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Structure of a Double Transmembrane Fragment of a G-Protein-Coupled
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ABSTRACT The structure and dynamic properties of an 80-residue fragment of Ste2p, the G-protein-coupled receptor for
a-factor of Saccharomyces cerevisiae, was studied in LPPG micelles with the use of solution NMR spectroscopy. The fragment
Ste2p(G31-T110) (TM1-TM2) consisted of 19 residues from the N-terminal domain, the first TM helix (TM1), the first cytoplasmic
loop, the second TM helix (TM2), and seven residues from the first extracellular loop. Multidimensional NMR experiments on
['®N], ['®N, '3C], ['®N, '3C, 2H]-labeled TM1-TM2 and on protein fragments selectively labeled at specific amino acid residues
or protonated at selected methyl groups resulted in >95% assignment of backbone and side-chain nuclei. The NMR investigation
revealed the secondary structure of specific residues of TM1-TM2. TALOS constraints and NOE connectivities were used to
calculate a structure for TM1-TM2 that was highlighted by the presence of three «-helices encompassing residues 39—47,
49-72, and 80103, with higher flexibility around the internal Arg®8 site of TM1. RMSD values of individually superimposed helical
segments 39-47, 49-72, and 80—-103 were 0.25 + 0.10 A, 0.40 + 0.13 A, and 0.57 = 0.19 A, respectively. Several long-range
interhelical connectivities supported the folding of TM1-TM2 into a tertiary structure typified by a crossed helix that splays apart
toward the extracellular regions and contains considerable flexibility in the G®®*VRSG®° region. '®N-relaxation and hydrogen-
deuterium exchange data support a stable fold for the TM parts of TM1-TM2, whereas the solvent-exposed segments are
more flexible. The NMR structure is consistent with the results of biochemical experiments that identified the ligand-binding

site within this region of the receptor.

INTRODUCTION

Relatively few high-resolution structures for membrane
receptors and transporters have appeared in the Protein
Data Bank, despite the fact that these IMPs have been esti-
mated to constitute 25-30% of eukaryotic proteins (1,2).
Among the IMPs, GPCRs represent a biomedically impor-
tant superfamily of eukaryotic proteins. Eight hundred
GPCRs have been identified by analysis of the human
genome, and 30-50% of prescription drugs target these
proteins (3). However, the high-resolution structures re-
ported to date are limited to those of rhodopsin (4), the
B-adrenergic receptors (5,6), and the human A,, adenosine
receptor (7). To alleviate this underrepresentation, many
laboratories are actively involved in developing new tech-
niques to express, isolate, and crystallize membrane proteins
(8,9) and to study them in membrane-like environments

Submitted December 8, 2008, and accepted for publication January 13,
2009.

*Correspondence: naider@mail.csi.cuny.edu; oliver.zerbe@oci.uzh.ch

Abbreviations: IMP, integral membrane protein; GPCR, G-protein coupled
receptor; NOE, nuclear Overhauser effect; CD, circular dichroism; DPC,
dodecylphosphocholine; LPPG, 1-palmitoyl-2-hydroxy-sn-glycero-3-[phos-
pho-rac-(1-glycerol)]; IPTG, isopropyl-3-thiogalactopyranoside; HSQC,
heteronuclear single quantum coherence; NOESY, nuclear Overhauser
enhancement spectroscopy; '°N{'H}-NOE, heteronuclear Overhauser
enhancement of '°N after saturation of 1H; 2D/3D, two-dimensional/three-
dimensional; ppm, parts per million; NT, N-terminus; RMSD, root
mean-square deviation; RP-HPLC, reverse-phase high-performance liquid
chromatography; TM, transmembrane.

Editor: Mark Girvin.

© 2009 by the Biophysical Society

0006-3495/09/04/3187/10  $2.00

(10,11). Crystallization of membrane transporters and recep-
tors has been aided by the use of chimeras, antibodies, and
mutations to decrease the inherent flexibility of these
IMPs. Although significant successes are being reported,
crystallization of IMPs is still more art than science. Note-
worthy progress has also been achieved in solid-state
NMR studies (12-15), and most recently solution-state
NMR experiments in detergent resulted in the complete
backbone assignments of sensory rhodopsin II from Natro-
nomonas pharaonis (16).

The use of peptides that represent individual regions of
IMPs as surrogates for the partial structure of IMPs was pred-
icated on a model of membrane protein assembly (17,18). In
the first stage of the two-state model of IMP folding origi-
nally proposed by Popot and Engelman (17), upon partition-
ing into the membrane interface the peptide forms «-helical
TMs, which then spontaneously insert into the bilayer core
due to entropic driving forces. In stage two, these indepen-
dent domains assemble into the 3D protein structure. TM-
TM assembly likely involves van der Waals packing forces,
a few polar or electrostatic interactions, and C-H—O=C
hydrogen bonds, and often is influenced by GXXXG motifs
and the presence of proline residues (19). The two-stage
model was later extended to include additional interactions
with membrane-lipid headgroups (18). Peptides correspond-
ing to single TM domains of bacteriorhodopsin (20-25),
rhodopsin  (26-30), Ste2p, the «-factor receptor (28,
31-36), and the adenosine A2 receptor (37,38) were shown
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to assume helices in membrane mimetic solvents, thereby
providing evidence for the two-stage model.

Despite the extensive use of peptide fragments to elucidate
the biophysical properties of regions of IMPs, significant
skepticism remains concerning the biological significance
of the information obtained from such investigations. Few
studies have been conducted on peptides longer than a single
TM. CD studies revealed that two TM fragments of the
u-opioid receptor and the CB2 cannabinoid receptor were
highly helical in membrane mimetic solvents such as trifluoro-
ethanol/water and a variety of detergents (39-41). Well-
resolved 2D NMR spectra were measured and 80% of the
peaks were assigned for the CB2 double TM fragment in
DMSO solution. An NMR structure was reported for
a two-TM fragment of the human glycine receptor in trifluoro-
ethanol (42), and a series of biophysical studies from the
CFIR protein provided insights into the influence of turn
structures and residue effects on helical hairpin formation
(43). Nevertheless, no high-resolution information is pres-
ently available regarding multitopic GPCR fragments in
a lipid-like environment, and it is not clear whether two
contiguous domains of these heptahelical receptors will
pack to a stable tertiary structure in a detergent micelle.

Herein we present a detailed high-resolution NMR study
on an 80-residue fragment of the yeast a-factor receptor
Ste2p(G31-T110) containing a short stretch of the
N-terminus (NT), TM domain 1 (TM1), the first intracellular
loop (IL1), TM domain 2 (TM2), and a short stretch of the
first extracellular loop (EL1) (Fig. 1). This polypeptide was
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FIGURE 1 Schematic representation of Ste2p(G31-T110) [TM1-TM2].
NT: 19 residues of the NT domain of Ste2p; TM1: first TM helix; IL1: first
intracellular loop; TM2: second TM helix; EL1: first extracellular loop. The
mutated methionines and cysteine are shaded. The numbering used follows
that of the intact receptor.
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biosynthesized with ['*N], ['°N,'*C], ['°N,*C,*H] uniform
isotope labeling. In addition, it was labeled at specific amino
acids or at unique methyl protons in an otherwise perdeuter-
ated background. With the use of triple-resonance NMR
experiments, nearly complete assignment of backbone and
side-chain resonances in LPPG micelles was accomplished.
3D NOESY spectra in combination with deuterated LPPG
allowed assignment of a large number of medium-range
NOE:s that unambiguously established the secondary struc-
ture. Moreover, the use of a labeling pattern introduced by
Tugarinov and Kay (44) allowed determination of several in-
terhelical long-range NOEs among methyl groups, and these
NOE-derived restraints were used to calculate a model of the
structure of the 80-residue fragment. The structure represents
the first high-resolution structure, to our knowledge, of
a double TM domain fragment of a GPCR in lipid. The
data help to explain biochemical cross-linking studies that
revealed an interaction of the 13th residue of the a-factor tri-
decapeptide with residues 58 and 59 of the a-factor receptor.

MATERIALS AND METHODS
Chemicals and solutions

Deuterated water, a-ketobutyric (]3C4, 98%; 3,3-D,, 98%) and «a-ketoisova-
leric (1,2,3,4,-°Cy, 99%; 3,4,4,4-Dy, 98%) acids were bought from Cam-
bridge Isotopes (Andover, MA) and (deuterated) lipids were purchased
from Avanti Polar Lipids (Alabaster, AL). All other chemicals used were
ordered from Sigma-Aldrich (St. Louis, MO) or Fluka (Buchs, Switzerland).

Cloning, expression, and purification of
isotopically-labeled Ste2p(G31-T110)[TM1-TM2]

TMI1-TM2 was successfully expressed as a TrpALE fusion protein, from
which it was liberated by cyanogen bromide (CNBr) cleavage and purified
by RP-HPLC. The cloning, expression, and isolation of Ste2p(G31-T110)
labeled with °N, '*C and °H; [“N,°C’HJ]-TMI-TM2 (G’'NGST
ITFDE LMQGLV NSTVT Q’'AILF GVRSG A%’AALT LIVVW I’'TSRS
RKTPI F¥'TINQ VSLFL I°'ILHS ALYFK Y'"'LLSN YSSVT) were carried
out using procedures described previously (45). This protein fragment
contains four replacements of natural residues (three methionines were re-
placed with leucine, valine, and isoleucine, and Cys was replaced with Ser)
to enable the CNBr cleavage and to stabilize the peptide against oxidation.
The rationale for using these exact replacements was discussed previously
(45). Cys can be replaced by Ser without any effect on the biological activity
of Ste2p (46), and replacement of individual methionine residues with leucine,
valine, or isoleucine has been shown to be biologically acceptable (47). TM1-
TM2 protein fragments selectively labeled with ["°NJ-alanine, ['*N]-isoleu-
cine, ["°N]-leucine, ['°N]-valine, or [15N]—phenylalanine were prepared in
defined minimal medium supplemented with all unlabeled amino acids and
an excess of the [°N]-labeled amino acid as described by Cohen et al. (45).

A sample of TM1-TM2 that contained protonated methyl groups in an
otherwise fully deuterated background was prepared as described by Tugar-
inov et al. (48). Briefly, BL21-AI cells containing pLCO1 were streaked
onto LBAmp plates and incubated overnight at 37°C. A 6 mL LBAmp culture
was inoculated with one colony from the overnight growth and incubated at
37°C, 250 rpm, to ODgp 0.7-0.8. These cells were pelleted and resuspended
in M9 minimal media in H>O to ODggg ~ 0.05-0.1 and then incubated at 37°C
as above to ODgqp 0.6. The cells were once again pelleted and resuspended in
100 mL M9 minimal media in D,O containing '*C/*H-glucose and '*NH,Cl
(M9/D,0), and cells were grown until ODggp ~ 0.4-0.5 was reached. The
cells were then diluted to 200 mL with M9/D-0, incubated as above to
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ODggp ~ 0.4-0.5 and then diluted to 1L in M9 medium in D,O supplemented
with 70 mg/L a-ketobutyric acid (**Cy4, 98%; 3,3-D,, 98%) and 120 mg/L
a-ketoisovaleric acid (1,2,3,4-13Cy, 99%; 3,4'.4' 4'-D,, 98%). These cells
were incubated at 37°C, 250 rpm, to ODgpo ~ 0.3-0.4 and expression was
induced with 0.5% L-arabinose. They were then grown at 37°C, 250 rpm,
for 6-8 h and harvested by centrifugation. Further details regarding the
purification are described in Cohen et al. (45).

NMR sample preparation

Partially, uniformly or selectively '*N/**C/*H/'H-labeled TM1-TM2 NMR
samples were obtained by dissolving the protein (0.3—1 mg) and detergent
LPPG (28.4 mg) in sodium phosphate buffer (200 uL, 20 mM, pH = 6.4,
1-2 min of shaking), followed by sonication (2 x 15 min) and incubation
(30 min) at 37°C before transfer to a Shigemi NMR tube. The final concentra-
tions used for NMR measurements were ~0.1-0.4 mM and 200 mM for the
protein and LPPG, respectively. The samples prepared using this method
were sufficiently stable for measurement of NMR spectra at 320 K, and dis-
played degradation in the form of a white precipitate only after 2 weeks.
2D, 3D triple-resonance, and '*N-resolved NOESY spectra were recorded
at 320 K using a Bruker AV700 spectrometer equipped with a triple-resonance
cryoprobe. The 13C-edited HSQC and NOESY spectra centered on methyl
(19 ppm), aliphatic (39 ppm), and aromatic (125 ppm) carbons were recorded
at 320 K using 900 MHz spectrometers at the New York Center for Structural
Biology and at the Swiss Federal Institute of Technology. All proton chemical
shifts were referenced to the water line at 4.48 ppm at 47°C, from which the
nitrogen and carbon scales were derived indirectly by using the conversion
factors of 0.10132900 (*°N) and 0.25144954 ('*C). Chemical shifts were
deposited in the BMRB database under accession code 15995.

NMR spectroscopy

Sequence-specific resonance assignment was accomplished based on a set of
triple-resonance experiments as well as '°N- and '*C-resolved NOESY
spectra. Backbone assignment was performed based on the set of HNCO/
HN(CA)CO experiments (49) and HNCA/HN(CO)CA experiments (49).
HNCACB and CBCA(CO)NH spectra (50) were evaluated to additionally
support assignments made and to derive information on C@ chemical shifts.
Side-chain resonance assignment started with (H)CCH-TOCSY/COSY
experiments (51,52). Finally, chemical shifts were obtained by picking
peaks in a 13.3 ms constant-time (ct)-['*C,"H]-HSQC spectrum (53). Unfor-
tunately, the signal/noise ratio in the (H)CCH data set was insufficient, so
extensive use of '*C-resolved NOESYs had to be made. Methyl groups of
Val(Hy), Ille(Hol), and Leu(Ho01/62) residues were assigned using
a HMCMCBCANH experiment developed by Tugarinov and Kay (44).
Peak positions were adjusted to the 13.3 ms ct-['*C,'"H]-HSQC spectrum
and cross-validated against the 3C-resolved NOESY experiments recorded
on fully protonated and partially methyl-protonated samples. The aromatic
ring systems of Tyr, His, and Trp residues were picked in an 8.8 ms ct-
['*C,'H]-HSQC and correlated with B-carbons via the HBCBCGCDHD
experiment (54) whenever possible or via NOEs from the BC-NOESY
centered on aromatic carbons. All chemical shifts were finally derived
from peaks in the ['°N,'"H]-HSQC and the ct-['>C,'"H]-HSQC spectra. All
experiments employed pulsed-field gradients (55).

The extent of amide hydrogen exchange was probed by recording
a [°N,'H]-HSQC experiment, in which low-power irradiation was applied
on the water resonance during the relaxation delay. '’N-relaxation data
were recorded using a proton-detected version of the '’N{'H }-steady-state
NOE experiment (56,57) with a 2.7 s recycle delay.

Processed data were transferred into the programs CARA (58) and
XEASY (59) for data analysis. MOLMOL was used to calculate RMSD
values and prepare structural representations (60).

Structure calculation

Distance restraints were obtained from '’N-resolved NOESY spectra
recorded on ['°N,"*C]- and ["°N,?H]-labeled TM1-TM2 samples with
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mixing times of 70 and 200 ms, respectively, and from '*C-resolved
NOESY spectra recorded on ["°N,"*C]- and ["°N,"*C,>H('H(methyl)-Ile,
Leu, Val)]-labeled TM1-TM2 samples with mixing times of 100 and 200
ms, respectively. In addition, dihedral angle restraints derived from TALOS
(61) using chemical shifts of 'Ha, *Ca, '*Cg, *C’, and '°N nuclei were
added. Structures were calculated with the program CYANA (62). The final
CYANA calculation was performed with 100 randomized starting struc-
tures, and the 20 CYANA conformers with the lowest target function values
were selected to represent the NMR ensemble and deposited in the Protein
Data Bank under accession code 2k9p.

RESULTS

Biosynthesis of selectively methyl protonated
samples

Expression of selectively methyl protonated TM1-TM2
fusion protein in an otherwise deuterated background as
described by Tugarinov and Kay (44) was performed using
ketobutyric and ketoisovaleric acids that were isotopically
labeled with 'H, 2H, and '3C as described by Tugarinov
et al. (48). After the fusion protein was expressed, the cells
were harvested, inclusion bodies were solubilized in 70% tri-
fluoroacetic acid, and CNBr was used to remove the TrpALE
peptide segment, immediately followed by purification by
RP-HPLC in an acetonitrile/isopropanol/water gradient to
>95% purity (see Fig. S1 in the Supporting Material) (45).
The yield of purified protein fragment after lyophilization
was 5.5 mg/L and the incorporation of '°N, '°C, and *H
was >95% (calculated MW = 9702.29, observed MW =
9660.42).

Backbone resonance assignment

Resonance assignment of TM1-TM2 was accomplished with
the use of 3D triple-resonance NMR experiments. Seventy-
five crosspeaks were detected in the ['°N,"H]-HSQC spec-
trum (Fig. 2), for which well-separated resonances in both
HNCO and HNCA spectra were present; ~30 of the cross-
peaks in the ['°N,'"H]-HSQC spectrum had corresponding
intra- and interresidual Ca and C@ peaks in the [13C,1H]
strips of the HNCACB and CBCA(CO)NH experiments.
For ~20 peaks in the [ISN,IH]-HSQC spectrum, one or
more resonances were missing in the corresponding strips
from HNCACB or CBCA(CO)NH, and for the remaining
~20 residues no peaks were observed in the corresponding
strips (see Fig. S3). [15N,1H]—HSQC spectra measured on
TM1-TM2 selectively labeled with 5N-amino acids (Ile,
Leu, Phe, Ala, or Val) supported the assignments. Because
of the large number of Ile and Leu residues in the TM1-
TM2 sequence, we experienced significant difficulties with
the backbone assignment for residues 63—68 and 87-94.
We were able to resolve these difficulties by searching for
sequential HN-HN, HN-H(aliphatic), and H(aliphatic)-
H(aliphatic) crosspeaks in the '°N- and '*C-resolved NOESY
spectra. Subsequently, these assignments were further cross-
validated against (H)CCH-TOCSY and '*C-resolved
NOESY data. Because of overlapping or missing peaks, we
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FIGURE 2 ["°N,'H]-HSQC spectrum of Ste2p(G31-T110). The spectrum
was recorded at 700 MHz, 320K, on a 0.4 mM sample of the protein frag-
ment in 200 mM LPPG at pH 6.4. The sequence-specific assignments are
annotated.

were initially not able to assign amide moieties of Gly>',
Asn32, Ser47, and GIn®. However, in combination with
knowledge of typical chemical shifts encountered for such
residues, we were able to assign them using the combination
of the ct-[°C,"H]-HSQC and '"*C-resolved NOESY. The
overall completeness of the backbone assignment for HN,
N, He, Ce, and C’ was above 95%.

Side-chain resonance assignment

Based on the unique Ho and Ca resonance assignments
derived from the backbone assignment process described
above, the Ha/Ca crosspeaks were used as anchoring points
for assignment of the aliphatic side chains. Because the
signal/noise ratio in both the (H)CCH-TOCSY and
(H)CCH-COSY spectra was often insufficient, extensive
use of "*C-resolved NOESY and '’N-resolved NOESY
spectra was required. Again, severe difficulties for side-chain
assignments of Ile and Leu residues were encountered, espe-
cially in the methyl region that was partially covered by
peaks from the nondeuterated LPPG. However, when
partially deuterated d;c-LPPG was used, the signals cleared
up and NOEs could be used for assignment purposes
(Fig. S4). Moreover, we observed significant line narrowing,
most likely due to the reduced intermolecular dipolar broad-
ening in the presence of the deuterated palmitoyl chains. To
further facilitate assignments, a protein sample was prepared
following the methodology developed by Tugarinov and
Kay (44), whereby protonated methyl groups from Ile,
Leu, and Val are introduced into an otherwise completely
perdeuterated background. Assignment of methyl groups
of Val(Hry), Ile(Ho1), and Leu(Hd1/62) residues was accom-
plished by using an HMCMCBCANH experiment (44).
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However, the higher resolution in the 900 MHz '*C-resolved
NOESY spectrum recorded on the selectively [ISN,13 C,
“H('"H(methyl)-Ile, Leu, Val)]-labeled sample (Fig. 3) was
required to unambiguously establish a number of methyl-
methyl NOEs that were critically important for establishing
interhelical contacts.

The unique aromatic side-chain resonances of Trp’°,
His®, Tyr”®, Tyr'®!, and Tyr'°® were picked in the aromatic ct-
[13C,1H]-HSQC and assigned from 2D (HB)CB(CGCD)HD
experiments. Aromatic protons from Phe residues 38, 55,
81, 89, and 99 were assigned using the '>C-resolved aromatic
NOESY experiment, but signal dispersion was so small that
unambiguous assignments could only be established for
Phe®®. Ultimately, the percentage of the unambiguously
assigned side-chain resonances was ~95%, whereas assign-
ments of ~5% of the resonances, including aromatic spin
systems of phenylalanine residues 55, 81, 89, and 99, and
aliphatic spin systems of leucine residues 54, 64, and 97,
were ambiguous.

Backbone dynamics of TM1-TM2 in LPPG

Values of the heteronuclear ">’N{'H}-NOE (H-NOE) have
been used to discriminate well-structured regions from those
that display increased flexibility (57). In the 2-TM protein,
most residues in segments 37-44, 50-72, and 80-101 had
H-NOE values of >0.75 (Fig. S5). The H-NOE values for
many residues in segments 45-49, 58-62, and 74-81 were
reduced to ~0.6. The predicted TM helices TM1 and TM2
are characterized by comparably large H-NOEs, whereas
most values for residues S72-P79, which are predicted to
constitute the first intracellular loop, are lower. From residue
Ser'”’ to the C-terminus, and from 1le*® to the NT, the
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FIGURE 3 Methyl region from the 900 MHz ct- ['*C,"H]-HSQC of the
selectively methyl-labeled Ste2p(G31-T110) sample in the dz;6-LPPG
solution. Assignments of methyl groups corresponding to Ile, Leu, and
Val residues are annotated.
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H-NOE values steadily decreased, indicating that both
termini are rather flexible, which is supported by the absence
of medium-range NOEs in these regions (vide infra).

Structure calculation

Once the chemical shifts were available, structure calcula-
tions were performed with the program CYANA and the
internally implemented algorithm for automatic NOE
assignment (62). Distance restraints were obtained from
N-resolved NOESY and '*C-resolved NOESY spectra.
In addition, 42 dihedral angle restraints were derived from
13C chemical shifts of *Ca, 13CB, 13C’and >N atoms using
the program TALOS (61). Initially, hydrogen-bond restraints
were applied in the regions of the putative helices to facilitate
automatic assignment of medium-range NOEs. After the
hydrogen-bond restraints were removed, almost all
medium-range contacts remained, and these were manually
checked in the 3D spectra. As shown in Fig. 4, almost
complete sets of a,((i,i+3) and numerous o,N(i,i+3) and
several o,N(i,i+4) contacts for the segments comprising resi-
dues 49-72 and 80-103, which correspond to the predicted
TM regions (TM1 50-72, TM2 79-103), were observed
throughout the helices. Moreover, we observed characteristic
a,B (1,i+3) contacts for residues 39—47 of the NT domain.
This region of the protein fragment also appeared to form
an o-helix that is most probably surface-associated
(vide infra).

Using the above restraints (Fig. 4) and several long-range
restraints measured on selectively methyl protonated
samples, we calculated the ensemble of the 20 lowest-
energy NMR conformations depicted in Fig. 5. The super-
position of NMR-derived conformers reveals the presence

40 50 60
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of two TM helices corresponding to the predicted TM1
and TM2 segments, preceded by an additional helical
region encompassing residues 39—47. In 11 of the 20
conformers, the first a-helix starts at residue 38 according
to the criteria of Kabsch and Sander (63). The TM1 and
TM2 «-helices extend from residues 49-72 and 80-103 in
all conformers. When backbone atoms from the TM1 and
TM2 helices are individually superimposed, the RMSD
values are 0.40 & 0.13 A and 0.57 £ 0.19 A for backbone
atoms of residues 49—72 and 80-103, respectively, whereas
the RMSD is 2.36 & 0.97 A when superimposing backbone
atoms of residues 49—103. For the amphiphilic «-helix of
the NT domain, the RMSD value is 0.25 + 0.10 A. Consid-
ering that residues 55-60 display lower H-NOE values
(Fig. S5) and fewer correlations in the corresponding 3D
NOESY spectrum (Fig. 4), we suspect that the segment
comprising residues 55-60 around the internal Arg®
undergoes slow conformational exchange corresponding to
a kink motion. A similar behavior was observed for residues
80-88, indicating that the entire NT half of the second TM
helix is destabilized. The segments encompassing residues
31-38, 71-79, and 104-110 display no contacts character-
istic of helices and have decreased H-NOE values, and
therefore are more flexible. At present, the number of
tertiary contacts between the TM helices remains insuffi-
cient to unambiguously establish their relative orientation.
However, we observed unambiguous long-range NOE
contacts between methyl groups of the residues Leu®’—
Val®, Ala®-Val®, Ala®-Leu”, and Val®-Ser” that
help to partially restrain the tertiary structure in the helical
regions adjacent to the loop (Fig. 5). No unambiguous
long-range contacts involving the w-systems of the aromatic
residues were detected.
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daNGLi+1)
doN(ii+1)

dgn(iii+]) —

dn(ii+2) _IE—
don(0,i+2) - _ 8
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dop(ii+3)
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FIGURE 4 Sequence plot displaying characteristic
upper distance restraints along the Ste2p(G31-T110)
sequence derived from NOEs. Regions of the predicted
110 TM helices and the extracellular helix are shaded in gray.
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FIGURE 5 (A) Backbone representa-
tion of the ensemble of the 20 lowest-
energy conformers of Ste2p(G31-T110)
superimposed over backbone atoms in
the region comprising residues 39—-103.
Observed long-range NOE contacts
are highlighted in red. (B) A single
conformer from the ensemble addition-
ally displaying the side chains. (C)
Structure of a single conformer—view
from the side of membrane interior. (D)
The same as C but viewed from the cyto-
plasmic side.

We have superimposed the experimental structure deter-
mined in this work with the corresponding segment from
the rhodopsin-based model of the Ste2p receptor published
by Eilers et al. (64) (see Fig. S6). Of interest, the overall
features of the helical hairpin are very similar in both struc-
tures (RMSD of 1.8 A for the superimposition of the back-
bone atoms of TM1 and TM2). The angle between the two
helices is larger in the experimental structure, and the helices
are slightly more closely packed in the structure derived from
homology modeling.

Amide proton exchange

To investigate the extent to which amide protons are protected
from solvent exchange, we measured reductions due to satu-
ration transfer in a [15 N ,1H]—HSQC spectrum (Fig. S7).
Significantly reduced saturation transfer (>80% remaining
peak intensity) was observed in segments 37-48, 52-64,
66-72, and 80-107, whereas a more rapid exchange was
measured in the NT region (residues 32-36) of the protein
fragment and in the loop Thr’>~Thr’®. The observation that
residues 37-48 from the NT of the protein were protected
from solvent exchange is in agreement with the occurrence
of a nascent, probably surface-associated helix in that part
of the polypeptide chain.

DISCUSSION

Despite intense efforts, no high-resolution NMR structure of
an entire GPCR has been reported to date. Very recently, the
nearly complete backbone assignment of sensory rhodopsin
in DHPC was published (16). Moreover, although many
biophysical studies on peptide surrogates representing
regions of IMPs have been conducted, only a few detailed
NMR studies on membrane-spanning peptide fragments of
GPCRs in detergent micelles appear in the literature. We
recently described a solution-state NMR analysis on a frag-
ment comprising the seventh TM domain plus 40 residues
from the cytosolic region of Ste2p in DPC micelles (35). A
peptide corresponding to the sixth TM domain of Ste2p
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was also analyzed in lipid bilayers by solid-state NMR and
was found to be very similar in structure to that observed
in TFE/water (36).

Although important insights into the biophysical proper-
ties of peptides corresponding to single TM regions of
IMPs have been derived, it remains uncertain whether such
peptides are good surrogates to learn about the actual struc-
ture of these regions in the entire GPCR. Even though
peptides corresponding to single TMs of GPCRs did assume
helices in the presence of detergents and in organic aqueous
media (28,65,66), long-range stabilizing interactions
between the individual TM helices may be required for the
GPCR fragment to fold into the biologically relevant confor-
mation. Such long-range interactions are missing in a single
TM fragment of the heptahelical GPCR. Our goal in this
investigation was to extend the high-resolution analysis on
membrane protein fragments to a region of a model GPCR
that consists of two TMs and the intervening loop. Previous
studies on the MerF protein, the human Gly transporter, and
subunit C of the F1Fy ATP synthase provided precedents for
the notion that peptides, including those corresponding to
IMP fragments consisting of two TMs, can fold into a defined
tertiary structure in both detergent micelles (67) and organic
solvents (42,68). The only previous NMR study on a double
TM fragment of a GPCR was conducted in DMSO on the
TM1-TM2 fragment of the cannabinoid receptor (40). That
study resulted in nearly complete assignments of the back-
bone atoms and indicated that this region of the receptor is
highly helical, but it lacked insight into the tertiary structure
of the fragment. Most recently, a detailed NMR analysis of
the TM3-TM4 hairpin of the CFTR receptor in perfluorooc-
tanoate micelles led to nearly complete assignments of the
backbone resonances and, with the help of a number of
specific mutations, provided insights into the structure of
the helical hairpin (43).

Here, using a variety of isotope labeling patterns and
NMR experiments, we achieved a nearly complete assign-
ment of the backbone and side-chain nuclei in detergent
micelles for an 80-residue protein fragment corresponding
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to the first two TM domains of Ste2p, the yeast a-factor
GPCR. During the course of this project, we noted that the
use of deuterated LPPG significantly improved spectral
quality by both eliminating interfering micellar resonances
and decreasing intermolecular relaxation pathways that
likely result in broadening of protein resonances. In addition,
only when we used proteins specifically labeled at certain
methyl groups (Fig. 3) and NMR experiments suggested
by the Kay laboratory (69) were we able to resolve individual
methyl resonances. The combination of deuterated LPPG
and methyl-labeled protein fragments allowed us to identify
many medium-range NOEs (Fig. 4) that define secondary
structure in the TM1 and TM2 helices and, most importantly,
to discern long-range NOEs between residues on TM1 and
TM2. These latter interactions provide support for the
conclusion that in LPPG this fragment folds to a helical
hairpin-like structure (Fig. 5).

In addition to defining the secondary structure of the TM
regions and identifying the helical hairpin, our investigation
revealed the presence of a helix in the amino-terminal
portion of TM1-TM2 that according to its amphiphilic nature
is most likely surface-associated. The identification of
a helical element in the amine terminal tail of TM1-TM2
may be a biologically significant finding, as the NT of
GPCRs plays essential roles in their biology. Although
studies on chimeric Ste2p from Saccharomyces cerevisiae
and Saccharomyces kluyveri provided evidence that the first
45 residues in the NT of Ste2p from S. cerevisiae were not
critical for ligand-binding specificity or signaling (70), it
was observed that substitutions in residues 4749 affected
binding specificity but not signaling (71). Moreover, deletion
of the first 30 residues of the 51 residue NT of Ste2p led to
MATa cells that signaled but could not mate (72). The
helical region (residues 39-47) of the NT of TMI1-TM2
that our NMR studies discerned is likely an amphiphilic
helix that interacts with the phospholipid headgroups of
the LPPG micelles. If similar interactions occur in the native
environment, they may help to define the biologically active
structure of the pheromone receptor. Previous crystal struc-
tures published on GPCRs either do not define their NTs
or they reveal some tendency to $-sheet conformations in
the termini of rhodopsin family receptors (73). An NMR
study on a synthetic protein fragment corresponding to the
first 110 residues of the N-Y4 receptor also found a short
helical structure in the extracellular region of this NT
GPCR fragment (74,75). Thus, it is conceivable that the
extracellular NT domain in GPCRs contain specific
secondary structures or incipient structures that can be stabi-
lized on interaction with either ligands or other accessory
proteins involved in signal transduction pathways.

The conformation of the segments corresponding to the
putative TM helices 1 and 2 had reasonably low RMSD
values when the individual helices were superimposed.
The a-helical character is very well supported by numerous
medium-range NOEs. The observation of these medium-
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range NOEs indicates that the helices in the two-TM
construct are much more stable than the single TM helix
we previously observed in the seventh TM of the same
receptor in DPC micelles (35). The TM1 helix is destabilized
in the G56-G60 region, and the helices cross each other and
splay apart near the putative extracellular surface of this
GPCR domain. At least four independent contacts between
residues adjacent to the first intracellular loop were estab-
lished. No such contacts were observed between residues
near the center or the extracellular face of the helical hairpin.
This finding could reflect the fact that contacts with addi-
tional TMs are necessary to stabilize the structure of this
region of Ste2p. Although the spatial relationship between
the two TMs is presently underdetermined, it is important
that the polypeptide appears to take a turn in the micellar
environment rather than assuming a large distribution of
structures. Because of the inverse sixth-power dependence
of the nuclear Overhauser interaction, it is possible that the
interhelical contacts may not be persistent, resulting in two
TM segments whose relative orientation is not defined for
short periods of time. In addition, the fact that not all of
the individual helical hairpins superimpose well is consistent
with the view that the relative orientation of the two helices
may not be unique over time or over the ensemble. However,
the presence of a number of long-range interhelical contacts
indicates that hairpin-like structures make a significant
contribution to the conformational distribution of TMI-
TM2 in LPPG micelles. At present we are evaluating exper-
imental approaches to gain additional restraints that will
help to more accurately define the relative orientation of
TM1 and TM2.

There are several aspects of the NMR structure of TM1-
TM2 that should be considered in the context of biological
and biochemical information about the function of this
protein fragment. Previous analyses of Ste2p biology show
that the first extracellular loop and the extracellular end of
TMI1 are involved in both the binding of pheromone and
the signal transduction pathway (70,76—78). Cross-linking
studies have revealed that Tyr13 of a-factor contacts residues
55-59 of TM1 (79), and we recently determined that the
contact points are Arg>® and Cys>® by photochemical and
oxidative cross-linking approaches (J. M. Becker and
F. Naider, unpublished). Thus, it seems clear that the
carboxyl terminus of the a-factor must penetrate into the
TM interior of Ste2p upon binding to this receptor. If this
is correct, it would not be possible for TM1 to be tightly
packed against TM2, and our finding of destabilization in
the G56-G60 region and splaying apart of the two TMs
would be consistent with the cross-linking results. Part of
the driving force for the destabilization most likely stems
from the occurrence of polar and, in particular, charged resi-
dues within the membrane. For example, transferring an Arg
residue into the membrane interior requires 1.8 kcal mol
(80). Even if the charges from these residues are partially
compensated for by polar residues placed in other TM
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helices, they may still introduce some conformational insta-
bility that may be important for the creation of the phero-
mone-binding pocket.

In conclusion, we report here an NMR structure for
Ste2p(G31-T110) of the GPCR mating receptor from
S. cerevisiae in LPPG micelles. Almost complete resonance
assignments were accomplished for the 80-residue fragment,
representing more than 25% of the residues from the core of
this receptor. The conformation was determined without
introducing any artificial restraints, and its secondary struc-
ture was well defined. A few interhelical contacts demonstrate
that the protein is folded in micelles into a helical hairpin that
splays apart at the termini. A region of the receptor predicted
to be in the NT receptor tail formed a helix that likely interacts
with the surface of the micelles. To our knowledge, this struc-
ture is the first reported for a double TM containing a fragment
of a GPCR in lipid. Its tendency to assume a specific tertiary
structure supports the use of GPCR fragments as models to
discern the structure of the intact receptor.
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