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Abstract

Fragments of integral membrane proteins have been used to study the physical chemical properties
of regions of transporters and receptors. Ste2p(G31-T110) is an 80-residue polypeptide which
contains a portion of the N-terminal domain, transmembrane domain 1 (TM1), intracellular loop 1,
TMZ2 and part of extracellular loop 2 of the a-factor receptor (Ste2p) from Saccharomyces
cerevisiae. The structure of this peptide was previously determined to form a helical hairpin in
lyso-palmitoylphosphatidyl-glycerol micelles (LPPG)[1]. Herein, we perform a systematic
comparison of the structure of this protein fragment in micelles and trifluoroethanol(TFE):water in
order to understand whether spectra recorded in organic:aqueous medium can facilitate the
structure determination in a micellar environment. Using uniformly labeled peptide and peptide
selectively protonated on lle, Val and Leu methyl groups in a perdeuterated background and a
broad set of 3D NMR experiments we assigned 89% of the observable atoms. NOEs and chemical
shift analysis were used to define the helical regions of the fragment. Together with constraints
from paramagnetic spin labeling, NOEs were used to calculate a transiently folded helical hairpin
structure for this peptide in TFE:water. Correlation of chemical shifts was insufficient to transfer
assignments from TFE:water to LPPG spectra in the absence of further information.

Keywords
GPCR; membrane protein structure; fragment; transmembrane

1. Introduction

Integral membrane proteins (IMPs) are a class of proteins that are difficult to characterize
structurally. X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy
have been used to study the high-resolution structures of many proteins and the Protein Data
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Bank currently has more than 69,000 structures of mainly soluble proteins. The number of
unique IMP structures deposited towards the end of 2010 was approximately 270, or less
than 0.5% of all the structures in the Data Bank [2, 3]. The underrepresentation of IMP
structures in the database belies the importance of these proteins. Many membrane proteins
are involved in signal transduction, nutrient uptake and various diseases. In fact, 30-60% of
the current drugs on the market are targeted to membrane proteins [4—6] and structural
information on these proteins is important for the development of more specific drugs that
could increase efficacy and decrease side effects.

Crystallization of membrane proteins is complicated by their inherent flexibility and can be
hampered by protein-lipid interactions that are required for function. Solution NMR
investigations of IMPs require solubilization in a membrane mimetic environment and are
hindered by the size of the protein-lipid complex and conformational exchange processes. G
protein-coupled receptors (GPCRs) have molecular weights of approximately 50 kDa and
size increases in detergent micelles or lipid bicelles result in slow tumbling and short
relaxation times with a concomitant loss of signal. Solid state NMR, a technique in which
the quality of spectra is less dramatically affected by the size of the protein-lipid complex,
has also been used in the structure determination of membrane proteins in lipids [reviewed
in7].

Solution NMR has been very useful when studying protein dynamics and/or protein-ligand
interactions. Tools are being developed to better study large protein-lipid complexes in
solution[reviewed in 8], but high resolution structures remain elusive[9-11]. Recently, the
structure of sensory rhodopsin, a seven transmembrane (TM) GPCR homolog, was
determined using a highly deuterated form of the protein which relied on selective
introduction of protons into lle, Leu and Val as well as a protonated protein to determine
more methyl group NOEs and aromatic interactions [12, 13]. Although this structure
represents an important milestone in GPCR structural biology, sensory rhodopsin is much
smaller than most eukaryotic GPCRs, and it is not clear whether this approach can be
generalized to this family of molecules. In the interim we are studying fragments of GPCRs
to learn more about the folding of these IMPs, to investigate helix-helix interactions, to
develop methodologies that may be useful in the assignment of the NMR spectrum of the
entire GPCR, and to gain insights into the secondary and tertiary structure of large but
discrete domains of these receptors.

To apply this strategy it is important to work with fragments that are large enough to
potentially adopt tertiary structure and which may also allow testing of ligand binding. The
study of GPCR fragments is thought to be valid because these have been shown to
reconstitute to form functional proteins both in vitro and in vivo [14-18]. Furthermore,
numerous biological and biochemical studies on Ste2p have been used to elucidate its
interaction with the tridecapeptide a-factor ligand and to decipher changes in the structure
upon activation of the signal transduction pathway [19-28]. This data will help to place the
biophysical analysis of fragments of Ste2p into a biological context.

Polypeptide fragments of Ste2p, including each single TM, loops and the C-terminal tail
have been previously studied by solution NMR [29-32] (Bhuiyan unpublished data) and
have provided details on the structural tendencies of discrete regions of this GPCR. A high-
resolution structure of a peptide containing 2TMs, Ste2p(G31-T110), has been determined in
lysopalmitoylphosphatidyl-glycerol (LPPG) micelles [1]. Based on the fact that a dimer of
Ste2p(G31-T110) in micelles is expected to have a fairly long correlation time and that the
NMR spectral lines were sharp and of good quality we concluded that the peptide is a
monomer [1]. Long-range connectivities were observed between hydrophobic residues of
TM1 and TM2 when selective methyl group labeling was used. Comparison of the structures
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of a GPCR fragment in different membrane mimetic media would be useful to ascertain
whether micelles and trifluorethanol (TFE):water stabilize similar structures and whether
assignments obtained in organic:aqueous media are relevant to the micellar state. If so, the
organic:aqueous medium might be extremely valuable in analyzing membrane proteins of
increasing size.

Organic:aqueous media have been used for biophysical analysis of hydrophobic peptides for
some time, due to their spectroscopic properties which are ideal for circular dichroism and
NMR analyses [33-37]. The correlation time of an IMP fragment in an organic:aqueous
solvent is much shorter than when embedded in micelles or bicelles resulting in superior
spectra. Media such as TFE:water are not considered to be biologically relevant by some
investigators [38, 39], although this conclusion has never been systematically evaluated.
Indeed, some fragments of both transporters and receptors exhibit highly resolved spectra
and some even exhibit long-range contacts in TFE and chloroform:methanol:water and
appear to assume folded structures that may be relevant to the biologically active state [31,
40-42]. Intrinsically disordered proteins can be studied in solution, micelles and TFE:water.
A protein found in human semen that has been shown to enhance HIV viral infection, SEVI,
folds into different conformations dependent on the environment [43]. Conversely, structural
intermediates in the folding pathway of a-synuclein have been observed both in TFE:water
and in micelles [44, 45] indicating that the folding pathway may be similar in both
environments.

Here we describe our efforts aimed at characterizing the structure of Ste2p(G31-T110; TM1-
TM2), an 80-residue two-TM containing GPCR fragment, in organic:aqueous media
(TFE:water). The structure of TM1-TM2 was assessed using solution NMR and uniformly
labeled peptide and peptide selectively protonated on lle, Val and Leu methyl groups in an
otherwise perdeuterated background. To probe for the presence of interhelical contacts we
also utilized an analog of TM1-TM2 in which a nitroxide radical was conjugated to an
introduced Cys residue. TM1-TM2 assumes distinct helical regions corresponding to the
predicted TM domains of the receptor and also shows a tendency to assume a helix in what
would be the N-terminal region of the protein. Spin-labeling data indicated that TM1-TM2
undergoes conformational averaging in which the individual helices form mutual transient
contacts. Comparison of our results with those from a previous study in LPPG micelles[1]
indicates that lipid-protein interactions within the context of bilayer or detergent micelles
may be critical for the formation of stable tertiary structure of this 2TM GPCR fragment.

2. Experimental methods

2.1 NMR sample preparation

NMR samples containing 0.5-4 mg of isotopically labeled TM1-TM2 were prepared in 350
uL TFE-do:water(0.1% TFA) (1:1, v:v) or TFE-d3:D»0(0.1% TFA-d) (1:1, v:v). The
samples were prepared by the addition of 175 uL TFE followed by 175 uL water(0.1%
TFA). Sample preparation of amide proton-exchanged peptides were first solubilized in a
large excess of TFE:D,0(0.1% TFA) and incubated at room temperature overnight or at
50°C for 1 hour to exchange a portion of the amide protons to deuterons and then
lyophilized. The resulting peptide was solubilized in TFE-d3:D,0(0.1% TFA-d) as
described above.

2.2 NMR Measurements

The NMR experiments were performed on a Varian 600 MHz spectrometer at the College of
Staten Island, CUNY, a Bruker Avance 700 MHz spectrometer at the University of Zurich,
Switzerland, or a Bruker 900 MHz spectrometer at the New York Structural Biology Center
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(NYSBC) in New York City. All measurements were conducted at 25°C or 45°C using 0.14
mM tol mM samples.

2.3 NMR Experiments

The experimental parameters are defined in Supplementary Table S1. Sample stability and
initial [1°N,YH]-HSQC fingerprinting analysis was performed at 45°C, 35°C, 25°C and 15°C
[46]. The backbone resonances were assigned by performing HNCO [47-50], HN(CA)CO
[51], HNCA [47-50] and HNCACB [49, 50, 52] experiments at 45°C and 25°C. The 1°N-
resolved NOESY-HSQC [46, 53] and the 1°N-resolved TOCSY-HSQC [46, 53] were
performed at 45°C and 25 °C to assign side chain proton chemical shifts and an HCCH-
TOCSY experiment was performed at 25°C to assign carbon and proton side chain
resonances[54, 55]. The chemical shifts of methyl protons and carbons of the Ile, Leu and
Val residues were deduced from HMCMCBCANH and HMCMCANH [56] and ct-
[13C,1H]-HSQC [57] experiments performed on [*°N,13C 2H(H(methyl)-lle, Leu, Val)]-
TM1-TM2. Further side chain analysis was performed with 3D 13C-edited TOCSY and
NOESY experiments at 25°C. Unlabeled TM1-TM2 was used in 300 or 150 ms NOESY
experiments [58] and 60 or 25 ms TOCSY experiments [59, 60]. The

[15N,13C 2H(XH(methyl)-1le, Leu, Val)]-TM1-TM2 peptide was also used in NOESY-ct-
[13C,1H]-HSQC [46, 61, 62] and ct-[*3C,1H]-HSQC-NOESY-ct-[13C,1H]-HSQC [63] to
determine long-range NOEs between the methyl groups of lle, Leu or Val residues.

Dynamics of [15N]-TM1-TM2 were analyzed by performing [*°N,1H]-HSQC versions of
CPMG experiments with variable relaxation delays to determine T2 relaxation at 45°C and
25°C. A [*°N,1H]-HSQC version of the steady-state NOE was measured to determine the
heteronuclear NOE [64]. [°N]-TM1-TM2 was solubilized in TFE-d3:D,0(0.1% TFA-d)
and [*°N,1H]-HSQC experiments were performed over time to follow the disappearance of
signals.

2.4 Structure calculations

Assignments were determined by spectral analysis using the programs NMRView 5 [65] and
CARA [66]. NOESY spectra were automatically assigned based on the assigned chemical
shift lists using UNIO09 and CYANA [67, 68]. The algorithm was modified to prevent
generation of long-range contacts in the initial phase of the structure calculation. Additional
backbone dihedral angle restraints derived by TALOS+ from the backbone and C chemical
shifts were added [69]. A soft 16 A restraint was introduced between the y-oxygen atom of
Ser59 and the amide proton of Ala96 to account for the PRE attenuations. Starting from one
hundred randomized structures the NMR ensemble was calculated using the standard
simulated annealing algorithm in a restrained MD calculation [70] using NOE-derived upper
distance bounds, the TALOS+ dihedral angle restraints and the PRE distance restraint. The
20 conformers with the lowest target function values were analyzed using the program
MOLMOL [71].

2.5 Automated transfer of chemical shift assignments from TFE:water to LPPG

The two [1H,13C]-HSQC peak lists for the methyl group region of TM1-TM2 in TFE:water
or LPPG were matched to each other by minimizing the sum of the normalized distance
between corresponding peaks. The normalized distance between two peaks is given by the
square root of the squared chemical shift difference for 1H divided by 0.02 ppm plus the
squared chemical shift difference for 13C divided by 0.3 ppm. An overall offset of 1.7 ppm
was subtracted from all 13C chemical shifts measured in TFE:water. The optimal solution of
this rectangular assignment problem was computed using the Hungarian algorithm [72]
implemented in CYANA [73].
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3. Results

3.1 Assignments of the Backbone Chemical Shifts of Ste2p(G31-T110)

Purified [1°N]-Ste2p(G321-T110) was solubilized in TFE:water(+0.1% TFA) (1:1, v:v) as
described and the proton-nitrogen correlation map (the [°N,1H]-HSQC spectrum) was
recorded at 15°C, 25°C, 35°C and 45°C. All of the expected peaks, 78 out of 80 residues,
were observed at each temperature except for 15°C (data not shown). Initial assignments at
45°C were performed with 0.5 mM [15N,13C,2H(*H(methyl)-ILV)]-TM1-TM2 in order to
increase the peak resolution and to mimic conditions used during the structure determination
of Ste2p(G31-T110) in LPPG micelles [1]. Using triple-resonance experiments that correlate
backbone amide moieties with the intra-residue and sequential Ca,Cp and CO to assign the
chemical shifts of the backbone nuclei (HNCA, HNCACB, HNCO and HN(CA)CO) along
with the [1°N,1H]-HSQC, we were able to assign all of the backbone resonances for this
peptide except for the NH of the Gly31 residue and the N of the Pro79 (>99%). Additional
experiments were run at 25°C because the reduced temperature may stabilize the formation
of interhelical contacts and the peak resolution in the [1°N,XH]-HSQC spectra was high
(Figure 1). Using a 0.5 mM sample of the [1°N,13C]-TM1-TM2, 97% of the backbone nuclei
were assigned at 25°C covering essentially the same set of resonances as at 45°C with
exception of CO of Thr78 and the Ca and Cp of Pro79. The chemical shifts have been
deposited in the BMRB database under the accession code 17593. The backbone
assignments were used in TALOS+ analyses to generate dihedral angle constraints to be
used in structure calculations (see below).

3.2 Assignments of the Sidechain Resonances of Ste2p(G31-T110)

Assignments of the side chain protons at 25°C were determined using 3D 1°N-resolved
HSQC-NOESY and HSQC-TOCSY NMR experiments [46, 53] to correlate neighboring
protons through space and through bonds, respectively, as well the corresponding
homonuclear experiments on the unlabeled protein. In this way ~50% of sidechain protons
were assigned including all of the protons in the difficult to assign aliphatic Val residues.
Many of the chemical shifts that remained unassigned were those of lle and Leu residues
whose high redundancy and very small chemical shift differences complicated the analysis.
To facilitate assignment of these methyl groups, which are critical in the determination of
long-range interhelical connectivities, the [1°N,13C,2H(H(methyl)-1LV)]-TM1-TM2 was
prepared in TFE:water and analyzed by experiments that link the protonated methyl group to
the amide proton of the same residue (HMCM(CBCA)NH and HMCM(CA)NH) [1, 56].
Comparison with ct-[13C,1H]-HSQC spectra allowed the complete assignments of the
methyl moieties. Together all these experiments resulted in the assignment of 83% of Leu
and lle residues. By inclusion of additional 1°N-edited NOESY and 13C-edited TOCSY and
NOESY experiments, the overall sidechain assignments for TM1-TM2 in TFE:water was
increased to 82% of all of the assignable protons including 92% of the aliphatic residues.
Only 62% of the aromatic residues were assigned due to severe overlap of the resonances, in
particular of Phe aromatic spin systems. In total, 89% of all of the expected nuclei were
assigned for TM1-TM2 in TFE:water at 25°C.

3.3 Analysis of secondary structure information for TM1-TM2

Circular dichroism data previously indicated that this peptide was highly helical in
TFE:water [74]. Chemical shift difference analysis, based on chemical shift indexing [75-
77], was used to analyze the secondary structure of TM1-TM2 at the residue level [78-82].
Based on the Co, CB, Ha and CO secondary chemical shifts, TM1-TM2 appears to be highly
helical at both 25°C and 45°C (Figure 2 and data not shown, respectively). The helical
regions (N-terminal, TM1 and TM2) determined in the structure of TM1-TM2 in LPPG
micelles [1] are indicated by boxes in the Figure. Based on the Co chemical shifts the
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polypeptide initiates a helical structure at 136 and this helix continues to residue R74. The
helix is then interrupted and TM2 spans residues 180 to N105. The Ca shift data indicates a
slight perturbation of the helix in the middle of TM1 in the region of the GxxxG motif
between residues 56 and 60. Shift data based on CB, Ha. and CO nuclei are fairly consistent
with the Ca conclusions with some differences in the boundary residues. As seen in Figure
2, the helical regions appear to be slightly elongated in TFE:water when compared to the
same peptide in LPPG micelles, most likely due to the helix inducing properties of TFE.
Furthermore, the region between the N-terminal helix and TM1 in TFE:water is not as well
defined as in LPPG micelles, whereas there is a clear break between TM1 and TM2.

3.4 Dynamics of TM1-TM2 in TFE:water

15N relaxation has proven to be a valuable tool to learn about protein backbone dynamics.
The 1>N{H}-NOE experiment (H-NOE) [83, 84] was performed to determine the relative
rigidity of different regions of the peptide backbone. At 25°C, the H-NOE values for many
residues are between 0.6 and 0.8 (Figure 3A). Residues near the N- and C-termini have very
low H-NOE values indicating lack of secondary structure. The H-NOEs of residues 42-49,
51-61, 65-73, 81-103 are mostly above 0.6 with increased rigidity (H-NOE values >0.75)
observed for residues 43-46, 49-51, and 91-93. Residues with lower H-NOE values include
residues 62—-64, which are C-terminal to the GxxxG region, and the residues of the putative
first intracellular loop (residues 74 to 79). These data match the 1°N{H}-NOE data
determined in LPPG micelles except that the flexible region in TM1 was observed within
the GxxxG motif itself (residues 56 and 57; see [1]).

To learn about the presence of hydrogen bonds we used hydrogen-deuterium exchange [85-
88]. [1°N]-TM1-TM2 was solubilized in fully deuterated TFE-d3:D,0(0.1% TFA-d) and
exchange was followed over time by recording a series of [1°N,2H]-HSQC experiments
performed from 15 min to 10 days after sample preparation (Figure 3B). The fastest
exchange occurred at the N- and C-termini. From residue 37 through residue 104, the
exchange rate is relatively low (usually 10-1000 fold slower than the terminal residues). The
N-terminal helix and TM1 appear to be continuous by this method of analysis as there is no
segment with increased exchange in between these regions. The middle of TM1 exchanges
more quickly than either end of the helix. There is faster exchange in the loop region and
then the exchange slows down in TM2, very much indicative of a tight helix formation.

3.5 Long-range Constraints and Distance Restraints

To probe for interhelical contacts we have investigated the presence of NOEs between the
methyl groups of different helices and PRE attenuations. Three-dimensional NOESY
experiments were performed using the [1°N,13C,2H(*H(methyl)-1LV)]-TM1-TM2 peptide.
In contrast to similar experiments using the same peptide in LPPG micelles, only intrahelical
connectivities were observed in the 13C-edited NOESY experiments. No unambiguous long-
range NOEs could be found under the conditions used.

To probe for the presence of transient interhelical contacts, an MTSL spin-label was
attached to a Cys-containing analog (C59) of TM1-TM2 as described in the Supplementary
Data (Supplementary Figure S1). At 25°C comparison of [1°N,1H]-HSQC spectra recorded
on the peptide with the nitroxide radical (MTSL) attached and a control peptide, where the
nitroxide radical is replaced by an acetyl group (AcMTSL), exhibited greater than a 60%
decrease in intensity for most of the residues spanning Q51 to 171, covering the majority of
these TM1 residues (Figure 4, top). This result is expected because residues within this
helical region are all within a 10-15A distance from C59 [89-92](note that the range is
somewhat broadened because MTSL is inserted in a somewhat flexible region of TM1 and
is attached by a flexible linker). Interestingly, further significant reductions corresponding to
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normalized intensities of 0.4 to 0.6 were observed for residues 180 to F99 putatively
associated with TM2. The side chain NH groups at residues N84 and Q85 were severely
broadened (data not shown) and the intensity of A96 was affected the most. At 45°C, the
effect of MTSL on the TM2 residues was significantly decreased (Figure 4, bottom).

3.6 Structure calculations in ATNOS/CANDID of TM1-TM2

The assigned chemical shift list and restraints derived from the PRE measurements were
used to calculate an NMR structure for TM1-TM2 in TFE:water at 25°C. The NOESs were
automatically assigned using the ATNOS/CANDID algorithm using the CYANA
“autoassign” macro [67, 68] and converted to upper distance restraints. Additional dihedral
angle restraints as determined from TALOS+ were used for backbone torsion angles.
Furthermore, a soft restraint was included at residue A96 based on the paramagnetic
relaxation data described above. A summary of intra- and inter-residue contacts is displayed
in Figure 5 and the total number of restraints is summarized in Table 1. Based on the
presence of both Ha,Hp i,i+3 and Ha,N i,i+4 NOEs, a short N-terminal a-helix is present
from residues 37 to 41. Similar connectivities are observed for residues 42 to 73 which
correspond to the TM1 region of the GPCR fragment. The absence of i,i+4 NOEs within
TML1 is indicative of a region of flexibility in the center of this transmembrane domain. TM2
is well-defined throughout by i,i+3 and i,i+4 connectivites for residues 80 to 103.

The superposition of 20 energy-minimized structures is shown in Figure 6A. The structures
generated are predominantly a-helical in which TM2 is observed throughout in all
conformers. In contrast, the putative segment of TM1 does not display a continuous helix.
Instead the contact region of TM1 with TM2 serves as a hinge region, dividing TM1 into
two parts with the C-terminal end sampling a larger conformational space. The presence of
the rather stable TM2 helix and N-terminal helix with a split TM1 is in agreement with the
secondary chemical shifts and the dynamics data presented above. In all of the structures,
the N-terminal helix begins at residue 33 and ends at residue 41. When comparing the
calculated structures with those generated in LPPG micelles (Figure 6B), the N-terminal
helix is the same length, but is located closer to the N-terminus of the peptide. Conversely,
TML1 is longer in TFE:water (residues 45 to 74) than in LPPG (residues 49 to 72). There isa
flexible region near the GxxxG motif involving residues 58 through 63 which is also
observed in the micellar environment [1]. This region has been shown to be relevant for a-
factor binding [23, 26-28]. Finally, TM2 is defined to begin at residue 81 and extends to
residue 106 which is longer than in LPPG micelles (residues 81 to 103). The RMSDs for
individually superimposing backbone atoms of the NT- helix, TM1 and TM2 are
0.02+0.02A, 2.50+1.29A and 1.13+0.43A, respectively. The overall structure, when aligning
residues 44-106, lacks convergence to a single structure and has a backbone RMSD of
4.49+2 57A.

3.7 Comparison of chemical shifts in organic solvent and detergent micelles

An important aim of this work was to compare chemical shifts obtained in the TFE:water
mixture with those measured in micelles which we have previously assigned [1]. The
backbone assignment was fairly complete but significant difficulties in LPPG micelles
prevented complete sidechain assignments.

A detailed comparison of CO, Ca and CB chemical shifts of TM1-TM2 in LPPG micelles
and in TFE:water is depicted in Figure 7. In general, large deviations are observed, but most
of the differences seem to stem from a systematic offset (~2.7 ppm for CB; ~2.7 ppm for Ca
and ~1.1 ppm for CO) of the chemical shift. While the reason for this offset is unclear to us
presently, and may be due to differences in calibration in the two different mimetics, we
expect that it can be corrected. Furthermore, the spectra were acquired at two different
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temperatures. In LPPG, the NMR experiments were performed at 45°C to increase the peak
sharpness, whereas the NMR was performed at 25°C for the TFE:water experiments in order
to increase the chances for interhelical contact. Even after the subtraction of the offset,
significant differences remain. In the case of the carbonyl chemical shifts, a somewhat
oscillatory behavior is observed. The residual differences of Ca and CB chemical shifts
between the two environments for most internal residues are relatively small. Larger
differences are observed for residues close to the termini of the N-terminal helix. This is in
agreement with the secondary chemical shifts that indicate that the helix location is slightly
shifted in the two environments. In case of the Ca shifts, an increase in the chemical shift
difference is present in the loop between TM1 and TM2 as well as for the beginning of
TMZ2. The former is most likely related to the destabilization of a particular loop
conformation due to the more flexible orientation of TM1 relative to TM2 in organic
solvents. The origin of the difference in the beginning of TM2 is less obvious but may be
due to different orientations of the two TM domains relative to each other in the two
membrane mimetic environments. Furthermore, larger differences when compared to the
rest of TM1 are observed for the central region of TM1, for which a destabilized helix is
observed in TFE:water. The differences observed in the Cp shifts are more consistent,
except for large deviations in the N-terminal region and at the beginning of TM1, and seem
to follow trends observed for the Ca shifts. We noticed that the standard deviations for the
chemical shifts of each class of nuclei in LPPG are in the same range as their offset-
corrected differences between the two environments, and therefore we conclude that these
shifts, unfortunately, are of limited predictive power.

As an example of remote sidechain moieties we have also compared the positions of methyl
group peaks of the selectively methyl protonated sample in the proton-carbon correlation
spectra. A comparison of the constant-time [13C,2H]-HSQC spectra in both membrane
mimetics is depicted in Figure 8, top. In general, most of the methyl peaks from the same
residues are in similar positions. Again, an overall offset of ~1.9 ppm seems to exist, but
there are some residues that are shifted more than others. A more detailed analysis shows
that standard deviations of proton and carbon chemical shifts are in the same range as the
average difference between the two environments (data not shown). Interestingly, we have
not observed that differences in proton or carbon chemical shifts are larger for those methyl
groups that are involved in the formation of interhelical contacts in LPPG.

To a large extent differences in proton chemical shifts are due to a collapse in chemical shift
dispersion in TFE:water, and therefore cannot be simply corrected by a linear calibration
term. We have tried to automatically transfer the assignments from TFE:water to the LPPG
spectra using an algorithm that minimizes the sum of the normalized differences of the
corresponding proton and carbon chemical shifts (see Methods). Using this algorithm 15 out
of the 42 methyl groups were correctly assigned. Many of the correctly assigned peaks were
relatively isolated, while automatic assignments failed to be successful for crowded regions
of the spectrum.

4. Discussion

4.1 The structure of TM1-TM2 in TFE:water and its biological significance

Our NMR analysis of TM1-TM2, a two transmembrane fragment of the GPCR Ste2p in
TFE:water at 25°C employed a variety of labeling strategies [1, 74, 93] to obtain assignment
for 89% of the observable resonances. Secondary chemical shifts defined regions of helicity
that were slightly longer but in fairly good agreement with the boundaries predicted by
various computational tools including PHD [94] and MPex [95], and with those found in an
NMR analysis of this same fragment in LPPG micelles [1]. When compared to the
rhodopsin-templated model [96], the helical boundaries are extended in TFE:water, but are

Biochim Biophys Acta. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

LSetal.

Page 9

similar to those observed by solvent accessibility functional analysis of Ste2p [97]. In
addition, we observed flexibility in the middle of TM1 at a GxxxG kink and a helical region
in the N-terminal portion of this polypeptide in TFE:water similar to what was observed in
LPPG micelles [1].

Although more than 1600 NOEs and additional dihedral angle constraints were used, the
calculated NMR structures of TM1-TM2 in TFE:water converged poorly (Figure 6A).
However the helices pertaining to the N-terminal region, TM1 or TM2 were locally well-
defined. Based on the PRE data, the polypeptide is likely adopting many conformations with
transient contacts being formed around residues C59 and A96. The PRE data clearly indicate
that the tertiary contact is less stable at 45°C compared to 25°C. Similar transient effects
have been observed in the folding and unfolding of a-synuclein [98]. These data indicate
that the interhelical contacts are unstable, but that the sampled conformational space
contains significant contributions from helical hairpin-like structures.

4.2 Structure comparison in different membrane mimetic environments

An important conclusion of the present study is that the tertiary structure is different inc
TFE:water and LPPG micelles and that the nature of the membrane mimetic environment
affects the stability of the hairpin formed by TM1-TM2. The choice of TFE:water ina 1:1
ratio (v:v) was based on comparisons of the predicted helicity of the peptide region and the
results from the CD analysis [74]. The helicities at TFE contents larger than 50% (v:v) were
all very similar, but significantly decreased when the TFE content was 25% (v:v).
TFE:water (1:1, v:v) was chosen so that the minimal amount of organic solvent was present
in the sample. The initial screenings by both CD and [1°N,1H]-HSQC did not probe for the
presence of helix-helix interactions and therefore are not predictive of tertiary structure.

The NMR structure of TM1-TM2 in LPPG micelles had an overall RMSD of 2.36+0.97 A
for residues 49-103 which encompass the two TM domains of the hairpin that is formed
(Figure 6B). In comparison, the structure of TM1-TM2 in TFE:water has an RMSD of
4.49+2.57 A for residues 45-106. Flexibility at the center of TM1 would lead to a larger
spread of the conformational space sampled by this helical element of the hairpin. In both
membrane mimetics increased flexibility within the center of TM1 is supported by
secondary chemical shifts and 1°N relaxation data, and coincides with the contact point
region with TM2. The secondary structures assumed by TM1-TM2 are similar in both
membrane mimetics. However, although the PRE data is consistent with some contact
between the TM1 and TM2 helices the structures calculated from the NMR data for TM1-
TMZ2 in TFE:water do not converge. We conclude that in TFE:water transient tertiary
conformations exist but that the conformational distribution is significantly more disperse
than in the micellar environment of LPPG. Nevertheless, it is reasonable to conclude that the
TM1-TM2 domain of Ste2p has an intrinsic tendency to fold and that this tendency is
manifested even in TFE:water mixtures.

The fact that the tertiary structures differ in the two membrane mimetics can be attributed to
the essentially isotropic nature of the organic:aqueous solvent. Therefore, TFE:water cannot
reproduce the change in hydrophobicity that a peptide chain experiences when traversing a
lipid bilayer. Interhelical contacts are often mediated by interactions of polar groups, i.e. Ser
residues, that are deeply buried within the bilayer. In the TFE:water solvent system the
water molecules can solvate the hydroxyl group and hence the driving force for helix-helix
contact to compensate for the unsolvated Ser hydroxyl in the hydrophobic lipid core is
lowered substantially. Another difference between the organic and detergent membrane
mimetics is the presence of the acyl chains in the LPPG micelles. The long hydrocarbon side
chains of palmitic acid of LPPG may lead to multiple interactions that stabilize the
hydrophobic core of the TM helices. We have found that the length of the acyl chains is very
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important to the formation of the secondary structure as observed by CD (Cohen and Naider,
unpublished data). From this perspective it is noteworthy that recent crystallographic studies
of GPCRs have revealed the presence of specific contacts of lipids or cholesterol with the
TM helices [99-102].

4.3 Correlation of chemical shifts derived from TM1-TM2 in LPPG micelles and TFE:water

Chemical shifts are influenced by various parameters. For example, amide proton shifts
depend on many factors, with torsion angles making one contribution, but hydrogen bonds,
ring current shifts and other local anisotropies influence the shifts as well. 13C chemical
shifts are more predictable. The extent to which the shift is influenced by ¢ torsion angles
has been estimated to be 50, 25 and 10 % for CO, Ca and Cp resonances [103]. Chemical
shift differences in TFE:water and LPPG of the Ca shifts of TM1-TM2 seem to correlate
loosely with changes in secondary structure, and the same is true, albeit to a smaller extent,
for Cp shifts. For the methyl groups in the selectively ILV protonated sample, coincidence
of chemical shifts is slightly better, most likely due to the fact that the change in the
environment is smaller. These methyl groups serve as important spectroscopic probes in
membrane proteins and the Nietlispach group has used them to make assignments in the
sensory rhodopsin receptor, which led to a high-resolution structure [13].

Given the greater efficiency of making resonance assignments for membrane proteins in
TFE:water compared to detergent micelles, one objective of this study was to evaluate
whether one could use such assignments in order to accelerate structure calculations in
detergents. We investigated whether automated algorithms could help transferring chemical
shift assignments from TFE:water to detergent micelles. Using exclusively 2D [13C, 1H]-
HSQC spectra, preliminary tests in which an automatic transfer of the assignments of the
methyl groups was attempted by globally minimizing the differences in chemical shifts in
the two environments we had, however, only a moderate success rate (approx. 35%).
Considering that spectra of the entire receptor contain many more signals from methyl
moieties than TM1-TM2, it is likely that the automatic transfer would be even less
successful for an intact GPCR. It is, however, possible that the reliability of the transfer
procedure can be improved by taking more spectral data into account, e.g. if a comparison of
the strips from a 13C-resolved NOESY's were added to the analysis. At best, assignments
derived from TFE:water environments presently seem to be useful to provide initial
suggestions for assignments in large IMPs, which then need to be verified from other data.

In conclusion, herein we have determined that in TFE:water (1:1,v:v) Ste2p(G31-T110), a
two transmembrane domain fragment of a GPCR, assumes a distribution of structures. In
this membrane mimetic, the peptide assumes helical domains, which were in reasonable
agreement with predictions and conclusions from NMR studies in LPPG micelles. Notably,
TM1-TM2 forms a transient helical hairpin at 25°C in the organic aqueous medium. An
analysis of chemical shift data in TFE:water and LPPG indicates that, perhaps due to
differences in the secondary and tertiary structure, there is no simple correlation between
main chain or side chain chemical shifts,. Given these observations it will be interesting to
explore whether an increase in the number of TM domains will stabilize the tertiary
structure in organic:aqueous media, and thereby improve the agreement of the chemical
shifts. This would clearly increase the usefulness of organic:agueous media as a membrane
mimetic environment for solution NMR analysis of large fragments of GPCRs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Assignment of the [1°N,1H]-HSQC spectrum of Ste2p(G31-T110; TM1-TM2) in TFE:water
at 25°C. The boxed region contains crosspeaks due to sidechain amide moieties.
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Figure 2.
Secondary chemcial shifts of CO, Ca and Cp nuclei for Ste2p(G31-T110; TM1-TM2) in
TFE:water at 25°C. The gray boxes indicates locations of helices in the LPPG structure [1].
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Figure 3.

Dgnamics of Ste2p(G31-T110; TM1-TM2) in TFE:water. A) 15N{1H}-NOE of [1*N]-TM1-
TM2 in TFE:water at 25°C. Values above 0.6 (bottom line) and above 0.75 are indicative of
rigidity or increased rigidity, respectively. B) H-D exchange analysis of [1°N]-TM1-TM2 in
TFE-d3:D,0+0.1%TFA-d. The gray boxes indicates locations of the predicted helices from

the LPPG structure [1].
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Figure 4.

Signal attenuation due to the presence of the spin label MTSL conjugated to C59. Relative
peak volumes are depicted computed from [2°N,1H]-HSQC spectra of [1°N]-Met-Hisg-TM1-
TM2-C59-AcMTSL and [1°N]-Met-Hisg-TM1-TM2-C59-MTSL recorded at 25°C (top) and
45°C (bottom). Residues indicated by a star could not be reliably integrated. Locations of
helices of TM1-TMZ2 in LPPG shown are shown as gray boxes. Residues marked by an
asterix are partially overlapping and hence difficult to integrate.
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Figure 5.
Characteristic NOE contacts for Ste2p(G31-T110) in TFE:water(0.1% TFA) (1:1,v:v) as
used for the structure calculation.
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Figure 6.

Calculated structures of Ste2p(G31-T110; TM1-TM2) in TFE:water and LPPG micelles. A)
Superposition of TM1-TM2 in TFE:water(+01.% TFA) for backbone atoms of residues 45—
74. The lowest energy structure is displayed as a ribbon from a side view and bottom view.
B) The calculated structure of TM1-TM2 in LPPG micelles (Neumoin et al., 2009, Figure 5

)2
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Figure 7.
Chemical shift differences of CO,Ca and Cp nuclei of Ste2p(G31-T110)

{AS13C(TFE:water-LPPG)}. The locations of helices as determined in the LPPG structure
are indicated by the shaded background.
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Figure 8.

residue number

Top: Comparison of [13C,1H]-HSQC spectra of [*°N,13C 2H(tH(methyl)-1LV)]-TM1-TM2
in LPPG micelles (45°C, left) and TFE:water (25°C, right). Bottom: 13C chemical shift
differences of methyl carbon chemical shifts {A 13C(TFE:water-LPPG)}.
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Table 1
NMR Characterization of Ste2p(G31-T110) in TFE:water

Distance restraints Total 1628

Intra-residual 342

Sequential (|i-j|=1) 533

Short-range (Ji-j|<1) 875

Medium (1<]i-j|<5) 738

Long-range (Ji-j|>5) 15

Distance angle restraints Total 753

RMSD (&)

33-41 backbone  0.02+0.02

33-41 all heavy atoms ~ 0.30+0.11
45-74 backbone  2.50+1.29

45-74 all heavy atoms ~ 2.82+1.28
81-106 backbone  1.13+0.43
81-106 all heavy atoms  1.81+0.53
45-106 backbone  4.49+2.57
45-106 all heavy atoms ~ 4.94+2.72

Structure check

Ramachandran statistics Favored 88.6%
Additionally allowed 11.4%
Generously allowed 0%

Disallowed 0%
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