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ABSTRACT: The a-factor receptor$TEJ stimulates a G protein signaling pathway that promotes mating

of the yeasiSaccharomyces cersiae Previous random mutagenesis studies implicated residues in the
regions near the extracellular ends of the transmembrane domains in ligand activation. In this study,
systematic Cys scanning mutagenesis across the ends of transmembrane domains 5 and 6 identified two
residues, PHé&* and Tyr86, that were important for receptor signaling. These residues play a specific role

in responding tax-factor since the F204C and Y266C substituted receptors responded to an alternative
agonist (novobiocin). To better define the structure of this region, the Cys-substituted mutant receptors
were assayed for reactivity with a thiol-specific probe that does not react with membrane-imbedded residues.
A drop in reactivity coincided with residues likely to be buried in the membrane. Interestingly, both
Phe%* and Ty#®® are located very near the interface region. However, these assays predict f94isPhe
accessible at the surface of the receptor, consistent with the strong defect in liridicpr caused by
mutating this residue. In contrast, P§fwas not accessible. This correlates with the ability of Y266C
mutant receptors to bind-factor and suggests that this residue is involved in the subsequent triggering
of receptor activation. These results highlight the role of aromatic residues near the ends of the
transmembrane segments in tieéactor receptor, and suggest that similar aromatic residues may play an
important role in other G protein-coupled receptors.

The a-factor receptor (Ste2p) stimulates matingSac- Despite this, mutational analysis indicates that there is
charomyces cetgsiae (1, 2). Like other members of the G underlying structural and functional similarity between the
protein-coupled receptor (GPCRjuperfamily, thex-factor a-factor receptor and other GPCR% 8). Furthermore, the
receptor is comprised of seven transmembrane domainsy-factor receptor can activate mammaliaadssubunits 9),
(TMDs) connected by extracellular and intracellular 100ps and certain mammalian GPCRs can activate the pheromone-
(3). The binding of the tridecapeptide-factor pheromone  responsive G protein pathway in yeas0,(11).
(WHWLQLKPGQPMY) to its receptor activates a hetero- i . _ . ) _
trimeric G protein that leads to the stimulation of a MAP  Ligand binding strategies vary widely in the GPCR family,
kinase pathway4—6). Although the components of this consistent with these receptors responding to a variety of
signaling cascade are conserved from yeast to huntans ( ligands ranging from small molecules to large glycoproteins
2), the sequence of the-factor receptor is not significantly ~ (12). Thea-factor receptor is similar to other GPCRs in that
homologous with other members of the GPCR family. the core region composed of the seven TMDs is essential

for ligand binding and G protein activatiod3 14). The
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The observation that the dominant-nega®7/E2mutants beads in 25Q:L of cold PBS [10 mM NaHPQ,, 1.5 mM
affected 13 different residues near the predicted extracellularKH,PO,, 3 mM KCI, and 150 mM NacCl (pH 7.4)]. The
ends of the TMDs strongly suggested that they could be lysate was cleared by centrifugation at §@r 1 min, and
identifying a key functional domain that is important for then membranes were harvested by centrifugation at 000
ligand binding and receptor activation. Interestingly, the for 30 min. The membrane pellet was resuspended in 200
extracellular regions, including the ends of the TMDs, have uL of PBS and then incubated with MTSEA-biotin (final
also been implicated in the binding of peptide ligands by concentration of 0.1 mM) at room temperature for 2 min.
other GPCRs12). However, further interpretation is limited The MTSEA-biotin was freshly prepared in dimethyl sul-
because the precise ends of the TMDs are not known.foxide at a final concentration of 20 mM. Reactions were
Therefore, in this study, we set out to better define the quenched by addition of freshly prepared Cys to a final
domain composed of the extracellular ends of the TMDs. In concentration of 10 mM and mixtures incubated for 5 min.
particular, the ends of TMD5 and TMD6 were investigated Membrane proteins were then extracted in RIPA buffer [0.1%
since they are linked by the third intracellular loop, which SDS, 1% Triton 100, 0.5% deoxycholic acidx PBS (pH
plays a key role in G protein activatio@], 22). Cys scanning  7.4), and 1 mM EDTA]. Biotinylated proteins were harvested
mutagenesis was first used to identify residues that areusing UltraLink Immobilized Streptavidin Plus beads (Pierce)
important for receptor function. A variation of the substituted and eluted using gel sample buffer (8 M urea, 50 mM Tris,
cysteine accessibility metho@3) was then used to test the 2% SDS, and 10% 2-mercaptoethanol). Assays carried out
ability of the Cys residues to react with a membrane- in the presence ofi-factor were performed in a similar
impermeable probe. The results indicate that aromatic manner except that the membrane pellet was incubated with
residues at the extracellular interface play a key role in ligand 6 x 10°° M a-factor (Bachem).
binding and receptor signaling. These results also have o-Factor Receptor AnalysidVestern blots were carried
implications for the analysis of other GPCRs, and these out as described previousl{). Gel samples separated by
methods may be generally applicable to the analysis of theelectrophoresis on a 10% SBfolyacrylamide gel were

TMD interface region in other membrane proteins. electrophoretically transferred to a Hybond-P membrane
(Amersham Pharmacia Biotech). To detect the HA-tagged
MATERIALS AND METHODS receptor proteins, the blots were probed with anti-HA

antibody 12CA5 (Roche Molecular Biochemicals). Immu-
noreactive proteins were detected using alkaline phosphatase-
conjugated goat anti-mouse IgG (Zymed) and an AttoPhos
AP Fluorescent Substrate System (Promega). Quantitative
analysis was carried out using ImageQuant computer soft-
ware. As a control, wild-type an8TE2-T199Cells were
leu2 ura3 SUP4-Sbarl-1 mfazFUS1-lacj were used for 5 1764 in parallel with the other mutants. Results for each
the analysis of receptor mutants. Strain lyE(MATa Iysl)_ mutant were calculated as the degree of biotinylation relative
was used for mating tests. Cells were grown in media as, 1199¢ receptors. To detect biotinylation of proteins in
described prewousl_yze_l). Yeast transformations WETe PEr-  the total membrane extract, the blots were probed with HRP-
forme_d_ using the lithium acetate m9th°ﬁ5¥ PIasm@—_ conjugated streptavidin (Amersham Pharmacia Biotech). The
containing cells were grown in synthetic medium containing results were detected by chemiluminescence using 5-amino-
adenine a_nd amino acid additives, but lacking uracil to SeleCt2,3-dihydr0-1,4-phthalazinedione as a substrate (Sigma).
for plasmid maintenance. Ligand-Induced Responsédating assays were carried out
Cysteine Scanning MutagenesiBlasmid pPD225-T7 by mixing yeast strain yLG123MATa ste2A) containing
(YEp-URA3-STE2-T7-3XHA) was used as a starting vector the indicated wild-type or Cys-substituted mutant version of
to create a set of Cys substitution mutars This plasmid ~ STE20n a plasmid witiMATa strain lysix cells and then
carries a modifiedSTEZ2in which the two endogenous Cys  selecting for the growth of diploid cells. Halo assays for cell
residues at pOSitionS 59 and 252 were substituted with Otherdivision arrest were performed by Spreading on solid medium
amino acids, and it is also C-terminally tagged with a triple- plates 6x 10° yLG123 yeast cells carrying either a wild-
HA epitope. This version of the receptor lacking Cys residues type or the indicated mutant receptor gene on a plasmid, and
was used as the wild type for this study. Site-directed then placing sterile filter disks containing eithesfactor or
mutagenesis was carried out using a QUICK CHANGE kit novobiocin (Sigma) on the lawn of cells. Cells were grown
(Stratagene). Mutagenic oligonucleotides were designedat 30°C for 48 h, and then the diameters of the zones of
according to the manufacturer’s instructions and were |igand-induced cell division arrest were measured.
complementary to thTE2sequence except for the substitu- Molecular Modeling.A molecular model of the:-factor
tions required to change codons 908 in TMD5 and  yeceptor was generated by homology with the crystal
267-275 in TMD6 to encode Cys. ThETE2-A265C  structure of rhodopsin2f). The a-factor receptor is a
-Y266CG -1209C, -L210C -L211C -A212G -S213C and member of the class D GPCRs. Only the class E receptors,
-S214Cmutants were previously created on pPD226 Al which includes theDrosophila frizzled and smoothened
mutations were confirmed by DNA sequence analysis using receptors, are more divergent from rhodopsin. As a result,
the Big Dye cycle sequencing kit (Applied Biosystems Inc.). the o-factor receptor does not have many of the features
Reaction with MTSEA-BiotinTo assay reactivity with  characteristic of the consensus class A GPCR, including the
MTSEA-biotin {2-[(biotinoyl)amino]ethyl methanethiosul- ERY or DRY sequence on TMD3, the NPXXY sequence
fonatg (Biotium), logarithmic-phase cells ($0were har- on TMD?7, or the disulfide bridge between the extracellular
vested by centrifugation and lysed by agitation with glass end of TMD3 and the second extracellular loop. Neverthe-

Strains and MediaYeast strains yLG123{ATa ade2-2
his4-58@ lys2 trp12 tyr1° leu2 ura3 SUP4-Sbarl-1 mfa2::
FUS1-lacZ ste2::LEUR 7416-6-3 MATaade2-2 his4-58@
lys2 tyr1 CAN CYH cryl SUP4*3eu2 ura3 ste2::LEU2
sst2-), and JKY25 MATaade2-1 his4-580ys2 trp12 tyrl°
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less, theo-factor receptor has seven TMDs, and a comparison neminus A of''s

of the conserved and functionally important residues is t N Tae’ A VT" NDV

sufficient for aligning the sequences in a meaningful way @ v v ol s

for developing a three-dimensional model. f 55 . y A
The rotational orientations of TMDs were defined by ¥ N o «

potential pairwise interactions involving “functional do- s s A

mains” within the transmembrane helices. The most revealing M . - . mg

amino acids are Glu, Gln, and Arg, which have long, highly {7 an, kg '@v, Fv

polar side chains. These amino acids must be oriented towarc| w ¢ e Ylag Lva VT, ,
the protein interior where they can participate in interhelical | vag, "t Stey 'ap lasg
hydrogen bonding interaction®7, 28). The translational Ann 'LEL SiLy TFsy 'wg

positions of the helices were also constrained by specific | " "t SI"|° FV‘” ' MSLTG'- h,'_s Fv

pairwise helix-helix contacts as well as by the accessibility il e .

data that are presented, the location of positively charged T P GpnFK Ul F T

Arg and Lys residues that are known to define the membrane SasrK' \ntraceliular A 5 :

boundary and Trp and Tyr which often partition in the region R a N

of the membrane headgrou9( 30). Computer programs SRARFLGLK A
]

used to predict the boundaries of the TMDs of théactor
receptor were obtained from the ExPASy molecular biology FiIGURe 1: Residues near the ends of TMD5 and -6 indhfactor

server (http://ca.e>.(pasy.0_rg/). . . receptor that were targeted for mutagenesis. Gray boxes denote
The key constraints defining the rotational and translation residues that were substituted with Cys. Circles denote residues

positions of the helices are as follows. For TMD1, Zrip affected by dominant-negative mutatiords,(17).
oriented in toward the protein interior and is in a position to ] . ) )
interact with GId** on TMD3. This orientation also leads ~ GIN***, with two conserved serine residues on helix 7?Ser

to an inward orientation of S€rand Thfé. For TMD2, Asr# and Set®? (34). These serines are part of a motif on helix 7,
and Hig* are oriented toward the protein interior. &g~ LPLSSXW, which is highly conserved in the class D GPCRs
in a position to interact with G?on TMD3 (7), while His?* and may be functionally equivalent to the conserved NPXXY
may interact with GIi#3. In relatedo-factor receptors where ~ Motif in the class A receptors. This orientation of TMD6
Argis replaced with His, HR is replaced with Arg. GIH® places SéP near llé>° and Il€"2 on TM3. Substitutions at
appears to be functionally equivalent to Gfuat the each of these sites lead to constitutive activity 34). '
cytoplasmic end of TMD3 in rhodopsin. Both Gtfin Ste2p Once the rotational orientation and the translational
and GIU3* in rhodopsin are residues where mutation leads POsition of the transmembrane helices were defined by the
to constitutive activation. The rotational orientation of TMD3 genetic, biochemical, and biophysical data described above,
is further constrained by Gl# Glu*3is conserved across ~the structure was energy minimized using the program
the members of the-factor receptor family and may interact XPLOR (7). The side chains were placed in standard rotamer

C terminus

directly or indirectly with Arg® on TMDZ and/or Hi& on conformations. Hydrogen bonding constraints were applied
TMD2. GIu3 in Ste2p is in a position similar to that of between the backbone amide and carbonyl groups to maintain
Glul?in rhodopsin in the middle of TMD3. G2, Arg®®, helical secondary structure. Thefactor receptor has prolines
and Hig* have roughly the same translation position in the N TMD6 (Pr@*) and TMD7 (Pré*). These helices were
model and are in proximity. undistorted in the initial model. Energy minimization resulted
The rotational orientation of TMD4 is defined by T in a kink in TMD7 at Pr@%, whereas the conformation of

which when replaced with Asn results in a loss of function TMD6 remained largely undistorted after minimization.
(18). This orientation also places S& Gly'™4 and Th#’’ RESULTS
in the TMD3—-TMD4 interface. Recently, we have found
that small and polar residues have high propensities for Cysteine Scanning Mutagenesis across Extracellular Ends
occurring in helix interfaces3(). of TMD5 and -6.The extracellular ends of TMD5 and -6 in
The rotational orientation of TMD5 is defined by several the a-factor receptor were targeted for mutagenesis in an
positions that are thought to be in the TMBBMDG6 effort to better define their role in ligand binding and receptor
interface. Substitution of AgH and Led?® with Asp and activation. These studies were prompted by the previous
Trp, respectively, results in constitutive activity (unpublished results of genetic screens that identified dominant-negative
data and re82). Val?>2on TMD5 and Leé&*” on TMD6 when mutations that affected residues predicted to be near the ends
changed to Cys are able to form a disulfide lig@k Finally, of these TMDs (refsl6 and17 and summarized in Figure
the position corresponding to AR is an Asp in the 1), and because TMD5 and -6 are linked by the third
homologous mam?2 receptor from Schizosaccharomyces intracellular loop, which plays a key role in G protein
pombe (33) and is a His in the a homologous receptor activation. Therefore, systematic scanning mutagenesis was
detected in theCandida albicanggenome database (http:// carried out in which each residue near the predicted extra-
sequence-www.stanford.edu/group/candida/index.html). Thiscellular end of TMD5 (residues THf—Thr?%8) and TMD6
position appears to be paired in a complementary manner(residues Ty#—Asp?’%) was mutated to Cys (Figure 1). The
for interaction with a Lys in theanam2receptor or an Asp 20 Cys substitutions were created in a version obttactor
in theC. albicansreceptor at the extracellular end of TMD6. receptor gene in which the endogenous Cys codons at
The rotational orientation of TMD6 and TMD7 in Ste2p positions 59 and 252 were mutate8) to facilitate later
is constrained by interaction of a highly conserved residue, analysis of the mutant proteins in biochemical studies.
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Table 1: Phenotypes of Cysteine Substitution Mutants

STE2allele mating ability cell division arrest DN mutatiorf

wild type +++ +++

T199C +++ +++

Q200C +++ +++

D201C +++ +++

K202C +++ +++

Y203C +++ +++ Y203H

F204C sterile —/DN F204C, F204S

N205C +++ partial response N205D, F205K G273C

A206C +++ +++

S207C +++ +++ S207F

T208C +++ +++

Y266C sterile —/DN Y266C, Y266D

S267C +++ +++

L268C +++ +++ FiIGUrRe 2: Analysis of Cys-substituted mutant receptors. Yeast

K269C +++ +++ strain yLG123 carrying the wild-type receptor plasmid or a mutant

P270C +++ +++ version containing the indicated Cys substitution was assayed for

N271C +++ +++ the ability to undergo cell division arrest in responsentéactor.

Q272C +++ +++ The zone of growth inhibition (halo) was observed surrounding a

G273C +++ partial response filter disk containingo-factor (200 or 1200 ng) that was applied to

T274C +++ +++ T274A a lawn of cells on the surface of an agar plate.

D275C +++ +++ D275V

2 Ability of strain yLG123 carrying the indicated mutant receptor ~ effects. This was somewhat surprising since previous studies
gene to mate on solid agar medium with M&Btrain lysh. +4+-+, showed that substitution of A3 with either Asp or Lys

wild-type level of mating; sterile, no detectable matifgialo assays i _ i
were used to quantify-factor-induced cell division arrest., no halo; caused a dominant-negative phenotypé)( The G273C

DN, dominant negative in yeast strain JKY2®ominant-negative re_ceptor mutants also d'd_nOt display domlnaljt EﬁeCt_S' bm
mutants identified in previous studiesé]. this was not unexpected since the effects of this substitution
are comparatively mild.

It was interesting that Cys scanning mutagenesis yielded
fewer mutants with strong phenotypes than did the random
mutagenesis approach used to screen for dominant-negative
mutants. For example, substitutions at four other positions
near TMD5 or -6 were isolated in the dominant-negative
screen (Y203H, S207F, T274A, and D275V), but Cys

Phenotypes of Cys Mutantall but two of the receptor  gypstitutions at these positions had no detectable effects.
mutant strains were able to mate, indicating that most mutantsyowever, these results are consistent with previous mu-
retained some degree of receptor activity (Table 1). In tagenesis studies which demonstrated that Cys is generally
contrast, substitution of PHe (F204C) or Ty#*® (Y266C)  tolerated well in thax-factor receptor and other proteirg (
with Cys caused strong defects as these receptor mutant®3 35) Thus, the strong defects caused by substitution of
did not stimulate detectable mating. The Cys substitution ppgosang TyRss with Cys suggest that they play a special
mutants were next examined in halo assays for the ability to rg|e in receptor function.
undergoo-factor-induced cell division arrest (Table 1). This Receptor Mutants Respond to an AlternatAgonist To
is a more stringent test for receptor function because it assaysyrther define the defects caused by mutating residues 204
the ability of the mutants to maintain a high level of and 266, the receptor mutants were tested for their ability to
pheromone response for 2 days. Four of the Cys substitutionrespond to a nonpeptide agonist, novobiodia(T-{[3-O-
mutants showed defects in producing a zone of growth aminocarbonyl)-6-deoxy-8-methyl-4-O-methylf-L-lyxo-
inhibition (halo) on an agar plate in responseotdactor hexopyranosyl]oxy-4-hydroxy-8-methyl-2-oxo-2-1-ben-
(Table 1). As expected from the mating test, the F204C and zopyran-3-yl)-4-hydroxy-3-(3-methyl-2-butenyl) benzamide].
Y266C mutants did not form a detectable halo, and are thusNoyobiocin was fortuitously identified as an agonist for the

very insensitive tax-factor. The N205C substitution mutant  _factor receptor 6), but it is more widely known as an

gave a filled-in halo after 2 days, indicating an inability to nnipijtor of bacterial DNA gyrase. Novobiocin is a weak
maintain a high level of pheromone signaling. The G273C aqonist, so the studies were carried out with a strain that is
substitution caused cells to form a slightly smaller halo than hypersensitive due to deletion of the gene encoding the RGS
th(_a wild type, indicating decreased sensitivity defactor protein that regulates G protein signalirgst\). Interest-
(Figure 2 and Table 1). ingly, both the F204C and F204S receptors responded to
The receptor mutants were tested for dominant phenotypesnovobiocin as well as the wild type in halo assays for cell
by introducing the mutant plasmids into a yeast strain division arrest (Figure 3A and data not shown). The Y266C
(JKY25), which contains a chromosomal copy of wild-type receptor mutant strain also responded to novobiocin, but it
STE2 Halo assays showed that the F204C and Y266C was~5-fold less sensitive to novobiocin than was the wild-
mutants dominantly interfered with the ability of the cells type receptor strain. Cells that lack the receptor gene did
to respond tao-factor (Table 1). This was consistent with  not respond to novobiocin. In contrast, a control experiment
the previous isolation of F204S and Y266C (or Y266D) showed that the F204C and Y266C mutants wef0-
mutants in a screen for dominant-nega/EE2mutants 16). fold less sensitive tax-factor than the wild-type recep-
The N205C substitution mutant did not cause dominant tor strain (Figure 3B). These results indicate that the

Plasmids containing the Cys mutants were transformed into
a yeast strain lacking the chromosomal copy of the receptor
gene §teA strain yLG123) for analysis. Western immuno-
blots showed that all of the mutants produced the expected
level of full-length receptor protein (data not shown).
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A 3 In particular, it does not contain the pair of conserved Cys
residues that form a disulfide bond between the second
extracellular loop and the extracellular end of TMD3 in many
GPCRs. The two endogenous Cys residues at positions 59
and 252 are not essential and were therefore replaced to
create a version of the-factor receptor lacking Cys residues
that is considered to be the wild type for these stud®s (
The accessibility assays were carried out by treating
membrane fractions with MTSEA-biotin, solubilizing the
proteins in detergent buffer, and then collecting the biotin-
labeled receptors on streptavidin beads (see Materials and

] = WT

{ —e— F204C
—— Y266C
—— Empty Vector

Halo Diameter (cm)
(63}
|

0.5 Methods). The degree of receptor biotinylation was deter-
] mined by comparing samples of the total extract, the
o S G G — streptavidin bead supernatant, and the eluted proteins on
0 100 200 300 400 500 600 Western immunoblots. Control experiments showed that the
Novobiocin (£g) wild-type receptors lacking Cys residues were present only

at low levels (1.6%) in the fraction bound to strepavidin

B 4: beads, indicating that they did not react significantly with
351 —_t F204C MTSEA-biotin (Figure 4A). In contrast, the T199C receptors,
] = Y266C which contain a Cys at a position that is thought to be in the

3] —¢ Empty Vector second extracellular loop, reacted significantly with MTSEA-

biotin (26%). This level of biotinylation may be an under-
estimate since stringent washing conditions were used to
prevent nonspecific sticking to the streptavidin beads. Other
control experiments showed that the binding to the strepta-
vidin beads was only detectable after MTSEA-biotin treat-
ment (Figure 4B). A Western blot probed with horseradish
peroxidase-conjugated streptavidin confirmed that all of the
membrane samples reacted with MTSEA-biotin, and that the
biotinylated proteins were depleted from the supernatant
- r — fractions, indicating they bound efficiently to the streptavidin
01 1 1 10 beads (Figure 4C). We also showed that a mutant receptor
log a-Factor (ug) (Y266C) that does not react detectably with MTSEA-biotin
Ficure 3: Novobiocin activates signaling of F204C and Y266C in this assay format could do so if it was first extracted from

receptors. Cell division arrest (halo) assays for cells induced with {he membrane with detergent buffer prior to the analysis
(A) novobiocin or (B)a-factor. Assays were carried out with yeast (Figure 4D)

cells (7416-6-3) carrying a plasmid containing the indicated wild- i .
type or Cys mutant.-factor receptor gene. The indicated amount ~ Twenty-seven Cys mutants were analyzed, including those
of ligand was applied to a lawn of cells on solid medium, and then constructed in this study and some additional mutants that

the diameter of the halo was measured after 2 days. The standardyere made in a previous studg)( Quantitative analysis

deviation was=1.5 mm for each data point. showed that 15 mutants were biotinylated to essentially the
o . _same level as T199C receptors, indicating that they are

Ste2p-F204C and -Y266C receptors are specifically defective . aggiple to MTSEA-biotin (Figure 5 and Table 2). Interest-

in responding too-factor, and are not grossly misfolded. "4 of the accessible residues corresponded to those
Thus, taken together with the observation that the F204S o \ere predicted to be furthest out in the extracellular
mutant is defective ire-factor binding (6), these results  y,main |n contrast, the five mutants that were not efficiently
suggest that PA¥ may play a direct role in binding-factor. - pjqtinyiated all contained Cys residues that were predicted
In contrast, the Y266C mutant displays an onrt2.5-fold to be most deeply buried in the membrane. The seven
lower binding affinity foro-factor than the wild-type receptor  yemaining mutants showed intermediate levels of biotinyla-
(16), consistent with the Tyf° residue being primarily  {ion and all of these mapped to the interface region. Addition

N
bl

Halo Diameter (cm)
N
|

-
- (&)
| 1

o :
(&)

o
¢
¢
3
¢
¢
+
4
¢

important for promoting the activated receptor state. of a-factor did not cause an obvious change in the acces-
Accessibility of Substituted Cys Residuelydropathy sibility to MTSEA-biotin (data not shown).
analysis predicts that PHéand Tyr%8 reside near the ends In TMDG, the drop in the level of biotinylation occurred

of the TMDs @7). However, the extracellular boundaries of between K269C and L268C. There was a rapid drop in
the TMDs are not defined, so it is unclear whether these accessibility over two residues that marked the interface
residues are accessible on the surface or buried in theregion. In contrast, the drop in the level of biotinylation of
membrane. To gain further insight into how P¥and TyrPs® TMD5 occurred over six residues between S206C and
contribute to receptor signaling, we investigated the bound- A212C. Perhaps this difference reflects the greater flexibility
aries of the TMDs by testing the accessibility of Cys- of TMD5 residues (see the Discussion). These data are
substituted residues in the mutants to a thiol-reactive probeinteresting in that they predict that PA&is on the surface-
that is membrane-impermeable (MTSEA-biotin). Tac- accessible side of the boundary, consistent with it playing a
tor receptor is well-suited for this approach because, in direct role in ligand binding. On the other hand, s
contrast to many other GPCRs, it lacks essential Cys residuesapparently not surface-accessible, suggesting that it carries
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A 100 [

T199C F204C  Y266C

WT
T S
LR BT

— 110 kDa

Ste2p—>._-_ . ...J'.. — 60 kDa 204-.- -275
§

O L0 O
P 858 g & <|>® 'F
~ o X ~ i Al
> MM T™DS | SPy
— 110kDa " N F Llsq T™Ds
LS F v Cg M
— 60 kDa v lL
Ste2p —» .. Vv L |
+ + + + - - - - MTSEABiotin \_'_/
c,%0 d’o qggg) Ficure 5: Accessibility of residues near the ends of TMD5 and
C NS, S -6. Gray boxes denote accessible residues that reacted most strongly
&V« A ot . ,
+ 4+ + + MTSEA-Biotin with MTSEA-biotin. White boxes denote residues that reacted

poorly. Diamond boxes denote intermediate reactivity. Boxes and

the diamond with thick outlines identify residues affected by
i _ dominant-negative mutations.
- 110 kDa
B'Dtlz',':gltztii: Table 2: MTSEA-Biotin Reaction with Cysteine Substitution
— 60 kDa Mutants
TMD5 STE2 relative TMD6 STE2 relative
allele biotinylation (%} allele biotinylation (%}
wild type 8.3+ 11 D275C 88.3t 36
T199C 100 T274C 7# 16
Q200C 100.2t 36 G273C 74.5: 12
110 kDa D201C 100.8+ 43 Q272C 92.5:19
K202C 93+ 13 N271C 81.2+ 26
Y203C 151.5+ 18 pP270C 131.& 84
60 kDa F204C 90+ 29 K269C 91.8+ 13
N205C 74.8+ 38 L268C 36.3: 6
A206C 69.8+ 33 S267C 11.8 15
FIGURE 4: Reaction of receptors with MTSEA-biotin. (A and B) .Is.gggg 31& (158 nggg 1551 %O
Western blot analysis of the indicated wild-type or mutasfactor 1209C 404 35
receptor proteins detected with anti-HA antibody. (A) Cell mem- L210C 361+ 14
branes were treated with MTSEA-biotin, and then equal fractions | 5712 343+ 17
of the total membrane extract (T), streptavidin bead supernatant a515¢ 28.7+ 12
(S), and eluate (E) fractions were analyzed. Arrows point to  g573c 17+ 2
monomer and apparent dimer forms of the receptor protein (Ste2p). go14c 16+ 12

(B) Cell membranes were incubated with or without MTSEA-biotin, - - .
and then the proteins that eluted from the streptavidin beads were _*Indicated Cys-substituted receptors were reacted with MTSEA-

analyzed on the blot. (C) Total biotinylated proteins were detected biotin, and then the degree of biotinylation was quantified as described
on a Western blot probed with streptavidin conjugated to horseradishin Materials and Methods. The degree of receptor biotinylation is

peroxidase. The blot contains the total membrane extract and thereported relative to that of T199C receptors which were normalized to
supernatant fraction from the streptavidin beads. (D) Reaction of 100%.

detergent-extracted receptors with MTSEA-biotin. Membrane frac-

tions from 10 cells were extracted with detergent buffer and reacted

with :\AT?EAO-Ibiotgin’ gnd Fthertn_the biotinylatec(i}I _Ste?p was Cg”gggfd [arger ligands such as peptides or polypeptides. Therefore,
the material eluted from the Streptavidin beads were analyzed for L W2 interesting that a cluster of dominant-negadiviactor
each of the indicated receptor types on a Western blot probed with 'eceptor mutations implicated the extracellular ends of TMDs
anti-HA antibodies. in signaling (L6—18). The dominant mutants are defective
in responding toa-factor, but retained partial function in
out a step in receptor activation that occurs within the that they were apparently able to sequester G proteins into
membrane bilayer. preactivation complexesl6, 19). Consistent with this set
of mutants identifying a domain critical for receptor activa-
DISCUSSION tion, the strongest mutants affected Phand Tyr® near
The study of GPCR activation is complicated by the ability the ends of TMD5 and -6. These TMDs are linked by the
of ligands to form multiple contacts with the various TMDs third intracellular loop, which plays a key role in G protein
and extracellular regionsl®). This is particularly true for  activation @1, 22).
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Cys Scanning Mutagenesis Implicates Phand Tyr®. A TMD4 TMD3
Systematic mutagenesis of each residue near the ends o
TMD5 and -6 of thea-factor receptor showed that substitu-
tion of Ph&% or Tyr?%¢ with Cys caused a severe defect in
signaling (Figure 2). PR&* and Tyr® are specific for
o-factor-induced signaling because they retained the ability MD5 (3
to respond to a different agonist, novobiocin (Figure 3). (]
Furthermore, Cys substitution of the other 25 residues
examined in this region did not strongly disrupt receptor
function. This included six positions that were shown
previously to cause dominant-negative effects when substi-
tuted with other residues (i.e., Ste2p-Y203H, -N205K,
-S207F, -L264P, -T274A, and -D275V). This latter subset
of residues may not play a specific role in signaling, but
may be close to a critical domain such that certain substitu-
tions perturb receptor function. Consistent with this, many
of the substitutions dramatically changed the character of
the side chain in this subset of dominant-negative mutants.
In contrast, P84 and TyrR® appear to be specifically B
involved in o-factor-dependent signaling.

TMD BoundariesHydropathy analysis predicts that Pte
and Tyr%® are near the ends of the TMDs. However,
computer models vary considerably in predicting the ends F204 Y13

of the TMDs. More precise information has been obtained

by spin-labeling methods to determine the solvent acces-

sibility of selected residues in rhodopsB8J, for which there

are efficient approaches for this analysis, but the TMD

boundaries are not defined for other GPCRs. Therefore, we Y266

modified the substituted cysteine accessibility method (SCAM) W1-H-W

to determine which residues in thefactor receptor are ) )

accessible to the membrane-impermeable probe MTSEA_FIGURE 6: o-Factor receptor models. (A) Three-dimensional
S . . . molecular model of the-factor receptor. Extracellular view of the

biotin (Figure 4). SCAM employs thlol—r_e:actlve methane o tactor receptor transmembrane region (gray ribbons) showing

thiosulfonate reagents developed by Karlin’s gro8@) that residues affected by dominant-negative mutatidis-(L8). Ph&%

have been used widely to define the presence of accessiblend TyF® are shown with red van der Waals surfaces. The other

loops or to probe the residues that line a pore in polytopic residues affected by dominant-negative mutations are shown with

: blue van der Waals surfaces. Seand Thf® at the end of TMD1
membrane protein8, 40, 41). Thus, the methods employed have been implicated in ligand binding2) and are shown with

in this study should have application in the analysis of the gray van der Waals surfaces. (B) Schematic representation of a
TMDs of other membrane proteins. model for the binding otx-factor to its receptor.

In TMDG6, the reactivity of Cys-substitutedi-factor
receptors with MTSEA-biotin dropped off sharply over two inaccessibility of Ty#%¢ correlates with this residue not
residues (267 and 268). This trend of residues decreasing inplaying a major role in ligand binding affinity and instead
accessibility to MTSEA-biotin suggests that this likely playing a subsequent role in receptor activation.
corresponds to the start of the core region of TMD6 that is  Model for Receptor Actation. To better understand how
buried in the membrane (Figure 5). For TMD5, the drop in Phe&% and TyP®® function in receptor activation, a three-
reactivity occurred more gradually over six residues (from dimensional molecular model of the TMDs of thefactor
207 to 212). This may indicate that TMD5 is more flexible, receptor was developed (Figure 6A). This model was created
a possibility that is consistent with genetic evidence that by mapping the residues of the-factor receptor onto a
TMDE is restrained by interaction with TMD3 and -7 inthe a-carbon template of the TMDs of the photoreceptor
o-factor receptor, 34). Alternatively, this effect could be  rhodopsin (see Materials and Methods). The amino acids
due to other local differences in conformation of these TMDs affected by the dominant-negative mutations cluster at the
that permits greater access for MTSEA-biotin. However, extracellular ends of TMD37, suggesting that this region
there were clear transition points in both TMD5 and TMD6 plays a key role in agonist activation. They lie roughly in
that provide the first experimental evidence for the bound- the same plane and, with the notable exception of®fyr
aries of the TMDs in then-factor receptor. These results are oriented in toward the helix interfaces or the interior of
are in general agreement with the predicted boundaries basedhe helix bundle. The residues affected by dominant-negative
on previous genetic and chemical cross-linking d8jathe mutants on the ends of TMD4 and -5 are packed together,
MTSEA-biotin accessibility data therefore provide important and the residues on the ends of TMD3 and TMD7 have the
new insights into the role of specific residues. In particular, potential of interacting. Ty¥f® on TMDG is clearly oriented
the accessibility of Cys at position 204 provides support for toward the surrounding lipids, while PHéis located within
Phe® playing a direct role in ligand binding, as was the helix bundle between TMD4 and -5. Seand Thf8 (gray
suggested by the defect in bindingfactor that is caused  van der Waals surfaces), which are predicted to be near the
by mutating this residuelg). In contrast, the apparent extracellular end of TMD1 and facing the interior of the helix




300 Biochemistry, Vol. 42, No. 2, 2003 Lin et al.

bundle, have been implicated in ligand bindimt), Sef’ Implication for Other GPCRsThe discovery that the
and Thf® may interact directly with the ligand or with the  extracellular ends of TMDs function as a microdomain in
amino acids affected by dominant-negative mutants at thethe a-factor receptor has important implications for other
end of TMD7 (depending on the magnitude of the kink GPCRs. Previous mutational or affinity labeling studies of
caused by Pr39. Thus, a pocket formed by the ends of the other receptors have frequently identified residues near the
TMDs seems likely to play a key role in-factor binding extracellular ends of TMDs that are involved in binding of
and receptor activation. The predicted length of this pocket peptide ligands such as C5a, angiotensin I, and cholecys-
in the interior of the helix bundle from TMD1 to TMD5 is  tokinin (12, 51—54). Furthermore, creation of a metal binding
~15 A, and is~35 A when measured from the outer sides site at the extracellular ends of TMD3 and -7 of either the
of these TMDs that face the lipid bilayer (Figure 6). As an [Bz-adrenergic or tachykinin receptors caused metal-dependent

extended peptide-factor (~50 A) would be more than long
enough to fit into the pocket and to interact with 3 which

is oriented away from the helical bundle and is inaccessible
to MTSEA-biotin.

To interact with the cluster of amino acids identified by
the dominant-negative mutantss;factor may be bent such
that the N- and C-termini are in proximity. A-bend has
previously been proposed at the R@ly° sequence43d).
Interestingly, similar phenotypes caused by mutating certain

aromatic residues in either the ligand or the receptor suggestg

the possibility that the implicated residues directly interact
(4, 16, 44). For example, mutation of either PH&in the
receptor or Tyt in the a-factor ligand causes a strong defect
in binding affinity. In contrast, mutation of either 7 in

the receptor or the Trp residues at positions 1 and 3 in the
a-factor ligand does not strongly affect binding, but dimin-
ishes the degree of signaling. In fact, @factor that lacks
these Trp residues (des-Tr@\la®) acts as an antagonitq,

46). Thus, Ph&* is functionally similar to the C-terminus
of o-factor, and Tyt is functionally similar to the N-
terminal residues. Although T¥@mnd Ty#® are at opposite
ends of theo-factor ligand, and P& and TyrP%® are on
adjacent TMDs, a bend ia-factor should bring the corre-
sponding residues into proximity (Figure 6B). Consistent with
this model, the amino terminus ofi-factor could be
chemically cross-linked to a region of the receptor that
contains TMD6 and TMD747).

Interaction between aromatic residues in thdactor
ligand and its receptor could be stabilized by ring stacking
effects or by hydrogen bonding. Since Pien the receptor
appears to be accessible, it could stably interact with3Tyr
of the a-factor ligand. In contrast, T¥# was not accessible
to MTSEA-biotin either in the presence or in the absence of
o-factor. If the Trp residues in the N-terminus affactor
do in fact interact with Tyi%5, they would apparently have
to insert into the membrane bilayer. This assumes that the
rotational orientation of TMD6 (see Materials and Methods)
is correct and Ty#®is oriented away from the helix bundle.
Association of the N-terminal Trp-His-Trp sequence with
phospholipid membranes is indirectly supported by a wide
range of model compound studies on peptides with basic
and aromatic residues29, 48, 49). Aromatic residues
preferentially partition into the headgroup region of phos-
pholipid bilayers 29, 48), and basic residues interact
electrostatically with the negatively charged phospholipid
headgroup acids1Q). Direct support for the possibility that
the N-terminus ofr-factor can insert into membranes comes
from NMR studies %0). Altogether, these results highlight
the special role that aromatic residues play in promoting the
interaction betweemn-factor and the ends of the TMDs in
the receptor.

receptor activation55, 56), whereas creation of a metal-
binding site at the extracellular ends of TMD5 and -6 of the
tachykinin receptor blocked receptor signaling7); In
addition, aromatic residues near the extracellular ends of
TMDs have also been suggested to participate in the binding
of small ligands {2, 58). One of the most striking correla-
tions is the similarity in functional microdomains in TMD6
between rhodopsin and thefactor receptor. Ty in the
o-factor receptor correlates functionally with fin TMD6

f rhodopsin. Both Ty# and Tyr%8 appear to couple ligand
inding to a conformational change in the receptor. Muta-
tional analysis indicates that T# is in van der Waals
contact with the retinal chromophore and is needed for
efficient transducin activatiorb, 60); Tyr?%¢ is thought to
interact with the peptide ligand of Ste2p. These results

indicate that aromatic residues at the extracellular ends of
the TMDs are critical for function in a wide range of GPCRs.
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