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Substance P (SP) is one of the target neurotransmitters associated with diseases related to chronic
inflammation, pain and depression. The selective receptor for SP, NKiR is located in the heterogeneous
microdomains or caveolae in membrane. Gangliosides, specifically GM1, are markers of these heterogeneous
sites. Also, gangliosides are considered as important regulatory elements in cell-cell recognition and cell
signaling. In the present work, we describe the conformations of Substance P in the presence of ternary
membrane systems containing GM1 at the physiological concentration. SP is mostly unstructured in water,

ls(zﬁ‘;(;;i P but appears as extended 3¢ helical or turn III in isotropic bicelles, more pronounced in the presence of GM1.
NK;R NMR results suggest that, in the GM1 containing bicelles, the peptide is more inserted into the membrane
NMR with its C-terminus, while N-terminus lies close to the membrane-water interface. The NMR-derived
GM1 conformation of SP in GM1 bicelles is docked on homology modeled NK;R and resulting interactions satisfy
Bicelle

reported mutagenesis, fluorescence, photo-affinity labeling and modeling data. The results highlight efficacy
of GM1 in membrane in providing structure in an otherwise flexible neurotransmitter Substance P; thus
providing indication that it may be useful also for other neurotransmitter peptides/proteins associated with

membrane.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Structure evaluation of functional peptides is a promising field for
drug development. Substance P (SP), the 11 amino acid neurotransmit-
ter in central and peripheral nervous system is known to participate in a
number of clinical syndromes like inflammatory bowel disease,
inflammatory joint disease, interstitial cystitis, sickle cell disease,
fibremylgia and diseases with chronic neuropathic and inflammatory
pain in general [1,2]. Biological functionality of SP is mediated by its
interaction with specific Neurokinin-1 receptor, which is a member of
GPCR family. NK;R and several hundreds of human GPCRs (s) are
activated by extracellular protein or peptide ligands and peptide/

Abbreviation: SP, Substance P; NK;R, Neurokinin-1 receptor; GPCR, G-protein
coupled receptor; GM1, Ganglioside Monosialo 1; DMPC, Dimyristoyl-sn-glycero-3-
phosphorylcholine; CHAPS, 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesul-
fonate; GT1, Ganglioside Trisialo 1; GD1, Ganglioside Disialo 1; DOPC, Dioleoyl-
phosphatidylcholine; DOPG, Dioleoyl-phosphatidylglycerol; POPC, Palmitoyloleoyl
phosphatidylcholine; POPG, Palmitoyloleoyl phosphatidylglycerol; DHPC, Dihexa-
noyl-sn-glycero-3-phosphocholine; DPC, Dodecyl-phosphocholine; SDS, Sodium dodecyl-
sulfate; NMR, Nuclear magnetic resonance; TOCSY, Total Correlation Spectroscopy; ROESY,
Rotating-frame Overhauser Effect Spectroscopy; DQF-COSY, Double Quantum Filtered-
Correlation Spectroscopy; ROE, Rotating-frame NOE; DOSY, Diffusion Ordered Spectroscopy;
ADT, AutoDockTools
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protein-activated GPCRs represent a large, potential yet still under-
developed source of new pharmaceutical targets for treating human
diseases or medical conditions [3]. More than 120 GPCRs are inspected
for which there are known peptide/protein ligands and statistics
indicates that there is a common pattern or shape of the ligand peptide
that is recognized by the receptor [4]. Frequently, turns or multiple turns
(multiple a-turn as helix and R-turn as 31 helix) are the motifs
approved as common recognition scaffold.

In the classic model of GPCR signaling, receptors diffuse randomly in
the lipid bilayer [5] and get activated by their corresponding neuro-
transmitters [6]. However, little is known about the events that mediate
the membrane diffusion and activation of the receptor. It has been
proposed that this receptor activated signaling cascade occurs through a
clustering of components in a specific region of membrane where
alteration of membrane homogeneity is necessary [7]. These heteroge-
neous regions are often rich in cholesterol and sphingomyelin with
special enrichment in gangliosides [8,9] and are found to be functional in
various neurological and psychiatric diseases through neurotransmitter
signaling [6]. Yet, the role of gangliosides in neurotransmitter signaling
remains elusive.

In fact, gangliosides at the neuronal membrane domains in dorsal root
ganglia neurons (DRG) [10,11], cerebral cortex [12] and hippocampus
[13] fix the possibility of regulating and organizing neurotransmitter
signaling through GPCRs [6]. About 200 gangliosides are known today
[14] which play important role in pathogenic mechanisms of many
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immune-mediated neurological disorders such as Guillain-Barre syn-
drome [15], Alzheimer's disease [16], Parkinson's disease [17] and
Multiple System Atrophy (MSA) [18] among which notably ganglioside
GM1 (Ganglioside Monosialo 1) is recognized for its functionality and
specificity. GM1 serves as a receptor for Simian Virus 40 (SV40) [17],
cholera toxin and shiga toxin [19] as well as acts as seed for formation of
senile plaques in Alzheimer's disease [20] and internalizes monomeric -
synuclein into microglia, the key step in the pathogenesis of Parkinson's
disease [17]. GM1 plays a broad spectrum of neurotrophic effects in vivo
and in vitro. Treatment with GM1 partially restores the reduced pain
perception in aged animals that claims localization of Substance P at the
active site of GM1 function [21]. Contradictory reports declare that, GM1
has been discovered not to restore the reduced content of Substance P in
spinal cord after peripheral-nerve injury and Substance P does not appear
to be in active site of GM1 action [22]. Substance P is also found to bind
preferentially to the negatively charged ganglioside monolayers showing
the best interactions with complex gangliosides GT1>GD1>GM1 [23].

Structural studies of SP have been performed previously using
membrane mimics like micelles, bicelles and vesicles. Darkes and
Bradshaw using neutron diffraction method (for a DOPC:DOPG 50:50
bilayer) first showed that two population exists for tachykinin peptides
like Substance P, one close to the water-membrane interface and other
some 13 A deeper [24]. Seelig and Macdonald observed that Substance P
does not insert into the zwitterionic lipid monolayers (POPC), but does
insert into the monolayers of negatively charged phospholipid (POPG)
at the headgroup region [25]. Thermodynamic partitioning of Substance
P in isotropic bicelles (q=0.5) (DMPC/DHPC) is compared with
partitioning in dodecylphosphocholine (DPC) micelles [26] wherefrom
it is implicated that curvature of the membrane regulates the peptide
partitioning. Weaver et al. interpreted that SP contains Type I and III
beta-turns at N-terminus and virtually no helix at all when bound to
negatively charged liposomes. Contradictingly, Keire and Fletcher
proposed that C-terminus of the peptide with QFFG as a-helical turn
lies at the periphery of DPC and SDS micelles despite of the micellar
headgroup [27]. The same observation was reported by Cowsik et al.
[28]. Recent reports, too, suggest evidence of unique conformational
family of SP characterized by well-defined helix-like conformation
consisting of nonstandard turns in the C-terminal (QQFFGLM) domain
[29]. However, neither the biologically active conformation of Substance
P (that is recognized by NK;R) nor the effect of heterogeneous
membrane mimics on its conformation has been unequivocally
established.

The conformations adopted by Substance P are mostly random in
water, whereas, 319 helical or turn Il spanning mid region residues
Q6-G9 in zwitterionic bicelles and spanning C-terminal residues F8-
M11 in bicelles containing GM1. Evidence of strong protection against
paramagnetic quenching, decrease in translational diffusion coeffi-
cient as well as the presence of lipid—peptide cross peaks in NMR
spectra imply that SP fairly penetrates in the GM1 containing
membrane and turns out to be more ordered. Docking results also
show that best fit is obtained when the GM1-induced conformation of
SP is fitted at the NK;R binding site thus providing justification for
using ternary membrane system containing GM1 to study the
bioactive conformations of membrane-active peptides.

2. Material and methods
2.1. Materials

The peptide Substance P, protonated DMPC (1,2-Dimyristoyl-sn-
glycero-3-phosphorylcholine), CHAPS (3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate) and deuterium oxide were
purchased from Sigma Aldrich Pvt. Ltd. and used without further
purification. GM1 was isolated and purified from goat brain in
laboratory following the published protocol [30].

2.2. Bicelle preparation

Small isotropic DMPC/CHAPS (1:4) and DMPC/CHAPS/GM1 (1:4:0.3)
bicelles were prepared using the published procedure [31]. Briefly,
5.0165 mg DMPC was initially suspended in water and vortexed and
centrifuged for several times until homogenous slurry was formed, to
which an aliquot of CHAPS from a 500 mM stock solution (in water of pH
5.5) was added to achieve q = 0.25 with a total lipid content in solution
being 92.5 mM, where q is the concentration ratio of DMPC to CHAPS.
The solution was then vortexed until a clear liquid was obtained. No
pelleted lipid was separated from the solution after the centrifugation
step. To prepare the GM1 containing bicelles, GM1 and DMPC were
weighed first to prepare a homogenous solution of 3.46 mg GM1 and
5.0165 mg DMPC and then CHAPS was added in appropriate amount to
make the solution clear as described earlier. The pH of the solution was
adjusted only by adding small volumes of 1M HCI or 1M NaOH.
Deionized water was used in preparation of the samples to avoid any salt
interference.

2.3. NMR and CD sample preparation

For the NMR experiments and CD measurements 3.7 mM peptide
was dissolved in DMPC/CHAPS (1:4), and DMPC/CHAPS/GM1 (1:4:0.3)
bicelles [pH 5.5 at 298 K] to maintain peptide:lipid 1:25 mol/mol. The
experiments were performed with freshly prepared samples though the
bicelle samples without peptide were stable over months and the
peptide containing bicelles were stable over weeks, if kept at —20 °C.

2.4. CD spectroscopy

CD spectra were acquired on a Jasco J-720 spectropolarimeter using a
0.1 cm path length demountable silica quartz cell at temperature 25 °C.
Records were averaged over 5 scans collected at a speed of 20 nm/min
over the interval 190 to 250 nm with 0.1 nm step resolution. Background
spectra of bicelles were used as control and subtracted from each peptide
spectra. CD curves were smoothed to 25 points, and the respective
intensities are expressed in mean residue molar ellipticity [©]=100
[©]obs/CnL, where [©],ps is the observed ellipticity in mdegs, L is the
optical path length in centimeters (0.1 cm), C is the final concentration of
the peptide in molar, and n is the number of amino acids.

2.5. Solution NMR spectroscopy

The proton NMR spectra were recorded on a Bruker DRX 500 MHz
spectrometer equipped with 5-mm broadband inverse probe head
operating at a proton frequency 500.13 MHz. 10% D,0 was added for
field frequency stability purpose and each spectrum was referenced to
the HDO peak at 4.741 ppm. Suppression of the water signal was
typically done by gradient methods of suppression using WATERGATE.
Assignments of 'H resonances of the backbone and side chains were
made using a series of two-dimensional NMR experiments TOCSY,
ROESY, NOESY and DQF-COSY, collected in the phase sensitive mode.
Typically, sixteen scans were taken per increment. The spectral width
was 6 kHz in both direct (F2) and indirect (F1) dimensions, with 2048
complex data points in F2 and 512 complex data points in F1. The TOCSY
pulse sequence included 80 ms MLEV-spin lock, and the ROESY and
NOESY spectra were acquired with mixing time of 300 and 350 ms. All
1D 'H NMR spectra were processed using NMRPIPE software (spin.
niddk.nih.gov/NMRPipe/). Two-dimensional NMR spectra were pro-
cessed using XWINNMR version 3.75 (Bruker, Germany) and analyzed
using SPARKY version 3.112 [32].

2.6. Spin label experiments

To further investigate the relative position of peptide in bicelles,
paramagnetic quenching technique was used with Mn™?2 as the
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paramagnetic agent [33,34]. 'H chemical shift spectra and TOCSY
spectra of SPin bicelles (pH 5.5 at 298 K) were obtained after addition of
0.4 mM and 0.8 mM MnCl,; and compared to the spectra of SP/PC
bicelles and SP/GM1-PC bicelles before addition of MnCl,. Experimental
conditions and machine specifications were the same as described.

2.7. Translational diffusion experiments

DOSY experiments were carried out using a 500 MHz Bruker DRX
spectrometer with a quad ('H, *C, '°F, 3'P) probe and z-gradient.
Experimental conditions were the same as described earlier. The
gradient coil constant was found to be 50 G/cm at 100% gradient
strength by carrying out the BPLED pulse sequence with water
suppression using pre-saturation. The diffusion time A was 150 ms
and the gradient duration 6 was 5 ms. The gradient strength was
increased from 2 to 95% of Gmax in 32 scans. The DOSY spectra were
constructed in the DOSY Toolbox (v 0.53) using fitting to a modified
Stejskal-Tanner equation parameterized to take into account the effects
of the pulse-field gradient non-uniformity [35]. Diffusion coefficient
(DS) was calculated by fitting the curve of signal intensity versus variable
gradient strength via use of MCR (Matlab Component Runtime). Exclude
region command was used to correct the global noise and inconsis-
tencies in the spectra affecting a particular signal intensity. Gaussian line
shape with a single exponential fit was applied to each chemical shift of
interest to optimize the resolution of signals.

The individual diffusion coefficients were calculated from the DOSY
spectra using the selective acyl chain methylene and terminal methyl
chemical shifts for DMPC and CHAPS, and, using aliphatic Leu-Hg;/Hs;
chemical shifts (about 0.89 ppm) for the peptide. The average bicellar
diffusion coefficient was obtained by selecting specifically the non
overlapping [36] aliphatic acyl chain methylene of DMPC (at 1.22 ppm)
plus terminal methyl region protons of CHAPS (position 21 at 0.95 ppm,
position 19 at 0.8 ppm, and position 18 at 0.6 ppm Fig. S13). The
measured diffusion coefficient (Dops) is given by the equation [37].

Dobs = )(bound~Db0und + )(free‘Dfree
or
Dobs = )(bound~ Dbound + (1 _){bound)~ Dfree

where ¥fee and Ypoung are the mol fractions of free and bound peptide,
respectively. Dy is obtained by measuring the diffusion coefficient of
peptide in water, whereas, Dpoung corresponds to the diffusion
coefficient of the bicelles. However, in a bicelle environment, the
diffusion of the free peptide is slowed down by the presence of bicelles
themselves. Therefore, it is necessary to correct Dg.e by introducing an
obstruction factor such as

o _
Dfree - Dfree<A>
where ¢ is the volume fraction of the obstructing particles, and (A) is a
correction factor for spherical objects. This factor has been calculated as
(A)=0.95 by Gaemers and Bax [38] for a 10% w/w bicelle solution at
20 °Cassuming spherical shape of bicelles. Our bicelles, being proved to
be spherical objects, account the perfect applicability of (A) [37].

2.8. Structure calculations

Sequence specific resonance assignments were done through the
'H-'H TOCSY cross peaks. 'H-'H ROESY cross peaks at 300 ms were
assigned and integrated and the volumes were converted to distance
restraints. When symmetric pairs of cross peaks were present, the
larger peak volume was used and converted to the distance restraint.
Cross peaks were categorized as strong, medium, weak and very weak
based on their intensities. The interproton distances (r) were derived

from the ROE intensities (S) with the known relationship r=c(S)~¢,

where c is a coefficient determined on the basis of ROE corresponding
to a known distance. The upper distance limits were normalized
against the known distance of 3.05 A for the Pheyn.ne ROE for the
non-aromatic proton ROEs and the 2.48 A for the Pheys.y. for the
aromatic proton ROEs [39]. The conservative upper distances were
fixed respectively as 3.5, 4.0, 4.5 and 6.0 A with a lower distance limit
of 1.8 A. Here, corrections of 0.5 A were applied to the upper bound
distances derived from ROEs to account for the spin diffusion effects.
The dihedral angles (¢) were calculated from the 3JHN—H0L coupling
constants measured from the DQF-COSY spectra using the Karplus
relation ACosch +BCosp+C= 3_]HN—Hou where A=6.98, B=—1.38
and C=1.72 with — 60 degree phase difference in the dihedral ¢. The
values thus obtained were used as dihedral restraints. An error of 6°
was accounted for ambiguity in selecting the centers of DQF-COSY
cross peak contours. Structural calculations were performed using the
XPLOR-NIH program [40]. 150 initial structures were generated from
a random extended structure. The highest temperature that was
achieved during the SA (simulated annealing) protocol was 3000 K,
and the final lowest temperature that was achieved, was 12.5K. A
repel constant of 1.2 was used. The top seventy-five structures from
the SA were further refined using the refinement protocol (refine.py)
of XPLOR-NIH keeping the distance and dihedral restraints on. Several
rounds of structure calculations were carried out, and depending on
the NOE violations, the distance constraints were adjusted in each
step. From the 75 structures, 40 best structures were finally selected
on the basis of criteria of satisfactory covalent geometry, low distance
constraint violations and favorable energy values. Final 3D structural
figures were generated using VMD-XPLOR software package version
1.5 Linux 2.4_i686 running on Linux [41] and Pymol v0.99 running on
Windows XP [42]. PSVS 3.1 server (psvs-1_3.nesg.org/) that includes
PROCHECK NMR was used to evaluate the quality of the structures.
VADAR server [43] was used to calculate the backbone and side chain
hydrogen bonds.

2.9. Docking studies

The NK;R was homology modeled using the MA4T server [44]
(multiple alignment models are 1hzxA, 2vt4B and 2hpyB and the region
covered — residues 24-332). The NK;R sequence used here consists of
364 residues starting from the N-terminus. Secondary structure of the
EC2 loop as described in previous reports was incorporated in the
receptor model [45-47]. Lowest energy structures of Substance P from
the maximum populated ensembles in water and two bicelles were
selected as ligands and were pre-optimized using the Autodock
parameters like atom types, torsion modes and partial charges. Each
peptide conformer was docked into the minimized receptor structure
using Autodock4 software package from the Scripps Research Institute
(http://autodock.scripps.edu).

An initial grid refinement according to the previously reported
close contacts (Phe8/Met181, GIn4/Met174, Lys3/Met174 and Lys3/
Glu21) between ligand SP and receptor NK;R [48] was performed to
ensure convergence of the computed expected values of the binding
energy. The size of the grids and the grid spacing initially used as input
were 50 x50 x50 A and 0.375 A. For the docking protocol, Lamarkian
Genetic Algorithm (LGA) [49] was probed in order to find the most
favorable interactions. For all dockings, the number of runs was set as
100. The number of energy evaluation was set to 25,000,000 while the
population was set to 150. The 100 independent docking poses were
clustered using ADT, and the lowest energy-docking pose from the
cluster was recorded. The protein was taken as rigid and the side
chains of the peptide were kept flexible during the docking. The best
posing was selected depending on the highest binding energy
criterion. Modeling of the figures showing the interactions at the
binding site as well as hydrogen bonds from ligand to receptor
residues was done using ADT.
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2.10. Accession codes

Resonance assignments, distance and dihedral constraints, and
ensemble of 40 NMR structures for Substance P in water, DMPC/
CHAPS (1:4) and DMPC/CHAPS/GM1 (1:4:0.3) bicelles have been
deposited to BMRB and SMSDep Bank under IDs 20115, 20116 and
20117 respectively. Five best docked SP-NK;R complexes (using
Autodock4) according to the magnitudes of binding energy using the
NMR structures in water, DMPC/CHAPS (1:4) and DMPC/CHAPS/GM1
(1:4:0.3) bicelles as input have been deposited to RCSB Bank under IDs
2ks9, 2ksa, and 2ksb respectively.

3. Results
3.1. CD experiments

CD spectrum of Substance P (Fig. 1) in water shows a negative band
around 202 nm with no positive band at all. This indicates that the
peptide is mostly unstructured in water with a weak propensity to be in
turn conformation. The peptide however is quite structured in the
presence of bicelles. In both the bicelles, besides the main negative band
ataround ~202 nm, a small trough appears near 208 nm with increased
ellipticity in the presence of GM1 suggesting the formation of transient
helices that may persist with continuous exchange between turn and
helical conformation. Minimum around 203 to 208 nm indicates
overlapping helical and random coil mm™ transition at 208 nm and
200 nm respectively. The similarity in the CD curves of the SP/PC bicelle
and SP/GMT1 bicelle indicates that the structured region of the peptide
arranges itself almost in a similar manner in the two membrane mimetic
environments. However, only the spectrum between 200 and 250 nm is
shown as it was difficult to measure the spectrum for the bicelles below
200 nm due to scattering effect.

3.2. Chemical shift assignment and analysis

The chemical shifts of all protons of Substance P in water and bicellar
environments are enlisted in Table S1 and the shifts in peak positions are
depicted again in Fig. S2 ("H-"H TOCSY). The absence of a single set of
proton chemical shifts for many protons indicates that a unique stable
conformation is not possible for Substance P in either water or in
bicelles. Broadening as well as signal attenuation of the oty and aromatic
proton peaks in Fig. 2C compared to Fig. 2A and B suggest that the
peptide is not well exposed to the water phase but is partially located in
or towards the GM1 containing membrane [50]. Fig. 3A and C show that

10+
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Fig. 1. Far-UV CD spectra of Substance P (3.7 mM) in water, DMPC:CHAPS (1:4) bicelles
and DMPC:CHAPS:GMT1 (1:4:0.3) bicelles at pH 5.5 and 298 K (peptide:lipid 1:25 mol/
mol). Negative bands in the region 200-210 nm indicate ordered peptide structures.
Individual plots are labeled in figure.

J M

82 80 78 76 74 72 70 68 66
Chemical Shift "H (ppm)

Fig. 2. '"H NMR of Substance P (3.7 mM) in water (A), DMPC:CHAPS (1:4) bicelles
(B) and DMPC:CHAPS:GM1 bicelles (C) at pH 5.5 and 298 K (peptide:lipid 1:25 mol/mol).
The spectral region indicates the fingerprint aromatic and amide region (6.5-8.5 ppm).
Broadening and signal attenuation of peaks are shown in (A)—(C). Peak due to the bicellar
proton indicated with an arrow.

for residues 4-11, the difference in the chemical shift is consistently
negative suggesting that this stretch of the peptide is basically helical or
structured. A semi-quantitative estimation of the percentage of helical
content of Substance P while going from water to either of the bicelles
was obtained using the standard protocol by Wishart and coworkers,
where the upfield shifts of the oy protons [51] in the particular region
assumed to be helical were averaged, and the averaged upfield shift was
divided by 0.35 (0.35 ppm is assumed to correspond to 100% a-helix)
[52]. The helical content of residues 4-11 for SP thus calculated was 17%
in water, 22% in DMPC/CHAPS bicelle, and 36% in DMPC/CHAPS/GM1
bicelle. This a-helical character is significantly higher than that found in
SP/DPC (10%) and SP/SDS (12%) [27]. The difference in the chemical
shifts when compared to water depicts that, there is a strong propensity
for the C-terminal amino acids to be involved in interaction with bicelles
while the N-terminus remains flexible. Strong differences of ay for Q5,
Q6 and M11 in DMPC/CHAPS/GM1 bicelles when compared to the
DMPC/CHAPS bicelle imply that these particular residues have a
different conformation in the GM1 containing bicelles.

The NH proton chemical shift differences as shown in Fig. 3B and D
provide general information about the hydrophobic/hydrophillic
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Fig. 3. Comparative alpha proton (A) and amide proton (B) chemical shift difference for Substance P (3.7 mM) in water, DMPC:CHAPS (1:4) and DMPC:CHAPS:GM1 (1:4:0.3) bicelles
at pH 5.5 and 298 K (peptide:lipid 1:25 mol/mol). The chemical shift differences are calculated as A (observed proton chemical shifts) — (random coil chemical shifts) for each
residue. Comparative differences in proton chemical shifts from water to DMPC:CHAPS and DMPC:CHAPS:GM1 bicelles are shown in (C) for alpha protons and (D) for amide protons.

Colours of the bars are labeled in figure.

environment and hydrogen bonding network surrounding the
corresponding protons. The amide NH secondary shifts for residues
K3, Q5, Q6, F7, F8, G9, L10 and M11 show upfield values in water and
bicelles with signal dispersion that indicate transient helical struc-
ture [53] in this region. However, significant shifts are observed for
residues F7-L10 in all mediums that infer that these residues are at best
involved in hydrogen bonding. Here, the small difference in resonance is
thought to be due to the hydrogen bonding of backbone amide HN with
-OH of water and large difference in resonance position is taken to be
due to the hydrogen bonding of backbone amide HN with -O=C of
peptide backbone or -O=C of neighbor lipid [54,55]. Surprisingly, in the
GM1 containing bicelles, Q5 and Q6 (Fig. 3B) show noticeable hydrogen
bonding propensity. The resonances of hydrophilic residues generally
shift upfield relative to those of hydrophobic residues, which is a
common signature of helical structure [53].

3.3. Paramagnetic quenching analysis

As the first approximation of the peptide positioning in bicelles, we
have obtained the 1D 'H chemical shift spectra of SP in both bicelles with
varying concentrations of paramagnetic quencher MnCl, [33,34]. It is a
known fact that, manganese ions affect the relaxation rate of the nuclei
that are accessible to solvent and thus reduce the observed signal
intensity. Since manganese ions cannot penetrate the hydrophobic
interior of the bicelle, the change in the signal intensity can reflect the
exposure of a particular nuclei; therefore facilitating the identification of
residues closer to the aqueous phase. The 1D 'H chemical shift spectra
for finger print region of SP in DMPC:CHAPS and DMPC:CHAPS:GM1
bicelles are given in Fig. 4. Considerable decrease in signal intensities
and broadening of spectral peaks were observed for SP/PC bicelles even

at low MnCl, concentration (0.4 mM) in contrast to SP/GM1-PC bicelles.
This suggests that the peptide is more exposed to the water phase in the
absence of GM1. On the other hand, only partial reduction in signal
intensities and broadening of spectral peaks are observed for SP/GM1-
PC bicelles at 0.8 mM MnCl,, which suggests that the peptide is more
inserted in the bicelle hydrophobic interior in the presence of GM1.

The 2D 'H-'H TOCSY spectra (Fig. 5) of the peptide in both bicelles
after addition of 0.8 mM MnCl, show a general broadening at the N-
terminus of SP in PC bicelles (Fig. 5A and B); while the broadening is
somewhat resisted in GM1 containing bicelles (Fig. 5C and D).
Unaffected contours of Lys® in the presence of GM1 imply probable
location of the residue away from the aqueous phase. These results are
consistent with chemical shift deviations observed in Fig. 3.

3.4. Analysis of diffusion measurements

Translation diffusion measurements are summarized in Table 1, and
the DOSY spectra are depicted in Figs. S3-S7. Diffusions of individual
components are in agreement with the data previously been found
[56-58] although under different experimental conditions. The diffusion
of Substance P in aqueous solution is 28.3x 10~ ' m?/s [59], which
decreases in the different bicellar solutions, indicating that SP interacts
with both the bicelles [56,57]. The diffusion coefficient is relatively
lower for the bicelles containing GM1, which signifies the peptide
motion being more constrained due to stronger interaction with bicelles
in the presence of GM1. The results show that, 71% of the peptide is
bound to GM1-PC bicelles, whereas 56% of the peptide is bound to PC
bicelles. DMPC lipids are found to diffuse slower than CHAPS probably
due to their size and the location of DMPC being at the bicellar disc
region [56] compared to the location of CHAPS at the rim [57,58]. The
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Fig. 4. The aromatic and amide proton chemical shift region of "H NMR spectra of Substance P (3.7 mM) in DMPC:CHAPS (1:4) and DMPC:CHAPS:GM1 (1:4:0.3) bicelles at pH 5.5 and 298 K
(peptide:lipid 1:25 mol/mol) with (0.4 mM and 0.8 mM) and without MnCl,. The comparison of spectra in the figure suggests that peptide peaks are broadened more efficiently in PC bicelles.

diffusion coefficient of DMPC decreases on addition of peptide in both
the bicelles that suggests that peptide prefers to reside at the region
of long-chain phospholipids [56,57]. Again, the presence of GM1 in
bicelle reduces the diffusion coefficient of DMPC but not of CHAPS
(11x10~ "' m?/s) implying the presence of GM1 amid the bicellar
disc region.

3.5. NMR studies in water and bicelles — assignments and constraints

ROESY experiments (Tmix 300 ms) were done at 1:13 and 1:25
peptide:lipid (mol/mol) ratio, and the ratio 1:25 was selected for
distance calculation from cross peaks due to adequate number of cross
peaks in 1:25 peptide:lipid. In the three solvent systems studied, the
ROESY spectra (Figs. S8-S9) showed a fairly large number of short and
medium range ROEs restricted mainly in the C-terminal region
signifying partial conformational stabilization of this peptide segment.
Noticeably, ROEs typical of a-helices were observed in none of the
environments. By contrast, characteristic cross peaks of turn or 3¢ helix
were observed in bicelles over residues 4-11, that are dyy (ii+1),
dnn (i +2), dan (14 1), den (1,14 2), do (1,1 4 3), and dog (i,i 4 3) [60]
(Fig. 6). Connective ROEs important to characterize the secondary
structure of Substance P in different solvent medium are summarized in
Fig. 6.

Simultaneous observation of various types of ROEs suggests some
degree of conformational averaging occurring around a helical core.
Possibility of 3-turn and 3¢ helix must be considered for the region near
C-terminus as seen by the presence of dqy (i,i +2) at residues 7-9 in PC

bicelles and at residues 4-6 and 9-11 in the GM1 containing bicelles
[61]. Moreover, dqn (i,i 4 3) at residues 4-7 and 7-10 in DMPC/CHAPS
bicelles and dqg, (i,i + 3) at residues 3-6 and 5-8 in DMPC:CHAPS:GM1
bicelles (Fig. 6) may provide additional hydrogen bond interactions that
stabilize short length helical structure in small linear tachykinin
peptides like Substance P [62].

Itis also possible to acquire information about the peptide secondary
structure from the backbone phi (¢) angles along the peptide chain by
measuring 3Jno (Hz) coupling constants. The coupling constants are
enlisted as the top panel in Fig. 6. Helical structures appear with
coupling constants 4-5 Hz, whereas extended structures have coupling
constants in the range 8-9 Hz [63]. All coupling constants for Substance
P in water and the bicelles were found to be ~8 Hz that suggest that the
structures are not typically helical. Instead, large 3Jxq coupling constants
indicate that most of the residues are involved in turn conformations
[63,64]. The magnitudes of the coupling constants are comparatively
lower for SP in the GM1 containing bicelles.

3.6. Solution structure of Substance P in water and bicelles

Forty refined structures obtained in each medium that had passed
the acceptance criteria were put in ensembles named A, B and C (for
water, PC bicelle and GMT1 bicelle respectively) and were selected for
further analysis. The statistical summary of the peptide structures along
with information regarding the backbone dihedrals and H-bonding
interactions in different medium are provided in Table S11. In water, the
conformers are grouped in three ensembles (Fig. 7, panel A) where the
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Fig. 5. Affected N-terminus in 2D "H-"H TOCSY spectra of Substance P (3.7 mM) in DMPC:CHAPS (1:4) (A and B) and DMPC:CHAPS:GM1 (1:4:0.3) (C and D) bicelles at pH 5.5 and
298 K (peptide:lipid 1:25 mol/mol) without and with 0.8 mM Mn(Cl, respectively. Amino acid signals suffering from the paramagnetic quenching are labeled in the figure.

Table 1

Measured translational diffusion coefficients of Substance P and bicellar components
DMPC and CHAPS in solution using DOSY and calculated fraction (%) of peptide bound
to bicelles (pH 5.5 and 298 K).

Dobs == 0.1 (x10'' m?/s)

Samples SP DMPC  CHAPS  Bicelle % bound
SP/water 28.3?

DMPC:CHAPS bicelle 9.38° 11.0° 9.56
SP/DMPC:CHAPS bicelle 170 922 11.9 9.52 56
DMPC:CHAPS:GM1 bicelle 9.04° 109 9.25

SP/DMPC:CHAPS:GMT1 bicelle  14.4 8.81 11.2 9.16 71

3 25.3 (£0.5%) x 10" m?/s in water (Ref. [59]).
b In [DMPC]:[CHAPS] = 0.5, Dpypc 5.8 x 10" m?/s and Deyaps 6.5 x 10" 'm?/s (Ref. [57]).
¢ In [DMPC -+ DMPG]:[DHPC] = 0.15, Dpypc 9.4 x 10" m?/s (Ref. [58]).

populations comprise 67.5, 20 and 12.5% conformers respectively.
Residues 6-9 are found to have turn Il structure (36.4%) but the entire
peptide is still a coiled coil as evaluated by DSSP [65]. This result
is consistent with the results obtained in previous NMR and CD
experiments where it was found that the free acid form of Substance P in
water adopts an extended conformation at the N-terminus and a helical
conformation at the C-terminal segment of the peptide though the helix
content of SP in water is practically negligible [66-70]. Raman spectra of
SP in water, too reported that SP forms an ensemble of conformers in
water which is distinctly different from completely unfolded peptide
conformation [71]. Backbone hydrogen bonds, as determined from
VADAR, exist between GIn6 and Gly9, GIn6 and Leu10, and Phe7 and
Leul0 with mean H-bond distance 2.55A (data not shown). The
significance of H-bonding from NH-protons of Gly®, Leu'®, and Met!!
was also observed by Bundi and Wiithrich et al. [72]. No side chain
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Fig. 6. Coupling constants and ROE connectivity plots for sequence of Substance P in
water (top panel), DMPC:CHAPS bicelles (1:4) (middle panel) and DMPC:CHAPS:GM1
(1:4:0.3) (bottom panel) bicelles at pH 5.5 and 298 K (peptide:lipid 1:25 mol/mol)
showing the ROE connectivity among residues.

hydrogen bonds were observed. According to the Ramachandran plot,
99.6% of total residues lie in the allowed region (Fig. S10). Most of the
residues adopt an irregular orientation and no preference exists for
distribution of polar and nonpolar residues in water.

Substance P structures in DMPC/CHAPS bicelles also ungroup as in
three ensembles as shown in Fig. 7 (panel B), where the first sub-
ensemble with population 82.5% reflects mostly the family. Residues
K3-Q6 are found to form a turn Ill structure, which closely resembles the
340 helix. Residues K3, P4, Q5, Q6, F7, F8 and G9 were found to be
involved in backbone hydrogen bonding, as evaluated by VADAR (data
not shown). Here C=0 of Lys3, Pro4, GIn5 and GIn6 act as acceptors
whereas HN of GIn5, GIn6, Phe7, Phe8 and Gly9 serve as the donors. The
mean H-bond distance is 2.8 A. Side chain hydrogen bonds appear
between NE2 of GIn5, GIn6 and O=C of Lys3. The 3¢ helix or turn IIl is
depicted also from phi-psi magnitudes of the second and third residues
of the turn. According to the Ramachandran plot, 100% of total residues
lie in the allowed region (Fig. S10). Side chains of residues F7, F8 and L10
are found to lie on one side of the peptide backbone whereas polar R1,
K3, Q5 and Q6 side chains are positioned towards the opposite direction.
Distributional division of the hydrophobic and hydrophilic residues may
help the arrangement in which the peptide orients itself towards the
DMPC/CHAPS membrane.

Once again, the sub-ensemble presented in the first column of C
appears as the representative of total SP conformers when studied in the
environment of GM1 containing bicelles. Residues 8-11 (36%) are found
to adopt turn IIl structure, which closely resembles the 3¢ helix. R1, K3,
Q5, Q6, F7, F8, G9, L10 and M11 are involved in backbone hydrogen
bonding where Phe8 is the maximum contributing residue (data not
shown). In this case, the acceptors are C=0 of Arg1, Lys3, GIn5, GIn6,
Phe7 and Phe8 and donors are HN of Lys3, GIn5, GIn6, Phe7, Phe8, Gly9
and Met11 respectively. The mean H-bond distance is 2.6 A. Side chain

hydrogen bonds appear between NE2 of GIn6 and O=C of Pro4. 100% of
the residues lie in the favored region of Ramachandran plot (Fig. S10).

4. Discussion

Detergent micelles have long been used as membrane mimicking
media in spectroscopic investigations, but lately two-component micelles
and bicelles emerge as suitable experimental membrane models.
However, peptide conformation and dynamics may be influenced by
small size and shape of micelles where bicelles turned out to be superior
[56]. The use of bicelles as membrane mimics in the present study can be
justified from some recent reports that establish higher morphological
and compositional similarity of bicelles to native bilayers. Donghan et al.
recently reported that in small bicelles (DMPC/DHPC) a bilayer is
formed which successfully solubilize the intact outer membrane protein
OmpX from Escherichia coli [73]. In another report Kang et al. have
shown that bicelles (DMPG/DHPC) can deliver a functional membrane
protein KCNE3 to oocyte membrane that expresses human KCNQ1
channels [74]. In our laboratory we have successfully prepared ternary
bicelles composed of DMPC, CHAPS and ganglioside GM1 and reported it
to be useful in imparting specific conformation to opioid peptide like
leucine enkephalin [31]. In a very recent report DMPC/CHAPS/GM1
ternary bicelle with q=0.5 has been used as biologically relevant
membrane environment for insertion depth and orientation of gan-
gliosides relative to the membrane surface characterization [75]. In the
report, the concentration of GM1 is only ~1 mol% of the entire bicelle
whereas in our experiment GM1 is 5.66 mol% of total bicellar mass.
Reasons behind the choice are: i) increase of surface charge due to sialic
acid (anionic lipids 25-30 mol% of phospholipids are used in bicelles to
make the bicelles anionic) [37,76] ii) 5-10 mol% GM1 is found to be
present in ganglioside enriched domains (caveolae) of neuronal plasma
membranes [77]; and, consequently iii) 5 mol% GM1 in membrane has
been experimentally found to interact with functional proteins like
Protein Kinase C (PKC), Wheat Germ Agglutinin (WGA), Cholera Toxin B
subunit, Sphingolipid Activator Proteins (SAP-B) and Simian Virus
40 (SV40) [78-81]. CHAPS is used in this study as an alternate of
cholesterol. Though CHAPS is a detergent and cholesterol is a lipid, both
CHAPS and cholesterol are reported to increase the similar rigidity of
membrane by increasing the order of acyl chains of phospholipids
because of similarity in their molecular structure regarding the sterol
region [82-84].

To verify that GM1 present in ternary bicelles is more potent to
impact biologically relevant conformation to Substance P, we have
recorded CD experiments with SP in the presence of CHAPS/GM1
mixed micelles with varying GM1 concentration (the details of the
mixed micelle preparation, DLS experimental procedure and CD
spectra are provided in Supporting Information S12). Though DPC/
GMT1 is the popularly known mixed micelle containing GM1 [85,86],
we have chosen CHAPS instead of DPC (dodecyl phosphocholine)
because CHAPS is an essential component of our ternary bicelles and it
has the similar ability as DPC to protrude the ganglioside hydrophilic
portion from the membrane plane to extracellular fluid which assists
the GM1-selective bindings of foreign bio-molecules [87]. A mono-
modal distribution found in DLS (Fig. S12A) clarifies the presence of
mixed micelles in experimental solutions when compared to CHAPS
micelles only. It is apparent from the CD spectra (Fig. S12B) that even
in the presence of 0.7 mM GM1, the ellipticity is only 43% of the SP/
GMT1 bicelles and the helical signature is absolutely absent.

While the CD spectra suggests an equilibrium between helical and
turn conformations in both the bicelles (Fig. 1), the NMR studies predicta
significant helicity from upfield chemical shift differences (Fig. 3), what
can be termed as “nascent helix” [53]. 2D 'H-'H ROESY of Substance P
(Figs. S8, S9) show patterns characteristic of turns and 3¢ helices in both
the bicelles whereas signature of pure a-helices, dqy (i,i +4) is absent in
all (Fig. 6). Ramachandran plot (Fig. S10) predicts that turn IIl or 3¢ helix
is the probable peptide conformation in the bicelles spanning residues
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Fig. 7. Line and ribbon representations of ensembles of 40 structures of Substance P (3.7 mM) in water (A), DMPC:CHAPS bicelles (1:4) (B), and DMPC:CHAPS:GM1 (1:4:0.3) (C)
bicelles at pH 5.5 and 298 K (peptide:lipid 1:25 mol/mol). Superimposition of sub-ensembles of 40 conformers was done using VMD-XPLOR. Conformations that differ in side chain

orientations but have similar backbone are shown in blue.

3-6 in DMPC/CHAPS [26-28,88] and 8-11 in DMPC/CHAPS/GM1. In PC
bicelles, the distance oHj—atH; 5 is about ~6 A, while in the GM1
containing bicelle, it is ~7 A. Characteristic of a specific turn signature is
oHi-aH; . 3~7 A. ROE connectivity (Fig. 6) as well as aH;-aH;. 3
distances suggests a turn structure in bicelles which is a good signature
for suitability of membrane penetration and GPCR-recognition [4].
Recently in a paper by Mobashery et al, a similar conserved con-
formation is found for Penicillin-binding protein 5 (PBP 5) C-terminus
(EGNFFGKIIDYIKLMFHHWEG) where the turn and bend motifs only rule
the penetration in the membrane [89].

Intense diagonal peak of Lys® is observed in the GM1 containing
bicelles (Fig. S9) that does not disappear when paramagnetic quencher
Mn*? is added (Fig. 5). Similar observations were also found from
differences in chemical shifts (Fig. 3). The presence of strong backbone
H-bonds between Lys> and GIn® in NMR conformers also suggests that,
the lysine residue crosses just the interface to remain close to the bicelle

interior and appear less hydrated [42]. Beside this, when compared
between the broadening of all N-terminal amino acids in bicelles in
general, moderate quenching of the signals at a relatively low con-
centration of MnCl, suggests that SP bound to PC bicelles is more
exposed (Fig. 5).

In ROESY (Fig. S9), GIn6 side chain NH2 (trans) and GIn5 side chain
NH2 (trans) protons [82] positions are merged in water and
zwitterionic bicelles while they differ in chemical shifts in the bicelles
containing GM1. Moreover, the GIn6 NH2 (cis) diagonal peak
intensity decreases and the GIn6 NH2 cis-trans cross peak disappears
in the bicelles containing GM1. Thus, the two glutamine residues
behave in a different way in the presence of GM1 [90]. Also, GIn6 may
be present in a restricted environment where the conformation is
arrested with the side chain amine NH2 at the trans-position only.

In the ROESY spectra of SP in GM1 containing bicelles (Fig. 8),
columns in the aromatic region (at 7.1 to 7.4 ppm) exhibit cross peaks
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Fig. 8. 2D 'H-'H ROESY region showing the cross peaks of Substance P aromatic protons
with lipid acyl chain ~-CH2- protons of DMPC in DMPC:CHAPS:GM1 bicelles (1:4:0.3) at
pH 5.5 and 298 K (peptide:lipid 1:25 mol/mol). The control DMPC:CHAPS:GM1 bicelle
contours are shown in blue. The violet lines indicate the strips of lipid-peptide cross
peaks. The green line indicates a resonance of lipid from DMPC:CHAPS:GM1 bicelle
close to the peptide resonance but with measurable chemical shift difference.

to lipid resonances that are absent in the zwitterionic bicelles. The
most intense cross peaks at 1.23 ppm correspond to the methylene
protons of the lipid acyl chains [91]. The peak at 7.28 ppm is for F7
3,5H (Hg) and at 7.19 ppm is for F8 2,6 H (Hs). Cross peaks between
protons at 7.28 ppm and 7.19 ppm to the proton at 1.23 ppm indicate
that the aromatic group protons are close in space with the acyl chain
protons of DMPC indicating that the phenylalanine residues penetrate
into the hydrocarbon core of the membrane. The relative intensity of
the cross peaks compared to diagonals (data not shown) implicates
that Phe® is more inserted in membrane than Phe’. To verify whether
the cross peaks arise due to the interaction of the lipid acyl chains to
the aromatic residues, ROESY spectra were obtained without the
peptide in each bicelles (shown as violet contour in Fig. 8). The
spectrum peaks due to only bicellar lipids appear in the spectra but
the lipid-peptide cross peaks disappear. The glycerol and choline
protons of DMPC appear at same resonances in the presence and
absence of the peptide (spectra not shown) that indicates that DMPC
lipid headgroup is not altered noticeably when Substance P binds to
the GM1 containing bicelles [92]. The probable location of SP in GM1
containing bicelles is corroborated well with the previous report by
Seelig et al., where mutational studies on SP were performed (G9R)
and weak penetration with low hydrophobic binding constants in the
negatively charged membrane was found [93].

Table 2
SP/NK;R docking results: environments, computed binding energies, inhibition
constants, and proximal residues of NK;R to SP.

Environments Binding energy Inhibition constant Proximal residues of

(kcal/mol) (uM), K; NK;R to SP
Water -2.79 9020 Val4, Asp10, Thr17,
Ser20 and Glu21
DMPC:CHAPS -4.17 871.13 Asp10, lle15, Ser16,
bicelles (1:4) Ser20 and Thr19
DMPC:CHAPS:GM1 -4.26 754.14 Leu5, Pro13, lle15,

bicelles (1:4:0.3) Ser16, Thr17, Ser20,

Leu102 and Leu103

Translational diffusion coefficients indicate that the presence of GM1
hinders the bicelle diffusion due to constrained mobility of long-chain
phospholipids. Gangliosides are large molecules with two hydrocarbon
chains along with a large oligosaccharide headgroup and are located
mostly in the upper leaflet of the cell membrane in proximity towards
the extracellular space fluid. Though direct diffusion coefficient
measurement for GM1 is impossible here, its impact is clearly shown.
The peptide diffusion is slowed down in each bicelle; however, the
presence of GM1 makes the peptide slower that means peptide interacts
stronger with the membrane in the presence of GM1. The partition of
the peptide is found to be 71% in DMPC:CHAPS:GM1 bicelles when
compared to 56% in DMPC:CHAPS bicelles that deliberately support the
idea of better penetration of SP in the hydrophobic region of the bicelles.

To gain insight into the NK;R interaction mode, we have performed a
docking where representative conformations from the highest popu-
lated ensembles were docked onto the homology modeled NIK;R
(Table 2). For clarity, the SP NMR models in water, DMPC:CHAPS
bicelles and DMPC:CHAPS:GM1 bicelles are termed as SPA, SPB, SPC and
the docked complexes are termed as NKSPA, NKSPB and NKSPC (Fig. 9).
From Table 2, it is reflected that the binding energy increases two fold
when the peptide conformer is changed from NMR model of SP in water
to either of the bicelles. The NMR conformation of SP in GM1 containing
bicelles when docked on NK;R shows the highest binding energy and
lowest inhibition constant to NK;R, which indicates that it fits best to the
active site of NK;R. The residues that are present in the binding site are
depicted in Figs. 9, S14 and Table 2. Hydrogen bonds are formed only in
NKSPC from Arg1 of SP to Pro13 of NK;R, and GIn5 of SP to Ser20 of NK;R
(Fig. S14) (backbone rmsd after docking does not deviate from 0.01 A).
In NKSPC, Lys® of SP is found in close proximity of Ser16 and Thr17 (N-
terminus of NK;R) [42]. Also the C-terminus residues Phe’-Met!! were
found to interact with the receptor first extracellular loop EC1 (Leu102
and Leu103) over TM3 [94]. The possibility of this type of binding mode
is already inferred by Mierke et al. [48].

5. Conclusion

Experimental results combining the CD and NMR data suggest that
SP adopts a conserved turn structure in isotropic bicelles with a
preference to GM1 containing bicelles. The differences in the compo-
sition of the membranes come out to be responsible for the different
binding affinity of the peptide to the membranes, and hence the
diversity of the peptide structures. Previous studies from our lab show
that GM1 containing bicelles can distinctly modulate the bioactive
structure of opioid peptides like leucine enkephalin. This paper
establishes that GM1 containing bicelles can yet serve as suitable
native-like membrane environment and induce “receptor-binding”
conformation to an otherwise flexible neurotransmitter Substance P.
As the interaction between SP and its receptor NK;R is specific in
caveolae where GM1 is abundant, the conformation that emerges from
our study may closely resemble the bioactive conformation of the
peptide. Further study involving modification of bicelle composition
with other gangliosides is in progress in our laboratory.
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Fig. 9. Bound-state structure representation of Substance P to NK;R after docking using Autodock. NK;R is coloured green and displaying secondary structure (bottom panel). The
figures in the upper panel originating from the docked complexes in bottom panel indicate docking sites of NKSPA, NKSPB, and NKSPC, where SP docked on homology modeled NK;R
where SPA, SPB and SPC indicate one of the abundant NMR conformers (Fig. 7) in water, DMPC:CHAPS bicelle and DMPC:CHAPS:GM1 bicelle respectively. The peptide SP is coloured
according to atom representations and displaying ball and stick licorice model. Amino acid residues of ligand peptide are labeled in red whereas amino acid residues of receptor NK;R
are coloured violet. The sub-sections of this figure were prepared using ADT viewer and Pymol.
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