











the membrane by partitioning into the headgroup—water
interface (Yau et al., 1998; Weiss et al., 2003).

We translated the peptide from one side of the mem-
brane to the other, moving the center of mass (COM)
from —48 to +48 A in 3-A steps. At each position, we used
the search algorithm outlined in Fig. 2 to determine the
optimal membrane configuration and corresponding
energy as shown in Fig. 3. All energy differences are
computed with respect to the reference state in which the
membrane protein is free in solution far from an unper-
turbed membrane. The system energy takes on a mini-
mum value of approximately —60 kcal/mol when the
peptide COM coincides with the middle of the bilayer
at z= 0. In this configuration, Fig. 3 (panel 1) shows that
there is no hydrophobic mismatch because the membrane
is flat, yet the hydrophobic residues (white) are maximally
embedded in the membrane and the tryptophan residues
(cyan) are in the headgroup region. When the peptide is
moved to +24 A (Fig. 8, panel 2), the total energy increases
because the membrane bends to cover the hydrophobic
residues. At +30 A, the membrane bending energy be-
comes larger than the hydrophobic energy required to
uncover the TM, and the bilayer exhibits a snap-through
instability that extracts the TM (Fig. 3, panel 3). Our analy-
sis shows that our search algorithm can successfully iden-
tify large-scale deflections in the membrane that bring
about drastic reductions in the total energy of the system.

Predicting optimal membrane thickness

for a mechanosensitive channel

Even when the hydrophobic domain of a membrane
protein is clearly delineated, mismatch between the
length of the hydrophobic stretch and the equilibrium

Figure 2. Algorithm for identifying the membrane shape with
the lowest insertion energy. Gray boxes represent decision steps,
yellow boxes denote numerical calculation steps, the blue box
denotes an intermediate product, and the green boxes represent
resulting energies. The algorithm begins with either a flat mem-
brane or an initial guess and proceeds until the total energy has
been minimized.

length of the membrane can lead to bilayer distortions
and an increase in the energy of the system, and con-
versely, mismatch can lead to distortions in the protein
(Kleinschmidt and Tamm, 2002; Soubias et al., 2008).
X-ray lamellar diffraction studies show that the mem-
brane expands or compresses at the edge of the protein
to accommodate for hydrophobic mismatch (Harroun
et al., 1999), and mismatch has been shown to cause
proteins to segregate to specific locations in the cell
(Ravazzola and Orci, 1980). Changes in membrane thick-
ness have also been shown to influence the functional
state of membrane proteins such as mechanosensitive
channels and voltage-gated ion channels (Morris et al.,
2006). The mechanosensitive channel of large con-
ductance (MscL) is a homomeric pentamer that is
thought to open and close like the aperture of a camera
(Sukharev et al., 2001). The application of membrane
tension biases the channel from a closed state, in which
the TM o-helices are primarily perpendicular to the plane
of the membrane, to an expanded, open state, in which
the helices are significantly tilted. This tilt decreases the
hydrophobic length of the membrane-spanning region
in the open state with respect to the closed state. Perozo
etal. (2002) hypothesized that this structural change in
the channel should lead to greater stabilization of the
open state in thinner membranes compared with thicker
membranes, and they verified their claim by showing
that the channel open probability increased as the bi-
layer thickness decreased at a fixed pressure.

We used our model to determine the membrane thick-
ness that optimally stabilizes the closed state of the MscL.
structure from Mycobacterium tuberculosis (Chang et al.,
1998). We removed the cytoplasmic helices and embed-
ded the TM domain in the bilayer. We then used our
search algorithm to determine the optimal membrane
contact curve and total insertion energy for a given
membrane thickness as shown in Fig. 4 B. Next, we var-
ied the equilibrium membrane length over the range
of values suggested by the experiments performed by
Perozo et al. (2002) and plotted the energy values with
respect to the minimum value (Fig. 4 A). The channel
is stable in the membrane over the entire range, with
the optimal thickness being 38 A. For values larger
than 38 A, the membrane thins as it approaches the
channel surface. The OPM method predicts an optimal
thickness that is several Angstroms larger than our
method (Lomize et al., 2006); however, our value is in
better agreement with fluorescence spectroscopy studies
showing that the hydrophobic thickness of the bilayer
is 25 A (Powl et al., 2005). Ignoring the headgroup
region, we predict a thickness of 24 A. Previous low-
resolution models have been used to calculate the influ-
ence of membrane thickness on the open probability of
the channel (Wiggins and Phillips, 2004), but this is not
possible with our method because the structure of MscL
in the open state is unknown.
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Figure 3. Translation of a hydrophobic
WALP peptide across the membrane.
The COM of the peptide was initially
placed at the center of the membrane at
position 1, which is 60 kcal/mol more
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At position 2, the membrane undergoes
considerable deflection to continue to
. cover the hydrophobic residues of the
protein. At position 3, the elastic en-
ergy penalty outweighs the nonpolar
energy benefit of fully covering the
peptide, and a snap-through occurs.
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Finally, position 4 shows that there is a
slight energetic advantage to bending
the membrane to bury the terminal
tryptophan residues in the interfacial
headgroup region.

Amino acid insertion energies are not additive

Hydrophobicity scales provide a straightforward means
for assessing the stability of transmembrane proteins by
adding up the individual energetic contribution from
each amino acid in the transmembrane domain to de-
termine the overall stability. However, insertion energy
scales based on in vitro translation and insertion via the
Sec61 translocon suggest that the apparent transfer-free
energy for an amino acid depends on the amino acid
sequence of the transmembrane segment (Hessa et al.,
2007). Thus, it is possible that amino acid insertion
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energy values are not additive, which would severely
limit the value of any hydrophobicity scale.

Based on molecular simulations (Dorairaj and Allen,
2007; MacCallum et al., 2011), nonadditivity has been
suggested to arise because there is no additional mem-
brane bending energy to insert a second or third charged
residue after the membrane has bent to expose the first
charged residue. To further examine this hypothesis,
we constructed a-helical peptides containing zero to
three charged residues and probed their stability in the
membrane. We find that the energetic cost of inserting

Figure 4. Optimization of membrane
thickness for a mechanosensitive channel.
(A) We swept through a range of equilib-
rium membrane thickness values in 1-A
steps, and for each value, we identified
the membrane shape that optimizes the
total insertion energy for the closed-state
structure of the mechanosensitive chan-
nel of large conductance (MscL; Protein
Data Bank accession no. 20AR). The sys-
tem is most stable at a 38-A thickness for
our choice of membrane parameters. The
stabilization energy increases by >10 kcal/

mol when the membrane thickness is reduced by 6 A, and it increases to ~~10 kcal/mol in a membrane that is 14 A thicker. The energy
is more sensitive to decreases in the equilibrium membrane thickness than increases in the thickness. (B) The membrane thins at the
edge of the channel to expose regions of polar (green), basic (blue), and acidic (red) residues when its thickness is greater than the
optimal value of 38 A. To exemplify this situation, we embedded MscL in a nonideal membrane with an equilibrium length of 52 A. The
membrane shape (cyan mesh) that minimizes the insertion energy highlights the thinning that occurs at the protein-membrane bound-

ary. The energy of this situation is indicated by the arrow in panel A.
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each additional charged amino acid is significantly less
than that of inserting the first (Table 1). Whereas a pep-
tide with a single central arginine is 10 kcal/mol less
stable than one with alanine, the addition of a second
arginine requires only 1 additional kcal/mol, and a
third requires only an additional 2 kcal/mol. These low
energies support results from recent MD simulations
which found that there is essentially no additional ener-
getic cost required to insert an arginine once the first
has already formed a water defect (MacCallum et al.,
2011). Experimental support for nonadditivity comes
from membrane protein folding experiments, which
show that the cost to insert two charged residues is less
than twice the sum of inserting a single charged residue
(Moon and Fleming, 2011). Nonetheless, we predict co-
operativity values of ~9 kcal/mol for inserting two argi-
nines, whereas the predicted cooperativity based on the
porin folding studies is only 1.6 kcal/mol (Moon and
Fleming, 2011). These energy values are highly depen-
dent on system geometry, and it may be difficult to
compare values obtained for a single pass a-helix with
those obtained from a 3 barrel. Our results highlight
the nonadditivity inherent in this system and suggest
that a simple hydrophobicity scale may lead to incor-
rect conclusions, especially when considering highly
charged proteins or peptides.

Although our method captures the nonadditivity in-
herent in these systems, we wanted to compare our cal-
culations to Generalized Born models for electrostatics
in the presence of the membrane, which do not ac-
count for changes in membrane geometry (Im et al.,
2003a; Lomize et al., 2006; Ulmschneider et al., 2007).
To make a proper comparison with these models, we

TABLE 1
Nonadditivity of charged residue insertion energies

AG 1 (kcal/mol)

Peptide sequence

... NNKKAAAAAAAAAAAAAAAAAAAKKNN... —49.5
...NNKKAAAAAAAAARAAAAAAAAAKKNN... —39.4
...NNKKAAAAAAAARRAAAAAAAAAKKNN... —37.6
...NNKKAAAAAAARARAAAAAAAAAKKNN... —36.2
...NNKKAAAAAARAARAAAAAAAAAKKNN... * —38.5
...NNKKAAAAAAARRRAAAAAAAAAKKNN... —33.2
...NNKKAAAAARARARAAAAAAAAAKKNN... —32.6
...NNKKAAARAARAARAAAAAAAAAKKNN... #%* —37.6

The insertion energy of charged residues is not additive. Peptides were
constructed with the sequences listed above flanked by 12 glycine residues.
A helix with a single arginine at the center of the membrane is 10 kcal/mol
less stable than one with an alanine, but the addition of a second arginine
makes the peptide only 1 kcal/mol less stable since the membrane has
already bent to expose the central arginine. Further, the cost of including
a third charged arginine is similarly an additional 1 kcal/mol. Helices
with arginines spaced 2 apart (RXXR) are more stable than those with no
spacing or single spacing since the membrane must only bend on one side
of the helix to expose the residues to water. This incurs minimal elastic
and nonpolar penalties. Helices indicated by * and ** were also created as
310 helices, and their energy values are discussed in the main text.

extracted the electrostatic component of the insertion
energy for helices containing 0-3 arginines from Table 1
and reported these values in Table 2. Energy values
are reported as AAG, = AG, — AG,_;, such that the
value represents the energy required to insert one more
charged residue into the TM helix. Please see the Sup-
plemental materials and methods for details concern-
ing these calculations. Even the electrostatic component
of the energy alone from our model is highly nonaddi-
tive; however, the energy values calculated using the
model of Im et al. (2003a,b) is quite linear, indicating
that subsequent arginines are as costly to insert as the
first. Additionally, the electrostatic component of the
energy for inserting even a single charged residue is
25-30 kcal/mol greater than that predicted with our
model. For charged membrane proteins and mem-
brane-associated proteins, Generalized Born models
that treat the membrane dielectric as a uniform slab
could give rise to incorrect results. However, for pro-
teins that are not highly charged, such methods may
be sufficient.

Some voltage sensor segments are stable

in the membrane

Voltage-gated potassium (Papazian et al., 1987), sodium
(Nodaetal., 1984), and proton channels (Ramsey et al.,
2006; Sasaki et al., 2006), as well as voltage-gated phos-
phatases (Murata etal., 2005), all contain 4-7 charged
residues in their fourth TM segment that are critical
for their ability to sense changes in membrane poten-
tial. How such highly charged segments stably incorpo-
rate into the membrane is an outstanding question in
membrane biophysics, and many researchers believe
that other TM segments are required for incorpora-
tion (Catterall, 1986b; Guy and Seetharamulu, 1986).
In contrast, both experiment (Hessa et al., 2005b) and
simulations (Freites et al., 2005; Wee et al., 2011) sug-
gest that some S4 segments favorably adopt a trans-
membrane configuration.

To further explore these controversial results, we per-
formed calculations on idealized helices with sequences
corresponding to the S4 segments from the Kvl.2
Shaker-like potassium channel from rat and the KvAP
archaebacterial channel. Note that the sequence of
Kvl.2’s S4 segment is identical to Shaker. In the absence
of membrane bending, both helical segments are highly
unstable in the membrane, with transfer free energies
of +72 kcal/mol and +99 kcal/mol for Kvl.2 and KvAP,
respectively. Remarkably, when we allow the membrane
to bend, our model predicts that both segments are
quite stable in the membrane with the S4 from Kvl1.2
stabilized by —31 kcal/mol and the segment from KvAP
stabilized by —33 kcal/mol (Fig. 5). This drastic reduc-
tion in energy is brought about by relatively modest
distortions in the membrane as can be seen from the
minimum energy configurations, also pictured in the
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TABLE 2
Comparison to Generalized Born

This study GB

Peptide sequence

...NNKKAAAAAAAAAAAAAAAAAAAKKNN... 0.0 0.0
...NNKKAAAAAAAAARAAAAAAAAAKKNN... —4.7 26.3
...NNKKAAAAAAAARRAAAAAAAAAKKNN... 3.3 28.0
...NNKKAAAAAAARRRAAAAAAAAAKKNN... 0.7 22.9

Comparison of insertion energy values between our method and a
Generalized Born method (Im et al.,, 2003a). The electrostatic energy
for the four sequences on the left was computed using both methods.
Reported energy values are the difference between the current sequence
and the R-1 containing helix, with the alanine sequence being set to zero.
All energy values are in kcal/mol. While our method allows the membrane
to bend to expose charged arginines, the Generalized Born method treats
the membrane as a flat slab with a dielectric that smoothly switches from
membrane to solvent. Thus, the Generalized Born method predicts an
electrostatic cost that is nearly equal for each additional arginine, while
our method does not exhibit additivity.

figure. It is not surprising that the S4 segment from
KvAP is 2 kcal/mol more stable than the Kvl.2 segment
because it has only 5 positive charges, whereas Kvl.2
has 6 charges.

With any new approach, it is useful to have a bench-
mark with which to validate the model. Fully atomistic
MD simulations are the gold standard in this case, but
detailed free energy calculations, even on a single pass
TM, in the presence of a membrane are extremely de-
manding, and there is a large potential for sampling
error. Fortunately, the Sansom group has performed
free energy calculations on both of these S4 segments
using a more tractable, coarse-grained model of the sys-
tem (Bond et al., 2008). They report insertion energy
values of —36 kcal/mol and —38 kcal/mol for the Kv1.2
and KvAP $4 segments, respectively (Wee et al., 2011),
which is in strikingly good agreement with our absolute
values and our predicted relative stability between both

voltage-sensor segments. The Sansom group used their
coarse-grained model results as a starting point to carry
out fully atomistic free energy calculations on the Kv1.2
S4 segment using the GROMOS96 force field (Wee
et al., 2011). This resulted in a minimum energy con-
figuration that was —45 kcal/mol more stable than the
segment in water, which is 9 kcal/mol lower than the
coarse-grained model results and 14 kcal/mol more
stable than our results (Wee etal., 2011). Thus, although
the membrane deformations and energies in our model
are similar to the deformations from coarse-grained
and fully atomistic simulations, our predicted energy
values are slightly higher. Although there are differ-
ences in the three energy potentials that may account
for these discrepancies, we believe that the most obvi-
ous deficiencies in our model are the lack of protein tilt
and side chain reorientation. Adding these two addi-
tional degrees of freedom will reduce the minimum en-
ergies that our model will produce, and hopefully bring
our values into closer absolute agreement with other
calculations. Additionally, as explored below, the mate-
rial properties of the bilayer can significantly impact
the insertion energy of the helix, and it is not clear
what the bilayer parameters in our model should be to
most closely approximate the properties of the coarse-
grained membrane.

It is thought that the RXXR spacing of residues in
many S4 segments is important to their stability. To ex-
amine this, we created 18 mutated Kv1.2 sequences pre-
serving the total charge but disrupting the spacing, and
we found every mutation led to a higher insertion energy
value. Interestingly, the S4 segment from the hyperpolar-
ization-activated potassium channel KAT1 has an uncon-
ventional charge spacing with two adjacent arginines,
and there is experimental evidence that this segment will
not insert into the membrane when isolated from the
rest of the channel (Zhang et al., 2007). We applied our

Kv1.2

no bending +72 kcal/mol
bending -31
coarse-grained* -36
Gromos96* -45

KAT1

SLATLRVIRLVRVFRIFKLSRHS GLGLFRLVRLLRFLRILLIISRG LGFRILSMLRLWRLRRVSSLFAR

+99 +99
-33 -24
-38 NA
NA NA

Figure 5. Membrane bending stabilizes the insertion of voltage sensor S4 segments in the membrane. The search algorithm was per-

formed on S4 segments from KvAP, Kvl.2, and KAT1, and the final membrane shapes are pictured. Peptide insertion is highly unstable
when no membrane bending is allowed, but considerably improved when the membrane bends to expose charged and polar amino
acids. Our insertion energies for Kvl.2 and KvAP are similar to values from coarse-grained simulations (values indicated by *; taken
from Wee et al., 2011). Experiments have suggested that isolated S4 segments of KAT1 will not readily insert (Zhang et al., 2007), and
although our method finds a negative insertion energy for the KAT1 S4, it is more difficult to insert than Kvl.2 and KvAP, for which
experiments show isolated insertion.
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model to the KAT1 S4 segment and observed a stabiliz-
ing transfer free energy of only —24 kcal/mol, which is
7 kcal/mol less stable than either the Kvl.2 or KvAP S4
segments. Therefore, we believe that this lower insertion
energy may be related to the charge spacing on KATI;
however, our results still predict that the S4 from KAT1
should be stable in the membrane, which is at odds with
the finding that the S3 segment is also required for mem-
brane stabilization (Zhang et al., 2007). To specifically
explore the importance of charge spacing, we system-
atically varied this spacing and measured the stability
of single pass TM segments. Our results suggest that
charged residues spaced two apart, for example RXXR,
are 2—4 kcal/mol more stable than those spaced by 0 or 1
uncharged residues (Table 1). Visualization of the mini-
mum energy configuration for each case shows that the
membrane need only bend on one side of the helix to
expose charged residues separated by two intervening
nonpolar residues, whereas the membrane undergoes
much more extensive distortions to expose charged resi-
dues with different spacings (unpublished data).

Recent x-ray structures of voltage-gated ion channels
suggest that the S4 helix exists, at least partially, in a 3,
helix rather than an ideal orhelix (Long et al., 2007;
Clayton et al., 2008; Vieira-Pires and Morais-Cabral,
2010). The 3,y configuration places all the charges with
an RXXR spacing on one face, which localizes the mem-
brane bending to one side of the helix and may reduce
the bending energy. We explored this possibility by creat-
ing 3 helices of the two sequences in Table 1 that have
RXXR motifs, one harbors 2 arginines (indicated by
* in the table) and the second harbors 3 arginines (in-
dicated by ** in the table). The insertion energy values
are higher when these sequences adopt a 3, conforma-
tion versus an a-helical conformation by +5.3 kcal/mol
(sequence with 2 arginine) and +5.1 kcal/mol (sequence
with 3 arginine). Our calculations indicate that the
a-helix configuration is slightly more stable because of
an increased nonpolar stabilization; the a-helix is more
compact and buries more surface area in the membrane.
Thus, we believe that the propensity for portions of the
S4 helix to adopt a 3,y configuration may be determined
by local interactions with the rest of the channel rather
than energetic interactions with the lipid membrane.

In our previous manuscript, we showed that the mem-
brane dipole only moderately influenced membrane
protein stability because the majority of the amino acids
between the upper and lower leaflets were hydrophobic
and therefore neutral (Choe et al., 2008). However, this
was the case for helices harboring a single charged resi-
due, and it is possible that with many basic residues more
charge becomes buried between the leaflets and expe-
riences the significant positive electrostatic potential
created by the lipid headgroups. To explore this sce-
nario, we added a thin layer of positive and negative
charge to the upper and lower leaflets, with the negative

layer closer to the membrane—water interface, as de-
scribed in our previous work (Choe et al., 2008). The
net charge sums to zero, and the separation length
and charge values were chosen to create an interior
membrane potential of +300 mV, which is near the
peak dipole potential value of +260 mV measured for
phosphatidylcholine headgroups with ester linkages to
the tail (Wang et al., 2006). For the configurations pic-
tured in Fig. 5, the dipole potential destabilizes the
TM helix by 2.6, 2.3, and 1.6 kcal/mol for the KvAP,
Kv1.2, and KAT1 S4 segments, respectively. Although
larger than previously observed for helices with a sin-
gle arginine, the destabilization is not very large, because
the membrane bends to keep most charged groups
out of the core.

Membrane protein stability depends on bilayer stiffness

Studies on outer membrane proteins have shown that
the elastic properties of the membrane influence pro-
tein stability in the membrane (Kleinschmidt and
Tamm, 2002; Hong and Tamm, 2004). We therefore in-
vestigated the effect of increasing bilayer stiffness on
the insertion energetics by varying the bilayer compres-
sion modulus (K,). In all calculations, we used the K,
value of 142.5 pN/nm measured experimentally by
White (1978) and employed by Nielsen et al. (1998) in
their mattress models. However, this value is at the low
end of the physiological range, and in the presence of
cholesterol K, can be as high as 1,200 pN/nm (Tierney
etal., 2005). We used this later value as an upper value,
and we calculated the insertion energies for each of the
voltage sensor S4 helices over the entire range, as shown
in Fig. 6. In each case, we performed the full search
procedure to identify the optimal shape that minimizes
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Figure 6. Protein stability depends on membrane stiffness. The
search algorithm was performed on S4 segments from KvAP,
Kvl1.2, and KATT1 over a physiological range of membrane com-
pression modulus (K,) values. Insertion energy values for KvAP
(circles), Kvl.2 (squares), and KATI1 (triangles) increase as K,
increases. Over this range, Kvl.2 and KvAP remain stable in the
membrane, but KATI no longer inserts when K, is >700 pN/nm.
The values at K, = 142.5 pN/nm correspond to the configurations
and energies reported in Fig. 5.
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insertion. As K, increases, the total insertion energy values
increase significantly due to the increase in the mem-
brane deformation energy. Importantly, even moderate
increases in the compression modulus destabilize the
KATI1 S4 segment, whereas segments from KvAP and
Kv1l.2 remain stable. This observation is in very good
agreement with the experimental observation that the
S4 from KATI is not stable in the membrane alone
(Zhang et al., 2007), but that the isolated voltage sensor
helix from KvAP readily inserts into the membrane
(Hessa et al., 2005b).

DISCUSSION

We used our fast continuum method for determining
the insertion energy of membrane proteins to explore
several outstanding questions in membrane protein
biophysics. Linking the three numeric solvers of our
method and adding the search algorithm permits us to
determine arbitrary distortions in the membrane, which
is essential for understanding the true energetics of em-
bedded proteins. Although some implicit membrane
models account for membrane flexibility (Tang et al.,
2006; Zhou et al., 2010), many treat it as a rigid slab (Im
et al., 2003a; Lomize et al., 2006; Ulmschneider et al.,
2007). As shown in Fig. 3, our algorithm readily identi-
fies the putative membrane-spanning region of mem-
brane proteins and moves to bury the hydrophobic
residues. As the protein is translated away from the cen-
ter of the bilayer, the membrane undergoes a large, low
energy conformational change to minimize the energy
of the system. We believe that such distortions are im-
portant for understanding the shapes and energies of
membrane proteins attached to cytoskeletal and extra-
cellular elements such as integrins and cadherins. Simi-
larly, the interaction between the membrane and the
protein has been shown to regulate the function of
some proteins, such as the stretch-activated channel
MscL. By systematically varying the equilibrium length
of the membrane, we predict an optimal equilibrium
value that minimizes the total system energy, which in-
cludes not only strain in the membrane but also electro-
statics and nonpolar effects caused by hydrophobic
mismatch (Fig. 4). Based on these calculations, we pre-
dict membrane thinning at the edge of the channel for
a range of equilibrium thicknesses, and the extent of
this compression is in good agreement with experi-
ments (Powl et al., 2005).

Our model suggests that amino acid insertion ener-
gies are nonadditive. This is most important when con-
sidering the placement of multiple charged residues
into the TM domain as we show that placing a second
arginine into a TM already containing one may cost
as little as 1 kcal/mol. In part because of this effect,
we show that S4 voltage sensor segments can be stable
in the membrane, as already suggested by experiment
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(Hessa et al., 2005b), qualitative MD simulations (Freites
et al., 2005), and quantitative free energy calculations
(Wee etal., 2011). Our method provides a simple me-
chanical explanation for this nonadditivity—once the
membrane bends to accommodate one charged resi-
due it no longer needs to bend for the next one. This
feature is an integral component of our method, but it
is missing from other implicit membrane models (Im
et al., 2003a; Lomize et al., 2006; Ulmschneider et al.,
2007), as we explicitly demonstrate in Table 2. How-
ever, our method still predicts insertion energies for
single charged amino acids that are 4-8 kcal/mol larger
than those predicted by the translocon scale (Hessa
et al., 2005a), and 6 kcal/mol larger for arginine com-
pared with the porin folding scale (Moon and Fleming,
2011), but a nearly identical value for lysine compared
with the porin folding scale (Moon and Fleming, 2011;
Fig. S2). In general, our larger values may result from
limitations of our system discussed below; however, there
are open questions concerning the interpretation of the
translocon studies, including whether the H-segment is
actually centered in the membrane (Dorairaj and Allen,
2007) and the role of the two additional TM segments
that may alter the stability of the central residues (Shental-
Bechor et al., 2006).

Previously, we determined that inserting the KvAP
S4-S3 helix—turn-helix motif into a flat membrane is
energetically unfavorable (Grabe et al., 2004), but here
we show that the S4 helix is stable if the membrane is
deformable. We incorporated membrane bending into
our solvation model by using classical elastostatics to de-
scribe the equilibrium shape of the membrane initially
proposed by Helfrich (1973) and expanded to include
mean bending, bilayer compression, and surface ten-
sion by Nielsen et al. (1998). Recently, a multiscale
modeling approach was developed that used a similar
continuum model of the membrane to quantify the
energetics of membrane deformations observed in fully
atomistic membrane protein simulations (Mondal et al.,
2011). This model used a simple finite difference method
on a square grid to solve for the membrane shape, and
with a relatively fine spatial grid, they were able to com-
pute shapes and energies for noncylindrical G protein—
coupled receptors. As discussed below, we intend to
develop a more general membrane model that can han-
dle arbitrarily shaped membrane proteins. Even when
proteins are hydrophobically matched to the width of
the membrane, it has been shown that noncylindrically
shaped proteins can induce strain in the membrane
(Kim et al., 1998), and this strain can influence protein
function when bilayer leaflets contain lipids favoring
spontaneous curvature (Dan and Safran, 1998). These
considerations can be incorporated into our model
through modifications to the membrane energy density
in Eq. 2, as detailed by Dan and Safran (1998). At the
same time, we would like to incorporate more atomistic
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detail of the lipid headgroups into our membrane
model. For instance, charged lipids may unevenly ac-
cumulate in certain regions near the embedded pro-
tein, and the Weinstein laboratory has developed a
mean field theory for dealing with this phenomena
(Khelashvili et al., 2009), which is well suited for our
continuum method. Additionally, we could assign spa-
tially dependent material properties that could attempt
to account for different lipid densities or types in the
upper versus the lower leaflet, which has been shown to
affect opening of the MscL channel using simulation
(Jeon and Voth, 2008).

In summary, we have a fast, predictive method for
determining the stability of proteins in the membrane
that does not rely on scales or the assumption of addi-
tivity. Our results agree well with coarse-grained models
and fully atomistic simulations; however, we estimate
our method to be roughly 600 times faster than compa-
rable coarse-grained MD calculations (Wee et al., 2011)
and 40,000 times faster than fully atomistic calcula-
tions (Dorairaj and Allen, 2007). In the near future,
we intend to include three additional features into our
model. First, we intend to adopt a 3-dimensional model
of the membrane that explicitly represents the strain
field between the upper and lower leaflets, and we will
employ edge detection to accurately represent the pro-
tein—-membrane boundary. This will allow us to incorpo-
rate protein tilt into our model, which has been shown
to be important for single TM WALP peptides (van der
Wel et al., 2002; Strandberg et al., 2004; Ozdirekcan
etal., 2005), and it will also allow us to investigate pro-
teins of arbitrary shape. Second, MD simulations have
shown that charged residue side chains “snorkel” to
interact with the polar headgroups and solvent (Dorairaj
and Allen, 2007). To account for these changes, which
can impact insertion energies, we will incorporate a
rotamer library search on the charged residues to mini-
mize membrane distortions and electrostatic penalties.
Third, we use a simple SASA model for the nonpolar
energy. We will explore different continuum models for
this energy that are more specific for water-membrane
transfer free energies, as well as those that account
for dispersive solute-solvent interactions (Wagoner
and Baker, 2006). Finally, we intend to integrate the
membrane deformation algorithm presented in this
manuscript into our software APBSmem (Callenberg
etal., 2010) to help orient proteins in the membrane
for use in interpreting experiments and carrying out
MD simulations in a similar manner to the Orienta-
tions of Proteins in Membranes database (Lomize
et al., 2006).

We would like to thank Charles Wolgemeth (University of Con-
necticut), Yann Chemla (University of Illinois, Urbana Cham-
paign), and Sukrit Suksombat (University of Illinois, Urbana
Champaign) for fruitful discussions, and Patrick van der Wel
(University of Pittsburgh) for helpful comments on the manuscript.

This work was supported by NSF CAREER award MCB0845286
to M. Grabe and a Howard Hughes Medical Institute Undergrad-
uate Research Fellowship to N.R. Latorraca.

Kenton J. Swartz served as editor.

Submitted: 29 December 2011
Accepted: 25 May 2012

REFERENCES

Aggarwal, S.K., and R. MacKinnon. 1996. Contribution of the S4
segment to gating charge in the Shaker K+ channel. Neuron. 16:
1169-1177. http://dx.doi.org/10.1016,/S0896-6273(00)80143-9

Armstrong, C.M. 1981. Sodium channels and gating currents.
Physiol. Rev. 61:644-683.

Baker, N.A., D. Sept, S. Joseph, M.J. Holst, and J.A. McCammon.
2001. Electrostatics of nanosystems: application to microtubules
and the ribosome. Proc. Natl. Acad. Sci. USA. 98:10037-10041.
http://dx.doi.org/10.1073/pnas.181342398

Bond, P.J., C.L. Wee, and M.S.P. Sansom. 2008. Coarse-grained mo-
lecular dynamics simulations of the energetics of helix insertion
into a lipid bilayer. Biochemistry. 47:11321-11331. http://dx.doi
.org/10.1021/bi800642m

Cabani, S., P. Gianni, V. Mollica, and L. Lepori. 1981. Group
Contributions to the Thermodynamic Properties of Non-lonic
Organic Solutes in Dilute Aqueous-Solution. J. Solution Chem.
10:563-595. http://dx.doi.org/10.1007/BF00646936

Callenberg, KM., O.P. Choudhary, G.L. de Forest, D.W. Gohara,
N.A. Baker, and M. Grabe. 2010. APBSmem: a graphical inter-
face for electrostatic calculations at the membrane. PLoS ONE.
5:¢12722. http://dx.doi.org/10.1371 /journal.pone.0012722

Catterall, W.A. 1986a. Molecular properties of voltage-sensitive so-
dium channels. Annu. Rev. Biochem. 55:953-985. http://dx.doi
.org/10.1146/annurev.bi.55.070186.004513

Catterall, W.A. 1986b. Voltage-dependent gating of sodium-chan-
nels - correlating structure and function. Trends Neurosci. 9:7-10.
http://dx.doi.org/10.1016/0166-2236(86)90004-4

Chang, G., R.H. Spencer, A.T. Lee, M.T. Barclay, and D.C. Rees.
1998. Structure of the MscL. homolog from Mycobacterium tuber-
culosis: a gated mechanosensitive ion channel. Science. 282:2220—
2226. http://dx.doi.org/10.1126/science.282.5397.2220

Choe, S., KA. Hecht, and M. Grabe. 2008. A continuum method
for determining membrane protein insertion energies and the
problem of charged residues. J. Gen. Physiol. 131:563-573. http://
dx.doi.org/10.1085/jgp.200809959

Clayton, G.M., S. Altieri, L. Heginbotham, V.M. Unger, and J.H.
Morais-Cabral. 2008. Structure of the transmembrane regions of a
bacterial cyclic nucleotide-regulated channel. Proc. Natl. Acad. Sci.
USA. 105:1511-1515. http://dx.doi.org/10.1073 /pnas.0711533105

Cuello, L.G., D.M. Cortes, and E. Perozo. 2004. Molecular archi-
tecture of the KvAP voltage-dependent K+ channel in a lipid
bilayer. Science. 306:491-495. http://dx.doi.org/10.1126/science
1101373

Dan, N., and S.A. Safran. 1998. Effect of lipid characteristics on the
structure of transmembrane proteins. Biophys. J. 75:1410-1414.
http://dx.doi.org/10.1016,/S0006-3495(98) 74059-7

Dolinsky, TJ., J.E. Nielsen, J.A. McCammon, and N.A. Baker. 2004.
PDB2PQR: an automated pipeline for the setup of Poisson-
Boltzmann electrostatics calculations. Nucleic Acids Res. 32:W665—
w667. http://dx.doi.org/10.1093 /nar/gkh381

Dolinsky, TJ., P. Czodrowski, H. Li, J.E. Nielsen, J.H. Jensen, G. Klebe,
and N.A. Baker. 2007. PDB2PQR: expanding and upgrading au-
tomated preparation of biomolecular structures for molecular
simulations. Nucleic Acids Res. 35(Web Server issue):W522-w5225.
http://dx.doi.org/10.1093 /nar/gkm276

Callenberg et al. 65

/T0Z ‘sz AInc uo Bio ssaidni-dbl woly papeojumoq


http://dx.doi.org/10.1016/S0896-6273(00)80143-9
http://dx.doi.org/10.1073/pnas.181342398
http://dx.doi.org/10.1021/bi800642m
http://dx.doi.org/10.1021/bi800642m
http://dx.doi.org/10.1007/BF00646936
http://dx.doi.org/10.1371/journal.pone.0012722
http://dx.doi.org/10.1146/annurev.bi.55.070186.004513
http://dx.doi.org/10.1146/annurev.bi.55.070186.004513
http://dx.doi.org/10.1016/0166-2236(86)90004-4
http://dx.doi.org/10.1126/science.282.5397.2220
http://dx.doi.org/10.1085/jgp.200809959
http://dx.doi.org/10.1085/jgp.200809959
http://dx.doi.org/10.1073/pnas.0711533105
http://dx.doi.org/10.1126/science.1101373
http://dx.doi.org/10.1126/science.1101373
http://dx.doi.org/10.1016/S0006-3495(98)74059-7
http://dx.doi.org/10.1093/nar/gkh381
http://dx.doi.org/10.1093/nar/gkm276
http://jgp.rupress.org/

Dorairaj, S., and T.W. Allen. 2007. On the thermodynamic stability
of a charged arginine side chain in a transmembrane helix. Proc.
Natl. Acad. Sci. USA. 104:4943-4948. http://dx.doi.org/10.1073/
pnas.0610470104

Durell, S.R,, Y.L. Hao, and H.R. Guy. 1998. Structural models of the
transmembrane region of voltage-gated and other K+ channels in
open, closed, and inactivated conformations. J. Struct. Biol. 121:
263-284. http://dx.doi.org/10.1006/jsbi.1998.3962

Dzubiella, J., J.M. Swanson, and J.A. McCammon. 2006. Coupling
hydrophobicity, dispersion, and electrostatics in continuum solvent
models. Phys. Rev. Lett. 96:087802. http://dx.doi.org/10.1103/
PhysRevLett.96.087802

Freites, J.A., D.J. Tobias, G. von Heijne, and S.H. White. 2005.
Interface connections of a transmembrane voltage sensor. Proc.
Natl. Acad. Sci. USA. 102:15059-15064. http://dx.doi.org/10.1073/
pnas.0507618102

Grabe, M., H. Lecar, Y.N. Jan, and LY. Jan. 2004. A quantitative
assessment of models for voltage-dependent gating of ion chan-
nels. Proc. Natl. Acad. Sci. USA. 101:17640-17645. http:/ /dx.doi.org/
10.1073/pnas.0408116101

Guy, H.R., and P. Seetharamulu. 1986. Molecular model of the action
potential sodium channel. Proc. Natl. Acad. Sci. USA. 83:508-512.
http://dx.doi.org/10.1073/pnas.83.2.508

Harroun, T.A., W.T. Heller, T.M. Weiss, L. Yang, and H.W. Huang.
1999. Experimental evidence for hydrophobic matching and
membrane-mediated interactions in lipid bilayers containing
gramicidin. Biophys. J. 76:937-945. http://dx.doi.org/10.1016/
S0006-3495(99)77257-7

Helfrich, W. 1973. Elastic properties of lipid bilayers: theory and
possible experiments. Z. Naturforsch. C. 28:693-703.

Hessa, T., H. Kim, K. Bihlmaier, C. Lundin, J. Boekel, H. Andersson,
I. Nilsson, S.H. White, and G. von Heijne. 2005a. Recognition of
transmembrane helices by the endoplasmic reticulum translocon.
Nature. 433:377-381. http://dx.doi.org/10.1038 /nature03216

Hessa, T., S.H. White, and G. von Heijne. 2005b. Membrane insertion
of a potassium-channel voltage sensor. Science. 307:1427. htp://
dx.doi.org/10.1126/science.1109176

Hessa, T., N.M. Meindl-Beinker, A. Bernsel, H. Kim, Y. Sato, M. Lerch-
Bader, I. Nilsson, S.H. White, and G. von Heijne. 2007. Molecular
code for transmembrane-helix recognition by the Sec61 translocon.
Nature. 450:1026-1030. http://dx.doi.org/10.1038 /nature06387

Hong, H., and LK. Tamm. 2004. Elastic coupling of integral mem-
brane protein stability to lipid bilayer forces. Proc. Natl. Acad. Sci.
USA. 101:4065—4070. http://dx.doi.org/10.1073/pnas.0400358101

Humphrey, W., A. Dalke, and K. Schulten. 1996. VMD: visual molecu-
lar dynamics. | Mol Graph. 14:33-38, 27-38.

Im, W., M. Feig, and C.L. Brooks III. 2003a. An implicit membrane
generalized born theory for the study of structure, stability, and in-
teractions of membrane proteins. Biophys. J. 85:2900-2918. http://
dx.doi.org/10.1016,/S0006-3495(03) 74712-2

Im, W.P., M.S. Lee, and C.L. Brooks III. 2003b. Generalized born
model with a simple smoothing function. . Comput. Chem. 24:1691—
1702. http://dx.doi.org/10.1002/jcc.10321

Itoh, T., K.S. Erdmann, A. Roux, B. Habermann, H. Werner, and
P. De Camilli. 2005. Dynamin and the actin cytoskeleton coop-
eratively regulate plasma membrane invagination by BAR and
F-BAR proteins. Dev. Cell. 9:791-804. http://dx.doi.org/10.1016/
j-devcel.2005.11.005

Jeon, J., and G.A. Voth. 2008. Gating of the mechanosensitive
channel protein MscL: the interplay of membrane and protein.
Biophys. J. 94:3497-3511. http://dx.doi.org/10.1529 /biophysj
.107.109850

Johansson, A.C.V., and E. Lindahl. 2009. The role of lipid composi-
tion for insertion and stabilization of amino acids in membranes.
J- Chem. Phys. 130:185101. http://dx.doi.org/10.1063,/1.3129863

66 Membrane bending and voltage sensor stability

Khelashvili, G., D. Harries, and H. Weinstein. 2009. Modeling mem-
brane deformations and lipid demixing upon protein-membrane
interaction: the BAR dimer adsorption. Biophys. J. 97:1626-1635.
http://dx.doi.org/10.1016/j.bpj.2009.07.006

Kim, K.S., J. Neu, and G. Oster. 1998. Curvature-mediated inter-
actions between membrane proteins. Biophys. J. 75:2274-2291.
http://dx.doi.org/10.1016,/S0006-3495(98)77672-6

Kleinschmidt, J.H., and L.K. Tamm. 2002. Secondary and ter-
tiary structure formation of the beta-barrel membrane protein
OmpA is synchronized and depends on membrane thickness.
J- Mol. Biol. 324:319-330. http://dx.doi.org/10.1016,/50022-2836
(02)01071-9

Krepkiy, D., M. Mihailescu, J.A. Freites, E.V. Schow, D.L.
Worcester, K. Gawrisch, D.]. Tobias, S.H. White, and KJ. Swartz.
2009. Structure and hydration of membranes embedded with
voltage-sensing domains. Nature. 462:473-479. http://dx.doi
.org/10.1038/nature08542

Krivov, G.G., M.V. Shapovalov, and R.L. Dunbrack Jr. 2009. Improved
prediction of protein side-chain conformations with SCWRLA4.
Proteins. 77:778-795. http://dx.doi.org/10.1002/prot.22488

Lecar, H., H.P. Larsson, and M. Grabe. 2003. Electrostatic model of
S4 motion in voltage-gated ion channels. Biophys. J. 85:2854-2864.
http://dx.doi.org/10.1016,/S0006-3495 (03) 74708-0

Lee, M.C.S., L. Orci, S. Hamamoto, E. Futai, M. Ravazzola, and R.
Schekman. 2005. Sarlp N-terminal helix initiates membrane curva-
ture and completes the fission of a COPII vesicle. Cell. 122:605-617.
http://dx.doi.org/10.1016/j.cell.2005.07.025

Lomize, M.A., A.L. Lomize, 1.D. Pogozheva, and H.I. Mosberg.
2006. OPM: orientations of proteins in membranes data-
base. Bioinformatics. 22:623-625. http://dx.doi.org/10.1093/
bioinformatics/btk023

Long, S.B., E.B. Campbell, and R. Mackinnon. 2005. Voltage sensor
of Kvl.2: structural basis of electromechanical coupling. Science.
309:903-908. http://dx.doi.org/10.1126/science.1116270

Long, S.B., X. Tao, EB. Campbell, and R. MacKinnon. 2007.
Atomic structure of a voltage-dependent K+ channel in a lipid
membrane-like environment. Nature. 450:376-382. http://dx.doi
.org/10.1038/nature06265

Luo, H., and S.C. Tucker. 1995. Compressible Continuum Solvation
Model for Molecular Solutes. J. Am. Chem. Soc. 117:11359-11360.
http://dx.doi.org/10.1021/ja00150a042

MacCallum, J.L., W.F. Bennett, and D.P. Tieleman. 2007. Partitioning
of amino acid side chains into lipid bilayers: results from com-
puter simulations and comparison to experiment. J. Gen. Physiol.
129:371-377. http:/ /dx.doi.org/10.1085/jgp.200709745

MacCallum, J.L., W.F.D. Bennett, and D.P. Tieleman. 2011. Transfer
of arginine into lipid bilayers is nonadditive. Biophys. J. 101:110-
117. http://dx.doi.org/10.1016/j.bpj.2011.05.038

Mondal, S., G. Khelashvili, J. Shan, O.S. Andersen, and H. Weinstein.
2011. Quantitative modeling of membrane deformations by mul-
tihelical membrane proteins: application to G-protein coupled
receptors. Biophys. J. 101:2092-2101. http://dx.doi.org/10.1016/
j-bpj.2011.09.037

Moon, C.P., and K.G. Fleming. 2011. Side-chain hydrophobicity
scale derived from transmembrane protein folding into lipid bi-
layers. Proc. Natl. Acad. Sci. USA. 108:10174-10177. http://dx.doi
.org/10.1073/pnas. 1103979108

Morris, C.E., P.F. Juranka, W. Lin, T.J. Morris, and U. Laitko. 2006.
Studying the mechanosensitivity of voltage-gated channels using
oocyte patches. Methods Mol. Biol. 322:315-329. http://dx.doi.org/
10.1007/978-1-59745-000-3_22

Murata, Y., H. Iwasaki, M. Sasaki, K. Inaba, and Y. Okamura. 2005.
Phosphoinositide phosphatase activity coupled to an intrinsic volt-
age sensor. Nature. 435:1239-1243. http://dx.doi.org/10.1038/
nature03650

/T0Z ‘sz AInc uo Bio ssaidni-dbl woly papeojumoq


http://dx.doi.org/10.1016/j.bpj.2009.07.006
http://dx.doi.org/10.1016/S0006-3495(98)77672-6
http://dx.doi.org/10.1016/S0022-2836(02)01071-9
http://dx.doi.org/10.1016/S0022-2836(02)01071-9
http://dx.doi.org/10.1038/nature08542
http://dx.doi.org/10.1038/nature08542
http://dx.doi.org/10.1002/prot.22488
http://dx.doi.org/10.1016/S0006-3495(03)74708-0
http://dx.doi.org/10.1016/j.cell.2005.07.025
http://dx.doi.org/10.1093/bioinformatics/btk023
http://dx.doi.org/10.1093/bioinformatics/btk023
http://dx.doi.org/10.1126/science.1116270
http://dx.doi.org/10.1038/nature06265
http://dx.doi.org/10.1038/nature06265
http://dx.doi.org/10.1021/ja00150a042
http://dx.doi.org/10.1085/jgp.200709745
http://dx.doi.org/10.1016/j.bpj.2011.05.038
http://dx.doi.org/10.1016/j.bpj.2011.09.037
http://dx.doi.org/10.1016/j.bpj.2011.09.037
http://dx.doi.org/10.1073/pnas.1103979108
http://dx.doi.org/10.1073/pnas.1103979108
http://dx.doi.org/10.1007/978-1-59745-000-3_22
http://dx.doi.org/10.1007/978-1-59745-000-3_22
http://dx.doi.org/10.1038/nature03650
http://dx.doi.org/10.1038/nature03650
http://dx.doi.org/10.1073/pnas.0610470104
http://dx.doi.org/10.1073/pnas.0610470104
http://dx.doi.org/10.1006/jsbi.1998.3962
http://dx.doi.org/10.1103/PhysRevLett.96.087802
http://dx.doi.org/10.1103/PhysRevLett.96.087802
http://dx.doi.org/10.1073/pnas.0507618102
http://dx.doi.org/10.1073/pnas.0507618102
http://dx.doi.org/10.1073/pnas.0408116101
http://dx.doi.org/10.1073/pnas.0408116101
http://dx.doi.org/10.1073/pnas.83.2.508
http://dx.doi.org/10.1016/S0006-3495(99)77257-7
http://dx.doi.org/10.1016/S0006-3495(99)77257-7
http://dx.doi.org/10.1038/nature03216
http://dx.doi.org/10.1126/science.1109176
http://dx.doi.org/10.1126/science.1109176
http://dx.doi.org/10.1038/nature06387
http://dx.doi.org/10.1073/pnas.0400358101
http://dx.doi.org/10.1016/S0006-3495(03)74712-2
http://dx.doi.org/10.1016/S0006-3495(03)74712-2
http://dx.doi.org/10.1002/jcc.10321
http://dx.doi.org/10.1016/j.devcel.2005.11.005
http://dx.doi.org/10.1016/j.devcel.2005.11.005
http://dx.doi.org/10.1529/biophysj.107.109850
http://dx.doi.org/10.1529/biophysj.107.109850
http://dx.doi.org/10.1063/1.3129863
http://jgp.rupress.org/

Nielsen, C., M. Goulian, and O.S. Andersen. 1998. Energetics of
inclusion-induced bilayer deformations. Biophys. J. 74:1966-1983.
http://dx.doi.org/10.1016,/S0006-3495(98) 77904-4

Noda, M., S. Shimizu, T. Tanabe, T. Takai, T. Kayano, T. Ikeda, H.
Takahashi, H. Nakayama, Y. Kanaoka, N. Minamino, et al. 1984.
Primary structure of Electrophorus electricus sodium channel de-
duced from cDNA sequence. Nature. 312:121-127. http://dx.doi
.org/10.1038/312121a0

Ozdirekcan, S., D.T.S. Rijkers, RM.]. Liskamp, and J.A. Killian. 2005.
Influence of flanking residues on tilt and rotation angles of trans-
membrane peptides in lipid bilayers. A solid-state H-2 NMR study.
Biochem. 44:1004-1012. http://dx.doi.org/10.1021/bi0481242

Papazian, D.M., T.L. Schwarz, B.L. Tempel, Y.N. Jan, and LY. Jan.
1987. Cloning of genomic and complementary DNA from Shaker,
a putative potassium channel gene from Drosophila. Science.
237:749-753. http://dx.doi.org/10.1126/science.2441470

Parsegian, A. 1969. Energy of an ion crossing a low dielectric mem-
brane: solutions to four relevant electrostatic problems. Nature.
221:844-846. http://dx.doi.org/10.1038/221844a0

Pathak, M.M., V. Yarov-Yarovoy, G. Agarwal, B. Roux, P. Barth, S.
Kohout, F. Tombola, and E.Y. Isacoff. 2007. Closing in on the
resting state of the Shaker K(+) channel. Neuron. 56:124-140.
http://dx.doi.org/10.1016/j.neuron.2007.09.023

Perozo, E., A. Kloda, D.M. Cortes, and B. Martinac. 2002. Physical
principles underlying the transduction of bilayer deformation
forces during mechanosensitive channel gating. Nat. Struct. Biol.
9:696-703. http://dx.doi.org/10.1038/nsb827

Powell, M.J.D. 1964. Efficient Method for Finding Minimum of
Function of Several-Variables without Calculating Derivatives.
Comput. J. 7:155. http://dx.doi.org/10.1093/comjnl/7.2.155

Powl, AM., J.N. Wright, ].M. East, and A.G. Lee. 2005. Identification
of the hydrophobic thickness of a membrane protein using fluor-
escence spectroscopy: studies with the mechanosensitive channel
MscL. Biochemistry. 44:5713-5721. http://dx.doi.org/10.1021/
bi047338g

Ramsey, 1.S., M.M. Moran, J.A. Chong, and D.E. Clapham. 2006.
A voltage-gated proton-selective channel lacking the pore domain.
Nature. 440:1213-1216. http://dx.doi.org/10.1038 /nature04700

Ravazzola, M., and L. Orci. 1980. Glucagon and glicentin immuno-
reactivity are topologically segregated in the alpha granule of
the human pancreatic A cell. Nature. 284:66-67. http://dx.doi
.org/10.1038/284066a0

Ruta, V., J. Chen, and R. MacKinnon. 2005. Calibrated measure-
ment of gating-charge arginine displacement in the KvAP volt-
age-dependent K+ channel. Cell. 123:463-475. http://dx.doi
.org/10.1016/j.cell.2005.08.041

Sali, A., and T.L. Blundell. 1993. Comparative protein modelling by
satisfaction of spatial restraints. J. Mol. Biol. 234:779-815. http://
dx.doi.org/10.1006/jmbi.1993.1626

Sasaki, M., M. Takagi, and Y. Okamura. 2006. A voltage sensor-
domain protein is a voltage-gated proton channel. Science. 312:
589-592. http://dx.doi.org/10.1126/science.1122352

Schmidt, D., Q.X. Jiang, and R. MacKinnon. 2006. Phospholipids
and the origin of cationic gating charges in voltage sensors.
Nature. 444:775-779. http://dx.doi.org/10.1038 /nature05416

Seoh, S.A., D. Sigg, D.M. Papazian, and F. Bezanilla. 1996. Voltage-
sensing residues in the S2 and S4 segments of the Shaker K+
channel. Neuron. 16:1159-1167. http://dx.doi.org/10.1016/
S0896-6273(00)80142-7

Shental-Bechor, D., S.J. Fleishman, and N. Ben-Tal. 2006. Has the
code for protein translocation been broken? Trends Biochem. Sci.
31:192-196. http://dx.doi.org/10.1016/].tibs.2006.02.002

Shrake, A., and J.A. Rupley. 1973. Environment and exposure to sol-
vent of protein atoms. Lysozyme and insulin. J. Mol. Biol. 79:351—
371. http://dx.doi.org/10.1016,/0022-2836(73)90011-9

Sitkoff, D., K.A. Sharp, and B. Honig. 1994. Accurate Calculation of
Hydration Free-Energies Using Macroscopic Solvent Models. /. Phys.
Chem. 98:1978-1988. http://dx.doi.org/10.1021/j1000582043

Sitkoff, D., N. BenTal, and B. Honig. 1996. Calculation of alkane to
water solvation free energies using continuum solvent models. /.
Phys. Chem. 100:2744-2752. http:/ /dx.doi.org/10.1021/jp952986i

Snapp, E.L., RS. Hegde, M. Francolini, F. Lombardo, S. Colombo,
E. Pedrazzini, N. Borgese, and J. Lippincott-Schwartz. 2003.
Formation of stacked ER cisternae by low affinity protein inter-
actions. J. Cell Biol. 163:257-269. http://dx.doi.org/10.1083/jcb
.200306020

Soubias, O., S.L. Niu, D.C. Mitchell, and K. Gawrisch. 2008.
Lipid-rhodopsin hydrophobic mismatch alters rhodopsin heli-
cal content. J. Am. Chem. Soc. 130:12465-12471. http://dx.doi
.org/10.1021/ja803599x

Strandberg, E., S. Ozdirekcan, D.T.S. Rijkers, P.C.A. van der
Wel, R.E. Koeppe II, R.MJ. Liskamp, and J.A. Killian. 2004.
Tilt angles of transmembrane model peptides in oriented and
non-oriented lipid bilayers as determined by 2H solid-state
NMR. Biophys. J. 86:3709-3721. http://dx.doi.org/10.1529/
biophysj.103.035402

Sukhareyv, S., M. Betanzos, C.S. Chiang, and H.R. Guy. 2001. The
gating mechanism of the large mechanosensitive channel MscL.
Nature. 409:720-724. http://dx.doi.org/10.1038/35055559

Tang, Y., G. Cao, X. Chen, ]J. Yoo, A. Yethiraj, and Q. Cui. 2006. A
finite element framework for studying the mechanical response
of macromolecules: application to the gating of the mechano-
sensitive channel MscL. Biophys. J. 91:1248-1263. http://dx.doi
.org/10.1529 /biophysj.106.085985

Tierney, K.J., D.E. Block, and M.L. Longo. 2005. Elasticity and
phase behavior of DPPC membrane modulated by cholesterol,
ergosterol, and ethanol. Biophys. J. 89:2481-2493. http://dx.doi
.org/10.1529/biophysj.104.057943

Tiwari-Woodruff, S.K., C.T. Schulteis, A.F. Mock, and D.M. Papazian.
1997. Electrostatic interactions between transmembrane seg-
ments mediate folding of Shaker K+ channel subunits. Biophys.
J- 72:1489-1500. http://dx.doi.org/10.1016/S0006-3495(97)
78797-6

Ulmschneider, M.B., ]J.P. Ulmschneider, M.S.P. Sansom, and A.
Di Nola. 2007. A generalized born implicit-membrane repre-
sentation compared to experimental insertion free energies.
Biophys. J. 92:2338-2349. http://dx.doi.org/10.1529/biophysj
.106.081810

van der Wel, P.C.A., E. Strandberg, J.A. Killian, and R.E. Koeppe II.
2002. Geometry and intrinsic tilt of a tryptophan-anchored
transmembrane alpha-helix determined by (2)H NMR. Biophys. J.
83:1479-1488. http://dx.doi.org/10.1016,/S0006-3495 (02) 73918-0

Vieira-Pires, R.S., and J.H. Morais-Cabral. 2010. 3(10) helices in
channels and other membrane proteins. J. Gen. Physiol. 136:585—
592. http://dx.doi.org/10.1085/jgp.201010508

Vrljic, M., P. Strop, J.A. Ernst, R.B. Sutton, S. Chu, and A. T. Brunger.
2010. Molecular mechanism of the synaptotagmin-SNARE in-
teraction in Ca2+triggered vesicle fusion. Nat. Struct. Mol. Biol.
17:325-331. http://dx.doi.org/10.1038 /nsmb.1764

Wagoner, J.A., and N.A. Baker. 2006. Assessing implicit models
for nonpolar mean solvation forces: the importance of disper-
sion and volume terms. Proc. Natl. Acad. Sci. USA. 103:8331-8336.
http://dx.doi.org/10.1073/pnas.0600118103

Wang, L., P.S. Bose, and FJ. Sigworth. 2006. Using cryo-EM to
measure the dipole potential of a lipid membrane. Proc. Natl.
Acad. Sci. USA. 103:18528-18533. http://dx.doi.org/10.1073/
pnas.0608714103

Wee, C.L., A. Chetwynd, and M.S. Sansom. 2011. Membrane inser-
tion of a voltage sensor helix. Biophys. J. 100:410-419. http://
dx.doi.org/10.1016/j.bpj.2010.12.3682

Callenberg et al. 67

/T0Z ‘sz AInc uo Bio ssaidni-dbl woly papeojumoq


http://dx.doi.org/10.1021/j100058a043
http://dx.doi.org/10.1021/jp952986i
http://dx.doi.org/10.1083/jcb.200306020
http://dx.doi.org/10.1083/jcb.200306020
http://dx.doi.org/10.1021/ja803599x
http://dx.doi.org/10.1021/ja803599x
http://dx.doi.org/10.1529/biophysj.103.035402
http://dx.doi.org/10.1529/biophysj.103.035402
http://dx.doi.org/10.1038/35055559
http://dx.doi.org/10.1529/biophysj.106.085985
http://dx.doi.org/10.1529/biophysj.106.085985
http://dx.doi.org/10.1529/biophysj.104.057943
http://dx.doi.org/10.1529/biophysj.104.057943
http://dx.doi.org/10.1016/S0006-3495(97)78797-6
http://dx.doi.org/10.1016/S0006-3495(97)78797-6
http://dx.doi.org/10.1529/biophysj.106.081810
http://dx.doi.org/10.1529/biophysj.106.081810
http://dx.doi.org/10.1016/S0006-3495(02)73918-0
http://dx.doi.org/10.1085/jgp.201010508
http://dx.doi.org/10.1038/nsmb.1764
http://dx.doi.org/10.1073/pnas.0600118103
http://dx.doi.org/10.1073/pnas.0608714103
http://dx.doi.org/10.1073/pnas.0608714103
http://dx.doi.org/10.1016/j.bpj.2010.12.3682
http://dx.doi.org/10.1016/j.bpj.2010.12.3682
http://dx.doi.org/10.1016/S0006-3495(98)77904-4
http://dx.doi.org/10.1038/312121a0
http://dx.doi.org/10.1038/312121a0
http://dx.doi.org/10.1021/bi0481242
http://dx.doi.org/10.1126/science.2441470
http://dx.doi.org/10.1038/221844a0
http://dx.doi.org/10.1016/j.neuron.2007.09.023
http://dx.doi.org/10.1038/nsb827
http://dx.doi.org/10.1093/comjnl/7.2.155
http://dx.doi.org/10.1021/bi047338g
http://dx.doi.org/10.1021/bi047338g
http://dx.doi.org/10.1038/nature04700
http://dx.doi.org/10.1038/284066a0
http://dx.doi.org/10.1038/284066a0
http://dx.doi.org/10.1016/j.cell.2005.08.041
http://dx.doi.org/10.1016/j.cell.2005.08.041
http://dx.doi.org/10.1006/jmbi.1993.1626
http://dx.doi.org/10.1006/jmbi.1993.1626
http://dx.doi.org/10.1126/science.1122352
http://dx.doi.org/10.1038/nature05416
http://dx.doi.org/10.1016/S0896-6273(00)80142-7
http://dx.doi.org/10.1016/S0896-6273(00)80142-7
http://dx.doi.org/10.1016/j.tibs.2006.02.002
http://dx.doi.org/10.1016/0022-2836(73)90011-9
http://jgp.rupress.org/

Weiss, T.M., P.C.A. van der Wel, J.A. Killian, R.E. Koeppe II, and
H.W. Huang. 2003. Hydrophobic mismatch between helices and
lipid bilayers. Biophys. J. 84:379-385. http://dx.doi.org/10.1016/
S0006-3495(03) 748589

White, S.H. 1978. Formation of “solvent-free” black lipid bilayer mem-
branes from glyceryl monooleate dispersed in squalene. Biophys. J.
23:337-347. http://dx.doi.org/10.1016,/S0006-3495 (78) 85453-8

Wiggins, P., and R. Phillips. 2004. Analytic models for mechanotrans-
duction: gating a mechanosensitive channel. Proc. Nail. Acad. Sci.
USA. 101:4071-4076. http://dx.doi.org/10.1073/pnas.0307804101

Wollert, T., C. Wunder, J. Lippincott-Schwartz, and J.H. Hurley.
2009. Membrane scission by the ESCRT-III complex. Nature.
458:172-177. http://dx.doi.org/10.1038 /nature07836

68 Membrane bending and voltage sensor stability

Yau, WM., W.C. Wimley, K. Gawrisch, and S.H. White. 1998. The
preference of tryptophan for membrane interfaces. Biochemistry.
37:14713-14718. http://dx.doi.org/10.1021/bi980809¢

Zhang, L., Y. Sato, T. Hessa, G. von Heijne, J.K. Lee, 1. Kodama,
M. Sakaguchi, and N. Uozumi. 2007. Contribution of hydropho-
bic and electrostatic interactions to the membrane integration
of the Shaker K+ channel voltage sensor domain. Proc. Natl.
Acad. Sci. USA. 104:8263-8268. http://dx.doi.org/10.1073/pnas
0611007104

Zhou, Y.C., B.Z. Lu, and A.A. Gorfe. 2010. Continuum electro-
mechanical modeling of protein-membrane interactions. Phys.
Rev. I Stat. Nonlin. Soft Matter Phys. 82:041923. http://dx.doi
.org/10.1103/PhysRevE.82.041923

/T0Z ‘sz AInc uo Bio ssaidni-dbl woly papeojumoq


http://dx.doi.org/10.1021/bi980809c
http://dx.doi.org/10.1073/pnas.0611007104
http://dx.doi.org/10.1073/pnas.0611007104
http://dx.doi.org/10.1103/PhysRevE.82.041923
http://dx.doi.org/10.1103/PhysRevE.82.041923
http://dx.doi.org/10.1016/S0006-3495(03)74858-9
http://dx.doi.org/10.1016/S0006-3495(03)74858-9
http://dx.doi.org/10.1016/S0006-3495(78)85453-8
http://dx.doi.org/10.1073/pnas.0307804101
http://dx.doi.org/10.1038/nature07836
http://jgp.rupress.org/

