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ABSTRACT: The Ste2p receptor forR-factor, a tridecapeptide mating pheromone of the yeastSaccharomyces
cereVisiae, belongs to the G protein-coupled family of receptors. In this paper we report on the synthesis
of peptides corresponding to five of the seven transmembrane domains (M1-M5) and two homologues
of the sixth transmembrane domain corresponding to the wild-type sequence and a mutant sequence found
in a constitutively active receptor. The secondary structures of all new transmembrane peptides and
previously synthesized peptides corresponding to domains 6 and 7 were assessed using a detailed CD
analysis in trifluoroethanol, trifluoroethanol-water mixtures, sodium dodecyl sulfate micelles, and
dimyristoyl phosphatidyl choline bilayers. Tryptophan fluorescence quenching experiments were used to
assess the penetration of the membrane peptides into lipid bilayers. All peptides were predominantly
(40-80%) helical in trifluoroethanol and most trifluoroethanol-water mixtures. In contrast, two of the
peptides M3-35 (KKKNIIQVLLVASIETSLVFQIKVIFTGDNFKKKG) and M6-31 (KQFDSFHILLIN-
leSAQSLLVPSIIFILAYSLK) formed stableâ-sheet structures in both sodium dodecyl sulfate micelles
and DMPC bilayers. Polyacrylamide gel electrophoresis showed that these two peptides formed high
molecular aggregates in the presence of SDS whereas all other peptides moved as monomeric species.
The peptide (KKKFDSFHILLIMSAQSLLVLSIIFILAYSLKKKS) corresponding to the sequence in the
constitutive mutant was predominantly helical under a variety of conditions, whereas the homologous
wild-type sequence (KKKFDSFHILLIMSAQSLLVPSIIFILAYSLKKKS) retained a tendency to form
â-structures. These results demonstrate a connection between a conformational shift in secondary structure,
as detected by biophysical techniques, and receptor function. The aggregation of particular transmembrane
domains may also reflect a tendency for intermolecular interactions that occur in the membrane environment
facilitating formation of receptor dimers or multimers.

G protein-coupled receptors (GPCRs)1 mediate the trans-
duction of a plethora of signals from the outside surface of

a cell to its cytoplasmic interior (1-3). To date, nearly 1000
examples of this family of signal transduction proteins have
been reported (4). Representative examples include photo-
receptors, chemotactic receptors, theâ-adrenergic receptors,
and a variety of receptors that recognize small and medium
sized polypeptides. Numerous mutagenesis studies have been
carried out on GPCRs, and reports on ligand-receptor
contact points are appearing with increasing frequency. In
several cases detailed models for the ligand-receptor
complex have been reported (5, 6).

Despite the successes achieved in understanding the
mechanism of action of GPCRs, only modest experimental
support exists for their three-dimensional structures. Detailed
information on the 3D structure of an integral membrane
protein derives from X-ray and electron microscopy analysis
on bacteriorhodopsin. This photoreceptor protein has been
crystallized, and its structure is available at a resolution of
3 Å (7-9). The analysis indicates that the protein has seven
transmembrane domains, which are primarilyR-helical and
which are arranged in a compact, roughly elliptical structure
when viewed from above the plane of the membrane. On
the basis of a detailed analysis of sequence data of various
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G protein-coupled receptors, the arrangement of the seven
transmembrane helices has been predicted to be counter-
clockwise beginning from helix 1 near the amino terminus
and proceeding to the carboxyl terminus (10).Very recently,
the structure of the GPCRs rhodopsin was solved at 2.8 Å
resolution (11). Despite the elegant studies on bacteriorho-
dopsin and its G protein-coupled homologue, rhodopsin, very
little information is available on the structure of other
GPCRs. The pathway of folding of these molecules is also
relatively virgin territory. Although various hydropathy
algorithms are useful in placing putative transmembrane
domains within the primary sequence of these receptors,
direct evidence for either the authenticity of these placements
or the stability of the domains is lacking.

A two-step folding mechanism has been developed for
integral membrane proteins in which theR-helices first insert
into the phospholipid bilayer and then, in a second step,
associate into the final three-dimensional structure of the
biomolecule (12). This model infers spontaneous folding of
the integral membrane protein and suggests that both intact
receptors and fragments of receptors would refold to biologi-
cally active species. In vitro evidence supporting this
hypothesis has been presented for bacteriorhodopsin (13, 14)
and for fragments of this protein (15-17). In addition,
coexpressed polypeptide fragments of rhodopsin were dem-
onstrated to spontaneously assemble into functional receptor
in COS-1 cells (18).

Experience with individual transmembrane domains sug-
gests that they are highly insoluble and have marked
tendencies to form intractable aggregates. Since short frag-
ments of receptors are amenable to biophysical analysis using
nuclear magnetic resonance techniques, information concern-
ing their structural tendencies and the relevance of these
tendencies to the structure and function of the cognate
integral membrane protein is highly desirable. An early report
provided circular dichroism (CD) evidence that two trans-
membrane domains of theR-factor receptor ofSaccharo-
myces cereVisiae formed stable helices in trifluoroethanol
(TFE) and trifluoroethanol-water mixtures (19). Recently,
the detailed structure of one of these helices was determined
by NMR to contain a kink at a Pro residue predicted to be
in the middle of the membrane (20). An extensive study on
peptides representing the seven transmembrane helices of
bacteriorhodopsin presented CD, IR, and proton deuterium
exchange data which indicated that the peptides correspond-
ing to helices A-H of this protein had very different
biophysical tendencies and structural stabilities (21). NMR
studies on several cytoplasmic loops and the carboxyl
terminus of rhodopsin suggested that these receptor domains
were stabilized by short-range interactions and assumed
secondary structures such asâ-turns andR-helices (22-24).
Very recently, a high-resolution structure of a 15-residue
portion of the sixth transmembrane domain of rhodopsin was
reported (25).

It is valid to inquire as to the biological relevance of studies
on relatively short peptides conforming to regions of large
integral membrane proteins. One might argue that despite
the individual conformational tendencies of these peptides,
the structures of all regions of the receptor are influenced
by long-range interactions between various domains. How-
ever, as indicated by the above studies on rhodopsin and
bacteriorhodopsin, it is clear that regions of receptors

maintain functional relevance. Specifically, in the case of
rhodopsin, three fragments representing transmembrane
helices 1-3, 4-5, and 6-7 re-formed a functional pigment
in the membrane of COS-1 cells (18). Recently, a similar
analysis was made on the G protein-coupled receptor (Ste2p)
for the mating factor of yeast. Coexpressed fragments
representing splits in every loop of the receptor re-formed a
protein which signaled in response to the peptide pheromone
(26). This study supports the notion that biophysical analysis
of receptor fragments should provide structural information
that is relevant to the assembly and stability of the intact
Ste2p. The general features of the topology of this GPCR
have been verified using gene fusion and protein reporter
methodologies (27, 28). In this paper we report on the
synthesis of five of the seven transmembrane domains and
two homologues of the sixth transmembrane domain (Figure
1 illustrates a cartoon representation of Ste2p), on a detailed
CD analysis of the seven transmembrane domains in tri-
fluoroethanol, trifluoroethanol-water mixtures, sodium do-
decyl sulfate micelles, and dimyristoyl phosphatidyl choline
bilayers, and on the properties of these receptor domains in
polyacrylamide gels. Tryptophan fluorescence and quenching
experiments were used to assess the penetration of the
membrane peptides into lipid bilayers. The analysis reveals
very different biophysical properties for these peptides and
provides new insights into domain-domain interactions that
might occur in the intact receptor.

EXPERIMENTAL PROCEDURES

Materials

Wang resin and Fmoc-protected amino acids were pur-
chased from Advanced ChemTech (Louisville, KY) except
Fmoc-His(Trt), which was purchased from Calbiochem-
Novabiochem Corp. (San Diego, CA) and Bachem Inc.
(Torrance, CA). Diisopropyl-ethylamine (DIEA), dicyclo-
hexylcarbodiimide (DCC), trifluoroacetic acid (TFA), thio-
anisole, 1,2-ethanedithiol (EDT),N,N′-dimethyl-aminopyri-
dine (DMAP), 2-(N-morpholino)ethanesulfonic acid (MES),
sodium dodecyl sulfate (SDS), and all other reagents were
purchased from Aldrich Chemical Co. (Milwaukee, WI).
Solvents used for synthesis and purification were purchased
from VWR Scientific (Piscataway, NJ) and Fisher Scientific
(Springfield, NJ). Dimyristoylphosphocholine (DMPC) and
dimyristoylphosphglycerol sodium salt (DMPG) were pur-
chased from Avanti Polar Lipid (Alabaster, AL).

Peptide Design and Synthesis

The peptides synthesized in this report are predicted by
hydropathy analysis to be the first through the fifth of seven
transmembrane domains (see Table 1 for list of peptides
studied): M1-33 (44-77, C59A) [in this abbreviation for
the peptide studied, M1 represents the first transmembrane
domain predicted for Ste2p, see Figure 1, 33 denotes the
number of residues in the synthetic polypeptide, 44-77 are
the residues of Ste2p contained in the peptide with residue
1 being the N-terminal residue of Ste2p, and C59A denotes
a substitution of Ala in the synthetic peptide for Cys of the
native Ste2p], M2-35 (74-108), M3-35 (132-160 plus six
additional residues), M4-36 (163-190 plus eight additional
residues), M5-38 (198-235, M218Nle), and two homologues
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of the sixth transmembrane domain, M6-35P (241-269,
C252A, a total of five artificial Lys residues were added to
the termini of this peptide, Table 1), and M6-35L (241-
269, C252A, P258L, a total of five artificial Lys residues
were added to the termini of this peptide, Table 1). The
syntheses of M6-31 (239-269, M250Mle C252A) and M7-
30 (273-302) were reported previously (19, 20). The amino
acid sequences of the new peptides are indicated explicitly
in Table 1. On the basis of our previous experience with
peptides M6-31 and M7-30, the charge density of the
transmembrane sequences is a crucial factor in determining
the overall solubility properties of these highly hydrophobic
polypeptides. To improve solubility, peptides were designed

to include four or five residues which were predicted to reside
in the interhelix loops on both sides of a given helix (Table
1). However, using the wild-type sequences, the solubility
of the M3 and M4 domains was very low and severe
precipitation was encountered during HPLC purification
attempts. To circumvent this difficulty, several additional
lysines with positive-charged side chains were added to both
termini (Table 1) to increase solubility and decrease the
aggregation of peptide chains. This approach has also been
used by other investigators (30, 31). The syntheses of these
latter peptides were carried out starting with the Fmoc-Gly-
Wang resin because it was available with low loading. In
the case of M1-33 and M5-38, Cys59 and Met218 were

FIGURE 1: Cartoon of theR-factor receptor (Ste2p). Domains are indicated by the following: E, extracellular loops; I, intracellular loops;
M, transmembrane domains. Four of the Asn residues are represented as glycosylation positions.

Table 1: Sequences and Names of Transmembrane Peptides of Ste2p

namea residueb Φc sequenced

M1-33 45-77, C59Ae 1.82 (52-71) VNSTVTQAIMFGVRAGAAALTLIVMWMTSRSRK
M2-35 74-108 1.95 (80-99) RSRKTPIFIINQVSLFLIILHSALYFKYLLSNYSS
M3-35 132-160 1.66 (135-154) KKK NIIQVLLVASIETSLVFQIKVIFTGDNFK KKG
M4-36 163-190 1.46 (166-185) KKK GLMLTSISFTLGIATVTMYFVSAVKGMI KKKKG
M5-38 198-235, M218Nlee 2.23 (209-228) ATQDKYFNASTILLASSINFNleSFVLVVKLILAIRSRRF
M6-35L 241-269, C252A, P258Le KKK FDSFHILLIMSAQSLLVLSIIFILAYSLK KKS
M6-35P 241-269, C252Ae KKK FDSFHILLIMSAQSLLVPSIIFILAYSLKKKS
M6-31f 239-269, M250Nle,eC252Ae 2.36 (246-265) KQFDSFHILLINleSAQSLLVPSIIFILAYSLK
M7-30f 273-302 1.47 (278-297) GTDVLTTVATLLAVLSLPLSSMWATAANNA

a M ) transmembrane domain; the first number follows the order of the transmembrane domains in the receptor, the second number represents
the total number of residues in the peptide.b The numbering system used in this report assigns the amine terminal residue (Met1) as position 1 and
the carboxyl terminal residue (Leu431) as residue 431.c Average hydrophobicities were calculated for 20 residues of each receptor domain predicted
to be in the membrane (Figure 1)(29). Numbers in the parentheses represent the first and the last residues for each domain.d The bold and underlined
amino acids represent additional residues or mutant residues.e The letters in front of the number represent original residues and those behind
mutant ones.f Previously synthesized compounds (19, 20).
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replaced with Ala and Nle, respectively, to eliminate
synthetic problems from oxidation of Cys and Met. Similar
replacements had been employed in previous studies on M6-
31 and M7-30 (19, 20). Moreover, mutated receptors
containing similar replacements retained signaling activity
(26; Arevalo, unpublished results).

All peptides were synthesized in a stepwise manner on a
0.1 mmol scale using an Applied Biosystems Inc. Model
433A synthesizer. The coupling strategy utilized FastMoc
chemistry with the use of extended coupling times. Double-
coupling was carried out for each residue using HBTU/HOBt
activation, and capping was accomplished with acetic
anhydride in the presence of DIEA. The Fmoc group was
used for protection of all N-R groups, and Boc, Trt, Trt, tBu,
tBu, tBu, and Pmc were employed for protection of Lys,
Gln, His, Ser, Tyr, Asp, and Arg, respectively. All Fmoc
groups were removed in 20% piperidine in NMP. After the
completion of chain assembly, the N-terminal Fmoc group
was removed and the resin was treated with a solution of
either 0.75 g of phenol, 0.5 mL of thioanisole, 0.25 mL of
EDT, 0.5 mL of water, and 10 mL of TFA if the peptide
contained Arg or Met or of 9.5 mL of TFA, 0.25 mL of
EDT, and 0.25 mL of water if the peptide contained neither
Arg nor Met but contained Trt or Trp. The reaction was
carried out at room temperature for 1-2 h, the reaction
mixture was filtered, and the filtrate was concentrated to a
small volume on a rotatory evaporator. The crude peptides
were precipitated by addition of anhydrous ether.

Peptide Purification

Analytical reversed phase HPLC (RP-HPLC) was per-
formed using a Vydac column (259VHP54 polymer column;
4.6 mm × 250 mm) at 80°C and elution with water-
acetonitrile or water-methanol (all containing 0.1% TFA)
linear gradients. In the case of M3-35, only a water-
methanol (both containing 0.1% TFA) linear gradient
achieved resolution of the crude peptide. Semipreparative
HPLC was run on a Vydac 259VHP510 polymer column
(10 mm × 250 mm) with a water jacket at 55-65 °C.
Detection was at 220 nm. All peptides were purified to over
98% homogeneity as judged by RP-HPLC. The final
products were assessed by electrospray mass spectrometry
(ES-MS) and amino acid analysis. ES-MS was performed
at Peptido Genic Research & Company, Livermore, CA.
Amino acid analyses were performed at the Biopolymer
Laboratory Brigham and the Women’s Hospital of Harvard
Medical School after acid hydrolysis with 6 N HCl for 72 h
at 110°C.

Buffers

The MES buffer contained 10 mM 2-(N-morpholino)-
ethanesulfonic acid (MES), adjusted to pH 6.4 with KOH.
The SDS buffer contained 0.5% SDS (w/v), 30 mM NaHPO4,
and 0.025% NaN3, pH 7.9-8.0. For experiments where SDS
was used at pH 6.0, the pH was adjusted by addition of 1 M
HCl. Buffers used in the SDS-PAGE studies are as reported
by Schagger and von Jagow (32).

Circular Dichroism Spectroscopy

(1) Sample Preparation in SDS or DMPC Vesicles. (A)
In SDS Buffer.The purified lyophilized peptide was dissolved

at 2 mg/mL in TFE; this solution was diluted with 9 vol of
0.5% SDS (w/v) prior to the initiation of dialysis against
buffer. Dialysis was performed in Spectrapor 6 dialysis
tubing (MWCO 1000). The volume of the dialysis buffer
was at least 200-300 times that of the hydro-organic
mixture, and the buffer was changed twice during a total
period of 48-72 h dialysis. The buffer had a pH of 8.0 for
the initial round of dialysis and a pH of 6.0 for the subsequent
two rounds.

(B) In DMPC Vesicles.To 100 µL of stock peptide
solution (2 mg/mL TFE) was added 300µL of 1.2 mg of
DMPC in chloroform. The solvent was removed by rotary
evaporation under a stream of nitrogen, and the remaining
peptide-lipid residue was placed in a vacuum desiccator for
several hours to eliminate the last traces of solvent. Buffer
(0.5 mL of MES) was added to the peptide-lipid mixture,
and hydration was accomplished by vortexing for 1 min and
sonication at 30°C with a Misonix Inc. W-385 sonicator
equipped with a cup horn until homogeneity and transparency
were obtained. In the case of M1-33, a modified procedure
was used because the above procedure failed to result in a
clear solution: 100µL of M1-33 stock solution (2 mg/mL
TFE) was treated as above. After hydration in MES buffer
and vortexing for 1 min, 50µL of TFE was added and the
resultant solution was sonicated at 30°C until homogeneity
and transparency were obtained. This solution was then
dialyzed with MES buffer for 3 days. The volume of the
dialysis buffer was at least 200-300 times that of the
mixture, and the buffer was changed twice. This method
resulted in a transparent solution of M1-33 in DMPC
bilayers.

(2) Spectroscopic Measurements.The CD spectra of the
peptides were recorded on an AVIV model 62 DS CD
instrument (AVIV associates, Lakewood, NJ), which was
interfaced with a computer used for all mathematical
calculations. A 1 mm sample cell with a thermostated cell
holder was used for all spectral studies: bandwidth, 1 nm;
averaging time, 0.5 s; repeated 6 times. Peptide concentra-
tions in solution were determined from amino acid analysis.
Prior to calculation of the final ellipticity, all spectra were
corrected by subtracting the reference spectrum. CD intensi-
ties are expressed as mean residue ellipticities (deg‚cm2/
dmol).

(3) Estimation of PercentR-Helicity. Estimation of percent
R-helicity was made using a method initially suggested by
Greenfield and Fasman (33) and later modified by Wu et al.
(34) and Chen et al. (35). These methods use ellipticities at
either 208 or 222 nm and calculate fractional helicities as
follows:

where [θ]222 is the experimentally observed mean residue
ellipticity at 222 nm and values for [θ]222

0 and [θ]222
100,

corresponding to 0 and 100% helical content at 222 nm, were
estimated to be 2000 and 30 000 deg‚cm2/dmol, respectively
(34, 35). When the wavelength used is 208 nm, the 0% and
100% helicities were 4000 and 33 000 deg‚cm2/dmol,
respectively (33).

Fourier Transform Infrared Spectroscopy (FTIR)

(1) Preparation of Lipid-Peptide Vesicles for FTIR.
Transmembrane domain peptide M6-35L or M6-35P (0.27

fh ) ([θ]222 - [θ]222
0 )/([θ]222

100 - [θ]222
0 )
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mg in 0.27 mL of TFE) was added to 4 mg of DMPC/DMPG
(4:1) in CHCl3/MeOH (1:1). The resulting solution was dried
under N2 flow. Residual traces of organic solvent were
removed by placing the dried film under vacuum overnight,
and the lipid was suspended in 1 mL of 0.1 mM phosphate
buffer, pH 6.3. The suspension was sonicated at ap-
proximately 50°C for 30 min in a Misonix Inc. W-385
sonicator equipped with a cup horn (40% output power). The
vesicle solution was further exhausted dialyzed into 600 mL
of 0.1 mM phosphate buffer, pH 6.3. The resulting vesicles
were then passed through a 0.45µm polycarbonate centrifu-
gal filter. The calculated molar ratio of peptides to lipid was
1:108.

(2) FTIR Spectroscopy.FTIR spectra were recorded at
ambient temperature (∼20 °C) on a Nicolet Magna 550
Fourier transform infrared spectrometer (Nicolet Analytical
Instruments, Madison, WI) equipped with a DTGS detector.
For each sample, 1000 interferograms recorded at a spectral
resolution of 4 cm-1 were averaged and processed using 1.0
filling and Happ-Genzel apodization. A total of 100µL of
the preformed lipid vesicles with or without peptide were
dried on the surface of CaF2 window (25 mm diameter and
4 mm depth).

Fluorescence Quenching of TM1-33 in Vesicle or
Methanol by KI

(1) Preparation of Lipid-Peptide Vesicles.To 100µL of
M1-33 or M7-30 solution (1 mg/mL TFE) was added a
solution of 1 mg of dimyristoyl phosphocholine (DMPC) in
0.5 mL of chloroform. The resulting solution was dried under
a stream of N2. Residual traces of organic solvent were
removed by placing the dried film under vacuum overnight,
and the lipid was hydrated in 10 mL of MES buffer (10 mM,
pH 6.3). The suspension was sonicated at approximately 50
°C for 60 min with a Misonix Inc. W-385 sonicator equipped
with a cup horn. The resulting vesicles were then passed
through a 0.45µM polycarbonate centrifugal filter. The molar
ratio of peptide to lipid was 1:500. Since the concentration
in the fluorescence experiments was much lower than that
used in the CD work, filtration of the sample worked.
However, at the CD concentrations, filtration resulted in loss
of peptide.

(2) Fluorescence Spectroscopy.Fluorescence measure-
ments were recorded using a Spex Fluoromax fluorometer
(Instrument S. A. Inc., Edison, NJ) with a 1 cm× 1 cm
quartz cuvette. A total of 2 mL of sample was stirred
continuously with a magnetic bar. The emission spectra were
scanned between 300 and 420 nm with an excitation
wavelength of 280 nm at intervals of 1 nm with a 1 s
integration time at each wavelength. Both the excitation and
emission bandwidths were 3 nm. The fluorescent intensities,
calculated by integration within the emission range, minus
the intensities of control alone (vesicles or methanol) at
appropriate KI and KCl concentrations were used to calculate
the quenching constants. The presented data were averaged
from three independent measurements.

(3) Collisional Quenching Experiments.Lipid-peptide
vesicle solution was stirred in a cuvette for half an hour.
Fluorescence collisional quenching experiments with iodide
were performed by sequentially adding a 4 M KI solution
in 10 mM MES buffer to a final KI concentration of 56 mM.

After addition of the peptide, the solution was allowed to
equilibrate for 5-10 min and the fluorescence was measured.
Changes in fluorescence due to the addition of quencher were
corrected by subtracting the fluorescence measured in DMPC
vesicle control. The quenching constant (Ksv) of the fluo-
rescence emission at the maximum wavelength (342 nm) was
determined from the slope of a plot ofF0/F vs iodide
concentration [I-] as per the Stern-Volmer equation:

where F0/F is the ratio of fluorescence intensities in the
presence of KCl and KI.

Tricine-SDS-PAGE Studies on Transmembrane Peptides

The purity and oligomeric state of synthetic transmem-
brane peptides dissolved in SDS were investigated by gel
electrophoresis. The buffer system of Schagger and von
Jagon(32) was employed. Briefly, peptides dissolved in 0.5%
(17 mM) SDS and 3 mM phosphate buffer (pH 6.0) were
diluted 1-fold with 1× SDS loading buffer containing the
tracking dye Serva Blue G. Samples were heated at 50°C
for 3 min and centrifuged and then loaded onto a 27.7%
polyacrylamide-Tricine-SDS gel and separated at a con-
stant 120 V. After gel electrophoresis, the gel was placed in
BIO-RAD fixative enhancer solution (containing 50% metha-
nol, 10% acetic acid, 10% fixative enhancer concentrate, and
30% distilled water) and the gels were fixed with gentle
agitation for 20 min. Peptides were visualized by staining
with either Commassie blue or silver stain reagent.

RESULTS

Synthesis and Purification of the TMDs

All TM peptides examined in this study were prepared
using solid-phase peptide chemistry. The convention used
to name peptides in this article is included in Table 1. New
peptides were synthesized on a Wang resin usingR-Fmoc
protection strategies and HBTU/HOBT activation. Membrane
peptides usually contain regions which are predominantly
hydrophobic, and peptide chains which are assembled on the
resin matrix can form aggregates either with other peptide
chains or with the polymer support. The formation ofâ-sheet
structures may also result in incomplete solvation and poor
penetration of the coupling reagents through the resin beads
(36). Moreover, difficulty is encountered during analytical
and preparative HPLC of membrane peptides due to their
insolubility in the mobile phases, tendency to precipitate,
and irreversible adsorption to the column material. It was
found that each transmembrane domain peptide behaved
differently making it difficult to develop a universal approach
during purification. Thus, different procedures were applied
to each individual peptide using some of the approaches
described below. In general, the syntheses of M1-33, M2-
35, and M5-38 were less problematic than those of M3-35
and M4-36. After cleavage from the resin, these latter were
almost insoluble, and several additional flanking lysines had
to be added to both termini to attain dissolution in solvents
which were suitable for HPLC purification. In general, the
order of synthetic difficulty with the transmembrane domains
of Ste2p was M3-35/M4-36> M1-33/M5-38. M2-35.

F0/F ) 1 + Ksv[I
-] (1)
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For peptide purification, we noted that traditional RP-
HPLC using a C18 or C4 column did not result in either high-
purity product or acceptable recoveries after HPLC for most
of these transmembrane peptides. A column containing a
highly cross-linked polystyrene-divinylbenzene polymer in
the form of rigid, porous (300 Å pore diameter) spheres
(Vydac polymer 259VHP RP column) was found to be useful
in these studies. The 259VHP polymer matrix is chemically
resistant to acid and alkali from pH 0 to 14, is heat stable
up to 80°C, and can be operated at a pressure up to 3000
psi. Using this column, the M1-M5 transmembrane domains
were purified to >98% homogeneity as evidenced by
analytical RP-HPLC (data not shown). Figure 2 illustrates
the HPLC spectra of crude and purified M2-35 as a
representative example. The purified peptides gave molecular
weights within 2 Da of calculated values as judged by
electrospray mass spectrometry (data not shown). The amino
acid ratios were also consistent with the composition of the
transmembrane peptides except for low Ser and Thr values,
which we have observed before and believe are due to
degradation of the residues during the extended hydrolysis
reaction (20). The presence of intact Trp in M1-33 and M7-
30 was verified by absorption measurements and fluorescence
spectroscopy.

During purification of the membrane peptides it was
observed that recoveries using the polymer-based column
were dependent on a variety of factors such as temperature,
elution solvents, flow rate, and gradient. Increasing the
column temperature during analytical HPLC resulted in
significant changes in peak intensity, suggesting that ag-
gregation may decrease at elevated temperatures resulting
in improved resolution (data not shown). Accordingly, HPLC
was carried out above room temperature, usually at 80°C

for analysis and 65°C for purification. Further improvement
was also observed with M3-35 when a methanol-water
gradient was used (data not shown). It is clear that the
successful isolation of membrane peptides will benefit from
investigations with a variety of mobile phases at different
temperatures. Conclusions based on one mobile system can
be highly misleading with respect to the quality of the
synthesis achieved (31).

CD Analysis

The shape and intensity of the CD spectrum between 180
and 240 nm are sensitive to protein secondary structure. As
the Ste2p receptor protein is localized to the plasma
membrane inSaccharomyces cereVisiae, the seven TM
peptides were analyzed by CD in membrane mimetic solvents
including aqueous TFE, SDS buffer, and DMPC vesicles.
Quantitative analysis of these CD spectra were carried out
using the ellipticity at 222 nm to approximate percent
R-helicities as described in Experimental Procedures. Similar
calculations based on the ellipticity at 208 nm were also
carried out and gave almost identical results (data not shown).
Although more sophisticated algorithms for deconvoluting
CD spectra are available, most of these have been optimized
for proteins. Attempts to apply several algorithms such as
Contin and PROSEC to deconvolute the CD spectra of the
transmembrane peptides failed to give meaningful results in
that negative percentages were calculated for certain second-
ary structures. Others have noted difficulty in the application
of these algorithms to membrane peptides (21). We believe
that [θ]222 approximation is sufficient for the comparative
purpose of this study, and the results on the seven trans-
membrane domains of Ste2p are summarized in Table 2. It
should be noted that calculations that are based on the mean
residue ellipticity at 222 nm are not significantly affected
by the presence of His residue (e.g., in M2-35), since the
contribution of the imidazole chromophores to the CD
spectrum at 222 nm is negligible (37, 38).

The CD spectra of the seven transmembrane peptides in
TFE-water from 100% TFE to 50% TFE are all character-
ized by double minima at 222 and 208 nm and a ratio of the
magnitude of the molar ellipticity at 195 nm vs at 222 nm
greater than or equal to 2:1 (Figure 3). These characteristics
are expected for peptide chains in primarilyR-helical
conformations (39). Despite the similarities, the different
transmembrane peptides in TFE show individual responses
to water titration. For example, M4-36 remains highly helical
even in 25% TFE/75% water whereas the helicity of M6-31

FIGURE 2: HPLC spectra of synthetic membrane peptides. Data
from M2-35 is presented as a representative example. The chro-
matography was performed on a Vydac 259VHP54 polymer column
(4.6 mm× 250 mm) at 80°C: gradient, 90-0% A in 30 min; A,
water (0.1% TFA); B, acetonitrile (0.1% TFA),λ ) 220 nm.

Table 2: Calculated Helicities (%) for M1-M7 in Different
Membrane Mimetic Environmentsa

TFE/water

peptide 100% 75% 50% 25%
0.5%
SDS

3.6 mM
DMPC

M1-33 68 65 60 50 73 63
M2-35 79 72 67 60 50 43
M3-35 72 73 77 64 b b
M4-36 86 85 80 75 79 72
M5-38 68 62 60 56 47 42
M6-31 57 43 44 27 b b
M7-30 75 58 54 45 36 38

a Calculated using [θ]222 values (see Experimental Procedures).b Not
calculated due to lowR-helicity.
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falls to 27% and the shape of the CD curve changes
significantly under these conditions (Figure 3, Table 2). As
summarized in Table 2, the helicity was calculated to be 40%
or greater for all the peptides in 50% TFE-water with a
range between 44% and 85%. As expected, none of the
peptides were soluble in 100% water and CD analysis could
not be undertaken in this solvent.

CD spectra of four M2 fragments with increasing chain
length, M2-16 (93-108), M2-20 (89-108), M2-25 (84-
108), and M2-35 (74-108; RSRKTPIFIINQVSLFLIILH-
SALYFKYLLSNYSS, where the R at the N terminus is 74
and the S at the C terminus is 108), were run to study the
effect of chain length on the secondary structure of membrane
peptides in TFE-water mixtures (data not shown). Under
all conditions, every peptide was at least partially helical.
Quantitative analysis on the spectra indicated that M2-25
was the most helical in all solvent mixtures, whereas M2-
16 had the lowest percent helicity. M2-35 and M2-20 had
similar helicities (data not shown).

The secondary structures of the transmembrane domains
were also examined in media which contained micelles and
lipid bilayers. In the detergent SDS, M1-33, M2-35, M4-
36, M5-38, and M7-30 were helical as judged by the split
π-π* transition and the significant n-π* transition at 222
nm (Figure 4). Similar results were obtained for these
peptides in DMPC bilayers (Figure 4). Helicity was calcu-
lated to vary from∼35% to∼80% (Table 2). In contrast to
spectra for these peptides, CD patterns for M3-35 and M6-
31 in both SDS and DMPC exhibited a broad minimum
centered near 215 nm and a maximum near 200 nm (Figure
4). These patterns are similar to standard spectra for peptides
in a â-conformation. To investigate whether theâ-structures
would revert to helices, we carried out CD measurements
of M6-31 at different concentrations. Figure 5 shows that
lowering concentration from 150 to 18µM did not result in
significant changes in ellipticity (<1%) or peak position. The

major variation was observed upon dilution from 18 to 6
µM with the mean residue ellipticity at 214 nm changing by
30%. Nevertheless, even at 6µM, the CD pattern for M6-
31 was totally different from that of a helical peptide. As in
TFE-water mixtures, the chain length dependence for helix
formation in both SDS and DMPC environments revealed
that M2-25 was the most helical followed by M2-20≈ M2-
35 > M2-16 (data not shown).

The thermal stability of these membrane peptides in SDS
micelles was examined by raising the temperature in steps,
allowing equilibrium to be obtained, and then measuring the
CD spectrum (see Experimental Procedures). The helicity
of M4-36 decreased gradually as the temperature was raised
to 85°C (Figure 6, top panel). The best indicator of decreased
helicity is the change in theπ-π* component located below
200 nm. Upon cooling of the sample, the original spectra
were recovered indicating that the process was reversible.
Similar trends were observed for the other helical trans-
membrane peptides in SDS micelles (data not shown). The
â-like CD pattern of M6-31 varied very little on raising the
temperature to 85°C (Figure 6, bottom panel). The negative
ellipticity at 215 nm is almost identical at all temperatures.
However, the ellipticity near 200 nm shifts and decreases as
the temperature is raised. Again, the CD spectra were
reversible on cooling (data not shown). Similar results were
found for M3-35 (data not shown). These observations
indicated the high thermostability of the conformations
assumed by all of the transmembrane peptides in a variety
of membrane mimetic solvents.

In a previous investigation, we studied the influence of a
mutation of Pro258 to Leu on the structure of M6-18 because
this mutation in native Ste2p results in a constitutively active
receptor possibly due to a conformational change that
activates the receptor without the necessity of ligand binding
(40). However, all attempts to investigate this same mutation
in M6-31 failed because we could not purify the peptide due

FIGURE 3: CD spectra of synthetic membrane peptides in TFE-water. Samples were dissolved in TFE and incubated at 50-60 °C for
several hours. The resultant stock solutions were then diluted with TFE and/or water. In each panel, the solid line represents peptide in
100% TFE; dotted line, 75% TFE; dashed line, 50% TFE; and dots and dashes, 25% TFE. The final peptide concentrations ranged from
20 to 70µM.
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to its extremely poor solubility (20). To circumvent this
problem, we added Lys residues to both the extracellular
and cytoplasmic sides of the sixth transmembrane domain
(Table 1). The CD patterns of M6-35L and M6-35P in SDS
and DMPC environments differ significantly from those of
M6-31 (Figure 7). Both of the peptides with the lysine
extensions show significantly more helicity. As judged by
the magnitude of the ellipticity at 222 nm and the splitting
of the π-π* transition, M6-35P is intermediate in helicity
as compared to M6-35L and M6-31. Quantitative calculations
show that the helicity of M6-35L varies from 84% to 69%
as the water content in trifluoroethanol is changed from 0%
to 75%. M6-35P exhibits helicities from 68% to 48% in the
same solvent mixtures. The leucine containing peptide is 51%
and 43% helical in SDS micelles and DMPC bilayers,
respectively, whereas M6-35P is 40% and 33% helical under
these conditions (Table 3).

IR Analysis of the Sixth Transmembrane Domain

The correlation between the frequency of amide I vibra-
tional mode (primarily a carbonyl stretching mode) and the
nature of the secondary structure has been well established
in the literature (41). Frequencies in the regions of 1650-
1660 cm-1 correspond toR-helical segments while modes

resonating in the regions of 1630-1640 cm-1 and 1670-
1685 cm-1 correspond toâ-sheet elements. Further assess-
ment of the M6 peptides was conducted using infrared
spectroscopy. Attempts to prepare peptide DMPC bilayers
on CaF2 crystals were unsuccessful. However, stable bilayers
on crystal surfaces were prepared using DMPC/DMPG (4:
1) mixtures. Under these conditions, M6-35L and M6-35P
showed significantly different IR patterns in both the amide
I and amide II regions. In particular, M6-35L showed a peak
at 1656 cm-1 with a shoulder at about 1635 cm-1, whereas
M6-35P showed a more complex series of bands in the amide
I region with absorbance at 1685 cm-1, 1653 cm-1 and a

FIGURE 4: CD spectra of synthetic membrane peptides in SDS micelles and DMPC vesicles. In each panel, the solid line represents the
indicated peptide dissolved in 0.5% SDS buffer and the dashed line represents the peptide prepared in the presence of 3.6 mM DMPC. The
final peptide concentrations ranged from 10 to 30µM.

FIGURE 5: CD spectra of M6-31 at different concentrations in SDS
micelles.

FIGURE 6: Thermal stability of 2° structures of synthetic membrane
peptides in SDS micelles. Top panel: a representativeR-helical
peptide, M4-36; concentration 12µM. Bottom panel: a representa-
tive â-like peptide, M6-31; concentration 36µM.
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major band centered at 1629 cm-1 (Figure 8). The amide II
absorbencies had maxima at 1546 and 1541 cm-1 for M6-
35L and M6-35P, respectively. These results show that under
the conditions used both peptides have mixed conformations
with M6-35L predominantly helical and M6-35P predomi-
nantly a â-structure. Under identical conditions, the IR

spectrum of M6-31 was consistent with aâ-structure (data
not shown).

Fluorescence Spectroscopy on Tryptophan-Containing
Transmembrane Peptides

The analysis of the environment of the transmembrane
peptides was further assessed using fluorescence spectros-
copy. Both M1-33 and M7-30 contain Trp residues that are
predicted to be inside the lipid interior of the membrane
(Figure 1). Trp fluorescence of M1-33 in MeOH solution
and in the presence of DMPC vesicles showed emission
maxima of 350 and 344 nm, respectively (Figure 9A). Thus,
the environment of the Trp residue of M1-33 in the DMPC
vesicle suspension is slightly less polar than methanol.
Fluorescence-quenching experiments using KI as the quench-
er gave linear plots ofF0/F vs [I-] (Figure 9B). The derived
Stern-Volmer constant (Ksv) was 2.11 M-1. By comparison,
Ksv ) 5.88 M-1 for the same peptide in methanol. These
results are similar to those observed for M7-30 (data not
shown) and suggest that the lipids effectively shield the Trp
from collision with iodide.

Tricine-SDS-PAGE Studies on Transmembrane Peptides

SDS polyacryalamide gel electrophoresis (SDS-PAGE)
was run to assess the molecular size of the peptides in the
presence of detergent micelles. The seven transmembrane
peptides ran as bands of various breadth when the peptides
were electrophoresed on 27.7% gels in a Tricine-SDS buffer
(Figure 10). Attempts were made to apply similar amounts
of peptide to the gel. Nevertheless, bands of very different
size resulted, and the staining efficiencies varied from peptide
to peptide (compare gel B, lane h with gel A, M4). In fact,
several of the peptides did not stain at all using Coomassie
Blue (data not shown). Nevertheless, except for M6-31, the
monomeric form of each peptide is visible near the bottom
of their corresponding lanes (Figure 10A). M6-31 mainly
self-associates (a faint band is seen near the monomer
molecular weight) and forms a higher molecular species
containing 7-8 molecules. Lowering concentration of M6-
31 to 6µM did not significantly affect its multimeric state
(Figure 10B). In the case of M3, a significant band was
observed at the stacking gel along with a broad band with a
slight split moving as a monomer (Figure 10A, M3).

Comparison of M6-31, M6-35P, and M6-35L using SDS-
PAGE revealed that the leucine mutant peptide moved
predominantly as a monomer, whereas at similar concentra-
tions M6-35P was a mixture of low and high molecular
weight species. At very high concentrations, both M6-31 and
M6-35P showed a number of different high-molecula-weight
forms. However, as stated above, even at very low concen-
trations M6-31 would not form a monomer in the gel (Figure
10B, lanes f and g).

DISCUSSION

Transmembrane domains are predicted to assume an
R-helical secondary structure because this is the most stable
structure in the hydrophobic interior of the lipid bilayer (42).
Direct biophysical evidence for this secondary structure in
a GPCRs comes from studies with rhodopsin, a photoreceptor
(43, 44). The low-resolution structure deduced for the
transmembrane core of rhodopsin reveals seven helical

FIGURE 7: CD spectra of M6 fragments: top, DMPC vesicles;
bottom, SDS micelles. In each panel, the solid line represents M6-
35L, the dashed line represents M6-35P, and the dotted line
represents M6-31. The final peptide concentrations ranged from
10 to 40µM.

Table 3: Calculated Helicities (%) of Various Sixth Transmembrane
Domain Peptidesa

TFE/water

peptide 100% 75% 50% 25%
0.5%
SDS

3.6 mM
DMPC

M6-35L 84 77 75 69 51 43
M6-35P 68 63 57 48 40 33
M6-31 57 43 44 27 b b

a Calculated using [θ]222 values (see Experimental Procedures).b Not
calculated due to lowR-helicity.

FIGURE 8: FTIR of amide I and amide II regions of the sixth
transmembrane domain peptides. The solid line is for M6-35L in
DMPC/DMPG (4:1) bilayers. The dashed line is for M6-35P under
identical conditions. The calculated molar ratio of peptides to lipid
was 1:108.
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regions with different tilts and with discontinuities that are
interpreted as kinks in the helical structures. This structure
has served as a basis for comparison with other conforma-
tional data on GPCRs. Due to the lack of good crystals for
any other GPCRs and the high molecular weight of these
membrane bound proteins, indirect approaches have been
used for their structural analysis. Specifically, rather than
study the entire protein, individual transmembrane domains
are examined to learn about the intact protein.

Previous investigations of synthetic peptide model com-
pounds to study the biophysical properties of GPCRs have
been very limited. To our knowledge in only one case have
the synthesis and characterization of all the transmembrane
domains of a heptahelical protein, bacteriorhodopsin, been
reported (21). This photoreceptor is not coupled to G
proteins. In another elegant study, 6 of the putative 12

transmembrane peptides of the cystic fibrosis chloride
transporter were synthesized and characterized (45). Before
comparison of our biophysical results with those of these
studies, it is instructive to discuss some synthetic aspects.

As indicated in the Results , the synthesis of transmem-
brane peptides is challenging due to their poor solubility and
tendency to aggregate. The average hydrophobicities (29)
of the portions of the synthetic peptides that are in the interior
of the membrane were calculated to vary from 1.46 to 2.36
(Table 1). Interestingly, the two most difficult domains to
synthesize, M3 and M4, had relatively low hydrophobicities.
Thus, it is clear that the average hydrophobicity does not
account for the difficulties encountered during synthesis of
M3 and M4 and that specific sequence dependent effects
must be important. The addition of several lysine residues
(see below for further discussion) at the carboxyl and amino

FIGURE 9: (A) Fluorescence emission of M1-33 in the presence of KCl (50 mM, solid line) or KI (50 mM, dashed line): left, in MeOH;
right, in DMPC vesicles. Both peptide concentrations are 2.5µM. (B) Stern-Volmer Plot for M1-33 in DMPC vesicles (4) and MeOH
(O).

FIGURE 10: Tricine SDS-PAGE of synthetic membrane peptides. A total of 20µL of each peptide sample was loaded to its respective lane.
(A) M1-M7. Peptide concentrations: [M1]) 10 µM, [M2] ) 5.3 µM, [M3] ) 11.1µM, [M4] ) 6.3 µM, [M5] ) 8 µM, [M6] ) 18.0
µM, [M7] ) 19 µM. (B) M6-35P (lanes a-c), M6-31 (lanes d-h), and M6-35L (lane i). Peptide concentration: a, 18µM; b, 36 µM; c,
72 µM; d, 75 µM; e, 37 µM; f, 18 µM, g, 9 µM; h, 6 µM; i, 14 µM.
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ends of M3 and M4 resulted in more soluble peptides, which
could be purified using the strategies discussed earlier.

Biophysical experiments were carried out on the putative
seven synthetic transmembrane fragments of Ste2p (M1-
M7) and two variants of M6 (M6-35P and M6-35L). All
peptides studied in this investigation have a similar chain
length of 30-38 amino acid residues. On the basis of CD
results in TFE-water mixtures, the seven transmembrane
domains have a high proclivity to assumeR-helical structures
(Figure 3, Table 2). Indeed, in 100% TFE the percent helicity
ranges from 57% to 86%. However, titration with water
begins to reveal the conformational differences in the various
regions of this GPCRs. M6-31 is only 27% helical in 25%
TFE/75% water and exhibits a CD pattern which is not
characteristic of anR-helix, whereas M4-36 is still 75%
helical in the identical solvent.

In contrast to the helicity found for all peptides in aqueous
TFE, the membrane peptides exhibited significant structural
diversity in SDS and DMPC environments. Several peptides
(e.g., M4-36) retained high helicity in both micelles and
bilayers. Others such as M3-35 and M6-31 formedâ-struc-
tures. Fluorescence studies in DMPC on both M1-33 and
M7-30, the two transmembrane domains that contained Trp
residues, showed that the aromatic residue is in the lipid
environment and protected from quenching by a hydrophilic
iodide anion. Thus, it is reasonable to conclude that these
peptides do insert into the lipid bilayers. We observed that
the method of sample preparation was very important in
determining the conformational state of the peptides in SDS
and DMPC. It was critical to allow the peptide to reach
equilibrium with the lipid environment of either the micelle
or the bilayer. Direct attempts to sonicate several of the
peptides in the presence of either SDS or DMPC resulted in
either very poor spectra (no incorporation) orâ-like CD
patterns. In contrast, when the peptide was equilibrated by
dialysis with these membrane mimetic environments, helical
structures sometimes resulted. The conclusions with CD have
been verified using ATR-FTIR analysis (Ding, personal
communication). Similar observations concerning sample
preparation were reported for the bacteriorhodopsin trans-
membrane domains (21). Given the care taken to prepare
all samples under identical conditions, the conformational
tendencies of M3-35 and M6-31 are especially significant.
The â-structure formed by M6-31 is very stable. It existed
over a 30-fold range of concentration (Figure 5) and was
stable up to 85°C (Figure 6, bottom). As the helix formed
by peptides such as M4-36 was also stable to relatively high
temperatures (Figure 6 top) and as the CD spectra were
reversible on heating, it is reasonable to conclude that the
CD patterns represent the thermodynamically stable forms
of these peptides in the lipidlike media.

Gel electrophoresis of the transmembrane domains gave
support to the conclusions from CD analysis in SDS micelles.
At similar concentrations, helical peptides M1-33, M2-35,
M4-36, M5-38, and M7-30 all ran as monomers (Figure 10).
In contrast, the two peptides, which gaveâ-like CD patterns,
ran as either an oligomeric species (M6-31) or as a monomer
plus a higher MW band (M3-35). The oligomer of M6-31
(approximately seven or eight peptide chains) exists over at
least a 10-fold concentration range. One can conclude that
M3 and M6 have a much greater tendency to self-associate
than the other transmembrane peptides of Ste2p.

The observation ofâ-sheet structures for M3 and M6 in
detergent and lipids is to some extent unexpected. A
â-structure was also reported for a transmembrane fragment
(domain G) from bacteriorhodopsin (21). These observations
support the conclusion that the conformation of the trans-
membrane domains of intact receptors is not determined
simply by the secondary structural propensity of the isolated
fragments but is further influenced by long-range interactions
within the protein. This conclusion suggests that the two-
step model (12) would not account for all features of the
folding of Ste2p.

Recently, a high-resolution crystal structure of rhodopsin
revealed intramolecular interactions between various trans-
membrane regions (11). These regions are stabilized by a
number of interhelical hydrogen bonds and hydrophobic
interactions, most of which are mediated by highly conserved
residues. Interestingly, Arg135 in helix H-III interacts with
Glu247 and Thr251 in helix H-VI. It is tempting to conclude
that such interactions are a general feature in all GPCRs,
and domains III and VI in Ste2p are similarly in contact.
Indeed, several studies have demonstrated that helix-helix
interactions are necessary for receptor activation (46-48).
This perspective would allow us to propose that lack of
domain-domain interactions for the isolated M3 and M6
fragments could account for the failure of these peptides to
form stable helices in micelles and lipids. We note that Ste2p
lacks the conserved Glu134-Arg135-Tyr136 tripeptide of helix
III of rhodopsin and does not have corresponding residues
in helix VI. It also belongs to a distinct subfamily of GPCRs
that only includes fungal receptors (49). Therefore, definitive
information on the interaction between M3 and M6 in Ste2p
will require high-resolution studies on the intact receptor.

As anR-helix f â-sheet transition was observed for M6-
31 when the solvent was changed from TFE-water to either
DMPC vesicles or SDS micelles, this receptor domain also
manifests significant conformational flexibility. The tendency
of domain 6 to be conformationally flexible may be biologi-
cally significant. Greater than 90% of all GPCRs contain a
proline residue at similar positions in transmembrane domain
6. Mutation of these proline residues often has biological
consequences. For example, Ste2p mutation of Pro258 to
Leu resulted in constitutive activity with 45% of the saturable
wild-type signaling in the absence of pheromone (40, 50).
The current model of signal transduction by G protein-
coupled receptors involves the isomerization of the receptor
from an inactive to an active form. Using mutational analysis,
the sixth transmembrane domain and the third cytoplasmic
loop were implicated in receptor activation (51-53) and
polar residues in transmembrane domain 6 of Ste2p were
suggested to interact with other domains of the receptor (54).
Previously we reported that an 18-residue homologue, M6-
18L (252-269, C252A, P258L) corresponding to the con-
stitutively active receptor Ste2p-P258L, was a highly
R-helical structure in SDS micelles but was aâ-structure in
HFA-water (20). However, the synthesis of the 31-residue
homologue M6-31L (239-269, C252A, P258L) failed due
to extreme aggregation. In this study, CD analyses indicated
that a soluble variant of M6 (M6-35L, Table 1) is highly
helical in the three membrane mimetic environments exam-
ined (Table 3 and Figure 7). The wild-type homologue M6-
35P is decidedly less helical. Moreover, FTIR analysis
indicates that in DMPC/DMPG (4:1), M6-35L is predomi-
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nantlyR-helical whereas M6-35P is predominantly aâ-sheet
structure (Figure 8). Interestingly, in SDS-PAGE studies, M6-
35P forms a mixture of monomer and aggregated forms
whereas M6-35L forms mostly monomer forms (Figure 10B).
Thus, if one hypothesizes that the activated receptor involves
stabilizing a state wherein the sixth transmembrane domain
forms a helical structure, then both the CD, IR, and gel
studies suggest that the Pro258Leu mutation would favor
this helical structure. Although Pro has often been considered
to be a potentR-helix breaker, studies in membrane mimetic
solvents concluded its conformational tendencies are highly
environment sensitive (55). Moreover, we have recently
shown that after extensive mutagenesis only a limited
spectrum of mutations in Ste2p lead to a constitutively
activated receptor and that a number of these mutations are
in the sixth transmembrane domain (50). Thus, it is not
unreasonable to suggest that the Pro258 serves as a confor-
mational switch for Ste2p. However, this hypothesis requires
that the conformational tendencies of the fragments represent
the physiological situation in intact Ste2p. Obviously, only
detailed structural studies on the active and inactive receptor
can test this hypothesis.

The idea of oligomerization of GPCRs is gaining credence
from a variety of investigations (for review, see ref56)
including one report where transmembrane peptides inhibited
dimerization ofâ-adrenergic receptor (57). M6 was found
to self-aggregate using SDS-PAGE analysis, and M3 also
forms high-molecular-weight species on SDS gels (Figure
9A). In preliminary studies we found that M6 also tends to
interact with other domains as judged by gel electrophoresis
analysis (Xie and Arevalo, unpublished results). Since a
recent study demonstrated that Ste2p is oligomeric in intact
cells and membranes ofS. cereVisiae(58), our results suggest
that Ste2p might form dimers through a direct interaction of
specific transmembrane domains having a tendency to
aggregate due to their biophysical properties.

An aspect of this study that requires consideration is the
influence of the additional lysine residues on the structure
of the central core in the transmembrane peptides. It was
our belief that placing several lysines on both sides of the
domain would prevent aggregation due to hydrophobic
stacking of the central core. Other scientists working with
membrane peptides have used lysine residues to solubilize
these molecules (30, 31), and this approach was used many
years ago to solubilize poly-L-alanine (59). Our data support
the conclusion that the hydrophilic chain ends do not
significantly affect the helix formation by residues in the
center of the peptide. Study of the series of peptides
representing different lengths of M2 showed that M2-25 was
the most helical, whereas M2-20 and M2-35 had similar
percent helicities. Assuming the model in Figure 1, 76% (19/
25) of the residues of M2-25 should be helical. For M2-35,
66% (23/35) should be helical. This calculation is in excellent
agreement with the CD results in 50% aqueous TFE. One
would conclude then that the extramembranous portions of
the model peptides assume random structures. A comparison
of the CD profiles and the SDS gels and the IR spectra of
M6-31 and M6-35P indicates that the peptide without the
lysine residues does have a greater tendency to aggregate.
Nevertheless, the comparison of the same data for M6-35P
and the mutant peptide M6-35L shows that the lysine
extensions do not conceal the different conformational

tendencies of these molecules. Finally, both M3-35 and M4-
36 contain similar extensions on the carboxyl and amine
terminus, yet one of these peptides is highly helical in SDS
and DMPC environments whereas the other is aâ-aggregate.
We conclude that useful information on the inherent con-
formational tendencies of a transmembrane domain can be
obtained using oligolysine substitutions in the hydrophilic
loops of the receptor; however, one should be careful in the
interpretation of the results. Conjugation with poly(ethylene
glycol) has also been suggested as an approach to enhance
the solubility of transmembrane domains in aqueous media
(60). The generality of this solubilizing group needs to be
systematically explored with different domains.

As stated above, the seven transmembrane peptides of
bacteriorhodopsin were previously subjected to detailed
analysis using CD, FTIR, and proteolysis experiments (21).
The authors found that the first five transmembrane domains
formed stableR-helical structures in detergent and lipids,
whereas the sixth domain did not have a stable structure and
the seventh domain formed a hyperstableâ-sheet structure.
More recently, five of the first six transmembrane peptides
of the CFTR receptor were found to be helical whereas the
sixth domain underwent a shift from anR-helix to a
â-structure in 20% methanol (45). Our results on Ste2p show
that most of the domains of this receptor were helical but
that two of the domains, M3 and M6, could formâ-struc-
tures. Finally, a recent solution NMR study on the sixth
transmembrane peptide of rhodopsin in DMSO-d6 concluded
that this domain was helical throughout most of its length
and that the Pro residue induced only a small distortion in
the helix (25). Our NMR studies on an 18-residue fragment
of the sixth transmembrane of Ste2p in TFE-water indicated
that the helix formed by this peptide is kinked (20) and that
this domain may be conformationally diverse (vida supra).
The high-resolution structure of rhodopsin showed that there
was a significant bend at Pro267 of the sixth transmembrane
helix (11). It seems clear that transmembrane peptides of
integral membrane proteins will have individual biophysical
tendencies and that they will not all simply behave as rigid
helical rods.

In conclusion, the results presented herein represent the
first complete analysis of all membrane segments of one
GPCR. The analysis shows that despite the helical proclivity
of the transmembrane regions of Ste2p each domain is unique
in its biophysical properties. In particular, two domains M3
and M6 showed a higher tendency than the other peptides
to aggregate and formâ-structures and domain 6 may be a
conformationally flexible region of the receptor. These
findings lead us to suggest that domain 6 may be involved
in a conformational transition during receptor activation and
that this domain and domain 3 may be involved in domain-
domain interactions which result in isomerization and/or
receptor oligomerization.
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