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Abstract

The human adenosine A, receptor (A;aR) belongs to one of the largest family of membrane proteins,
the G-protein coupled receptors (GPCRs), characterized by seven transmembrane (TM) helices. Little is
known about the determinants of their structures, folding, assembly, activation mechanisms, and
oligomeric states. Previous studies in our group showed that peptides corresponding to all seven TM
domains form stable helical structures in detergent micelles and lipid vesicles. However, the peptides
behave differently; TMS is the only peptide to have a ratio [0]>5/[0],0s obtained by circular dichroism
(CD) spectroscopy >1. This finding suggested to us that TM5 might self-associate. In the present study,
we investigate the unique properties of the TMS domain. We performed detailed analyses of TMS5
peptide behavior in membrane-mimetic environments using CD spectroscopy, fluorescence spectros-
copy and Forster resonance energy transfer, and gel electrophoresis. We find that TMS5 peptide has the
ability to self-associate to form oligomeric structures in various hydrophobic milieus and that these
oligomers are highly resistant to temperature and chemical denaturation. We also find that mutation of
the full-length A;AR at position M 193, which is located in the fifth TM domain, noticeably alters A,4R
monomer:dimer ratio as observed on SDS-PAGE. Our results suggest that parallel association of TM5
dimers may play a role in the known adenosine A, receptor dimerization. This study represents the
first evidence of an individual GPCR transmembrane domain self-association.
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The human adenosine A, receptor (A;4R)is a member of
the G-protein coupled receptor (GPCR) superfamily.
GPCRs are integral membrane proteins characterized by

"Present address: Unitat de Biofisica, Departament de Bioquimica i
de Biologia Molecular, Facultat de Medicina, Universitat Autonoma
de Barcelona, 08193 Barcelona, Spain.

Reprint requests to: Clifford R. Robinson, Department of Chemis-
try and Biochemistry, and Delaware Biotechnology Institute, 15 Inno-
vation Way, University of Delaware, Newark, DE 19711, USA;
e-mail: robinson@dbi.udel.edu; fax: (302) 831-3447.

Abbreviations: GPCR, G-protein coupled receptor; TM, transmem-
brane; A>AR, adenosine A4 receptor; SDS, sodium dodecyl sulfate;
DMPC, dimyristoyl phosphatidylcholine; CD, circular dichroism;
PAGE, Polyacrylamide gel electrophoresis; FRET, Forster resonance
energy transfer; PFO, perfluoro-octanoic acid; 7,,, temperature of
phase transition; TCEP, Tris(2-carboxyethyl)phosphine.

Article published online ahead of print. Article and publication date
are at http://www.proteinscience.org/cgi/doi/10.1110/ps.051409205.

Protein Science (2005), 14:2177-2186. Published by Cold Spring Harbor Laboratory Press. Copyright © 2005 The Protein Society

seven transmembrane (TM) helices that mediate a plethora
of cellular signals across the plasma membrane via cou-
pling to G-proteins. They modulate many physiological
processes and are linked to numerous human diseases
(Shichida and Imai 1998; Gether 2000; Gurrath 2001),
and consequently, are the targets of an increasingly large
number of drugs (Gurrath 2001). Until recently, GPCRs
were believed to work as monomeric entities, activating G
proteins in a 1:1 stoichiometric ratio. However, this classi-
cal model of coupling may be oversimplified, since a large
body of evidence has shown that many GPCRs exist as
homodimers, heterodimers, or even as higher order oligo-
mers (Jones et al. 1998; Jordan and Devi 1999; Bai 2004;
Fotiadis et al. 2004). Recent studies have also demon-
strated that oligomerization has important effects on
GPCRs’ functions, including ligand binding, receptor
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activation, desensitization, and trafficking, as well as
receptor signaling (Rios et al. 2001; George et al. 2002;
Breitwieser 2004).

For other receptors, such as tyrosine-kinase and ste-
roid-hormone receptors, constitutive and ligand-induced
oligomerization have long been known and documented
(Schlessinger 2000), but the mechanisms of intermolecu-
lar interaction remain unclear. However, recent work has
indicated that the TM helices may be the contact inter-
faces for receptor-receptor interaction. In some cases,
glycine residues appear to be important for TM helix
oligomerization. Initially, Lemmon et al. (1994) identified
a seven-residue motif (LIxxGVxxGVxxT) responsible for
the specific homodimerization of the TM helices of a
bitopic membrane protein; glycophorin A (GpA). The
combined results of site-directed mutagenesis (Lemmon
et al. 1992), and solution NMR of the same TM helix
dimer confirmed the location of the GxxxG motif at the
dimer interface and revealed that it is stabilized by for-
mation of favorable van der Waals surface hydrophobic
interactions (MacKenzie et al. 1997).

The effect of the GxxxG motif on oligomerization has
mainly been identified and characterized in other bitopic
helical membrane proteins and in some multispan inte-
gral membrane proteins as well (Senes et al. 2004).
GxxxG-like motifs exist in GPCR TM domains; how-
ever, their direct roles in oligomerization remain unclear.
It has been determined that a GxxxG motif present in
TMI1 of the yeast a-factor receptor (Ste2p) is essential for
oligomerization (Overton et al. 2003). However, these
motifs in TM2 and TM6 of «j,-adrenergic receptor
(Stanasila et al. 2003), and TM6 of B,-adrenergic recep-
tor (Salahpour et al. 2004), do not seem to be involved in
homodimerization. Also, TM6 from the Ste2p receptor,
which does not contain the GxxxG motif, has been pro-
posed to be involved in receptor oligomerization because
it was found to self-aggregate and to interact with other
domains using SDS-PAGE analysis (Xie et al. 2000).

In addition, it was recently demonstrated that the
GxxxG motif is neither necessary nor sufficient for GpA
dimerization (Doura and Fleming 2004). It has been sug-
gested that while the presence of a (small)xxx(small) motif
is a useful clue, it does not prove the existence of an
interaction; the significance of GxxxG for mediating inter-
actions must be tested in each specific case (Schneider and
Engelman 2004).

Furthermore, other motifs have been shown to affect
oligomerization of membrane proteins. Gurezka and
coworkers (Gurezka et al. 1999) have identified a heptad
motif of leucine residues, which appears to mediate
homo-oligomerization of a set of transmembrane pro-
teins. SxxSSxxT and SxxxSSxxT motifs (Dawson et al.
2002), and “polar clamp” and “serine zipper” motifs
(Adamian and Liang 2002) have also been identified.
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Given the divergence in the different families of GPCRs,
it is possible that different mechanisms of oligomeriza-
tion exist. Indeed, it is not known whether all GPCRs
have similar structures (Palczewski et al. 2000; Karnik
et al. 2003; Rashid et al. 2004). Differences in helix
orientation, helix—helix interactions, and topology may
exist. Taken together, these observations indicate that
multiple interfaces may contribute to receptor dimeriza-
tion or that dimerization interfaces could be receptor-
specific. Therefore, it is of great interest to understand
the determinants for GPCR oligomerization.

We are studying the folding and assembly of the
human A,A receptor (A>AR), as a representative exam-
ple of human GPCRs. The adenosine family of recep-
tors belongs to the class A of GPCRs (rhodopsin-like)
and four members have been identified: A, Asa, Asp,
and As. They are linked to cardioprotective and hyper-
tensive effects during periods of stress such as hypoxia
and ischemia. A,oR activates adenylate cyclase through
coupling to the Gg proteins, which trigger a cascade of
events including vasodilation. Adenosine receptors are
important targets in the search for the molecular origins
of cardiovascular disease, and numerous biomedical,
clinical, and drug discovery efforts are aimed at these
receptors. It is now widely accepted that AR form
homodimers (Canals et al. 2004), as well as heterodimers
with the dopamine D, receptor (Franco et al. 2000).

In a recent study, we showed that peptides corre-
sponding to the seven TM domains of A,sR display
significant variability in their helical propensity and
tendency to insert into or associate with micelles and
vesicles (Lazarova et al. 2004). These initial studies
suggested that all of the peptides except TMS are mono-
meric: For every peptide except TMS, the ratio [0]»,/
[6]>08 obtained by circular dichroism (CD) spectroscopy
1s <1, which is indicative of an a-helical, monomeric
peptide (Lau et al. 1984; Zhou et al. 1992; Melton et al.
1995). In contrast, in membrane-mimetic environments,
the CD spectra of TM5 peptide show a [0],25/[0]208 ratio
>1; this ratio is often associated with coiled coils or
other assemblies of helical peptides (Zhou et al. 1992;
Dutta et al. 2001). This finding suggested to us that
TMS5 might self-associate in hydrophobic environments.

Here, we investigate in further detail the unique prop-
erties of the TM5 domain of the human adenosine A,a
receptor. We used CD and fluorescence spectroscopy,
Forster resonance energy transfer (FRET), and gel
electrophoresis to study TMS5 peptide behavior in
membrane-mimetic environments. We also performed
mutagenesis of the full-length A, receptor and ana-
lyzed the formation of A,5 dimers by SDS-PAGE and
Western blot. We find that TMS peptide forms oligo-
meric structures in both SDS micelles and DMPC vesicles,
and that mutation at position M 193 in the fifth TM helix of
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the full-length receptor disrupts A,oR dimer. These find-
ings strongly suggest that TMS5 is involved in the dimeriza-
tion of the adenosine A, receptor.

Results

Secondary structure determination by CD spectroscopy

Far-UV CD spectroscopy was used to characterize the
secondary structure of TMS peptide in hydrophobic
environments. Figure 1A shows representative CD spec-
tra of TMS peptide in SDS micelles and in DMPC
vesicles. In each membrane-mimetic environment, TM5
peptide adopts an a-helical structure with characteristic
double minima at 222 nm and 208 nm and a positive
maximum at 192 nm. Interestingly, unlike the other
AsAR TM peptides previously studied (Lazarova et al.
2004), TM5 peptide displays a ratio of [0]555/[0]208 > 1.
This ratio is characteristic of oligomeric peptides. The
CD spectrum of TMS5 is also concentration dependent
(Fig. 1B); helicity increases as the peptide concentration
increases. Furthermore, upon dilution, the [0]»55/[0]208
ratio becomes <1 between 5 and 10 wM. These data
suggested to us that TMS peptide forms oligomeric
structures in hydrophobic environments.

We constructed two variants of the TMS5 peptide, to be
used in fluorescence and FRET experiments: In TM5W, Y
at position 9 in the peptide is replaced with W; in the
TM5Pyr peptide, pyrene is coupled to the third lysine in
the sequence (Table 1). Incorporation of TMS5SW and
TMS5Pyr in DMPC vesicles and SDS micelles (data not
shown) result in the formation of helical structures very
similar to that obtained for TMS5. These data strongly
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indicate that the modifications made to TM5 do not alter
its secondary and higher order structural features. Using
intrinsic fluorescence, acrylamide quenching and polarized
FTIR spectroscopy we previously demonstrated that the
TMS peptides incorporate in SDS micelles and DMPC
vesicles (Lazarova et al. 2004).

Analysis of the oligomeric states
of TM5 peptide by PAGE

To determine whether TMS peptides form oligomeric
structures, we first performed gel electrophoresis experi-
ments. The results for different peptide concentrations
(540 pM) are presented in Figure 2A. At each TM5
concentration, a band with an apparent MW ~5000 Da
corresponding to the monomeric form of TMS5 is evident.
In addition, a band at an apparent molecular weight
corresponding to twice that of the monomer (~10 kDa)
can be seen at increasing peptide concentrations, strongly
suggesting the existence of a dimeric species of the TM5
peptide. As observed with CD spectroscopy, the oligo-
meric form appears in a concentration-dependent manner,
and begins to appear between 5 and 10 wM. Dimerization
or higher order oligomerization is not observed with the
other TM peptides from AR (Fig. 2B).

Fluorescence and Forster resonance
energy transfer (FRET)

To study TMS peptide self-association in more detail, we
performed fluorescence experiments, using the properties
of two fluorescent groups: the tryptophan at position 9 on
the TM5W peptide, and the pyrene attached to the third
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Figure 1. CD spectra of TMS5 peptide in SDS micelles and DMPC vesicles. (4) TMS (20 wuM) in SDS micelles (open circles),
and in DMPC vesicles (filled squares). (B) CD spectra of TM5W in DMPC vesicles at increasing concentration: 5 uM (filled
circles), 10 wM (open triangles), 15 uM (filled squares), 20 uM (open circles), and 25 M (crosses).
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Table 1. Sequences of the peptides corresponding to the
TMS5 domain of adenosine A, 4 receptor and its variants

Amino acid sequences® Name

KKKMNYMVYFNFFACVLVPLLLMLGVYLRKKK TMS5
KKKMNYMVWFNFFACVLVPLLLMLGVYLRKKK TMSW
KKK(Pyrene) MNYMVYFNFFACVLVPLLLMLGVYLRKKK TMS5Pyr

4The 25 residues predicted to be part of the A;aR TM5 domain
(http://www.gpcr.org/7tm/) are indicated in bold. The Lys added
at the N and C termini are indicated in italics. The nonnative W is
underlined.

N-terminal lysine on the TMSPyr peptide. Pyrene mole-
cules form excited-state dimers (excimers) when two
pyrene rings reside within 10 A (Sahoo et al. 2002) of
each other. This excimer state has a unique fluorescence
peak at ~470 nm. It also has been shown that van der
Walls contact distance (2.4-4.0 A) is required between
pyrenes for excimer formation (Chen and Katz 2002).
The fluorescence emission spectrum of Trp overlaps
very well with the excitation spectrum of pyrene, lead-
ing to an excellent energy transfer between these two
groups. The Forster critical distance for energy transfer
between Trp and pyrene is 28 A (Lakowicz 1999), en-
abling us to monitor helix—helix association.

We first used TM5Pyr by itself to follow the appear-
ance of pyrene excimers. When we titrated TM5Pyr in
DMPC vesicles, a clear increase of excimer fluorescence
emission at 470 nm was observed (Fig. 3), indicating
that pyrene molecules come in very close proximity to
each other, suggesting formation of TM5 homodimers.

In the FRET experiments we monitored both Trp and
excimer fluorescence emissions upon mixing of TM5SW
and TMS5Pyr in DMPC vesicles. When exciting Trp at

(A) [TMS] (uM)
5 10 20 40

144 —

6.0 —
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295 nm, we observe an almost complete quenching of
the Trp emission when TMS5Pyr is added (Fig. 4A),
indicating a productive energy transfer between Trp and
pyrene. On the other hand, when exciting pyrene at 345 nm,
a significant decrease of excimer emission is observed
(Fig. 4B). These results suggest that TM5W competes
with the homodimer formed by TM5Pyr, disrupting the
excimer formation. Similar results were obtained in SDS
and C,Eg micelles (data not shown). As described in
Materials and Methods, it was necessary to premix
TMS5W and TM5Pyr because when pre-formed TMSW
or TM5Pyr homo-oligomers were mixed, the apparent
rate of hetero-oligomer formation (as measured by the
decrease in intensity of the excimer peak, or the quench-
ing of the Trp fluorescence) was extremely slow.

Altogether, the fluorescence data clearly show that
TMS peptides can interact and come in very close contact,
confirming the idea that TMS5 peptides self-associate.
Moreover, the concentration range where we observe
oligomerization by excimer formation and FRET appears
to be the same as in the CD and PAGE experiments.

Stability of TM5 oligomeric forms

After demonstrating the existence of TM5 oligomers, we
sought to assess the stability of these species to tempera-
ture and chemical denaturation using CD spectroscopy
and SDS-PAGE. We first studied the thermal stability
of TMS5 inserted in DMPC vesicles by collecting CD
spectra at temperatures up to 95°C. Figure 5A shows
the relatively high thermal stability of TMS5 oligomeric
structures. Only at a temperature of 95°C does the
[6]225/[0]508 ratio invert, suggesting that the oligomer is
dissociating, leading to monomers that have [6]25/[0]03
<1. It is also important to note that this denaturation

(8)
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Figure 2. Determination of the oligomeric states of the peptides corresponding to the TM domains of A;4R by PAGE. (4)
TMS peptide was loaded on an 10% Bis-Tris gel at various concentrations as indicated at the top of the gel. (B) Peptides
corresponding to other TM domains of A, receptor were loaded at a concentration of 20 uM and run on an 18% Tricine-
Glycine gel using PFO as running buffer. Position of receptor bands are denoted by arrows and molecular weight markers are

indicated (in kDa) at the /left of each panel.
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Figure 3. Excited-state dimer formation followed by fluorescence.
Titration of TM5Pyr in DMPC vesicles upon excitation at 345 nm:
2.56 pM (dashed line), 8.45 uM (solid line), and 10.2 uM (dotted line).
For ease of comparison, intensities of the spectra are normalized to the
380 nm peak of the pyrene monomer.

is reversible; when cooling down to 25°C, the CD spec-
trum exhibits a [0],25/[0]208 ratio >1 again.

We then determined the denaturing effect of urea using
both SDS-PAGE and CD spectroscopy. Figure 5B shows
that urea alone has very little effect on TMS oligomeric
state and structure, even at high concentrations. Indeed,
oligomers are still clearly visible on SDS-PAGE even at
5 M urea (not shown). Figure 5B underlines the fact that
TMS5 structures retain a high helical content and a [0],,,/
[0]0s ratio >1 at high urea concentration. Only the
combination of 5 M urea and 95°C is able to disrupt the
oligomers as judged by CD (Fig. 5B) and SDS-PAGE (not

) Fluorscence intensity (a.u.)

Wavelength (nm)

shown). Note that for the CD spectra in urea, data could
only be collected down to 212 nm because the strong
absorbance of urea increases noise and dynode voltage,
leading to a loss of resolution. Taken together, these data
demonstrate the strong resistance of TM5 oligomeric spe-
cies to the denaturing effects of both temperature and urea.

Effect of reducing agent

To test whether the cysteine residue present in TMS5
peptide sequence is involved in a disulfide bond, we
assessed the effect of Tris(2-carboxyethyl)phosphine
(TCEP), a strong reducing agent. Even with a large
excess of TCEP (1 mM) the CD spectra of TM5 inserted
in DMPC vesicles stayed unchanged (data not shown),
indicating that no disulfide bonds are involved in the
formation of TMS oligomers. As described in Materials
and Methods, the experiments were performed to ensure
that the disulfide bond did not form during peptide
handling. The reversibility of the [0]y2/[0]x0g ratio upon
dilution (Fig. 1B) and with temperature (Fig. 5A) also
supports the idea that a disulfide bond is not involved.

Mutagenesis of the full-length A,4R

A computational model for TM5 dimer based on a method
for modeling the structures of simple TM helix homo-
oligomers (Kim et al. 2003) indicates that N181, CI85,
P189, and M 193 might be part of the contact interface
between two associated TMS5 peptides (S. Kim and J.U.
Bowie, pers. comm.). To test whether these residues are
involved in the dimerization of A,sR, we performed
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Figure 4. TM5 peptide self-association monitored by FRET. (4) TM5W tryptophan fluorescence emission spectrum (310-500
nm) upon excitation at 295 nm in the presence or the absence of TMS5Pyr: 10 puM TM5W (solid line) and 20 pM
(TMSW + TM5Pyr) (dashed line). (B) TMS5Pyr excimer fluorescence emission spectrum (360—550 nm) upon excitation at 345
nm in the presence or the absence of TMSW: 10 puM TMS5Pyr (solid line) and 20 uM (10 pM TMSW + 10 uM TMS5Pyr)
(dashed line). For ease of comparison, intensities of the spectra are normalized to the 380 nm peak of the pyrene monomer.
Total absorbance in all cases was <0.1 at the excitation wavelength to avoid inner filter effects.
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Figure 5. Stability of TM5 peptide to temperature and urea denaturation assessed by CD spectroscopy. (4) CD spectra of TM5
peptide in DMPC vesicles at various temperatures: 25°C (filled diamonds), 40°C (open circles), 95°C (filled circles), and 25°C
return (crosses). (B) CD spectra of TMS (20 uM) mixed in DMPC vesicles in 3 M urea (filled diamonds), in 5 M urea (open

circles), and in 5 M urea + 5 min at 95°C (filled circles).

mutagenesis in the full-length A,A receptor. The M193A
mutant notably and consistently disrupts the monomer:
dimer receptor ratio as observed by SDS-PAGE after
Western blot analysis (Fig. 6). Indeed, the relative amount
of receptor dimer is reduced by at least twofold for the
M193A mutant. This result indicates that M193 is
involved in the dimerization of A,5R.

Discussion

The aim of this study was to investigate the unique folding
and assembly properties of the peptide corresponding to
the fifth transmembrane domain of the human adenosine
Aoa receptor. To achieve this goal, we designed and
characterized peptides corresponding to the “wild-type”
TMS sequence and two variants containing fluorescence
probes (a tryptophan or a pyrene). As previously
described (Lazarova et al. 2004), we flanked each TM
domain with several Lys residues on both termini to
increase their solubility. Thus, all TMS5 variants share
the same chain length of 32 amino acid residues, with 25
residues representing the putative TM domain.

CD spectra of TMS5 in SDS micelles and DMPC vesicles
first suggested to us that TMS5 may self-associate. TMS
spectra display a concentration dependent ratio of [0],2,/
[0]o08 >1. This ratio is one characteristic of oligomeriza-
tion, and is unique among the peptides corresponding to
the seven TM domains of A,oR (Lazarova et al. 2004).
Since a [0]»2/[0]08 >1 is, on its own, not definitive
evidence for oligomerization, further characterization
was performed.

2182 Protein Science, vol. 14

Unlike the other TM peptides, which appear mono-
meric on PAGE, when the TMS5 peptide is subjected to
gel electrophoresis at increasing concentrations, it exhibits
a band with an apparent molecular weight twice that of
the monomeric TMS5 peptide. This finding strongly sug-
gests the formation of TMS5 dimers. Moreover, the con-
centrations where this higher molecular weight band
appears seem to correlate well with the appearance of a

v.

Figure 6. Immunobloting of wild-type and M193A mutant A;sR
expressed in HEK293E cells. Lysed cells expressing either wild-type
AsAR (WT) or M193A mutant were immunoblotted following SDS-
PAGE using the appropriate anti-A,5R antibody. The blot reveals
immunoreactive bands corresponding to the expected monomeric form
(~40 kDa) as well as a higher molecular mass species (~80 kDa).
Position of receptor bands are denoted by arrows and molecular
weight markers are as shown.
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ratio of [0]222/[0]20s > 1 observed in CD data; in both cases,
self-association seems to occur between 5 and 10 wM. The
fact that the other six TM peptides from A,5R are all
monomeric on PAGE, and do not show any concentra-
tion dependence in their CD spectra, indicate that the
TMS interactions are specific. It is worth noting that the
other TM peptides appear monomeric even when run on
native PAGE using PFO (rather than SDS); PFO has
been shown to protect interactions within protein oligo-
mers (Ramjeesingh et al. 1999). This finding further
emphasizes that the TMS5 interactions are unique to this
transmembrane domain peptide.

Pyrene excimers were formed in DMPC vesicles upon
increase of TMS5 pyrene-labeled peptide concentration,
clearly indicating that TMS5 peptides come into close
proximity to each other since the critical distance of
formation for these excimers is <10 A. This finding is
strong evidence that TMS peptides self-associate in a
parallel orientation, as would be expected for A;sR
dimerization in vivo. Considering the characteristics of
a typical a-helix, the transmembrane region of TMS5
peptide should be around 37.5 A in length; if two TMS5
peptides were associating in an anti-parallel orientation,
the pyrene molecules would be much more than 10 A
apart and no excimer formation would be possible. How-
ever, at this time we have not ruled out the possibility
that a mixture of parallel and anti-parallel dimers exists,
and that the observed signal is the result of an average of
signals arising from parallel and anti-parallel dimers.

When TM5W and TMS5Pyr are mixed together in
DMPC vesicles, energy transfer occurs between Trp
and pyrene. We observed a dramatic quenching of the
TMS5W Trp emission when TM5Pyr is added. Similarly,
a significant decrease of excimer emission is observed,
indicating that TM5W competes with the homodimers
formed by TM5Pyr, disrupting the excimer formation.
The fluorescence data clearly indicate that TMS5 peptides
can come into very close contact and form oligomers.

These oligomeric species are quite stable, and resist the
denaturing effects of temperature and urea. Reducing
agents such as TCEP have no apparent effect on TM5
oligomeric state, indicating that disulfide bonds are not
involved in the formation of TM5 oligomers.

While the ratio of [0]»55/[6],03 alone is not definitive
evidence of oligomeric structures (Holtzer and Hotlzer
1995), in our case it correlates very well with the other
lines of evidence presented here. Thus, we believe that
for TMS5, this ratio is a useful marker.

Taken together, these many lines of evidence indicate
that TMS5 peptides self-associate to form oligomeric
species in membrane-mimetic environments. They also
show that strong interactions are involved. Although
it is possible that oligomers larger than dimers may
be formed, SDS-PAGE results and fluorescence data,

especially the disruption of TMS5Pyr excimer by
TMS5W, strongly support the idea of dimer formation.
Furthermore, preliminary sedimentation equilibrium
analytical ultracentrifugation experiments and data anal-
ysis are also consistent with dimer formation (data not
shown). We conclude that TMS5 peptides self-associate
to form homodimers.

In addition, mutation of Metl193 to Alanine clearly
alters the apparent monomer:dimer receptor ratio, indi-
cating that M193 is involved in A;sR dimerization, as
suggested by the computational model. We believe that
TMS is part of the contact interface between two aden-
osine A,4 receptors.

Based on CD, PAGE, and fluorescence data, the Kp
for the TMS dimerization appears to lie in the low micro-
molar range. Currently, it is difficult to determine
whether affinity in this range would be sufficient to
account for the dimerization of A,sR. The local effective
concentration of the receptor in cell membranes is not
known; we are also not aware of any reliable estimate for
the receptor dimerization constant in vivo. In addition,
TMS5 helix contacts may not be the only interactions
implicated in GPCR oligomerization; other structures
such as loops may also be involved (White et al. 1998;
Fotiadis et al. 2004; Giguére et al. 2004). In any case,
we believe that additional studies of the interactions
of TMS5 peptides, and in the context of the full-length
receptor, will continue to be useful in probing these
important molecular events (Marti 1998; Yeagle et al.
2001).

The resistance of TMS5 oligomers to temperature and
urea denaturation also raises the possibility that TMS is
involved in A>AR aggregation when it is overexpressed.
The well-known tendency of GPCRs to aggregate in inclu-
sion bodies when they are expressed in such systems as
Escherichia coli or yeast underlines the importance of
understanding these interchain interactions. TM5 might
be the interface in question in the case of A,AR. Studying
the residues involved in TM 5 self-association may provide
better insights in how to control A;sR aggregation.
Indeed, variants of TMS5 peptide that would reduce oligo-
merization and/or aggregation may help solve the techni-
cal problems associated with the purification and
solubilization of this receptor, leading to easier structural
studies.

Finally, it is interesting to interpret our findings in the
context of transmembrane dimerization motifs. Indeed,
none of the known motifs for TM helix dimerization
(GxxxG, AxxxA, SxxSSxxT, polar clamp, serine zipper,
leucine zipper) appears in TMS5. However, statistical
analysis of amino acid patterns in TM helices using
TMSTAT (Senes et al. 2004) reveals that the PM4 pair
(PxxxM) is the most overrepresented doublet pattern
from any combination of PxxxX doublet pattern. This
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analysis is consistent with our findings, and suggests
that the PxxxM pattern may play a role in the dimeriza-
tion of As5R.

This study is the first reported evidence of an individ-
ual GPCR transmembrane domain self-association,
and lays the groundwork for more detailed analysis of
AsaR dimerization. Measurement of thermodynamic
parameters for the TM5 peptide helix—helix interactions,
and the identification of other potential residues
involved in the association, are the subjects of ongoing
experiments. The possible roles of TMS5 in the dimeriza-
tion of A>AR in vivo, and as a motif for aggregation, are
also the focus of our current investigations.

Materials and methods

Peptide design and synthesis

Table 1 shows the amino acid sequence of the peptides used
in this study. The peptides were designed to correspond to
the fifth TM domain (TMS5) of the human adenosine Asa
receptor as described previously (Lazarova et al. 2004).
Lysine residues were added at the N and C termini of the
peptides (Lazarova et al. 2004). Two variants were con-
structed to enable us to monitor oligomerization using fluo-
rescence spectroscopy. We substituted Y for W in TMS5
(TM5W), and we labeled TM5 with a pyrene-butyric acid
derivative on the third N-terminal Lysine (TM5Pyr). These
changes did not alter the secondary structure of the peptides;
peptides with and without these modifications displayed
equivalent CD spectra (not shown). Peptides were synthe-
sized by and purchased from SynPep. All peptides were
purified to >95% purity as judged by HPLC. The identity
of the purified peptides was confirmed by mass spectrometry.
Peptides were stored at —20°C as solid powders.

Peptide concentration

Peptide concentrations were determined using two different
approaches: by amino acid analysis (performed at Purdue
University Core Facility PSAL), or by measuring UV absor-
bance of the peptides in 6 M Guanidine-HCI at 280 nm, using
appropriate extinction coefficients for the aromatic Tryptophan
and Tyrosine residues (Brandts and Kaplan 1973). Prior to
measurements, peptide stock solutions (2 mg/mL) were prepared
in acetonitrile/water (1:1).

Preparations of vesicles and micelles

SDS micelles and DMPC vesicles were both prepared in
10 mM Tris, pH 7 as previously described (Lazarova et al.
2004). The lipid films were prepared by dissolving about 10 mg
of lipid in chloroform/methanol (2:1), then drying under a
stream of N,. Large unilamellar vesicles were obtained after
hydrating in 10 mM Tris, pH7 and extruding through two-
stacked polycarbonate membranes (with a pore size of 100 nm)
using a Mini Extruder (Lipofast, Avestin). The concentration
of SDS was always well above the critical micelle concentra-
tion (Henry and Sykes 1994).
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CD measurements

Far-UV CD spectra of the peptides were recorded on an Aviv
model 202 spectrometer equipped with a Peltier thermal-
controlled cuvette holder. All measurements were performed
at 25°C unless noted. Peptide concentrations used in CD
experiments were in the range of 5-30 wM. Peptide:lipid
molar ratios were 1:100 for measurements in vesicles. CD
intensities are expressed in Mean Residue Molar ellipticity
[6], calculated from the equation

[0] = 0obs/10 l-c-n (in degrees cm?-dmol ™)

where 60,5 1s the observed ellipticity in millidegrees, / is the
optical path length in centimeters, ¢ is the final molar con-
centration of the peptides, and n is number of amino acid
residues. To minimize effects of scattering and to ensure that
the CD spectra were observed from peptides in solution,
several precautions were taken as previously described
(Lazarova et al. 2004). The spectra were recorded using a
0.1-cm path length quartz cuvette, from 260-190 nm, at
1-nm step resolution and integration time of 3 sec. In the
case of TCEP treatment, | mM TCEP was added to a 5 pM
TMS5 peptide solution, a concentration at which TMS peptide
is known to be monomeric to ensure that disulfide bonds are
not formed during peptide handling. The TMS5 peptide con-
centration is subsequently increased to 10 uM, 20 pM, and
40 wM by addition of appropriate volumes of the stock
solution, in 5 pM increments.

Gel electrophoresis

Appropriate volumes of peptide stock solutions were first
premixed with 10 mM HEPES buffer. The solutions were
then mixed with 2X sample buffer (100 mM Tris-Cl at pH
6.8, 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (v/v)
glycerol). The samples were loaded on 10% NuPAGE Bis-
Tris precast polycacrilamide gels (Invitrogen). The running
buffer contained 50 mM MES at pH 7.2, 50 mM Tris-HCI,
0.1% SDS, and 1 mM EDTA. Samples were run at 200 V,
at room temperature. For additional experiments with the
other TM peptides, using perfluoro-octanoic (PFO) PAGE,
the protocol described by Ramjeesingh and colleagues
(Ramjeesingh et al. 1999) was followed. Peptides were first
premixed with 10 mM HEPES buffer containing 0.5% PFO.
The solutions were incubated at room temperature for 15 min
and then mixed with 2X sample buffer. The samples were
loaded on native 18% Tris-Glycine precast gels (Invitrogen).
The running buffer contained 25 mM Tris, 192 mM glycine,
and 0.5% PFO; the pH was adjusted to pH 8.5 with NaOH.
Samples were electrophoresed at 125 V, at 4°C. Gels were
then stained and visualized using GelCode Plus Staining
Reagent (Pierce).

Fluorescence measurements

Fluorescence measurements were performed on an ISS PC-1
spectrofluorimeter, operating in photon-counting mode, using
10 X 10- or 2 X 10-mm quartz cuvettes at 25°C unless specified.
To minimize light scattering effects, all scans were performed
with emission polarizer oriented at 0° and the excitation polar-
izer at 90°. If Trp emission was monitored, the samples were
excited at 295 nm and the emission spectra were taken from
300 to 500 nm. In the case of pyrene emission, the excitation
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wavelength was 345 nm and the emission was scanned from
360 to 550 nm. Concentrations of the peptides were chosen to
prevent inner filter effects.

To study the interaction between TM5W and TM Spyr, 24 mL
of 1 uM of TM5W solution in water was combined with 24 mL
of 1 uM of TMS5pyr to give 48 mL of 1 puM (TMS + TMSpyr)
solution. Aliquots of this solution were prepared, and then
vacuum centrifuged overnight at 30°C. Pellets were finally resus-
pended in either 10 mM Tris buffer or DMPC to the appropriate
concentrations of (TM5W + TMS5pyr) solution. This procedure
was necessary because when preformed TMSW or TMS5Pyr
homo-oligomers were mixed, the apparent rate of hetero-
oligomers formation (as measured by the decrease in intensity
of the excimer peak, or the quenching of the Trp fluorescence)
was extremely slow. The experiments with DMPC vesicles were
performed at 35°C, which is well above the T,, of the lipid
(23°C). To study the formation of pyrene excited-state dimers,
TMS5Pyr was titrated in the presence of DMPC vesicles, main-
taining the 1:100 peptide:lipid molar ratios.

A>4R mutagenesis

Site-specific mutations were introduced in the full-length cDNA
encoding for the human adenosine A,4 receptor cloned into the
mammalian expression vector pCEP4 (Invitrogen) using the
overlap extension method (Higuchi et al. 1988). Briefly, two
primary polymerase chain reactions (PCR) first produce two
overlapping DNA fragments, both bearing the same mutation
introduced via primer mismatched, in the region of overlap.
A secondary reamplification combined the two fragments
using the two flanking (outermost) primers to produce the
full-length product. This product was then subcloned into
pCEP4. Identity of the mutants was confirmed by DNA
sequencing (University of Delaware Biotech Core Facility).

Mammalian cell culture and A, 4R expression

HEK293E cell line with and without transiently transfected
A>AR was grown and maintained in Dubelcco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.5 mg/mL
geneticin (Invitrogen). Transient transfections were performed
using the Lipofectamine 2000 reagent (Invitrogen) according
to the manufacturer’s protocol. Two days after transfections,
the cells were washed twice with 5 mL of phosphate-buffered
saline and collected for analysis.

Western blotting

As previously described (Berger et al. 2005), transiently trans-
fected cells were resuspended in 2 mL of ice-cold buffer con-
taining 5 mM Tris-HCl at pH 7.4, 2 mM EDTA, and 100 pM
PMSF, and then were homogenized and lysed by sonication
on ice using a Branson 450 sonicator. The samples were loaded
and run on 10% NuPAGE Bis-Tris gel as described above,
transferred to nitrocellulose membrane using Trans-blot trans-
fer medium (Bio-Rad) and then blotted using 1:200 goat anti-
AsAR primary and 1:2000 HRP-conjugated rabbit anti-goat
antibodies (Santa Cruz Biotechnology, Inc). Visualization was
achieved using SuperSignal West Pico Chemiluminiscent sub-
strate (Pierce) and a Typhoon 8600 Variable Mode Imager
(Amersham Biosciences).
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