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ABSTRACT Understanding the solvation of amino acids in biomembranes is an important step to better explain membrane
protein folding. Several experimental studies have shown that polar residues are both common and important in transmembrane
segments, which means they have to be solvated in the hydrophobic membrane, at least until helices have aggregated to form
integral proteins. In this work, we have used computer simulations to unravel these interactions on the atomic level, and classify
intramembrane solvation properties of amino acids. Simulations have been performed for systematic mutations in poly-Leu
helices, including not only each amino acid type, but also every z-position in a model helix. Interestingly, many polar or charged
residues do not desolvate completely, but rather retain hydration by snorkeling or pulling in water/headgroups—even to the extent
where many of them exist in a microscopic polar environment, with hydration levels corresponding well to experimental hy-
drophobicity scales. This suggests that even for polar/charged residues a large part of solvation cost is due to entropy, not enthalpy
loss. Both hydration level andhydrogen bonding exhibit clear position-dependence. Basic side chains causemuch lessmembrane
distortion than acidic, since they are able to form hydrogen bonds with carbonyl groups instead of water or headgroups. This
preference is supported by sequence statistics, where basic residues have increased relative occurrence at carbonyl
z-coordinates. Snorkeling effects andN-/C-terminal orientation bias are directly observed, which significantly reduces the effective
thickness of the hydrophobic core. Aromatic side chains intercalate efficiently with lipid chains (improving Trp/Tyr anchoring to the
interface) and Ser/Thr residues are stabilized by hydroxyl groups sharing hydrogen bonds to backbone oxygens.

INTRODUCTION

Membrane proteins play key roles in a wide range of pro-

cesses in the cell, including signal transduction andmolecular

transport across the plasma membrane. It has been estimated

that a-helical membrane proteins account for ;25% of all

proteins in a typical genome (1), and possibly as much as 50%

of drug targets (2). The fundamental structural unit of this

class of proteins is one or more transmembrane helices with a

high fraction of hydrophobic residues. According to the two-

stage model of Popot and Engelman (3), helices are first

inserted independently in the bilayer environment where they

are at least transiently stable as isolated structures (4), and in a

second stage, they aggregate to form tightly packed integral

proteins. Due to the inherent experimental difficulties in

purifying and crystalizing membrane proteins, there are cur-

rently only;110 unique structures that have been determined

(5), which seriously limits our knowledge about membrane

protein folding compared to globular proteins. While some

small single-helix membrane proteins can insert spontane-

ously into membranes (6), multihelix structures normally

have to be inserted into translocon protein channels after

being synthesized in the ribosomes, and then transported out

into the bilayer as first suggested by Blobel and Dobberstein

(7). In both cases, the transmembrane helices must be

hydrophobic enough to insert stably into the membrane, but

polar and even charged groups do occur in transmembrane

segments and are crucially important for both membrane

protein function and folding, since the chemical interactions

of aliphatic side chains are quite limited (8). Statistics on

membrane protein-sequence data additionally shows that

these residues tend to be less mutable than others, which

confirms their functional importance (9,10). Common exam-

ples include, e.g., proton transport and binding in bacterio-

rhodopsin (11,12) and heme group binding in cytochrome c

oxidase (13). It is also known that the specific lipid com-

position in different cellular membranes affects selection,

structure, and function of membrane proteins, although the

molecular basis for this is not yet fully understood (14).

The insertion and aggregation of transmembrane helices

has received considerable attention in experiments as well as

theoretical studies. Recent computer simulations of helices

inside the SecYEb translocon protein illustrate how the pore

ring blocks ions completely, yet seems to allow passage of

pulled helices (15). Interactions between lipids and proteins

have been studied, e.g., in contexts of partitioning at hydro-

phobic interfaces (16–18), structure and binding sites around

membrane proteins in different solvents (19,20), and simu-

lations of the KvAP potassium channel (21) and isolated S4

helix (22) that have provided valuable insight in the interplay

between proteins, membrane, and water. Common packing

motifs for protein aggregation such as GxxxG have been

identified (23), and a number of works have highlighted the

significance of polar residues to drive association of helices

in the membrane (24–27). Statistical data from existing crystal

structures of membrane proteins reveals that side chains of

polar residues located in lipid bilayers tend to be directed
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away from the membrane core and extend toward the head-

group region (28–30), a result which has also been observed

in experiments (31,32) and simulation studies (33). Com-

puter simulations have further suggested that charged amino

acids form hydrogen bonds with the lipid headgroups and

bind water molecules (22, 34), and that the hydrogen-bonding

abilities of polar residues can be pivotal for membrane helix

di- and trimerization (35).

Solvation properties of different amino-acid sequences in

bilayers is a particularly interesting topic since it is intimately

related both to discrimination of membrane versus globular

proteins as well as targeting to different membranes in the

cell (14). As first observed by Wimley and White (36), the

free energy of solvation in bilayers/interfacial systems can be

quite a bit lower compared to purely hydrophobic environ-

ments. More recently, Hessa et al. have demonstrated prac-

tically that it is quite possible to incorporate significantly

hydrophilic amino-acid sequences in transmembrane helices

as long as they are counterbalanced by a sufficiently large

number of nonpolar residues (37), and further used this to

derive an effective in vivo hydrophobicity scale (38) that in

turn differs only slightly from the classical Wimley-White

water/octanol hydrophobicity scale (36). This supports the

idea that insertion is determined by direct lipid-protein inter-

actions (39), although our molecular understanding of the

process and interactions is still incomplete.

Here, we present results from molecular dynamics com-

puter simulations that enable quantitative studies of atomic

scale interactions in membrane-solvated transmembrane

helices. Rather than using isolated amino-acid side-chain

analogs, we have elected to systematically study structural

effects of amino-acid substitutions using model helix se-

quences similar to those of Hessa et al. (37), since we believe

this is important to correctly capture and classify effects such

as snorkeling, helix distortion, and backbone interactions.

The simulations are primarily analyzed to explain stability of

transiently solvated helices, variance with residue hydropho-

bicity/geometry, backbone direction, and different depths in

the bilayer, but also evaluated in context of how the highly

adaptive membrane environment differs from simple nonpo-

lar solvents due to polar headgroups and ordered chains, to the

extent that this explains the differences between hydropho-

bicity scales and how it relates to currentmodels ofmembrane

helix aggregation.

METHODS

System preparation

Since this work was partly inspired by the in vivo hydrophobicity scale (37),

we chose to use a similar reference system: a single 27-residue transmem-

brane segment with the sequence GGPG-(A19)-GPGG. The GGPG motifs

anchor efficiently to the membrane headgroup region, while the central poly-

Ala region forms an a-helix. For each of the remaining 19 amino acids, nine

different test segments were designed by symmetrically substituting Ala for

pairs of amino acids in positions 1–9 from the center of the helix. Since many

of these helices would not insert stably in membranes due to insufficient

hydrophobicity, all pair mutations except Ile, Leu, and Val were counter-

balanced with between 1 and 11 surrounding Leu residues. In practice, this is

likely of little effect on nanosecond scales, but there are no real drawbacks and

it makes our sequences identical to those of the experimental studies (37).

Mutations are labeled with the introduced side chain and offset from the

membrane center. For example, the actual sequence of the ‘‘Y7’’ mutation is

GGPG-(A2YA5L3A5YA2)-GPGG, ‘‘K5’’mutation isGGPG-(A3LKL9KLA3)-

GPGG, and ‘‘M3’’ is GGPG-(A6MA2LA2MA6)-GPGG.

A rectangular DMPC lipid membrane system was constructed from

earlier DPPC simulations (40) by removing two terminal carbons from each

lipid chain followed by 25 ns of equilibration, since DMPC lipids are known

to adapt liquid-disordered phase at ;300 K. Model helices were introduced

vertically in this membrane and bad van der Waals contact resolved by

removing overlapping lipids and water. The positions of all helix atoms were

frozen and position restraints of 1000 kJ/mol applied to the z-coordinates

(membrane normal direction) of water molecules to allow lipids to pack

around the proteinwith 10,000 steps of steepest-descent energyminimization,

followed by 30 ns of equilibration simulation where the constraints were

gradually relaxed, first in themembrane and later also for the helix. In addition

to the membrane protein, the finished configurations consisted of 112 DMPC

lipids (always 56 per monolayer) fully hydrated with roughly 3600 waters,

reaching a bit over 16,000 atoms in total. For charged mutations, two Na1 or

Cl� counterions were added to neutralize the overall system charge.

Simulation setup

DMPC interactions were described with the Berger force-field parameters

(41), using Ryckaert-Bellemans torsions (42) for the hydrocarbon chains and

nonbonded interactions parameterized to reproduce experimental area and

volume per lipid accurately. This force field has been show to replicate both

equilibrium and dynamical experimental properties well (43,44). Transmem-

brane helices were modeled with the similarly derived GROMOS96 45a3

protein parameters (45), and standard combination rules applied to non-

bonded interactions between lipids and helices (e geometric, s arithmetic).

Water molecules were represented with the simple point charge model (46).

Simulations were performed with the GROMACS package (47), using

2-fs timesteps. Bond lengths were constrained with the LINCS algorithms

(48) while SETTLE (49) was used for water molecules. Twin-range cutoffs

of 1.4 nm for van der Waals and 1.8 nm for electrostatic interactions were

used together with 1.0-nm neighbor lists updated every 10 steps. The choice

of long cutoffs instead of PME (50) was technical and actually more

expensive; a related project concerns free energy calculations between these

states, and it is not yet possible to separate group contributions in lattice

summations. While the effects are fairly small on local structure, it can have

an effect on collective properties such as area per lipid, somewhat depending

on the charge groups used. Wohlert et al. (51) has discussed this in more

detail, where the charge groups in this work are described as Set I. We have

also performed PME simulations for Arg and Lys side chains in various

positions, with little or no difference on the side-chain solvation structure.

All simulations were performed at constant temperature and pressure. The

temperature of the system was coupled to 303 K using the Berendsen

algorithm with a time constant of tT ¼ 0.2 ps (52). All dimensions of the

simulation box were coupled independently (anisotropic scaling) to

reference pressures of 1 bar with Berendsen weak coupling, a tP ¼ 1.0 ps

time constant, dispersion corrections to pressure, and a system compress-

ibility of 4.5 3 10�5 bar�1 (52).

RESULTS

Simulations and conformational stability

The reference helix sequence, as well as 171 mutation test

systems, were all simulated for at least 20 ns each. Including
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equilibration, the aggregated simulation time reached�4ms.
To rule out equilibration artifacts, water molecules that had

entered the membrane were moved back to the bulk region,

first after 4 ns, and then once more after 8 ns. Production data

was collected from 14 ns. Further, all systems with charged

substitutions (K,R,D,E) were extended to 32 ns of simulation

time to ensure equilibration of retained hydration water and

structural reorientation of the lipid headgroups and/or helix.

Both the protein a-helix structure and surrounding mem-

brane remained close to ideal conformation throughout

nearly all simulations. The only exceptions were mutations

that introduced new acidic residues buried in the hydropho-

bic core, which frequently resulted in systematic bending or

distortion of the helix, sometimes coupled with 1–2 lipid

headgroups turning inwards to screen the charged groups on

the side chain. In addition, many mutations involving large

and/or polar groups affect the membrane acyl-chain ordering

around the helix, which is quite expected. Lipid reorientation

is slow, but since they do relax on 10-ns scales (43), the

simulations are likely to have reached equilibrated states.

Table 1 summarizes the average amount of helical content

for all mutations and positions, and it is further resolved as

a function of time with DSSP (53) plots for a selection of

residues in Fig. 1. As anticipated, small hydrophobic muta-

tions do not affect the helix stability appreciably, but more

interestingly, the same also largely holds for all polar residues

and bulky aromatic side chains such as Phe, Tyr, and even

Trp, and mutations to proline only introduce a very slight

bending of the helix. Even amino acids with basic charge such

as Arg and Lys normally only result in minor distortion, with

17–18 out of 19 residues remaining clearly within the helical

region of Ramachandran plots. The remaining observed

perturbation is mainly due to the structural reconfiguration of

lipids and water around the charged groups, which slightly

affects the helix termini. It is astonishing how stable the Arg

and Lys structures are over time, even in position 1 with

adjacent mutations in the hydrophobic membrane core.

The outcome of introducing the acidic residues Asp and

Glu is, however, markedly different: these two side chains

bend the helix backbone significantly, and in some cases

stretch it to an extent where the helix secondary structure par-

tially unwind to expose peptide bonds to the lipid environ-

ment, leaving only 10–13 residues in intact form. The table

indicates that for these residues the helix is occasionally more

intact when the mutations are introduced in the bilayer core,

but this is purely a secondary effect from the major membrane

deformation that enables water and/or lipid headgroups to

permeate the hydrophobic core to screen the two proximate

charges instead of stretching the helix to opposite sides.

An interesting question in this context is to what degree

the membrane adapts its thickness around these polar or

charged residues, in particular when their (semi-)terminal

introduction results in shorter fully hydrophobic segments.

We can define a local thickness from the distance between

carbon atoms connecting the acyl chains in lipids on opposite

sides of the membrane, and average this over the n lipids

TABLE 1 Helical structure content and membrane thickness as a function of each amino-acid mutation introduced symmetrically

in positions position 1–9 from the helix center

No. of helical residues Thickness

AA 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 Avg

A 18.8 18.8 18.8 18.8 18.8 18.8 18.8 18.8 18.8 2.72 2.95 2.82 2.60 2.77 3.02 2.78 2.88 3.00 2.84

C 18.8 18.6 17.9 18.9 18.8 18.8 18.6 18.6 18.6 2.70 3.21 3.67 3.59 3.36 3.66 3.47 3.34 3.53 3.39

D 15.5 13.4 13.2 18.4 11.0 14.0 18.0 13.5 15.3 3.31 3.56 3.47 2.98 2.91 3.45 2.04 2.79 3.24 3.08

E 18.9 10.5 13.0 18.9 16.8 16.3 18.7 17.7 14.0 3.30 3.45 3.32 3.28 3.36 3.20 3.40 3.56 3.36 3.36

F 18.9 18.8 18.9 18.3 19.0 18.6 18.9 19.0 19.0 2.80 3.37 3.49 3.49 3.17 3.42 3.67 3.35 3.62 3.37

G 18.3 18.9 18.8 18.9 18.9 18.9 18.5 19.0 18.0 2.94 3.52 2.93 2.44 2.96 3.02 2.35 2.10 3.03 2.81

H 18.9 18.5 18.9 18.7 18.9 18.9 18.8 18.8 18.8 3.62 3.49 3.40 3.40 3.54 3.66 3.20 3.64 3.45 3.49

I 18.8 18.8 18.9 18.9 18.8 17.9 18.1 18.1 18.5 3.51 3.48 3.64 3.62 3.53 3.07 3.15 2.42 3.07 3.27

K 17.7 11.2 17.1 18.0 16.2 18.2 18.9 17.7 17.1 2.88 3.27 3.41 3.39 3.37 3.49 3.11 3.29 3.70 3.33

L 18.5 18.9 18.6 18.9 18.7 19.0 18.5 18.8 18.9 3.60 3.57 3.91 3.40 3.75 3.49 2.68 2.82 3.28 3.39

M 18.6 18.9 18.9 18.9 19.0 18.6 18.5 17.8 18.9 3.71 3.25 3.19 3.10 3.61 3.86 3.45 3.60 3.50 3.47

N 18.6 17.9 18.9 17.9 18.6 18.8 19.0 18.1 18.3 3.48 3.76 3.09 2.89 3.26 3.62 3.40 3.25 3.70 3.38

P 18.9 17.5 18.9 18.4 16.4 17.2 18.7 17.6 19.0 3.34 3.36 3.69 3.46 3.74 3.52 3.67 3.00 3.31 3.45

Q 18.5 18.9 18.9 18.8 18.7 18.6 18.5 18.8 18.0 2.41 3.60 3.63 3.58 4.01 3.36 3.58 3.46 3.25 3.24

R 18.4 18.9 18.2 18.3 18.7 18.8 19.0 18.7 19.0 3.28 3.11 3.36 3.16 2.87 3.20 3.39 3.35 3.11 3.20

S 18.6 17.4 18.2 18.6 18.6 18.2 18.9 18.6 17.6 3.01 2.85 3.32 3.65 3.45 3.73 3.48 3.51 3.66 3.41

T 18.9 18.5 19.0 18.0 18.9 18.6 18.4 19.0 19.0 3.41 2.74 3.50 2.65 3.64 2.93 3.09 3.72 3.28 3.07

V 18.6 18.5 18.8 18.1 18.6 18.7 18.8 18.9 18.8 3.30 3.49 3.41 3.38 3.49 3.83 3.74 3.49 3.33 3.48

W 18.9 18.7 18.1 18.7 18.6 18.8 18.9 18.7 19.0 3.28 3.52 3.33 3.34 2.39 3.38 3.29 3.43 3.65 3.12

Y 18.9 18.0 18.8 18.9 18.0 19.0 17.7 17.9 18.8 3.31 3.56 3.01 3.51 3.37 3.75 3.38 3.76 3.17 3.42

The left part of the table (No. of helical residues) lists the average number of helical residues for each helix according to DSSP criteria, after the initial 14 ns

of equilibration. The maximum possible number of helical residues in each sequence is 19. The right part (Thickness) indicates the local distortion/thickness

of the membrane, measured as the average distance between the four lipid molecules closest to the helix on each side.
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closest to the protein in each layer. The thickness results in

Table 1 were calculated from n ¼ 4, but virtually identical

outcome is obtained in the range n ¼ 5–8. Notably, the lack

of trend or large variations indicates that while individual

lipid headgroups close to a charged or polar side chain

sometimes do penetrate the bilayer to solvate it, there is little

or no systematic difference of local membrane thickness due

to these mutations. This is not entirely unexpected due to

the other side of the helix remaining clearly hydrophobic. The

DMPC lipids in the present system were chosen to match the

length of the helices; if lipids with shorter chains had been

used, it is likely that the helix would naturally have adopted a

tilted orientation, and if surrounded by lipids with longer

chains it could be much harder for charged side chains to

snorkel efficiently. It is an interesting question for future

research whether this would result in more water entering

the hydrophobic core, or a distortion/stretching of the helix

secondary structure.

Fig. 2 displays simulation snapshots at 20 ns to highlight

some of these effects: the length of the side chain as well as

the basic hydrogen-bond donor group is pivotal for Lys, and

to a somewhat lesser extent for Arg. It enables these residues

to reach out and escape the hydrophobic core (so-called

‘‘snorkeling’’) and form hydrogen-bonds with the deeply

buried carbonyl oxygens even when located close to the

center of the helix; note the virtually complete lack of lipid

chain deformation. For the mutations where two strongly

snorkeling groups such as Lys appear on opposite sides of

the helix, the resulting torque can even tilt the entire helix

10–15�. In contrast, the acidic residues are both shorter and

require hydrogen-bond donor partners rather than acceptors,

i.e., water or choline groups. This explains the major stretch-

ing and deformation, which enables water or even lipid

headgroups to enter the membrane to solvate the negative

charges. Finally, the bulky aromatic rings appear to adapt to

the lipid chain environment by ordering their plane along the

membrane normal.

Solvation structure, hydration, and
hydrogen-bonding

The free energy cost of introducing polar groups into the

hydrophobic bilayer is a combination of enthalpy loss from

desolvation, and opposing entropic terms due to the pertur-

bation of the hydrophobic core when introducing hydrophilic

atoms. One important observation is that all charged, but also

many polar, groups appear to attract nonnegligible amounts

of water to partially preserve their hydration in the membrane,

FIGURE 2 Snapshots of simulated

model systems with symmetric amino-

acid substitutions in offset 5 from the

helix center. From left to right: (i) Lysine
residues exhibit significant snorkeling

due to their length and flexibility, and

form hydrogen bonds with carbonyl

groups and water. (ii) Aspartic acid

residues on the same side of the helix

introduce major bending and results in

notable distortion including headgroups/

water inside the bilayer. (iii) Tyrosine (as
other aromatic) side chains orient along

the membrane-normal to intercalate effi-

ciently with the lipid hydrocarbon chains.

FIGURE 1 Secondary structure of representative transmembrane helices as a function of simulation time, after equilibration. The mutation test residue is

indicated to the left of each group together with helix sequence indices. The three graphs in a group correspond to symmetric substitutions into positions 1 (top),

3, and 5 (bottom) from the center of the helix. Of these, only aspartic acid substitutions result in any serious distortion, while the lysine-containing helices are

remarkably stable even with two adjacent charged side chains in the hydrophobic core. Proline-mutated helices are slightly bent, but still within the a-helix

region in the Ramachandran space.
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and hence more or less exist in a local solvated state with

significant remaining enthalpy contributions rather than the

classical view of a hydrophobic environment. Several cycles

of water removal in the membrane were performed in the

simulations to ensure these phenomena were not artifacts,

but the same equilibrium amount of water around the amino

acids reestablishes itself within a couple of nanoseconds,

suggesting that intramembrane solvation water is indeed nat-

urally occurring. There is a wide range of correlation times;

water loosely associated with polar groups is exchanged with

the bulk liquid on scales of 0.1–1 ns, while molecules form-

ing hydrogen bonds directly to the side chains have residence

times of 5–15 ns. The actual exchange rate can be even slower,

since, after initial association, some of the latter waters are

not exchanged at all with the bulk phase for the duration of

the simulations. This was particularly true for buried charged

residues.

The effective solvation environment for different classes

of side chains is illustrated in Fig. 3 with radial distribution

functions for a couple of different residues and positions.

Such distribution functions are usually normalized to the

average system density at long-range (bulk), but due to the

anisotropic and inhomogenous membrane only relative mag-

nitudes at shorter distances are meaningful here. By com-

paring Lys with Asp in the hydrophobic core (position 3,
K3/D3 panels in Fig. 3), it is quite evident how the small

positively charged group on Lys is interacting favorably with

the deep lipid carbonyl groups, and is surrounded by well-

ordered lipids (resolved peaks in the chain radial distribution

functions). The acidic Asp has to rely almost exclusively on

water to satisfy its solvation/hydration, which also distorts

the membrane. Asp/Glu are occasionally interacting with

positively charged choline groups in the lipid head, but

solvating them entirely with penetrating headgroups in the

hydrophobic core would not only be too costly entropically,

but quite possibly rupture the bilayer. Closer to the mem-

brane surface region, the Lys side chains can additionally

form hydrogen bonds with oxygens in the phosphate group

as acceptors, which explains the statistical preference for

basic residues in multispanning membrane proteins to be

exposed to the membrane in the headgroup region (54). In

these positions, it is also easier for Asp/Glu to mix with the

zwitterionic headgroups (not shown). Hydrophobic residues

such as Met tend to interact only with the lipid chains irre-

spective of the position for the mutation (i.e., also when

introduced at the interface), but has very limited effect on the

membrane.

The amount of hydration water retained around each

residue was quantified by calculating the number of water

molecules within a sphere of radius 0.5 nm centered on the

mass center of each side chain and averaging over the tra-

jectory, detailed in Table 2 along with the number of hy-

drogen bonds the side chains form with both water and

lipids. The hydrogen-bond criteria used was an acceptor-

donor distance of,0.35 nm, and bond angle below 30�. For
most polar residues, it is sufficient with one or two waters to

satisfy their hydrogen-bonding ability, with slowly increas-

ing hydration levels as the mutation approaches the bilayer

surface. In the innermost 1–2 positions (hydrophobic core),

they lose both hydration water and lipid hydrogen bonds

completely—which indicates the entropic cost of water pen-

etration there is outweighing the desolvation enthalpy loss.

There are, however, examples (predominantly charged side

chains) where deeply buried residues pull in large amounts of

water rather than being solvated by polar groups on lipids,

usually accompanied with deformation of both lipids and

helix. It is worth noting that the Berger force field employed

does not use any partial charges for the acyl chains. The

FIGURE 3 Radial distribution of membrane and

solvent groups around representative amino-acid side

chains in different positions. The different groups

shown are lipid heads (solid), carbonyls (dashed), the

hydrocarbon chains (dot-dashed), and water (dot-

dot-dashed). Densities are relative since there is no

real bulk phase. Lysine in offset 3 from the helix

center (top left) snorkel out to hydrogen-bond to the

carbonyls, and to a lesser extent water. The same side

chain in position 7 (top right) is equally surrounded

by the large headgroups and carbonyls, and less

dependent on water for a polar environment. Aspartic

acid (lower left) cannot hydrogen-bond to carbonyls,

and needs water/headgroups to interact with. Methi-

onine is comfortable in the hydrophobic environment

and does not distort the membrane.
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effect of them would be quite limited, since dipole-dipole

interactions are weak, but if anything the present setup might

slightly underestimate the amount of polar atoms in the hy-

drophobic core. Again, retained solvent was found to be

particularly common for acidic residues, since their interac-

tions with the positive lipid choline groups are quite weak

due to the spread-out charge of the latter; the strength of

choline interactions are similar to those of Ca hydrogen

interactions in proteins.

It is quite instructive to compare the hydration level of the

individual polar/charged residues with the amount of water

actually entering the different regions of the membrane. We

have accomplished this by calculating the z-dependent density
curves for water, but to resolve the small variations from

generic membrane undulation effects (40), the density calcu-

lation was restricted to a cylinder of radius 1.0-nm centered on

the helix center of mass. Fig. 4 illustrates the densities for all

mutations in positions 1, 3, and 5, and the small inset plots

additionally indicate the integrated total amount of water

penetrating into central 2.5 nm of the membrane for the re-

maining positions 2, 4, 6, and 8. The N-terminal side of the

helix is oriented toward negative z-coordinates. In general,

polar side chains are found to pull more water into the mem-

brane the further in they are located, and the density is slightly

higher on the N-terminal side for most residues. Still, the total

amount of water in the actual hydrophobic core is negligible in

nearly all cases. Lysine provides a remarkable example, with

quite high hydration levels around the charged group as seen

in Table 2, but the extremely efficient snorkeling makes it

unnecessary to introduce much of this water in the membrane.

For the two adjacent Glu mutations in position 1, the very high

water content is due to several residues of the helix breaking

up and exposing peptide groups to the environment, but this is

much less pronounced in other positions for this residue. Also

note how small polar side chains such as Ser and Thr do not

retain any hydration at all when located in the hydrophobic

core where the entropic cost would be too large, but gradually

increase their hydration further out; the effect is particularly

apparent for serine.

The N- versus C-terminal bias in side-chain hydration is

clearly visible by separating the amount of hydration water

for the two sides, and instead averaging over positions 1–8,

as presented in Fig. 5. Virtually all amino acids in our simu-

lations retain more water when located N-terminally, which

agrees with snorkeling orientations determined from crystal

structures (28) where most residues favor the N-terminal

side. In fact, judging from the side-chain orientations dis-

cussed in the next section, it is likely the snorkeling bias that

enable N-terminal residues to maintain higher hydration.

From the hydration amounts in Table 2 itmight be tempting

to principally ascribe the cost of introducing polar/charged

side chains in the membrane to desolvation and enthalpy loss,

but that would be seriously misguided. As a counter-example,

Fig. 6 shows the amount of hydrogen-bonds that Arg side

chains are making to waters, headgroups, carbonyls, and even

the rest of the helix backbone for different mutation positions.

While there are large variations in the individual terms, the

total number of hydrogen bonds is constant within a standard

TABLE 2 Hydration levels around residues and number of hydrogen bonds to water/lipids

No. of hydration waters No. of hydrogen bonds to water/DMPC

AA 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

A – – – – – – 4.2 4.5 5.4 �/� �/� �/� �/� �/� �/� 1/� 1/� */1

C – – – – – – 4.9 6.2 10.0 �/� �/� �/� �/� �/� �/� 1/� 1/� 1/1

D – 7.9 7.8 6.7 6.2 17.4 7.3 13.9 21.8 �/� 3/� 3/� 4/� 3/* 7/� 4/1 6/* 8/1

E 11.5 – 4.9 3.0 1.8 4.2 6.6 15.4 13.9 4/� �/� 3/� 4/� 2/� 4/� 5/1 7/� 5/2

F – – – – – 1.4 3.6 4.7 3.2 �/� �/� �/� �/� �/� 1/� 1/� 1/� 1/1

G – – – – – – 3.0 6.1 10.3 �/� �/� �/� �/� �/� �/� 1/� �/� 1/1

H – – – – 3.1 1.7 9.9 11.0 17.1 �/� �/� */� �/* */� 1/1 2/1 3/1 2/1

I – – – – – – 0.3 1.1 5.1 �/� �/� �/� �/� �/� �/� 1/� */� 1/�
K 0.5 0.1 1.5 1.5 5.7 4.0 2.8 13.7 16.1 �/3 */4 1/5 2/4 1/3 1/5 1/6 1/5 1/7

L – – – – – – 0.1 3.7 6.2 �/� �/� �/� �/� �/� �/� �/� 1/� 1/�
M – – – – – – 4.3 7.0 7.3 �/� �/� �/� �/� �/� �/� 1/� 1/� 2/*

N – 1.4 1.4 * 0.2 – 3.0 12.7 5.9 �/� �/� 1/1 �/� �/3 �/1 2/1 3/2 1/3

P – – – – 1.1 – * – 5.1 �/� �/� �/� �/� �/� �/� �/� �/� �/�
Q – – – – 1.3 1.4 – 5.5 15.1 �/� �/� �/� �/� 2/1 3/2 �/2 2/2 3/3

R 3.9 16.9 10.2 8.9 3.7 1.2 16.1 8.5 13.6 5/2 2/7 5/3 2/4 2/3 2/3 4/6 2/7 3/7

S – – – 5.1 – 1.7 0.8 10.3 15.8 1/1 �/� �/� 1/1 �/� */1 */1 2/� 3/2

T – – – 4.2 – 5.4 7.5 10.5 9.6 �/� �/� �/� 1/1 �/� 2/1 2/* 2/1 3/*

V – – – 0.1 * – – 2.6 11.5 �/� �/� �/� �/� */* �/� �/� 1/� 2/�
W – – – 0.2 * 2.2 5.7 2.0 4.7 �/� �/� */1 �/� */1 �/� 2/* 1/� 1/1

Y – – 1.5 – 1.9 2.4 14.6 6.8 5.9 1/1 �/� 1/1 -/1 1/1 1/2 2/2 2/2 1/2

The hydration level was quantified by the number of water molecules within a sphere of radius 0.5 nm from the side-chain mass center, reported as the sum

for both mutated residues. For the hydrogen bonds, interactions with both carbonyl, phosphate, and choline groups are included, and the value rounded up.

Asterisks denote nonzero values ,0.1. The amount of water and the total number of hydrogen bonds are highly correlated and partly illustrate the same

phenomenon, that charged or polar side chains strive hard to maintain their polar interactions and solvation enthalpy even inside the membrane.
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deviation over all positions, with an average four out of the five

Arg side-chain donor hydrogens being paired. This normally

also holds for polar residues such as Ser/Thr/Asn/Gln, since

these side chains can share hydrogen bonds to preceding

residues in the helix when located in the hydrophobic core.

Thus, our results indicate that the solvation enthalpy might be

reduced but certainly not lost, and entropic effects are very

likely important, if not dominant, for introducing many

hydrophilic amino acids in membrane helices.

Classification of side-chain properties

As previously indicated, there are obvious systematic varia-

tions both in residue orientation and flexibility with the

position, which we have quantified and summarized in Table

3. The orientation of each side chain was defined by the

vector from the Cb atom to the outermost heavy atom, which

for obvious reasons eliminates alanine and glycine from the

statistics. The average orientation and standard deviation of

these vectors with respect to the membrane plane was cal-

culated separately for the N- and C-terminal mutations.

Fluctuations are clearly smaller for polar and charged resi-

dues, meaning they are not only oriented but also less mobile

than their hydrophobic relatives in the interior of the bilayer.

The charged residues snorkel to their respective side of the

bilayer, with Lys showing extreme average angles up to 50�
from the membrane plane. The large distortion and bending

of the helix for the acidic residues Asp and Glu means their

FIGURE 4 Water density within a cylinder of a radius of 1.0 nm around the helix for different amino acids (single-letter code). Large plots display local

density as a function of z-coordinate for substitutions in positions 1 (solid), 3 (dashed), and 5 (dot-dashed) from the helix center. Insets show the integrated

average number of water molecules in the centermost 2.5 nm for the remaining systems, with substitution position on the horizontal and number of waters on

the vertical axis. A regression is included to illustrate trends (dotted). Note how aspartic and glutamic acid retain large amounts of solvent, while arginine and

most polar groups can hydrogen-bond to the deeper carbonyls. Lysine, in contrast, is extremely efficient at snorkeling and pulls in water only in position 1.
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absolute orientation appears more random in the hydropho-

bic core, partly due to the unwinding of the backbone. Both

Ser and Thr snorkel toward the N-terminal regardless of

where the mutation is introduced, since this makes it possible

to share hydrogen bonds with the residue four positions

earlier in the helix. Hydrophobic residues like Leu and Met

point back into the hydrophobic region when located at the

surface (antisnorkeling), and in the hydrophobic core, their

side chains have no prominent orientation preferences. Note

how the N-/C-terminal bias is reproduced here too for, e.g.,

Lys and Arg; the snorkeling angles are somewhat larger on

the N-terminal side, which brings them closer to the interface

region as shown in Fig. 7.

Basic side chains: lysine and arginine

The primary characteristic of all charged amino acids is that

they snorkel appreciably, and pull in water and/or lipid

headgroups to pair their hydrogen bonds. In the limited scale

covered by the simulations, we did not observe any coun-

terions systematically interacting with the side chains, but

their small number makes it hard to draw any statistically

certain conclusions. It is interesting to study the difference

between Arg and Lys, where Lys side-chain mutations result

in an almost intact bilayer structure while the Arg system is

more affected. Due to the extended side chain and a small

concentrated as well as oriented charged group, Lys can fully

bury its polar atoms in the interface region by snorkeling

even when the side chain is positioned in the center of the

membrane. For the centermost positions, the side chain snor-

kels as much as 5.7 Å toward the interface regions, which

corresponds to more than a full turn of the helix. Despite a

maximum snorkeling distance of 5.3 Å for Arg, it snorkels

less efficiently due to its two polar NH2 groups, which are

considerably harder to simultaneously direct away from the

nonpolar membrane and pack efficiently with the lipids than

the single NH3 group in Lys. Normally, four out of five polar

hydrogens in Arg form hydrogen bonds (He being unpaired),

which leads to increased distortion when Arg retains more

water. Due to the positive charge, Arg and Lys form hydrogen

bonds both to carbonyl and phosphate groups of lipids, and

since primarily the carbonyl group is located much further into

the membrane than headgroups or water, binding to them

significantly reduces the distortion of the bilayer and helix.

Acidic side chains: aspartate and glutamate

Comparable effects are observed for the acidic amino acids,

but with considerably larger deformation of the system. The

acidic side chains are too short to reach out to the interface

region from the innermost positions (maximum observed

snorkeling for Asp is 2.9 Å and for Glu, 4.3 Å). Apart from

water, the negatively charged groups can only form hydrogen

bonds with choline donors from the lipid headgroup. These

are positioned much further out compared to the carbonyls,

and the hydrogen bonds are also weaker due to the N(CH3)3
1

group being a less potent donor, with strengths similar to Ca

hydrogen bonds. This tends to favor water hydrogen bonds

(frequently as salt bridges to the headgroups) for acidic resi-

dues, and accordingly larger distortion of the system.

Snorkeling for all charged residues is generally amplified

in the N-terminal direction due to backbone geometry where

the Cb atom is directed toward the N-terminal. This bias is

evident in the water density plots, with a pronounced in-

crease on the N-terminal side. The varying potential of lipid

headgroups and carbonyls as hydrogen-bond donors/acceptors

depending on residue charge is intriguing, since it might

FIGURE 5 Amount of hydration water within a 0.5-nm sphere from the

side-chain mass center, separated for the N- and C-terminal mutations in the

helix. The averaged values for the first eight positions on both sides are

plotted for each amino acid. It is evidently easier to pull in water at the

N-terminal rather than the C-terminal end of the helix, which agrees well

with observed snorkeling abilities for most amino acids in the N-terminal

direction.

FIGURE 6 Hydrogen-bond distribution for arginine side chains. While

the number of hydrogen-bonds to carbonyl groups (diamond), headgroups

(cross), water (asterisk), and the rest of the helix (circle) vary appreciably,

the total hydration level measured in number of hydrogen bonds (solid line)
is essentially constant over the different depths in the membrane.
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provide a mechanism to control the type of proteins targeted

to a particular membrane through its lipid composition, as

recently reviewed by Lee (14).

Hydroxyl groups: serine and threonine

Serine and threonine are interesting exceptions to the rule

that most polar residues snorkel toward the interface. Both

these side chains have polar hydroxyl groups, which in our

simulations orient to share the peptide oxygen four residues

earlier in the helix as a hydrogen-bond acceptor, as illustrated

in Fig. 8. This effectively pairs the side-chain’s hydrogen,

and is considerably more advantageous than paying the

entropic cost of introducing lipids or water in the membrane

core. The prevalent rotamer for all positions but the out-

ermost for these two amino acids in our simulations is

x1 ¼ – 60�, which is in accordance with results obtained by

Chamberlain et al. (28). This means all Ser/Thr side chains

are directed toward the N-terminal (supported by Table 3),

and hence the amount of water and the degree of membrane

distortion should be larger in the N-terminal direction, as

confirmed by the water density plots in Fig. 4. Clusters of

Ca–H���O hydrogen bonds have been found around these

two amino acids and Gly in interfaces between transmem-

brane helices (55), implying their importance for helix

dimerization. We believe it could be biologically significant

that the cost of inserting these residues in the membrane

is low enough for the insertion to occur without retained

hydration water. They are transiently quite stable due to the

backbone interaction, yet polar enough to prefer separate

hydrogen bonds between residues on aggregated helices

when given the opportunity instead of interacting with the

backbone.

Other polar: histidine, glutamine, and asparagine

The remaining polar amino acids tend to snorkel even in the

innermost positions, up to 2.4 Å for Asn and 3.3 Å for Gln,

which are values comparable to those of acidic residues. As

the desolvation enthalpy loss is smaller than the entropic cost

of retaining polar groups, the bilayer remains remarkably

intact, which again is interesting considering the observed

importance of these residues for driving helix aggregation

(25). It is not until position 5 that the balance swings and they

start retaining water, as can be seen in the densities plots,

e.g., for Gln or His. Unlike the aromatic amino acids, His

does not intercalate with the lipids but all three residues

occasionally form hydrogen bonds to the helix backbone,

just as Ser/Thr.

Hydrophobic or small side chains: Cys, Leu, Ile, Met, Val,
Ala, and Gly

Structurally, these residues are mostly featureless in the sense

that the system remains unaffected by the modified amino

acids. The distribution of angles varies greatly with both

position and time, since the side chains are comfortable in the

lipid membrane and hence very flexible. There are some

examples of antisnorkeling behavior (primarily Leu, Met)

for the distal positions where the nonpolar side chains are

oriented toward the hydrophobic part of the membrane.

Still, they have another important function as unperturbed

TABLE 3 Side-chain orientation and fluctuations relative to membrane plane

Orientation N-terminal/C-terminal (mean 6 SD) for each position

AA 1 2 3 4 5 6 7 8 9

C 21/34(4) 23/26(6) 21/25(7) 7/24(7) 0/30(7) �6/24(5) �4/28(6) 0/11(6) 6/�1(4)

D 10/31(3) 30/30(4) 55/�6(7) 20/�12(8) 20/�41(9) 9/�33(9) 25/�35(9) 23/�39(9) 24/�44(10)

E 38/41(5) 55/49(7) 72/34(6) 58/27(5) 59/�9(6) 56/�23(6) 68/�42(5) 49/�35(6) 36/�27(8)

F 10/�29(9) 1/�14(6) �21/�16(4) �36/10(4) �20/14(6) 3/32(8) 5/12(8) �10/�5(6) �20/�21(1)

H �13/3(4) 10/�5(6) 19/6(7) 10/�13(7) �11/�3(8) 7/�18(8) 2/�11(6) 4/�15(4) �18/�13(2)

I �17/�18(1) �13/�9(4) �13/�10(4) �11/�8(4) �1/�18(2) 4/�18(2) �6/�21(2) �15/�21(2) �7/�21(4)

K 46/�48(2) 47/�43(2) 46/�45(2) 21/�43(3) 24/�44(3) 20/�28(3) 33/�23(3) 32/�28(3) 38/�43(2)

L 33/30(7) 20/28(8) 21/27(8) 28/24(9) 35/25(6) 10/28(6) �2/18(8) �17/20(9) �14/17(7)

M �7/17(8) 5/16(6) 25/18(6) 21/30(8) 12/34(8) 1/9(8) 3/18(6) �6/12(6) �23/32(7)

N �18/�6(10) �21/�19(7) �19/�30(4) 4/�29(5) 11/�29(6) 25/�23(5) 17/�10(3) 15/�9(3) 3/�16(2)

P 31/43(3) 36/41(3) 44/39(3) 47/37(4) 41/39(3) 44/38(4) 43/39(4) 49/38(4) 44/41(3)

Q �25/37(4) 3/31(5) 30/18(6) 39/20(6) 21/6(6) 1/�5(6) �10/�16(6) �1/�8(4) 10/3(3)

R 22/�16(3) 28/�32(4) 36/�32(5) 43/�24(4) 36/�11(5) 41/�3(4) 41/�15(5) 45/�23(5) 36/�43(4)

S 28/38(3) 35/32(3) 39/28(4) 34/26(4) 32/28(5) 40/28(6) 42/30(6) 40/29(6) 30/29(5)

T 30/34(7) 34/28(4) 47/32(7) 35/36(6) 21/35(4) 37/23(7) 45/30(8) 37/27(7) 36/30(7)

V 0/3(3) �6/�9(5) �13/�22(5) �9/19(6) �15�18(4) �18/�5(4) �18/2(4) �15/3(4) �14/�9(2)

W 33/�12(3) 12/�8(3) 4/0(3) �13/26(2) �13/10(3) �3/12(4) �2/�8(5) 7/3(6) �7/�9(6)

Y 0/18(5) 11/20(5) 18/27(4) 31/26(5) 19/10(3) 8/�11(4) 23/�9(5) 10/�9(4) �1/�11(2)

The orientation of each side chain is defined as the vector from Cb to the outermost heavy atom; positive values denote side chains extending toward the

N-terminal side, and negative toward the C-terminus. In each group, the first two numbers denote angles to the membrane plane for the mutation on the

N-/C-terminal side, respectively, and the value in parentheses the average standard deviation.
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reference systems, and by comparing to the other residues it is,

e.g., possible to conclude that the membrane thickness is

virtually independent of the mutations.

Aromatic side chains: phenylalanine, tyrosine,
and tryptophan

For all aromatic ring side chains we observe significant

intercalation, i.e., they have clear propensity to align the ring

plane parallel to the lipids chains, allowing for very efficient

packing. To measure the degree of intercalation, the order

parameters for the normal to the aromatic ring planewas used,

SN ¼ 1

2
½3cos2u� 1�; (1)

where u is the angle between the ring and membrane normal

vectors. A value of 1.0 would mean the aromatic ring is

horizontal, while �0.5 corresponds to vertical orientation.

Both Phe and Trp exhibit very ordered rings for all positions,

with average order parameters between �0.4 and �0.5, i.e.,

the rings are effectively fixed in vertical orientation between

lipid chains. The innermost positions for Tyr show similar

order parameters, but increasing slowly as the residue is

placed further out in the helix. This trend is likely explained

from the snorkeling of the polar Tyr when it directs the

hydroxyl group toward the interface, which allows it to

form hydrogen bonds with water/headgroups, and hence be

positioned in the less ordered interface region where it is

not necessary to intercalate. In contrast, the nonpolar Phe

and Trp tend to antisnorkel for the outermost positions to

solvate the aromatic rings in the lipid phase for all positions.

The intercalation phenomenon seems to be an amazingly

simple way for groups as bulky as Trp to be solvated in the

membrane without any need for lipid distortion or signifi-

cantly unfavorable entropy. There is further a double effect

for Trp (and to some extent Tyr) to be locked in the interface

region, since it simultaneously wants to direct its aromatic

ring to intercalate in the hydrophobic core and nitrogen

group toward the polar region, as illustrated in Fig. 9. This

would explain why Tyr/Trp residues are so prevalent and

useful as membrane helix anchors, as found in experimental

studies (56).

Proline

Proline does not pull in any polar groups into the membrane.

It is, however, well known as a helix breaker, and here it

induces bending of the helix but no breakage of the backbone

hydrogen bonds, which would be highly unfavorable since

polar CO and NH groups would be exposed to the unpolar

lipid environment. Both in theory and simulations this makes

Pro quite hydrophobic and stable in membrane proteins, but

since the helix bending is caused by local residue properties

rather than the solvent environment it could affect the steric

ability of helices to insert through the translocon.

FIGURE 8 Hydrogen-bonding networks of serine (left) and threonine

(right) inside the bilayer. The hydroxyl group side chains, which are of great

importance in helix-helix interactions, are relatively easy to solvate in the

bilayer since they can form (shared) hydrogen bonds to the backbone oxygen

of residue i–4. Hydrogen bonds are illustrated and distances shown in

angstroms. This provides the hydroxyl group with a paired hydrogen bond,

which is more advantageous than retaining polar groups like water.

FIGURE 7 Snorkeling angles for N-/C-terminal mutations of methionine

and arginine as a function of position. Positive values indicate side chains

extending toward the N-terminal side. The hydrophobic side chains show

little preference for any orientation, and are rather more flexible. Arginine, in

contrast, shows obvious snorkeling, is more oriented, and exhibits N-/C-

terminal bias; on average, the N-terminal snorkeling is 37�, while C-terminal

only reaches 22�.
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DISCUSSION

A conspicuous observation for all amino-acid side chains

studied here is how adaptive the membrane environment is

as a solvent, in contrast to the two-dimensional hydrophobic

solvent picture. There are essentially three different zones in

the system, ranging from the fully hydrated headgroup region

over the polar carbonyl groups to the mostly hydrophobic

interior. As recently observed in simulations by Johnston

et al. (20), membranes appear to be particularly efficient at

stabilizing helices, in part due to the cost of exposing peptide

bonds to the membrane (36). However, as soon as polar

or charged groups are introduced in this environment, the

lipid molecules reorient to satisfy hydrogen-bond pairing or

ordering around bulky groups such as tryptophan. It is

illustrative to think of an ‘‘effective’’ hydrophobic thickness:

for residues such asGlu orAsp that only have limited ability to

form hydrogen bonds with the lipids, the experienced mem-

brane thickness will be close to the distance between the

headgroup regions, or 3–4 nm. In the other extreme we find

Lys, which not only can hydrogen-bond to the deeply located

carbonyl groups, but the length of the side chain and the small

hydrophilic groupmakes it remarkably efficient at snorkeling;

it is really only in the middle 1–1.5 nm that this side chain is

solvated in a hydrophobic surrounding.

Though not common inside bilayers, basic residues are

critically important for some structures like KvAP ion chan-

nels, where they have been shown to bind hydration water

and form salt bridges to lipids (22). The difference to acidic

residues observed here is striking, in particular the significant

helix distortion; it is well known that charged residues are

enriched toward the surface region, but by comparing the

relative occurrence of basic/acidic ones in membrane protein

structures ((30); E. Granseth, 2006, personal communication)

there appears to have been evolutionary pressure to select for

positively charged side chains that interact favorably with the

carbonyl groups in addition to the headgroups, as illustrated

in Fig. 10. The different side chain-lipid interactions also

suggests a possible mechanism for proteins to target different

membrane compositions based on their sequence.

The atomic solvation properties provide valuable insight

into why polar residues are so efficient at driving aggregation

of helices (25). Superficially, charged residues should interact

even better, but since these aremostly hydratedwith hydrogen

bonds formed even in bilayers, there is likely little relative

difference in free energy. In contrast, the polar residues Asn/

Gln/Ser/Thr are desolvated in the hydrophobic core, which

means that any hydrogen bonding stabilizes aggregated con-

formations; experiments indicate values in the 2-kcal/mol

range (24). This is smaller than a normal hydrogen bond,which

is expected since the residues interact with the backbone in the

nonaggregated state. This model is further substantiated by the

position-dependenceweobserve: polar residues in the interface

region do form hydrogen bonds with carbonyls and/or water,

and corresponding experimental mutations are neither stabi-

lizing nor destabilizing dimerization (57).

The intercalation of aromatic rings with lipid chains is a

simple yet beautiful way of accommodating bulky groups in

the membrane, as well as highly efficient headgroup anchor-

ing when combined with polar groups. Interestingly, the effect

is not at all prominent in studies of available membrane

protein structures (28), which might be explained by these

being solvated in less ordered detergents before crystallization.

There are, however, a number of studies that have reported

similar packing patterns for cholesterol (58), fluorescent

FIGURE 10 Relative occurrence of acidic (solid) and basic (dashed)
amino acids in membranes as a function of the z-coordinate, using statistics

from 104 membrane proteins. The value z ¼ 0 represents the center of the

membrane, and the negative values are for the cytosolic side. The difference

in basic versus acidic distributions after subtracting a linear positive inside

trend (dot-dashed) shows two localized peaks for basic amino-acid posi-

tions. This agrees well with the carbonyl group density from our simulated

systems (dotted), which indicates that the distribution might be heavily in-

fluenced by the ability to form hydrogen bonds with lipid carbonyls located

deeper than the headgroups.

FIGURE 9 Efficient anchoring of tryptophan in the interface region. The

tryptophan side chain strives to direct its polar nitrogen toward the interface

region to pair its hydrogen bond; here, the direction and length of the

hydrogen bond between this nitrogen and the carbonyl group of a lipid are

shown. At the same time, the side chain wants to bury its aromatic ring in the

membrane core and pack it efficiently between lipid chains by intercalation,

which can also be seen from this plot. Similar effects are seen for Tyr.
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probes (59), and disaccharides (60). Further, Aliste reports

decreased mobility in simulations of Trp-containing decapep-

tides in lipid interfaces (18), which agrees well with our

observations of more ordered states.

Comparing the level of hydration in simulations to the

Hessa (37) and Wimley-White (36) hydrophobicity scales in

Fig. 11 shows evident correlations. While this is mostly a

qualitative observation, it strongly supports the idea that

many side chains maintain significant hydration, and the free

energy cost of introducing them in membrane helices could

rather be due to entropic effects. The simulations also agree

very well with the position-dependence in the biological

hydropathy scale (37,38), with quite narrow, fully hydro-

phobic regions in the central bilayer, followed by a con-

tinuous trend as residues are positioned closer to the surface.

It is intriguing that the simulations seem to agree somewhat

better with the nonbiological scale (i.e., not involving

translocons). Proline, for instance, which is important in

many ion channels (61), appears quite expensive to insert

in vivo, yet hydrophobic both in octanol and simulations.

One possible explanation for this could be that, although

hydrophobic enough, it is difficult to transport kinked helices

through the narrow translocon channel. This hypothesis

should be possible to test, either through simulations or with

helices that spontaneously partition into membranes. The

only other residues with significant differences are Asn and

Gln, but in this case, we find no obvious reason why they

should be harder to insert in vivo than the similar Ser/Thr.

In closing, the observed hydrogen-bonding networks,

snorkeling, intercalation, and helix interactions shows that

membrane solvation is both specific and quite complex,

and probably difficult to model accurately with implicit or

simplified representation. Another side effect is that it is

computationally very costly to perform all-atom free energy

calculations, since intramembrane solvation water, helix, and

membrane conformations need to be fully equilibrated in all

intermediate states. Simulations of 30 ns are sufficient to give

us an idea of the behavior of the system, but accurate free

energies for charged side chains in helices could require

an order of more data time for each state. Another factor

influencing such quantitative measures is the uncertainty

of protonation states, which is not always obvious (62).

Nonetheless, these issues are not insurmountable, and re-

solving them will be important to decipher membrane pro-

tein folding.
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