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Folding of G-protein coupled receptors (GPCRs) according
to the two-stage model (Popot, J. L., and Engelman, D. M.
(1990) Biochemistry 29, 4031– 4037) is postulated to proceed
in 2 steps: partitioning of the polypeptide into the membrane
followed by diffusion until native contacts are formed. Herein
we investigate conformational preferences of fragments of
the yeast Ste2p receptor using NMR. Constructs comprising
the first, the first two, and the first three transmembrane
(TM) segments, as well as a construct comprising TM1–TM2
covalently linked to TM7 were examined. We observed that
the isolated TM1 does not form a stable helix nor does it
integrate well into the micelle. TM1 is significantly stabilized
upon interaction with TM2, forming a helical hairpin
reported previously (Neumoin, A., Cohen, L. S., Arshava, B.,
Tantry, S., Becker, J. M., Zerbe, O., and Naider, F. (2009)
Biophys. J. 96, 3187–3196), and in this case the protein inte-
grates into the hydrophobic interior of the micelle. TM123
displays a strong tendency to oligomerize, but hydrogen
exchange data reveal that the center of TM3 is solvent
exposed. In all GPCRs so-far structurally characterized TM7
forms many contacts with TM1 and TM2. In our study
TM127 integrates well into the hydrophobic environment,
but TM7 does not stably pack against the remaining helices.
Topology mapping in microsomal membranes also indicates
that TM1 does not integrate in a membrane-spanning fash-
ion, but that TM12, TM123, and TM127 adopt predomi-
nantly native-like topologies. The data from our study would
be consistent with the retention of individual helices of

incompletely synthesized GPCRs in the vicinity of the
translocon until the complete receptor is released into the
membrane interior.

G-protein coupled receptors (GPCRs)3 are a large family of
integral membrane proteins that transmit signals into cells
upon activation by a set of highly chemically heterogeneous
inducers (1). GPCRs form a seven-transmembrane (TM) helical
bundle wherein the individual helices are connected by three
extracellular and intracellular loops. The helix bundle is
attached to an extracellular N-terminal domain of highly vari-
able size and structure, and an intracellular and mostly flexible
C terminus that often contains an eighth helix (2– 4). Binding of
an extracellular agonist stabilizes the conformation of the
receptor that activates the now more accessible heterotrimeric
G-protein (5). The first high-resolution structure of a GPCR,
that of bovine rhodopsin, was published in 2000 (3), followed in
2007 by the first X-ray structure of a recombinantly produced
GPCR (6). Subsequently, many structures of GPCRs in ground
and activated states have been published (2, 4). Importantly,
coordinates of an agonist-bound GPCR coupled to a G-protein
have been released (7), and the structure of a GPCR-arrestin
complex was solved (8).

Although our knowledge of the structure of GPCRs in vari-
ous states and their mode of activation and desensitization is
rapidly increasing, detailed information on their folding path-
ways is still lacking. The popular refined two-stage model from
Popot and Engelman (9 –11) postulates that secondary struc-
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tures form when the peptide chain partitions into the mem-
brane-water interface. However, proteins destined for mem-
brane insertion are generally subjected to the concerted action
of translating ribosomes in the cytoplasm and translocon com-
plexes located in the endoplasmic reticulum (ER) of eukaryotes
or in the plasma membrane of bacteria (12). To traffic proteins
to membranes in most cells the signal-recognition particle tar-
gets the nascent chains emerging from the ribosome tunnel to
the translocon complex (13). After folding within the ribo-
some-translocon complex (14 –16), individual helices will then
insert into and diffuse laterally in the membrane until native
contacts are formed and the bundle fully assembles. In this co-
translational insertion/folding process, segments of sufficient
hydrophobicity are laterally gated from the translocon into the
membrane interior.

A remarkable agreement has been observed between the
purely biophysical Wimley-White scale (17) and the biological
translocon scale from the von Heijne group (18). This agree-
ment suggests that formation of the TM helices and their inser-
tion into the membrane are largely governed by thermody-
namic factors that are related to the amino acid sequence of the
GPCRs (12, 18 –20). Folding of polytopic membrane proteins is
the result of a series of events that include helix insertion into
the hydrophobic core and sequestering of loop sequences into
cytosolic or extracellular space (11, 21). The timing of the chain
insertion and the localization of TM helices would be expected
to be a consequence of the amino acid sequence and the inter-
action of the growing polypeptide chain with the membrane.
Recently, however, the first evidence was obtained that helices
might change their location during synthesis of later portions of
the polypeptide chain (22–24) emphasizing the aspect of con-
text for proper folding.

An apparent conceptual problem with the sequential, hydro-
phobicity-based, folding model is that TM helices of some
membrane proteins are only marginally hydrophobic. Helix-
bundle membrane proteins display a large number of inter-
helical contacts that are often formed between polar or even
charged residues (25–28). We noticed that some TM segments
of GPCRs that are under study in our lab do not display favor-
able energies for full membrane insertion (29, 30), an observa-
tion not unlike that reported for individual TMs of bacteriorho-
dopsin (31). It is therefore highly questionable whether in the
absence of other interacting helices these “hydrophilic” TM
segments would still fully insert into the membrane. To answer
whether insertion occurs, topology-mapping methods that use
terminally fused reporter moieties have been developed by the
von Heijne group (32). Although they very successfully allow
the rapid attainment of a quantitative picture of the location of
the TM termini, they unfortunately do not provide any detailed
structural information on the TM segments or on protein-
membrane interactions.

To address some of these issues we have developed a system-
atic approach to investigate conformational preferences of
N-terminal fragments of the Ste2p receptor, a yeast GPCR,
using solution NMR methods. Considering that proteins are
synthesized starting with the N terminus of the polypeptide
chain, TM1 is expected to be the first segment that is inserted
into the hydrophobic core, followed by TM2 and so on (21).

We therefore report on studies of polypeptides corresponding
to the overlapping fragments TM1, TM1–TM2 (TM12), and
TM1–TM2–TM3 (TM123) (supplemental Fig. S1). TM1,
TM2, and TM7 form a distinct subcore in the fully assembled
helix bundle, and, based on analysis of published GPCR struc-
tures, often more contacts exist between TM7 and TM1 and
TM2 than between TM3 and TM2 (4). Therefore, we have also
examined a chimeric three TM helix construct, TM1–TM2–
TM7 (TM127). In this construct the N-terminal end of TM7 is
linked to TM2 using portions of IL1 (intracellular loop 1) and
EL3 (extracellular loop 3, supplemental Fig. S1). NMR is being
used to determine conformational preferences of these Ste2p
fragments and their overall topology in detergent micelles. As
the size of these polypeptides has increased from 60 – 80
(TM12) to 160 –180 (3-TM constructs) residues, the NMR
assignments became more challenging. We, therefore, have
probed whether chemical shift assignments, which are more
easily obtained for smaller fragments, can be transferred to
these larger fragments. To ensure that no significant artifacts
are introduced by conducting NMR studies in micelles, which
do not represent true bilayers, we have also investigated TM127
incorporated into nanodiscs with different lipid compositions.
Finally, we have monitored insertion of all these constructs into
ER-derived membranes using an established insertion-glycosyl-
ation assay to obtain data on their integration into true biolog-
ical membranes. Our data indicate that TM insertion is indeed
context-dependent.

Results

Protein Expression and Purification

The Ste2p fragments TM1 (Gly31-Thr78), TM12 (Gly31-
Thr110), TM123 (Gly31-Arg161), and TM127 (Gly31-Thr114,
Thr274-Leu340) were expressed as C-terminal fusions to the
hydrophobic Trp�LE sequence (33). In all fragments cysteine
and methionine residues were replaced by amino acids with
similar properties (Ser for Cys; Ile, Leu, and Val for Met resi-
dues) to retain feasibility of chemical cleavage and preserve
functionality of the receptor as reported before (34, 35). Several
Escherichia coli expression strains (BL21(DE3), BL21-AI,
BL21(DE3) pLysS, BL21(DE3) STAR pLysS, BL21 Rosetta
pLysS, C41, and C43) were screened for expression (see “Exper-
imental Procedures”). Inclusion bodies were solubilized in 70%
TFA and, following chemical cleavage of the fusion proteins
with CNBr, polypeptides of interest were purified using RP-
HPLC. This resulted in expression yields of about 15 and 5 mg
of purified protein per liter of 15N,13C-labeled and 15N,13C,2H-
labeled M9 culture, respectively, for TM1 (using the strain
BL21-AI), 11 and 5 mg/liters for TM123 (BL21-AI) (36), and 15
and 5 mg/liters for TM127 (BL21(DE3)STARpLysS). Expres-
sion details of TM12 have been reported previously (37). To
obtain additional long-range distance restraints for TM127, the
single cysteine mutants S47C, S75C, and S104C containing the
full N terminus (Ser2-Thr114, Thr274-Leu340), and an N-termi-
nal His10 tag separated by a cloning insertion coding for a C3
site (His10-Leu-Glu-Val-Leu-Phe-Gln-Gly-Pro-Ser2 . . . ) were
expressed. After RP-HPLC purification, 40 mg of the mutant
proteins per liter of 15N-M9 medium culture were obtained.
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These sulfhydryl-containing mutants were successfully cou-
pled to MTSL maleimide.

NMR Studies

Resonance Assignments—For NMR measurements, samples
were measured in 150 mM 1-palmitoyl-2-hydroxy-sn-glycero-
3-(phospho-rac-(1-glycerol)) (LPPG)/dodecyl-phosphocholine
(DPC) (4:1 mol/mol) micelles as the membrane mimetic, using
40 mM potassium phosphate buffer at pH 6.4. These conditions
were similar to those previously used in our investigation of
TM12 (37). The NMR samples of TM1, TM123, and TM127 all
exhibit homogeneous line widths and good signal dispersion
considering their highly �-helical nature (see Fig. 1 and supple-
mental Figs. S3–S6). Almost complete backbone assignment
and partial side chain assignment could be achieved for every
fragment (see below) using three-dimensional triple resonance
as well as HCCH and 13C-resolved NOESY spectra. For TM1,

97% of the backbone and 66% of the side chain assignments
were achieved. The assignments for TM12 as well as details of
its structure calculation have been published previously (37).

Samples containing TM123 exhibited a strong tendency to
form soluble aggregates. The rate of aggregate formation
depended on the detergent and the deuteration scheme; the
TM123 sample with reverse ILV methyl labeling (completely
perdeuterated protein with only the methyl groups of Ile, Leu,
and Val residues protonated) aggregated completely within
hours in deuterated detergents. Non-deuterated samples of the
same polypeptide aggregated after several days. Aggregation
was judged by the NMR line width and confirmed by size exclu-
sion chromatography-multiangle light scattering (SEC-MALS)
experiments (supplemental Fig. S2). Despite these challenges
about 95% of the backbone resonances of TM123 could be
assigned, the only missing residues being the two N-terminal
amino acids, as well as two prolines (Pro79 and Pro117) and two

FIGURE 1. The N-terminal half of the entire Ste2p receptor seven-transmembrane bundle, schematically depicted at the top, is dissected into various
fragments (TM1, TM12, TM123, and TM127) of increasing length. Typical 15N,1H-HSQC spectra in LPPG/DPC micelles are depicted at the bottom.
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residues at the beginning of TM2 (Asn84 and Gln85). Due to the
high redundancy of certain amino acids and the resulting spec-
tral overlap, as well as broad lines in the proton-carbon corre-
lation spectra (HCCH-TOCSY and 13C-resolved NOESY) only
55% of side chains could be assigned.

In contrast to TM123, TM127 did not aggregate in the micel-
lar environment (supplemental Fig. S2) and it was possible to
assign 93% of the backbone resonances and significantly more
of the side chain resonances (63%) than for TM123. The two
N-terminal amino acids and a region in the center of TM7 con-
taining the Leu-Pro-Leu (residues 289 –291) sequence were
missing resulting in the slightly lower fraction of assigned back-
bone resonances despite the higher quality of the TM127 spec-
tra compared with those of TM123. We suspect that conforma-
tional exchange in TM7 broadens these latter signals beyond
detection. Selective reverse methyl labeling of Ile, Leu, and Val
allowed us to assign most of the methyl groups but many of the
remaining side chain atoms could not be uniquely assigned. As
is often the case with membrane proteins, only a small number
of these assignments yielded unambiguous NOE restraints.

TM12 and TM127 or TM123 constitute two pairs of poly-
peptides in which nearly 80 residues are identical (those from
TM12). We used these pairs to determine whether assignments
on shorter fragments of GPCRs could be used to facilitate the
assignments of the longer fragments. To transfer assignments,
we compared corresponding strips in the three-dimensional
15N-resolved NOESY spectra of TM12 (37) with those of
TM123 and TM127 for residues from TM1 and TM2. The
rationale behind this approach is that the amide protons of a
given residue will be close to protons from its own side chain or
from neighboring residues, but will likely not be close to side
chain protons from other helices that form tertiary contacts. In
fact, it is very rare to observe inter-chain NOEs for HN interac-
tions with side chain protons of even closely packed helices
because these are almost always more than 5 Å apart. Starting
with cross-peaks in the TM123 or TM127, 15N,1H correlation

spectra that were in the vicinity of an assigned peak in the TM12
correct assignment was derived from a peak pattern match of
strips in the three-dimensional 15N-resolved NOESY spec-
trum. When using 15N,1H-HSQC and three-dimensional 15N-
NOESY spectra were recorded at 900 MHz, 70 (93%) of the 75
strips of TM12 could be matched correctly for TM127. Simi-
larly, 68 (90%) of the 75 strips of TM12 were successfully
matched for the TM123 fragment. Details on this assignment
procedure will be reported elsewhere.4

Conformational Preferences—Usually, structure calculations
of helical membrane proteins suffer from an insufficient num-
ber of long-range restraints, partially due to the fact that com-
plete side chain assignments are difficult to obtain. More
importantly, suboptimal packing of helices in the not fully
formed helix bundle, the fact that detergents are not a perfect
mimic for biological membranes, and the inherent flexibility of
membrane proteins result in exchange broadening that tends to
damp out the weak but structurally important long-range
NOEs. To compensate for the low number of NOE restraints,
residual dipolar couplings (RDCs), paramagnetic relaxation
enhancements (PREs), and chemical shift-derived restraints
were used. We have also probed access to a water-soluble spin
label to reveal which residues are solvent exposed. All these
data were used to obtain restraints for the final structure calcu-
lation and to orient the fragments in the micelles. To judge how
well primary NMR data were represented by the ensemble,
back-prediction of the raw data from conformers of the NMR
ensemble was carried out.

Based on TALOS-N (38), backbone chemical shift data were
used to predict the propensity of regions of Ste2p to form heli-
ces (Fig. 2). In general, all putative helices seem to be in the
regions that are predicted by hydropathy algorithms. However,
in the single TM fragment TM1 is clearly destabilized in the

4 M. Poms, S. Jurt, P. Güntert, and O. Zerbe, unpublished data.

FIGURE 2. Secondary structure predictions obtained from TALOS-N for TM1, TM12, TM123, and TM127. The propensity of residues for forming �-helices
as predicted by TALOS-N is shown. Putative helical regions are shaded in gray.
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center of the helix around a GXXXG (GVRSG, residues 56 – 60)
motif. In contrast this same region is significantly rigidified
upon packing against TM2 in TM12. Accordingly the largest
chemical shift differences between TM1 and TM2 for the over-
lapping segment are observed for the GVRSG residues (supple-
mental Fig. S8). The rigidification of the GVRSG region in TM1
is also observed in TM123 and TM127. Despite this rigidifica-
tion there is a small but reproducible destabilization of the TM1
helices in the GVRSG domain also in the longer constructs.
Based on the TALOS predictions the N-terminal end of the
TM2 helix is destabilized in TM12, TM123, and TM127. In the
latter polypeptide some assignments are missing, possibly indi-
cating the presence of conformational exchange. A short helix
in the extracellular segment from Phe38 to Val45 of the N ter-
minus is also visible in all fragments. This helix is likely surface-
associated and was also observed in an N-terminal fragment of
the NPY4 GPCR (39). A region in the loop between TM2 and
the third helix in both TM123 and TM127 displays some dis-
position to form a helical secondary structure. In TM127, the
secondary structure in the center of TM7 is not well defined,
largely due to the missing assignments for residues Leu-Pro-
Leu (residues 289 –291). The fact that no peaks were found for
Leu289 and Leu291 indicates that conformational transitions
occur close to the central Pro residue. Similarly, the center of
the third helix in TM123 is destabilized around several polar
residues.

The structure of TM1 was computed based on distance
restraints derived from 15N- and 13C-resolved NOESY spectra.
It reveals two well defined short helices comprising residues
Thr48-Phe55 and Ala61-Ile71. However, the relative orientation
of the two helices is ill-defined (Fig. 3, left). We noted above that
the chemical shift data suggest that the helical regions in TM1
are interrupted by the flexible central GVRSG pentapeptide.
TM1 in TM12 is significantly stabilized due to packing against
TM2, resulting in formation of a helical hairpin (Fig. 3, right).

Due to its oligomerization tendency, TM123 could not be
investigated beyond the location of its secondary structure and
its mode of membrane integration (see below). The structure of
TM127 could not be calculated in the usual way using NOE-
derived upper distance limits due to incomplete side chain

assignments and the poor quality of the 13C-resolved NOESY
spectra. For TM127 only a few characteristic long-range NOEs
that indicated interhelical contacts, mainly between residues
from the surface associated N-terminal helix and the C-termi-
nal end of TM2, were observed. To augment these, we sought to
obtain long-range distance restraints for TM127 from PREs.
Briefly, chemical moieties harboring an unpaired electron, e.g.
the doxyl group in S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL), can
result in distance-dependent line broadening of signals from
remote protons in a range up to 20 Å. To obtain information on
the global topology of TM127, we constructed three different
single cysteine mutants: S47C at the N terminus of TM1, S75C
in the short loop between TM1 and TM2, and S104C at the
beginning of the relatively long loop between TM2 and TM7,
and coupled these to MTSL. Using EPR methods we could dem-
onstrate quantitative coupling and full functionality of the spin
label for the constructs S75C and S104C, whereas S47C was
partially deactivated.

The PREs from the S75C and S104C mutants are summa-
rized in Fig. 4. The S75C mutant, labeled in the loop between
TM1 and TM2, exhibited decreased intensity (high signal
attenuation) throughout the entire TM2 helix and the second
half of the TM1 helix. Attenuations are propagated further in
TM2 compared with TM1 because the N-terminal end of TM2
is slightly destabilized as already observed in the TALOS pre-
dictions (Fig. 2). Signal attenuations were also observed at the
end of TM7 and the C terminus, revealing spatial proximity
between the first intracellular loop (IL1) and the C-terminal
end of TM7. The spin-labeled S104C mutant also displays sig-
nal attenuations that are most severe at the C terminus of TM2
and the N terminus of TM7, respectively, and medium attenu-
ations for residues of the surface-associated short N-terminal
helix. These latter PREs indicate weak interactions between the
second loop and the N terminus.

Structure calculations were performed using the short and
medium-range NOE restraints, the few observed long-range
NOE restraints, and the PRE restraints. Additionally, consis-
tency with NH RDC data were checked (see below). The calcu-
lations indicated that TM127 is a highly dynamic system, not a

FIGURE 3. NMR structures of TM1 (left) and TM12 (right) in LPPG/DPC micelles. Residues 48 –55 and 61–71 of TM1 have been superimposed either
individually, as well as part of a continuous chain encompassing residues 48 –71. In case of TM12 residues the 20 lowest-energy structures were superimposed
for residues 49 –103.
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rigid helix bundle. Whereas the helices appear to be firmly inte-
grated into the micelle (see below), inter-helical contacts seem
to be transient. A homology model of the Ste2p structure (40)
was used to simulate the PREs expected for the S75C spin-
labeled TM127. Strong signal attenuations for residues from
the C-terminal end of TM7 are expected (Fig. 5A). However,
the PRE measurements on this mutant show only about 50%
signal attenuations in the C-terminal part of TM127. Other
back calculations of the PRE data, based on several of our NMR
conformers (Fig. 5B), result in a better agreement between the
simulated and experimental results. We conclude that the PRE
data would be consistent with multiple conformations at the C
terminus of TM7 (Fig. 5B, left and right panels) that result from
movements about the flexible hinge formed by the Leu-Pro-Leu
tripeptide in the center of TM helix 7. Because it was not pos-
sible to identify a distinct set of conformers that satisfy the
experimental data we consider it prudent to focus on a qualita-
tive rather than a quantitative description of the structures
of these GPCR fragments. As discussed further below we expect
that such structures may provide insights into conformations
that are assumed by fragments of Ste2p in various stages of the
folding of the incomplete receptor.

To aid our structural information and in particular to help in
the alignment of the TM helices with respect to each other, we
attempted to measure RDCs. The latter allow the determina-
tion of the orientations of vectors connecting two nuclei (e.g.
the N and H of an amide moiety) relative to a molecular axis
system. This results in global structural information, thereby
helping to define the orientation (but not translation) of two
helices relative to each other. To overcome the problem that
many solutions exist for a given RDC value, a number of differ-
ent types of RDCs can be measured. Unfortunately in our expe-
rience, in practice only NH RDCs can be measured on large
membrane proteins in detergent micelles. A TROSY-based
ARTSY experiment (41) for measuring NH RDCs of TM127
using the dinucleotide 2�-deoxyguanylyl-(3�,5�)-2�-deox-
yguanosine (dGpG) as the alignment agent resulted in RDC
values between �24 and �14 Hz (supplemental Fig. S9). As
mentioned above, the impact of single sets of RDCs in structure
calculations is small, therefore we will interpret the RDC data
only qualitatively. The RDC values for residues in TM1, TM2,
and in the first half of TM7 are large, and hence cannot be
extensively averaged. This observation is consistent with the

situation that TM1, TM2, and the N-terminal half of TM7 form
a folded nucleus that does not undergo large conformational
transitions and the C terminus of TM7 is not packed against
this nucleus and hence more flexible. This supports the PRE
results.

Probing the Integration of TM123 and TM127 into Micelles
Using Water-soluble Spin Labels

To map the topology of membrane-integrated TM123 and
TM127 polypeptides, the soluble, inert paramagnetic probe
Gd-(DTPA-BMA) (gadolinium diethylenetriamine-pentaacetic
acid bis-methylamine) was added to the NMR sample. With
this probe, in general, residues outside the micelle or closer to
the micelle surface experience stronger signal attenuations
compared with residues that are buried in the micelle interior.
At 15 mM Gd-(DTPA-BMA), water-exposed residues usually
exhibit less than 20% residual signal intensity, whereas residues
that are buried in the micelle still display intensities of up to
90%.

The residues in the C terminus of TM123 and TM127 almost
all exhibit less than 20% residual intensity in the presence of the
water-soluble spin label. These serve as the internal control in
the experiment. In contrast, most residues in the predicted TM
regions of these polypeptides have residual intensities �50%
and many have intensities between 70 and 80% (Fig. 6). Thus,
overall, the TM regions of both constructs, TM123 and TM127,
seem to be well integrated into the LPPG/DPC micelle, whereas
both termini as well as portions of the loop regions are located
outside of the micelle or near its surface (Fig. 6). Signals from
the short N-terminal helix (residues Phe38-Val45) as well as part
of the second loop (EL1) display moderately weaker attenua-
tions, indicating that they still interact with the micelle surface.
Signals from TM2 are slightly more attenuated than those of
TM1, both in TM123 and TM127. TM7 in TM127 displays very
limited signal attenuation at the N terminus, but stronger
attenuations toward the C terminus. In addition, we probed for
integration of TM127 into the micelles by monitoring the
occurrence and magnitude of NOEs to detergent proteins, and
the exchange peaks with water (supplemental Fig. S10). These
data support the topology as established from the Gd-spin label
data, although the latter, in addition, reveal water exposure of
residues from the second loop. The Gd-(DTPA-BMA) data
indicate that TM123 generally seems to be less well folded com-

FIGURE 4. Attenuations from spin labels. Residual intensities are depicted for site-directed spin labels S75C (left) and S104C (right) in TM127. Red bars indicate
residues with no observable intensities.
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pared with TM127. For example, the center of TM3 is partially
solvent exposed, in agreement with the occurrence of polar
residues in that region of the TM3 sequence. The poor packing
of the helices in TM123 may explain the tendency of TM123 to
aggregate.

We have additionally investigated the membrane-insertion
topology of TM1 and TM12. Although the data for the extra-
cellular portions look very similar to each other and to TM123
or TM127, less solvent protection is seen for TM1 in the iso-
lated TM1 peptide relative to the protection observed for the
same region in TM12, TM123, and TM127 (supplemental Fig.
S11B), supporting the view that the first transmembrane helix is
not stably integrated into the micelle in TM1. Furthermore, we
compared Gd-(DTPA-BMA)-dependent attenuations of TM12
with and without the His6 tag (supplemental Fig. S11A), and
found the data to be largely identical, ruling out the possibility
that differences between TM123 and TM127 are due to the
presence of the N-terminal His tag in TM127.

To conclude, our data demonstrate that an isolated TM1
polypeptide does not form a stable helix that fully integrates
into the hydrophobic environment of a micelle. However, TM1
becomes significantly stabilized upon packing against TM2. To
test whether these peptides dimerize or oligomerize in micelles
we ran SEC analyses. Unfortunately, it was impossible to sepa-
rate empty and TM1- or TM12-loaded micelles on the SEC
column, and hence we were unable to perform an analysis sim-
ilar to that done for TM123 and TM127. In addition, chemical
cross-linking experiments carried out on TM1 and TM12 failed
to detect any cross-linked products (data not shown). The data
suggest that neither TM1 nor TM12 form a measurable amount
of dimer in micelles. It is possible, however, that the bifunc-
tional cross-linking agent is sterically unable to react with two
chains. Therefore, based on these experiments we cannot
unequivocally rule out stabilization of TM12 due to dimer for-
mation. Adding a third TM does not result in a stable 3-TM
folding core for TM123 or TM127. Rather, the presence of
polar residues in the center of TM3 or the Pro residue in the
center of TM7 results in large conformational transitions of the

C-terminal half of TM3 or TM7, respectively. In the case of
TM123 the center of TM3 is partially exposed to water during
these transitions.

Incorporation of TM127 into Nanodiscs

To determine whether the above results were influenced by
the fact that the polypeptides were integrated into micelles
rather than bilayers, we have additionally attempted to incor-
porate TM127 into nanodiscs with different lipid compositions.
The nanodisc system (42, 43), represents a true bilayer com-
posed of lipids surrounded by a so-called membrane scaffold
protein (MSP). We have utilized nanodiscs, in which the belt
protein was truncated by one helix to decrease the size of the
total assembly (the so-called MSP1D1�H5) (42). Lipids with
phosphatidylglycerol (PG) head groups were used to mimic the
negatively charged plasma membrane of Saccharomyces cerevi-
siae (44).

To investigate TM127 in membranes of different fatty acid
chain lengths and degrees of unsaturation, several lipids were
used for the nanodisc preparation (supplemental Fig. S12). Size
exclusion chromatography in combination with multiangle
light scattering revealed that in DMPG nanodiscs TM127 was
incorporated in a monomeric form (supplemental Fig. S13). In
contrast, nanodisc assemblies with other lipids did not inte-
grate monomeric TM127 into intact nanodiscs, and hence will
not be described in more detail. Assignment of the 15N,1H-
TROSY spectrum of TM127 in DMPG nanodiscs revealed
strong peaks for residues of loops and termini. In general, peaks
in both the 15N,1H (supplemental Fig. S14A) and the 13C,1H
correlation maps (supplemental Fig. S15A) for TM127 in nano-
discs were much broader in comparison to those in the micelle,
even though the protein was perdeuterated (the sample we used
was the ILV-labeled TM127). In sharp contrast, amide peaks
from both loops and helices in bacteriorhodopsin (BR), a bac-
terial 7-TM protein, were of similar intensity and line width
when incorporated into nanodiscs (supplemental Fig. S14B),
although this protein is clearly larger. Similarly, ILV methyl
groups in BR display comparatively sharp peaks and superior

FIGURE 5. PRE results calculated from various structural models for TM127. Experimental (black) and back-calculated (red) residual peak intensity of amide
cross-peaks from the 15N,1H-TROSY spectra of the S75C MTSL-labeled TM127 sample. For the back-calculations, either the homology model from Eilers (40) (A)
or two principal conformers derived from the structure calculations using NOE and PRE restraints (B, see text) were used. Values for TM helices are indicated by
dark gray and for the surface-associated N-terminal helix by light gray-shaded boxes. The corresponding structures are depicted on top with TM helices 1, 2, and
7 in gold, red, and blue, respectively.
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signal dispersion, whereas the peaks are fairly clustered and
much broader in TM127 (supplemental Fig. S15). All these
observations are consistent with significant conformational
broadening of TM127 in the DMPG nanodiscs, indicating that
the different conformers are interconverting more slowly in
the intermediate regime. We attribute this to the fact that the
nanodisc environment exerts stronger topological restraints
on TM127 folding because the composition and orientation
of lipids in this system is more fixed than that of the deter-
gent molecules in micelles, and less likely to adapt to the
protein.

Integration and Folding of Ste2p-derived Constructs into
Biological Membranes

To investigate the topology of the N-terminal fragments of
Ste2p in an in vivo-like environment, we used a co-translational
insertion/glycosylation assay in the presence of microsomal

membranes (45). In this assay, the locations of the N- and C-ter-
minal ends relative to the ER membrane (46) are identified
using N-linked glycosylation as the topological reporter (47).
This modification is performed by the oligosaccharyl transfer-
ase (OST) complex, which is adjacent to the translocon (48).
OST scans nascent polypeptides for consensus acceptor
sequences after the polypeptide emerges from the translocon
pore to add sugar residues co-translationally (49). Glycosyla-
tion of a polypeptide region translated in vitro in the presence of
microsomal membranes reveals that this region of the nascent
protein is exposed to the OST active site on the luminal side of
the ER membrane (50). Such glycosylation is easily detected by
an increase in molecular mass of about 2.5 kDa for each glyco-
sylation site relative to the mass of the protein expressed in the
absence of microsomes. Using this approach, the membrane
topology of Ste2p was tested by in vitro translation of a series of
Ste2p truncations (Fig. 7A) containing native and, in the appro-

FIGURE 6. Water accessibility. Relative intensities of TM123 (top) and TM127 (bottom) HNCO peaks after addition of 15 mM Gd-(DTPA-BMA). Blue bars indicate
residual intensities below 30%. Locations of the TM helices are shaded in gray.

Structural Studies of Ste2p Folding

DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53 JOURNAL OF BIOLOGICAL CHEMISTRY 27177

 at U
N

IV
. V

A
L

E
N

C
IA

 on January 2, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


priate cases, an optimized N-linked glycosylation C-terminal
reporter tag (51).

The Ste2p sequence harbors 3 native glycosylation acceptor
sites at the N terminus of the protein (Fig. 7B and supplemental
Fig. S1) (positions 25, 32, and 46). These three acceptor sites are
located preceding the first TM segment (TM1); subsequently,
they can be used in all truncated Ste2p variants to monitor the
location of the extramembranous N-terminal end. To test the
location of the C-terminal end, we added an acceptor site (Asn-
Ser-Thr, NST, Fig. 7) or a non-glycosylable (mock) sequence
(Gln-Ser-Thr, QST, Fig. 7) at the C terminus of each truncated
variant (52). When the truncated Ste2p carrying solely TM1
(residues 1–79), plus the non-glycosylable QST tag, was trans-
lated in vitro in the absence of membranes (rough microsomes,
RM) we obtained a single polypeptide band corresponding to
the non-glycosylated form (Fig. 7A, lane 1). In contrast, when

this construct was translated in the presence of RM we
observed higher molecular weight populations (Fig. 7A, lane 3).
The nature of these higher molecular weight polypeptide spe-
cies was analyzed by endoglycosidase H (Endo H) treatment, an
enzyme that cleaves Asn-linked mannose oligosaccharides
regardless of their localization. Treatment with Endo H elimi-
nated all higher molecular mass bands (Fig. 7A, lane 2), con-
firming the sugar source of their retarded electrophoretic
mobility.

Translation of TM1 carrying the mock C-terminal tag in the
presence of membranes (lane 3) yielded mostly non-glycosy-
lated polypeptides, suggesting that a high percentage is neither
incorporated into membrane nor translocated into the ER
lumen (Fig. 7B, scheme a). The doubly glycosylated population
represents polypeptide molecules inserted into the membrane
with an N-terminal luminal orientation (Fig. 7B, scheme b). One
of the native glycosylation acceptor sites is located at position
46 (Asn46), only 6 residues prior to the N-terminal end of the
TM1 helix (Ala52). Because Asn46 is closer to the membrane
than the 14 –15 residue minimal distance from the luminal
boundary of a TM segment required for efficient glycosylation
(53), it cannot be glycosylated by the membrane-bound OST
(50). Therefore, insertion of TM1 into the membrane prevents
the glycosylation of the acceptor site at Asn46 resulting in the
addition of only two carbohydrate moieties at the N terminus of
TM1. Finally, the presence of a band corresponding to triply
glycosylated polypeptide molecules for the in vitro translation
of the mock C-terminal labeled TM1 (lane 3) indicates that for
some molecules all three N-terminal acceptor sites are modi-
fied, which can only happen if the truncated nascent polypep-
tides are fully translocated into the ER lumen (Fig. 7B, scheme
c). These results were further corroborated by adding a glyco-
sylation tag at the C terminus (Fig. 7B, NST C-tag, dotted line).
Translation assays of this construct additionally revealed bands
for the tetra-glycosylated forms (Fig. 7A, lane 4), confirming the
existence of a population of species fully translocated into the
ER lumen. Interestingly, even in the presence of the C-terminal
glycosylation tag the presence of singly glycosylated molecules
is negligible, excluding the existence of a significant population
of proteins with an opposite topology (TM1 N-terminal cyto-
solic/C-terminal luminal).

Next, we tested the insertion of Ste2p truncations containing
TM1 and TM2 (residues 1–132; TM12). When a construct,
carrying the mock QST C-terminal tag was translated (Fig. 7A,
lanes 5–7), essentially only glycosylated species were observed
in the presence of microsomes (Fig. 7A, lane 7); in fact, a protein
band corresponding to doubly glycosylated forms became
predominant, whereas triply glycosylated forms were not
observed. These results suggest that TM12 is being inserted
into the membrane as a helical hairpin (26, 37), with both N and
C termini oriented toward the ER lumen (Fig. 7B, central
panel). When a glycosylable NST C-terminal tag was added
(Fig. 7A, lane 8) the presence of triply glycosylated species sup-
ports the luminal orientation of the C terminus (Fig. 7B, central
panel dotted line).

Subsequently, we tested TM123 (Fig. 7A, lanes 9 –12) and
compared the results with those of TM127 (Fig. 7A, lanes
13–16). Translation of both Ste2p-derived constructs rendered

FIGURE 7. Membrane topology of TM1, TM12, TM123, and TM127 con-
structs. A, constructs TM1, TM12, TM123, and TM127 bearing a glycosylation
acceptor site in the C-terminal (NST) or a mock site (QST) were in vitro tran-
scribed and translated in the presence (�) or absence (�) of RM. Subse-
quently, samples were treated with endoglycosidase H (Endo H�) or mock
treated (Endo H�). To determine the electrophoretic mobility samples were
then run on a SDS-PAGE. The amino acid length of each construct is indicated
in parentheses. The location of non-glycosylated protein is revealed with a
single white dot, whereas one, two, three, or four black dots mark the presence
of mono-, double-, triple-, and quadruple-glycosylated proteins, respectively.
B, models of the membrane topology of truncated Step2-derived constructs.
The QST and NST C-terminal tags are represented with solid and dotted lines,
respectively. Glycosylation patterns are depicted for TM1 in the cytosolic (a)
or periplasmic (c) locations as well as for transmembrane insertion (b).
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similar results, suggesting that swapping TM3 by TM7 does not
significantly alter the membrane protein topology. Most of the
glycosylated peptides (Fig. 7, lanes 11, 12, 15, and 16) are digly-
cosylated. The lack of non- and triply glycosylated protein
forms when the constructs were translated in the presence of
microsomes (Fig. 7, lanes 11 and 15) indicates that most of the
proteins are properly inserted into the ER-derived membranes.
In these cases, the addition of an NST C-terminal tag did not
increase the apparent molecular weight of the chimeras, reveal-
ing that both TM3 and TM7 are being recognized by the
translocon as truly TM segments (Fig. 7A, lanes 12 and 16) and
efficiently inserted into the membrane with the NST C-termi-
nal tag oriented toward the cytoplasm where it cannot be gly-
cosylated (Fig. 7B, right panel).

Membrane Insertion of the Isolated TM1 and TM2 Segments

To test further the propensity of TM1 to insert into the ER
membrane, we used an experimental system based on the E. coli
inner membrane protein leader peptidase (Lep). Lep consists of
two TM segments (H1 and H2) connected by a cytoplasmic
loop (P1) and a large C-terminal domain (P2). Lep inserts into
ER-derived microsomal membranes with both N and C termini
facing the ER lumen (Fig. 8A, left). The region evaluated (TM-
tested) is engineered into the luminal P2 domain and is flanked
by two N-linked glycosylation acceptor sites (G1 and G2) (45).
In this system, double glycosylation of the Lep derivatives indi-
cates translocation of the tested segment across the membrane
(Fig. 8A, right), whereas a single glycosylation denotes mem-
brane integration (Fig. 8A, center) (52, 54).

The translation of chimeric constructs harboring the TM1
sequence of Ste2p in the presence of ER membranes produced
primarily doubly glycosylated forms (Fig. 8B, lane 6). This result
indicates a rather inefficient insertion (�40%) of this Ste2p
region when studied of its native context (Fig. 8). In contrast,
the isolated TM2 sequence is much more efficiently inserted
into the microsomal membrane (�80%) (Fig. 8, C and D).

This observation is consistent with the results of our mem-
brane topology study (Fig. 7). An in silico analysis of the TM1
sequence with the �G prediction algorithm revealed Arg58, fol-
lowed by Ser59, as residues with a higher energy penalty for
membrane insertion (supplemental Table S3). Substitution of
Arg58 by hydrophobic residues such as Leu (R58L) or Ala
(R58A) lowered the predicted �Gapp (Fig. 8D) and increased the
experimental percentage of insertion from 36 to 85 and 83%,
respectively (Fig. 8B, lanes 7 and 8). Similarly, the replacement
of Ser59 by Leu (S59L) raised the insertion percentage to 72%
(Fig. 8B, lane 10). In contrast, replacing Arg58 by a negatively
charged residue (Glu) lowered the insertion efficiency to 30%
(Fig. 8, lane 9). Our results demonstrated that Ste2p TM1 is not
efficiently recognized by the translocon as an independent TM
segment, most likely, due to its low hydrophobicity (positive
predicted �Gapp value, Fig. 8D). TM2 is significantly more
hydrophobic (see Fig. 8 and supplemental Table S3) and hence
inserts more efficiently (Fig. 8, C and D). Once the second TM
segment is synthesized during the biogenesis of the protein, the
overall hydrophobicity of the TM12 polypeptide is higher and
therefore both TM segments are properly inserted into the

membrane and assume a native hairpin topology (Fig. 7, TM12
construct).

Discussion

Recent years have witnessed a dramatic increase in the
amount of structural information on GPCRs. Detailed informa-
tion on the ground and excited states, as well as on the mecha-
nism of activation of GPCRs has been derived from crystallo-
graphic studies and MD simulations. However, a detailed
picture of how these proteins actually fold is not yet available,
partly due to the fact that crystallography cannot describe

FIGURE 8. Insertion of STE2p TM1 into microsomal membranes. A, sche-
matic representation of the leader peptidase (Lep) constructs used to report
insertion into the ER membrane. The TM under study is inserted into the P2
domain of Lep, flanked by two artificial glycosylation acceptor sites (G1 and
G2). The Lep chimera will be singly glycosylated when the TM being tested is
inserted into the lipid bilayer and doubly glycosylated if it is translocated into
the lumen of the microsomes. B, in vitro translation of Lep constructs in the
presence (�) or absence (�) of RM. Control TM sequences were used to verify
sequence translocation (lanes 1 and 2) and membrane integration (lanes 3
and 4) (52). Lep chimeras containing STE2p wild type TM1 sequence (lanes 5
and 6), or TM1 bearing R58L (lane 7), R58A (lane 8), R58E (lane 9), and S59L
(lane 10) mutations are included. Bands of non-glycosylated protein forms are
indicated by a white dot; singly and doubly glycosylated proteins are indi-
cated by one and two black dots, respectively. C, comparison of in vitro trans-
lation of TM1 and TM2 constructs in the presence of rough microsomes
together with insertion and translocation controls as described in B. D, the
TM-tested sequence in each construct is shown accompanied by the corre-
sponding insertion percentage (average of 3 independent experiments). Bold
letters are used to highlight single residue mutations. The last two columns of
the table display predicted (pred) and experimental (exp) �G values, respec-
tively, in kcal/mol. Predictions were obtained with the �G prediction server
on the basis of the amino acid sequence of the TM helix (18, 45).
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conformational preferences of folding intermediates. Our
approach to understand the folding of a model GPCR, Ste2p, is
based on the study of a series of overlapping N-terminal frag-
ments of increasing size. Using solution NMR in micelles to
determine the structure of these fragments and in vitro bio-
chemical assays to determine the insertion and topology of the
fragments into biological membranes we expect to learn about
the conformational preferences of GPCR segments as the elon-
gating polypeptide chain emerges from the ribosome during
early stages of protein biosynthesis.

Conformational preferences of fragments of GPCRs have
been investigated before. Yeagle and co-workers (55, 56) deter-
mined the structures of individual helices and loops of rhodop-
sin, and used the structure of these fragments to restrain a
model of the entire receptor. Arseniev and co-workers (57–59)
determined conformational preferences of the individual and
combined first two TM regions of BR in organic solvents and
SDS micelles. The Khorana group (60), in their seminal work,
showed that BR could be cleaved enzymatically into two frag-
ments, which assemble into a proton-translocating complex in
the presence of retinal. Similarly, Dumont and co-workers (61)
demonstrated that two complementary Ste2p fragments, which
represented this GPCR split at every cytosolic or extracellular
loop, could form a functional receptor when co-expressed.
Although major contributions of loops for folding have been
claimed in the case of mammalian rhodopsin (62), the above
mentioned studies by the Khorana and Dumont groups (60, 61)
and work on other polytopic membrane proteins (e.g. Lac per-
mease) attribute a pivotal role to the formation of inter-helical
contacts.

TM helices represent the building blocks of the cores of inte-
gral membrane proteins. Elegant studies on model helices such
as glycophorin A indicate that the driving forces to form helical
bundles are contained solely in the helical regions (63, 64). Con-
necting loops bring the TM helices of GPCRs into spatial prox-
imity, increase their effective local concentration, and thereby
facilitate formation of inter-helical contacts. The central ques-
tion this study addresses is whether mutual interactions of mul-
tiple helices in the nascent GPCR increase the stability of the
secondary structure of these helices and promote their proper
integration into the hydrophobic core. Our working hypothesis
was that the presence of polar residues in central positions of
individual TMs would be in a thermodynamically unfavorable
state in the lipid core and must, therefore, be stabilized through
interhelical interactions. To investigate this question, frag-
ments were required that contain TM helices that form con-
tacts in the fully reconstituted receptor. Our analysis of GPCR
structures solved by X-ray crystallography and of a homology
model of Ste2p revealed such contacts between TM1, TM2, and
TM3 at the N terminus. In addition, in all GPCR structures
TM7 forms contacts with TM1 and TM2. Therefore, we chose
also to investigate the conformation of the TM127 construct as
well, realizing that the connecting loop is non-native.

Our NMR data reveal that the isolated first helix from the
Ste2p receptor does not stably integrate into detergent micelles.
This observation is supported by the glycosylation assays that
employ biological microsomes purified from eukaryotic cells.
The latter assays, on carefully designed TM1 mutants, also con-

firmed the assumption that polar or charged residues are
responsible for the non-efficient membrane integration. The
longer constructs described in this study were designed to test
whether addition of one or more helices, which in the entire
receptor form direct contacts with TM1, would help to stabilize
this transmembrane domain and improve its integration into
bilayers. Indeed, addition of TM2 to TM1 stabilizes the struc-
ture of TM1, potentiates its insertion into bilayers, and results
in formation of a relatively stable helical hairpin. Unfortunately,
addition of TM3 to the TM12 construct results in a protein
(TM123) that tends to strongly oligomerize, and which there-
fore could not be investigated in detail. Interestingly, early CD
studies on isolated Ste2p TM3-derived peptide both in SDS
micelles and DMPC bilayers concluded that this peptide has a
tendency to aggregate into �-sheet-like structures (65). As
stated above, TM7 also forms many contacts with TM1 and
TM2 (Fig. 1), and is strongly helical as an isolated peptide in
micelles and bilayers (65). The NMR analysis of TM127 indi-
cated that, despite the fact that it remained perfectly mono-
meric, TM7 did not stably pack against TM1 and/or TM2. The
glycosylation assays, however, indicated that most of TM127
does display the correct membrane insertion/topology, and this
was also the case for TM123. We conclude that 3-TM con-
structs can form metastable bundles that can fold with the cor-
rect topology in a true membrane environment. However, addi-
tional contacts with other TMs appear to be necessary to form
stable native-like folds and to prevent aggregation.

What factors are critical in determining membrane protein
folding and insertion? The simple two-stage model for the fold-
ing of helical membrane proteins postulated by Popot and
Engelman (10, 11) proposes that secondary structure forms
once the entire TM segment partitions into the membrane. A
rather surprising recent discovery is that the biological scale for
partitioning amino acids between the translocon and the ER
membrane (45) is very similar to the biophysical data for parti-
tioning between water and lipid bilayers (17). Perhaps based in
part on this finding Popot and Engelman (10, 11) entitled their
recent commentary on membrane protein folding “Membranes
do not tell proteins how to fold,” emphasizing that membrane
protein folding is primarily encoded by the amino acid
sequence and largely independent of the specifics of the envi-
ronment as long as it is sufficiently hydrophobic (66). Accord-
ingly, membrane protein folding in their view is also not deter-
mined by specific properties of the translocon.

Helical TM-bundle proteins often contain polar or even
charged residues at internal positions. Some of the individual
helices are only marginally stable even in a membrane environ-
ment. In the folded TM-bundle the polar or charged residues
form contacts with complementary groups in other TM helices.
These contacts contribute to the assembly of the TM-bundle,
and in particular to the specificity of inter-helical contacts (25,
28, 67, 68). Insertion of single TM helices into the hydrophobic
core exposes these polar moieties to the lipids, an unfavorable
interaction that is expected to expel the corresponding part
from the membrane interior and transfer it to the interface.
Krishnamani and Lanyi (69) performed MD simulations of
individual BR helices in SDS micelles. Their data indicated that
partitioning of the helices into the hydrophobic core largely
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depended on the hydrophobicity of the individual helices, and
the presence of charged (but not polar) residues prevented full
insertion of the TM portions into the hydrophobic core of the
membrane and resulted in significant destabilization of second-
ary structure. We observed in this study that the first helix is
significantly destabilized around the central polar GVRSG
motif. Packing of TM2 against TM1 apparently stabilizes sec-
ondary structure in TM1 as demonstrated by the fact that
TM12 forms a much more stable �-helical hairpin (Figs. 3 and
7). We expected that adding another TM helix would even sta-
bilize the fragment further. In fact, we observed formation of a
comparably stable hydrophobic core in TM127, but not in
TM123, as evident, for example, from penetration of water into
central parts of TM3.

Considering the possibility that individual helices may not be
sufficiently stable in a fully membrane-inserted mode and do
require inter-acting partners to remain inserted, timing of the
release of TM segments into the membrane is important. Pro-
teins are synthesized starting at the N terminus, and the co-
translational folding model postulates that folding occurs after
the nascent chain is released via the translocon into the mem-
brane compartment (70, 71). Our NMR data supported by the
microsomal topology studies, however, indicate that TM1 does
not exist in one well defined conformation, and is not efficiently
membrane-integrated on its own, whereas TM2 more effi-
ciently inserts into the membrane. Addition of TM2 therefore
significantly stabilizes TM1 in TM12, TM123, and TM127.
These results and the biochemical topology studies would be
consistent with integration of the growing polypeptide into the
bilayer only after several TM helices have been biosynthesized.

Structural analysis of the TM127 construct concludes that
TM7 does not stably pack against TM1 and TM2. In particular,
hinge motions about Leu-Pro-Leu in TM7 likely exist as
inferred from the fact that amide signals for the two Leu resi-
dues are broadened beyond detection, and that both straight
and kinked TM7 conformers are obtained in the structure cal-
culations. Moreover, the close to parallel alignment of the TM
helices that is observed in the crystal structures of full GPCRs is
not observed in the detergent micelle. TM127 rather seems to
form a rapidly interconverting set of conformers, in which TM7
packs in multiple ways against the hydrophobic core of TM1
and TM2, forming a loosely packed 3-TM helix bundle in
micelles (Fig. 5), and likely also in nanodiscs as inferred from
the observed exchange-broadening of TM residues. Based on
the paramagnetic broadening experiments with the Gd-based
reagent (Fig. 6), in micelles we can exclude any bundle in which
the individual three TM127 helices present lipid-associated but
well separated surface-associated entities. This is despite the
presence of various polar or even charged residues within the
TM helices. Although we cannot present a structure of TM123
at present, it seems to be structurally more inhomogeneous
than TM127, existing in various oligomeric states, as TM3 is
not well integrated into the hydrophobic core.

Recently we performed an exhaustive topological study on
folding of N and C terminally truncated forms of the Y4 recep-
tor, a human GPCR (29). The data from this study indicated
that dual topologies (C terminus in and out) are more likely to
occur for short fragments (e.g. TM1 or TM12), whereas more

unique and correct topologies were encountered for proteins
that comprise most of the TM helices (e.g. TM1– 6). Again, we
suspected that the presence of uncompensated polar or
charged residues at central positions within the TM helices is
responsible for that behavior.

What happens to helices that do not readily insert into the
membrane because polar or charged residues prevent inser-
tion? In the case of a sequential exit from the translocon, our
data suggest that such helices (e.g. TM1 from the Ste2p recep-
tor) will localize, at least to some extent, in the interface, and,
due to their hydrophobicity, will always remain associated with
the membrane in some way. In principle, the isolated TM1 may
also exist in a V-shaped arrangement in which two membrane-
inserted short hydrophobic helices are connected by a more
polar linker that is located in the interface. Although such a
scenario cannot be ruled out, the reduced secondary chemical
shifts and the lack of long-range NOEs between these helices
indicate that the overall topology of TM1 is rather flexible. Sim-
ilarly, our data indicate that also central parts of TM3 have
solvent access indicating that TM3 is not fully inserted into the
membrane. Would such interfacial helices later be pulled back
into the membrane interior when their interacting partners
become available? Although we cannot exclude this scenario
per se, the fact that refolding of GPCRs, in general, is very diffi-
cult and that they denature irreversibly indicates that TM
domains that initially misfold would likely not spontaneously
fold correctly into the hydrophobic core when interacting heli-
ces become available. Alternatively, nascent helices may accu-
mulate within or near the translocon, where the bundle is
pre-assembled and then fully released into the membrane. Pho-
tocross-linking experiments demonstrated that TM helices
formed either specific or nonspecific contacts with residues
from the translocon (72). Interestingly, these experiments also
revealed that TM helix bundles leave the translocon and enter
the lipid bilayer in a concerted manner (73–76). High and co-
workers (77) using chemical cross-linking methodology dem-
onstrated that large portions of opsin containing multiple TM
domains remain bound or associated to the translocon. The
rate of release of these portions depended more on their amino
acid sequence than on their position in the protein. In this con-
certed model the nascent chain remains within the translocon
or attached to other translocon-associated components until
the protein has been fully synthesized (for a more general dis-
cussion of the issue see also the review by Skach (71)).

In the experiments described in this work we have probed the
conformational preferences of overlapping N-terminal poly-
peptides of increasing length of a yeast GPCR. Thereby we were
able to obtain biophysical evidence about the putative behavior
of these protein fragments when they are released into the
membrane hydrophobic core from the translocon. Based on the
fact that TM1 does not form a stable helix and does not inte-
grate well into micelles or microsomal membranes and that
TM123 and TM127 do not form stable three-helix bundles it is
reasonable to conclude that large portions of the nascent recep-
tor remain either within the translocon or associated with
nearby proteins until compensatory tertiary intramolecular
contacts between polar or charged residues are available. Oth-
erwise, some of these TM helices would not remain fully
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inserted in the membrane core, instead they would accumulate
at the interface and might be prone to form aggregates as found
for TM123. The exact folding pathway of a GPCR will likely
depend on its the amino acid sequence, and hence may vary
from receptor to receptor.

Finally we believe that the more detailed structural picture of
membrane protein folding that can be derived from the NMR
data, as compared with using conventional folding/unfolding
studies of entire GPCRs or when using only topology mapping
experiments (see below), provides important additional
insights into GPCR folding. Given the rather complex pathway
a membrane polypeptide must take from ribosomal synthesis,
to membrane insertion and folding, a combination of biochem-
ical and biophysical methods is essential to fully decode these
latter processes.

Experimental Procedures

Chemicals and Solutions—15NH4Cl, [13C-d7]D-glucose, and
D2O were purchased from Spectra Stable Isotopes (Andover,
MA). LPPG and DPC were bought from Avanti Polar Lipids
(Alabaster, AL). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), and 1,2-dimyristoyl-sn-glycero-3-phosphoglyc-
erol (DMPG) were purchased from Anatrace Inc. Bio-BeadsTM

SM-2 Resin was bought from Bio-Rad. All other chemicals were
obtained from Sigma (Buchs, Switzerland).

The pGEM1 plasmid, rabbit reticulocyte lysate, and the TNT-
coupled transcription/translation system were purchased from
Promega (Madison, WI). The ER rough microsomes from dog
pancreas and the SP6 RNA polymerase were purchased from
tRNA Probes (College Station, TX). The [35S]Met/Cys labeling
mix was purchased from PerkinElmer Life Sciences (Waltham,
MA). The restriction enzymes and endoglycosidase H were
purchased from New England Biolabs (Ipswich, MA). The DNA
plasmid, RNA clean up, and PCR purification kits were from
Qiagen (Hilden, Germany). The PCR mutagenesis kit,
QuikChange was from Stratagene (La Jolla, CA). All the oligo-
nucleotides were purchased from Thermo (Ulm, Germany).

Expression and Purification—Cloning procedures are de-
scribed under supplementary materials. Ste2p constructs were
expressed with �TrpLE as a N-terminal fusion as previously
described (34). In most constructs the N terminus of Ste2p was
truncated at residue 30 (78). Small scale growths in BL21-AI
cells (for TM1 and TM123) and BL21 Star(DE3)pLysS (for
TM127) were used to optimize expression. Inoculation was car-
ried out at an A600 of 0.5–1.0, and cultures were subsequently
cooled to 20 –22 °C and harvested after 16 –22 h. Expression
was carried out in M9 minimal medium with uniform 15N/13C/
2H, 15N/13C, or selective reverse methyl labeling (supplemen-
tary materials). Additionally, the TM1 (BL21-AI) and TM127
(BL21(DE3)) constructs were expressed directly containing the
full N terminus (and N-terminal His6 tag in case of TM127) at
37 and 22 °C, respectively. Preparation of inclusion bodies,
cyanogen bromide cleavage of the �TrpLE sequence, and sub-
sequent RP-HPLC purification were carried out as described
previously (36). Direct expression products were purified anal-
ogously without the chemical cleavage step. For further details
of expression and purification, see supplementary materials.

Coupling of the MTSL spin label to single cysteine mutants
was achieved by first dissolving 0.4 mM protein in 40 mM Tris/
HCl buffer at pH 7.5 containing 6 M guanidinium hydrochlo-
ride, followed by addition of 2 mM dithiothreitol (DTT) and
gentle shaking for 4 h at room temperature to assure complete
reduction of cysteines. After the solution was purged with
nitrogen for several minutes to remove oxygen, a 15- to 20-fold
excess of the MTSL spin label dissolved in DMSO was added,
and the solution was incubated at room temperature overnight.
The reaction mixture was injected directly onto a nickel-nitri-
lotriacetic acid column and washed with about 100 column vol-
umes of the reaction buffer to remove unreacted spin label and
residual DTT. The reaction product was eluted with 500 mM

imidazole after another wash step with 10 mM imidazole, and
collected fractions were dialyzed against water and lyophilized.
For NMR sample preparation the protein was dissolved in
hexafluoroisopropanol (HFIP)/H2O (4:1, v/w), and half of the
solution was deactivated with 10 mM ascorbic acid and after-
ward neutralized with sodium hydroxide. Subsequent sample
preparation was carried out as described below.

The expression and purification of the nanodisc membrane
scaffold protein MSP1D1�H5 was carried out based on a pub-
lished protocol (79). The MSP/lipid stoichiometry was opti-
mized for each lipid empirically using size exclusion chroma-
tography in combination with multiangle light scattering
(SEC-MALS). Nanodiscs carrying TM127 were assembled
based on an established protocol (80). Briefly, TM127 and the
particular lipid solubilized in SDS as well as the MSP were
mixed with a 5-fold excess (relative to the membrane protein
concentration) of empty nanodiscs. Bio-Beads were added to
remove the SDS thereby inducing the self-assembly. After the
formation of nanodiscs was complete, Bio-Beads were removed
by filtration, and nanodiscs containing TM127 were isolated
using a nickel-nitrilotriacetic acid column. After buffer
exchange, TM127 nanodiscs were concentrated and character-
ized by SEC-MALS (for more details, see supplemental
materials).

NMR Sample Preparation—NMR samples contained 40 mM

K3PO4 buffer (pH 6.4) and 120 mM LPPG, 30 mM DPC, and
were produced using a protocol slightly modified from the one
described by Killian et al. (81). The protein was first dissolved in
small amounts of HFIP/water (8:1), whereas detergents were
dissolved in a phosphate buffer equivalent to their final sample
concentrations. After mixing the two solutions, water was
added stepwise to dilute the organic solvent and to allow
micelles to form. After two lyophilization steps, the sample was
taken up in 250 �l of H2O/D2O (9:1). In the case of TM123,
several cycles of dissolving the sample in HFIP and H2O and
subsequent lyophilization were necessary to achieve acceptable
protein integration into the micelle.

Gd-(DTPA-BMA) was added from a �100 stock solution to
prepare samples that were used to probe micelle integration.
Gd-(DTPA-BMA) concentrations of 5, 10, and 15 mM were
measured and compared with a blank of 1 mM to reduce effects
resulting from T1 relaxation.

RDC samples were prepared as follows. The dinucleotide
2�-deoxyguanylyl-(3�,5�)-2�-deoxy-guanosine (dGpG) was added
as a powder to a freshly prepared NMR sample containing [15N/
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13C/2H]His-N-TM127 and LPPG/DPC (4:1) in 40 mM K3PO4
buffer (pH 6.4). KCl was then added from a concentrated stock
solution in the same buffer and complete dissolution required
several heating-cooling (45�4 °C) cycles. The volumes and
weights were adjusted so that the final concentrations of dGpG,
[15N/13C/2H]His-N-TM127, LPPG/DPC, and KCl were 30
mg/ml, 0.4 mM, 150 mM, and 100 mM, respectively. The KCl was
necessary to ensure G-tetrade formation. The formation of a
stable liquid crystal phase was monitored by observing the
residual 2H2O quadrupolar coupling on the solvent signal.

NMR Spectroscopy—All samples for assignment purposes
were measured on a Bruker AV700 spectrometer equipped
with a triple-resonance cryoprobe at 317 K. NMR samples con-
tained 0.2– 0.4 mM protein in 40 mM phosphate buffer (pH 6.4),
120 mM LPPG, and 30 mM DPC as described previously (37).
Proton chemical shifts were referenced to the water line at 4.47
ppm at 317 K, from which the nitrogen and carbon scales were
derived indirectly by using the conversion factors of 0.10132900
(15N) and 0.25144954 (13C).

Backbone assignments were obtained from standard TROSY-
type triple resonance experiments. Briefly, an HNCO data set
was used to pick peaks in the 15N,1H-TROSY spectrum to rec-
ognize peak overlap, and to adjust peak positions in cases of
peak overlap. Backbone and partial side chain assignments were
then obtained from HNCACB and HN(CO)CACB experiments
(or HNCA and HN(CO)CA) spectra. Side chain resonance
assignment was accomplished using hCCH-TOCSY/COSY
(82, 83) in combination with 13C,1H-HSQC and aliphatic/aro-
matic 13C-resolved NOESY experiments. Spectra for side chain
assignments required the use of d36-LPPG and d38-DPC to
eliminate the strong residual signals from detergent. All chem-
ical shifts were finally correlated to peak positions in the
15N,1H- and 13C,1H-HSQC spectra.

For the automatic shift adaptation of TM1-TM2 in TM127,
signals of the three-dimensional 15N-NOESY spectra were
picked according the location of the parent amide peaks in the
corresponding 15N,1H-HSQC spectra. The resulting strips
were then matched in the following way. For each assigned
“old” strip (from TM12) a number of potential “new” strips
(from TM127) are pre-selected. This selection was based on the
1H(F3) and 15N(F2) shifts of the TM12 strip, defining a spectral
window, within which all potential new strips were searched.
This window was larger for residues at the beginning and the
tail of the sequence. The set of new strips are then compared
with the old strip by calculating chemical shift differences, and
the best match is the one displaying the smallest differences.
The procedure will be described in more detail elsewhere.

To evaluate PREs, the ratio of peak intensities in 15N,1H-
HSQC spectra measured on freshly prepared samples was com-
puted relative to samples in which the MTSL label was deacti-
vated by ascorbic acid. Peaks that were not sufficiently
separated and therefore could not be integrated reliably were
omitted from further analysis.

Structure Calculations—Distance restraints were obtained
from 15N-resolved NOESY spectra recorded on 15N/1H- and
15N/2H-labeled Ste2p TM127 samples with mixing times of 70
and 200 ms, respectively, and from 13C-resolved NOESY spec-
tra with 100-ms mixing time. In addition, dihedral angle

restraints obtained using the TALOS-N program (84), which
uses chemical shifts of 1H�, 13C�, 13C�, 13C�, and backbone 15N
nuclei, were added. Unassigned integrated peak lists from
UNIO�10 were transferred to CYANA, which assigned the peak
list in seven iterative cycles using the built-in macro “noeassign”
(85). The final CYANA calculation was performed with 100
randomized starting structures, and the 20 CYANA conform-
ers with the lowest target function values were selected to rep-
resent the NMR ensemble.

Three classes of PREs were distinguished. Strong PREs, with
less than 10% of the original signal intensity, yielded 26 PRE
restraints with an upper distance limit of 14.0 Å. Medium PREs,
with residual peak intensities of 10 – 80%, yielded 49 distance
restraints with a lower limit of 14 Å and an upper limit of 20 Å,
and unaffected residues, with residual intensities larger than
80%, 48 distance restraints with a lower limit of 20 Å. PRE dis-
tance restraints required cross-checking for compliance
with the short- to medium-range NOE restraint network, as
well as the torsion angle restraints. 63 RDC restraints comple-
mented the PRE-derived distance restraints.

To obtain a representative statistical analysis of the different
conformations of TM127 we performed calculations starting
from 5000 structures and clustering the 500 structures with the
lowest energies based on their backbone root mean square devi-
ations (	3 Å) in the helical regions. This resulted in 48 clusters
that contained up to 95 structures. The four most prominent
clusters with at least 30 structures have been analyzed by back-
calculation of the raw PRE and RDC data and subsequently
compared with the experimental values, as well as to the
back-calculated values for the structure based on a homology
model (for more details, see supplemental materials) (40).
Important parameters of the structure calculations are summa-
rized in supplemental Tables S1 and S2.

Glycosylation Assays—Truncated Ste2p constructs were
obtained by using reverse primers at defined positions either
with QST or NST C-terminal tags followed by tandem stop
codons. mRNAs were transcribed from the SP6 promoter with
SP6 RNA polymerase (tRNA probes) according to the manufa-
cturer’s instructions. The mRNA products were purified with a
Qiagen RNeasy clean up kit and verified on a 1% agarose gel. In
vitro translation of in vitro transcribed mRNA was performed
in the presence of reticulocyte lysate, [35S]Met/Cys, and dog
pancreas microsomes, as described previously (54). After trans-
lation, membranes were analyzed by SDS-PAGE. Finally, the
gels were visualized on a Fuji FLA3000 phosphorimager with
ImageGauge software. For Endo H treatment, the translation
mixture was diluted in 4 volumes of 70 mM sodium citrate (pH
5.6) and centrifuged (100,000 � g for 20 min at 4 °C). The pellet
was then resuspended in 50 �l of sodium citrate buffer with
0.5% SDS and 1% �-mercaptoethanol, boiled for 5 min, and
incubated for 1 h at 37 °C with 0.1 milliunit of Endo H (52). The
samples were analyzed by SDS-PAGE. Full-length Lep con-
structs were transcribed and translated in the TNT Quick sys-
tem (Promega). Briefly, 1 �g of DNA template, 1 �l of [35S]Met/
Cys (5 �Ci), and 0.4 �l of microsomes (tRNA Probes) were
added to 10 �l of TNT mixture at the start of the reaction, and
samples were incubated for 90 min at 30 °C. Translation prod-
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ucts were analyzed as previously described for the truncated
molecules (86).

Quantification of the fractions of singly glycosylated (f1g) and
doubly glycosylated (f2g) proteins allows calculation of the
apparent equilibrium constant, Kapp, for the membrane inser-
tion of a given TM sequence, Kapp 
 f1g/f2g. The Kapp value can
be converted into the apparent free energy difference between
the non-inserted state and the inserted state with the formula
�Gapp 
 �RT lnKapp, where R is the gas constant (r 
 1.986
kcal K�1 mol�1), and T is the absolute temperature (T 
 303 K).
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Sequences: 

The following figure depicts a snake-plot of the Ste2p receptor, indicating the domain borders 

of the different proteins described in this study. 

Figure S1: Snake plot of the Ste2p receptor. Positions originally occupied by Cys residues are highlighted in 
green. The charged residue Arg58 and Glu143 are depicted in black. Potential glycosylation acceptor sites 
NXS/T are highlighted in red. Constructs containing the full N-terminus as well as truncated forms starting at 
Gly30 have been used (see text). Note that in TM127 part of the EL1 as well as EL3 were used. 
 

Cloning procedures:  

Construction of the Ste2p TM127 (G31-T114, T274-L340) expression vector was 

accomplished using a two-step process.  PCR was performed using primers designed to 

remove residues G115-G273 and the pBluescriptSK(-) BEC2(M54L, M69V, M71I, M165I) 



 2 

Ste2p vector as a template.  The resulting sequence was PCR amplified using a forward 

primer containing a HindIII site and a sequence complementary to the N-terminal sequence of 

the TM127 construct, and a reverse primer containing a BamHI site and a sequence 

complementary to the C-terminal sequence of the TM127 construct.  The amplified fragment 

and the pSW02 vector were digested with HindIII and BamHI, gel purified, ligated using T4 

DNA ligase, and transformed into DH5α.  DNA from some of the resulting colonies was 

purified and sequenced. The resulting plasmid, pSW127, contained the TrpΔLE leader 

sequence in phase with Ste2p(G31-T114,T274-L340, M54L, C59S, M69V, M71I, M294L). 

Cyanogen bromide cleavage did not result in pure proteins in case of the Cys mutants 

required for the PRE studies. Therefore, three different expression vectors were constructed 

for direct expression of TM127. One contained the full native N-terminus of Ste2p (S2-T114, 

T274-L340), and two additional constructs containing either a N- or C-terminal His10-tag. The 

N-TM127 fragment was derived from the expression vectors pSW127 and pRE01. The latter 

plasmid contains the N-terminus in front of the TM1-TM3 fragment. Both plasmids were used 

as templates to construct N-TM1-TM2-TM7 using suitable overlapping primers in the TM1 

region, a forward primer containing a NdeI restriction site and a reverse primer containing a 

BamHI site. The amplified fragments, as well as the pSW02 vectors, were digested with NdeI 

and BamHI, gel purified, ligated using T4 DNA ligase, and transformed into DH5α cells. 

Several colonies were picked and sequenced, resulting in the verified pMP01 expression 

vector containing N-TM127. N- and C-terminal His10-tags were introduced using FX cloning 

(1). The only construct with high levels of expression was the one containing the N-terminal 

His-tag and a full N-terminus. The construct also contained a C3 cleavage site (Leu-Glu-Val-

Leu-Phe-Gln-Gly-Pro) between the His-tag and Ser2. As the addition of the full terminus 

already added 30 residues to the original construct, we refrained from performing the C3 

cleavage. The N-TM127 insert was amplified using the pMP01 vector as template with 

primers encompassing SapI restriction sites. Precompiled FX cloning vectors were used, 

containing ORF-verified sequences of either N- or C-terminal His10-tags with a C3 protease 

cleavage site adjacent to the HIS10-tag. The insert and vectors were mixed, digested using 

SapI, ligated using T4 DNA ligase, transformed into DH5α cells and sequenced, resulting in 

expression vectors pMP02 (His-N-TM127) and pMP03 (N-TM127-His). Point mutations of 

single Cys residues were introduced using standard Quickchange® protocols. Using the vector 

containing the HIS-N-TM127 insert as a template, three cysteine mutants were designed, 

His10-N-TM127(S47C), His10-N-TM127(S75C) and His10-N-TM127(S104C). 
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The Ste2p TM1(G31-T78) construct was cloned as a direct expression vector from a vector 

encoding TM1-TM3, that itself was constructed from the vector pKC01, that contains the 

ΔTrp fusion of TM1-TM3. The TM1-TM3 direct expression vector, pRE01, was constructed 

by PCR amplification of the G31-R161 region of the Ste2p sequence from the pKC01 vector 

using a forward primer containing a His tag and an NdeI restriction site and a TM3 reverse 

primer containing a BamHI restriction site. The resulting PCR product and the pKC01 vector 

were digested with NdeI and BamHI.  The digests were gel purified and then ligated using T4 

DNA ligase.  The resulting reaction mixture was transformed into DH5α and the DNA was 

purified and sequenced.  The amplified plasmid, pRE01, contained a 6 residue His tag in 

frame with Ste2p(G31–R161, M54L, C59S, M69V, M71I).   

Double stranded mutagenesis was performed on this pRE01 plasmid using primers 

designed to incorporate two stop codons after residue T78.  The resulting PCR product was 

digested with DpnI.  The digested DNA was transformed into DH5α, ten colonies were 

isolated, and the plasmid DNA was extracted from each of the colonies.  The extracted DNA 

was sent for sequencing.  The resulting expression vector, pKC03, contained a 6 residue His 

tag in frame with Ste2p(G31-T78, M54L, C59S, M69V, M71I). 

Truncates of Ste2p for the glycosylation assays were prepared by PCR amplification of 

the appropriated fragment. The 3’ end primers, added the sequence 

GSMGSMGSMNSTMMS (with a glycosylation acceptor site shown in bold) or alternatively 

GSMGSMGSMQSTMMS (with a mock glycosylation tag, non-acceptor Gln shown in bold), 

followed by tandem translation stop codons, TAG and TAA. The TM1 region from Ste2p was 

PCR amplified and cloned into the modified Lep sequence from pGEM plasmid between SpeI 

and KpnI sites (2). The mutations Arg58Leu, Arg58Ala, Arg58Glu and Ser59Leu were 

performed with the QuikChange mutagenesis kit from Stratagene (La Jolla, CA), according to 

the manufacturer's protocol.  
 

Expression of selectively reverse methyl labeled constructs: 

ΔTrp-TM1-TM3 was also expressed to selectively protonate the methyl carbons of the 

isoleucine, leucine and valine (I, L, V, respectively) in an otherwise perdeuterated 

background41.  This was accomplished using 2-keto-3-methyl-d,3-d1-1,2,3,4-13C butyrate and 

2-keto-3-d2-1,2,3,4-13C butyrate as the metabolic precursors for V and L and I, respectively.   

The pKC01 expression vector was transformed into BL-21 AI cells.  A small pre-culture was 

prepared in LB and used to inoculate 100 mL of M9 minimal medium prepared with 15NH4Cl, 
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[13C]-glucose, and D2O.  The 100 mL culture was grown to OD600 of 0.4 and then diluted to 

200 mL with M9 minimal medium prepared with 15NH4Cl, 13C-glucose, and D2O.  The 200 

mL culture was grown to OD600 of 0.4 and then diluted to 1L with M9 minimal medium 

prepared with 15NH4Cl, [13C]-glucose, D2O, and the labeled I, L, V metabolic precursors.  The 

cells were again grown to OD600 of 0.4, expression was induced with 0.2% L-arabinose, and 

the culture was incubated at 37°C for 9.5 h.  After the incubation, the cells were pelleted by 

centrifugation, and IBs were prepared as previously described (3). 

For selective reverse methyl labeling of TM127, the pSW127 plasmid was transformed 

into BL21 Star(DE3)pLysS cells. 1 mL of LB (H2O)/Cam,Amp overnight culture was used to 

inoculate 6 mL of LB (D2O)/Cam, Amp culture and grown overnight. 1.5 mL of this 

overnight culture was subsequently transferred to 40 mL M9 (D2O)/50% Cam, 20% Amp 

medium with 15NH4Cl as well as [13C]-glucose, grown to OD600 of 1.2 and added to 1L of M9 

medium. After growth to an OD600 of 1.0, the culture was cooled to 22ºC, metabolic 

precursors were added, and expression was induced with 0.5 mM IPTG for 18 h. 

Subsequently, the cells were harvested, lysed by ultra-sonication for 10 minutes, inclusion 

bodies were isolated by centrifugation at 14000 rpm for thirty minutes and aliquoted into 8 

equal parts to not overload the column. 

 

Fragment Stability: 

Sample stability was analyzed by applying 50µl of freshly prepared NMR sample on a 

Superdex 200 10/300 GL size exclusion chromatography column in 40mM K3PO4 buffer (pH 

6.4) containing 12mM LPPG, 3mM DPC and 150mM NaCl.  

 
Figure S2: Overlay of SEC chromatograms from TM123 and TM127. Freshly prepared TM123 (blue) 
already forms large soluble aggregates, whereas TM127 (brown) is mostly monomeric. A significant amount of 
TM123 can already be found in the void volume at around 1.0ml and in the broad peak from 1.1ml to 1.6ml. 
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Cross-linking experiments to detect the presence of possible oligomers of TM1 or TM2: 
The Ste2p fragments TM1, (His)6-TM2 and TM2 were dissolved at 100uM in crosslinking 

buffer: 40mM KPi pH=7.5, 120mM LPPG, 30mM DPC. Crosslinking reagent 

bis(succinimidyl)penta(ethylene glycol)  (BS(PEG)5) (Thermo Scientific) was dissolved in 

40mM KPi pH=7.5 and immediately added at 1mM to the dissolved proteins. The reaction 

mixture was incubated for 30 minutes at room temperature. Excess cross-linker was quenched 

with 50mM Tris/HCl pH7.5, and samples were analyzed by MALDI-MS. MS spectra only 

displayed masses of the free protein as well as the adduct of BS(PEG)5 with a single protein 

molecule.  
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NMR Spectroscopy: 
The TM1, TM12, TM123 and TM127 constructs all displayed good-quality [15N,1H]-HSQC 

or TROSY spectra. The corresponding spectra with annotated peaks are displayed below: 
[15N,1H]- TROSY Spectra: 

 
Figure S3: [15N,1H]-TROSY spectrum of TM1 in LPPG/DPC micelles 
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Figure S4: [15N,1H]-TROSY spectrum of TM12 in LPPG/DPC micelles 
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Figure S5: [15N,1H]-TROSY spectrum of TM123 in LPPG/DPC micelles 
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Figure S6: [15N,1H]-TROSY spectrum of TM127 in LPPG/DPC micelles 
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 Figure S7: Overlay of [15N,1H]-TROSY spectra of TM1 (black) and TM12 (red) in LPPG/DPC micelles 
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Figure S8: Combined 15N and 1H Chemical shift differences TM1 vs TM12 and TM123  

 

Structural and orientational restraints: 

Distances and torsion angles: 
Distance restraints were obtained from 15N-resolved NOESY spectra recorded on 15N,1H- 

and 15N,2H-labeled Ste2p_TM1-TM2 samples with mixing times of 70 and 200 ms, 

respectively, and from 100 ms 13C-resolved NOESY spectra. In general, 15N- or 13C-resolved 

NOESY spectra were recorded with non-deuterated and deuterated detergents, respectively. In 

contrast to the spectra recorded on Ste2p we did not observe significant differences in 

linewidths in deuterated vs. non-deuterated detergent mixtures. In addition, dihedral angle 

restraints obtained using the program TALOS+ (30), that uses chemical shifts of 1Hα, 13Cα, 
13Cβ, 13C’, and 15N nuclei, were added. Peak lists for each spectrum were picked by the 

program package UNIO’10(6). The automatically picked peaklists were manually edited to 

remove artifactual peaks (e.g. t1 noise) or to pick additional weak peaks. The integrated, non-

assigned peak list from UNIO’10 was subsequently transferred to CYANA (7), which 

annotated the peak list in seven iterative cycles using the build-in macro “noeassign”. Again, 

the results from the automatic assignments were carefully checked and edited when 

necessary.  

Peak positions in the 13C- and 15N-resolved NOESY spectra differed for samples recorded in 

deuterated from those in non-deuterated detergent. To account for that deviation chemical 

shift positions were related to the corresponding NOESY spectrum both manually and 

automatically using the sidechain adaptation routine of UNIO’10. 
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Residual dipolar couplings (RDCs): 

RDC samples were obtained by dissolving dinucleotide 2'-deoxyguanylyl-(3',5')-2'-

deoxyguanosine (dGpG) in 40mM K3PO4 buffer (pH 6.4), 150mM LPPG:DPC (4:1) 

containing 0.4mM 15N13C2H-HIS-N-TM127 and 100mM KCl to ensure G-tetrade formation, 

to a final concentration of 30mg/ml. Several heating-cooling (45º- 4ºC) cycles were necessary 

to completely dissolve dGpG. Formation of a stable liquid crystal phase was determined by 

observing the residual 2H2O quadrupole coupling on the solvent signal. 
 

 
Figure S9: H-N RDCs for TM127.  

 

NOEs with water and detergent protons: 

The topology of TM127 in LPPG/DPC micelles was additionally investigated by measuring 

NOEs to water protons (water accessibility) and detergent protons (micelle buried segments). 

 
Figure S10: NOEs to detergent (left) and exchange peaks from water (right) protons for TM127 as 

detected in the 15N-resolved NOESY spectrum. 
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Paramagnetic Relaxation enhancements (PREs): 

To obtain long-range distance restraints derived from PREs, S-(1-oxyl-2,2,5,5-tetramethyl-

2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL), was attached to unique 

Cys sites in the protein. Unfortunately, the presence of cysteine residues was incompatible 

with successive chemical CNBr cleavage, and therefore His-N-TM127, a construct containing 

the full native N-terminus of the Ste2p receptor, that could be directly expressed (His10, S2-

T114, T274-L340), was used instead.  

Three different single cysteine mutants of the TM127 construct were designed: S47C at the 

N-terminus of TM1, S75C in the short loop between TM1 and TM2, and S104C at the 

beginning of the relatively long loop between TM2 and TM7. Signals from residues close in 

sequence to the spinlabel completely disappeared in two of three cases, indicating quantitative 

coupling and full functionality of the spin-label for constructs S74C and S104C. For some 

residues, signal intensities in PRE samples were as large as 120%, suggesting an error of up to 

20%.  

All PREs were classified in three different classes: Strong PREs, with less than 10% of the 

original signal intensity (<14Å), medium PREs, with residual peak intensities between 10-

80% (14-20Å) and unaffected residues, with residual intensities larger than 80% (>20Å) 

following methodology originally introduced by the Wagner lab(8). 

 

Structure calculation details and statistics for TM127: 

Table S1: NOE distance restraints.  

total 728 100.0% 

Intraresidue |i-j |= 0 329 45.2% 

sequential |i-j| = 1 283 39.0% 

short-range |i-j| <= 1 612 84.2% 

medium-range 1 < |i-j| < 5 103 14.2% 

long-range |i-j| >= 5 13 1.70% 
 

Due to the limited amount of long-range information (see Table S1) the global fold of 

TM127 could not be calculated based on NOE distance restraints and 166 torsion angle 

restraints alone. Therefore, a second round of structure calculations was performed using 

auxiliary sources of structural information available in the form of distance restraints derived 

from PRE measurements and restraints for residual dipolar couplings. 
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PRE distances were available in three classes as described above. It was therefore possible 

to include 26 PRE distances with an upper distance limit of 14.0 Å, 49 distances with an 

upper limit of 14 Å and a lower limit of 20 Å and 48 PRE distances with a lower limit of 

20 Å. PRE distance restraints required cross-checking for compliance with the short- to 

medium-range NOE restraint network, as well as the restraints for torsion angle restraints. 

63 RDC restraints complemented the PRE-derived distance restraints. For the first iteration 

of structure calculations, artificial upper and lower distance limits were generated to 

incorporate structural information from soluble paramagnetic spin labels. The restraints were 

defined between the amide proton of residues with an attenuated signal due to the influence of 

the spin labels. The approach relied on assumptions made for the detergent micelle 

environment (detergent LPPG) based on reference literature (Lipfert, 2007) . The micelle was 

assumed to have an elongated form with a height of 38-40 Å and a length of 56.8-58.8 Å. 

Upon insertion of TM127 into the micelle in an orthogonal orientation, the center of the 

micelle was expected at 19-20 Å distance from the solvent-exposed loop regions. In order to 

represent the micelle nexus, a pseudo residue from the CYANA residue library was utilized. 

This residue was attached to the amino acid sequence of TM127 via flexible linker of 

sufficient length. The pseudo residue is insubstantial and cannot cause atom collisions. 

Signals strongly influenced by the soluble spin labels and displaying a large degree (>70%) 

of attenuation received a lower limit of 19 Å to the micelle center. Signals that were not 

subjected to line broadening resulting from the spin label influence were assumed to be more 

deeply embedded within the micelle and restrained with upper an upper limit of 15 Å. Signal 

attenuation was also observed using HNCO experiments. In order to apply information from 

these measurements to the structure calculation, ambiguous distance restraints were created 

for atoms H and N of the residue corresponding to an observed attenuated signal, as well as 

for the carbonyl C of the predecessor amino acid with the aforementioned upper and lower 

distance limits of 15 Å and 19 Å, respectively. However, the incorporation of distance 

restraints derived from soluble PREs led to over-restraint structures. The uneven number of 

observable PREs from soluble spinlabels for different regions in the protein caused the 

artificially created micelle center to be located outside of the perceived helix bundle. This led 

to very strong constraints, even at reduced weights, on certain parts of the construct, 

effectively 'bending' the helices. Restraints from soluble spin labels were therefore omitted 

from further structure calculations and rather used for qualitative validation for the structures.  

In total, the restraints shown in Table S2 were applied in the structure calculation of 

TM127. 



 15 

Table S2: Structure calculations statistics 

Distance restraints   

NOE distance restraints  726 

Torsion angle restraints  166 

PRE-derived distance restraints Upper limit only 26 

 Upper and lower limit 37 

 Lower limit only 47 

RDC restraints  63 
   
Structure calculation statistics   

Ave. target function  7.19 Å2 

Ave. backbone RMSD to mean  4.53 Å 

Structural clusters  48 
 

In the final structure calculation, 5000 structures were calculated in 10 individual runs with 

500 structures each from 10 different random seeds using standard structure calculation 

routine in CYANA with 20000 torsion angle dynamics steps. The 50 structures with the 

lowest target function were collected from each run and combined to a bundle containing 500 

structures, which was clustered according to the backbone RMSD of helix regions T50-T72, 

P79-L102 and V276-A299 with a cutoff of 3Å. Clustering resulted in 48 total clusters with 

the largest containing 95 structures and 11 clusters containing at least 10 structures. 16 

clusters with only one structure, 5 clusters with two and 4 clusters with three structures could 

be observed. The four most prominent clusters with at least 30 structures have been analyzed 

by back-calculation of the raw PRE and RDC data and subsequently compared to the 

experimental values, as well as to the back-calculated values for the structure based on a 

homology model.  
 
Relaxation effects from the water-soluble spin-label: 

In addition to the Gd-(DTPA-BMA) studies on TM123 and TM127 we have  probed relaxation 

enhancements for TM1 and TM12. We have measured the effects on (His)6-TM12 and 

compared it to TM12 in order to investigate whether the addition of the His-tag modifies the 

interaction with the micelle. Again, all PREs were measured from peak intensities in the 

HNCO experiment. Presented are relative attenuations for 15mM Gd-(DTPA-BMA) 

containing samples, taking the corresponding values for the 1 mM Gd-(DTPA-BMA) samples 

as the reference. 
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Figure S11: Water Accessibility. (A) Relative intensities of TM12 (black) and (His)6-TM12 (red) 

HNCO peaks after addition of 15mM Gd-(DTPA-BMA). (B) Comparison of attenuations in residues 

30-77 caused by 15mM Gd-(DTPA-BMA). The region examined includes the common residues in all 

investigated peptides: TM1, TM12, TM123 and TM127. 

 

 

 



 17 

Reconstitution of TM127 into nanodiscs 

For reconstitution of TM127 into nanodiscs, lipids, TM127 as well as MSP were mixed in 

presence of SDS, and the assembly process was triggered through addition of Bio-Beads.  The 

following lipids were used: 
 

DMPG     DPPG 

DSPG     POPG 

Figure S12: Chemical structures of lipids used for the nanodiscs. 
 

In particular, TM127 was expressed as described above and purified by Ni2+-NTA in 2% 

SDS. Lipids were solubilized at a concentration of 50mM in lipid buffer (20mM Tris/HCl 

pH=8, 4% SDS, 0.02% NaN3). Cycles of freezing in liquid nitrogen and heating to at least 

3°C above the phase-transition temperature of each particular lipid were repeated until a clear 

solution was obtained. Expression and purification of the membrane scaffold protein 

MSP1D1ΔH5 was carried out based on the published protocol (4). The MSP/lipid 

stoichiometry was optimized for each lipid empirically using SEC/MALS. The optimal 

MSP1D1ΔH5 : lipid ratio was 1:55, 1:30, 1:30 and 1:40 for DMPG, DPPG, DSPG and 

POPG. Nanodiscs carrying TM127 were assembled based on an established protocol (5). 

Briefly, TM127, MSP and the particular lipid were mixed in buffer A (20mM Tris/HCl pH=8, 

50mM NaCl, 0.02% NaN3) using a five-fold excess of empty nanodiscs. The concentration of 

TM127 in the assembly mixture was 5µM and the final concentration of SDS was adjusted to 

0.5%. The reconstitution mix was incubated at least 3°C above the lipids phase transition 

temperature for 30 minutes. To induce the formation of nanodiscs, 0.5g/ml Bio-Beads were 

added. After the formation of nanodiscs was complete, Bio-Beads were removed by filtration 

and washed with dilution buffer (20mM Tris/HCl pH=8, 0.02% NaN3). Therefore the 

suspension was applied to an empty gravity flow column and the flow through was collected. 

In order to remove empty nanodiscs, the reaction mix was loaded onto a 1ml HisTrapTM HP 

Ni Sepharose column (GE), equilibrated with buffer A (20mM Tris/HCl pH=8, 50mM NaCl, 

0.02% NaN3). Nanodiscs containing TM127 were purified by gradient elution: 100% buffer B 

(20mM Tris/HCl pH=8, 50mM NaCl, 250mM Imidazole, 0.02% NaN3) in 30ml. Fractions 

containing TM127 nanodiscs were pooled and concentrated using an Amicon Centrifugal 

Filter (Millipore) with a 10kDa MWCO. Buffer exchange to NMR buffer (50mM KPi pH= 

6.4, 0.2mM NaN3) was performed on a PD-10 Desalting Column (GE Healthcare). NMR 

samples of TM127/DMPG nanodiscs were concentrated to 300µM using an Amicon 

Centrifugal Filter (Millipore) with a 10kDa MWCO. NMR samples were characterized by 
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SEC-MALS on a Superdex 200 Increase 10/300 GL column (GE) with SEC buffer (20mM 

Tris/HCl pH=7,4, 100mM NaCl, 1mM EDTA 1mM NaN3) at 0,5ml/min (Fig. S10). The final 

yield for incorporation of TM127 into DMPG NDs was calculated to be approximately 54% 

based on the UV absorption of the sample subtracting the UV signal for 2 molecules of the 

MSP per ND. Nanodisc preparations using lipids different from DMPG were shown by SEC-

MALS analysis to not result in intact protein-ND assemblies, and were not further 

investigated. 

 

Figure S13: SEC-MALS analysis of DMPG nanodiscs. Left: Empty DMPG NDs. Right: TM127/DMPG NDs.  
 

Peaks from TM127 residues in DMPG nanodiscs were broad in the [15N,1H]-TROSY spectra, 

while peaks from loop or terminal residues were intense and comparably sharp (in contrast to 

TM127 in LPPG micelles, for which all peaks were clearly visible for the ILV labeled 

protein: 

 
Fig. S14: [15N,1H]-TROSY spectra of TM127 in DMPG nanodiscs. A Comparison of TM127 in DMPG 
nanodiscs (black) and LPPG/DPC micelles (red). B Bacteriorhodopsin in DMPG nanodiscs. 
 
In contrast, [13C,1H]-HSQC spectra revealed spectra of much better quality. Clearly the 

methyl peaks were again much broader for the protein incorporated into nanodiscs compared 

to those for the LPPG/DPC micelles. Spectra contained additional peaks that are derived from 
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the non-deuterated lipids and their degradation products. Otherwise the methyl resonances are 

observed at locations very similar to those observed for the micelle spectra of TM12 (Fig. 

S12A) or TM127 (Fig. S12B). Again, a comparison with spectra recorded on 

bacteriorhodopsin in DMPG nanodiscs (Fig. S12C) displays much better signal dispersion and 

narrower lines for the 7-TM protein than for TM127 (Fig. S12D).  

 

Fig. S15: [13C,1H]-HSQC spectra of TM127 in DSPG nanodiscs. A Comparison of TM127 in DMPG 

nanodiscs (black) with TM12 in LPPG/DPC micelles (red). B A Comparison of TM127 in DMPG nanodiscs 

(black) with TM127 in LPPG/DPC micelles (red). C and D [13C,1H]-HSQC spectra of bR and TM127 in DMPG 

nanodiscs, respectively. 
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Table S4: Side-chain contributions to predicted ΔGapp  

Σ ΔGaa(i)app : 0.72                                     Σ  ΔGaa(i)app : 0.57 

Hydrophobic moment contribution 
ΔG hyd.mom: 0.25  
Length contribution 
ΔG length: -0.63  
ΔG predapp = Σ ΔGaa(i)app + ΔG hyd.mom. + ΔG length = +0.34 

Positively labeled relative positions (third column) indicate the cytoplasmic side of the membrane 
whereas negatively labeled positions are indicative of extra-cytoplasmic membrane region. Positive 
ΔGapp values (in kcal/mol) are depicted in red and negative values in green, they are indicative of non-
insertion and insertion, respectively. The more preventing values in terms or insertion (> 0.50 
kcal/mol) are highlighted in bold (those for R58 and S59). 
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TM1 TM2

A 52 -9 0.02 I 77 -9 -0.11
I 53 -8.1 -0.14 F 78 -8.18 -0.26
L 54 -7.2 -0.38 I 79 -7.36 -0.17
F 55 -6.3 -0.27 I 80 -6.55 -0.21
G 56 -5.4 0.42 N 81 -5.73 0.98
V 57 -4.5 -0.03 Q 82 -4.91 1.02
R 58 -3.6 0.85 V 83 -4.09 -0.05
S 59 -2.7 0.66 S 84 -3.27 0.65
G 60 -1.8 0.47 L 85 -2.45 -0.42
A 61 -0.9 0.12 F 86 -1.64 -0.28
A 62 0 0.13 L 87 -0.82 -0.43
A 63 0.9 0.12 I 88 0 -0.46
L 64 1.8 -0.43 I 89 0.82 -0.45
T 65 2.7 0.42 L 90 1.64 -0.43
L 66 3.6 -0.42 H 91 2.45 1.14
I 67 4.5 -0.32 S 92 3.27 0.65
V 68 5.4 -0.01 A 93 4.09 0.09
V 69 6.3 -0.01 L 94 4.91 -0.4
W 70 7.2 -0.41 Y 95 5.73 -0.06
I 71 8.1 -0.14 F 96 6.55 -0.26
T 72 9 0.04 K 97 7.36 0.57

Y 98 8.18 -0.18
L 99 9 -0.35

a.a. Pos. Rel. pos. ΔGaa(i)app a.a. Pos. Rel.  pos. ΔGaa(i)app
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