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Abstract Free-energy profiles describing the relative

orientation of membrane proteins along predefined coor-

dinates can be efficiently calculated by means of umbrella

simulations. Such simulations generate reliable orienta-

tional distributions but are difficult to converge because of

the very long equilibration times of the solvent and the

lipid bilayer in explicit representation. Two implicit lipid

membrane models are here applied in combination with the

umbrella sampling strategy to the simulation of the trans-

membrane (TM) helical segment from virus protein U

(Vpu). The models are used to study both orientation and

energetics of this a-helical peptide as a function of

hydrophobic mismatch. We observe that increasing the

degree of positive hydrophobic mismatch increased the tilt

angle of Vpu. These findings agree well with experimental

data and as such validate the solvation models used in this

study.

Keywords Tilt angle � Implicit solvent model � Umbrella

sampling � Molecular simulations � Hydrophobic

interaction

When carrying out molecular dynamics simulations of

biological systems with classical force fields (Karplus and

McCammon 2002), the most accurate representation

involves modeling both the macromolecules and the sol-

vent explicitly at atomic-level detail. However, because the

solvent molecules dominate in number, the majority of the

calculation time is spent on solvent–solvent interactions.

This therefore limits the feasible amount of conformational

samples of the macromolecular solute one is interested in.

The problem is particularly exacerbated when the macro-

molecule undergoes large conformational changes that

require significant solvent equilibration time. To this end,

much effort has been expended to develop implicit solvent

models that would represent the important physical infor-

mation on the solute–solvent interaction as some effective

energy function obtained by formally integrating, under

various approximating assumptions, over all the solute

degrees of freedom (Roux and Simonson 1999; Feig and

Brooks 2004; Brannigan et al. 2006). The fact that the

solute degrees of freedom have been integrated out enables

for an adiabatic (i.e., instantaneous) response of the solvent

to any new conformation of the solute. This instantaneous

equilibration is especially important when the macromol-

ecule is solvated a lipid membrane environment, whose

slow lateral and transversal reorganization requires relax-

ation on timescales that are very long and would require

excessive computing in an explicit lipid representation

(Pastor 1994; Forrest and Sansom 2000).

We focus on two implicit solvent models for lipid bilayer

systems. The first model is implicit membrane model 1

(IMM1) (Lazaridis 2003), an extension for proteins in lipid

bilayers surrounded by an aqueous environment of a previ-

ous effective energy function 1 (Lazaridis and Karplus 1999)

developed to model proteins in aqueous solvents. IMM1 has

been found to give good results with minimal CPU time and

as such is quite promising. Specifically, IMM1 has been

applied to the study of structure and energetics of TM pro-

teins (Mottamal et al. 2006), insertion of helices into mem-

branes (Lazaridis 2003), and helix orientation in lipid

bilayers (Lazaridis 2003). The second model is the gen-

eralized Born with a simple switching model (GBSW) (Im

et al. 2003). It builds on previous versions of generalized
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Born models as approximate solutions to the Poisson–

Boltzmann equation. Thus far, GBSW has been applied to

the study of helix–helix interaction (Im et al. 2003), helix

orientation in membranes, the role of the membrane in dic-

tating conformational dynamics of TM proteins (Im et al.

2003), and interfacial folding of membrane proteins (Im and

Brooks 2005). When compared to available experiment data,

both IMM1 and GBSW agree reasonably well (see refer-

ences for details).

Another challenging aspect in simulating biological

systems is the determination of free energies changes for

solvated systems (Levy and Gallicchio 1998). The majority

of methods developed for this purpose are based on ther-

modynamic perturbation (Zwanzig 1954), thermodynamic

integration (Kirkwood 1935), probability distribution

methods (Bennett 1976; Torrie and Valleau 1977), or, more

recently, the Jarzynski identity (Jarzynski 1997). A par-

ticularly useful approach in the category of the probability

distribution methods is umbrella sampling (Bartels and

Karplus 1997), which allows one to determine the free

energies as a function of a predefined reaction coordinate.

This is achieved by adding a potential to the Hamiltonian

of the system that allows for the uniform sampling of

conformational space as parametrized by the reaction

coordinate. This methods has been successfully used in

many cases, but the process can be time consuming. In

cases when the reaction coordinate involves significant

conformational displacement in a lipid environment, the

ability to generate a uniform sampling during umbrella

sampling along that coordinate relies heavily on the ability

of the solvent to have sufficient time to respond to the

extensive protein change. Such a solvent reorganization is

computationally quite demanding, and of particular

importance in instances involving the orientation of protein

helices inside lipid bilayers. This problem of course does

not exist in the case of implicit solvent/lipid models, for

which—as a result of the integration over their degrees

of freedom—the ‘‘solvent’’ and the ‘‘lipid’’ relax

instantaneously in response to any change in orientation or

structure.

Hydrophobic mismatch, defined as the difference

between the hydrophobic length of TM segments of a

protein and the hydrophobic width of the surrounding lipid

bilayer, is the driving force behind TM segment reorien-

tation in situations when the hydrophobic stretch of a

membrane pass protein is not equal to the thickness of the

hydrophobic core of the lipid bilayer (see Killian 1998 for a

detailed review). Hydrophobic mismatch can be of two

types: positive mismatch, when the hydrophobic stretch of

the peptide is longer than the thickness of the hydrophobic

core of the membrane, or negative, the case when the

thickness of the hydrophobic core exceeds the peptide

length. Regardless of its type, this mismatch yields an

energetically unfavorable condition: in the case of positive

mismatch, some of hydrophobic side chains can get

exposed to solvent, and in the case of negative mismatch,

some of the hydrophilic sides can find themselves buried

within the hydrophobic core of the membrane. Stand-alone

TM peptides or TM segments in membrane protein com-

plexes rearrange such as to minimize the hydrophobic

mismatch and to achieve hydrophobic matching (White

and von Heijne 2005), although in particular instances,

interfacial anchor properties of tryptophan residues in

transmembrane (TM) peptides can dominate over hydro-

phobic matching effects in peptide–lipid interactions (de

Planque et al. 2003).

In instances of positive mismatch, which is the case of

this study, the TM helices rearrange by tilting relative to

the membrane normal. Positive hydrophobic mismatching

was of interest to us because of the significant amount of

experiment data generated about this process. As such, it

provided the opportunity to test the applicability of implicit

solvent modeling by making a comparison to available

experimental data.

The TM helix is the fundamental structural unit of helix

bundle membrane proteins. A proper computational

description of the free energy of association at the atomic

detail is an important ingredient in understanding the details

of the amino acid code used by the translocon to select

polypeptide segments for insertion as TM helices in helix

bundle membrane proteins (White and von Heijne 2005). A

good model system for the purpose of our computational

study is Vpu, an accessory protein of HIV-1 with well-

characterized biological activities; as such, it serves as a

suitable subject for the development of methods for structure

determination of membrane proteins (Park et al. 2003). Park

and Opella (2005) reported liquid and solid-state nuclear

magnetic resonance data to derive structural information on

the orientation of Vpu. They found that the tilt of a helix in a

membrane (in their case the TM protein Vpu) is dependent

on positive hydrophobic mismatch. Specifically, they

reported that cosine of the tilt angle, h, increases linearly

with the degree of positive hydrophobic mismatch.

In this project, we tested the ability of IMM1 and

GBSW to recreate the experimentally observing tilting of

the TM helix Vpu in response to positive hydrophobic

mismatch. Additionally, umbrella sampling (Bartels and

Karplus 1997) was used to obtain free-energy profiles of

the tilting as a function of membrane thickness. Assuming

that the tilt angle a helix adopts in a membrane represents

its energetically favorable orientation, by using these free-

energy profiles, we can predict the tilt angle. We can then

compare these to the experimental values, and as such

evaluate the performance of IMM1 and GBSW solvent

models in concert with umbrella sampling. These are

critical tests because the tilting requires that the protein
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systems undergo sweeping motions involving large

excursions inside the lipid.

We present the results of this simple study, which show

that IMM1 and GBSW are suitable membrane models for

carrying out molecular dynamics simulation of simple

protein–lipid systems by the fact that umbrella sampling–

based free-energy profiles generate hydrophobic mismatch

patterns in accord with experimental data.

Methods

The membrane is modeled as a lipid slab between two

water regions using two implicit solvent models. The first

one, IMM1, uses an empirical energy function, parame-

terized with experimental data. IMM1 primarily accounts

for solvent exclusion effects and assumes that total solva-

tion energy is the sum of group contributions. It partially

accounts for electrostatic interaction by using a distance

dependent dielectric function allowing for screening of

electrical charge. The second model, GBSW, decomposes

the solvation free energy into nonpolar and electrostatic

components. The nonpolar component is approximated as

being proportional to the accessible surface area of the

protein. The electrostatic component is determined by an

analytical approximation of the Poisson–Boltzmann

method by a generalized Born equation for the calculation

of the solvation energy for an isolated charge in some

dielectric medium.

In our simulations, initial coordinates were obtained

from the X-ray structure of TM segment of Vpu (PDB ID:

1pje). For both IMM1 and GBSW, four independent sim-

ulations were carried out with a membrane thickness

D equal to 15, 19, 23, and 27 Å, respectively. For each

simulation, the following protocol was used. The initial

structure was subjected to 100 steps of steepest-descent

minimization followed by 500 steps of adopted-basis

Newton–Raphson minimization. The system was centered

at the midpoint of the membrane as the origin and the

helical axis of Vpu aligned to the z-axis (the normal to the

membrane plane). The system was heated from 0 to

298.15 K. Subsequently, a 60-ns trajectory was generated

using Langevin dynamics. Frictional constant of 91 ps-1

was used. The SHAKE (Ryckaert et al. 1977) algorithm

was used to constrain bonds involving hydrogen, allowing

for a 0.002-ps integration time step.

Free-energy profiles for the tilt angle h relative to the

z-axis were determined by means of umbrella sampling and

the weighted histogram analysis method (WHAM). This

method has been extensively used to determine free-energy

profiles, and as such, the details related to theoretical

background and implementation are not included here (see

Kumar et al. 1992; Roux 1995). Briefly, umbrella sampling

involves applying a bias to restrict sampling along some

reaction coordinate. To obtain potential of mean force

(PMF) profiles, the reaction coordinate is divided into a

number of sampling windows, and in each window, sim-

ulations are biased to sample conformations around some

value of the reaction coordinate. Statistics are collected in

each window, and then WHAM is used to unbias and

combine statistics from all windows to generate the desired

PMF profiles along the entire range of the reaction coor-

dinate. In this study, the biasing potential was of the fol-

lowing form:

V hð Þ ¼ k

2
h � h0ð Þ2;

where k is the force constant, h is the tilt angle (defined as

the angle subtended by the vector along the helical and the

vector normal to the membrane; Fig. 1), and h0 is the value

of the tilt angle around which sampling is desired. Statistics

were collected in 36 sampling windows in the range

h0 = [0, 90], with a bin size of 2.5�. In a typical window, a

force constant of 250 kcal/mol/deg2 was used. Simulation

in each window was 4 ns in length. The first 1 ns was

discarded, and the other 3 ns was used to collect statistics.

Results and Discussion

The variation of the helix tilt as a function of time and

membrane thickness, D, is summarized in Fig. 2. For

simulations using IMM1 (Fig. 2a) and GBSW (Fig. 2b),

the helix quickly tilts in response to positive hydrophobic

mismatch, and it thereafter fluctuates about their mean. In

the case of IMM1, as the membrane thickness is decreased

from 27 to 15 Å, the tilt angle, measured as the time

average of the length of the trajectory, increased from 9� to

45� (Fig. 2a). Similarly, in the case of GBSW, as the

membrane thickness is decreased from 27 to 15 Å, the tilt

angle increased from 18� to 56� (Fig. 2b). For comparison,

D

z

L

Fig. 1 Protein reorientation in response to hydrophobic mismatch.

Schematic representation of the tilting of a TM protein under

conditions of hydrophobic mismatch when membrane thickness (D) is

smaller than the length of the helix (L). In response to mismatch, the

helix tilts relative to the normal of the membrane (here the z direction)

such that hydrophobic side chains are buried inside the membrane

A. Frank, I. Andricioaei: Two Implicit Solvent Lipid Models 59

123



the corresponding experimentally determined tilt angles are

shown in parentheses. These values show very good

agreement with mean tilt angles for both IMM1 and

GBSW. When cos h is plotted against D, a roughly linear

relationship is revealed, in agreement with Park and Opella

(2005) (Fig. 2c). These results corroborate those of other

molecular dynamics simulation studies on a-helical TM

proteins. Specifically, using an explicit lipid representation

for the membrane, Goodyear et al. (2005) observed that for

a synthetic peptide initially oriented along the normal of

membrane the helix tilts in response to positive hydro-

phobic mismatch, with an average tilt angle comparable to

the experimentally determined value.

The next phase of the study involved the determination

of free-energy profiles as a function of the tilt of the

a-helical peptide. By means of umbrella sampling, the free

energy as a function of tilt angle was determined for angles

ranging from 0� to 90� for membrane thicknesses of 15, 19,

23, and 27 Å, respectively. As mentioned earlier, if we

assume that the optimal tilt angles a helix adopts in a

membrane represent its energetically favorable orientations

according to the free energy computed with the implicit

solvent model, then by using these free-energy profiles, we

can predict tilt angles. In the case of IMM1, for D = 15,

19, 23, and 27 Å, the absolute minimum was located at

41�, 31�, 17�, and 11�, respectively (Fig. 3a). In the case

GBSW, for D = 15, 19, 23, and 27 Å, the absolute mini-

mum was located at 51�, 41�, 29�, and 14�, respectively

(Fig. 3b).

The fact that the results obtained from the IMM1 and

GBSW models so closely resemble the experiment is sig-

nificant because it implies that the implicit models used for

this system contained all the necessary physics as it relates

to electrostatic and hydrophobic interaction within the

membrane region. Although more detailed interactions

such as anchoring interactions between peptides and lipids

(e.g., tryptophan residues interacting with the polar head

group region; de Planque et al. 2003) can compete with the

fundamental free-energy driving force captured in IMM1

and GBSW, we believe that our study shows that IMM1

and GBSW, at least for systems as simple as the one used

in this project, certainly embody the necessary functional

form and parameters to describe the tilt process as a

function of positive hydrophobic mismatch. IMM1 and

GBSW thus prove promising for membrane proteins, given

the savings in computer time, while at the same time

accurately recreating the solvent effects of the cell mem-

brane and the surrounding aqueous regions.

0 10 20 30 40 50 60 t(ns)

a

0 10 20 30 40 50 60 t(ns)

b c

D (Å)

Fig. 2 Tilt angle time series. Tilt angles are shown as a function of

time for Vpu simulated in the IMM1 (a) and GBSW (b) implicit

membrane models. Results are shown for simulations where D (mem-

brane thickness) is 15 (black), 19 (blue), 23 (green), and 27 Å (red).

Shown on each plot are the average angles. For comparison, experi-

mental tilt angles are shown in parentheses. Shown in (c) is a plot of

cos(h) vs. D determined using results from IMM1 simulation (red),

GBSW (black) simulation, and experiment (blue) (Color figure online)

a bFig. 3 Potential of mean force

profiles. Free-energy profiles are

shown as a function of tilt angle

(h) calculated using the IMM1

(a) and GBSW (b) implicit

membrane models. Shown are

profiles calculated where

D (membrane thickness) is 15

(black), 19 (blue), 23 (green),

and 27 Å (red) (Color figure

online)
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A comparison between IMM1 and GBSW reveals that

they yield qualitatively similar results. They were both able

to recreate the tilting of the a-helical TM peptide Vpu as

function of hydrophobic mismatch that was observed

experimentally, and they both exhibit a linear relationship

between cos h and D, in agreement with Park and Opella

(2005). Quantitatively, however, IMM1 and GBSW give

slightly different tilt angles for a given membrane thick-

ness. In general, IMM1 gave values lower than the

experimental observed values, while GBSW gave higher

values (Fig 2). This is also reflected in the free-energy

profile, where qualitatively the models mirrored each other,

but quantitatively there were slight difference (GBSW

predicted the minima to exist at higher h for any given D;

Fig. 3). The PMFs for IMM1 and GBSW also differ as the

tilt angle approaches 80�. For IMM1, the barrier to tilting

beyond the minima is larger as the membrane thickness

decreases. The trend is reversed slightly in the case of

GBSW, but in this region, the difference amounts to a few

kcal/mol.

In terms of the performance of the algorithms, simula-

tions using IMM1 were on average four times as fast as

GBSW. This can be attributed to the fact that GBSW

involves the time-consuming calculation of the accessible

surface area, which is used to approximate the nonpolar

contribution to the solvation energy.

An intriguing knowledge-based potential by Ulmschne-

ider et al. (2005) was derived and recently applied to

the Vpu helix (Ulmschneider et al. 2006). The basic

hypothesis of that study was that each residue on its own

would prefer a certain depth inside the membrane bilayer.

Potentials of mean force along the membrane normal were

derived for each amino acid by fitting Gaussian functions

to residue position distributions from known TM struc-

tures. The individual potentials agreed well with experi-

mental and theoretical considerations. The resulting

implicit membrane potential was tested on various mem-

brane proteins as well as single trans-membrane helices.

All membrane proteins were found to be at an energy

minimum when correctly inserted into the membrane. The

results of that study qualitatively match those obtained in

our study.

Conclusions

In our computational test, the use of two widely used

implicit membrane models, IMM1 and GBSW, was suffi-

cient to reproduce the experimentally measured tilting

(Park and Opella 2005) of an a-helical peptide that occurs

in response to positive hydrophobic mismatch. Umbrella

sampling-based free-energy profile calculations to obtain

the distribution of the peptide tilt angles relative to the

membrane proved to be a reliable means of gaining

information concerning the free energy of the system.
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