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a b s t r a c t

Sphingomyelin (SM) is a common sphingolipid in mammalian membranes and is known to be substan-
tially involved in cellular events such as the formation of lipid rafts. Despite its biological significance,
conformation of SM in a membrane environment remains unclear because the noncrystalline property
and anisotropic environment of lipid bilayers hampers the application of X-ray crystallography and
NMR measurements. In this study, to elucidate the conformation of SM in membranes, we utilized
bicelles as a substitute for a lipid bilayer membrane. First, we demonstrated through 31P NMR, 2H
NMR, and dynamic light scattering experiments that SM forms both oriented and isotropic bicelles by
changing the ratio of SM/dihexanoyl phosphatidylcholine. Then, we determined the conformation of
SM in isotropic bicelles on the basis of coupling constants and NOE correlations in 1H NMR and found that
the C2–C6 and amide groups of SM take a relatively rigid conformation in bicelles.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Until the late 1990s, plasma membranes were considered to be a
two-dimensional fluid where lipids and proteins diffuse freely.
During the last decade, their heterogeneity and complexity have
been widely recognized; for example, it has been found that sphin-
gomyelin (SM), the most abundant sphingolipid in biomembranes,
forms microdomains called lipid rafts on a plasma membrane in
the presence of cholesterol.1 Lipid rafts are believed to play a key role
in numerous cellular processes such as signal transduction, protein
sorting, and cholesterol shuttling.1,2 In addition, they are recognized
as potential sites for toxin interactions, entryways for pathogens,3

and fusion sites for HIV.4–6 Despite such biological/pathological
significance, the manner in which raft-forming lipids self-assemble
to form a nanometer-scale organization is still unknown, largely
because of the rapid association and dissociation equilibrium of lipid
molecules in rafts. To gain a fundamental understanding of molecu-
lar interactions in lipid rafts, exploration of the structures and
dynamics of SM in membrane environments is crucial.

So far, however, the conformation of SM in membrane environ-
ments has not been elucidated, although its conformation in organ-
ic solvents has been extensively analyzed on the basis of coupling
ll rights reserved.
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constants by NMR experiments.7,8 To mimic the membrane envi-
ronment, micellar media such as sodium dodecyl sulfate are often
used; however, as a membrane alternative, micelles are controver-
sial because of their small radius, high curvature, and lack of lamel-
lar structures. Recently, bicelles has been found to better
reproduce a natural membrane environment since they possess
true lipid bilayer portions.9,10 Bicelles are generally comprised of
a long-chain phospholipid such as dimyristoyl phosphatidylcholine
O
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1,2-dihexanoyl-3-sn-phosphatidylcholine
(DHPC)

Figure 1. Structures of stearoylsphingomyelin (SSM) and dihexanoylphosphatidyl-
choline (DHPC).
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Figure 2. 31P NMR spectra of bSM/DHPC (4:1) bicelles at 35, 37, and 40 �C. The total lipid concentration was 500 mM (A) and 100 mM (B).
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(DMPC), and a short-chain one such as dihexanoyl phosphatidyl-
choline (DHPC, Fig. 1). The size and shape of bicelles can be con-
trolled by the ratio of long-chain phosphatidylcholine (PC) to
short-chain PC, that is, q. At higher q values, bicelles adopt a mag-
netically aligned lamellar bilayer morphology. In contrast, when
the q values are decreased, bicelles become disk-shaped. In this
configuration, the planar region consisting of long-chain lipids is
surrounded by a rim comprised of short-chain lipids. Bicelles with
the q value less than 1 undergo fast tumbling and can be regarded
as isotropic in aqueous solutions, thus allowing high-resolution 1H
NMR measurements. In fact, small bicelles have often been used for
structural determinations of small integral peptides and
membrane-bound agents.11–13

In this study, we applied the bicelle technique to explain the
structure of SM in a membrane environment. Since there have
been no reports so far on bicelle formation with SM, we first dem-
onstrated that SM forms both oriented and isotropic bicelles by
changing the ratio of SM/DHPC. Then, the conformation of SM in
isotropic bicelles was determined on the basis of vicinal 1H–1H
coupling constants and NOEs. Although some NOESY cross peaks
were completely overlapped, we successfully prepared a
site-selectively deuterated SM and made the NOE assignment for
the central portion of SM (C1–C5).

2. Results and discussion

2.1. Formation of oriented bicelles containing SM

Before dealing with the conformation of SM in bicelles, we
examined whether SM forms bicelles with DHPC, as is the case
with DMPC. 31P NMR is generally used for characterizing the
orientation and morphology of bicelles.14 In oriented bicelles with
the normal perpendicular to the direction of the magnetic field, 31P
NMR spectra show two signals. The high-field resonance is



Figure 3. 2H NMR spectrum of SSM/100-d2-SSM/DHPC (3:1) bicelle (500 mM) at
37 �C.
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attributed to long-chain lipids in the planar section, whereas the
downfield resonance is attributed to DHPC on the rim of the
disks.14 Since large quantities of SM are necessary for 31P NMR
experiments, we used bovine brain SM (bSM), which is a standard
SM in biological and biophysical studies and contains about 50%
stearoylsphingomyelin (SSM, Fig. 1).15 We first examined the
orientation of bicelles composed of bSM/DHPC (4:1, q = 4) at
500 mM of the total lipid concentration (bSM + DHPC). As shown
in Figure 2A, 31P NMR spectra showed two signals at 37 �C; high
filed resonance is attributable to the planar part of oriented bi-
celles, and low-field one is due to the rim portion. This implies that
bSM/DHPC bicelles are aligned along the external magnetic field;
On the other hand, a broad isotropic signal observed at 35 �C indi-
cates that magnetically aligned bicelles do not occur, and the spec-
tral feature at 40 �C suggests possible vesicle formation (Fig. 2A).
Bicelles with the same q value (q = 4) at 100 mM of the total lipid
concentration showed no orientation at the tested temperatures
(Fig. 2B). In separate experiments where the total lipid concentra-
tion was varied from 100 mM to 500 mM (Figs. S1–S5, Supplemen-
tary), we observed that bicelles are oriented at concentrations of
more than 200 mM. These data show that alignment of bSM/DHPC
bicelles is significantly influenced by not only temperature but also
total lipid concentration; in particular, bSM/DHPC bicelles with
q = 4 can be oriented in a narrow temperature range at around
37 �C.

To further confirm that SM/DHPC bicelles with q = 4 are mag-
netically oriented, we prepared a deuterated SSM (100-d2-SSM,
Figure 4. Dynamic light scattering results of bSM/DHPC bicelles with q = 4 at 35 �C (da
500 mM (A) and 100 mM (B).
Fig. 3) and measured 2H NMR. Details of the preparation of
100-d2-SSM are given in the Supplementary. Fig. 3 depicts the 2H
NMR spectrum of 100-d2-SSM/DHPC bicelles (q = 4) at the total lipid
concentration of 500 mM and shows a well-resolved doublet with-
out any center peak. It is known that lipid molecules residing in the
bilayer portion of oriented bicelles result in sharp doublet signals
in the 2H NMR spectrum, while those in the rim portion of oriented
bicelles show peaks near the spectral center because of the isotro-
pic nature of the rim portion.16 Fig. 3 clearly demonstrates not only
that SM/DHPC bicelles are magnetically aligned but also that SM
molecules reside exclusively in the bilayer portions of bicelles.
Although 2H splitting of D2O residing in hydration shell of oriented
bicelles was sometimes used for evaluating the formation of
oriented bicelles,17 2H splitting of 100-d2-SSM unequivocally
demonstrates the oriented bicelle formation because it resides in
the bicelles.

We also measured 2H NMR spectra of SSM/100-d2-SSM/DHPC
(3:1) bicelles at various temperatures (Fig. S9, Supplementary),
which unexpectedly suggest that aligned bicelles occur from 30
to 50 �C. This is different from Fig. 2A that indicates that the ori-
ented bicelles forms only at around 37 �C. This discrepancy is prob-
ably caused by the difference of SM used; in Fig. 2 we used brain
SM that is a mixture of SMs with various acyl-chain lengths as de-
scribed earlier, but we used pure SSM in the 2H NMR experiments.
This suggests that oriented bicelles formed by pure SSM is more
temperature-tolerant than those by brain SM. Based on this find-
ing, we will try to prepare more stable oriented bicelles using pure
SM, and the results will be reported in due course.

Next, to estimate the size of bSM/DHPC (4:1) bicelles, we car-
ried out dynamic light scattering experiments by varying temper-
ature and concentration (Fig. 4). All preparations basically showed
a single main peak, thus indicating that SM and DHPC form aggre-
gates of relatively uniform size; that is, coexistence of different-
sized aggregates such as micelles and vesicles does not occur. For
bicelles with q = 4 at 500 mM of the total lipid concentration, the
bicelle size increased with increasing temperature from 35 to
40 �C (Fig. 4A). Taking account of the results of 31P NMR experi-
ments in Fig. 2A, which illustrate that 500 mM bicelles with q = 4
are magnetically aligned only at 37 �C, bicelles around 100 nm in
diameter tend to be oriented, which is comparable to the size re-
ported for aligned DMPC/DHPC bicelles.18 The larger size at 40 �C
(Fig. 4A) suggests the formation of vesicles, which is consistent
with the spectral features of 31P NMR in Fig. 2A. At the low lipid
concentration (100 mM), bicelles with q = 4 become smaller
shed line), 37 �C (solid line), and 40 �C (dotted line). Total lipid concentration was



Figure 5. 31P NMR spectra of bSM/DHPC = 1:2 bicelles at 35 �C, 37 �C, and 40 �C. The total lipid concentration was 500 mM (A) and 100 mM (B).
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(Fig. 4B), which is also consistent with the isotropic orientation
shown in the 31P NMR experiments. These data indicate that the
size of bicelles with q = 4 considerably depends not only on tem-
perature but also on the concentration of lipids.

2.2. Formation of isotropic bicelles containing SM

After finding that SM forms oriented bicelles, we examined the
formation of isotropic bicelles comprised of bSM/DHPC (1:2,
q = 0.5). In the 31P NMR spectra, two sharp signals in close vicinity
(dSM = 2.7 ppm, dDHPC = 2.1 ppm) are clearly observed (Fig. 5), thus
indicating the formation of small and magnetically isotropic bi-
celles. The low-field resonance of the 31P signal of SM is probably
attributable to intramolecular hydrogen bonding, which is not
present in phosphatidylcholine.19,20 As depicted in Figure 5, 31P
NMR signals of q = 0.5 bicelles are virtually unaffected by temper-
ature (35–40 �C) or lipid concentration (100–500 mM).

Dynamic light scattering experiments also showed that the size
of bSM/DHPC bicelles with q = 0.5 is virtually unaffected by tem-
perature or concentration (Fig. 6), which is consistent with the re-
sults of 31P NMR experiments (Fig. 5). The size of bicelles with
q = 0.5 is around 20 nm in diameter, which is comparable to that
of isotropic DMPC/DHPC bicelles (Fig. S6, Supplementary). These
results suggest that an SM/DHPC system with q = 0.5 forms stable
isotropic bicelles at broad temperature and concentration ranges.

Thus, in the following conformation analysis of SM in isotropic
bicelles, we used SM/DHPC (1:2) bicelles with total lipid concen-
tration of 100 mM and measured NMR spectra at 37 �C.



Figure 6. Dynamic light scattering of bSM/DHPC bicelles with q = 0.5 at 35 �C (dashed line), 37 �C (solid line), and 40 �C (dotted line). Total lipid concentration was 500 mM
(A) and 100 mM (B).

Figure 7. Five hundred megahertz 1H NMR spectrum of SSM/DHPC (1:2) bicelles at
37 �C in H2O/D2O (9:1). Total lipid concentration was 100 mM.

Table 1
1H chemical shifts (ppm) of SSM in SSM/DHPC (1:2) bicelles at 37 �C

Position da Position da

NH 7.83 Hb 3.66
H5 5.72 Hc 3.20
H4 5.41 H2’ 2.21
Ha 4.28 H6 1.98
H1 4.02 H3’ 1.60
H3 4.02 CH2 1.22
H2 3.90 H18,18’ 0.80

a Chemical shifts were referenced to DSS.

Table 2
3JH/H values of SSM in bicelles and in methanol

3JH2/H3 (Hz) 3JH3/H4 (Hz) 3JH2/NH (Hz)

In SSM/DHPC (1/2) bicelles 10.7 7.7 9.1
In CD3OD 8.4 7.6 —a

a Coupling constant was not observed because of exchanging N–H with N–D.
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2.3. Measurements of 1H NMR of SSM-DHPC isotropic bicelles

For the following 1H NMR measurements, we used SSM (Fig. 1)
that was purified by HPLC from bovine bSM. The 1H NMR spectrum
shown in Fig. 7 was measured with SSM/DHPC bicelles (1:2,
100 mM of the total lipid concentration) in H2O/D2O (9:1, v/v) at
37 �C. Although DHPC gave much stronger signals, resonances from
SSM are relatively well resolved and successfully assigned (Table 1).
One-dimensional and E.COSY spectra were recorded to determine
relevant 3JH/H values (Table 2). A large 3JH-2/H-3 value indicates that
the C2–C3 bond largely takes an anti-conformation.21 As compared
to the 3JH,H data in CD3OD (Table 2), the 3JH-2/H-3 value in bicelles
was shown to be larger than that in CD3OD, indicating that anti-
conformation is more predominant for the C2–C3 bond in bicelles
than in CD3OD. Similarly, judging from a reported Karplus relation
for 3JHN/CaH of peptides,22 the observed 3JH2/NH (9.1 Hz) implies a
major anti-rotamer for the C2–N bond. Rotamer around the
C3–C4 bond will be discussed later.

To obtain H–H distance information of SSM, NOESY experi-
ments were carried out for SSM/DHPC (1:2) bicelles (Fig. 8A). We
successfully observed conformationally relevant NOEs such as
H-3/H-5 and H-2/H-4 (Fig. 8A). The amide proton (7.83 ppm) also
gave an NOE cross peak at around 4 ppm corresponding to H-1
and H-3 resonances (Fig. 8B); however, it was difficult to assign
the cross peak because of the complete overlapping of H-1 and
H-3 signals. Because the unambiguous assignment of the NOE is
necessary to determine the conformation around the amide por-
tion, we synthesized 3-d-SSM to deplete the overlapping H-3 sig-
nal. The synthesis of 3-d-SSM is shown in Scheme 1, which is a
slight modification of a previous report.23 In short, starting from
L-serine, deuterium was introduced by the reduction of ketone
with LiAlD4, and then olefin metathesis by the Grubbs catalyst, fol-
lowed by the introduction of a choline group and an acyl chain, fur-
nishing 3-d-SSM with 100% deuterium labeling rate. The NOESY
measurement in isotropic bicelles containing 3-d-SSM showed that
the cross peak intensity of concern was significantly weakened
(Fig. 8C); the evaluation of the cross-peak intensity showed that
the cross-peak volume in Fig. 8C is reduced to 49% of that in
Fig. 8B. This means that the correlations for amide-H/H-1 and
amide-H/H-3 contribute equally to the cross-peak in Fig. 8B.

2.4. Conformation of SSM in bicelles

As described above, the large 3JH-2/H-3 (10.7 Hz, Table 2) in
bicelles indicates the anti-conformation for the C2–C3 bond.21

Likewise, judging from the empirical Karplus relation between



Figure 8. NOESY spectrum of SSM/DHPC (1:2) bicelles at 37 �C in H2O/D2O (9:1) (A) and its expanded spectrum (B). Expanded NOESY spectrum of 3-d-SSM/DHPC (1:2)
bicelles (C). The total lipid concentration was 100 mM in all spectra. The cross peak in the dashed circle in spectrum (B) is markedly weakened in spectrum (C), indicating that
the cross peak is mostly attributable to the NOE arising from the amide and H3.
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amide protons and Ca protons in peptides,22 the observed JNH/H-2

(9.1 Hz, Table 2) also implies that H-2/NH takes an anti-
orientation.

On the other hand, to our knowledge, Karplus relation for
C(sp2)–C(sp3) bonds has not been reported so far, probably because
of the scarce occurrence of such bonds in peptides and proteins.
Although the parameters required to define a Karplus relation are
traditionally determined using coupling constants of molecules
with known geometries,24 it is now feasible to calculate coupling
constants using quantum-chemistry methods for any arbitrary
geometry. Recently, it has been shown that the density function
theory can calculate scalar couplings with reasonable accu-
racy25,26; hence, to derive a Karplus relation of the C3–C4 bond
of SSM, we calculated scalar coupling constants of the bond by
B3LYP/6-31G(d,p) basis set.27 A truncated structure of SM
(Fig. S8, Supplementary) was used for the calculation, and the
C3–C4 bond was rotated through 360� in 30� increments. At each
point, geometry optimization was performed with the rotation of
C3–C4 bond fixed and then the coupling constant was calculated.
The Karplus relation (Fig. S8, Supplementary) was derived by fit-
ting the resultant coupling constants to a general Karplus equation.
The observed 3JH-3/H-4 value for the C3–C4 bond (7.7 Hz, dashed
line in Fig. S8, Supplementary) revealed that anti-orientation for
H-3/H-4 was predominant, which was further supported by the
NOE observed for H-3/H-5.

We then constructed a possible conformation of SM partial
structure (C1–C6 and amide portions) by considering the dihe-
dral angles as well as the NOEs obtained for NH/H-3, H-2/H-4,
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Figure 9. Conformation of the central part of SM in bicelles deduced from 1H NMR
data.
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and H-3/H-5. The observed 3JH,H values typical for anti-orienta-
tion suggest that the conformational alteration hardly occurs
with respect to these bonds. This is supported by the fact that
the NOE data are completely consistent with the dihedral angles.
Finally, energy minimization of the initial structure eventually
resulted in the conformation of SM in bicelles, as shown in
Fig. 9. Thus, we successfully determined the conformation of
the partial structure of SM in bicelles and found that the C2–
C6 and amide portions of SM take a relatively rigid conformation
under membrane environments.

3. Conclusions

In this study, we demonstrated for the first time that SM and
DHPC form both oriented and isotropic bicelles, and in particular,
isotropic bicelles are found to be relatively tolerant to concentra-
tion and temperature changes. Then, using isotropic bicelles, we
successfully elucidated the partial conformation of SM in a mem-
brane environment on the basis of 1H–1H spin coupling constants
and NOE data. To achieve this, it was necessary to synthesize
3-d-SSM to discriminate the overlapping signals in the NOESY
spectrum as well as to establish the calculated Karplus equation
for the C(sp2)–C(sp3) bond to obtain dihedral information for the
C3–C4 bond of SM.

As described earlier, lipid rafts have attracted much attention
because of their crucial roles in biological processes. However,
the mechanism of raft formation, in particular the origin of molec-
ular interactions in lipid rafts, remains elusive. The conformation of
SM in a membrane environment is, therefore, indispensable for
understanding the mode of molecular interactions that occur in li-
pid rafts and will provide a valuable insight into the mechanism of
raft formation. For instance, one may notice that this conforma-
tional feature of SM facilitates intermolecular hydrogen bonds be-
tween SM amide groups, which may lead to stronger molecular
interaction in SM membranes than PC membranes. NMR studies
in this direction are currently underway in our group. In addition,
with the bicelles comprised of SM available, it would become fea-
sible to evaluate the influences of cholesterol on an SM-based
membrane.
4. Experimental

4.1. Materials

Sphingomyelin (bovine, brain) and 1,2-dihexanoyl-3-sn-phos-
phatidylcholine (DHPC) were purchased from Avanti Polar Lipids
(Alabaster, AL). Deuterium oxide was purchased from Euriso-top,
and deuterium-depleted water was from ISOTEC. All other chemi-
cals were obtained from standard venders. Thin-layer chromatog-
raphy (TLC) was performed on a glass plate precoated with silica
gel (Merck Kieselgel 60 F254).

4.2. Purification of SSM

Because commercially available semi-synthetic D-erythro-N-ste-
aroyl-sphingomyelin (SSM) is a mixture of epimers at C3 of sphin-
gosine, we purified SSM from bovine brain SM (Avanti polar lipid)
by HPLC with a slightly modified procedure of the previous report.28

Bovine brain SM was a mixture of SMs with 16:0 (2%), 18:0 (SSM,
49%), 20:0 (5%), 22:0 (8%), 24:0 (6%) and 24:1 (20%),15 which were
separated by reverse-phase HPLC (Shimadzu LC-10ADvp with an
SPDM10Av photodiode array detector) with the following condi-
tions; column: cosmosil-5C18-AR-II (20 � 250 mm), eluent: MeOH,
flow rate: 4 mL/min, detection: 205 nm UV absorption. Retention
times are 55 min for C18:0-SM (SSM), 72 min for C20:0 and
90 min for C24:1.

4.3. Bicelle preparation

Bicelles were prepared according to a general procedure.13,29

For 31P NMR measurements and dynamic light scattering experi-
ments, commercially available brain SM (bSM) was used without
purification. bSM (ca. 220 mg for q = 4 bicelles or 90 mg for
q = 0.5 bicelles) was dissolved in chloroform/methanol, dried in va-
cuo overnight, rehydrated with H2O (600 lL for q = 4 bicelles or
245 lL for q = 0.5 bicelles), and vortexed vigorously. To the suspen-
sion was added DHPC in D2O (0.5 M, 150 ll for q = 4 or 495 lL for
q = 0.5) and the mixture was subjected to heating (60 �C) and cool-
ing (0 �C) cycles and vigorous vortexing until becoming transpar-
ent. The total lipid concentration (bSM + DHPC) was 500 mM for
both q = 4 and 0.5 bicelles. After both 31P NMR and dynamic light
scattering experiments were completed, the lipid solutions were
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diluted to 100 mM by adding H2O, and 31P NMR and dynamic light
scattering experiments were carried out again.

For 2H NMR measurements,100-d2-SSM (4.8 mg, 6.5 lmol) and
purified SSM (14.5 mg, 19.8 lmol) were dissolved in methanol,
dried in vacuo overnight, and mixed with DHPC (6.6 lmol) in
H2O (13.2 lL). To the mixture was added H2O (200 ll), and the
resultant suspension was vortexed vigorously until becoming
transparent, lyophilized, and rehydrated with deuterium-depleted
water (57 lL). The final concentration of lipid (SSM + DHPC) was
500 mM.

For 1H NMR measurements, purified SSM (10.3 mg, 14.1 lmol)
was dissolved in methanol, dried in vacuo overnight, and mixed
with DHPC (28.2 lmol) in D2O (282 lL). The mixture was vortexed
vigorously until becoming transparent, lyophilized, and rehydrated
with H2O and D2O (380 and 42 lL, respectively). The final concen-
tration of lipid (SSM + DHPC) was 100 mM.

4.4. NMR measurements

1H and 31P NMR spectra were obtained on a JEOL ECA-500
(500 MHz) spectrometer. 3JH/H values were extracted from 1D 1H
NMR and 2D exclusive COSY (E.COSY) spectra.30–32 1H chemical
shifts were referenced to 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt (DSS). The digital resolution for the 1D 1H NMR spec-
trum was 0.076 Hz/point. The FID data of E.COSY experiment were
acquired with 24 scans per inclement of 4096 (F2) � 256 (F1) ma-
trix and processed with 2 and 4 times zero-filling for F1 and F2,
respectively. To extract spin coupling constants from the E.COSY
spectrum, a final digital resolution of 0.076 Hz/point in F2 was
achieved by inverse Fourier transformation, 8 times zero-filling,
and back transformation of selected traces. NOESY experiments
were acquired with 12 scans per inclement of 2048 (F2) � 256
(F1) matrix and with 30 ms of mixing time. All the 1D and 2D 1H
spectra were recorded at 37 �C.

31P NMR spectra were acquired with a digital resolution of
4.9 Hz/point. 31P chemical shifts were referenced to 85% phospho-
ric acid. An exponential line broadening of 25 Hz was applied to
the FID before Fourier transformation for both the oriented and
isotropic bicelles.

2H NMR experiments were carried out on a JEOL ECA-400
(400 MHz) spectrometer. 2H NMR spectra were recorded at
61.4 MHz using a standard quadrupole-echo pulse sequence.33

The 90� pulse width was 0.1 ls, interpulse delay was 30 ls, acqui-
sition time was 16.38 ms, and recycle delay was 0.5 s. The sweep
width was 500 kHz, and delay between the second 90� pulse and
data acquisition was 20 ls. The number of scans was 24000. An
exponential line broadening of 1000 Hz was applied to the FID be-
fore Fourier transformation.

4.5. Dynamic light scattering

The sizes of bicelles were evaluated by dynamic light scattering
at 20–50 �C. The concentration of bicelles was 500 or 100 mM. All
histograms were obtained on a HORIBA LB-550 dynamic light scat-
tering particle size analyzer.

4.6. Dihedral angle analysis using 3JH/H

In this study, dihedral angles for three bonds in SM, C2–C3, C3–
C4, and C2–N, were analyzed using 3JH/H values. Reported Karplus
relations were adopted for the rotations of the C2–C321 and C2–
N22 bonds. On the other hand, because no Karplus type equation
has been reported for C(sp2)–C(sp3) bond, Karplus relation for the
C3–C4 bond was derived from spin coupling constants calculated
by GIAO method on the Gaussian 09W software.34 A truncated
model including the interfacial region of SM (as shown in Fig. S8,
Supplementary) was used for calculating 3JH3/H4 of SM. The C3–
C4 bond was rotated through 360� in 30� degree increments, and
at each point structure was optimized at the B3LYP/6-31G(d,p) le-
vel of theory with the C3–C4 bond rotation fixed. Spin–spin cou-
pling constants were calculated with GIAO method using B3LYP/
6-31G(d,p) basis set.27 The resultant coupling constants were fitted
to a general Karplus Eq. (1) with a dihedral angle (h) and a param-
eter (/) that reflects the phase shift between the cosine modula-
tion and the dihedral angle.

3JH=H ¼ Acos2ðhþ /Þ þ Bcosðhþ /Þ þ C ð1Þ

The curve fitting was carried out using Origin 6.1 software. The
resultant parameters in Eq. (1) are A = 6.95 Hz, B = �0.34 Hz,
C = 1.84 Hz, and / = 4.78� (Fig. S8, Supplementary).

4.7. Structure calculation

The initial partial structure of SM was constructed based on
NOE and coupling constant data. The structure was minimized
using MMFFs force field in MacroModel version 8.6.
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