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ABSTRACT: Human adenosine A receptor is a member of the G-protein-coupled receptor (GPCR)
superfamily of seven-helix transmembrane (TM) proteins. To test general models for membrane-protein
folding and to identify specific features of folding and assembly for this representative member of an
important and poorly understood class of proteins, we synthesized peptides corresponding to its seven
TM domains. We assessed the ability of the peptides to insert into micelles and vesicles and measured
secondary structure for each peptide in aqueous and membrane-mimetic environments. CD spectra indicate
that each of the seven TM peptides form thermally stable, indepeadeslical structures in both micelles

and vesicles. The helical content of the peptides depends on the nature of the membrane-mimetic
environment. Four of the peptides (TM3, TM4, TM5, and TM7) exhibit very high-helical structure, near
the predicted maximum for their TM segments. The TM1 peptide also adopts relativelytiglical
structures. In contrast, two of peptides, TM2 and TM®6, display dowelicity. Similarly, the ability of

the peptides to insert into membrane-mimetic environments, assayed by intrinsic tryptophan fluorescence
and fluorescence quenching, varied markedly. Most peptides exhibit highelicity in anionic sodium
dodecyl sulfate than in neutral dode@#e-maltoside micelles, and TM2 was disordered in zwiterionic
DMPC but wasu-helical in negatively charged DMPC/DMPG vesicles. These findings strongly suggest
that electrostatic interactions between lipids and peptides control the insertion of the peptides and may be
involved in membrane-protein-folding events. The measured helical content of these TM domains does
not correlate with the predicted helicity based on amino acid sequence, pointing out that, while hydrophobic
interactions can be a major determinant for folding of TM peptides, other factors, such as electrostatic
interactions or helixhelix interactions, may play significant roles for specific TM domains. Our results
represent a comprehensive analysis of helical propensities for a human GPCR and support models for
membrane-protein folding in which interactions between TM domains are required for proper insertion
and folding of some TM helix domains. The tendency of some peptides to self-associate, especially in
agueous environments, underscores the need to prevent improper interactions during folding and refolding
of membrane proteins in vivo and in vitro.

Adenosine Aa receptor belongs to one of the largest importance, the molecular mechanisms of GPCR ligand
family of membrane proteins, the G-protein-coupled recep- discrimination, activation, and signaling remain unclefr (

tors (GPCRs}. The GPCRs are cell-surface receptors that  production of large amounts of GPCRs is a major obstacle,
mediate signal transduction across the plasma membraneand severely hinders crystallization efforts and structural
They are involved in a wide variety of physiological analysis §). Of the thousands of GPCRs, the structure of
processes and are implicated in numerous human disease§n|y one, bovine rhodopsin, has been determined at high
(1-3). Nearly two-thirds of marketed drugs target GPCRSs, resolution 6). While the mechanism of GPCR activation is
and it is estimated that as much as 70% of current drug thought to be general, GPCR sequences vary widely, and it
discovery efforts are aimed at GPCRB3).(Despite their  js not known whether all GPCRs have similar structuées (
8). Differences in helix orientation, helixhelix interactions,
T v gy LD TR0 oologymay o, Therefor, s need st
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1 Abbreviations: GPCR, G-protein-coupled receptor; TMD, trans- In the two-stage model for integral-membrane-protein

membrane domain; cmc, critical micelle concentration; CD, circular ; ; ;
dichroism; SDS, sodium dodecyl sulfatefM, n-dodecyls-p-malto- folding, transmembrane domains (TMDs) form independent

side; T,,, temperature of phase transition; AFM, atomic force micros- Stable helices in the membrane, which associate to form the
copy; BR, bacteriorhodopsin. active native structure9d}. The two-stage model was first

10.1021/bi0492051 CCC: $27.50 © 2004 American Chemical Society
Published on Web 09/16/2004



12946 Biochemistry, Vol. 43, No. 40, 2004 Lazarova et al.

tested experimentally using peptides representing the severpurified to >95% purity as judged by HPLC. The identity
TMDs of bacteriorhodopsin (BR)LQ). Five of the peptides  of the purified peptides was confirmed by mass spectrometry.
indeed form stable independent helical structures in the lipid Peptides were stored at20 °C as solid powders.

bilayer, but the others showed low degrees of membrane Peptide ConcentrationThe peptide concentration was
partitioning and form non-native secondary structures. determined using two different approaches: by amino acid
Analogous studies of the yeast Ste2 receptor showed thatanalysis (performed at Purdue University Core Facility
five of the seven TMDs form stable helices in micelles or PSAL) or spectrophotometricaly by measuring UV absorb-
vesicles, while the other two forme@ sheets and/or ance spectra of the peptides & M Gdn/HCI solutions at
aggregatesl(l). In both cases, it is envisioned that the folding 280 nm, using appropriate extinction coefficients for the
of these helices in the context of the full-length protein might aromatic Trp and Tyr residue83). Prior to measurements,
occur by more complex processes and involve some externalpeptide stock solutions (at about 2 mg/mL) were prepared
constraints or interactions with other helicé,(13). In the in water or in water/tetrafluoroethylene (TFE) solutions (for
past few years, in vivo and in vitro studies of membrane TM peptides 1, 2, and 4), as described previously for highly
proteins and helical-membrane peptides have shed more lightydrophobic peptidesl().

on the folding process and mechanisrhg-(25). Preparation of Vesicles and MicelleBMPC and DMPG

Major outstanding questions include how TMD stability lipids were purchased from Avanti Polar Lipids. The lipid
and helical propensity relate to membrane insertion, and films were prepared by dissolving about 10 mg of lipid in
whether TMDs have equivalent properties, as suggested bychloroform/methanol (2:1) and drying under a steam af N
framework models for membrane-protein folding, or whether The residual organic solvents were removed by keeping the
cofolding of TMDs might be generally required in assembly lipid film under high vacuum for several hours. The dry lipid
of large, multihelix membrane proteins. The stability of single film was hydrated in 10 mM Tris at pH 7 for at least 30 min
TM helices inserted in the bilayer and the evident applicabil- at a temperature above the temperature of the phase transition
ity of the two-stage model provide a framework in which (T,) of DMPC, with periodic vortexing. The resulting
the forces involved in TM helix stability can be studied multilamellar vesicles were freeze-thawed in liquid nitrogen
separately from those involved in TM helix association. One for seven cycles and were extruded through two stacked
such approach is to study peptides corresponding to indi- polycarbonate membranes (with a pore size of 100 nm) using
vidual TMDs (10, 26—28). Although long-range interactions a Mini Extruder (Lipofast, Avestin, Ottawa, Canada) to
are disabled in such studies, the ability of BR and rhodopsin obtain large unilamellar vesicles (LUV). Liposomes were
fragments to assemble into active forms verifies the relevanceused immediately following their preparation, or stored
of this approachZ9, 30). briefly at temperatures above th&@iy. DMPC/DMPG films

We are studying stability and assembly of the human were prepared by dissolving appropriate amounts of each of
adenosine pa receptor, as a representative example of the the lipid components in methanol and mixing these solutions
human GPCRs. The adenosine family of receptors has beerto give the desired molar ratio. The solvent was removed
linked to cardioprotective and antihypertensive effects during by drying under a nitrogen stream, and the LUV was
periods of stress such as hypoxia or ischendd).(A.a prepared as described above.
activates adenylate cyclase through coupling tpw@ich Three different detergents were used to prepare micelles:
results in multiple actions including vasodilation. Adenosine sodium dodecyl sulfate (SDS), dodeg@yb-maltoside ([BM),
receptors are important targets in the search for the molecularand Triton X-100. The micelles were prepared in 10 mM
origins of cardiovascular disease, and numerous biomedical, Tris-HCI buffer at pH 7. The concentration of each detergent
clinical, and drug discovery efforts are aimed at these was always well above the critical micelle concentration
receptors 1, 32). (cmc) 34).

We sought to test current models for membrane-protein  Fluorescence Measuremeni&uorescence measurements
folding by evaluating helicity and insertion of the TMDs of  were performed on an ISS PC-1 spectrofluorimeter, operating
the human adenosine,&receptor, as a complement to our in photon-counting mode, using 10 10- or 2 x 10-mm
ongoing studies of the full-length receptor. In this study, we quartz cuvettes. The excitation wavelength was 295 or 280
designed model peptides corresponding to the seven TMDsnm, and the emission was scanned from 300 to 500 nm. To
of Aa and studied their folding capacities and stability in  minimize light-scattering effects, all scans were performed
membrane-mimetic environments: detergent micelles andwith polarizers in place, with the emission polarizer oriented
lipid vesicles. We used fluorescence spectroscopy to monitorat (* and the excitation polarizer at 90(35). In all
the binding of peptides to vesicles and micelles and circular experiments, appropriate reference spectra, with either the
dichroism (CD) spectroscopy to examine théiisguctures. buffer alone or the buffer containing micelles or liposomes,
We find that the helicity and insertion propensities of these were subtracted from the sample spectra. The peptide
peptides vary significantly, suggesting that assembly of the concentration in all fluorescence measurements was main-
Aja receptor may occur from incompletely formed helices, tained constant at about-B «M. The experiments with
that interhelical or long-range interactions may precede or DMPC vesicles were performed at 3&, which is well
assist the membrane-insertion process for some TMDs, andabove theT, of the lipid (23°C). In the liposome-binding
that long-range interactions may be required to induce experiments, the peptide (at aboutAuM) was titrated by
helicity in several of the TMDs of this GPCRs. adding small aliquots 8 ulL) of the liposome stock

solution (5 mM). For fluorescence-quenching experiments,
MATERIALS AND METHODS small aliquots 4 M acrylamide stock solution were added

Peptide SynthesiPeptides were synthesized and pur- to the peptides in the absence or presence of micelles and

chased from Ana Spec Inc. All of the seven peptides were the fluorescence emission spectra were recorded. To reduce
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Table 1: Sequences of the Seven Peptides Corresponding to the TMDs of the AdenasRecAptor

amino acid sequences name R H (KD)¢

KKK VYITVELAIAVLAILGNVLVCWA  KKKK ™1 30 (23) 2.14
KKK FVVSLAAADIAVGVLAIPWAITI  KKKK T™M2 30 (23) 2.09
KKK LFIAAFVLVLTQSSIFSLLAIAI  DRYKKK T™3 32 (23) 24

KKKRAKGITAICWVLSFAIGLTPMLGW  KKKK T™M4 31 (23) 1.51
KKKMNYMVWFNFFACVLVPLLLMLGVYL  RKKK T™M5 32 (25) 1.75
KKKLAIIVGLF,_ALA\LVLPLHIINAFIFF CPDKK TM6 32 (24) 2.05
KKK LWLMYLAIVLSHTNSVVNPFIYAY RIREK ™7 32 (24) 1.09

@ Residues predicted to be part of the TMDs (http://www.gpcr.org/7tm/) are indicated in bold, and those predicted to be in loops are in bold and
italics. The residues that differ from the nativeaAsequence are underlined: in the TM2 and TM5, F and Y, respectively, are substituted for W,
to monitor the peptide binding to the membrane; in TM3 and TM6 one and two C, respectively, are replaced by A. The Lys added at the N and
C termini are indicated in italic®. The first number represents the total number of residues in the peptide; the second number in parentheses
represents the number of residues in the putative TM dori@erage hydrophobicity of the peptides as calculated using the-KQtmlittle
scale 61).

the absorbance of acrylamide at 280 nm, the samples werewhere P].2. is the observed mean residue ellipticity at 222
excited at 295 nm. The data were analyzed according to thenm, [0]7%, is theoretical mean residue ellipticity for a helix

Stern—Volmer equation of infinite length (39 500 at 222 nm)n is number of the
residues, an#l is a wavelength-dependent constant (2.57 for
Fo/F =1+ Kg[Q] 222 nm) @0, 41). Although this is a relatively old method

i o and fairly simple compared to more modern techniques,
whereF, andF are the fluorescence intensities in the absence (ocent studies have shown that this method remains the most

and presence of the quencher atg is the Stera-Volmer  gjiaple for calculating the helicity of TM peptides, 42)
quenching constant, which is a measure of the accessibility Peptide DesignTable 1 shows the amino sequences of

of Trp residues to acrylamide6). . Y . ;
CD Measurementd=ar-UV CD spectra of the peptides :he peptides :;Ste'dtr']n this stqurK/.”;)I'he ]E)?hptu:]es WereddeS|gned
were recorded on an Aviv model 202 spectrometer, equipped 0 correspond 1o the seven S of the human adenosine
Aja receptor. Our first attempt to synthesize and purify the

with a Peltier thermal-controlled cuvette holder. To ensure del fid ina th ¢ £ th dicted
that the CD spectra were observed from peptides in solution, MOUE! PEPUAES, USIng the exact sequence of the predicte
TMDs and intra- and extracellular loops, was not successful.

several steps were taken. Although differential light scattering Because of their extremely high hydrophobicity, the syn-

d absorption flatteri typically only ob d for | - X : .
anc absorption faniering are typically only observed for 'arge thesized peptides absorbed irreversibly to the HPLC columns,

proteins (e.g., BR), rather than peptides in micelles or d Id hi ffici ificai -
vesicles, spectra conditions were chosen to minimize those@Nd We could not achieve sufficient purification. To over-
come this difficulty, a few small modifications were made

effects 87—39). The spectra were recorded using a 0.1-cm g

path-length quartz cuvette, from 260 to 190 nm, at a 1-nm t© the original sequences (Table 1).
step resolution and an integration time of 3 s. All spectra  Following the suggestion of Deber and colleagues, the
are averages from at least four individual spectra. In each main change that we made was the addition of lysine residues
case, appropriate reference spectra of the buffer, micelles,to the N and C termini43, 44). This approach is now used

or liposomes were recorded under identical conditions and frequently in studies of hydrophobic peptides and has been
subtracted from the CD spectra acquired for the peptides.shown to facilitate the chemical synthesis and purification,
Dynode voltage was recorded, and the spectra were recordedncrease solubility, and minimize aggregation, without
only in the linear range of the dynode values. In thermal significantly altering the properties of the peptides in
stability experiments, the samples were incubated for 10 min detergent micelles or lipid vesicle43—50). Despite its wide

at each temperature to allow equilibration prior to recording use, the possibility that the lysines affect helicity remains a
spectra. Peptide concentrations used in CD experiments werg/alid concern. In our study, very small quantities of some
in the range of 16-30 uM. Peptide/lipid molar ratios were  of the peptides with fewer lysines could be purified. These

1:100 for measurements in vesicles. peptides displayed the same helicity propensity as the var-
CD intensities are expressed in mean residue molariants with more lysines, supporting the idea that the added
ellipticity [6)], calculated from the equation lysines do not affect the overall helicity of the,dA TM
peptides.
[6] = 6,d10cn  (in degrees cfdmol ) Two other kinds of amino acid changes were made in three
of the peptides: (i) To enable us to monitor the binding of
wheref,psis the observed ellipticity in millidegreekis the the peptides in the membrane-mimic environment, we

optical path length in centimetersis the final concentration  gypstituted E for W in TM2 and Y for W in TM5. These
of the peptides in molars, amds number of the amino acid  changes did not alter the secondary structure of the peptides;
residues. The percentage helicity was calcul_a_ted accordingpeptides without these changes displayed equivalent CD
to the method of Chen et al., using an empirical equation spectra. (i) To avoid formation of disulfide bonds, at two
for helix length dependence, assuming that the residuepositions in TM6, alanine was substituted for cysteine.
ellipticity at 222 nm is exclusively due ta helix Sequence alignments ofAwith other adenosine receptors
percentage af helix = and other superfamily A GPCRs indicate that the substituted
ma ) 1 residues are not conserved, except Cys254 in TM6. However,
[6],2/[61555(1 — ()  (in degrees cfhdmol ) Cys254 is not involved in ligand binding ofA receptors.
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45. Al 601 B Table 2: Fluorescence Emission Maxima and Steralmer
%%x » ConstantsKsy) of the TM Peptides in kD, Aqueous Buffer, and
o .
" o TM7inwater 0 « OMSDS SDS Micelles
B x 4 IM2inbuffer | ¢, 1} 4 0.5MSDS H,0 10 mM Tris at pH 7 SDS micelles
< e TM7 in buffer = W s 10 mM SDS —
15, *x TMSinbuffer | 204 = 20mMSDS peptide  Amax Amax Ksv (M™Y) Imax  Ksy (MY
£ * s p o= TM1I 350 342 17.3 328 75
”g E B T™M2 350 348 36.8 338 12.6
% °1 g0 R TM4 350 349 15.9 336 7.2
s 4 k=2 7 TM5 346 333 15.2 329 4.6
25 = TM6 349 336 10 326 5.4
20 T™7 348 341 22 324 4.9
‘30 T T T T T T T T T T
190 200 210 220 230 240 250 190 200 210 220 230 240 250 micelles that it forms and correspondingly low amounts of

Wavelength Wavelength - . - :
avelens (nm), avelengt (m?) ) turbidity and light scattering53, 54). Figure 1B shows the
Ficure 1: Representative CD spectra of TM peptides in water,

buffer, and SDS micelles. (A) TM7 in #0 (O): TM2 in 10 mM CD spectra of TM7 recorded in the presence of different
Tris buffer at pH 7.0 4); TM7 in 10 mM Tris buffer at pH 7.0 concentrations of SDS. At lower concentrations of SDS, well

(®); and TM5 in 10 mM Tris buffer at pH 7.0X). (B) CD spectra below the cmc (about 8.4 mM under our conditions), the
of TM7 in increasing concentrations of SDS: 0 M SDg)(0.5 peptide adopts B-sheetlike structure, seen from the broad
mM SDS @), 10 mM SDS ), and 20 mM SDSH). single negative minimum at about 218 nm. However, at SDS

. . o concentrations higher than the cmc, the peptide adopts a
Prior studies have shown that the C254A mutation | A phelical conformation, evident from the appearance of the

does not alter ligand-binding properties, G protein coupling, double minima at 220 and 207 nm. The maximum effect of
or protein expressiorb(). The resulting peptide sequences gps ono. helicity was measured at a concentration of the
were successfully synthesized and purified-@5% purity.  getergent of about 10 mM, which correlates with the micelle
RESULTS formation by SDS. Above this concentration, the features
of the CD spectrum do not change. These data show that,
CD Spectra of Peptides in Water and Bufféfe sought despite formings sheets in buffer, the peptide spontaneously
to establish general features of theaATM peptides, by  forms ana-helical structure in the presence of SDS micelles.
collecting CD spectra of the peptides in aqueous and TM Peptide Insertion into MicelleRrior to evaluating
hydrophobic environments. First, far-UV CD spectra of the secondary structure content of the peptides in micelles,
peptides were recorded in two aqueous solutions: water andwe used fluorescence spectroscopy to confirm that the
buffer. Figure 1A shows the CD spectra of representative peptides insert into micelles in accordance with our design.
peptides in water and in 10 mM Tris buffer at pH 7. In water, The sensitivity of Trp fluorescence emission to the polarity
all seven TM peptides display the random-coil conformation, of the environment allows us to use the Trp residues as
as seen by the single negative band in the-13® nm range reporter groups to monitor the binding of peptides to the
(52). Although we do not have any evidence for aggregation micelles §5). Table 2 summarizes the data for the Trp
of the peptides in water, we cannot rule out the possibility fluorescence emission maximurhyt) and Stera-Volmer
that monomers associate to some degree in water. Howeverguenching constaniKg,) measured in different media for
the presence of the unordered structure suggests that théhe six peptides that contain Trp in their sequences (Table
peptides are not aggregated probably because electrostatid). In water, the Trp fluorescence emission maxima of the
repulsion by the positively charged Lys on both termini peptides are centered at around 3880 nm (Figure 2A and
overcomes the tendency of hydrophobic peptides to self- Table 2). These values are typical for Trp residues in polar
associate. However, in Tris buffer, the peptides behave environments and for free Trp in wateb5). In aqueous
differently (Figure 1A). Three of the peptides, TM1, TM2, buffer, Amax 0f TM1, TM2, and TM4 peptides show values
and TM4, remain in a random coil, similar to their close to those seen in water, while the Trp fluorescence
conformation in water. The other four peptides apparently emission maxima of TM5, TM6, and TM7 peptides are blue-
adopt relatively well-defined structures. The CD spectra of shifted (at about 13 nm), suggesting partially buried Trp
TM3, TM6, and TM7 show broad negative peaks at about residues because of aggregation or self-association of the
218 nm and positive peaks at about 198 nm, indicative of peptides (Table 2)35, 56). These findings agree with the
the 5-strand structure. It is likely that these forms represent secondary structures of the peptides revealed by CD.
peptides that are associated to fofirsheets. In aqueous Addition of the peptides to SDS micelles results in
buffer, unlike the rest of the peptides, TM5 adopts an increases of the fluorescence intensity and significant blue
o-helical structure with characteristic double minima at 222 shifts of Ayax by ~24 nm (parts A and B of Figure 2 and
and 207 nm and a positive maximum at 192 nm (Figure 1A). Table 2). These values are typical for buried Trp residues in
CD spectra of the peptides in the presence of salts such asydrophobic environments and strongly suggest that the
KCI or NaCl were similar to those observed in Tris buffer peptides insert into micelless$). The insertion of the
(not shown). peptides into micelles was further supported by fluorescence-
To determine whether micelles could stabilize the folding quenching measurements using the neutral water-soluble
of the peptides by providing hydrophobic environments, far- quencher acrylamide. Parts C and D of Figure 2 show
UV CD spectra of the TM peptides were recorded in the representative SterrVolmer plots for the quenching of Trp
presence of increasing concentrations of SDS. The anionicfluorescence in TM4 and TM7 peptides by acrylamide,
SDS detergent was chosen because of the small size of theecorded in the absence and presence of SDS micelles.
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FiIGURE 2: Representative fluorescence spectra and Stéotmer
plots of TM peptides. Left panel: (A) Fluorescence emission spectra
of TM4 in the presence of water) and SDS micelles (- - -). (B)
Fluorescence emission spectra of TM7 in 10 mM Tris buffer at
pH 7.0 () and SDS micelles (- - -). Right panel: Sterdolmer
plots for acrylamide quenching of Trp fluorescence for the TM4
peptide (C) and the TM7 peptide (D) in the presence of 10 mM
Tris buffer at pH 7.0 ©) and SDS micelles®). Fluorescence
spectra were recorded at 2%, with excitation at 295 nm;
fluorescence intensity was measured in the abséagead in the
presenceR) of acrylamide.

Increasing the concentration of quencher to the peptide

solutions resulted in decreases in the fluorescence intensityd
in both media; however, this effect is stronger in the presence

of micelles than in the buffer alone. Thus, the values for the
Stern—Volmer quenching constants for both peptides are
reduced by about-24-fold in the presence of SDS micelles,

indicating that Trp residues are less accessible to the quencher.

and strongly suggesting that they are buried inside the
micelles. Similar quenching profiles were measured for all
peptides, except for TM2, which displayed highly efficient

qguenching in both in the presence and absence of micelle
(Table 2).

Interestingly, the SteraVolmer quenching constankéy)

of the TM2 peptide in the presence of SDS micelles is
actually lower than it is in the buffer, although the magnitude
of both Ksy values for TM2 are higher than those for the
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Ficure 3: Representative CD spectra of TM peptides in detergent
micelles. (A) UV CD spectra of TM1:€:), TM3 (-+-), TM6 (- - -),

and TM7 () in the presence of SDS micelles. A comparison of
CD spectra of TM2 (B), TM4 (C), and TM5 (D) peptides in the
presence of SDSY), DM (@), and Triton X-100 micellesH).

Wavelength(nm)

TM5, and TM7) exhibit very high helicity, over 80% for
TM4 and >70% for TM3, TM5, and TM7. TM1 exhibits
relatively high helicity (nearly 60%), whereas two of peptides
TM6 and TM2 show low helicity, only 30 and 18%,
respectively (Figure 6). In accordance with the fluorescence
ata showing its low tendency to insert into SDS micelles,
the TM2 peptide exhibits the lowest helicity among the seven
peptides.

According to the predicted identity of the TMDs in the
A.a receptor (http://www.gpcr.org/7tm/), in each of our T™M
peptides, the TMDs comprise at about 72% of the amino
sequence (i.e., excluding the additional lysine residues and
the amino acids predicted to be in the intra- or extracellular
loops). From CD analysis, the TM portions of TM3, TM4,

STM5, and TM7 peptides display 100% helicity in the
pep p

presence of SDS micelles.

Several lines of evidence suggest that all of the peptides
except TM5 are monomeric. For every peptide, except the
TM5 peptide, the ratio of],24[0]20s is less than 1. This
ratio has been shown to be a marker characteristic of

rest of the peptides. The TM2 peptide also undergoes a VerYq-helical, monomeric peptide§7—59). The CD spectra of

small blue shift ofimaxin SDS micelles, suggesting that this g, peptides except TM5 were independent of the peptide
peptide associates poorly with micelles. It is also possible concentration (not shown), further supporting the idea that
that two different populations of TM2 exist, one unordered hage six peptides are inserted as monomers into the micelles
and the othent helical. and that they are single-strandedhelices. All peptides

Altogether, the fluorescence data indicate that the TM except TM5 appeared as single bands on SBAGE with
peptides insert into SDS micelles. However, a comparison gpparent MW~ 4000 Da, supporting the idea that the
of Trp emission maximum and calculated Stekfplmer peptides are monomeric (not shown). In contrast, in both
quenching constant&sy values, illustrate some distinctive  the buffer and micelles, the CD spectra of the TM5 peptide
differences between peptides. In SDS micellgs, of TM1, shows a §]224[0] 205 ratio greater than 1, indicative of a coil-
TMS, TM6, and TM7 peptides undergo the most significant coiled structure (Figure 3D)57). The TM5 peptide also
blue shifts, which correlate with lower values fétsy, displayed concentration dependence, suggesting that it forms
whereas thémax 0f the TM4 peptide undergoes a small blue  gligomeric structures in aqueous and hydrophobic environ-
shift and the peptide has a relatively highy in SDS. ments.

Secondary Structure Content of TM Peptides in Micelles.  Helical propensities of the peptides were also tested in
In SDS micelles, all seven TM peptides foraxhelical nonionic detergents: BM and Triton X-100. Figure 3 shows
structures, as indicated by their far-UV CD spectra with representative CD spectra of the peptides in the presence of
double minima at 222 and 208 nm and a positive peak at micelles from these three different detergents. In the presence
about 192 nm (Figure 3). Despite their overall similarities, of micelles formed by [BM, which carries the same 12
some differences among the peptides can be easily notedcarbon hydrophobic tail as SDS, most of the peptides (TM1,
In SDS micelles at 28C, four of the peptides (TM4, TM3,  TM3, TM5, and TM7) adoptr-helical structures, although
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DMPC ().

in all cases, their apparent helicity is reduced relative to that DMPC vesicles was observed for the TM2 peptide, because
observed in SDS micelles. These results indicate that theldnax and fluorescence intensity were both invariant over the
hydrophobic potential of the detergent alone is not enough entire range of the L/P molar ratio (Figure 4B). Addition of
to stabilize the helical structure and that electrostatic interac-the TM2 peptide to negatively charged DMPC/DMPG
tions can be important for insertion and initiation of the vesicles, however, caused a progressive blue shiftgf

and an increase in fluorescence intensity.

folding process.

In the Triton X-100 micelles, the peptides form different
secondary structures. None of the peptides except TM5 formsimply an insertion of the peptides into the lipid bilayer. The
o-helical conformation. TM2 fails to adopt any ordered different L/P ratios at which the binding curves reach
structure. For the rest of the peptides in Triton X-100, the saturation suggest that different peptides have different
B-sheetlike structure appears to be a preferred conformation affinities for binding to (or inserting into) the lipid bilayers.
as judged from the broadness of the CD spectra betweenFor TM1, TM5, and TM7 peptides, binding saturates at the
lowest L/P ratio, indicating higher affinity to DMPC. TM4
binds with modest affinity. TM6 has low affinity, and TM2

208 and 220 nm.

Insertion of TM Peptides into Lipid Vesicld3ecause lipid

The changes of fluorescence spectral characteristics strongly

vesicles simulate membrane structures more accurately tharhas no measurable affinity for DMPC vesicles. Affinity of
detergent micelles, we sought to characterize the propertiesT M2 for mixed DMPC/DMPG vesicles was modest (similar
of the Ava TM peptides in vesicles. Before evaluating the to that of TM4 for DMPC).

secondary structures of the peptides, we tested their ability Secondary Structure Content of TM Peptides in Vesicles.
to insert into model membranes formed from DMPC (or CD spectra of all TM peptides in the presence of vesicles

DMPC/DMPG) vesicles. Trp emission maximunng,) and

tion of the peptides with lipid vesicle$Q). Lipid titrations

concentration{2 uM), following the procedure described

have two minima at 222 and 208 nm and a positive
fluorescence intensity were used to demonstrate the interacmaximum at 192 nm, indicating a helical conformation
(Figure 5). On the basis of the CD spectra, six of the seven
were performed by adding small aliquots of concentrated TM peptides are helical in both DMPC and DMPC/DMPG
lipid vesicle suspensions (zwitterionic DMPC and negatively (not Shown) vesicles; the TM2 pepnde on|y appears to adopt
charged DMPC/DMPG vesicles) to the peptide at a constanta helical conformation in DMPC/DMPG (Figure 5B). The

apparent random-coil structure of the TM2 peptide in the

in the Materials and Methods. Figure 4 shows the dependencepresence of DMPC is consistent with its failure to associate

of Amaxand fluorescence intensity on lipid/protein (L/P) molar

ratio.

For all peptides, except TM2, addition of DMPC vesicles
results in a blue shift ikmaxand an increase in fluorescence
intensity of about 3-4-fold. These changes are expected

with these vesicles, as revealed by fluorescence. Even at the

highest L/P molar ratio, the CD spectrum of the TM2 peptide

was essentially the same as in the buffer alone. However, in
mixed DMPC/DMPG vesicles, where binding was observed
by fluorescence, the peptide forms a stahlehelical

when Trp residues move from a polar to a more nonpolar structure, although with relatively low helicity (Figure 5B
environment, suggesting penetration of the peptides into theand Figure 6). As observed in SDS micelles, the CD spectra
hydrophobic part of the bilayer. Note that no binding to of all peptides, except the TM5 peptide, showg{J[6]20s
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Ficure 7: Effects of TFE on the TM peptide secondary structure.

Wavelength(nm) Wavelength(nm) (A) CD spectra of the TM7 peptide as a function of the TFE
Ficure 5. Representative CD spectra of TM peptides in lipid concentration. The spectra are recorded in the absence of TFE
vesicles. (A) UV CD spectra of TM1:{-), TM3 (-+-), TM6 (- - -), (water) and in TFE/water mixtures with the increasing percentages
and TM4 () peptides in the presence of DMPC vesicles at@5 of TFE: 10, 20, 40, 60, and 100%. (B) Calculated values for helicity
(B) CD spectra of TM2 in the presence of DMP€)(and DMPC/ of the seven peptides TMIj, TM2 (m), TM3 (O), TM4 (@),
DMPG (--) vesicles. TM5 (¥), TM6 (v), and TM7 (tilteda) as a function of the TFE

concentration.
W SDS micelles @DMPC vesicles

100

80 4 results in a loss of only~15% in helicity, while in SDS

micelles, heating to 98C causes a loss 6£25% for most
60 - of the peptides (not shown).
a0 Secondary Structure of TM Peptides in TFEZHMixtures.
The Aca peptides exhibit markedly different helical propensi-
20 | ﬂ I:| ties in micelles and vesicles. To test whether these differences
M1 TM2*  TM3  TM4 TM5  TM6  TM7

Fractional helicity %

[=]

are affected by poor solubility of the peptides in these
environments, we examined the helical propensity of the
FiGUReE 6: Fractional helicity for the seven peptides in the presence peptides in the presence of TFE, known FO induce the hellcal
of SDS micelles and DMPyC vesicles. Thré gsterisk indicpates that Structure. In _TFE”?D mixtures, all .p.eptlldes form he_llcal
the data presented for TM2 are in DMPC/DMPG vesicles. All structures, with the amount of helicity increasing with an
measurements were performed at°Z5 increasing concentration of TFE up to a maximal plateau
value (Figure 7).
ratio of less than 1, indicative of the monomeric helical  The CD spectra of all peptides except TM6 exhibit an
structure of the peptides in lipid bilayers. isobestic point at 202 nm, indicative of a two-stage equi-
For TM1, TM3, TM6, and TM7 peptides, the percent helix librium between random-coiled and helical conformations
content in DMPC vesicles at room temperature are similar (representative spectra shown in Figure 7A). For five of the
to the values in SDS micelles. For TM4 and TM5 peptides, seven peptides (TM2 and TM6 are the exceptions), the
helicity in DMPC was somewhat lower than in SDS. The induction of the helix occurs mostly in the range of O to
TM2 peptide was more helical in DMPC/DMPG than in SDS 40% TFE/HO. Above this concentration, little change is
micelles (Figure 6). As with SDS micelles, substantial observed and the helical percentage plateaus (Figure 7B).
differences in the helical content were observed for the Dependence of helicity on the TFE concentration is believed
different TM peptides. The rank order of helicity in DMPC to be an intrinsic property of peptide&Q). In agreement

0

vesicles was TM3 TM7 > TM5 ~ TM1 > TM4 > TM2 with the data from the membrane-mimic experiments among
~ TM6. This order differs somewhat from the rank order of the seven peptides, TM2 and TM6 peptides display the
the helicity of the peptides in SDS (TM4 TM7 ~ TM5 ~ lowest helical propensities at almost all TFEOH ratios.

TM3 > TM1 > TM6 > TM2). Thus, we believe all of the peptides are able to form a helical

Thermal Stability of TM Peptides in Membrane-Mimetic structure, and the observed differences in their helicity reflect
Environments.The thermal stability of the peptides inserted genuine conformational preferences.
in SDS micelles and vesicles was studied by collecting CD
spectra of all seven peptides at temperatures up ftC98 DISCUSSION
the presence of SDS micelles and DMPC vesicles (not
shown). Similar trends were recorded for all TM peptides.  The aim of our study was to improve the understanding
Heating to 45°C causes very small changes in the helicity of the forces and mechanisms governing GPCR-folding and
of the peptides. A further increase of temperatures up to 95-assembly processes. We have designed peptides correspond-
°C induces a more significant decrease ®f helicity; ing to the seven TM domains of the human adenosige A
however, the peptides are still folded and highly helical. receptor and characterized their helical propensity in mem-
Cooling the samples back to 2& results in recovery of  brane-mimetic environments and their tendency to associate
the initial spectra, indicating reversibility of the process.  with micelles and lipid vesicles. Because of the high
TM peptides are relatively more stable in vesicles than in hydrophobicity of putative TMDs, we flanked each TM
SDS micelles. An increase of temperatures up to°@5 domain with several Lys residues on both termini to increase
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their solubility. Thus, all seven designed peptides share Helix formation by these peptides in micelles strongly
similar chain lengths of about 33 amino acid residues, depends on the nature of the detergents. Micelles of the
with 23—25 residues representing the putative TMDs. neutral detergent BM induced much less helical structure

CD spectra of the peptides in water indicate that the than did micelles formed from the anionic detergent SDS.
peptides have a random-coil structure, indicating that repul- The two detergents have similar hydrophobic potential and
sive electrostatic interactions prevent the formation of carry the same G hydrophobic tail. These results indicate
aggregates typical for hydrophobic peptides. However, in that the hydrophobic potential of the detergent alone is not
aqueous buffers (or in the presence of salt), three of theenough to stabilize the helical structure and electrostatic
peptides (TM3, TM6, and TM7) adopt/asheetlike structure,  interactions that can play a significant role in the insertion
while the TM5 peptide folds into a helical structure. The of TMDs and the initiation of the helix formation and folding
formation of these structures in aqueous buffer is probably Electrostatic interactions between peptides and negatively
initiated by neutralization of the positive charges of Lys charged lipids have been proposed as driving forces for
residues by buffer anions (or salt), which in turn leads to binding of peptides to membranel4( 64). The magnitudes
aggregation or self-association driven by hydrophobic in- of the electrostatic effects vary among th@AM peptides,
teractions. Despite this tendency to fofhsheets in buffer, in that the conformation of some peptides are much more
when the peptides encounter micelles and vesicles, all seversensitive to the detergent charge than others. Becauseaall A
readily form independent helices. These results emphasizeTM peptides have a similar number of positive-charged Lys
that hydrophobic interactions are a major determinant for on their ends, we believe that the different electrostatic effects
the folding of TMDs. result from sequence variation in the TMDs.

Although all of the seven TM peptides form some degree  In the presence of Triton X-100 micelles, the TM peptides
of independent helical structures in membrane-mimetic display significant structural diversity. In this environment,
environments, they display significant variability in their of the seven peptides, only the TM5 peptide forms a helical
helical propensity and tendency to insert into or associate structure; the rest form mostly sheets. This behavior
with micelles and vesicles. Overall, peptides TM3, TM4, probably results from hydrophobic mismatch of the TM
TM5, and TM7 are the most helical, and TML1 is intermedi- regions of the peptides with the hydrophobic tail of the
ate, while TM6 and TM2 are the least helical. All seven detergent. The nonionic detergent Triton X-100 has a shorter
peptides efficiently formed helices in TFE/water mixtures, hydrophobic tail than PM,; it is likely that the mismatch
confirming that they are competent to form the helical disrupts the insertion process and makes helix formation in
structure, and the differences in helicity that we observe in the peptides unfavorable.
micelles and vesicles reflect genuine differences in their  Among the seven /& TM peptides, only the TM5 peptide
intrinsic helical propensity and stability. displays a ratio of 0]22J[6]20s greater than 1, attributed to

Moreover and most revealingly, none of these properties the presence of the coiled-coil structufsy, The presence
correlates well with overall hydrophobicity (Table 1). The of higher order oligomeric states of the TM5 peptide is
calculated average hydrophobicity of the seven TM peptidesintriguing and suggests a possible role for interactions
is in the range of 1.52.39 based on the KyteDoolittle between TM5 domains in theoligomerization of theaA
scale 61). Prior studies with model peptides have shown receptor. Dimerization has been convincingly demonstrated
that the relative helicity of polypeptide segments in lipid using biophysical methods for several GPCRs, includipay A
systems correlates with their average segmental hydropho{66, 67). Recently, atomic force microscopy (AFM) images
bicity (62). However, with the peptides from theareceptor, provided evidence for dimerization of rhodopsin molecules
we did not find a correlation between hydrophobicity and in rod outer segments of photoreceptor cei§)( GPCR
helical propensity of the peptides. TM2 and TM6 are among dimerization has also been shown to play a role in mediating
the most hydrophobic, yet they are the least helical. TM2 signaling, but the mechanisms of dimer formation have not
incorporates least efficiently into micelles and vesicles. In been identified §9). The formation of stable coiled-coil
contrast, TM4 and TM7 peptides are the least hydrophobic, structures by TM5 of Aa suggests a mechanism for
yet they are among the most helical in both micelles and intermolecular association in,A receptors.
vesicles. Thus, for example, the low helicity of TM2 and It is interesting to compare our findings with those from
TM6 peptides must be attributed to effects derived from similar studies of other helical-membrane proteins. In the
specific amino acid sequence effects, rather than to theSte2 receptor and in BR, TM6 peptides were the least helical,
hydrophobic effect. and it was suggested that this property relates to their putative

Inspection of the sequences of these peptides does notole in signaling 13, 70), because TM6 is involved in ligand
reveal any obvious explanation for the differences in their binding and signal transduction in many GPCRs 71).
helicity. Helical content does not correlate with overall Intriguingly, TM6 of Aza is also among the least helical and
hydrophobicity, nor does the presence of proline residuesdisplays conformational variability. These findings are
correlate with lower helicity. The last finding is consistent consistent with a model in which flexibility needed for
with recent analyses of studies that indicate that proline, conformational changes during signaling is achieved at the
known as a helix breaker in aqueous solutions, shows greatlyexpense of intrinsic helical stability. The lower helicity found
enchanted helical propensity in the membrane-mimic envi- in the TM6 peptide upon binding to membranes might be
ronment and organic solvent§3). We believe that helix ~ accounted for by its need to interact with the other helices.
formation and membrane insertion of TMDs are likely to TMS3 is also believed to undergo significant conformational
be complex processes, mediated by a variety of forces,changes upon GPCR activation. The finding that TM3 from
including intrahelix interaction, which may occur before or Ste2 was a poor helix seemed to confirm the correlation
after insertion into the membrane. suggested by the properties of TMBL. However, in Aa,
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TM3 is among the most helical, while TM2 is a poor helix. 8.

Thus, these properties differ among the GPCR family, either
indicating that the relationships between helicity, conforma-

tional stability, and signaling mechanism are not conserved 9.

or that different TM helices can play different roles in GPCRs
(72).

It is also interesting to interpret our findings in the context
of membrane-protein folding. While it is tempting to think
of helical-membrane proteins as modular and folding via a
pathway reminiscent of the early framework models, evi-
dence is accumulating that, in membrane proteins such as
GPCRs and other seven-helix TM proteins, regions of the
protein may be unstructured outside the context of the native
structure 73). In Aza, it is likely that at least TM2 and TM6
domains need interaction with other helices or with a
preformed core to facilitate stabilization of their helical
structures. However, the fact thagaATM2 has a low intrinsic

1

helical propensity, while in BR, it can serve as a template 14,

for folding of the other TMDs, suggests that the folding
pathways of membrane proteins will differ, even within the
same structural motif.

Finally, the tendency of many of the,& TM peptides to

associate and aggregate in aqueous or buffer environments16.

suggests that, as for soluble proteins, formation of the native
structure in membrane proteins also requires avoiding

improper inter- and intrachain interactions that lead to 17.

aggregation.

Our studies lay the groundwork for more detailed analysis
of the folding pathways for human GPCRs. Our findings
suggest a model for M-receptor folding that includes
formation of a core helical domain, with additional helix
formation upon assembly. The extent of helhelix interac-
tions, whether the TMDs interact prior to insertion, and the
degree to which interhelix interaction drive helix formation
are the subject of our current investigations.
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