenbrane
‘fractions made fromcells |acking porcine SSTR2 (data not shown). 20

Bi oassay. Functional assay of the porcine SSTR2 expressed in yeast
was acconplished using nodification of a standard procedure (13). Yeast
strains were grown overnight in 2 m synthetic conplete Iiquid

STRAIN 631-2
200+
T
g 150+ -
3 g
%3 100 -
&8 1007 ‘
O = Bmax=206 fmoi/mg
S0
0 T r : l | _
o 10 20 30 40 50 s 70
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medi um cont ai ni ng glucose (2 %9 and | acking uracil and 25
trypt ophan (SCD-ura-trp) nedium washed to renove residual glucose,
and grown overnight in 5 nl SC Gal actose (2 %-ura-trghiks
Molten (55 [err]C) SC Gal actose (2 % -ura-trp-his agar

His Bexli d
adjusted to pH 6.8 by addition of concentrated KCH or !\l MW%
to autocl aving) was inoculated wth the overnight culture X cells/m)
and plated in square (9 x 9 cm petri plates. Sterile filter disks were
pl aced on the surface of Athe solidified agar and saturated with 10 [err]|
of sterile water contairfihg the indicated anounts of the 35
desi gnat ed conpounds S
Somat ostatin (S-14,
i soproterenol, and c

wer e prepared synthe
SSTR2

days.

et azol i ne,
sandostatin
he porcine




expressed in yeast. Hi gh |l evel functional expression of the porcine SSTR2
in yeast was a necessary prerequisite to the devel opnent of a useful

bi oassay. The porcine 10 SSTR2 cDNA was pl aced under the control
of the GAL1 pronoter in plasmd pJHL7 and 18. These constructs al so confer
i nduci bl e over expr essi on of Gal 4p, the transcriptional activating

protein for gal actose- inducible genes, resulting in significantly

el evated 15 | evel s of .Beqgep t Gl ride menbrane fractions
conpared to receptor expr essei ﬁjnﬁﬁé&nﬁw GAL4 sequences (data
not shown). The porci ne SSTRZSSOM (N uced into pJH18

w t hout nodification of the pr‘)p(-,'iI ’er)mﬁﬁg_)\,@mt&éw Previously, King et

al. 20 reported that replacenment of the am no-tferm nal donain of
the [err]-adrenerdi c recept or.C?Nith'equi valent STE2 sedUence was nécessary
for efficient re tor expr es%i on in yeasg( 16). | negont rast, @ncti onal
expression of porgine SSTR2 in yveast doesinot require iaddition of any yeast
25 sequenge the amino-termnus. A chinmeric Jerr] protein
conposed of the pfopose ino-termnal [err]-interaction domain from Gpal p
and a carboxy-term nal rec r interaction domain fromrat Jerr] (pLP82)¢NH
under the control|of the GPAl onoter was constructed. Yeast strains that qy
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30 contain expressed porcine SSTR2 and chineric Jerr] protein were
assenbl ed by transformati on of a yeast strain (LY296) nodified by del etion
of genes encodi ng conponents of the mating signal transduction pathway wth
porci ne SSTR2 (pJHL17, pJH18) and {Herr] protein expression (pLP82) 35

pl asm ds. Mdst G protein-coupled receptors exhibit both high and | ow
agoni st -dependent affinity states. H gh- 68 affinity agonist binding
i s dependent on functional association of receptor with a heterotrineric
G protein. If the receptor does not associate with, or is uncoupled from
the G protein, agonist binding will be of low 5 affinity and
undetectable in radiolabeled agonist saturation binding assays. I n
:crude yeast nenbrane fractions fromcells bearing pJH17, the agoni st
ferr]l-tyr[err]l- S-14 bound to the porcine SSTR2Z with high affinity and in
la saturable manner, denonstrating that (1) a functional 10

/I'i gand- bi ndi ng conformati on of the porcine SSTR2 was expressed in yeast,
‘and (2) the receptor functionally

-
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associated wth the chineric Gerr] protein, resulting in a high-affinity
agoni st binding state. The total nunber of [err]l-tyr[err]-S-14 binding
sites observed (B[err] =146 fnol/ng) was 15 consi stent with val ues
obtained for the yeast [err]-mating pheronone receptor (200 fnol/ny, ref.
17). The porcine SSTR2 retai ned agoni st selectivity when expressed in
yeast . A selective and sensitive bioassay was designed using a yeast
strain (LY474) 20 beari ng the above described genetic

nodi fications and plasm ds conferring expression of the porcine SSTR2
(pJH18) and a Gpal-Gerr] chineric protein (pLP82). A dose- dependent
grow h response of LY474 cells was evident around applied S 14, MK678, and
sandostatin (Fig. 23). 25 The assay was sel ective: t he di anmeter
of the growth zones was proportional to the reported affinity of the

| i gands for the porcine SSTR2 (S-14=MK678>sandostatin) reflecting the
ability of the bioassay to discrimnate between |igands of varying potency
(18). Det ect abl e 30 growt h responses were not observed in
response to a variety of agonists selective for other G protein-coupled
receptors (net-enkephalin, oxymetazoline, isoproterenol, carbachol), nor by
yeast cells | acki ngfghe porci ne SSTR2 (data not shown). A detectable
response was obser to

'F(f) AT
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35 as little as 60 pnmol of S-14, illustrating the exquisite
sensitivity of the bioassay. 69 REFERENCES CI TED IN TH S EXAMPLE 1
Brazeau, P., W Vale, R Burgus, N Ling, M Butcher, J. Rivier
and R Quillemn. 1973. 5 Hypot hal am ¢ pol ypepti de that
inhibits the secretion of immunoreactive pituitary growh hornone. Science
129: 77-79. 2. Raisine, T. and G |. Bell 1993. Mol ecular biol ogy of
somatostatin receptors. Trends Neur osci . 16: 10 34-38. 3.
Meyer hof, W, H. -J. Paust, C. Schonrock, and D. Richter. 1991. Coning of a
cDNA encodi ng a novel putative G protein-coupled receptor expressed in
specific rat brain regions. DNA Cell Biol. 10: 15

689-694. 4. Bruno, J. F., Y. Xu,.J. Song, and M Berelowitz. 1992.

Mol ecul ar cl oning and functional expression of a brain specific

somat ostatin receptor. Pr oc.
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Nat|. Acad. Sci. USA 89: 11151-11155. 20 5. Kl uxen, F.-W, C

Bruns, and H. Lubbert. 1992. Expression cloning of a rat brain
somatostatin receptor. Proc. Natl. Acad. Sci. USA 89: 4618- 4622. 6.
Li, X-J., M Forte, R A North, C. A Ross, and S. 25 H

Snyder. 1992. dConing and expression of a rat somatostatin receptor
enriched in brain. J. Biol. Chem 267: 21307-21312. 7. O cCarrol, A-M,
S. J. LoIait,'Nl.KonigJQQnd L. Mahan. 1992. Mbl ecul ar cEining and
expression of 30 a pituitary sonmatostatin receptor with
preferential affi g - ' . ‘ : IO39- 946. 8.

Yasuda, K., S. Relss \ (~%F”“==. N i, T. Reisine
and G |. Bell. ! - tostatin
receptor, SSTR3, padup 28:
20422-20428. 7

60 nmol 6 nmol

S-14

600 pmol 60 pmol
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9. Yamada, Y., S. R Post, K Wang, H S. Tager, G 1. Bell and S. Seino.
1992. doning and functional characterization of a famly cf human and
nouse somatostatin receptors expressed i-n brain, 5

gastrointestinal tract, and kidney. Proc. Natl. Acad. Sci. USA 89:
251-255. 10. Strnad, J., C M Eppler, M Corbett, and J. R Hadcock

1993. The rat SSTR2 somatostatin receptor subtype is coupled to inhibition

of cyclic AMP 10 accunul ation. Biochem Biophys. Res. Comm
191: 968-976. 11. Matsunpto, K ' T ) . Xhang,
and S. Saito. 1994. Mol ecul ar cl e ng ol porcrne=-
somatostatin receptor 2. 15 Brochem Bi ophys. Res. Comm

199: 298-305. 12. Sanbrook, J.
Mol ecul ar C oning, A Laboratory
Cold Spring Harbor, NY. 13. Pri
B.A 20 Ozenber ger
grow h in response to agoni st de
somatostatin receptor. submtted
1990. Met hods :

Titsch, and T. Maniatis. 1989.

Col d Spring Harbor Press.
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I n Yeast Genetics. Cold Spring Harbor Press. Cold 25 Spri ng
Har bor, Ny. 15. Bluner, K J., J. E Reneke, and J. Thorner. 1988. The
STE2 gene product is the |igand-binding conmponent of the [err]-factor
receptor of Saccharonyces cerevisiae. J. Biol. Chem 263: 10836-10842. 30
16. King, K, H G Dohlman, J. Thorner, M G Caron, and R J. Lefkowtz.
1990. Control of yeast mating signal transduction. by a mammalian [err]
-adrenergic receptor and Jerr] subunit. Science 250: 121-123. 17.

Weiner, J. L., C CGuttierezggteil _and K _J._ Bluper. 35 1993.
Di sruptlon of receptor-G pr/{ : ' " (ction of
an SST2-dependent adaptatio D- 71
8077. 18. Marbach, P.

Structure-function relatio Res

29: 54-58. 5
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EAMPLE 11 Del etion of MSGH increases the sensitivity 10

of response to agonist. The responsiveness of a signal transduction system
to a persistent stinulus dimnishes with tine. This phenonenon, known as
desensitization or adaptation, 15 is a universal characteristic of
signal response systens. Several nol ecul ar nechani sns for adaptation have
been described for the yeast mating signal transduction pathway (1).

Mut ations in the SST2 gene confer defects in adaptation and increased
mat i ng pheronone sensitivity 20 (2,3). The response to applied
somatostatin by yeast cells that functionally express the rat SSTR2 is
greatly increased in sst2 nutant cells (4). Miutations in others genes whose
products play a role in the adaptation response woul d be expected to have
simlar effects. 25 Mutations in the MSG5 gene, which encodes a
putative protein tyrosi ne phosphatase, cause increased sensitivity to
mati ng pheronone (5). In this study, deletion of MSG in cells that express
the rat SSTR2 greatly increases sensitivity to somatostatin. The effect
of the MSG5 38econdaryrScreénforsSematostatin thgenisiSTAntagonistsout at i on.
The doubl e nutant sst2 nsg[err] cells formthe basis of an

CL compounds (10 (u of 10 mg/ml solution) applied to each position.
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eXtrenely sensitive bioassay for conpounds that interact with G

~ protein-coupled receptors and G proteins. 35 MATERI ALS AND METHODS
Strain constructions. Al nol ecul ar bi ol ogi cal 72 mani pul ati ons were
performed according to standard procedures (6). Yeast strains were
constructed, and growth nedia and culture conditions fornul ated accordi ng
to standard procedures (7). DNA-nediated transformation 5 of yeast
was carried out using the Ilithium acetate nmethod. The yeast strains used
in these experinments were constructed using the reconbi nant nsg5[ err] LEU2
allele in pS/PDel and multicopy YEpMSGS (5) . Yeast strains bearing altered
MSGh | evel s were constructed by DNA-nedi ated 10 transfornmati on of
LY268 (MATa ura3-52 trpl D63 hi s3D200 | eu2Dl ade2-101 | ys2-801 gpal AhisG
farl[err]LYS2 FUS1-H S3 sst 2AADE2, pJH2, pLP82) yiel ding MPY459 (LY268
nmeg5[err] LEU2 sst 2AADE2) and MPY467 (LY268 YEpMSG5) and LY288 (LY268 SST2)
yi el di ng MPY458 (LY288 msg5[err] LEU2 SST2 ) and MPY466 15 (LY288

YEpVBGE) (4). B
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Bi oassay. Functional bioassay of the rat SSTR2 expressed in yeast®gE! a2
(4). Yeast

aeconpki shed using nodification of a standard procedure
strains-were grown 20 overnight in 2 p-synath
liquid medium containing glucose (2 % and Iacklpg
l eucine (SCD-ura-trp-leu) medium washed to repoye
grown overnight in 5 m SC Galactose (2 %-ura-ir

' Wé»léuwhlﬁwagar

Molten (55 [err]C) 25 -SC Gal actose (2 %5u ragg 8
medium (35 nml, adjusted to pH 6.8 by addition q i ¥%orie atir at:edydHAOQkD prkaf ..
to autocIaV|ng) was i noculated with ¢the pvernlght culture (2 x104

cells/m) and plated in square (9 x 9 cnjt petri} phatesc=Steriherf gl -§
di sks were placed on the 30 surface of The" SO|Idtff€ﬂ“ﬁ@ﬁ* GRS
saturated with 10 [err]l of sterile water containing the indicated amunts

of the somatostatin (S- 14)A Pluacas BRORSSAY WHOR adMroUdds amar] C for 3 days.

Somat ostatin (S-14jpg ‘g%gelz\t | Vﬁﬁ%%%ﬁénmx EXPEESSED HETERIICW LY M

pronot es i ncreased s
_ PROTEIN COUPLED RECEPTORS

Field of Invention

This . invention relates to neterologous G proceln-
coupled *ecentor ~expression constructs, yeast cells
expressing such receptbrs, vectors useful for making such
cells, and methods of making and using same.

Background of the Invention
, The actions of many extracellular signals, for
example: neurotransmitters, hormones, odorants and light,
ed by receptors with seven transmembrane domains
and heterotrimeric guanine

are mediat
(G protein-coupled receptors)
nucleotide-binding regulatory proteins (G proteins). G
proteins are comprised of three subunits: a guanyl-
nucleotide binding « subunit; a B subunit; and a vy subunit
(for review, see Conklin, B.R and Bourne, H.R. (1993) cCell
73, 631-641]. G proteins cycle between two forms, depending
on whether GDP or GTP is bound to the « subunit. When GDP
is bound, the G protein exists as a heterotrimer, the Gafy
complex. When GTP is bound, the « subunit disassociates,
leaving z Gpy comole Importantly, when a Gafy complex
'operat’ve'v associates with an activated G protein coupled

receptor in & cell membrane, the rate of exchange of GTP for

bound GDP is increésed and, hence, the rate of
Gfy complex
capable

stream elements of a variety
scheme of
nt cell

disassocization of the bound Ga subunit from the
ubunit and Gfy complex are
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increases. The Iree Ga
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for z review, see H.G. Dohlman, J.
Carcon, and R. J. e**owxb_, Ann. Rev. Riochem,
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to ligand. The effects of alterations in the expression of the MSG gene
ﬁToduct\mere assessed by conparing the - growth response to S-14 by cells
that €xpress the rat SSTR2 (Fig. 24). Mitations that abolish MSGh .
adaptation 5 functi on woul d be expected to increase the sensitivity
of the bioassay to applied S-14, while overexpression of MSG5 shoul d bl unt
the grow h response. As expected, a dose-dependent growth response to
appl i ed S-14 was observed for LY288 (SST2 MSG5).  Consistent wth 10
expectations, deletion of the M5G5 gene in MPY458 causes a substanti al

| nprovenent in sensitivity of the bioassay. The growth response of MPY458
Is conparable to that exhibited by LY268 (sst2[err] ADE2, MSG). The
effects of mutations in both genes was observed in the double nutant 15

MPY459 (nmsg5ALEU2 sst 2AA gﬁ%gﬁﬁ@ﬁ é%d@éﬁ | nprovenent in the
growt h response. Overexpr VB 66) and

sst2[ err] ADE2 (MPY467) strains severely reduced the growth response. 20
REFERENCES CI TED I N TH S EXA Q%z W Thor ner.
1992. Pheronone respo&m@%@ssﬁ?%WSﬁRﬁ the mating
process of SacCINTERACESWITHCFUNCEEONALKY /EXIPRESSED mEROLOGOUS G R
Pringle, E.W Jones and Jpﬂ%mfﬁr %%@mneﬁﬁEEPTORS

The present invention is directed to expression
vectors and yeast cells transformed therewith containing
a first heterologous nucleotide sequence which codes for
a G protein-coupled receptor, for example, the
somatostatin receptor, and a second nucleotide sequence
which codes for zall or a portion of a G protein «fy
complex. Said heterologous protein is physically
expressed in a host cell membrane in proper orientation
for both stereoselective binding of ligands, as well as
functional interaction with G proteins on the cytoplasmic
side of the cell membrane. In some embodiments, a
nucleotide sequence encoding a heterolo_gous or chimeric -
Ge protein is expressed in conjunction with nucleo_tide
sequences from the veast G protein By subunits.

A second aspect of the present invention provides
expression vectors and yeast'cells transformed therewith
encoding chimeric yeast/heterologous G protein coupled
receptors.

A third aspect of the present invention is directed
to methods of assaving compounds using such expression
constructs and yeast'cell expression systems to determine
the effects of ligand binding to the heterologous

receptors expressed in the systems.
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expression, 2. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
2% Chan, R K and C A Qte. 1982. |Isolation and genetic analysis of
Saccharomnmyces cerevisiae nutants 30 supersensitive to Gl
arrest by a factor and a factor pheronones. M. Cell. Biol. 2: 11-20. 3.
Chan, R K and C A Ote. 1982. Physiological characterization of
Sacchar onyces cerevi siae nutants supersensitive to GL arrest by [err]

factor and a factor 35 pheronones. Mol. Cell. Biol. 2: - -
21-29. 4. Price, L.A, EM Kajkowskl/28. R Hadcock, B.A. zenberger, and
M H. Pausch. 1995. Yeast cell 74 grom h in response to agoni st

dependent activation of a mammalian somatostatin receptor. submitted. 5.
Doi, K, A Gartner, G Amerer, B. Errede, H Shinkawa, K. Sugi noto, and
K.  Mat sunot o. 1994. 5 MBG5, a novel protein

phosphat ase peprpt es adaptation to phéeronone response in S. cerevisiae.
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6. Sanbrook, J., E. F. Fritsch, and T. Maniatis. 1989. Ml ecul ar

G oni ng, A Laboratory Handbook. Cold 10 Spring Harbor Press.
Cold Spring Harbor, NY. 7. Rose, M, F. Wnston, and P. Heter. 1990.
Met hods in Yeast Genetics. Cold Spring Harbor Press. Cold Spring Harbor,

NY. 15 EXAMPLE 12. Functional expression of a human growt h hornone rel ease
factor (GRF) receptor in yeast. 20 Theg®w h hornone rel ease factor (GRF)
is a potent stimulator of secretion of growth hornone fromthe pituitary
(1). The effects of GRF are transduced through binding of the hornone to
hi gh-affinity, plasm 25 menbr ane | ocalized GRF receptors. . The CRF
receptor and rel ated secretin-class receptors conprise a subfamly of the
seven-transnmenbrane donmain, . G protein-coupled receptor superfanmly that
medi ates responses to a broad variety of- extracellular signals, and are

di sti ngui shed 30 by the presence of a large am no-term nal

l'i gand- bi nding domain (2).  Functional expression of the hunan GRF
receptor (3) in yeast should permt rapid screening for

100

80

% wt response
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Fig. 2 |

This is the replacement sheet

Date: 25 OCT 1996



new speci es-sel ective agonists and facilitate nol ecul ar characterization of

structural aspects of the CGRF 35 receptor required for rationat
design of new GRF receptor ligands.. GRF agonists represent a new cl ass of
growt h pronoting agents for use in agricultural animals and may 75 find
human t herapeutic application in the managenent of growh of children of
short stature. MATERI ALS AND METHODS 5 Plasm d constructi ons. All
mol ecul ar bi ol ogi cal mani pul ations wer g formed according to standard
procedures (4). The human GRF receptor was cloned froma human brain
.CDNA library by PCR using 10 ol i-gonucl eoti de prinmers that introduce
BanHl sites at 5[err] and 3' ends (5 ATAGGATCCAAAATGGACCGCCCGATGTICEEEG, 3!
ATATGGATCCCTAGCACATAGATGT CAG) . The GRF recept or expression
pl asm d, pJH25, was constructed by inserting the BanH -digested PCR
fragment in the L d1679] 15 S orientation into BagHl cut pMP3 (5).
The Herr] protein '

Q

= 4000F

>

S

M o

ks, © ©

L © 3000F

O Q

X o

W e

2. >~ 2000f

Q. o o

0 I =

g

~ *

b 1000}

| I | '

0 0?2 ' — ! 1
0 40 80 120 160

[®H] SPIPERONE, nM

Fig. 3

Tﬁis is the repiscement sheet
pate: 2 > OCT 19%



expression .plasmds used in this study were constructed by repl aci ng DNA
sequences encodi ng the 47 carboxy- termnal am no acids of GPAl in pLP83
(12) with those of Jerr] (pLP122). 20 -Strain
constructions. Yeast strains were constructed, and growh nedia and
culture conditions fornmul ated according to standard procedures (6). DNA-
medi ated transformati on of yeast was carried out using the lithiumacetate
nmet hod. The yeast strains used as 25 4728 the basis for all experinents
described in this report were constructeg by sequential insertional

del eti on using reconbinant alleles.- Yedst strains that express human GRF
receptor were constructed by sequential DNA-nedi ated transformation of
LY296 (MATa ura3-52 trpl[err]63 his3[err]200 30 : | eu2[err] 1l ade2-101

| ys2-801 gpal [err]hisG farl[err]LYS2 FUS1-H S3 sst2AADE2, ref. 5) with
pJH25, followed by the chineric Jerr] protein expression plasmd, pLP122

(5). Bioassay. Functional assay of the human GRF recegmaxméﬂ/dﬂ{g)

yeast was acconplished using 35 nodi fication.of a stan
procedure (5). Yeast strains were_grown overnight in 2 nm synthetic
conplete liquid nmedi umcontainin ugase M2_% and | acking uracil and

CHITT _ 31
1.6
chits  _J G o7

Fig. 4
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76 tryptophan (SCD-ura-trp) medium washed to renove residual
gfucose, and grown overnight in 5 mM Sc Galactose (2 %Y-ura-trp li-quid
medium Molten (55 [err]C) SC Gal actose (2 % -ura-trp-his agar nmedi um (30
m, adjusted 5 to pH 6.8 by addition of concentrated KOH or

NH err] OH prior to autoclaving) was inoculated with the overnight culture
(2 x10[err] cells/m) and plated in square (9 x 9 cn) petri plates. Sterile
filter disks were placed on the surface/df the solidified agar and
saturated with 10 [err]l of 10 sterile water containing the

i ndi cat ed anpbunts of the desi gnated conpounds. Pl ates were incubated at 30
[err]C.for 3 days. Human GRF (hGRF (1-29)-NHerr]), (D-al-aferr])-hGRF

(1- 29)-NHerr], - and nmet - enkephal i n were - from Bachem
Oxynet azol i ne, isoproterenol, and carbachol were from 15 - Si gna.
RESULTS GRF binding to the human GRF receptor expressed in yeast. High
| evel functional expression of the human 20 GRF receptor in yeast
was a necessary prerequisite to the devel opnent of a useful bioassay. The
GRF recept oryBNA - — ur :
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was placed under the control of the GAL1l pronoter in plasmd pJH25. These
constructs al so confer inducible overexpression of Gal4p, the
transcriptional activating 25 - protein for galactose-inducible
genes, resulting in significantly elevated |evels of receptor protein in
crude nmenbrane fractions conpared to receptor expressed froma plasmd

| acki ng GAL4 sequences (data not shown). ‘The GRF receptor sequences were

i ntroduced into pJH25 30 wi t ho®¥28odi fi cati on of the protein coding
sequences. Previously, King et al. reported that replacenment of the

ani no-tern na

domai n of the b2-adrenergic receptor with equivalent STE2

~sequence was necessary for "efficient receptor expression in yeast (9).

In contrast,

35 functional expression of GRF receptor in yeast

does not require addition of any yeast sequences to the am no- termnus. A
chimeric Jerr] protein conposed of the proposed 77 am no-term na
[err]-interaction domain from Goal p and a carboxy-term nal receptor
interaction domain fromrat Gas (pLP122) under the control of the GPAlL

pronot er was

[1231]CYP BOUND (%)

100 5
u
80t n
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40
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const ruct ed. Yeast strains that contain expressed GRF 5 receptor
and chinmeric {derr] protein were assenbled by transformation of a
yeast strain (LY296) nodified by del etion of genes encodi ng conponents of
the mati ng signal transduction pathway wi th human GRF receptor (pJH25) and
chimeric Gpal-derr] protein expression (pLP122) 10 ' pl asm ds. The
human GRF receptor retained agoni st selectivity when expressed in yeast. A
sel ective and sensitive bioassay was dz ?gned using a yeast strain (CY990)
beari ng the above described genetic nodifications 15 and plasm ds
conferring expression of the human GRF receptor (pJH25) and a

Gpal -d err] chinmeric protein (pLP122). A dose-dependent growth response
of CY990 cells was evident around an agoni st anal og of GRF [ hGRF

(1-29) - NH2, Fi g. 25A] which was - inhibited by 20

coadm ni strati on of an antagonist analog [(D-arg) -hGRF (1-29)-NHerr],

Fig. 25B].. The assay was selective: detectable growth responses were
not observed in response to a variety of agonists selective for other G
protein- .coupled - receptors (et - enkephal i n, oxynet azol i ne, 25

i soproteranol, carbachol), nor by yﬁSﬂ'R@lweth 28K @Q@QGRF r ecept or
(data not shown). Agigtectable response was

Bmax= 284 fmol/mg

Ko= 600 pM ' e
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observed to 20 nnol of GRF, .illustrating the sensitivity of the bioassay.

30 : REFERENCES ClI TED I N THI S EXAMPLE 1. Bohlen, P. F. Esch, P.
Brazeau, N Ling, and Guillemn. 1983. Isolation and characterization of
t he porci ne hypot hal am ¢ growth hornone rel easing 35 factor. -

Bi ochem Biophys. Res. Comm 116: 726- 734. 2. Segre;: G V. and S. R
Col'dring. 1993. Receptors for =~ 78's gtin, calcitonin, parathyroid
hormone (PTH) /PTH rel ated peptide, vasoactive intestinal peptide,

gl ucagonl i ke peptide 1, growth hornone releasing hornone, and gl ucagon
belong to a newy discovered 5 : " G protein linked receptor
famly. Trends Endo. Metab. 4: 309-314. 3. Gayl'inn, B.D., J.K
Harrison, J.R Zysk, CE Lyons, X R Lynch, and MO Thorner 1993.
Mol ecul ar cl oning and expression of a human anterior pituitary 10
receptor for growth hornone-rel easi ng horrmne Mol .
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Endocrinol. 7: 77-84. 4. Sanbrook, J., E. F. Fritsch, and T. Maniatis.
1989. Mol ecul ar d oni ng;, A Laboratory Handbook. Col d Spring Harbor Press.
Col d Spring Harbor, NY. 15 5. Price, L.A., E M  Kajkowski, J.R
Hadcock, B. A (Ozenberger, and M S. Pausch. 1995. Yeast cell growth in
response to agoni st dependent activation of a mammal i an somatostatin
receptor. submtted. 6. Rose, M, F. oy2sston, and P. Heter. 1990.

Met hods 20 | in Yeast Genetics. Cold Spring Harbor Press.

%gg S‘?’LLH%TE? ggae prodzgfféldﬁeeéf @A‘-blgmémxméldpgr?grctor

receptor of Saccharomyces 25 -cerevi si ae. . Biol. Chem
263: 10836-10842. 8. Strnad, J., C° M Eppler, M Corbet.t, and J. R
Hadcock. 1993. The rat SSTR2 sonatostatin receptor subtype is coupled.to
i'nhi bition of cycI I c AMP accunul ati on. Bi ochem Bi ophys. Res. Comm

191: 30 968-976. 9. King, K, H G Dohlman, J. Thorner, M
G Caron, and R J. Lefkowitz. 1990. Control of yeast mating signal
transduction by a manmalian [err]-adrenergic '
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receptor and Jerr] a subunit. Science 250: 121-123. 35 10.
Weiner;:Jd. L., C Quttierez-Steil, and K J. Blunmer. 1993. D sruption of
receptor-G protein coupling in yeast pronotes the function of an -
SST2- dependent 79 adapt ati on pat hwav. J. Biol. Chem 268: 8070-

8077. 5 - MPLE 13 Overexpression of STE50
enhances the sensitivity of yeast bioassay. 10 _ : Sever al
nol ecul ar mechani sns for adaptati on have been described for the yeast
mati ng signal transduction pathway (1). Alterations to one or nore of these
mechani snms should serve to enhance the sensitivity of -a bi oassay by
altering desensitization pathways and, 15 therefore, prolonging
the signal initiated by agonist binding to receptor. The effects of an sst2
mutation on the sensitivity of the yeast bigassay were described previously
(Exanple 6). As an alternative to the genefC nodification at sst?2,

over expression of the yeast STE50 3 :
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20. gene was predicted to have simlar effects (2), although by a
different mechani smof action (2, 3). The STE50 gene was isolated and -

pl aced under the control of a strong constitutive pronoter in a

_hi gh-copy-nunber plasmd resulting in significant overexpression of the 25
gene. Yeast engi neered to respond to the mammal i an hornone °~ somatostatin
t hr ough an expressed SSTR2 sonat ogyppgn receptor were found to exhibit
a nore robust response to hornone if STE50 was overexpressed. 30 -

MIERI ALS AND METHODS Construction of STE50 expression plasmd. Gowh
of bacterial strains and plasm d mani pul ati ons were perforned by standard

nmet hods (4). The protein 35 ' codi ng sequences for STE50 were
anmplified by pol ynerase chain reaction (PCR) using oligonucl eotides
sel ected by exam nation of the published sequence (2). The sense 80

oligonucleotide (5 - GICGACAAATCAG ATG GAG GAC GGT AAA CAG G -3')
contained the trans.Lation start
restriction site and the

SSTR2 'yeast
‘expression

plasmid

STE2
epitope
GAL1/10
promoter

Fig. 11
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anti sense oligonucleotide (5[err]- GAGCTCA TTA GAG TCT TCC 5 ACC
GGG GG--3'") contained the translation stop codon (underlined) and a

Sacl restriction site. These ol i gonucl eotides were used as priners in
a standard PCR to anplify STE50 from Saccharonyces cerevi siae genomn c DNA
The 1,100 basepair anplification product was cloned 10 into the
pCR2 vector (Invitrogen Corp., San Diegpy28A) and confirmed by DNA

sequenci ng. The STE50 sequences were then isolated on a Sall-Sacl
restriction fragnent and cloned into a pADH expression vector (5), placing
t he expression of STE50 under the control- of the strong 15

constitutive ADHL pronoter. This plasnid was desi gnhated pQZ162. Yeast
strain construction. Gowmh "and transformation of yeast strains
were perforned as described by Rose et al. (6). The SSTR2 somatostatin 20
receptor expression strain LY268 (MATa ura3-52 trpl[err]63 his3[err]200
leu2[err]1 ade2-101 |ys2-801 gpal[err]hisG farl[err]LYS2 FUSL1-H S3
sst2[err] ADE2, pJH2, pLP82) was described in prior exanples and by Price et
al. (7). Strain LY268 was transfg erther the STE50 expression
pl asm d 25 pQZl 62 or the EABsstrai ns are denoted
CY560 or CY562, respectivel y .

SCG1
- promoter

' terminator

' Fig. 12
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Bi oassay. Bi oassay of SSTR2 somatostatin receptor expressed in yeast
was described in prior exanples and by Price et al. (7). Briefly, yeast
strains 30 were grown overnight in 2 m synthetic conplete liquid
medi-um cont ai ni ng gl ucose (2% and |acking uracil, tryptophan and | eucine
(SCD-ura-trp-leu), washed to reane ressgasl glucose ~and grown over ni ght
in 5 mM SC Gl actose (2% -ur a- t dium Mlten (52[err] C 35
"SC Gal actose (2 %-ura-trp-I|eu- g%ﬁéﬂggpﬂggééo m, adjusted to pH 6.8
by addition of KOH prior to autocIaV|ng) was inoculated with 0.06 m of the
over ni ght 81 culture to produce a final cell density of approximtely
105 cells/mM and poured in square (9 X 9 cn) petri plates. Sterile filter

di scs were placed 6n the t he soI|d|f|ed agar and saturated with
10 [err]l of starile walll - ‘ ed anounts

of somatostatin-14 (Baf ) or [err]

mat i ng pheronnne (Slgna pd at 30[err] C

for 3 days!
" 17 nmol enk blank
100 nmol MK&78 60 nmol S14
10 nmol MK678 6 nmol S14
" blank
17 nmol enk 10 nmol MK678
60 nmol S14 100 nmol MK678

6'nmol S14
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10 RESULTS The effect of STES50 overexpression on the sensitivity of
t he yeast bi oassay was exam ned by conparing strains differing only in the
| evel of STE50 15 expression (Fig. 26).  Bioassay plates were
made contai ning either the STE50 overexpression strain CY560 or the control
strain CY562. The responses of these strains to somatostatin or yeast
pheronone were exam ned as. described ih4f28erials and Met hods. Both strains
had 20 very weak responses to yeast pheronone because the wl d-
type yeast (err] gene, GPAl, had been disrupted and functionally repl aced
by a gene expressing a chinmeric Gal/{Jerr] protein (7). This chinegic
Jerr]protein does not efficiently3interact with the yeast" pheronnné
receptor. 25 - However, the rfesponse of these eells to somat ot ati n
is strong (Fig. 26§ - As predlctedp the overexpressi & of STE50 restlted in
a nore robust resp@nse (Fig. 26a). These data d‘nDnstrate that the

over expr essi on E50 produces_-_ R
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35 1. Sprague G-, Thorner JW Pher onone response and si gnal
transduction during the mating process of 82 Saccharonyces cerevisi ae.
In: The nol ecul ar and cel lul ar bi ol ogy of the yeast Saccharomyces. EW
Jones JR Pringle and JR Broach, eds. Cold Spring Harbor Laboratory Press,
1992. 5 2.. Ranezani-Rad M Xu G Holl enberg CP 1992 STE50, a novel gene
required for acti.vation of conj ugationl%fz%m early step in mating in
Saccharonyces cerevisiae. Ml Gen Genet 236:145-154 10 3. Chan RK, Qte
CA 1982 I solation and genetic analysis of Sacchar onyces '
cerevisiae nutants supersensitiveito Gl arrest by a factor and a fagtor
pheronones. Mol Cell Biol 2:11-20 _{:3‘5 4. Mani atus T, Fritsch EF, Sgnbrook
J. Mol ecul ar % c =

blan
17
blank
17n

. 7
e a .
X %
O] a.
a o
2, =
= N
w
Q
- s
= » = "
0 - ) =
2 E g
E c. g a.
© 3 © 2
8 >
s &
s K]
[ = = [=4
: = 5 =
= ~—
o o
8 g
s )
o o
D Q
4 2
= —
i 1 =
O g N

6 nmol 514
60 pmol S14
6 nmol S14
60 prmof S14

Fig. 15 This is the replscement sheet

Date: 25 OCT 1998



cloning. Cold Spring Harbor Laboratory Press, 1982 5. Martin GA,
Vi'skochity D, Bollag G et al. 1990 ~ The 20 GAP-rel at ed
domai n 6f* the neurofjbromatosis type 1 gene product interacts with ras p21.
Cell 63:843- 849 6. Rose MD, Wnston F, Hieter P. Mthods in yeast 25
genetics. Cold Spring Harbor Laborator% Press, 1990 7. Price LA,

Kaj kowski EM Hadcock JR, Ozenber ger ggusch MH 1995 Yeast cell growth

i n response to agoni st-dependent acti vati on of a manmal i an 30
somatostatin receptor. Submitted. EXAWPLE 14 35 .

| DENTI FI CATI ON OF COVPOUNDS W TH SOVATQST4J | N6 RECEPTOR AGONI ST ANDY OR
ANTAGONI ST PROPERTI ES 83 Novel subt ype-sel ective conpounds wth
somat ostatin agoni st properties = have  significant therapeutic
potential in the detection and treat m@t,rgf various types of cancer.
Conmpounds with somat ost gtine y ity i €S MRy be usef ul

I n pronoting growh ' : y

0.001 nmol i nmol
0.1 nmol
0.01 nmol
LY230 (SST2)
Carner
0.001 nmol 1 nmol
0.1 nmol
0.01 nmol :
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hormone release in agricultural species. I ncreased growt h hor none
rel ease may |l ead to useful inprovenents in growmh performance and carcass
quality. To these ends, a yeast-based nechani sm based screeni ng assay was

10 devel oped to assay conpounds for those that possessed desirable
somatostatin agoni st and/ or antagoni st properties. Bioassay. A
bi oasssay designed to detect conpounds with 15 somat ost ati n agoni st

and/ or ant agoni st properti es was nobil izgdgusing a yeast strain (LY364 MATa
ura3-52 trpl[err]63 his3[err] 200 leu2[err]1 ade2-101 [ys2-801 gpal AhisG
farl[err]LYS2 FUS1-H S33 sst2[err] ADE2, . pJH2, pLP82) that functionally
expressed the rate SSTR2. The assay was 20 acconplished wusing a
nodi cication of a  standard procedure. Y364 was grown overnight in 2 nl -
synthetic conplete |iquid nmedium coat aining glucose (2 % and | acklang

uracil -and typt ophan (SCD-ura-trp) gedium washed to yenove resi duag

gl ucose, and grown cpvernl ght in5 25 - SC G# actose (2 % Sira-trp
| i quid nmedium l\/bI t‘En (55[err]C) SC Gal actose (2 9- “ura-trp-his agar
medi um (150 m, @ O] Te ent r at ed X=1
cells/m) and pl
ant agoni sts, som

' TEEL ferr]) petfd
. LB o5 addedE
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30 to the nolten agar prior to pouring. Sterile filter disks were
pt aced‘.on the surface of the solidified agar and saturated with- 10[err]| of
sterile water containing candi date conpounds. Plates were incubated at
30[err] Cfor 3 days. 35 Results. Active conpounds froma prinmary screen
were reassayed and the results displayed in Figure 27. The 84 |l eft hand
panel displays the results of an assay for conmpounds with somatostatin
agoni st properties. Four conpounds eiBiy/BBted substantial growth pronoting
activity expected of conpounds W th somatostatin agonist 5
"properties. The conpounds found in the bottomleft four positions are
varyi ng amounts of somatostatin applied as controls. The right hand panel

di splays the results of an assay for conpounds with somatostatin antagoni st
activity. In the antagoni st bi oassay, somatostatin is 10 added to
the nolten agar prior to pouring. In this way, all cells within the plate
are induced to grow in _ : S

STRAIN 631-2
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e}
S 1501 =
Sg |
S g 100- KD‘BJ’M
Q& Bmax—ZOG fmol/mg
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response to somatostatin. As applied active conpounds w th antagoni st
properties diffuse into the agar nedium and cone into contact with the
cells within, the growth 15 response i nduced by sonmatostatin is
interrupted, yielding a clear zone of inhibited growth. Several conpounds
exhi bited detectable growh inhibiting propertles 20

EXAMPLE 15 Fusion of STE2 sequences tﬁﬁ gg am no term nal of SSTR2 reduces
signaling efficiency in gesponse to so {68t atin. 25

Hi gh | evel functional e%ﬁre55|on i n yeast of G proteln coupl ed receptors in
general, and the SSTR¢ e e o perequisite to
t he devel opnent of Lo T ' . ' o : @ epl acenent

of the am no-term na #receptor
wi t h equival ent STE] or
expression in yeast. g TE2
sequences on expresy he rat

SSTR2 .cDNA was pl acg
pl asm ds pJHL and p

over expr essi on of §
for gal actose-

)ronoter in

protein

Fig. 19 This 1§ the repiacement sheet
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85 induci ble genes, resulting in significantly el evated | evels of receptor
protein in crude nenbrane franctions conpared to receptor expressed froma
pl asm d | acki ng GAL4 sequences (data not shown). In SSTR2 expression 5
plasm d pJHL, DNA sequences encoding the first 13 am no acids of SSTR2 were
replaced with codi ng sequence for the first 23 am no acids of STE2 (Fig.
.11). Therate SSTR2 sequences were introduced into pJH2 w t hout

nmodi fication of the protein coding 28¢@8ences. " Yeast strains 10
contai ning these constructs (LY322: MATa ura3-52 trpl A63 his3[err] 200
leu2[err]l ade2-101 |ys2-801 gpal[err]hisG farl[err]LYS2 FUSI-H S3 -

sst 2AADE2, pJH1, pLP82; LY268: MATa ura3-52 trpl[err]63 his3[err]200

gdeZ-lOllIys?a8?1ngg;AggsG faL{fﬁ3FH$§% Eﬁgﬂg@{ibsstZAADFZ, pﬂHZ, pLP82)
.bear a plasm pLp , ession of a chineric
G err] protein conposed of the (Bgmgslﬁm tem?nal [err]-interaction

domain from Gpal p and carboxy-term nal réceptor interaction domain fromrat
Jerr] -under the cestrol of the GPAL pronoter. The rRgnitude of—~the

response of these s;bral ns to aﬁolled g ; 8
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20 somatostatin (S-14) was neasured (Fig. 28). LY268 cells

exhi bited a robust growth response to applied S-14, denonstrating that rat
SSTR2 does not require STE2 sequences to be functionally expressed in yeast
(Fig. 28A) The growth response of LY268 cells was 25
substantially greater than that exhibited by LY322 cells (Fig. 28B). The
sole difference between these strains s the presence of STE2 sequences in
pJHL found in LY322. Thus, replacenentzéfzﬁhe am no term num of SSTR2 with
t he equi val ent segnent of STE2 greatly reduces the efficiency 30 of
signalling in response to applied somatostatin. |In spite of the
observations of King et al., heterol ogous G protein-coupled receptors
expressed in yeast do not require am no-term nal protein coding sequences
fromany yeast protein for functional expression. 35 -85a- 5 According
to the present invention there is provided a transforned yeast cel
conprising: i) a first nucl eotide sequence which codes for a heterol ogous G

. Pig. 21
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protein coupled receptor, 10 ii) a second nucl eoti de sequence whi ch codes
f-or all or a portion of a G protein conplex; and iii) a nutation of a-yeast
gene to inactivate its function and 15 enable the yeast cell to continue
growing in spite of activation of the pheronone response signal

transducti on pat hway. 8 6 What is clainmed is: A transforned yeast cel
conprising: i) a first nucleotide ence which codes for a
bet er ol ogous G protein coupled receptor; 1) a second nucl eoti de seguence
whi ch codes for all or.a portion of a Gprotein-conplex; and iii) a

nutation of a yeast gene to inactivate its function and enable the yeast
cell to continue growng in spite of activation of the pheronbne response
signal transduction pathway. 2. The transformed yeast cell of Caim1l
further conprising a reporter gene construct. -

Fig. 22
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3. The transformed yeast cell of Caim1l further conprising at |east one
addi ti onhal gene nmutation effective to increase the sensitiyity of said
pher onone-i nduced transcription response. 4. The transforned yeast cel

of Claim3 further conprising a reporter gene construct. 5. The
transforned yeast cell of Caim1l wherein said genetic nutation is selected
fromthe group consisting essentially of a nutation to a gene that
down-regul at es expression, a deletion 023828ene, or an. overexpression of a
gene. 6. The transfornmed yeast cell of Claim1l wherein said genetic

mut ati on conprises at | east one gene nutation at a gene selected fromthe
group of genes consisting essentially of [err]US3 and FAl. 7. The
transforned yeast cell of daim5 wherein said genetic nutation conprises
at | east one gene nutation at a gene selected fromthe group of genes

consi sting of FARL and PUS3. 87 a. The transfornmed yeast cell of Caim
7 further conprising at |east one additional nmutation at a gene sel ected
fromthe : ' '

-ty’?ca R
D

-

<

X

."
-

. Fig. 23
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group of genes consisting essentially of SST2, STB50, SGVI, STE2, STES,
PFKL., - MSGS; SIGlL, KSS1, and AFR1. 9. The transfornmed yeast cell .of
Claim 8 wherein said additional genetic nutation conprises at |east one -
genetic nutation selected fromthe group consisting essentially of sgvl,
ste2, ste3, pikl, megb, sigl, Kssl, and afrl. 10. The transfornmed yeast
cell of Claim?9 wherei Asai d genetic nddd2Bon conpriseqyat |east one
genetic nutation sel ecf#4d fromthe group conisting ess ially of sgvl,
ste2, and s te3 . 11. The transforned yeast cell of Clalm& conprising
fus3 and further JEE—. et N : Mg orned yeast
cell of Caim8 clias on at SST2.
13. The transforj STK50 and
said nutation is | ell of Caim

| wherein said =:- 23 R codzd O N sel ect ed
fromthe group cqeisting es¥® ‘_.L<a,l IE ‘ S * R IFEct er ol ogous
yeast Jerr], hetilol ogous €, ~ohd Al 136G ‘ orned yeast
cell of Gaim2 de4¢ V\here'l“rif.é"é}?’:ﬂ‘?’s-'éfﬁo 1cT e6tdss ¢ ‘ppdes for a
Gerr] protein sqigcted frowrt'Re -grodp i sting<ess gy§®f endogenous

yeast

60 nmol 6 nmol

S-14

600 pmol | 60 pmol
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G err], heterol ogous yeast Ga, heterologous Gerr], and Chinmeric err].
16. The transfornmed yeast cell of daim?7 or 10 wherein said second -
nucl eoti de Sequence codes for a Ga protein selected fromthe group
consisting essentially of endogenous yeast (err], heterol ogous yeast
Jerr] heterologous Jerr], and chinmeric err]. 17. The. transforned
yeast cell of Claim 11l or 12 wher ei n s2bd28econd nucl eoti de sequence codes
for a Jerr] protein selected frgmaho g lally of
endogenous yeast Ga, heterol ogou S a - = r], and
chimeric Jerr]. 18. The transf ojs - el | of Claim11 or 12 wherein
sai d second nucl eoti de sequence ‘ - an endogenous yeast Ga protein.
19. The transformed yeast cell 18 wherein said Ga i s GPALl/ SCGL.
20. The transforned yeast cell o 6 further conprising a
mutation to a GPA1l/SCE gene. 21 yeast cell..of Caim16
further conprising a nutation to F o ‘_;, sf or ned
yeast cell of C aim 20 wherein s : T - an-regul at e
expr essi on. - '

-
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23. The transforned yeast cell of Caim21 wherein said nutation is
effective‘to down-regul ate expression. 24. The transformed yeast cell of
Claim 14 wherein said Ga conprises a Jerr] subunit selected fromthe
group consisting essentially of a Jerr] subunit, Jerr] subunit, Jerr]
subunit, err] subunit, Jerr] subunit, derr] subunit, and Jerr],
subunit. 25. The transforned yeast cel26628Claim 14 wherein the Ga
subunit is a chineric subunit conpr|5|ng at | east a portion of yeast
GPA2/ SCG1 and at |east a po & g
yeast cell of Caim25 wher§g
domai n and the heterol ogous
transforned yeast cell of C
pher onmone-r esponsi ve pronot
gene construct and wherein
consisting essentially of H
genes. 28. The transforned

»p—_—,

i .
i
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conprising a pheronone-responsive ~pronoter operatively associated with a
reporter gene selected fromthe group consisting. essentially of HXS3,
A18r, URA3, CYH2, LYS2, CANl and LacZ genes. 29. The transfornmed yeast
cell of daim28 wherein said nutation at SST2 is a point nutation or
deletion. 30. The transforned yeast C?|| f Claim 27 wherein said reporter
construct is FUSL1-H S3. 31. The trans ned yeast cell of Caiml or 6
wherein said first nucleotide sequence is selected fromthe group
consisting essentially of [err]-adrenergic receptor, [err]2- adrenergic

recept or, 5HT-1A  receptor, muscari ni ¢ acetyl choline receptor, growh
hor none rel easi ng factor receptor, cholecystokinin receptor, adenosine
receptor, and somatostatin receptor. The transformed yeast cell of

Caim9 or 10 wherein said first tlde sequence fromthe
group consisting esSegandgnyS (E)'fe‘:Pe‘!J Tﬁ%l‘roéﬁbtl”b ‘%"é%‘é%%@fdv g‘i&qadrenergl c
receptor, 5HT- 1A receptor, nuscarlnlc acetyl choline receptor, growh
hor mone rel easing factor receptor, chol ecystokinin receptor adenosi ne
receptor, and somatostatin receptor. 2

Cl ai m 18 WPSEeEb_Satt b irol

CYANANID
S tatin a

At LA 4SRN

CL compounds (10 pl of 10 mg/ml solution) applied to each position.

Fig. 27
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nucl.eoti de sequence is selected fromthe group consisting essentially of
[*err] 2-adrenergic receptor, [err] 2-adrenergic receptor, 5HT- 1A
recept or, muscari ni c acetyl choline receptor, growth hornone rel easing
factor receptor, This is the replacenent sheet chol ecyst oki nin
receptor, adenosi ne recept or, and somatostatin receptor. 34. The
transformed yeast cell of Caim25 whejgpggsaid first nucleotide sequence
is selected fromthe group consisting essentially. of [err]2-adrenergic
receptor, [err]2-adrenergic receptor, 5HI-1A receptor, nuscarinic
acetyl choline receptor, growh hornone -releasing factor receptor,

chol ecystokinin . receptor, adenosi ne receptor, and somatostatin
receptor. 35. A nucl eotide expression vector ca | e of expressing the
het er ol ogous G protein-coupl ed receptor into a ¢ menbr ane of the yeast
cel | of}ﬁgain11 or 6. 36. The transforned yeast Il of Caim1 further
conpri si a third nucl eotide sequence that codes for a reporter segnent.

37. A nethod of assaying conpounds to determ ne effct f

Fig. 28
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| hgand binding to a heterol ogous G protein coupl ed receptor expre‘!@é‘b“ B'§/ ~
yeast cells conprising the steps of: a) provi di;ig™. : PV
transfoned yeast cell of Claim2 or Caimé6; b) § €0}
conmpound to-said cells to allow binding of said corgpoeu
heterol ogous G protein receptor expressed by the. ‘yeast
determ ning the growth of said cell or aif:stlvatlon pf fé Re| S
an indication Qf, t efd wat.i on of ‘the het er ol ogqus’ G’prot ei n*i\‘éu‘m el FUES o
recept or .upon br n(f ng of said conpound. '38. The! transforned yeast cel |

of Claim 2 or 4 further conprising a reporter sjyétem dal eGilad . Tﬁe -----

group consi.sti By teesRiidaiddy yafa stelcandl egogsiadagy| yl'cyclase, het erol ogous
G protein coupled potassium chanel, and heterol ogous PLC [err].

i) a £irst nucleotide 'séo'uence whick codes for a
heterologous G pr otexa coupled receptc

ii) a seccnd nucleotide sequence which codes for all or a

'~ portion of a G protein complex; and

iii) a mutation of a yeast gene to inactivate its
function and enable the yeast cell to continue
growing in spite of activation of the pheromone
xesponsa signal transduction pathway. ' :

2. The transformed y@ast cell of Claim 1 further comprising a '
reporter gene comstruct.

3. The transformed yeast cell of Claim 1 further compxising at

_ least cne additiomal gene mutation effective to increase the
sensitivity of said pheromone-induced tramscription
response. '

. The transformed yeast cell of Claim 3 further comprising a

(1]

reporter gene cornstruct.

5. The transformed yeast cell of_Claim 1 wherein said genetic

| mutation is selected from the ‘group consisting essentizlly
of a mutation to a gene that down-regulates expression, a
deletion of a gene, or an overexpression of a gene.

6. The transformed yeast cell of Claim 1 wherein said genetic
mutation ccmprises at least one gene mutation at a gemne
selected from the grcdp of genes cozisisting essentially of
PUS3 and FARI. |

7. The transformed yeast cell of Claim 5 wherein said genetic
mutation comprises at least one gene mutation at a gene

selected Irom the group of genes consisting of ¥AR1 and FUS3.

This is the replacement sheet
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10.

11.

12.

13'

14,

15.

16.

87

Tge transformed yeast cell of Claim 7 fuxthel comprising at
least cne additional mutation at a gene selected from the
gfoup of genes consisting essentially of SST2, STEB50, §GVI,
STE2, STE3, PIKl, MSGS; SIG1, K881, and AFR1.

The transformed ye&st cell of Claim 8 wherein said
additional genetic mutation comprises at least one genetic
mutation selected from the group consisting essentially of
sgvl, ste2, ste3, pikl, msg5, sigl, kssl, and afrl.

The transformed yeast cell of Claim 9 wherein said genetic

‘mutation comprises at least one genetic mutation selected

from the group consisting essentially of sgvl, ste2, and
ste3. ' :

- S

The transformed yeasgt cell of Claim 8 comprising fus3 and

 further comprising a mutation at S8T2.

The transformed yeast cell of Claim 8 comprising farl and
further comprising a mutation at S88T2.

The transformed yeaast cell of Claim 5 wherein said gemne is
STES0 and said mutation is an overexpression.

The transformed yeast cell of Claim 1 wherein said second
nuclecotide sequence codes for a Ga protein selected from the
group consisting essentially of endogenous veast Ge,
heterclogous yeaat G&, heterologous Ga, and chimeric CGe.

' The transformed yeast cell of Claim 2 or 4 wherein said

second nucleotide sequence codes for a Ga protein selected
from the group comsisting essentially of endogenous yeast
Ga, heterologous yeast Gg, heterolegous Ge, and chimeric Gu.

The transformed yeast cell of Claim 7 or 10 wherein said
second nucleotide sequence codes for a G« protein selected
from the group consisting essentially of endogenous yeast

Ga, heterologous yeast Ga, heterélogous Ga, and chimeric Ga.

This is the replacement sheet
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17.

18.

19,

20.

21.

22.

23.

24.

25.

26.

27.

88
The transformed yeast cell .cf Claim 11 or 12 wherein said
second nucleotide séguence codes for a Ga protein selected

from the group consisting essentially of endogenous yeast
Ga,. heterologous yeast Ge, heterologous Ga, and chimeric Gu.

The transformed yeast cell of Claim 11 or 12 wherein said
gecond nucleotide sequence codes for an endogenous yeast Gg

protein.

The transformed yeast cell of Claim 18 wherein said Ga is
GPA1/SCG1.

The transformed yeast cell of C_la:‘.m 1 or 6 .furt_her
comprising a mutation to a GPA1l/SCGl gene.

P 7%

The transformed yeast cell of Claim 16 further compriging a
mutation to a GPAl1/8CGl gene.

The tranzsformed yeast cell of Claim 20 wherein said nrutaiti_on
is effective to down-regulate expression.

The transformed yeast cell of Claim 21 wherein said mutation
is effective to down-regulate expression.

The transformed yeast cell of Claim 14 wherein said Gx
comprises a G¢ subunit selected from the group consisting
essentially of a Ga, subunit, G&; subunit, Gag., subunit, Ga,

. Subunit' Gaq Subunit, Galx B‘Ubunit, a-nd G“i‘ su.bunit -

The transformed yeast cell of C}a:‘-.m 14 wherein the Ga
subunit is a chimeric subunit comprising at least a portion
of yeast GPA1/SCGI1 and at least a portion of a heterologous

‘Ga.

The transformed yeast cell of Clzim 25 wherein the yeé.st
portion is an amino terminal domain and the heterologous

porticn is a carboxy terminal domain.

The transformed yeast cell of Claim 2 or 4 further

This is the replacement sheet
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28.

29-

30.

31.

32.

33.

89

comprising a pheromone-res-ponsive' prbmoter operatively
associated with said reporter geme conmstruct and wherein
said reporter gene is selected from the group consisting
essentially of HIS3, G418r, URA3, CYH2, LYS2, CAN1 and LacZ

genes.

The transformed yeast c¢ell of Claim 11 or 12 £further
comprising a pheromonefresponsivé promoter operatively
associated with a reportér gene selected from the group
consisting. essentially of HI93, G418r, URA3, CYH2, LYS82,

CAN1 and LacZ genes.

The transformed yeast cell of Claim 28 wherein said mutation

at S8T2 is a point mutation or deletion.

The transformed yeast cell of Claim 27 wherein said reporter
congtruct is FUS1~-HIS3.

The transformed yeast cell of Claim 1 or 6 wherein said
first nucleotide sequence is selected from the group
consisting essentially of §2-adrenergic receptor, a2-

‘adrenergic receptor, = S5HT-1a receptor, muscarinic

acetylcho_line receptor, growth hormone releasing factor
receptor, cholecystockinin receptor, adencsine receptor, and

somatoatatin receptor.

The transformed yeast cell of Claim 9 or 10 'wherein. said
first nucleotide sequence is selected from the group
consisting essentially of  fi2-adrenergic receptc;r, a2-
adrenergic  receptor, ~ SET-1A  receptor, musgcarinic
acetylcholine reéeptor, growth hormone releaging factor
receptor, cholecystokinin feceptor, adenoéine_receptor, and

somatostatin receptor.

The transformed yeast cell of Claim 18 whérein gaid first
nucleotide sequence is selected from the group comsgisting
essentially of p2-adrenergic receptor, @2 -adrenergic

" receptor, SET-1A receptor, muscarinic acetylcholine

reqeptor, growth hormorne releaging factor receptor,

WWANI o - 5 0ec o
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34.

35.

36.

37'

38.

) T 90

cholecystokinin receptor,  adenosine  receptor, and

somatostatin receptor.

The transformed yeast cell of Claim 25 wherein said first
nucleotide sequence is selected from the group consisting

 essentially of p2-adrenergic receptor, a2-adrenergic

receptor, SHT-1A receptor, muscarinic . acetylcholine
receptor, growth hormone releasing factor receptor,
cholecystokinin receptor, adenosine receptor, and

somatostatin receptor.

A nucleotide expression vector capable of expressing the

: heterologéus G protein-coupled receptor into a cell membrane

of the yeast cell of Claim 1 or 6.

The transformed féé.st cell of Claim 1 further comprising a
third nucleotide sequence that codes for a reporter segment.

A method of assaying compounds to determine effects of
lzgand binding to a heterologous G protein coupled *‘eceptor
expressed by yeast cells comprising the s‘.eps of:

a) providing a culture of the transfeormed yeast cell of
Claim 2 or Claim 6;. _

b) contacting a selected compound to .said cells to allow
binding of said compound to the heterologous G protein
receptor expresséd by the yeast cell; and

<) determining the growth of said cell or activation of
the reporter gene as an indication of the activation of .
the heterclogous G prot:e:.n couplea receptor upon.

b:.nding of said compound.

The transformed yeast cell of Claim 2 or 4 further
comprising a reporter system selected from the group
consisting essentially of heterologous a.denylylcyclase,
heterclogous & protein coupied potassium channel, and
heterclogous PLC-f.

* C L L] s *
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According to the present invention there is provided a transformed
yeast cell comprising:

i) a first nucleotide sequence which codes for a heterologous G
protein coupled receptor;

ii) a second nucleotide sequence which codes for all or a portion

‘of a G protein complex; and

ii;) a mutation of a yeast qené to inactivate its function and
enable the veast cell to continue growing in spite of activation
of the pheromone response sigmal transduction pathway.




