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Abstract The mitochondrial pathway of apoptosis pro-

ceeds when molecules, such as cytochrome c, sequestered

between the outer and inner mitochondrial membranes are

released to the cytosol by mitochondrial outer membrane

(MOM) permeabilization. Bax, a member of the Bcl-2

protein family, plays a pivotal role in mitochondrion-

mediated apoptosis. In response to apoptotic stimuli, Bax

integrates into the MOM, where it mediates the release of

cytochrome c from the intermembrane space into the

cytosol, leading to caspase activation and cell death. The

pro-death action of Bax is regulated by interactions with

both other prosurvival proteins, such as tBid, and the

MOM, but the exact mechanisms remain largely unclear.

Here, the mechanisms of integration of Bax into a model

membrane mimicking the MOM were studied by Monte

Carlo simulations preceded by a computer prediction of the

docking of tBid with Bax. A novel model of Bax activation

by tBid was predicted by the simulations. In this model,

tBid binds to Bax at an interaction site formed by Bax

helices a1, a2, a3 and a5 leading, due to interaction of the

positively charged N-terminal fragment of tBid with

anionic lipid headgroups, to Bax reorientation such that a

hydrogen-bonded pair of residues, Asp98 and Ser184, is

brought into close proximity with negatively charged lipid

headgroups. The interaction with these headgroups desta-

bilizes the hydrogen bond which results in the release of

helix a9 from the Bax-binding groove, its insertion into the

membrane, followed by insertion into the membrane of the

a5–a6 helical hairpin.

Keywords Apoptosis � Bax � tBid � Mitochondria �
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Introduction

In most cells, apoptosis occurs when permeabilization of

the mitochondrial outer membrane (MOM) releases apop-

togenic proteins, such as cytochrome c, from the inter-

membrane space of mitochondria into the cytosol, which

results in the activation of caspases followed by cell

destruction (Danial and Korsmeyer 2004; Kroemer et al.

2007). In multicellular organisms, these events, which are

critical for cell fate, are controlled by proapoptotic and

antiapoptotic members of a large family of proteins known

as the Bcl-2 family (Youle and Strasser 2008). The

molecular mechanisms of apoptosis regulation by the

proteins of the Bcl-2 family are far from being clearly

understood. Almost all available hypotheses for this pro-

cess suggest activation of the Bcl-2 family proapoptotic

proteins Bax and/or Bak because their combined loss ren-

ders cells resistant to a great variety of apoptotic stimuli

(Danial and Korsmeyer 2004). While Bak is constitutively

integrated into the MOM, Bax remains, in the absence of

an apoptotic stimulus, either as a soluble entity in the

cytoplasm or loosely associated with membrane surfaces. It

is commonly supposed that following a death signal,

cytosolic Bax translocates to mitochondria where it binds

to the MOM and undergoes a structural reorganization,

which facilitates its insertion into the MOM (Wolter et al.

1997; Goping et al. 1998; Yethon et al. 2003; Linseman

et al. 2004). It is widely accepted that the insertion process
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is promoted by proapoptotic BH3-only proteins, such as

proteolitically cleaved Bid, tBid, which modifies the con-

formation of Bax, enabling it to exert its proapoptotic

function (Desagher et al. 1999; Eskes et al. 2000; Oh et al.

2006). In the MOM, Bax forms oligomeric pores that allow

the release of cytochrome c and other proapoptotic factors

followed by activation of caspases and cell destruction

(Eskes et al. 2000; Wei et al. 2001; Antonsson et al. 2001).

Despite extensive study, the precise molecular mechanisms

involved remain still largely unresolved. Protein–protein

interactions between Bax and other Bcl-2 family proteins

as well as between Bax and lipids are key to the regulation

of Bax activity. The activated BH3-only proteins, like tBid,

and mitochondria-specific lipids (cardiolipins) seem to act

jointly to permeabilize the MOM (Lutter et al. 2000;

Kuwana et al. 2002; Lovell et al. 2008), but how they

achieve this is still not known.

Recent studies with the hydrocarbon-stapled BH3

a-helices of Bid and Bim have demonstrated the direct

binding of these helices to Bax and its activation (Walensky

et al. 2006; Gavathiotis et al. 2008), whereas experiments

using soluble protein domains and peptides that did not

undergo such stabilization of a-helicity have failed to

demonstrate productive interactions between BH3-only

proteins and Bax (Willis et al. 2007). However, in other

studies, membrane permeabilization in cells, isolated

mitochondria, or liposomes by full-length Bax usually

depends upon addition of either a BH3 protein or peptide,

while not requiring any artificial reinforcement of their

a-helicity (Kuwana et al. 2002, 2005; Yethon et al. 2003;

Terrones et al. 2004; Lovell et al. 2008). A crucial differ-

ence between these three approaches is the employment in

the former of an artificially stabilized helix and inclusion in

the latter of a lipid bilayer in the form of a liposome or

isolated cellular membrane. Thus, except for the cases with

artificially stabilized BH3 peptides, the minimum compo-

nents required in vitro for membrane permeabilization

include Bax, an activator BH3 peptide or protein, and a

lipid membrane.

The structure of the water-soluble form of Bax has been

solved (Suzuki et al. 2000; Gavathiotis et al. 2008). It

resembles that of the pore-forming domains of colicins and

diphtheria toxin, where two central hydrophobic a helices

are surrounded by a group of amphipathic ones. By analogy

with colicins, for which the mechanism of action has been

studied in more detail (Parker and Feil 2005), it was pro-

posed that two central a-helices of Bax, a5 and a6, might

be responsible for the formation of transmembrane pores

(Suzuki et al. 2000). This colicin-like model, which is

generally assumed, implies TM-spanning insertion of both

a5 and a6 helices for which there is only indirect or

incomplete evidence (Nouraini et al. 2000; Heimlich et al.

2004; Garcia-Saez et al. 2004; Franzin et al. 2004; Annis

et al. 2005). If the model is valid, an understanding of the

physics of the insertion of these helices into the hydro-

phobic core of the membrane would be especially

intriguing because the above segments in Bax contain a

significant number of charged residues, which should

impose restrictions on a membrane-inserted state (Nouraini

et al. 2000).

Bax contains a 21-amino-acid C-terminal hydrophobic

segment (helix a9), referred to as a signal-anchor or tail-

anchor sequence, that is responsible for the initial targeting

and integration of the protein to mitochondria during apop-

tosis, as deletion of this segment in Bax abrogates its ability

to insert into mitochondria during apoptosis (Wolter et al.

1997), while substitution of the segment with that of Bcl-xL

abolishes its proapoptotic properties, although without

affecting its subcellular localization (Oliver et al. 2000).

Ser184 from helix a9 was found to be one of the most

important residues in determining Bax subcellular localiza-

tion and cell death (Nechustan et al. 1999). In particular,

while wild-type Bax is located in the cytosol in healthy cells

and becomes mitochondrion-bound in cells undergoing

apoptosis, the mutation S184K led to a diffuse cytoplasmic

localization of Bax even after the cells had received a death

signal and protected cells from apoptosis. In contrast, dele-

tion of Ser184 or substitutions Ser184Ala and Ser184Val

produced Bax mutants that were constitutively localized in

mitochondria even in healthy cells and that were much more

toxic than wild-type Bax (Nechustan et al. 1999). Based on

the Bax structure in solution (Suzuki et al. 2000), Bax was

hypothesized to change its conformation after triggering

of apoptosis and to insert helix a9 into the mitochon-

drial membrane. This hypothesis explains the previous

observations of Nechustan et al. (1999), since mutations at

the C-termini will impede or enable the interaction of the

C-terminal domain with the hydrophobic pocket. To be

inserted into the MOM, the hydrogen bond between Ser184

and Asp98 that holds helix a9 within the hydrophobic

binding groove on the Bax surface must be disrupted, but

how this could be achieved is one of the central questions

about mitochondrial apoptosis that remains unanswered.

Characterizing the mechanistic basis for interactions of

Bcl-2 family proteins both with membranes and to one

another is crucial for understanding apoptosis, but struc-

tural studies of these interactions are technically very

challenging, and the key details have still not been

resolved. For Bax, our present view of its interaction with

the mitochondria or with other proteins relies on inferences

derived from functional, biochemical, and biophysical data

that are insufficient to reproduce the behavior of the system

with atomic-resolution details and are often of low reli-

ability (Leber et al. 2007). Because the direct experimental

determination of the structures of Bax and its complexes in

the membrane environment is likely to be many years
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away, computer modeling could make a valuable contri-

bution with a level of detail that is not accessible to

experiment and could significantly complement experi-

mental studies. Generally, the most detailed and accurate

approach to modeling protein–membrane interactions

involves explicit representation of the membrane lipid and

water molecules used in molecular dynamics (MD) simu-

lations (reviewed in Ash et al. 2004; Sperotto et al. 2006;

Bond and Sansom 2006; Bond et al. 2007). However, all-

atom explicit simulations providing the most realism have

a prohibitive cost in terms of computing time required for

the analysis. In addition, they require laborious procedures

to provide information on the thermodynamics of protein

insertion into the membrane or of the protein-folding pro-

cess. A promising alternative approach lies in employment

of the Monte Carlo (MC) method with an implicit repre-

sentation of both the membrane and the solvent. Such an

approach, which subsumes the lipid and solvent degrees of

freedom into an implicit formulation that captures the

average effect, is significantly less computationally

expensive than explicit solvent–protein–membrane con-

sideration and, therefore, is able to address questions about

structure and function of membrane proteins determined by

processes on rather larger time scales.

Here, we report the results of a combined application of

the Metropolis Monte Carlo approach and of computer

prediction of the docking of tBid with Bax to the analysis

of the interactions among Bax, tBid, and a model lipid

membrane.

Materials and methods

The membrane model

It was suggested that Bax binds to the MOM at the region

of mitochondrial contact sites (Kuwana et al. 2002; Capano

and Crompton 2002). The implicit membrane model for the

MOM contact site region was used. In this model, the

membrane was represented as a slab with the plane of

smeared negative charge (corresponding to the position of

the centers of headgroups of cardiolipins) offset inward the

membrane from its surface by 4 Å in accordance with the

data on the thickness of headgroup region (Peitzsch et al.

1995). The membrane slab and the plane of smeared neg-

ative charge were disposed parallel to the xy-plane. The

data on the lipid composition of the outer leaflet of the

contact sites (Ardail et al. 1990; Lutter et al. 2000) were

used for the calculation of the effective surface charge

density r of the model membrane, which was assumed to

be the sum of negative surface charge density due to acidic

lipids in the membrane and a positive surface charge

density due to membrane-adsorbed cations.

The protein model

The total free energy of a protein (Gtot) was taken in the

form:

Gtot ¼ GECEPP=2=3 þ Genv

¼ GECEPP=2=3 þ Gsolv þ GqE;m þ Genv; pert ð1Þ

The term GECEPP/2/3 includes van der Waals, torsion,

electrostatic, and H-bond contributions to intraprotein

potential energy taken in the ECEPP2/ECEPP3 protein

force-field parameterization (Dunfield et al. 1978; Némethy

et al. 1983, 1992). Genv describes the interaction of the

protein with the environment, which can be decomposed

into the sum of contributions involving free energy of

solvation, Gsolv, energy of electrostatic interaction with the

membrane, GqE,m, and the energy of the environment

perturbation, Genv,pert.

The following expressions were used for Gsolv and

Genv,pert during simulations [see Veresov and Davidovskii

(2007) and Supplementary Data SA in the Supplementary

Material file]:

Gsolv ¼ Gwat
solv þ ðGsolv � Gwat

solvÞ ¼ Gwat
solv þ DGsolv; ð2aÞ

Genv; pert ¼ Gwat
env; pert þ ðGenv; pert � Gwat

env; pertÞ
¼ Gwat

env; pert þ DGenv; pert; ð3aÞ

where DGsolv and DGenv,pert are given by

DGsolv ¼
XN

j¼1

ðGm
solv; j � Gwat

solv; jÞð1� gðzjÞÞ

¼
XNres

jr¼1

ðsjrrASAs; jrgðzjr;CbÞ þ cjrrASAb; jrgðzjr;CaÞÞ;

ð2bÞ

DGenv; pert ¼
XNres

jr

pjr ¼
XNres

jr

ðGm
pert; jr � Gwat

pert; jrÞ; ð3bÞ

where Gsolv
wat is the solvation free energy of the protein in

water, Gsolv,j
wat and Gsolv,j

m are the solvation free energies of the

protein atom j in water and in the membrane, respectively.

Gpert,jr
m and Gpert,jr

wat are the energies of perturbation by the

residue jr of the membrane and the water phases, respecti-

vely. The sum of differences DGsolv,j = Gsolv,j
m - Gsolv,j

wat and

DGpert,j = Gpert,j
m - Gpert,j

wat defines the free energy of the

atom j transfer from water to the membrane core, where

Gpert,j
m and Gpert,j

wat are the energies of perturbation by the

atom j of the membrane and the water phases, respectively.

sjr and cjr are the average transfer free energies of a side

chain and a backbone chain of the residue jr from water to

membrane core due to desolvation, rASAs,jr and rASAb,jr

are relative accessible surface areas related to those of fully

unfolded states for side chains and backbone chains,

respectively; the subscripts (jr,Cb) and (jr,Ca) denote
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Cb- and Ca-atoms of the residue jr, respectively. g(z) in

Eq. 2b is a sigmoid function that was introduced to

describe the fractional water content (the hydrophilicity

of the environment for each atom) as the function of the

distance zj-zw from the interfacial membrane plane

located at zw (Baumgaertner 1996; Kessel et al. 2003;

Shental-Bechor et al. 2007; Veresov and Davidovskii

2007):

gðzjÞ ¼ 1=ð1þ exp ½�ðzj � zwÞ=k�Þ; ð4Þ

where the decay length k was taken as equal to 2 Å; g(z) in

the Eq. 2b stands for 1-g(z).

The free energies of partitioning sjr, cjr, pjr of amino

acids from water into the cell membrane are among the

most critical parameters for predicting membrane protein

stability and configuration. A considerable number of

amino acid hydropathy scales have been experimentally

and computationally devised to evaluate the free energy

of partitioning of amino acids from water into the

hydrophobic core of lipid membranes [reviewed and dis-

cussed in White and Wimley (1999), Kessel and Ben-Tal

(2002), White (2007), Wolfenden (2007) and MacCallum

et al. (2007)]. Upon obtaining these scales experimentally,

the partitioning of amino acids into a membrane has been

approximated by partitioning in hydrophobic solvents,

typically in either n-octanol (low-polarity) or cyclohexane

(almost ideally nonpolar). The hydrophobicities of real

biological membranes are thought to lie between the

hydrophobicities of these two solvents (Wolfenden 2007;

MacCallum et al. 2007), and therefore it is necessary to

interpolate between octanol-like and cyclohexane-like

scales to describe the membrane–protein interactions

properly. Because precise data on the polarity of the

hydrophobic part of the MOM are lacking, it was decided

to use three types of scales, and in particular, the

Wimley–White (WW) water-to-octanol scale (White and

Wimley 1999), Kessel-Ben-Tal (KBT) cyclohexane-like

computationally derived scale (Sitkoff et al. 1996; Kessel

and Ben-Tal 2002), and the hybrid KBT-LysWW scale

where the value of 7.4 kcal/mol for Lys in the KBT scale

is replaced by the 2.71 kcal/mol value from the WW

scale. The KBT scale was selected among other cyclo-

hexane-like scales as the only scale that contains, though

not directly for the MOM, both the contribution from

membrane perturbations by residues incorporated into the

membrane and the free-energy penalty of inserting the

helix backbone into the membrane. The use of the KBT-

LysWW scale in our simulations can be justified by the

belief that when lysines insert into the bilayer interior

they are accompanied either by a few water molecules

(Jayasinghe et al. 2001) or by lipid phosphate headgroups

(Tang et al. 2007) thus raising the local polarity of the

bilayer interior around lysine side chains to about that of

octanol.

To account for either the membrane interface or the

membrane hydrophobic core preferences of different

amino acid residues, three scales, WW scale, KBT scale,

and KBT-LysWW scale, were combined with the POPC

(palmitoyloleoylphosphocholine) interface scale of Wimley

and White (IFWW) (White and Wimley 1999) leading to

three combined scales, WW-IFWW, KBT-IFWW, and

KBT-LysWW-IFWW. To achieve this, a z-dependence of

sjr in the Eq. 2b was introduced by the expression:

sjr ¼ sjr;hcð1� ð1� rÞ exp ðzj � zwÞÞ; zw [ zj

sjr ¼ sjr; if ; zw� zj
ð5Þ

where sjr,hc is the free energy of the transfer of the residue

jr from water to the hydrophobic core of the membrane,

sjr,if is the free energy of transfer of the residue from water

to the POPC interface, r stands for r = sjr/sjr,hc. ASAs in

Eq. 2b were determined by the program GETAREA

(Fraczkiewicz and Braun 1998).

The term GqE,m of Eq. 1 accounts for the electrostatic

interaction energy of the protein with the membrane. It was

calculated using the Gouy-Chapman-Stern theory for pro-

tein atoms in solution and ‘‘constant field approximation’’

for protein atoms within the membrane as described in

Veresov and Davidovskii (2007) and Supplementary

Material Section SB.

General strategy for the analysis of Bax integration

into the MOM

Because a straightforward sampling of the full configura-

tional space of the protein is impractical, experimentally

based structural constraints as well as physical and evolu-

tionary considerations were used to reduce the conformational

space to be searched (hereafter the term ‘‘configuration’’

will be used to mean the protein conformation together

with the spatial arrangement of the protein as a whole

with respect to the membrane). For this purpose, the pro-

cess of integration of Bax into the MOM preceding the

oligomerization was divided, on the basis of a number of

experimental data, into four stages with four different

procedures for conformational space reductions. These

stages were (1) translocation of the protein from the solu-

tion to the membrane, (2) the insertion of helix a9 into the

membrane, (3) the insertion of hairpin a5–a6 into the

membrane, and (4) a stage of refinement. The main motive

for such a division was an efficient constraining of the

conformational space to be sampled using experimental

data and experimentally based guesses about Bax inter-

mediate structures or Bax structural rearrangements within

each of these stages. The following experimental data
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underlay the constraints set on the conformation space to

be explored: (1) the absence of significant conformational

changes of Bax in solution (in the cytosol) (Suzuki et al.

2000), (2) the initial binding of Bax to the MOM occurs via

its C-terminal ‘‘tail-anchor,’’ helix (a9) (Wolter et al. 1997;

Goping et al. 1998; Nechustan et al. 1999; Suzuki et al.

2000; Annis et al. 2005), (3) Bax also inserts ‘‘pore

domain’’ (helices a5–a6, a5–a6-hairpin) and this insertion

into the membrane occurs after insertion of the helix a9 and

prior to Bax oligomerization and membrane permeabili-

zation (Heimlich et al. 2004; Garcia-Saez et al. 2004;

Annis et al. 2005), (4) the unfolding of the protein occurs

mainly in the regions of low polarity either on or near the

surface of the membrane or within the membrane (Wolter

et al. 1997; Suzuki et al. 2000; Yethon et al. 2003; Terrones

et al. 2004; Garcia-Saez et al. 2004; Annis et al. 2005)

where the stabilization of intrahelical hydrogen bonds, due

to the low polarity of the medium, can be expected. In

accordance with point (4), it was suggested that the con-

formational rearrangements of Bax near or within the

membrane occur mainly via the changes of the dihedral

angles of interhelical loops while the helices themselves

remain essentially unchanged.

The experimental data indicate that the insertion of helix

a9 into the MOM requires the direct participation of tBid.

Based on the results of Bax activation by BH3 peptides of

Bcl-2 family proteins, the hypothesis that the disengage-

ment of helix a9 from the Bax hydrophobic groove occurs

due to a direct displacement of this helix by the BH3

domain of tBid has been a prevailing view in recent years

(Kuwana et al. 2005; Walensky et al. 2006). Quite recently,

this hypothesis was called into serious question by NMR

data showing that Bim BH3 peptide does not bind to Bax at

its canonical hydrophobic groove (Gavathiotis et al. 2008).

We hypothesized that direct interaction of tBid with Bax

results, due to electrostatic interaction of positively charged

tBid with the anionic MOM, in such a displacement of Bax

whereby hydrogen-bonded Asp98 and Ser184 of Bax are

brought into proximity with the negatively charged cardi-

olipin heads of the MOM. In this case, the electrostatic

interactions between Asp98 and anionic cardiolipin heads

and between Ser184 and the polar medium of the headgroup

region of the MOM would be expected to displace the

energy balance among hydrophobic, electrostatic, and

elastic interactions of the helix a9 with the membrane and

the Bax binding groove in favor of the helix intramembrane

location preceded by the disruption of the hydrogen bond.

To test this hypothesis and elucidate the mechanisms of

Bax integration into the MOM as well as to obtain the 3D

structure of Bax integrated into the MOM, six types of

Monte Carlo simulations with six different types of initial

configurations of the protein (shown in Fig. 1c) were

performed.

When carrying out type I simulations, the backbone

dihedral angles of Bax were fixed at their solution values

from the NMR structure obtained by Suzuki et al. (2000),

while external rigid body translational and rotational

motions were allowed. The goal of the simulations of this

type was to analyze the behavior of Bax monomer in the

cytosol and detect the lowest-energy arrangement of the

protein relative to the membrane in healthy cells.

Upon applying type II simulations, the lowest-energy

configuration from the preceding type of simulation was

used as the initial one. To reduce the computing time of

these CPU-intensive simulations, a three-stage simulation

protocol was used in this case that was based on the fol-

lowing considerations. The residues Gly156 and Gly 157

within loop L7–8 between helices a7 and a8, as well as

Gly166 within loop L8–9, do not contain side chains, and

therefore are expected to be highly rotatable. Besides, these

residues, together with the adjacent Gln155, Phe165, and

Thr167, are highly conserved between all known Bax

types. Based on these considerations and the experimental

data indicating that the insertion of helix a9 into the MOM

occurs largely autonomously from the rest of the protein

(Annis et al. 2005) and is fast (Nechustan et al. 1999), the

residues Gln155, Gly156, Gly157 and Phe165, Gly166,

Thr167 were suggested to form two hinge groups that make

the main contribution to the release of helix a9 from the

Bax binding pocket. Therefore, only the dihedral angles of

these six residues were allowed to vary at the first stage of

the type II simulations. At the second stage of the type II

simulations, all dihedrals of the residues of the loops L6–7,

L7–8, and L8–9 were allowed to vary. The cases with Ser

(wild-type case), Ala, Val, Asp, and Lys at the residue 184

position were analyzed. At the third stage of the type II

simulations, that of refinement, all dihedrals were allowed

to vary, while external rigid body translational and rota-

tional motions were ignored. At this stage, the protein was

subjected to conjugate gradient minimization. These

mutants were selected for examination because the muta-

tions at position 184 are thought to be critical for the

insertion of helix a9 into the membrane (Nechustan et al.

1999) and because the data on the insertion of helix a9 of

these mutants into the MOM are available from experiment

(Nechustan et al. 1999) and therefore can be used for the

calibration of parameters of the model and its verification.

To eliminate sterically inconsistent conformations when

using the NMR structure of wild-type Bax (Suzuki et al.

2000) with Ser 184 substituted by Ala, Val, Asp, or Lys,

the mutant structures were subjected to conjugate gradient

minimization prior to MC runs.

With type III simulations, the spatial arrangement of the

rigid complex tBid–Bax was studied. In this case the

3D-structure of the rigid complex tBid–Bax was predicted

by the program Hex (Ritchie and Kemp 2000) with shape
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plus electrostatics correlations. The best scored complex

was submitted to simulations with the initial configuration

whereby the configuration of Bax was identical to the

lowest-energy one from the simulations of the first type. In

the type III simulations, the dihedrals of the tBid–Bax

complex other than those of the N-terminal segment pre-

ceding the first tBid helix were fixed. In doing this, we

were guided by the assumption that the loop preceding the

first tBid helix could have different conformations when in

full Bid and truncated Bid, tBid.

With type IV simulations, only wild-type Bax behavior

was studied. In this case, the initial configuration was the

lowest-energy one taken from the type III simulations.

A three-stage simulation protocol similar to that used with

the type II simulations was applied in this case as well.

Type V simulations were carried out only for wild-type

Bax starting from the lowest-energy configuration of the

type IV simulations. Because this configuration was found

to be such (see ‘‘Results’’) that helix a9 was inserted into

the membrane, thus clearing the way for the release of

hairpin a5–a6 from the hydrophobic core of the protein and

towards its insertion into the membrane, it was suggested

that the experimentally observed fast insertion of helices a5

and a6 into the membrane performs, at least initially,

without any alterations of the protein part involving helices

a1–a4. Based on the latter suggestion and taking the

shortness of the loops between helices a5 and a6 (L 5–6),

and between helices a7 and a8 (L 7–8) into account, only

variations of dihedral angles of the residues within the

loops between helices 4 and 5 (L 4–5), 7 and 8 (L 7–8),

and 8 and 9 (L 8–9) were allowed during the type V

simulations.

When performing type VI simulations, a three-stage

procedure was used with the lowest-energy configuration

of the type V simulations taken as the initial one. The

residues Gly3, Ser4, Gly5, Gly10, Gly11, Gly12, Gly39,

Gly40, Ser101, Asp102, Gly103, Asn104, Gln155, Gly156,

Gly157, Phe165, Gly166, and Thr167 either do not have

side chains or their side chains are short or these residues

are adjacent to those with no side chains. In addition, these

residues are highly conserved across all known Bax types.

Therefore, these residues were assumed to form hinge

groups. With this assumption, all dihedral angles, except

those of these residues, were kept fixed at the first stage of

the type VI simulations. At the second stage, the dihedral

angles within all loops between helices were allowed to

Fig. 1 The amino acid

sequence of Bax_human (a), the

3D PDB structure of Bax

(Suzuki et al. 2000) (PDB

accession code 1f16) (b), and

six initial configurations of Bax

used in the simulations (c). The

starting configurations of type I

correspond to the NMR

conformation of Suzuki et al.

(Suzuki et al. 2000) with

different orientations relative to

the membrane. The starting

configuration of type III

corresponds to the tBid–Bax

dimer with Bax configuration

identical to the lowest-energy

configuration of Bax monomer

relative to the model membrane.

The starting configurations of

type II and of type IV are the

lowest-energy configurations

from the type I and III

simulations, respectively. The

starting configuration of type V

is the lowest-energy

configuration of type IV

simulations with helix a9

inserted. The starting

configuration of type VI is the

lowest-energy configuration of

type V simulations with helices

a5, a6, and a9 inserted. Helices

in a are depicted in bold
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vary. At the third stage, the lowest-energy configuration

obtained at the second stage was taken as the initial one,

and Bax was subjected to conjugate gradient minimization

with all dihedral angles of Bax allowed to vary, but

ignoring external rigid body translations and rotations.

The generation of sequences of configurations

When performing simulations of types I–VI, Monte Carlo

configurational searches in the space of non-fixed gen-

eralized coordinates were carried out. Aside from non-fixed

dihedral angles, these generalized coordinates included

Euler angles and the coordinates of Ca atom of the first

N-terminus peptide unit, describing the localization of the

protein as a whole relative to the membrane (Veresov and

Davidovskii 2007). With these simulations, we followed

standard Metropolis MC criteria of the acceptance of each

move in sampling the configurational space of the protein.

New configurations were generated by simultaneously

perturbing the generalized coordinates [a detailed

description of the sampling protocol is available in Veresov

and Davidovskii (2007) and Supplementary file SC]. When

type I simulations were carried out, the dihedral angles

both of the backbone and of the side chains were fixed.

Generally, the simulations of types I and III, as well as of

the first stages of types II and IV–VI with partially fixed

dihedral angles of interhelical residues, included 100,000-

200,000 full cycles for each starting structure. At the sec-

ond stages of the simulations of types II and IV–VI, 5,000

full MC cycles were performed with no dihedrals of

interhelical loops being fixed. At the third stages of the

simulations of types II and IV–VI, conjugate gradient

minimizations were carried out on the space of all dihedral

angles, with Euler angles being fixed.

Results

Nonactivated Bax binds weakly to the model membrane

mimicking the MOM

To reproduce the behavior of cytosolic Bax in healthy

(nonapoptotic) cells, five independent runs of 200,000 MC

cycles each of the type I simulations for the completely

folded Bax [the NMR-structure from Suzuki et al. (2000)]

with five different initial distances from the membrane and

different initial orientations of the protein were carried out

under conditions when all dihedral angles were maintained

fixed, while external rigid body rotational and translational

motions were allowed. In all cases, starting from an arbi-

trary aqueous phase configuration, Bax adsorbed to the

membrane in the head region with its most positively

charged side (the side of the location of the helix a9) ori-

ented towards the membrane. The RMSDs of Euler angles

and of the protein distance to the membrane from those of

the lowest-energy (-1.8 kcal/mol for the interaction with

the membrane) configuration (shown in Fig. 2) averaged

over last 50,000 MC cycles were less than 12� and 3 Å,

respectively. Figure 2 shows that while Lys189 and

Lys190 lie close to the plane of negative charge in the

Fig. 2 The 3D structure of a

completely folded Bax

monomer in its lowest-energy

configuration. The a9 helix is

depicted in light green. The

residues Asp98 and Ser184,

which form hydrogen bonds, are

shown space-filled. The circles
with minus signs inside them

represent the plane of the

negative surface charge of the

membrane. The membrane

hydrophobicity profile is color-

coded so that dark blue
represents the most highly

hydrophobic region of the lipid

chains, progressively paler tints
of blue correspond to a

progressive decrease in

hydrophobicity, and the aqueous

phase is white
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lowest-energy state, the hydrogen-bonded pair of residues

Asp98-Ser184 is well off the membrane. These results

show that Bax prefers to be weakly bound to the model

membrane mimicking the MOM without any external

activation.

The membrane-driven behavior of helix a9 in the cases

of wild-type Bax and mutants Bax-Ser184Ala,

Bax-Ser184 Val, Bax-Ser184Asp, and Bax-Ser184Lys

The analyses of unfolding of helix a9 and its insertion into

the membrane via the use of the type II simulations were

performed for the cases of wild-type Bax (wt-Bax) and

Bax-mutants Bax-S184A, Bax-S184V, Bax-S184D, and

Bax-S184K. The lowest-energy configuration of the type I

simulations was used as the initial configuration for all five

cases. Both with WW-IFWW and KBT-IFWW scales, no

cases of any significant movement of helix a9 from the

hydrophobic pocket of the Bax were registered in the case

of the type II simulations for wt-Bax and Bax-S184K when

the number of steps was 200,000. For the cases of the

mutants Bax-S184A, Bax-S184V, and Bax-S184D, the

release of helix a9 took place but without the insertion of

this helix into the membrane (Supplementary Figures

S1–S3). Because the data of Nechustan et al. (1999) strongly

suggest the insertion of helix a9 of wt-Bax into the MOM

upon the action of apoptotic stimuli and a constitutive

residence in the MOM of helix a9 of mutants Bax-S184A

and Bax-S184V in nonapoptotic cells, the contradiction

between the experiment and the results of the simulations

was hypothesized initially to be caused by an overesti-

mated account of ‘‘lipid perturbation effect’’ by the KBT

scale in the case when the membrane contains cardiolipin.

To test this, the simulations with the use of the Radzicka–

Wolfenden hydrophobicity scale (Radzicka and Wolfenden

1988), whose values are known to correspond to the

solvation constituents of the KBT hydrophobicity scale

values, were performed. These simulations failed also to

reveal the insertion of helix a9 into the membrane. Then, in

accordance with the growing evidence that the acyl tail

region has some polar content, the free energies of transfer

in vivo of positively charged residues, such as arginines

and lysines and in particular of Lys189 and Lys190, into

the MOM were suggested to be significantly below the

values from any hydrophobicity scale, based on the data

from water-to-alkane (cyclohexane) transfer. To test this,

simulations using a hybrid KBT-LysWW-IFWW scale

were undertaken. With this scale, the value of 7.4 kcal/mol

for Lys from the KBT-IFWW scale was replaced with

2.71 kcal/mol from the WW-scale. The type II simulations

for wt-Bax, Bax-S184A, Bax-S184V, and Bax-S184D with

the use of such a hybrid scale showed profound and stable

insertion of the helix a9 into the membrane for the cases

Bax-S184A and Bax-S184V (see Fig. 3). Isolated cases of

sufficiently deep, but unstable, insertion into the membrane

took place in the case of Bax-S184D (data not shown),

Fig. 3 The lowest-energy

configurations of the type II

simulations for the mutants

Bax-S184A (a) and Bax-S184V

(b). The membrane

hydrophobicity profile and the

membrane surface charge are

represented using the scheme of

Fig. 2
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while no insertion was registered in the case of wt-Bax. For

this latter case, no significant displacement of helix a9

from the Bax binding groove was observed.

The strongest binding of tBid with Bax occurs

at an interaction site that is distinct from the canonical

binding groove of Bax

Because the experimental data for wt-Bax show the

insertion of helix a9 into MOM upon the action of

apoptotic stimuli (Nechustan et al. 1999), more careful

analysis was undertaken. The data of Suzuki et al.

(2000) suggest that hydrogen bonding between Ser184

and Asp98 prevents the release of the a9 helix from the

Bax canonical binding pocket and thus this hydrogen

bond should be disrupted to make a9 release feasible. It

was hypothesized that a closer position of residues

Ser184 and Asp98 to the negative charges of the mem-

brane could lead to attenuation and disruption of

hydrogen bonding between these residues. One way that

suggests itself to induce such a translocation of these

residues is through the mediation of tBid. In line with

this hypothesis, the interaction of positively charged tBid

with the negatively charged part of Bax could lead to the

formation of a transient complex between these two

proteins with the distribution of the charge of the com-

plex favoring a displacement of the Bax-globule together

with Ser184 and Asp98 closer to the membrane. To test

this hypothesis, a two-stage approach was applied. At

first, the 3D structure of the complex tBid–Bax was

predicted with the use of the protein-protein docking

computer program Hex with shape plus electrostatics

correlations (Ritchie and Kemp 2000). To avoid false-

negative results upon computer-automated rigid docking

of flexible loops, the loops comprising residues 1–29,

39–48 of Bax, and 61–70 of tBid were eliminated prior

to the docking computations. After the docking, the

eliminated loops were restored and optimized within the

full Bax-tBid complex with the use of program SE

(Nikiforovich et al. 1979) adapted to the ECEPP2/

ECEPP3 protein force-field parameterization (Dunfield

et al. 1978; Némethy et al. 1983, 1992). The best score

Bax-tBid complex predicted by the in-silico docking with

the restored and optimized loops is shown in Fig. 4a.

Within this best score structure, the interface between

tBid and Bax is formed by helices H3 and H8 of tBid;

Bax helices a1, a2, and a3; and the a5 helix C-terminus

while the canonical binding groove of Bax is away from

the interface. Of note, Asp33 of Bax and Arg84 of Bid,

which were earlier shown to play a key role in the tBid–

Bax interaction (Cartron et al. 2004a), lie close to each

other within the predicted best score structure (shown in

Fig. 4a).

The tBid–Bax interaction results in the close approach

of residues Asp98-Ser184 to the membrane negative

charge and release of helix a9 from the hydrophobic

groove

In order to elucidate the behavior of Bax after its docking

with tBid, type III simulations were applied to the protein

complex tBid–Bax predicted with the use of the program

Hex. The initial and lowest-energy configurations are

shown in Fig. 4b and c, respectively. The simulations

showed that tBid binds to the membrane by its N-terminal

Arg63, turning Bax to an extent that Asp98 and Ser84 are

brought into close proximity to the membrane.

Next, the type IV simulations were carried out with

the use of WW-IFWW, KBT-IFWW and KBT-LysWW-

IFWW scales in turn taking the lowest-energy configu-

ration of the type III simulations as the starting point.

When either the WW-IFWW scale or the KBT-IFWW

scale was used, the significant exposure of helix a9 of

wt-Bax from the hydrophobic groove but without helix

insertion into the membrane was observed, resulting in

the lowest-energy configurations, whereby Lys189 and

Lys190 were located adjacent to the headgroups of the

lipids (shown for the KBT-IFWW scale in Fig. 5a). The

wt-Bax behavior was quite different when the simula-

tions using the KBT-LysWW-IFWW scale were applied.

In this case, a profound and stable insertion of helix a9

into the membrane was registered (Fig. 5b). As for

Bax-S184K, no appreciable changes in the position of

helix a9 relative to the remainder of the protein were

observed.

Insertion of the a5–a6 hairpin into the membrane

To elucidate how the amphipathic hairpin a5–a6 inserts

into the hydrophobic core of the MOM, Monte Carlo

simulations with the initial type V configuration were

carried out. No stable insertion was registered when

either the WW-IFWW scale or the KBT-IFWW scale

were used upon applying the type V simulations. As in

the case of the a9 helix insertion, the question arises as

to why we were not able to obtain the insertion of the

helices a5 and a6 into the outer mitochondrial membrane,

which has been reliably observed experimentally (Garcia-

Saez et al. 2004; Annis et al. 2005). One way to explain

the immersion of hairpin a5–a6 is to propose that the

closely spaced, oppositely charged residues Glu131 and

Arg134, Asp142 and Arg145 of helix 6 are salt-bridged,

thus reducing their desolvation energy, and with it the

free energy of their transfer into the membrane (Honig

and Hubbel 1984; Wimley et al. 1996; Jayasinghe et al.

2001). To examine this hypothesis, the net transfer free

energy for each ion pair was taken from the ‘‘augmented
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WW scale’’ (Jayasinghe et al. 2001) when applying the

WW-IFWW scale. One might expect more significant

reduction in the desolvation energy if polar residues

forming ion pairs are transferred from water into a

hydrophobic core of the membrane (em & 4) (Honig and

Hubbel 1984), which is less polar than octanol

(eoct & 12). Because no such data were available for

transfer either to cyclohexane or to real biological

membranes, the heuristic values for reduction DDGKBT of

the net transfer free energy for each ion pair based on the

considerations of Honig and Hubbel (Honig and Hubbel

1984) were adopted when applying the KBT-IFWW

scale: DDGKBT = eoct/ehmDDGWW & 3DDGWW, where

DDGWW is the corresponding reduction for the WW scale

calculated from the ‘‘augmented WW scale’’ values

(Jayasinghe et al. 2001). Despite the enhanced hydro-

phobicity of helix a6 due to these changes, no stable

insertions took place here, either, when using either the

WW-IFWW or the KBT-IFWW augmented scales,

although, unlike the previous consideration, isolated cases

of the hairpin insertion were observed (data not shown).

It was then suggested that, similarly to the case of the

helix a9 insertion into the MOM, the underestimation of

the polarity of the Lys119, Lys123, and Lys128 envi-

ronment within the membrane hydrophobic core by KBT-

scale might be responsible for failures to reproduce a

stable insertion of hairpin a5–a6 into the model mem-

brane mimicking the MOM. To test this suggestion, the

Fig. 4 a The conformation of

the complex Bax-tBid predicted

by computer docking with the

use of the program Hex (Ritchie

and Kemp 2000). Helices H3,

H8, and H7 of tBid and a1, a2,

and a3 are colored lemon, deep
olive, light pink, orange, deep
purple, and hot pink,

respectively. The a5 C-terminus

is colored red. Asp33 of Bax

and Arg84 of Bid are shown in

spacefill. b Initial configuration

of type III MC simulations.

c The lowest-energy

configuration obtained by type

III MC simulations for the

complex Bax-tBid
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simulations were performed with the use of the hybrid

KBT-LysWW-IFWW scale. In contrast to simulations

with the use of the WW-IFWW or KBT-IFWW scales,

the stable insertion of the a5–a6 hairpin took place.

Figure 6 shows the lowest-energy structure obtained by

the Monte Carlo simulations of types V and VI. The

dihedral angles and Cartesian 3D coordinates of atoms

for the lowest-energy structure are shown in Supple-

mentary Table ST1 and in Supplementary Data 4,

respectively, of the electronic Supplementary Material

file. When the simulations with the same scale, but

without the correction for salt-bridge formation in the

transfer free energy of ion pairs, were performed, the

insertion of the a5–a6 hairpin into the membrane in

the case of the type V simulations was not detected (data

not shown). These results show that the insertion of

hairpin a5–a6 into the MOM can be reproduced by the

simulations upon the fulfillment of two conditions: the

formation of salt-bridges between Glu131 and Arg134,

Asp142 and Arg145 of the helix 6 as well as with the

use of octanol-like transfer energy values for lysines.

The results obtained with different types of simulations

and different hydrophobicity scales are summarized in

Table 1.

Discussion

The behavior of Bax in healthy (nonapoptotic) cells

The results of the simulations show that despite the net

negative charge of Bax (*-4e), the protein was not sub-

jected to significant repulsion from the anionic membrane

and possessed the lowest-energy configuration corre-

sponding to a membrane-associated state. Mathematically,

the charge of Bax (totally negative) can be decomposed

into the sum of a negatively charged monopole and

multipoles. At close distances to the membrane, the dipole-

membrane interaction is dominant, resulting in the lowest-

energy state of the system corresponding to Bax associated

with the membrane by the most positively charged side

of the protein (the side of the location of helix a9).

Fig. 5 The lowest-energy

configuration obtained by type

IV MC simulations for the

complex Bax-tBid with the use

of the KBT-IFWW-scale (a)

and the KBT-LysWW-IFWW

scale (b). For simplicity, only

Bax is shown. The a9 helices

are shown in red. The

membrane hydrophobicity

profile and the membrane

surface charge are represented

using the scheme of Fig. 2
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Kinetically, in the system with the anionic membrane and

one molecule of Bax in solution, starting from an arbitrary

position and orientation in the cytosol, Bax, eventually,

turns to the membrane by its positive pole (formed by a

cluster of positively charged residues) followed by the

attraction of the protein to the membrane and weak asso-

ciation with it as a peripheral protein. It can be expected

that if many molecules of Bax are present, an equilibrium

is established between association to and dissociation from

the membrane as well as between Bax molecules in solu-

tion and those in the membrane-adsorbed state. This sug-

gests that, despite the net negative charge of Bax, a number

of the protein molecules will be adsorbed to the membrane

even under healthy cell conditions. This prediction is

consistent with observations for a number of cell types

where mitochondrially associated Bax molecules were

found in healthy cells (Goping et al. 1998; Suzuki et al.

2000).

The insertion of helix a9 of Bax into the membrane

The results obtained show that while the release of helix a9

from the hydrophobic pockets of mutant proteins Bax-

S184A, Bax-S184V, and Bax-S184D occurs spontane-

ously, that is, requiring neither the participation of other

proteins nor the elevation of the net charge of these Bax

mutants, we were able to reproduce such a process with

wild-type form only when Bax was bound to tBid and

approached, due to attraction between the positively

charged tBid N-terminal fragment and negative surface

charge on the membrane, in close proximity to the mem-

brane by Asp98 and Ser184 thus making the release of

helix a9 from hydrophobic groove feasible.

In accordance with this model, the N-terminal segment

of tBid encompassing residues 61–78 (G61NRSSHSRL

G70RIEADSES78) plays a key role in this displacement of

Bax. The C-terminal sub-segment of this segment con-

sisting of residues 61–70 was kept widely separated from

the rest of the complex Bax-tBid by the N-terminal portion

of this segment consisting of residues 71–78 during all runs

of the type-III simulations (Fig. 4b, c) despite the fact that

significant internal rotations around N–Ca and Ca–C0 bonds

of Ala74 and Ser76 took place (see Table ST2 of the

electronic Supplementary Material file). Such a quasi-

rigidity of the sub-segment of residues 71–78 can be

explained by the presence within it of a number of bulky

residues that impose severe restrictions on the allowable

internal motions of this portion of the tBid N-terminal

segment (Flores et al. 2007), forcing it to be extended away

from the rest of the complex Bax–tBid. In contrast, the

Fig. 6 A 3D structure of the complex of wt-Bax-tBid integrated into

the model membrane by the Bax helices a5, a6, and a9. The lowest-

energy configuration obtained by Monte Carlo type VI simulations

with the use of the hybrid KBT-LysWW-IFWW scale is shown. The

transfer of ion pairs was taken into account by the ‘‘augmented

Wimley–White scale’’ (Jayasinghe et al. 2001). The lowest-energy

configuration from the type V simulations was used as the starting

configuration for the type VI simulations. Helices a5, a6, and a9 are

colored green, cyan, and orange, respectively. The remainder of Bax

is colored hot pink. tBid is depicted as gray. The membrane

hydrophobicity profile and the membrane surface charge are repre-

sented using the scheme of Fig. 2
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presence within the N-terminal sub-segment (residues 61–

70) of one glycine (Gly70) and of a considerable number of

residues with small sizes of side chains, among which there

are two sequential pairs of residues Leu69, Gly70 and

Ser64, Ser65, suggests that this portion is far more flexible.

In accordance with this hypothetical scheme, whereby the

N-terminal segment of tBid (residues 61–78) consists of a

rather flexible N-terminal sub-segment (residues 61–70)

and a rather rigid C-terminal sub-segment (residues 71–78),

rigidly attached to the rest of the complex Bax-tBid, the

latter sub-segment of the N-terminal segment of tBid

(encompassing residues 71–78) keeps the most flexible

portion (consisting of residues 61–70) separated from the

rest of the complex state, while the most flexible one acts

as a ‘‘rope’’ dragging the rigid rest of the complex closer

to the membrane, resulting finally in the lowest-energy

structure shown in Fig. 4c.

When either WW-IFWW or KBT-IFWW hydrophobic-

ity scales were applied to wt-Bax with a disrupted hydro-

gen bond between Ser184 and Asp98 or to the mutants

Bax-Ser184Ala and Bax-Ser184Val without such a bond,

no cases of insertion of helix a9 into the membrane were

registered. Per residue analysis showed that this was caused

by the high free-energy cost of the transfer of charged

Lys189 and Lys190 from the polar membrane interface

environment into the hydrophobic environment of the

membrane core (data not shown). However, when KBT-

LysWW-IFWW scale was used, the stable insertion of

helix a9 into the membrane was revealed in the cases of

wt-Bax and mutants Bax-Ser184Ala and Bax-Ser184Val,

but not in the case of Bax-Ser184Asp.

The disruption of hydrogen bonding between Ser184

and Asp98 of wt-Bax is a key event in Bax integration into

the MOM. The simulations showed that the increase in free

energy due to the separation of the hydroxyl group of

Ser184 from the carboxylate group of Asp98 is initially

compensated for by the decrease of the electrostatic energy

due to interaction of Lys 189 and Lys190 with the surface

negative charge (corresponding to the plane of lipid

headgroups) with an ensuing additional free-energy gain

Table 1 Results obtained by the simulations of types I-VI using different hydrophobicity scales

Simulation

type

Wild type or

mutants used

Hydrophobicity scale used Release of helix a9

from the Bax binding

groove

Insertion of helix

a9 into the

membrane

Insertion of the hairpin,

formed by helices

a5 and a6 into the

membrane

I wt KBT ns ns ns

II wt KBT-IFWW, WW-IFWW - - -

S184A KBT-IFWW, WW-IFWW ? - ns

S184V KBT-IFWW, WW-IFWW ? - ns

S184D KBT-IFWW, WW-IFWW ? - ns

S184K KBT-IFWW, WW-IFWW - - ns

wt RW - - ns

S184A RW ? - ns

S184V RW ? - ns

S184D RW ? - ns

wt KBT-LysWW-IFWW - - -

S184A KBT-LysWW-IFWW ? ? ns

S184V KBT-LysWW-IFWW ? ? ns

S184D KBT-AspWW-IFWW ? ?/- ns

S184K KBT-LysWW-IFWW - - ns

IV wt KBT-IFWW, WW-IFWW ? - ns

wt KBT-LysWW-IFWW ? ? ns

S184K KBT-LysWW-IFWW - - ns

V wt KBT-IFWW, WW-IFWW ? ? -

V wt KBT-LysWW-IFWW without

the correction for salt-bridges

formation

? ? -

V, VI wt KBT-LysWW-IFWW with the

correction for salt-bridges

formation

? ? ?

ns Not simulated, RW Radzicka–Wolfenden scale (Radzicka and Wolfenden 1988)

Eur Biophys J (2009) 38:941–960 953

123



due to immersion of hydrophobic residues of helix a9 into

a nonpolar environment. The latter effect was taken into

account both by the electrostatic term describing the

repulsion of Asp98 side chain from the membrane and by

the hybrid KBT-LysWW-IFWW scale, whereby Ser184

prefers to be located in the headgroup region, while the

preferred position of the hydrophobic residues of helix a9

is within the hydrophobic core. A significant reduction in

the free-energy barrier for such a transition of helix a9

from a potential well, caused by interaction of Ser184 with

Asp98, to another potential well, caused by interaction of

C-terminal lysines with the surface negative charges, is

achieved by the approach of the hydrogen-bonded pair

Ser184-Asp98 close to the membrane surface charges.

The insertion of the a9 helix containing charged lysines

into the MOM seems to have much in common with the

transfer through the lipid phase of the highly charged S4

helix of the KvAP voltage-dependent potassium channel

(Jiang et al. 2003; Hessa et al. 2005). Molecular dynamics

studies of the S4 helix movement through a lipid bilayer

showed the possibility of two not necessarily mutually

exclusive mechanisms of compensation for high free-

energy costs of charge transfer through the lipid phase: by

either interaction with water or with lipid headgroups

(Freites et al. 2005; Sands and Sansom 2007; Bond and

Sansom 2007). Recently, a lipid phosphate-mediated argi-

nine insertion into lipid membranes has been revealed by

solid-state NMR (Tang et al. 2007). These data suggest that

cationic residues can, at least in some cases, drag anionic

phosphate groups along as they insert into the hydrophobic

part of the membrane, thus creating a polarity-favorable

environment for the charged side chains of these residues

within the hydrocarbon core of the bilayer. Taken together,

our results and those of other authors argue in favor of the

mechanism of the Bax anchoring by helix a9, whereby the

formation of complexes of Lys189 and Lys190 either with

water molecules or with lipid anionic phosphate groups

facilitates insertion of the helix into the membrane.

When Ser184 was replaced with Lys, the release of helix

a9 from the Bax hydrophobic pocket was abolished. In this

case, the formation of a salt bridge between Lys184 and

Asp98 took place, which hindered dissociation of the

C-terminal helix from the hydrophobic pocket (data not

shown). Though the replacement of Ser184 with Asp pro-

moted dissociation of helix a9 from the hydrophobic

pocket, no insertions into the membrane were registered in

this case either. This result can be explained by a large

free-energy penalty for the transfer of the aspartate into the

hydrocarbon core of the membrane as well as by repulsion

of the negatively charged aspartate from the negatively

charged plane in the membrane surface layer. However,

when the KBT value for Asp184 was replaced by that from

the WW scale, isolated cases of sufficiently deep insertion

were observed (data not shown). The data of Nechustan

et al. (1999) showed the stable integration of the mutants

Bax-Ser184Ala and Bax-Ser184Val into the MOM, but the

absence of such integration for the mutant Bax-Ser184Asp.

In general, our results suggest that the addition of a third

polar residue to helix a9 changes the sign of the balance

among hydrophobic, electrostatic, and elastic interactions

of Bax with the membrane thus making the stable insertion

of the helix into the hydrophobic core of the MOM

infeasible. These results showed that while the a9-helix

insertion into the membrane in the case of wild-type Bax

and the mutants Bax-Ser184Val and Bax-Ser184Ala is

energetically favorable, the reverse is true when Ser184 is

substituted for a more polar residue. This suggests that a

hydrophobicity effect overcomes the net effect of the

electrostatic and elastic repulsion in the former case, while

exactly the opposite net effect takes place in the latter case.

It may be suggested that a close approach of the

hydrogen-bonded pair Asp98-Ser184 to anionic phosphate

headgroups, similar to that caused by tBid, can also be

achieved by making the charge of Bax more positive, as for

instance, by lowering pH. Bax activation and apoptosis in

several cell types in response to pH drop seem to be in

agreement with this suggestion [see Matsuyama et al.

(2000), Cartron et al. (2004b) and references therein].

These data were initially interpreted as if the changes in pH

would lead directly to changes in the solution conformation

of Bax thus favoring Bax integration into the MOM and its

permeabilization (Khaled et al. 1999). However, when Bax

is in solution, such conformational changes were demon-

strated by the NMR data to be absent (Suzuki et al. 2000),

thus ruling out the possibility that a drop in pH could

trigger Bax activation through effects on conformational

rearrangements in solution. Collectively, the latter con-

clusion and the considerations above suggest a different

interpretation, whereby the increase in proton concentra-

tion can increase the Bax net charge by protonation of a

number of Bax titratable groups, resulting in stronger

attraction of Bax to the MOM and displacement of the Bax

pair of residues Asp98-Ser184 close to the membrane

followed by hydrogen-bond disruption, release of helix a9,

and its insertion into the MOM.

Insertion of the hairpin formed by helices a5 and a6

into the membrane

The membrane insertion of the Bax TM domain and the

integration of helices 5 and 6 into the MOM lipid bilayer

are thought to contribute to pore formation, which in turn

might allow the release of intermembrane space proteins

such as cytochrome c. This concept is based in part on the

structural similarities between Bax and the pore-forming

domains of diphtheria toxin and colicins, an idea that has
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contributed to the notion that Bax oligomerization occurs

prior to or concomitant with the insertion of helices 5 and 6

into the MOM bilayer. This is in contrast, however, to the

findings of Annis et al. (2005), who argued that, unlike

some pore-forming proteins, Bax forms membrane-inte-

grated monomers in which all three helices, a5, a6, and a9,

are inserted into the bilayer prior to Bax oligomerization.

The simulations showed that, when starting from the

structure with the inserted helix a9 and with the remainder

of the protein either on the membrane surface or exposed to

the solvent (type V simulations), wt-Bax can adopt the

transbilayer orientation of the hairpin formed by helices a5

and a6 spontaneously, but only upon the fulfillment of two

conditions. These are the formation of ion pairs by the side

chains of the oppositely charged residues of the a6 helix

and an octanol-like-polarity environment around positively

charged residues of helix a5 within the bilayer interior. As

to the former assumption, its use may be thought of as

justified in view of a number of theoretical and experi-

mental results (Wimley et al. 1996; Chin and Heijne 2000;

Jayasinghe et al. 2001) that reveal the significant thermo-

dynamic stabilization of charged residues within a hydro-

phobic environment due to formation of salt-bridges. As to

the second condition, it is based on the assumption that the

octanol-like-polarity environment around lysine side chains

within the hydrocarbon core of the membrane is achieved

by the complexation of the side chains either with water

molecules, which were shown to accompany basic or acidic

residues buried in the hydrocarbon core of the bilayer

(Dwyer et al. 2000), or with lipid phosphate headgroups

accompanying, supposedly, lysine side chains within the

membrane. Recently, similar complexation of positively

charged residues with lipid phosphates resulting in a

phosphate-mediated insertion of these residues into lipid

membranes has been revealed by solid-state NMR (Tang

et al. 2007). If this is the case when Bax inserts into the

MOM, it may be suggested that Lys119 and Lys123 per-

form the function of carriers of structural materials for the

construction of toroidal pores. Several years ago, Nouraini

et al. (2000) performed a comprehensive analysis of the

role of charged residues from hairpin a5–a6 in the insertion

and killing activity of Bax. They showed that the substi-

tution of Lys119 and Lys123 by alanines [the mutagenic

alterations B of Nouraini et al. (2000)], or the same sub-

stitutions of Lys119, Lys123, Asp142, Arg145, and Glu146

[the mutagenic alterations C (Nouraini et al. 2000)] favored

the expression of a gain-of-function phenotype when

expressed in mammalian cells, while the mutagenic alter-

ation F (Arg109Ala, Lys119Ala, Lys123Ala, Lys128Ala,

Arg134Ala, Asp142Ala, Arg145Ala, and Glu146Ala)

resulted in a loss of cytotoxicity in yeast. In view of our

results, the data of Nouraini et al. can be interpreted as that

the mutagenic alterations B and C impart the enhanced

hydrophobicity to helix a5, while the mutagenic substitu-

tions F disturb ion pairs in helix a6. Collectively, the

results of our simulations argue both in favor of the for-

mation of ion pairs when the isolated a6 helix inserts into

the membrane and in favor of the creation of suitable

polarity conditions for the insertion of the lysines of helix

a5.

Recently, Garcia-Saez et al. (2004) have demonstrated

the spontaneous insertion of the a5–a6 helical hairpin into

microsomal membranes. Our results and the considerations

above explain these data by the significant reduction in the

free-energy barrier for the insertion of helices a5 and a6

into the membrane due to the formation of ion pairs

between closely spaced, oppositely charged residues

Glu131 and Arg134, Asp142 and Arg145 of helix 6 as well

as due to the complexation of the side chains of Lys119 and

Lys123 either with water molecules or with lipid phos-

phates accompanying, supposedly, lysine side chains

within the membrane.

The model of Bax activation by tBid

Even using the hybrid KBT-LysWW-IFWW scale, the

release of the wt-Bax helix a9 from the binding pocket on

the surface of Bax and subsequent insertion of the helix

into the model membrane mimicking the MOM became

feasible only in the case of a close approach of residues

Ser184 and Asp98 to the plane of negative charge in the

membrane surface layer. Our results show that such an

energy-driven process, which favors the approach of Bax to

negative electrical charges in the membrane surface layer,

can occur due to the association of Bax with tBid.

Bid has long been suggested as a likely candidate for the

protein responsible for driving the Bax integration (inser-

tion) into the mitochondrial membrane (Desagher et al.

1999; Eskes et al. 2000; Kuwana et al. 2002; Terrones et al.

2004). The most popular model suggested that the tBid

BH3 domain may trigger the exposure of the helix a9 by

displacing it from the binding groove on the Bax surface

(Roucou et al. 2002). However, the results of Suzuki et al.

(2000) showed that binding of the BH3 domain of another

Bcl-2 family member would not be enough to disrupt the

interactions between the C-terminal tail of Bax and its

hydrophobic pocket. At first glance, this conclusion seems

contrary to the experimental evidence that in the case of

pure synthetic liposomes tBid alone is sufficient to activate

Bax (Kuwana et al. 2002; Terrones et al. 2004). However,

both results can be reconciled if one assumes a mechanism

of Bax activation by tBid, different from a direct disruption

of the hydrogen bond between Ser184 and Asp98 by the

BH3 domain of tBid. The results of our simulations suggest

that the formation of a complex between Bax and posi-

tively charged tBid can significantly reduce, due to
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interaction between the positive charges of tBid and the

negative charges of the membrane, the energy barrier that

prevents the approach of Ser184 and Asp98 to the anionic

headgroups of membrane lipids, thus leading to attenuation

and disruption of the hydrogen bond between these two

residues. In accordance with this interpretation of Bax

activation, tBid is required primarily for a close approach

of residues Ser184 and Asp98 to the negative charges of

the membrane.

Quite recently, simultaneous measurements by fluores-

cence techniques of tBid and Bax behavior in the course of

liposome membrane permeabilization were reported

(Lovell et al. 2008). These measurements suggested an

ordered series of steps occurring during this process: (1)

rapid tBid binding to the membrane where (2) tBid inter-

acts with Bax causing (3) Bax insertion into membranes

and (4) oligomerization, culminating in (5) membrane

permeabilization. These data can be reconciled with our

results if the data of Lovell et al. (2008) are interpreted

somewhat differently than the authors do. It may be sug-

gested that rapidly moving tBid molecules bind not only to

the membrane, but also to the Bax molecules that were

weakly adsorbed to the membrane surface and that tBid

molecules that bind to membrane-adsorbed Bax molecules

are precisely those that cause Bax integration into the

membrane by the above-described mechanisms. Figure 7

shows a model for Bax membrane targeting and insertion

based on the results obtained and the above considerations.

This model, although incomplete, provides a basic mech-

anistic framework that can be expanded and refined as

appropriate, based on future studies.

Our results seem at the first glance to be in conflict with

the recent data of Kuwana et al. (2005) and Walensky et al.

(2006), which showed the activation of recombinant Bax

by Bim and Bid BH3 peptides. Over an extended period of

time, these data have been interpreted as a displacement of

Bax a9 helix from the Bax hydrophobic groove by the

direct interaction with the BH3 peptides. However, recent

NMR analysis of the structure of Bim-SAHB-Bax complex

(Gavathiotis et al. 2008) showed that Bim BH3-peptide

binds to Bax near its N-terminus, rather than near its

C-terminus, thus casting doubt on the notion that the a9

helix disengagement from Bax binding groove occurs due

to its direct interaction with such activators as Bim or Bid

Fig. 7 The putative model of the activation of Bax by tBid upon the

action of an apoptotic stimulus. In accordance with this model, in

response to stimuli of the extrinsic, death receptor, pathway, Bid is

proteolytically cleaved by caspase-8. The molecules of caspase-8-

cleaved Bid, tBid, rapidly move, due to electrostatic attraction by

MOM surface charge, in the direction of the mitochondrial outer

membrane, where they bind either to the MOM or to Bax molecules

adsorbed on the MOM surface. Those bound to Bax molecules

displace them in such a way that the hydrogen-bonded residues

Ser184 and Asp98 are brought into close proximity with the

headgroup region where the free-energy barrier for the hydrogen-

bond disruption is low. The disruption of the hydrogen bond leads

first to insertion of the helix a9 and then to insertion of the hairpin

a5–a6 into the MOM followed by oligomerization and pore formation
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BH3 peptides, or full-chain tBid. The authors proposed the

mechanism of Bax activation by Bim BH3 peptide in

accordance with which the binding of BH3 peptide at the

groove formed by helices a1 and a6 leads to Bax confor-

mational rearrangements resulting in disengagement of

helix a9 from the Bax canonical binding groove. The

analysis of the protein docking between tBid and Bax

predicted by the program Hex showed that tBid engages

Bax at a location close to that for Bim BH3 peptide

established by Gavathiotis et al. (2008) but nonetheless

distinct from it. If this is the case, it can be concluded that

the mechanisms of Bax activation by BH3 peptides and by

tBid are different. Of note, data have been reported

showing that Bax targeting to mitochondria occurs via both

tail anchor-dependent and -independent, preceded by

oligomerization, mechanisms (Valentijn et al. 2008). On

account of these data and new data on binding Bim BH3

peptide with Bax (Gavathiotis et al. 2008), the mechanism

of Bax activation by Bim BH3 peptide via the release of

helix a9 seems unlikely, and therefore, tail anchor-inde-

pendent mechanism of Bax integration into the MOM via a

preliminary oligomerization can be hypothesized in this

case.

While it may be speculated that the Bax transition from

its folded state in solution to a membrane-integrated partly

unfolded state is thermodynamically favored, it cannot be

excluded that carrying out this process kinetically would

require overcoming a significant energy barrier. This sug-

gests that while two stages of Bax integration into the

membrane, those of the membrane anchoring by helix a9

and the hairpin a5–a6 insertion into the membrane, have

prerequisites to be performed either spontaneously or in

combination with tBid, it cannot be excluded that, for the

transition from the state with a9 inserted to that with a5,

a6, and a9 inserted or further to the oligomerization-

competent state, the participation of other protein(s) is

necessary. The finding that active Bax in the presence of

tBid can permeabilize synthetic cardiolipin-containing

liposomes devoid of any other proteins (Kuwana et al.

2002), as well as the recent data of Sanjuan Szklarz et al.

(2007), seem, at first glance, to argue against this hypoth-

esis. However, other data indicate that the participation of

TOM is required for tBid/Bax-induced MOM permeabili-

zation and cytochrome c release (Ott et al. 2007).

A principal feature of the model membrane used in our

simulations was the presence of a surface negative charge

taking implicitly into account the charge of MOM anionic

lipids, supposedly of cardiolipins of the MOM contact

sites, because cardiolipins or their negatively charged

derivatives were shown to be important for the activities

of some members of the Bcl-2 family (Gonzalvez and

Gottlieb 2007). However, while the role of cardiolipin in

membrane permeabilization by tBid and Bax in vitro has

been well documented (Kuwana et al. 2002), its in vivo

relevance in MOM permeabilization still remains contro-

versial (Polcic et al. 2005). Quite recently, based on a

series of studies with liposomes containing native MOM

material, Kuwana and coworkers concluded (Schafer et al.

2009) that the role of cardiolipins in the permeabilization

of synthetic cardiolipin-containing membranes by tBid and

Bax (Kuwana et al. 2002) is played in physiological MOM

permeabilization by some protein(s) from the MOM and

that this protein is a receptor for tBid. If this is the case, the

scenario similar to that proposed by our model can be

hypothesized but with negative charges provided by these

proteins rather than by cardiolipins.

One prediction emerging from our model can be con-

sidered as one of its critical tests. It concerns N-terminus

arginines of tBid (Arg63 and Arg68), which in accordance

with our model must play a key role in Bax activation and

apoptosis. To the best of our knowledge, mutagenesis

studies with these tBid residues have not yet been per-

formed and are worthy of carrying out.

Concluding remarks

Several conclusions of this work are based on failures to

reproduce the insertion of helices a9, a5, and a6 into the

membrane during specific types of the simulations. How-

ever, membrane insertion of polar protein domains

involves, in a number of cases, crossing a large free-energy

barrier due to the excessive free-energy penalty associated

with charge transfer from the aqueous phase into the

hydrophobic core of the lipid bilayer. If the free-energy

barrier is high enough, overcoming this barrier may require

a sufficiently large free-energy fluctuation the likelihood of

which during MC simulations depends strongly both on the

barrier height and on the number of iterations. This leaves

room for cases when the number of MC steps may be

insufficient to reproduce the actual behavior of the protein.

However, at such stages of Bax integration into the MOM

as the insertion of helices a9, a5, and a6 when Bax is

already bound to the membrane, both direct and indirect

experimental data suggest that these processes are fast

enough and therefore the free-energy barrier for the

insertion is not too high.

The results presented in this paper have been made

possible due to a reduction of the configurational search

space by the use of experimental, biochemical, and bio-

physical data, physical and evolutionary considerations as

well as of the implicit membrane model. Because the

direct experimental determination of the structure of Bax

and its complexes in the membrane environment is likely

to be many years away, the application of such an inte-

grated approach that combines a computational analysis
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using an implicit membrane model with experimental

analyses seems to be almost the only way at present to

achieve physiologically meaningful atom-resolution

models. Of course, being an effective medium approxi-

mation, an implicit model of the bilayer only approxi-

mately mimics the molecular properties of lipids.

However, by using empirical partitioning and transfer

data, and fitting the bilayer functions to experimental

results, many of the molecular properties of lipids are

accounted for implicitly within the parameters of the

model. Due to such a combined approach, several stages

of integration of Bax into the model membrane mimick-

ing implicitly the main physical features of the MOM

were described with a level of detail that is not accessible

to experiment alone.

The results obtained have culminated in a novel model

of Bax activation by tBid upon apoptosis. The model

explains the structural basis for a number of important

stages of the MOM permeabilization, many of which

previously seemed obscure or contradictory. Though

certain simplifications were used in the simulations, the

results obtained allowed us to successfully reproduce and

interpret existing data. The model of Bax activation and

the structural data presented in this paper provide exper-

imentalists with testable hypotheses as to Bax and tBid

behavior during apoptotic process and also as to the

plausible 3D structures of Bax in a number of its inter-

mediate functionally important MOM-bound states pre-

ceding the oligomerization state. Because membrane

proteins are notoriously difficult to manipulate experi-

mentally, predictions such as these that suggest potential

structures and their rearrangements could greatly aid our

understanding of the interactions between proteins and

membranes and can direct and complement experimental

research.
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