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ABSTRACT: We report molecular dynamics simulations of
the trends in the changes in secondary structure of the seven
individual helices of bacteriorhodopsin when inserted into
sodium dodecyl sulfate (SDS) micelles, and their dependence
on the amino acid sequence. The results indicate that the
partitioning of the helices in the micelles and their stability are
dependent on the hydrophobicity of the transmembrane
segments. Helices A, B, and E are stable and retain their initial secondary structure throughout the 100 ns simulation time. In
contrast, helices C, D, F, and G show structural perturbations within the first 10 ns. The instabilities are localized near charged
residues within the transmembrane segments. The overall structural instability of the helix is correlated with its partitioning to the
surface of the micelle and its interaction with polar groups there. The in silico experiments were performed to complement the in
vitro experiments that examined the partial denaturation of bacteriorhodopsin in SDS described in the preceding article (DOI
10.1021/bi201769z). The simulations are consistent with the trends revealed by the experimental results but strongly
underestimate the extent of helix to extended coil transformation. The reason may be either that the sampling time was not
sufficiently long or, more interestingly, that interhelix residue interactions play a role in the unfolding of the helices.

Bacteriorhodopsin (BR) is an integral membrane protein in
the cytoplasmic membrane of Halobacterium salinarum.

The structure of bacteriorhodopsin has been determined to
1.55 Å resolution and reveals a trimer with each monomer
consisting of a heptahelical transmembrane bundle and a retinal
chromophore in the protein interior attached via a protonated
Schiff base to the side chain of Lys-216.1 A well-described
reversible in vitro unfolding−refolding procedure for BR had
prompted numerous studies of its refolding.2−12 The starting
equilibrium state is the denatured ensemble of BR in sodium
dodecyl sulfate (SDS) micelles along with native lipids from the
disrupted bilayer. According to CD spectra in the UV region,
this equilibrium state retains ∼50% of the original helical
content.13 This observation poses the question of which of the
seven helices or which parts of the helices had become
disordered. A better structural description of the SDS-
denatured state will facilitate the interpretation and analysis
of the in vitro refolding kinetics, which starts from this partially
unfolded structure. It will also reveal any variations in the
stability of helical segments and/or entire helices and might
provide insights into its sequence dependence. An earlier
nuclear magnetic resonance (NMR) study of a BR segment that
included helices A and B in SDS micelles showed no
interproton nuclear Overhauser effect (NOE) between the
helices.14 Because NOE interactions are observed over less than
a few angstroms, segments A and B that lie adjacent to one
another in the original structure must have become separated in
the micelles, while the helical structures were largely conserved.
On the other hand, oxidative labeling of methionines has
suggested that helices A and D, but not the other five helices,
are largely unfolded in SDS micelles.15

NMR studies of saposin C had shown that this protein
adopts an open conformation with an exposed hydrophobic
pocket in SDS micelles.16 In this system, it was also observed
that SDS displaces hydrophobic protein−protein contacts with
detergent−protein contacts. Likewise, crystallographic studies
of SDS-denatured lysozyme had shown that the detergent
molecules intercalate into the hydrophobic core of the protein
and “open up” the structure.17 It seems therefore plausible that
SDS inserts between the BR helices and forms stable
interactions with hydrophobic residues. If the assumption that
there is no protein−protein contact between the TM helices in
the micelles is made, the unfolding behaviors of the seven
helices may be considered independent of one another.
Alternatively, the unfolding behavior of individual helices
might be different when they are part of the entire protein.
In this study, each of the transmembrane helices of BR was

separately considered for in silico unfolding in SDS micelles.
The amino acid sequences of the helices are shown in Figure 1,
with positively charged residues colored blue and negatively
charged residues red. The goal was to identify the partitioning
preference of each TM segment and the specific regions of
stability and instability in SDS micelles. This molecular
dynamics study was performed to complement and describe
the specific events leading to distance distributions of the
separation of the ends of each helix in SDS micelles, as
determined by DEER spectroscopy (DOI 10.1021/bi201769z).
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■ MATERIALS AND METHODS
Setup of the Simulation Box, Equilibration, and

Simulation of Production. The coordinates of the seven
TM helices of BR (A−G) were extracted from the crystal
structure (Protein Data Bank entry 1C3W).1 In some of the
simulations, a cysteine-attached MTSL spin-label was intro-
duced into appropriate sites (the ends of the helix) in each TM
helical fragment using PyMOL,18 to comply with the location
of the spin-labels in our experimental system (DOI 10.1021/
bi201769z). The dihedral angles for each MTSL spin-label with
Cys were modeled according to the dihedral angles obtained for
its configuration at the minimal potential.19 The charged
residues (Arg, Lys, Glu, Asp, and His) were appropriately
protonated or deprotonated for a system at pH 7 based on the
pKa of the side chains in solution, because we expected these
groups to experience exposure to water at least part of the time
during the conformational fluctuations of the peptides.
Given that all the helices of BR are composed mainly of

highly hydrophobic residues, with the exceptions of specific
hydrophilic residues essential for its function as a light-driven
proton pump,20−23 the helices are expected to be in an
energetically favorable SDS micelle-embedded state. SDS
molecules (120) were added to surround the TM segments
in a toroidal arrangement, using a custom script. This structure
was energy minimized in vacuum using the l-bfgs or conjugate
gradient algorithm to remove overlapping and close contacts
between the atoms. Then, SPC21624,25 type water molecules
were added to fill the simulation box (Table 1). The SDS
concentration in the simulation box is approximately 0.5 M.
Sodium and chloride ions were added to the system to create a
NaCl concentration of 100 mM. Additional sodium ions were
added to neutralize the negative charges on the SDS
headgroups in the simulation box. This solvated neutral system
was then energy minimized to relax and remove steric conflicts
between the atoms, using the l-bfgs algorithm. The dimensions
of the equilibrated simulation box and number of atoms in each
simulation box are listed in Table 1.
A 5 ns simulation was performed on the resulting system at

300 K with harmonic position restraints (force constant of 1000
kJ mol−1 nm−2) on the backbone atoms of the peptide in a NVT
ensemble to equilibrate SDS and solvent molecules around the
peptide. The electrostatic interactions were calculated using the
particle mesh Ewald (PME) method,26,27 with a 0.9 nm cutoff.
A cutoff of 1.4 nm was used for Lennard-Jones interactions.
During equilibration, the system was weakly coupled to a
Berendsen thermostat28 at 300 K with a coupling time constant
(τT) of 0.1 ps.
Starting from the equilibrated structure, the production

simulations were performed at constant temperature, pressure,
and number of particles (NPT). There were no constraints

applied, and all atoms were freely simulated in the box. The
production runs had their temperature coupled separately for
protein and SDS and for solvent and ions using an extended
ensemble Nose-Hoover scheme29,30 at 300 K with a τT of 0.5
ps. The initial velocities were again generated using a random
Maxwell distribution at 300 K. The pressure of the system was
isotropically coupled at 1 bar with a compressibility of 4.5 ×
10−5 bar−1 using a Parrinello-Rahman barostat31with a τp of 5
ps. The LINCS algorithm was used to constrain all the bond
lengths during all simulation steps except for energy
minimization.32,33 A 2 fs time step was used during
equilibration and production runs.

Force Field Parameters and Analysis of Trajectories.
GROMACS was used in this molecular dynamics study to
perform all simulations. The GROMOS87 united atom force
field was the choice in our setup because the GROMOS96
force field parameters generated from the PRODRG server
(http://davapc1.bioch.dundee.ac.uk/programs/prodrg/)34

were not stable in the stability test simulations (data not
shown). The GROMOS87 force field (ffgmx force field) was
used for the protein with SPC water model.24,35 The force field
parameters in GROMOS87 format for SDS were initially
generated using the PRODRG server.34 Because these
parameters were not sufficiently stable in our SDS micelle
simulations, we modified our parameters on the basis of the
SDS parameters of Sammalkorpi et al.36 and Schweighofer et
al.37 The GROMOS96 parameters of the MTSL spin-label were

Figure 1. Sequence of residues of each individual helix used in the simulations. Positively charged residues are colored blue and negatively charged
residues red. The helices are color-coded to be consistent with the rest of the figures.

Table 1. Contents and Dimensions of the Simulation Boxa

helix Ntotal Nwater NSDS NNA NCL Nagg

box size
(nm)

A 39658 12383 120 141 23 109 7.56 × 7.56 ×
7.54

B 39627 12375 120 144 23 68 7.56 × 7.56 ×
7.53

C 39623 12366 120 149 27 99 7.54 × 7.54 ×
7.52

D 39657 12393 120 145 23 52 7.55 × 7.55 ×
7.52

E 39677 12370 120 141 23 100 7.55 × 7.55 ×
7.52

F 39620 12347 120 141 23 87 7.55 × 7.55 ×
7.52

G 39578 12338 120 146 27 87 7.55 × 7.55 ×
7.52

D
mutant

39607 12374 120 148 27 74 7.55 × 7.55 ×
7.52

aAbbreviations: Ntotal, total number of atoms; Nwater, number of water
molecules; NSDS, number of SDS molecules; NNA, number of sodium
ions; NCL, number of chloride ions; Nagg, aggregation number of SDS
molecules around the helix at 100 ns; box size, dimensions of the
simulation box.
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kindly provided by H. J. Steinhoff from the University of
Groningen (Groningen, The Netherlands). The MTSL
parameters in GROMOS96 format were converted to
GROMOS87 format for consistency in the force field with
parameters for SDS and protein. To convert from GROMOS96
to GROMOS87, the bond stretching constants were modified
from a fourth-power potential to a harmonic potential and
angle potential values were modified from a cosine-based
potential to a harmonic potential as described in sections 4.2.1
and 4.2.5 of the GROMACS 4 user manual.38

The trajectory was sampled every 4 ps for 100 ns for all the
analyses unless mentioned otherwise. Analysis tools provided
with the GROMACS package and custom scripts were used for
all the analyses. VMD,39 PyMol,18 and a Tachyon ray tracer
were used to visualize the simulation and to generate the
images. These simulations were conducted on a single Intel
Core2 Quad 2.4 GHz processor with four threads or on an
AMD Phenom II X4 940 3 GHz processor again running four
threads.

■ RESULTS
The equilibrium SDS aggregation number at 298 K obtained
from time-resolved fluorescence quenching measurements of
0.44 M SDS in a solution with an ionic strength of 100 mM is
109.40 A molecular dynamics study of SDS molecules at a
concentration of 700 mM at 323 K provides micelles of 50−70
SDS molecules.36 The SDS micelle aggregation number
observed in our simulation setup had average values between
52 and 109 SDS molecules at 300 K and 500 mM SDS,
sampled at 100 ns, after sufficient equilibration of the system
(Table 1). The SDS micelle aggregation numbers in these
simulations are comparable with those reported when the effect
of the hydrophobicity of the inserted protein on the SDS
aggregation numbers is taken into account.
We find that the molecular dynamics simulations of the TM

domains in SDS micelles show a remarkable correlation of the
partitioning of the peptides into the micelles with their amino
acid sequences, their hydropathy plots, and the consequent
secondary structure changes. The observed changes in these
parameters for each of the seven helices are discussed below.
Helix A. The spatial distribution of helix A over the

simulation shows a strong preference of the entire structure to
remain within the hydrophobic core of the SDS micelles
(Figure 2A). Only the N- and C-terminal residues are exposed
and interact with water molecules (water not shown for the
sake of clarity). An NMR structure for this helix14 had revealed
that it retains all of its native helicity in the SDS micelles, as in
our simulations where we observe that helix A is one of the
least perturbed in its structural deviation from the native
starting structure (Figure 3A). As a simple measure of
conformational flexibility of the TM segments in the SDS
micelles, root-mean-square fluctuations (rmsf) of α-carbons of
each residue were calculated over the simulation time (Figure
4B). The average residue rmsf for helix A over the entire helix is
low, 1.4 Å. The hydropathy plot (Figure 4A) of the sequence of
helix A generated using MPEx41 based on the octanol scale
(window size 5)42 revealed that the side chains of helix A are
mostly hydrophobic (Figure 1), with charged residues at the
helical ends. Polar residues in the central region of the helix
seem to have no effect on the rmsf, i.e., the structural stability in
the surrounding regions. The hydropathy values around the
polar residues are below zero, but the regions remain in the
micellar core. The secondary structure of the helices was

calculated using the DSSP algorithm developed by Kabsch and
Sanders43 over the entire simulation time. For helix A, it shows
(Figure 5A) that all of the initial helical structure is retained,
with several short-lived random coil regions induced at the C-
terminus during the course of the simulation. This increases the
flexibility and the rmsf of α-carbon atoms from the C-terminal
region of helix A from ∼0.2 to ∼1 Å for the rest of the helix.
The N-terminus retains its secondary structure and remains
more or less similar to that of the starting state throughout the
simulation.

Helix B. Helix B also remains within the micellar core, as a
result of a hydrophobic TM sequence (Figure 2B) and a
favorable hydropathy profile (Figure 4A). In the NMR
structure, helix B revealed a slight kink at Pro-50 with altered
ϕ and ψ angles of Thr-47 and Leu-48,14 and we observe a
similar kink in our simulations (Figures 3B and 4, red curve).
Similar to helix A, helix B shows very little backbone
fluctuation, with an average peptide rmsf of 1.8 Å. This helix
contains three charged residues at the N-terminus. The TM

Figure 2. Spatial distribution of SDS molecules (white) and helices
(color-coded as in Figure 1), averaged over the entire simulation. The
various helices of BR [helix A (black), helix B (red), helix C (blue),
helix D (green), helix E (magenta), helix F (orange), and helix G
(cyan)] show different partitioning preferences in the SDS micelles.
The visible regions of the protein are in contact with water (latter not
shown for the sake of clarity).
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segment is mostly hydrophobic, with no charged residues and
two relatively polar Thr residues at positions 46 and 47 (Figure
1). It retains most of its initial helicity, except for a turn/bend
formed in the region that immediately precedes Pro-50 at 40 ns
(Figure 5B).
Helix C. In contrast to helices A and B, helix C partitions to

the SDS micelle−water interface. One side of the helix face
exhibits extensive interactions with the SDS sulfate groups and
water molecules, and the opposite face interacts with the
hydrophobic core of the micelle (Figure 2C). The structural
flexibility all along the helix remains comparable with that of
helices A and B that remain inside the micellar core. Helix C
displays a prominent bend near the central part of its TM
segment (Figure 3B). This increased local flexibility (Figure 4B,
blue curve) correlates with a positive peak in the hydropathy
plot (Figure 4A, blue curve). The positively charged Arg-82 and
the anionic Asp-85 are located in the regions of increased
flexibility of the peptide backbone. This flexibility culminates in
the formation of a loop in the 100 ns time course of the
simulation (Figure 5C).

Helix D. Similar to helix C, helix D partitions to the interface
of the micelle (Figure 2D). It exhibits a prominent bending
around residues Val-112, Gly-113, Ala-114, Asp-115, and Gly-
116 (average peptide rmsf of 5.4 Å) (Figure 3D). Helix D
contains two Asp residues a Lys near its N-terminal end, a
single Lys on the C-terminal end, and a single Asp near the
center (Figure 1). The location of the structural perturbation
correlates with the positive peak in the hydropathy plot, i.e.,
mainly with Asp-115 (Figure 4A,B). From Figure 5D, the C-
terminus (approximately three to five residues) is unfolded to a
random coil state, whereas the N-terminus retains its initial
conformation. Asp-115 at the center of the segment interacts
with polar molecules, allowing competition between the inter-
residue hydrogen bonding network and polar molecules.
Conceivably, this is what destabilizes the helical structure into
a turn and induces a nearly 90° kink (Figure 3D).

Helix E. The absence of charged residues in the TM
segment of helix E (Figure 1) ensures that the segment remains
in the micelle core (Figure 2E), with minimal structural
perturbation (Figures 3E, 4B, and 5E). The peak in the
hydropathy plot due to the presence of Ser-141, Thr-142, and
Met-145 does not seem to affect the partitioning or the

Figure 3. Snapshot of the TM segment in SDS micelles every 10 ns for
100 ns of the simulation time. The protein backbones of helix A
(black), helix B (red), helix C (blue), helix D (green), helix E
(magenta), helix F (orange), and helix G (cyan) are shown in cartoon
representation along with negatively (red) and positively (blue)
charged residues shown as sticks.

Figure 4. (A) Hydropathy plot of BR using the Whimley and White
octanol scale.42 (B) Root-mean-square fluctuation (rmsf) of each
residue of BR averaged over 100 ns with a sampling rate of 4 ps and
compared with the starting structure. Helix A (black), helix B (red),
and helix E (magenta) show the least fluctuation with rmsf values of
<2 Å (the dotted line represents the average rmsf over all residues).
Helix C (blue), helix D (green), helix F (orange), and helix G (cyan)
have rmsf values of >3.5 Å.
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structural rigidity of the helical segment in the SDS micelle
(Figure 4A,B).
Helix F. Helix F partitions more toward the aqueous micelle

interface than helices A, B, and E, with considerable interaction
of its ends with polar molecules (Figure 3F). The segment
contains four charged residues: two Arg's, a Lys, and a Glu.
Two of these are within the TM stretch of the helix. The N-
terminus of the helix has one positively charged residue and the
C-terminus a negatively charged residue. This helix exhibits
structural perturbation all along its length (Figure 4B). Figure
5F shows the loss of secondary structure at the Arg and Lys
residues near the middle of the TM segment. The C-terminal
end unfolds into an apparently completely random coil. In
contrast, the N-terminal end retains its secondary structure,
which is comparable to that of the initial state. This helix
displays the greatest degree of flexibility observed in this study,
with an average rmsf of ∼5−6 Å for all the residues.

Helix G. Helix G contains five charged residues, one Glu and
two Arg's on the ends and one Asp and one Lys at the center of
the TM segment (Figure 1). It partitions to the micelle
interface, like helices C and D (Figure 2G). Helix G exhibits
pronounced bending, similar to that of helices D and C, at Leu-
211, Asp-212, Val-213, and Ser-214 (Figure 3G). Consistent
with what was observed with other helices, as well, the positive
peak in the hydropathy plot correlates with an increased local
structural flexibility (Figure 4A,B). The C-terminal and N-
terminal ends of this helix unfold and assume a turn/bend
structure during the simulation.

Helix D (consequences of the D115L replacement).
The results of the simulations of the perturbation of helical
structure at charged residues in the TM segments are consistent
with the finding that Asp-115 increases the extent of
deuterium−hydrogen exchange in helix D.44 We tested the
effect of the loss of a charged residue in the TM region by
replacing Asp-115 with Leu.
The modified helix remains in the micellar core (Figure 6A),

in contrast to the spatial distribution of wild-type helix D, which

shows interaction of one side of the helix with water and
headgroups of SDS (Figure 2C). The rmsf of the α-carbon
exhibits reduced flexibility around residue position 115 when
compared to its wild-type counterpart (Figure 6B) and reveals
greater structural rigidity and preservation of helical structure
(Figure 6C). The C-terminal half of the mutated helix
progressively converts from the C-terminus to an unusual
five-residue turn helical stretch (Figure 6D, between ∼35 and
100 ns).

Figure 5. Time course of the secondary structure of each helix in SDS
micelles from 0 to 100 ns as calculated from the dssp algorithm.43 The
color codes are as follows: blue for helix, yellow/green for turn/bend,
and gray for random coil. The N-terminus is located at the bottom of
each graph with the C-terminus at the top.

Figure 6. Analysis of the effect of the D115L mutation on helix D. (A)
Spatial distribution of SDS micelles and the helix. (B) Comparison of
the rmsf's of α-carbons for helix D in D115L and the wild type
(position 115 marked in red). (C) Snapshot of the peptide backbone
every 10 ns for 100 ns. (D) Time course of secondary structure
changes of the peptide.
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Spin−Spin Distance Distribution. We calculated distri-
butions for the separation between the nitrogen atoms of the
nitroxides of pairs of spin-labels at the extremities of each helix,
to simulate experimental results from the preceding paper
(DOI 10.1021/bi201769z). They are shown in Figure 7 (bold

lines). This distribution is compared to the experimentally
obtained double electron−electron resonance (DEER) distance
distributions for spin-labels on the helices in the denatured
state (Figure 7, dashed lines). Unlike the MD simulations that
examine single helices in the micelles, the DEER experiments
were conducted with the entire protein. The simulated distance
distributions (Figure 7, bold lines) partly reproduce the trend
in the DEER distance distributions in the denatured state
(Figure 7, dashed lines) but miss entirely the spread of the end-
to-end distance distribution. In other words, the heterogeneity
of structure in the denatured protein in experiments was not
observed in the simulations.

■ DISCUSSION

Helices A, B, and E are fully embedded in the micelle core,
interact with the SDS hydrocarbon tails (Figure 2), and retain
almost 100% of their initial helicities (Figures 3 and 5)
throughout the course of the simulation. This is consistent with
the notion that SDS molecules promote and stabilize helices. In
contrast, helices C, D, F, and G are found to interact with the
polar SDS headgroups and water molecules at the micelle
interface (Figure 2). The observation suggests that the partial

unfolding of these helices in SDS micelles may be the
consequence of how they partition in the micelles.
In helix D of BR, mutating the Asp residue at position 115 to

an Ala residue had been found to result in lower levels of
deuterium−hydrogen exchange of the peptide in SDS micelles
compared to the wild type, but replacing a polar residue, Thr at
position 90, with an Ala did not.44 This observation
demonstrated that partitioning of the TM segments in the
SDS micelles can be driven by the presence of a single charged
residue in the hydrophobic segment; otherwise, polar versus
nonpolar differences have a weaker effect. Experimental results
with synthetic TM peptides in SDS had indeed suggested
interfacial partitioning when a single Asn residue was
introduced in the middle of the α-helical segments.45 An
extensive study of designed TM helices in a lipid bilayer also
pointed to the transverse orientation of the helices to the
membrane normal when hydrophilic or charged residues were
introduced into the segments.46

In our simulation study, the D115L mutation in helix D
presents additional evidence that loss of a charged residue
affects the partitioning of the helix in SDS micelles (Figure 6).
The observation that the C-terminal half of mutated helix D
displays a tendency to form α-helix is more likely the result of
the structural preference of the C-terminal sequence when
embedded in SDS micelles rather than the effect of the D115L
mutation. This tendency was not observed in wild-type helix D
possibly because of the partitioning of the helix to the micelle
interface and partial unfolding of the helix.
It was previously observed that lowering the pH from 6 to 4,

i.e., to below the pKa of carboxyl side chains, resulted in
increase in the α-helix content of BR fragments C−D and F−
G.47 These results strongly suggest that in the micelles the side
chains interact with water, and the side chain charges influence
the partitioning of the helix in SDS micelles and the secondary
structure. Indeed, we observe the destabilized regions of the
TM segment in SDS micelles always at the locations of charged
amino acids, as in the case of helices C, D, F, and G (Figures
3−5). Comparing the hydropathy plots (Figure 4B) with
residue rmsf values (Figure 4A) reveals a striking correlation of
increased conformational flexibility of the backbone with the
location of charged residues. Consistent with the earlier
experimental results,44 polar but uncharged residues like Thr
and Ser do not affect the stability of the backbone. This
suggests the possibility that hydropathy plots can be used to
predict the partitioning and the possible locations of unfolding
of the TM helices (Figures 4A,B).
Comparing the partitioning preference of the helices in SDS

micelles and the conformational flexibility in terms of the rmsf
of residues (Figures 2 and 4), we find it is evident that TM
segments fully embedded in the micelle structure with little or
no interaction with sulfate headgroups of SDS and/or water
molecules adopt a more stable conformation than segments
that significantly interact with these polar molecules. This
observation supports the notion that SDS micelles have a
stabilizing effect on helical peptides48−51 and can be
rationalized in terms of a combination of hydrophobic and
electrostatic interactions. To become isolated from the aqueous
environment, the hydrophobic side chains interact with the
lipid tails of the SDS micelles, leading to the formation of a
stable helix in that region. The presence of a charged residue, in
contrast, places the helix at the interface to hydrate the charge
(Figure 5). The result is destabilization of the helices, and
above average rmsf values within the helix were observed in

Figure 7. Interspin distance distribution calculated between nitrogens
of the two nitroxides in doubly labeled helices from simulations (bold
lines) compared with distributions obtained from DEER experiments
(dotted lines). The distributions for helix A (A), helix B (B), helix D
(C), helix E (D), helix F (E), and helix G (F) are shown. The vertical
bold lines indicate the Cβ−Cβ distances of the labeled residue
positions in the crystal structure of BR. The spin−spin distance
distribution of helix C is not shown here because the corresponding
mutant protein could not be expressed in sufficient quantity, and a
DEER experimental distance distribution could not be obtained.
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helices D, F, and G. The sharp unfolding of the locality of
charged residues seen in helices D and G is not observed in
helix F, however. Instead, the entire backbone of helix F
appears to have become flexible.
Helices F and G are observed to be the most unstable of the

seven helices in SDS. The instability of the two C-terminal
helices was observed by Luneberg et al.,47 the least helical
content being that of the F−G interhelix hairpin in SDS
micelles among the rest of the helices estimated by CD
spectroscopy. The results of this study illustrate that the
presence of charged residues in the hydrophobic TM segment
of the helices (F and G) drives the helix partitioning preference
to the micelle interface, and the interactions of the residues
with polar molecules destabilize the helix at the location of the
charge.
Spin-labels have considerable internal conformational flexi-

bility because of the rotations of the bonds tethering the
nitroxide to the backbone of the protein. The various rotamers
of the spin-label contribute to the width of the distance
distribution observed in the simulation (Figure 7). The width
of the distribution is expected to vary between samples
according to the restrictions imposed on the internal bond
rotations of the spin-label by steric conflicts. A shift of the mean
interspin distance in the SDS micelles to higher values
compared to the native distance in the crystal structure
suggests an extended coil caused by partial unfolding of the
helix between the two spin-labels attached to the ends of the
segments. Conversely, a shift of the mean distance to lower
values suggests a kink or bend in the helix segment because of
increased flexibility that would be the result of local unfolding.
The kinks observed in helices B, C, and F in SDS micelles are

in the region of the proline residues. It was Son et al. who had
previously observed, in a simulation study of BR helices
embedded in a continuum bilayer potential, that the relative
thickness of the bilayer with respect to the helix length
influenced the degree of kinks in the helices.52 Because SDS
micelles exhibit a more fluid and flexible hydrophobic core than
bilayers, we would expect the location and arrangement of the
kinks in helices B, C, and F to be heterogeneous. They should
be influenced by a combination of interlinked factors, such as
SDS micelle aggregation number, partitioning of the helix to
the micellar interface, charged residue-influenced unraveling of
the helical regions, and the proline residue-induced breaks in
the helical structure.53

The distance distribution of interspin distances obtained
from simulations does not exactly reproduce the end-to-end
helix distance distributions obtained from DEER experiments
(DOI 10.1021/bi201769z). As shown in Figure 7, in the case of
helices A, D, F, and G, the simulation reveals a trend in the
direction of collapse or extension of the majority population of
helices in the SDS micelle obtained from experiments, but for
helices B and E, the simulation produces less collapse than what
was found experimentally (the DEER experiments did not
include helix C). A possible reason for the incomplete
reproduction of the experiments might be that the 100 ns
time scale of the simulations is not sufficient for sampling all
the conformations of the unfolded equilibrium ensemble in
SDS micelles. Additionally, the heterogeneity of the structural
states (broad distance distribution) observed in the distance
distributions from the DEER experiments is not evident in the
simulations. This might be a consequence of side chain
interactions that occur between the helices in the DEER
experiments with the complete protein but not in the

simulations of the single helices. There is reason to entertain
such a possibility. While the persistence of helices B and E and
the unfolding of helix D in SDS, as individual helices, are in
accord with the conclusions about these segments reached from
oxidative labeling of methionines in the whole protein,15 and in
the case of helix B also from NMR,14 the results for other
helices are in disagreement. Importantly, NMR indicates no
unfolding for helix A in SDS when in the A−B segment with
the rest of the protein absent. The two experimental results,
and the MD simulation, for helix A at least, could be reconciled
if this helix unfolded only in the whole protein. This would
imply that in SDS micelles interhelix side chain interactions can
stabilize unfolded structures.
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