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Abstract

Bax is a member of the Bcl-2 protein family that participates in mitochondrion-
mediated apoptosis. In the early stages of the apoptotic pathway, Bax migrates from
the cytosol to the outer mitochondrial membrane, where it is inserted and usually
oligomerizes to build cytochrome c-compatible pores. Although there are several cel-
lular and structural studies about the stability of Bax, its description at the molecular
level remains elusive. Therefore, in this work, computational (in silico) studies were
performed on the available structural information of Bax, retrieved from the Univer-
sal Protein Resource (Uniprot) and the Protein Data Bank (PDB). This work was
focused on the most relevant structural changes observed, investigating their rela-
tionship with biological experimental results. These studies include sequence analysis
and molecular dynamics (MD) simulations of monomeric human Bax at 300, 400, and
500 K. Sequence analysis was useful for identifying conserved regions in the protein
that were later related to structural stability and function. In the MD simulations,
Bax gradually loses its α-helices when it is submitted to high temperatures, yet it
maintains its globular conformation. The resistance of Bax to adopt an extended
conformation could be due to several interactions that were found to be responsible
for maintaining the structural stability of this protein. Among these interactions,
electrostatic interactions, hydrophobic interactions, and hydrogen bonds were found.
Remarkably, electrostatic interactions were the most relevant to prevent the elonga-
tion of the structure. This atomistic description might have important implications
for understanding the functionality and stability of Bax in vitro as well as within
the cellular environment. The applications of the knowledge about the activation
mechanism of Bax include the development of new drugs and therapies for cell death
related diseases such as cancer, and the design of new biosensors employing bilipidic
membranes based on the modulation of their permeability.
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Resumen

La protéına Bax pertenece a la familia Bcl-2, la cual participa en la ruta mitocondrial
de la apoptosis. En etapas tempranas de la ruta apoptótica, esta protéına migra del
citosol a la membrana mitocondrial externa, en donde se inserta y frecuentemente se
oligomeriza para formar poros compatibles con el citocromo c. Aunque se han repor-
tado diversos estudios celulares y estructurales, aún no se cuenta con una descripción
a nivel molecular de la estabilidad de Bax. Por ello, en este trabajo se realizaron
estudios computacionales (in silico) usando la información estructural disponible de
la protéına Bax, obtenida del Repositorio Universal de Protéınas (Universal Protein
Resource, Uniprot) y del Banco de Datos de Protéına (Protein Data Bank, PDB).
Este trabajo se enfocó en los cambios estructurales más relevantes observados, inves-
tigando su relación con resultados experimentales biológicos. Los estudios realizados
incluyen análisis de secuencias y simulaciones de dinámica molecular de un monómero
de la protéına Bax humana a 300, 400 y 500 K. El análisis de secuencias permitió
identificar regiones conservadas en la protéına que posteriormente fueron relacionadas
con la estabilidad estructural y la función. En las simulaciones de dinámica molec-
ular, Bax gradualmente pierde sus α-hélices cuando se expone a altas temperaturas,
pero mantiene su conformación globular. La resistencia a adoptar una conformación
extendida de esta protéına puede tener su origen en múltiples interacciones que se
identificaron como responsables de mantener la estabilidad estructural. Entre es-
tas interacciones encontramos puentes salinos, interacciones hidrofóbicas y enlaces
de hidrógeno. Notablemente, los puentes salinos fueron los más importantes para
impedir la elongación de la estructura. Esta descripción a nivel atómico podŕıa
tener gran impacto en la comprensión de la función y estabilidad de Bax in vitro
aśı como en el entorno celular. Las aplicaciones de la comprensión del mecanismo
de activación de Bax incluyen el desarrollo de nuevos fármacos y terapias para en-
fermedades relacionadas a la muerte celular como por ejemplo el cáncer y el diseño
de nuevos biosensores basados en el control de la permeabilidad de una membrana
biliṕıdica.
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Chapter 1

Introduction

1.1 Background

1.1.1 Apoptosis

It is known that all cells in multicellular organisms can either undergo mitosis to
divide, differentiate in order to specialize or they can die [1]. Cell death mecha-
nisms can be classified as apoptotic, necrotic, autophagic or associated with mitosis
according to their morphological appearance. Alternatively, conforming to an enzy-
mological criteria, there are death mechanisms with and without the involvement of
nucleases or of distinct classes of proteases (caspases, calpains, cathepsins and trans-
glutaminases). A third classification can be defined by their functional aspects, where
there are programmed or caused by damage, physiological or pathological. Finally,
in agreement with their immunological characteristics, they can be immunogenic or
non-immunogenic. The Nomenclature Committee on Cell Death (NCCD) proposes
four categories: apoptosis, autophagy, cornification and necrosis [2].

Apoptosis refers to a programmed cell death which morphologically comprises
rounding-up of the cell, retraction of pseudopodes, reduction of cellular and nuclear
volume, nuclear fragmentation, minor modification of cytoplasmic organelles, plasma
membrane blebbing and engulfment by resident phagocytes in vivo [3].

Apoptosis is mediated by the activation of proapoptotic Bcl-2 family proteins
(e.g., Bax, Bak, Bid), mitochondrial transmembrane permeabilization and mitochon-
drial outer membrane permeabilization. Other biochemical features of apoptosis are
activation of caspases, oligonucleosomal DNA fragmentation, plasma membrane rup-
ture, phosphatidylserine exposure, reactive oxygen species overgeneration and single-
stranded DNA accumulation [2]. Numerous cytotoxic factors can trigger the intrinsic
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pathway of apoptosis, including heat shock, abundance of oxidants, viral infection
and others [4].

There are several differences between apoptosis and necrosis. While there is ce-
llular volume reduction in apoptosis, necrosis involves cytoplasmic swelling and the
rupture of the plasma membrane in necrosis is replaced by membrane blebbing in
apoptosis. Biochemically, the mitochondrial membrane permeabilization in apoptosis
is replaced by lysosomal membrane permeabilization in necrosis. The morphological
and biochemical comparison of apoptosis and necrosis is summarized in Table 1.1 [2].

1.1.2 Apoptosis and disease

In a healthy organism, cell duplication and cell elimination compensate each other.
Perturbations of this homoeostatic phenomenon are often caused by deregulated cell
death and lead to pathological conditions. The latter include the excessive cell death
in post-mitotic cells that causes severe conditions such as the stroke and necrosis
caused by the loss of cardiomyocytes and the degenerative diseases caused by neuron
death. Another case is the steep loss of immune cells that causes AIDS. Conversely,
oncogenesis is linked to the suppression of cell death to various degrees [5, 4], and
experimental evidence suggests that the genes that control apoptosis have a profound
effect on the malignant phenotype [6]. Apoptosis is also important in the development
of multicellular organisms and its disregulation has been related to malformations
[7]. Other diseases related to aberrant apoptosis include hematological, autoimmune,
cardiovascular, metabolic disorders, atherosclerosis, ischemic injury, and bacterial
infections among others [8].

1.1.3 The mitochondrial pathway of apoptosis

The most common form of apoptosis observed in vertebrate cells in most settings
proceeds through the mitochondrial pathway [9, 10]. During apoptosis, the pivotal
event in this pathway is mitochondrial outer membrane (MOM) permeabilization.
Additionally, there is frequently dissipation of the mitochondrial inner transmembrane
potential (∆Ψm) [10]. MOM permeabilization releases proteins normally found in the
space between the inner and outer mitochondrial membranes (including cytochrome
c and AIF), which are important for caspase activation [10, 11].
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Table 1.1: Comparison of the morphological and biochemical aspects of Apoptosis and
Necrosis.

Cell death mode Apoptosis Necrosis
Morphological -Reduction of cellular and -Cytoplasmic swelling
features nuclear volume (oncosis)

-Rounding-up of the cell -Rupture of plasma
-Retraction of pseudopodes membrane
-Nuclear fragmentation -Swelling of cytoplasmic
-Minor modification of organelles
cytoplasmic organelles -Moderate chromatin
-Plasma membrane blebbing condensation
-Engulfment by resident
phagocytes, in vivo

Biochemical -Activation of proapoptotic -Activation of calpains
features Bcl-2 family proteins (e.g., -Activation of cathepsins

Bax, Bak, Bid) -Drop of ATP levels
-Activation of caspases -High-mobility group
-∆Ψm dissipation protein B1 (HMGB-1)
-Mitochondrial membrane release
permeabilization -Lysosomal Membrane
-Oligonucleosomal DNA Permeabilization (LMP)
fragmentation -Kinase RIP1 phosphorylation
-Exposure of phospha- -Kinase RIP1 ubiquitination
tidylserine (PS) -Specific Poly [ADP-ribose]
-ssDNA accumulation polymerase 1 (PARP1)

cleavage pattern
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1.1.4 Bcl-2 family

The second member of a set of proteins initially described in chromosomal traslo-
cations involving chromosomes 14 and 18 in follicular lymphomas was named B-cell
lymphoma 2 (Bcl-2) [12]. Bcl-2 became the first of a large family of proteins (Bcl-2
family). The physical and dynamical behavior of this family is of fundamental im-
portance in apoptosis control by regulating mitochondrial permeability and also the
release of Ca+2 from the endoplasmic reticulum. Interestingly, some members of this
family promote apoptosis, whereas the rest have anti-apoptotic properties [13, 14, 15].

Bcl-2 was early shown to express in B-cells [12, 16]. Upregulation of Bcl-2 was later
observed in human cancer cell lines. Bcl-2 is upregulated by estradiol in breast-cancer
cells [17]. Also, mice with a genetic mutation that knocks out an estrogen receptor
have an overexpression of Bcl-2 in their ventral prostate [18]. The Bcl-2 family has
roles in numerous cell lineages, as indicated by a survey of adult tissues. Glandular
epithelium that undergoes hyperplasia or involution in response to hormonal stimuli
or growth factors expresses Bcl-2, whereas this protein is restricted to stem cell and
proliferation zones in complex epithelium such as the skin or gut [19]. Regulation of
cell death by Bcl-2 has also been observed in early life stages of Korean fetal scalp
tissue cells [20]. The Bcl-2 protein is widely expressed in the nervous system during
development, whereas Bcl-2 immunoreactivity gradually declines with aging in the
central nervous system. On the other hand, Bcl-2 expression is selectively retained
in the adult peripheral nervous system, suggesting a role in neuronal survival [21].
Additionaly, Bcl-2 is expressed in enteric neurons of the fetal gut and in the postnatal
gut. The Bcl-2 immunoreactivity is also retained in adult enteric neurons. These
results indicate that the Bcl-2 protein may be involved in promoting survival of the
enteric neurons throughout life [22].

Bcl-2 family proteins have one to four Bcl-2 Homology (BH) domains (Fig. 1.1)
[23]. Sequence and structural similarities found elsewhere between Bcl-2 and the
anti-apoptotic C. elegans protein ced-9 suggested that the molecular mechanism of
programmed cell death has been conserved from nematodes to mammals [24]. A
decade later, a total of 83 Bcl-2 family gene sequences from vertebrates, nematodes,
sponges and arthropods were available. Multiple alignments of these sequences re-
vealed that three groups could be defined: a) the Bcl-2-like survival factors, similar to
ced-9, including Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1/Bfl-1, NR13, Boo/Diva/Bcl-2-L10
and Bcl-B; b) the BH3-only death factors, including Bik/Nbk, Blk, Hrk/DP5, BNIP3,
BimL/Bod, Bad, Bid, Noxa, PUMA/Bbc3 and Bmf; c) the subgroup of pro-apoptitic
proteins with no homologs in C. elegans, including Bax, Bak, Bok/Mtd, Bcl-xS and
Drosophila DEBCL. Furthermore, since the programmed cell death is executed with
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very few members in invertebrates (one pro- and one anti-apoptotic member in nema-
tode, and two proapoptotic in insects), which contrasts with the genomic expansion
of vertebrates, the authors concluded that the explosion of paralogous sequences took
place after chordates [25].

This BH structural properties can be used to group the family members into
three subfamilies: a) the pro-apoptotic multi-domain proteins with three BH domains
(BH1-3), b) the anti-apoptotic members, with either BH1-3 or BH1-4; and c) the pro-
apoptotic BH3 only proteins [26]. Anti-apoptotic members perform their function by
sequestering those who are pro-apoptotic [27]. Pro-apoptotic multi-domain members
promote the mitochondrial apoptotic pathway [27], while BH3 only members can
either activate multi-domain pro-apoptotic members [28] or inactivate anti-apoptotic
members [29].

A number of interactions between Bcl-2 family members have been reported. Since
its identification, Bax was shown to homodimerize and to form heterodimers with Bcl-
2 in vivo as revealed by coimmunoprecipitation experiments [30]. Also simultaneous
to its identification, Bak was shown to bind to Bcl-xL [31] and was later shown to
form a homodimer that can form crystals using polyethylene glycol as precipitant and
zinc acetate or ammonium fluoride as additives [32]. Bcl-2 itself was shown to form
homodimers in cross-linking experiments, and also in co-precipitation with wild type
Bcl-2 bearing an epitope of the influenza virus haemagglutinin. Moreover, the ability
of Bcl-2 to form homodimers was left intact by mutations which abrogated function
and heterodimerization [33].

Lee et al. found that a signicant proportion (up to 80%) of Bcl-w without its
membrane anchor (∆C29) puried from Escherichia coli extracts, was dimeric as as-
sessed by gel-filtration chromatography and analytical ultracentrifugation [34]. Both
yeast two-hybrid screening and λ expression cloning identified a protein, Bad, which
selectively dimerized with Bcl-xL as well as Bcl-2, but not with Bax, Bcl-xS, Mcl-1,
A1, or itself [35].

Jeong et al. performed co-immunoprecipitation experiments that indicate that
Bcl-xL in the cytosol forms homodimers. This workgroup also found that Bad binding
to Bcl-xL dissociates the homodimers and triggers Bcl-xL binding to mitochondrial
membranes and also that the C-terminal tail of Bcl-xL is required to mediate Bcl-
xL/Bax heterodimer formation [36]. There are other biomolecules which have been
shown to interact with the Bcl-2 family members and regulate their activity, such as
the anti-apoptotic viral protein M11L [37], ceramide [38] and cardiolipin [39].

Many workgroups have been working to develop anti-cancer drugs that block the
function of Bcl-2 members. Bcl-2 anti-sense therapy was an initial advancement
towards this goal of targeting Bcl-2 to inhibit its overexpression, for instance by
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specifically binding to the first six codons of the human Bcl-2 mRNA sequence, caus-
ing degradation of Bcl-2 mRNA, resulting in consequent reduction in Bcl-2 protein
translation and intracellular concentration [40].

Alternatively, small molecule inhibitors of Bcl-2 family proteins are increasingly
being realized as effective anti-cancer agents either alone or to sensitize cancer cells to
standard chemotherapeutics agents. Their advantages include that they are specific
and targeted agents that can be given orally and do not have any appreciable toxicity
[41].

Other approaches include the development of an antibody that would block the
activity of Bcl-2 [42], cell permeable peptides that bind to Bcl-2 [43] and stabilized α-
helix of Bcl-2 domains (SAHBs) which consist of a helical BH3 domain with additional
bonds that increase their stability and have high affinity to multi-domain member
pockets and are able to, for instance, activate Bax [44].

Furthermore, recently reported clinical strategies targeting the Bcl-2 family have
yielded promising results in cancer treatment [45, 26].

1.1.5 The human Bax protein

Bax is a Bcl-2 protein family member that participates in mitochondrion-mediated
apoptosis. In the early stages of the apoptotic pathway, this protein migrates from
the cytosol to the outer mitochondrial membrane, where it is inserted and usually
oligomerizes, making cytochrome c-compatible pores.

Human Bax (Bcl-2-associated X, 192 amino acids) belongs to the pro-apoptotic
multi-domain subfamily (BH1-3), shows a large N-terminal loop (M1-T14) and con-
tains a hydrophobic C-terminal helix (Q171-W188). Native Bax is a monomer located
in the cytosol and plays an important role in apoptosis. The three-dimensional (3D)
structure of Bax has been determined by nuclear magnetic resonance (NMR), iden-
tifying nine α-helices (αH1-9), joined by loops (Lp1-2, Lp2-3, Lp3-4, Lp4-5, Lp5-6,
Lp6-7, Lp7-8, and Lp8-9) with some turns. With this 3D structure for Bax, it is
possible to identify the characteristic functional domains BH1, BH2 and BH3, which
are formed by residues F100-V121, W151-F165 and L59-D71, respectively (Fig. 1.2)
[46].

Several details about Bax structure have been recognized as being important for
the functionality and stability of this protein. For instance, a computational effort
has predicted that the amino acid sequence of human Bax has a highly conserved
region formed by ten relevant residues in BH1 (G103, N106, G108, R109, V111 and
A112) and BH2 domains (W151, G157 and W158), as well as outside of them (V95).
Interestingly, the structural analysis showed that many of these residues are protected
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Figure 1.1: Bcl-2 family members share regions of homology called Bcl-2 homology
(BH) domains, and may contain a trans-membrane (TM) domain that mediates in-
sertion into the outer membrane of the mitochondria and to the endoplasmic retic-
ulum. The pro-survival family members, including Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and
A1, share four BH domains plus a TM region. The pro-apoptotic family members can
be sub-divided into two subgroups: the multi-BH domain proteins, and the BH3-only
proteins. Multi-BH domain proteins contain up to four BH domains and include Bax,
Bak, Bok and Bcl-xS, which include a TM region, and also Bcl-gL and Bfk which lack
a TM region. The BH3-only proteins contain only the BH3-domain and include Bad,
Bik, Bid, Hrk, Bim, Puma, Noxa and Bmf. Bik and Bim also contain a TM region
(taken from Kelly, P.N. et al., Cell Death & Differentiation, 2011).
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Figure 1.2: Bax 3D structure (PDB ID: 1F16). The nine α-helices are shown as
tubes. The location of BH1-3 is indicated by the transparent surfaces. Labels indicate
the N-terminal (N-t) and C-terminal (C-t) ends of the protein.

by the C-terminus of H9 (I175-W188) which could act as a regulating gate for the
access to this region [47]. Also, the N-terminal domain of Bax might be implicated
in mitochondrial targeting. The first 20 N-terminal residues, that form a loop with a
turn (M1-T14; LpNt), and the first turn in H1 (S15-M20) might hinder exposure of
a mitochondrial targeting sequence (M20-R37) [48, 49]. Previous studies determined
that residues G12-A24 are exposed when Bax is treated with detergents, submitted
to high temperature conditions and also when it is activated [50, 51, 52]. Also,
the C-terminal regions of αH1 as well as αH2 (which contains the BH3 domain)
and αH5, should be exposed during Bax activation [46, 48]. There are other Bax
residues, namely K64, I66 and L70 (αH2) and S184 (αH9) that are associated with a
function that would imply their location on the surface in active or oligomeric Bax.
In particular, S184 determines the interaction of Bax with the mitochondria as a part
of the activation mechanism [52]. Thus, there are residues that have been suggested
to be close to the Bax homo-oligomer interface, such as A24 (αH1), R37, L47 (Lp1-
2), D68, E69 (αH2), N73 (Lp2-3), M79 (αH3), A82 (Lp3-4), R134, R145 (αH6) and
K189 or K190 (αH9) [50].

Interactions of Bax with Bcl-2 family members are primarily mediated by a BH3
domain which interacts with a hydrophobic groove in Bax formed by BH1-3 [53, 54,
55]. Other reports propose that Bax posesses an adittional site to interact with the
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BH3 domains of other proteins. This site includes the residues K21, Q28, Q32 (αH1),
and E131, R134 (αH6) [28, 56]. Ding et al. found that the interface of the Bcl-2/Bax
heterodimer is likely to be formed by the BH3 region of Bax and the BH1-3 groove
of Bcl-2 [57]. The hydrophobic C-terminal helix (H9) is located in this groove in the
native conformation of Bax. Moreover, Lalier et al. identified D68, E69 and D71 as
the residues involved in the binding of Bax to Bcl-2 and Bcl-xL [52]. There are several
proposed models for the molecular interactions of Bax with other proteins and the
MOM [28, 50, 51, 52, 56, 58, 59].

Regarding the structural stability of Bax, several interactions have been detected
that contribute to strengthening the conformation of this protein [51, 52]. Lalier et
al. described a motif in Lp1-2 (E44-A46) that seems to establish bonds with residues
in αH6 (I133 and M137). Furthermore, the disruption of the native electrostatic
interaction between D33 and K64 leads to exposure of normally hidden epitopes
(BH3 and the C-terminal part of H1 constituted by residues 24-33) [52].

Additionally, Bax has been submitted to proteolysis at different experimental con-
ditions. At 4◦C, this proteolysis yielded a fragment lacking 16 C-terminal residues as
the major cleavage product, but fragments lacking 18, 19 and 21 C-terminal residues
were also observed. This data led the authors to propose that αH9 is not tightly
attached to the protein, at least at the cleavage points, whereas the N-terminus was
resistant to proteolysis. Furthermore, C-terminus proteolytic cleavage sites were not
found in the case of detergent-induced oligomers, but cleavage was observed after S4,
M38, L45, and less frequently after A81 and A82. Moreover, a similar degradation
pattern was identified at 70◦C, whereas at 80◦C, a mixture of N-terminal (cleaved
after A46) and C-terminal (mainly cleaved after F176) truncated Bax was found [51].

1.1.6 Bax in apoptosis and disease

Reduced expression of Bax was shown to be associated with poor response rates to
chemotherapy and shorter survival in patients with metastatic breast adenocarcinoma
[60]. Moreover, low Bax expression was found to correlate with resistance against
apoptosis [61]. On the contrary, Bax overexpression has been shown to enhance the
apoptosis induced by radiation and chemicals in cancer cells [62, 63, 64], and also to
follow cerebral ischemia in neurons [65].

During normal apoptosis, Bax expression is upregulated [66, 67] and its structure
is activated [68], which results in its migration toward the MOM [69]. Afterwards,
Bax is inserted in the MOM, and is capable of making oligomers [11, 70, 71] to
permeabilize the MOM [72]. Experiments performed by Wood et al. allowed them
to suggest that Bax driven MOM permeabilization would also give Bax access to
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the intermembrane space where it would undergo proteolysis by calpain [73]. The
resulting p18 Bax cleavage fragment may then adopt a conformation that allows it to
readily attack and disrupt the inner mitochondrial membrane resulting in collapse of
the mitochondrial inner membrane potential. This cleavage of Bax during apoptosis
would therefore increase the intrinsic cytotoxic properties of Bax and enhance its cell
death function at the mitochondria.

1.1.7 Modeling and simulation of biomolecules

The amount of available biological data has increased in recent years due to the
genomic projects [74]. This growth (Fig. 1.1.7) is paralleled by an increase in ex-
pectations for new medical, pharmacological, environmental and biotechnological dis-
coveries. It has thus become essential to interpret the data and translate the mono-
dimensional information encrypted in the genomes into a detailed understanding of
its biological meaning at the phenotypic level [75].

Molecular modeling is the science and art of studying molecular structure, func-
tion and interaction using computational tools. The model building can be done at
different levels of sophistication, which usually is in compromise with the accuracy
and extension of the simulations that can be realized. Molecular modeling has been
used to study protein folding and the interaction of proteins with other molecules,
among other applications. The refinement of experimental structures from NMR or
X-ray crystallography, is also a component of protein molecular modeling [76].

The computational studies at electronic level which involve quantum chemistry
would use, in principle, the relativistic, time-dependent Schrödinger equation to de-
scribe molecular systems since it describes their properties with high accuracy [77].
Alas, systems more complex than the equilibrium state of a few atoms cannot be
handled at this ab initio level. Several approximations have been proposed that allow
the study of larger systems at the cost of lowering the accuracy by introducing empir-
ical information. These levels of theory include semi-empirical quantum mechanics,
empirical (molecular) mechanics, molecular dynamics, Monte Carlo, free energy and
solvation methods, structure/activity relationships (SAR), chemical/biochemical in-
formation and databases, and many other established procedures.

1.1.8 Biological sequence analysis

The most reliable way to determine the structure or function of a biomolecule is by di-
rect experimentation. However, it is easier and therefore cheaper and faster to obtain
the DNA sequence of the gene corresponding to a protein than it is to experimentally
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Figure 1.3: The number of available DNA sequences (GenBank) have outnumbered
that of protein sequences (SWISS-PROT) by one or two orders of magnitude. Mean-
while, there is one order of magnitude more protein sequences than 3D structures
(PDB), from http://www.kanehisa.jp/ en/db growth.html.
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determine its function or its structure. In the evolutionary process by which proteins
acquire their structure and function, new sequences are adapted from pre-existing se-
quences. It is hence possible to transfer available knowledge about structure and/or
function from a protein to a newly found protein, when a significant similarity is
found between both sequences [78]. There are several computational methods that
aim to capture the complexity contained in the large amount of biological sequences
that is available and continuously growing.

The first step when using computational tools to search for similarity between
sequences is finding the best alignment between them. Several algorithms for this
purpose have been developed and made available to the scientific community [79, 80].

1.1.9 Molecular dynamics simulations

Due to the large number of atoms in a system composed of a water-solvated protein,
molecular dynamics (MD) simulations offer a reasonable compromise of accuracy and
large enough simulations to study the stability of the protein structure. Hence, MD
simulations have become a common tool in theoretical studies both of simple liquids
and large biomolecular systems such as proteins or DNA in solution [81].

In this level of theory, classical mechanics are used to describe the motion of
atoms. A potential function is defined with parameters that are often obtained ex-
perimentally. This potential function is given by (1.1) and is used to calculate the
force on each atom i, where i = 1, . . . , N , for a system with N atoms. With these
forces, Newton’s equations of motion (1.2) are integrated to calculate the trajectories
of all the atoms in the system simultaneously in small time steps.

Fi = −∂V
∂ri

(1.1)

mi
∂2ri
∂t2

= Fi (1.2)

The evolution of the system is followed for a number of iterations, and selected
state variables are monitored and adjusted such as temperature and pressure. The
output of the simulation includes the coordinates of the atoms and the energy of the
system, which can then be used to perform several analyses [82].

1.1.10 Molecular dynamics studies of the Bcl-2 family

Computational studies have been useful for providing valuable information about the
structure and function of Bcl-2 family proteins. Several MD simulations involving
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one or more of the members of this family of proteins have been reported [83, 84, 85,
86, 87, 88, 54, 89, 90].

In some of these studies, MD simulations of one monomer of one member of the
family in aqueous solution were performed in order to study the dynamics of the
peptidic chain, usually focusing on residues experimentally found to be instrumental
in the structural stability and function of these proteins [84, 89, 88, 91].

Other MD simulations designed to yield the interaction between members of the
Bcl-2 family have used systems constructed with a monomer of one of the members
and a BH3 fragment which could come from a different member of the family [54, 90].

Systems with nothing but one BH3 fragment have also been simulated to learn
about the dynamics of these important helical BH3 domains and the possible corre-
lation between their stability and binding affinity [87].

Particular atention has been given to the interaction of Bcl-2 family proteins and
other molecules. There have been such studies both aimed to elucidate the molecular
basis of experimentally reported interactions [83, 89] and also to search for Bcl-2
family inhibitors [85, 86].

1.1.11 Folding and unfolding of proteins

Proteins can include hundreds or even thousands of amino acids bonded one after
another and folded to maintain a particular 3D structure. The vast majority of
proteins have not been found to exist as elongated threads, but rather as compact
objects with complex folds. This folding creates a 3D structure for the protein that,
however only marginally stable (5-12 kcal), must be completed in less than a minute
in many observed examples [92]. A number of peptidic chains have been shown to
fold without any special biological machinery, which led to the conclusion that all the
information required in those cases for reaching the correct folded structure of the
molecule at the required speed is contained in the amino acid sequence of the protein
[93].

Equilibrium unfolding experiments have been widely used to gain insight into pro-
tein stability and the nature of the species present along the unfolding coordinate.
Circular dichroism and steady-state fluorescence have been useful probes to study the
global features of the equilibrium unfolding pathways, and NMR spectroscopy pro-
vides residue-level details for all the species present along the folding coordinate [94].
The denaturation process of proteins can be induced by increasing the temperature
or the pressure, or by adding denaturants to the solvent, such as urea, guanidinium
hydrochloride and alcohols, among others [95].

A very powerful and convenient experiment for studying temperature-induced
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conformational transitions in biological systems is differential scanning calorimetry
(DSC). In this technique, one of two identical cells in the instrument is filled with
the sample under investigation and the other is filled with a reference sample. These
cells are heated up by identical heat flows. If the two samples are identical in their
thermodynamic properties, the temperature inside the cells will change identically;
however, if the samples differ in such properties, a difference in the temperatures
between them will appear. A special electronic system changes the heating regime of
the cells in such a way that the temperatures inside them are equalized. The value
of the additional (differential) heat flow required for such temperature compensation
is measured by the scanning microcalorimeter. The temperature dependence of the
differential heat flow (in power units) is called a thermoanalytical curve and this re-
flects a difference in the properties of the sample under investigation and the reference
sample. Such differences can arise from changes in the phase state, structure and heat
capacity of the samples [96]. DSC is regarded as the most effective and commonly
used method to study the thermal unfolding of proteins [97].

1.1.12 Thermal unfolding simulations

MD simulations at high temperature can be used to study protein unfolding since
these conditions make possible to observe the accompanying conformational transi-
tions on the nanosecond time scale. MD simulation studies performed with many
different proteins in which very good agreement has been obtained between low-
temperature experiments and high-temperature simulations, suggest that the energy
landscape in both cases is similar [98]. Interestingly, the regions that fluctuate greatly
in the native state are usually the earliest regions to unfold, which suggests that ther-
mal denaturation would involve the selective excitation of certain specific collective
motions. There has been growing acceptance of simulations as useful tools for the
interpretation of experimental protein folding studies and even their amenability to
validation by comparison with experiments.

1.2 Motivation

Bax has been submitted to several biophysical, chemical, and computational studies
[51, 58, 99, 48, 100, 56, 88, 89, 90, 47, 68, 46, 59, 50, 101]. Nevertheless, the atomic-
level description of Bax stability remains to be fully explored. The investigation
of stability and structural change of Bax has many biotechnological and biomedical
applications. Foremost, it can provide the knowledge required for therapy and drug
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design for the treatment of cell-death related diseases, where efforts to develop anti-
cancer agents that block anti-apoptotic members of the Bcl-2 have been reported
[102]. Additionally, it can provide the foundation for the future design of biosensors
based on the modulations of the permeability of a bilipidic membrane. Membrane
based biosensors have been developed with ion channel switches to detect molecules
such as antibodies and have been successfully used in rapid detection of influenza in
clinical samples [103].

Due to the computer resources recently available to our research group, in si-
lico studies become a cost efficient way of investigating the structural properties of
proteins. MD simulations are a powerful theoretical approach that can successfully
complement and extend the experimental results and reproduce them with reasonable
accuracy [98, 104]. In particular, MD simulations at high temperature conditions
have been widely and successfully used to study the unfolding of several proteins
[88, 105, 106, 107, 89, 108, 109].

1.3 Objectives

The main goal of this thesis is to investigate the structural stability of human Bax by
means of in silico studies such as sequence analysis and MD simulations at different
temperatures.

The specific objectives are:

1. Perform sequence analysis on the available sequences of Bax to identify the
regions most likely involved in the function and stability of this protein.

2. Construct the simulation box.

3. Minimize the energy of the system.

4. Perform MD simulations of Bax at 300, 400 and 500 K and investigate the
stability of this protein.

5. Analyze the results by means of the calculation and interpretation of the Root
Mean Square Deviation (RMSD), Radius of gyration (Rg), Solvent Access Sur-
face Area (SASA), free energy of solvatation (∆G), Root Mean Square Fluc-
tuations (RMSF), minimum distances between groups of interest, evolution of
the secondary structure, changes in the hydrogen bond network and the clus-
tering of the structures from the MD trajectories obtained. Additionally, by
calculating and inspecting the normal modes of the initial and final structures.
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Chapter 2

Materials and methods

Molecular modeling and simulation using computational tools has been helpful to
study protein structure and function. Though the models available represent a highly-
simplified version of the cellular environment, or even in vitro conditions, systematic
studies based on tractable quantitative tools can help discern patterns and add in-
sights that are otherwise difficult to observe [76].

2.1 Universal Protein resource

The Universal Protein resource (UniProt) aims to provide a comprehensive, high-
quality and freely accessible resource of protein sequence and functional information.
It is the result of a collaboration between three institutions: the European Bioinfor-
matics Institute (EBI), the Swiss Institute of Bioinformatics (SIB) and the Protein
Information Resource (PIR). Around 90 people from all three institutions contribute
through different tasks such as database curation, software development and support.
Hence, Uniprot is not only a repository, but a powerful collection of services to extract
information from the biological data generated all over the world [110].

2.2 Cluster alignment

The EBI offers a service for multiple sequence alignment called Clustal (Cluster align-
ment) in a website. The algorithm starts with a pairwise alignment that is used to
build a phylogenetic tree. The multiple alignment is based on the obtained phylo-
genetic tree. The code is under constant development and optimization which have
resulted in a solid reputation for offering high quality alignments very rapidly [111].
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Figure 2.1: Gap opening, extension and separation penalties are lower than the de-
fault values and improvement of the alignment is requested in every iteration. The
maximum available number of iterations is requested.

2.3 Analysis of available Bax sequences

A total of 23 sequences of Bax were found in the Uniprot database, the labels asso-
ciated with these sequences were diverse: ‘Apoptosis Regulator Bax’, ‘Protein Bax’,
‘Bax Protein’, ‘Bax-alpha protein’ and ‘BCL2-associated X protein’. The species of
origin ranged from fish (v.g. Salmo salar) to amphibia (v.g. Xenopus tropicalis)
to mammals and Homo Sapiens (Human). Both manually reviewed and computer-
annotated sequences were considered, provided that they were complete. The seven
isoforms of Human Bax found in the repository were included in the multiple align-
ment. A second multiple alignment was performed with only the Human Bax isoforms.

The multiple alignment was performed with the web server ClustalW version 2
[111]. A slow alignment was requested with the parameters shown in Fig. 2.1.

2.4 GROMACS

Computational MD simulations of biomolecules have been performed since the late
1980’s [112]. The algorithms and software implementations have been under continous
development both to improve the quality of the results and to reduce the computa-
tion time in order to allow the simulation of larger systems for longer periods of time.
GROMACS 4 is a molecular simulation toolkit that achieves high performance on
single processors and also scales very well on parallel machines. This is accomplished
by code features that include a minimal-communication domain decomposition algo-
rithm, full dynamic load balancing, a state-of-the-art parallel constraint solver, and
efficient virtual site algorithms that allow removal of hydrogen atom degrees of free-
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dom [81]. GROMACS provides also a wealth of tools for analyzing the results of a
simulation.

The modeling tools provided by GROMACS that were used to perform the MD
simulations include the force fiel known as Optimized Potentials for Liquid Simula-
tions for All Atoms (OPLS-AA), the Simple Point Charge (SPC) water model, the
Particle Mesh Ewald (PME) algorithm for calculation of electrostatic interactions and
the LINear Constraint Solver (LINCS) algorithm to introduce holonomic constraints
in the model. This models and algorithms are briefly described below.

2.5 Force field

A force field is a set of equations and parameters that describe the interatomic in-
teractions and the mechanics of deformation of the molecules in a MD simulation.
Hence, the election of force field is an important decision in a theoretical study.

2.5.1 Optimized potentials for liquid simulations for all atoms

The Optimized Potentials for Liquid Simulations for All Atoms (OPLS-AA) model
was developed from the start with the idea of using it for MD simulations of biomolecu-
les [113] and was later improved for the same purpose [114]. OPLS-AA is based on
the AMBER force field, which uses equation (2.1) described in [115]. OPLS focuses
on the intramolecular nonbonded interactions and replaces the corresponding terms
in AMBER with equation (2.2) given in [114].

Etotal =
∑
bonds

Kr(r − req)
2 +

∑
angles

Kθ(θ − θeq)
2 +

∑
dihedrals

Vn
2

[1 + cos(nφ− γ)]

+
∑
i<j

[
Aij
R12
ij

− Bij

R6
ij

+
qiqj
εRij

] +
∑
Hbonds

[
Cij
R12
ij

− Dij

R1
ij0

] (2.1)

∆Eab =
on a∑
i

on b∑
j

[
qiqje

2

rij
+
Aij
r1ij2

− Cij
r6ij

] (2.2)

2.5.2 Simple point charge water

Several models of water for MD simulations have been proposed, none of which can
correctly reproduce all physical properties of water [116]. The Simple Point Charge
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(SPC) model considers three interaction sites centered on the nuclei. The intermolec-
ular Coulomb energy is provided by partial charges in each site and a Lennard-Jones
interaction between the oxygens is included but the intramolecular distances were
rigid [117]. While more elaborated models, such as TIP5P, provide a better ap-
proximation for water behaviour, they are also considerably more time-consuming to
calculate. Therefore, SPC water is a sensible choice when the focus is not on the mon-
itoring of bulk water properties but what is important is the water-protein interface
[118].

2.6 Calculation of electrostatic interactions

Direct calculation of the Coulomb energy scales as N2. The Particle Mesh Ewald
(PME) algorithm separates the calculation in a short range term and a long range
term. The short range term is calculated directly since it sums quickly in real space.
For the long range electrostatics, charges are assigned to a grid using cardinal B-
spline interpolation. The Fourier transform of this grid is performed with a 3D FFT
algorithm and the reciprocal energy term obtained by a single sum over the grid in
k-space. The potential at the grid points is calculated by inverse transformation.
The PME algorithm scales as N log(N) which represents an important reduction in
computation time for large systems [119, 120, 121].

2.7 Temperature coupling

In the MD simulations performed, a reference temperature was set and the system
is adjusted gradually to reach the given temperature by means of the Nosé-Hoover
coupling. In this method, the expression for the total energy of the system is extended
by introducing a heath source and a friction term in the equations of motion. The
Nosé-Hoover thermostat [122, 123] is a model to reproduce the canonical phase-space
distribution by modifying the equations of motion to include a non-Newtonian term
in order to maintain the total kinetic energy constant. The modified equation of
motion is given by (2.3).

dv(t)

dt
=
F (t)

m
− ζv(t) (2.3)

Where ζ is the thermodynamic friction coefficient, given by (2.4).

19



dζ(t)

dt
=

1

Q
[
∑

mv(t)2 − (X + 1)kBT ] (2.4)

Where Q is a parameter that has the dimensions of [energy× time2] and determines
the time-scale of the temperature fluctuation and X is the number of degrees of
freedom.

The acceleration of the atoms is gradually adjusted and thus the reference temper-
ature is approached in an oscillatory relaxation [122, 123]. When using this method in
GROMACS, the parameters that have to be defined are the groups that will be sub-
mitted to the temperature coupling (tc-grps), the period (tau t) of the oscillations
of kinetic energy between the system and the heath source and the temperature of
reference (ref t). For example, Box 2.1 shows the parameters used for the simulation
at 500 K.

Tcoupl = nose-hoover

tc-grps = Protein SOL Na+

tau_t = 0.1 0.1 0.1

ref_t = 500 500 500

Box 2.1: Parameters for the Nosé-Hoover temperature coupling for the simulation at
500 K.

Pcoupl = Parrinello-Rahman

Pcoupltype = isotropic

tau_p = 2.0

compressibility = 4.5e-5

ref_p = 1.0

Box 2.2: Parameters for the Parrinello-Rahman pressure coupling used for the MD
simulations performed.

2.8 Pressure coupling

Since it was important in our methodology to monitor the effect of the temperature,
the pressure of the system was kept constant. This was achieved with Parrinello-
Rahman coupling which is similar to the Nosé-Hoover temperature coupling and
is useful for maintaining NPT conditions (number of particles, N, pressure, P, and
constant temperature, T). Instead of a heath source, the volume of the simulation
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box is allowed to fluctuate and a friction term is added to the equations of motion
to adjust the acceleration of the atoms [124, 125]. In GROMACS, the parameters to
set for this method are the type of pressure desired (Pcoupltype), the desired period
for the pressure fluctuations (tau p), the approximate isothermal compressibility, and
the reference pressure (ref p). For instance, Box 2.2 shows the settings used for all
the production MD simulations performed.

2.9 Linear constraint solver

The time step in MD simulations is limited by high-frequency oscillations. When these
oscillations have also a small amplitude, such as in bond stretches, the introduction of
holonomic constraints can allow the use of a larger time step. These constraints have
been handled as a set of equations that can be written in a matrix representation.
The constraint equations are then used to reset the bond lengths to prescribed values
with an iterative method. The LINear Constraint Solver (LINCS) is an algorithm
that implements an efficient solver for the matrix equation, a velocity correction that
prevents rotational lengthening and a length correction that improves accuracy and
stability [126]. LINCS has also been found well suited for parallel implementations
and is available in GROMACS 4 [82].

2.10 High temperature simulation of a Bax mono-

mer

The starting structure (native) for MD simulations of the Bax monomer was obtained
from the first NMR model located it the Protein Data Bank (PDB) by Suzuki et al.
(PDB ID: 1F16) [46]. All MD simulations were performed with GROMACS 4 [81],
using the OPLS-AA force field [113]. The protein was solvated in a rectangular box
of SPC water [117], with a minimum distance of 1 nm from the protein to the edge
of the box (Fig. 2.2, left). To obtain a neutral total charge in the system, 3 Na+

counterions were added (Fig. 2.2, right). The total size of the system was of 38,647
atoms, including 11,889 water molecules.

During energy minimization, the steepest descents algorithm was used and the
convergence was reached in 200 steps. Further equilibration of the system was ac-
complished in 5,000 steps (10 ps) of MD with restricted protein atoms and NVT
conditions with a box size of 9.44551 × 7.45274 × 7.68113 nm (Fig. 2.3, left). After-
ward, 2 ns of MD were performed at 300 K without any atom fixing and under NPT
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Figure 2.2: Construction of the simulation Box. The left image shows the flow di-
agram of the solvation of the first model from the file 1F16.pdb in SPC water. The
image on the right is the flow diagram for the addition of counter ions to the system.

conditions, which were used for the following MD simulations as well, so that the size
of the box could fluctuate to keep the pressure at a constant value. Using the latter
trajectory as a starting point, another 18 ns of production MD were obtained at 300,
400, and 500 K (Fig. 2.3, right). MD simulations were performed with a time step of
2 fs, and the coordinates for the whole system were saved every 250 steps. For all MD
simulations, neighbor lists were updated every 10 steps. The leap-frog algorithm for
integrating Newton equations was used, and periodic boundary conditions were ap-
plied. The PME algorithm [119, 120, 121] was used for the electrostatic interactions
with a cutoff of 1 nm, and a reciprocal grid of 54×42×44 cells was used with 4-th or-
der B-spline interpolation. A single cut-off of 1 nm was used for the calculation of van
der Waals interactions. Temperature and pressure coupling were performed with the
Nosé-Hoover algorithm [122, 123] and the Parrinello-Rahman algorithm [124, 125],
respectively.

All bonds were constrained using LINCS [126]. The complete sequence of GRO-
MACS commands used can bee found in Appendix 1. Additionally, Appendix 2
includes all the configuration files. After stabilization of the system, in all cases,
the potential energy was conserved during the MD simulations. The analysis tools
included in GROMACS were used to calculate the RMSD, RMSF, Rg, and SASA.
The evolution of the secondary structure was followed using the DSSP program [127].
Graphical representations of the protein were obtained using VMD [128].
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Figure 2.3: Simulation of the system. The left image shows the flow diagram for the
equilibration of the system. The image on the right shows the flow diagram of the way
GROMACS was used to produce the simulations.

23



2.11 Normal mode analysis

The Normal Mode Analysis (NMA) is a theoretical method for studying collective
motions. It has been shown that many of the known protein motions can be ap-
proximated by applying a perturbation in the direction of at most two low-frequency
normal modes of the considered protein [129].

2.11.1 ElNémo

The computational cost of NMA restricts its application to small proteins. ElNémo
implements approximations that provide a fast and simple tool to compute, visualize
and analyse low-frequency normal modes of large macro-molecules [130].

The approximations start with the use of a single-parameter Hookean model,
where the spring constant is assumed to be the same for all interacting pairs. In this
model, a cut-off radius is also considered, with a default value of 8 Å, beyond which
interactions are ignored. Also, all atom masses are set to the same fixed value in the
kinetic energy term.

The block approximation, also termed “rotation-translation-block” (RTB), groups
several residues to form a single super-residue, whose rigid-body rotations and trans-
lations are used as a set of new coordinates replacing the Cartesian ones. The algo-
rithm automatically determines the number of residues to be grouped together based
on the number of residues in the protein, but the user may change this setting. This
approximations have been shown to have little influence on the calculation of the
low-frequency modes [131].

The results include the “degree of colectivity” for each mode, which indicates the
fraction of residues that are significantly affected by a given mode. A low degree
of colectivity indicates that only a localized region of the protein is involved in the
motion.

2.11.2 Normal mode analysis of human Bax

The NMA was performed using the web-server ElNémo [130], where the only change
with respect to default settings was in the number of lowest frequency normal modes to
be computed which was set to 10 (the default value is 5). The minimum perturbation
(DQMIN), maximum perturbation (DQMAX), and step size between DQMIN and DQMAX

were left at their default values of 100, 100, and 20, respectively. The advanced
options were also left in their default settings (NRBL = auto and CUTOFF = 8).
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Chapter 3

Results and discussion

3.1 Sequence analysis of Bax

The analysis of the 23 Bax sequences found in the Uniprot started with the construc-
tion of the histograms of amino acid content which revealed some conserved general
features. Afterwards, multiple alignments were obtained for all 23 sequences and an-
other one involving only the isoforms of human Bax. In this thesis the focus was on
human Bax isoform alpha.

3.1.1 Composition histogram of available sequences of Bax

Calculating and plotting the content of the 23 available sequences of Bax allowed us
to make some interesting observations. First, 11 out of the 23 sequences do not have
any histidine, including 6 out of the 7 complete human Bax sequences available, the
rest have a content of histidines of 4% or lower (Fig. 3.1). This, together with a low
content of cystein (always below 3%) points to a sequence that has evolved to avoid
interactions with metals and to have low reactivity, which correlates well with the fact
that Bax is found in the cytosol in normal cells [69]. Conversely, none of the sequences
lacks tryptophan. This is important since conserved tryptophans have been shown to
be important for structural stability and function of a protein [132, 133, 134, 135].

3.1.2 Multiple alignment of available sequences of Bax

The output from the multiple alignment of all 23 sequences performed in Clustal is
depicted in Figs. 3.2, 3.3 and 3.4.
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Figure 3.1: Percentage of amino acid content of the 23 available sequences of Bax.
To each sequence corresponds a different color. The lines join the average values.
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CLUSTAL 2.1 multiple sequence alignment

Ictalurus_punctatus M-----A-----SG--------E------G--D-G--------------- 8
Danio_rerio M----AAP----SG--------G------G--DTG--------------- 11
Xenopus_tropicalis MA--THG-----AGGDYPGEDKEKNQGEGGAAG-GPSLG-----AAGDRS 37
Xenopus_laevis MA--THG-----AGGDCPRDDKEKKQGEGGAAG-GSSLG-----ATGDRS 37
Mus_musculus M----DG-----SG--------E--Q-LGS--G-GP-------------- 13
Rattus_norvegicus M----DG-----SG--------E--Q-LGG--G-GP-------------- 13
Cricetulus_griseus M----DG-----SG--------E--Q-LGG--G-GP-------------- 13
Bos_taurus M----DG-----SG--------E--Q-PRG--G-GP-------------- 13
Isoform-Delta_Homo_sapiens M----DG-----SG--------E--Q-PRG--G-GP-------------- 13
Canis_familiaris M----DG-----SG--------E--Q-PRG--G-GP-------------- 13
Felis_catus M----DG-----SG--------E--Q-PRG--G-GH-------------- 13
Isoform-Beta_Homo_sapiens M----DG-----SG--------E--Q-PRG--G-GP-------------- 13
Isoform-Epsilon_Homo_sapiens M----DG-----SG--------E--Q-PRG--G-GP-------------- 13
Isoform-Sigma_Homo_sapiens M----DG-----SG--------E--Q-PRG--G-GP-------------- 13
Isoform-Alfa_Homo_sapiens M----DG-----SG--------E--Q-PRG--G-GP-------------- 13
Isoform-Psi_Homo_sapiens --------------------------------------------------
Isoform-Zeta_Homo_sapiens --------------------------------------------------
Salmo_salar MA---DSRERRKTG-------ED--E-PQGAFG-GED------------- 23
Caligus_rogercresseyi MA---DSRERRKTG-------ED--E-PQGAVG-GED------------- 23
Ictalurus_furcatus MA---DSHGNDRT---------D--D-TEGATG-GED------------- 21
Esox_lucius M---------------------E-----R--------------------- 3
Oncorhynchus_mykiss M-----A-----CA--------E--------------------------- 5
Lepeophtheirus_salmonis MARKFPQFRYSKDG-----DEADDDDEEEGAIPVSPRILRRRRNSEHDMS 45

Ictalurus_punctatus -T-------------SND------QILE-----VG--AVLLKD------F 25
Danio_rerio -S-------------GND------QILD-----LG--AALLNN------F 28
Xenopus_tropicalis GTG-----------VSTE------QILE-----TG--ELLLNG------F 57
Xenopus_laevis GTG-----------ISTE------QILE-----TG--EHLLNG------F 57
Mus_musculus -T-------------SSE------QIMK-----TG--AFLLQG------F 30
Rattus_norvegicus -T-------------SSE------QIMK-----TG--AFLLQG------F 30
Cricetulus_griseus -T-------------SSE------QIMK-----TG--AFLLQG------F 30
Bos_taurus -T-------------SSE------QIMK-----TG--ALLLQG------F 30
Isoform-Delta_Homo_sapiens -T-------------SSE------QIMK-----TG--ALLLQG------- 29
Canis_familiaris -T-------------SSE------QIMK-----TG--ALLLQG------F 30
Felis_catus -T-------------SSE------QIMK-----TG--ALLLQG------F 30
Isoform-Beta_Homo_sapiens -T-------------SSE------QIMK-----TG--ALLLQG------F 30
Isoform-Epsilon_Homo_sapiens -T-------------SSE------QIMK-----TG--ALLLQG------F 30
Isoform-Sigma_Homo_sapiens -T-------------SSE------QIMK-----TG--ALLLQG------F 30
Isoform-Alfa_Homo_sapiens -T-------------SSE------QIMK-----TG--ALLLQG------F 30
Isoform-Psi_Homo_sapiens --------------------------MK-----TG--ALLLQG------F 11
Isoform-Zeta_Homo_sapiens --------------------------------------------------
Salmo_salar -V-------------NDD------RIME-----QG--AIVLRG------Y 40
Caligus_rogercresseyi -V-------------IDD------RIME-----QG--AVVLRG------Y 40
Ictalurus_furcatus -V-------------IDD------RIME-----EG--ALVLRG------Y 38
Esox_lucius -T--------------A-------IVFR------G---FVIRR------I 16
Oncorhynchus_mykiss -I--------------SD--------YR-----VG--EVLLNR------V 19
Lepeophtheirus_salmonis HTPRRMYNRPRFNSFSNDGFFPIENITESHSNDEGFSENEIEGQELYLHF 95

Ictalurus_punctatus IYERVHRHG-DSGTV--VSRHELG-------G-SEL--CD----PTHK-- 56
Danio_rerio VYERVRRHG-DRDAE--VTRSQLG-------G-VEL--CD----PSHK-- 59
Xenopus_tropicalis ISDRLQNNP-DVAGA--RA---LF-------PGSTQH-SD----PSIK-- 87
Xenopus_laevis ISDRLQNNP-DVAGA--RV---LF-------PGISQQ-SD----PSIK-- 87
Mus_musculus IQDRAGRMA-GETPE--LT---LE-------Q-PPQ---D----ASTK-- 57
Rattus_norvegicus IQDRAGRMA-GETPE--LT---LE-------Q-PPQ---D----ASTK-- 57
Cricetulus_griseus IQDRAGRMA-GDTPE--LT---LE-------Q-PPQ---D----PSTK-- 57
Bos_taurus IQDRAGRMG-GETPE--LG---LE-------Q-VPQ---D----ASTK-- 57
Isoform-Delta_Homo_sapiens --------------------------------------------------
Canis_familiaris IQDRAGRMG-GETPE--LP---LE-------Q-VPQ---D----ASTK-- 57
Felis_catus IQDRAGRMG-GETPE--LA---LE-------Q-VPQ---D----ASTK-- 57
Isoform-Beta_Homo_sapiens IQDRAGRMG-GEAPE--LA---LD-------P-VPQ---D----ASTK-- 57
Isoform-Epsilon_Homo_sapiens IQDRAGRMG-GEAPE--LA---LD-------P-VPQ---D----ASTK-- 57
Isoform-Sigma_Homo_sapiens IQDRAGRMG-GEAPE--LA---LD-------P-VPQ---D----ASTK-- 57
Isoform-Alfa_Homo_sapiens IQDRAGRMG-GEAPE--LA---LD-------P-VPQ---D----ASTK-- 57
Isoform-Psi_Homo_sapiens IQDRAGRMG-GEAPE--LA---LD-------P-VPQ---D----ASTK-- 38
Isoform-Zeta_Homo_sapiens --------------------------------------------------
Salmo_salar VIERISAE--NPARH--LAPEDLG-------GRPNEQ-ED----HQVK-- 72
Caligus_rogercresseyi VIERVSAE--NPERR--LAPEDLG-------GRPNEQ-ED----HQVK-- 72
Ictalurus_furcatus VIERITTE--DPDMH--VSAVDLG-------GTASEG-DD----PHVK-- 70
Esox_lucius STDDPQRH---LSPE---D---LG-------GESNEL-ED----RQIK-- 43
Oncorhynchus_mykiss MQEQLDEVP-SDVPV--V----VS-------TKTQEVESD----QEQKIV 51
Lepeophtheirus_salmonis LYERMSGEGLDPEAHSGLSEYHFNSVHDRERGRQNSMSLDNFHSPLWR-- 143

Figure 3.2: Multiple alignment of all available Bax sequences part 1 of 3 (M1-F30 in
human Bax isoform alpha).
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Ictalurus_punctatus -KLAQYLQQIGDELDNNVDLQ--RMLAD-SALQPTK-EVFVKVAREIFSD 101
Danio_rerio -RLAQCLQQIGDELDGNAQLQ--SMLNN-SNLQPTQ-DVFIRVAREIFSD 104
Xenopus_tropicalis -RLSECLRKIGDELDANIELQ--RRIEC-VPCNSPK-QVFFHVAKELFAD 132
Xenopus_laevis -RLSECLRKIGDELDANMELQ--RRIDN-VPCTSPK-QVFFHVAKELFAD 132
Mus_musculus -KLSECLRRIGDELDSNMELQ--RMIAD-VDTDSPR-EVFFRVAADMFAD 102
Rattus_norvegicus -KLSECLRRIGDELDSNMELQ--RMIAD-VDTDSPR-EVFFRVAADMFAD 102
Cricetulus_griseus -KLSECLRRIGDELDSNMELQ--RMIAN-VDTNSPR-EVFFRVAADMFAD 102
Bos_taurus -KLSECLKRIGDELDSNMELQ--RMIAA-VDTDSPR-EVFFRVAAEMFSD 102
Isoform-Delta_Homo_sapiens ------------------------MIAA-VDTDSPR-EVFFRVAADMFSD 53
Canis_familiaris -KLSECLKRIGDELDSNMELQ--RMIAA-VDTDSPR-EVFFRVAAEMFSD 102
Felis_catus -KLSECLKRIGDELDSNMELQ--RMIAA-VDTDSPR-EVFFRVAAEMFSD 102
Isoform-Beta_Homo_sapiens -KLSECLKRIGDELDSNMELQ--RMIAA-VDTDSPR-EVFFRVAADMFSD 102
Isoform-Epsilon_Homo_sapiens -KLSECLKRIGDELDSNMELQ--RMIAA-VDTDSPR-EVFFRVAADMFSD 102
Isoform-Sigma_Homo_sapiens -KLSECLKRIGDELDSNMELQ--RMIAA-VDTDSPR-EVFFRVAADMFSD 102
Isoform-Alfa_Homo_sapiens -KLSECLKRIGDELDSNMELQ--RMIAA-VDTDSPR-EVFFRVAADMFSD 102
Isoform-Psi_Homo_sapiens -KLSECLKRIGDELDSNMELQ--RMIAA-VDTDSPR-EVFFRVAADMFSD 83
Isoform-Zeta_Homo_sapiens ------------------------MIAA-VDTDSPR-EVFFRVAADMFSD 24
Salmo_salar -DVVHQLLLIADDMNRNAELQ--HLISR-VQVNCAQ-DVFFSVAKEIFAD 117
Caligus_rogercresseyi -DVVHQLLLIADDLNRNAELQ--HLIST-VQVNCAQ-DVFFSVAREIFAD 117
Ictalurus_furcatus -EVVDQLLKIADELNRNAELQ--HLINT-VQANCAQ-EVFTTVAKSIFSD 115
Esox_lucius -DVVSQLLIIADDLNRNAELQ--HLMST-VQANCAQ-DVFFSVAREILVD 88
Oncorhynchus_mykiss SQLAIMIRTIGDAIKKDGKLD--DAIDGMVGKMTSQ-TSYWNLVEKVFED 98
Lepeophtheirus_salmonis -RTGRELQSLADEFVRTQEREQVRILADSVDVVSLNMEKFFALLRELFQG 192

: . : : .:: .

Ictalurus_punctatus GKFNWGRVVALFYFACRLVIEALLTKIPDIIRTIINWTLDYLR-EHV-IN 149
Danio_rerio GKFNWGRVVALFYFACRLVIKAISTRVPDIIRTIISWTMSYIQ-EHV-IN 152
Xenopus_tropicalis GVFNWGRVVALFYFACKLVVKALCTKVPEMIRTIINWTMEYLR-EYV-VQ 180
Xenopus_laevis GVFNWGRVVALFYFACKLVVKALCTKVPEMIRTIINWTMDYLR-DYV-VQ 180
Mus_musculus GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LV 150
Rattus_norvegicus GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LV 150
Cricetulus_griseus GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LV 150
Bos_taurus GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 150
Isoform-Delta_Homo_sapiens GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 101
Canis_familiaris GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 150
Felis_catus GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 150
Isoform-Beta_Homo_sapiens GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 150
Isoform-Epsilon_Homo_sapiens GNFNWGRVVALFYFASKLVLKA------G-VK----W-----R-D---LG 132
Isoform-Sigma_Homo_sapiens GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 150
Isoform-Alfa_Homo_sapiens GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 150
Isoform-Psi_Homo_sapiens GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 131
Isoform-Zeta_Homo_sapiens GNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLR-ERL-LG 72
Salmo_salar G-INWGRVVSLFHLAYKLIYKALTQNHLEIIKKVISWVLQFIR-ENV-SA 164
Caligus_rogercresseyi G-INWGRVVTLFHLAYKLIYKALTQNHLEIIKKVISWVLQFIR-ENV-SA 164
Ictalurus_furcatus G-INWGRIVALFHLAYRLIYKALTQNHFEIIKNIISWVLQFIR-EHI-SA 162
Esox_lucius G-INWGRVVALFHLAYKLIYLALTQNHLEIIKKIISWFITVHQGTRLRLD 137
Oncorhynchus_mykiss SQITWERIAVLFYVAGRIAVKVVIANIPQLVKDILKWTLEYFR-SKL-LD 146
Lepeophtheirus_salmonis GKITRERILVLFFFCSDIAIRAARCQMDGLLVTLTNWSLRFIR-EKV-CS 240

. :. *: **... : . : * :

Ictalurus_punctatus W-IRE---------QGG-WE-GI--QTYF----GTP--T----WKT--VG 173
Danio_rerio W-IRE---------QGG-WD-GI--RSYF----GTP--T----WQT--VG 176
Xenopus_tropicalis W-IRD---------QGG-WE-GM--LSYF----GTP--T----WQT--VG 204
Xenopus_laevis W-IRD---------QGG-WE-GM--LSYF----GTP--T----WQT--VG 204
Mus_musculus W-IQD---------QGG-WE-GL--LSYF----GTP--T----WQT--VT 174
Rattus_norvegicus W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 174
Cricetulus_griseus W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 174
Bos_taurus W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 174
Isoform-Delta_Homo_sapiens W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 125
Canis_familiaris W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 174
Felis_catus W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 174
Isoform-Beta_Homo_sapiens W-IQDQGGWVRLLKPPHPHH-RA--LTTAPAPPSLPPATPLGPWAFWSRS 196
Isoform-Epsilon_Homo_sapiens S-LQP--------LPPG-FK-R---FTCL----SIP-RS----WD----- 154
Isoform-Sigma_Homo_sapiens W-IQD---------QGG-WTVTI--FVAG----VLT-AS-LTIW----K- 176
Isoform-Alfa_Homo_sapiens W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 174
Isoform-Psi_Homo_sapiens W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 155
Isoform-Zeta_Homo_sapiens W-IQD---------QGG-WD-GL--LSYF----GTP--T----WQT--VT 96
Salmo_salar W-IRQ---------QGG-WE-AV--VSTV----SH--------WRT--VS 186
Caligus_rogercresseyi W-IRQ---------QGG-WE-AA--VSTV----SH--------WRT--VS 186
Ictalurus_furcatus W-IRQ---------QGG-WG-GV--IRSV----SR--------WRS--VS 184
Esox_lucius QTARR---------MGGGHQKRVT-LAYCVAR-GGN--S----FHC---- 166
Oncorhynchus_mykiss W-IQK---------HGG-WMNSFAELARVQVEKMSPMST----WSS--AS 179
Lepeophtheirus_salmonis W-VNL---------NGG-WQ-TV--LHR-----GVN--V----VQQ--MA 263

.

Figure 3.3: Multiple alignment of all available Bax sequences part 2 of 3 (I31-D102
in human Bax isoform alpha).
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Ictalurus_punctatus VF-LA-GVLTT-VLVMRK-M---- 189
Danio_rerio VF-LA-GVITT-ALVIRK-M---- 192
Xenopus_tropicalis VF-LA-GVLTA-TIAIWK-MS--- 221
Xenopus_laevis VF-LA-GVLTA-SLAIWK-MS--- 221
Mus_musculus IF-VA-GVLTA-SLTIWKKMG--- 192
Rattus_norvegicus IF-VA-GVLTA-SLTIWKKMG--- 192
Cricetulus_griseus IF-VA-GVLTA-SLTIWKNMG--- 192
Bos_taurus IF-VA-GVLTA-SLTIWKKMG--- 192
Isoform-Delta_Homo_sapiens IF-VA-GVLTA-SLTIWKKMG--- 143
Canis_familiaris IF-VA-GVLTA-SLTIWKKMG--- 192
Felis_catus IF-VA-GVLTA-SLAIWKKMG--- 192
Isoform-Beta_Homo_sapiens QW-CPLPIFRS-SDVVYNAFSLRV 218
Isoform-Epsilon_Homo_sapiens -Y-RP----CA-P-R-CRN----- 164
Isoform-Sigma_Homo_sapiens ---------KM-G----------- 179
Isoform-Alfa_Homo_sapiens IF-VA-GVLTA-SLTIWKKMG--- 192
Isoform-Psi_Homo_sapiens IF-VA-GVLTA-SLTIWKKMG--- 173
Isoform-Zeta_Homo_sapiens IF-VA-GVLTA-SLTIWKKMG--- 114
Salmo_salar LV-AA-VAFVA-VMVYWRKTR--- 204
Caligus_rogercresseyi LV-AA-VAFVT-AMVYWRKTR--- 204
Ictalurus_furcatus II-AA-VAFIA-AAVYWRRTR--- 202
Esox_lucius ---RS-GLLEENPLT--------- 177
Oncorhynchus_mykiss IL-VFLGVILG-SVITWKLARRT- 200
Lepeophtheirus_salmonis IIGMCAAVMLCCTIYIRKNL---- 283

Figure 3.4: Multiple alignment of all available Bax sequences part 3 of 3 (G103-G192
in human Bax isoform alpha).

The amino acids found to be conserved to some degree in the multiple alignment
are shown in Table 3.1 (numeration with respect to human Bax isoform alpha).

Interestingly, 3/4 of the most conserved, 4/10 that conserve strongly similar pro-
perties and 6/10 that conserve weakly similar properties are in BH1 (F100-V121).
Only Q153 is in BH2 (W151-F165) and none are in BH3. This result suggests that
only BH1 is absolutely needed for the primary function of Bax. I80 is in αH3, which is
remarkable because extra energy is required to keep a beta branched amino acid such
as isoleucine in an α-helix. Hence, the role of I80 might be important for structural

Table 3.1: Conserved amino acids in the multiple alignment considering 23 sequences
of Bax from several species.

Fully conserved (*) Conserved strongly Conserved weakly
similar properties (:) similar properties (.)

R109, L113, F114, W139 I80, F92, V95, M99, F100, R89, D98, D102, G103,
F105, V110, L120, I133, N106, Y115, F116, A117,
R145 A124, Q153
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Table 3.2: Conserved amino acids in the multiple alignment considering the seven
available isoforms of human Bax.

Fully conserved (*) Conserved strongly Conserved weakly
similar properties (:) similar properties (.)

M79-A124, K128, L132, E131, T135, I136, G150, T127, T140, D142, G157,
F143, R145, L149, I152, Q155, A178 S184, K189
W158

stability, function or both. R89, F92, D98, M99 and F100 are in αH4. The unfolding
of αH4 was found to play a role in the protection of the hydrophobic core of Bax in
this work (Subsection 3.2.6), and these residues could be involved in this mechanism.
A124 is in αH5, while 1133, W139 and R145 are in αH6. Since αH5 and αH6 belong
to the pore-forming domain of Bax, these amino acids could be important for the
membrane permeabilization function of Bax.

The output from the multiple alignment of the isoforms of human Bax performed
in Clustal is depicted in Fig. 3.5. The amino acids found to be conserved to some
degree in the multiple alignment are shown in Table 3.2 (numeration with respect to
human Bax isoform alpha).

The BH1 domain (F100-V121) is fully conserved, whereas only I152, and W158
are fully conserved in BH2 (W151-F165), the less conserved Q155 and G157 are in
BH2. BH3 (L59-D71) is not present in two of the isoforms. These findings support
the identification of BH1 as absolutely necessary for the primary function of Bax, BH2
would have a secondary role and BH3 would not be essential for Bax to function. K128
is in αH5, E131, L132, T135, I136, T140, D142, F143 and R145 are in αH6. These
residues would be likely to participate in the membrane permeabilization function of
Bax. L149 and G150 are close to BH2, and they might participate in the function of
this domain. S184 and K189 are in αH9 and were found in this work contributing to
the structural stability of Bax (Subsection 3.2.8). A178 is also in αH9 and has been
associated with the regulation of Bax activation [101].
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CLUSTAL 2.1 multiple sequence alignment

Isoform-Delta_Homo_sapiens -------------------MD-GS----G-EQPR-G--GG---------- 12
Isoform-Zeta_Homo_sapiens --------------------------------------------------
Isoform-Psi_Homo_sapiens -------------------MKTGALLLQGFIQDRAGRMGGEAPELALDPV 31
Isoform-Alfa_Homo_sapiens MDGSGEQPRGGGPTSSEQIMKTGALLLQGFIQDRAGRMGGEAPELALDPV 50
Isoform-Sigma_Homo_sapiens MDGSGEQPRGGGPTSSEQIMKTGALLLQGFIQDRAGRMGGEAPELALDPV 50
Isoform-Beta_Homo_sapiens MDGSGEQPRGGGPTSSEQIMKTGALLLQGFIQDRAGRMGGEAPELALDPV 50
Isoform-Epsilon_Homo_sapiens MDGSGEQPRGGGPTSSEQIMKTGALLLQGFIQDRAGRMGGEAPELALDPV 50

Isoform-Delta_Homo_sapiens P--TSSEQI---MKT-G-AL---L-LQGMIAAVDTDSPREVFFRVAADMF 51
Isoform-Zeta_Homo_sapiens ----------------------------MIAAVDTDSPREVFFRVAADMF 22
Isoform-Psi_Homo_sapiens PQDASTKKLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMF 81
Isoform-Alfa_Homo_sapiens PQDASTKKLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMF 100
Isoform-Sigma_Homo_sapiens PQDASTKKLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMF 100
Isoform-Beta_Homo_sapiens PQDASTKKLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMF 100
Isoform-Epsilon_Homo_sapiens PQDASTKKLSECLKRIGDELDSNMELQRMIAAVDTDSPREVFFRVAADMF 100

**********************

Isoform-Delta_Homo_sapiens SDGNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLG 101
Isoform-Zeta_Homo_sapiens SDGNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLG 72
Isoform-Psi_Homo_sapiens SDGNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLG 131
Isoform-Alfa_Homo_sapiens SDGNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLG 150
Isoform-Sigma_Homo_sapiens SDGNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLG 150
Isoform-Beta_Homo_sapiens SDGNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLG 150
Isoform-Epsilon_Homo_sapiens SDGNFNWGRVVALFYFASKLVLKA-GVKWRDL-GSLQPLPPGFKRFTCLS 148

************************ .* :* :: . .* * *.

Isoform-Delta_Homo_sapiens WIQDQGGWDGLL--SY-----FGT----PTWQTVT-I----FVA-G---- 130
Isoform-Zeta_Homo_sapiens WIQDQGGWDGLL--SY-----FGT----PTWQTVT-I----FVA-G---- 101
Isoform-Psi_Homo_sapiens WIQDQGGWDGLL--SY-----FGT----PTWQTVT-I----FVA-G---- 160
Isoform-Alfa_Homo_sapiens WIQDQGGWDGLL--SY-----FGT----PTWQTVT-I----FVA-G---- 179
Isoform-Sigma_Homo_sapiens WIQDQGGW------------------------TVT-I----FVA-G---- 166
Isoform-Beta_Homo_sapiens WIQDQGGWVRLLKPPHPHHRALTTAPAPPSLPPATPLGPWAFWSRSQWCP 200
Isoform-Epsilon_Homo_sapiens -IP-R-SWD------Y-------R----P-------------CA------ 159

* : .* :

Isoform-Delta_Homo_sapiens --VLTASLTIWKKMG--- 143
Isoform-Zeta_Homo_sapiens --VLTASLTIWKKMG--- 114
Isoform-Psi_Homo_sapiens --VLTASLTIWKKMG--- 173
Isoform-Alfa_Homo_sapiens --VLTASLTIWKKMG--- 192
Isoform-Sigma_Homo_sapiens --VLTASLTIWKKMG--- 179
Isoform-Beta_Homo_sapiens LPIFRSSDVVYNAFSLRV 218
Isoform-Epsilon_Homo_sapiens ----PRC----RN----- 164

. .

Figure 3.5: Multiple alignment of all Homo Sapiens isoforms of Bax.
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3.2 Structural stability of a Bax monomer in aque-

ous media

Several structural analysis were performed on the results given by the simulations
performed in a search for insights into the effect of high temperature conditions on
the structural stability of Bax as described in the following subsections.

3.2.1 Overall stability

The time course evolution of several Bax structural features at 300, 400 and 500 K
during 20 ns is analyzed in this section. Fig. 3.6 depicts α-carbons RMSD, which is
a measure of backbone conformational movement. Convergence for 300, 400 and 500
K is reached after 14 ns of MD simulation. Initially, RMSD values increase in the
MD simulations during the heating of the system. The values were approximately
bounded between 0.3 and 0.6 nm at 300 and 400 K. RMSD values at 500 K show
two stages: the first from 5 to 11 ns (RMSD between 0.8 and 1.0 nm) and the second
from 11 to 20 ns (RMSD between 1.0 and 1.2 nm).

Regarding the Rg values, the starting value is about 1.8 nm, which reflects an
expanded polypeptide, mainly due to the initial elongation of LpNt (Fig. 3.7). During
the MD simulations at the three different temperatures studied, the Rg values decrease
during the equilibration period. The curves at 300 and 400 K reach values around
1.6 nm after 5 ns, whereas the Rg values at 500 K fluctuate from 1.6 to 1.8 nm. The
Rg values of Bax decrease at 300 and 400 K during the equilibration stage mainly
due to LpNt movement toward the globule, but the compactness of the conformation
is maintained from 5 to 20 ns. In this sense, at 500 K, the Rg fluctuating values are
evidence of movements of the LpNt toward and away from the globule, as well as
conformational variation of the whole protein.

The SASA values start close to 170 nm2 and decrease to values around 146 nm2,
showing small fluctuations at 300 and 400 K after 5 ns. In both curves, an increase
in SASA is observed: at 300 K, this increase is of no more than 20 nm2 (17-19 ns),
whereas at 400 K, the value of SASA reaches more than 160 nm2 (16-18 ns). In both
cases, SASA recovers its original value by the end of the MD simulations. At 500 K,
the SASA values display two phases. In the first one (5-11 ns), the SASA values do
not vary noticeably (around 160 nm2), while a second phase involves large increases
in the SASA values, showing four peaks: 195.9 nm2 (11.2 ns), 236.3 nm2 (13.0 ns),
250.1 nm2 (15.5 ns), and 277.7 nm2 (16.5 ns). After 16.5 ns, the SASA values decrease
to about 185.9 nm2 (Fig. 3.8).
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Figure 3.6: Time evolution of the Cα RMSD of the protein in the MD simulations
performed.
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Figure 3.7: Time evolution of the Radius of gyration (Rg) of the protein in the MD
simulations performed.
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Figure 3.8: Time evolution of the Solvent Accessible Surface Area (SASA) of the
protein in the MD simulations performed.
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Figure 3.9: The Root Mean Square Fluctuations (RMSF) of Cα coordinates are shown
as a function of residue number at different temperatures; a representation of the
secondary structure with labels for the main domains is included.

Concerning RMSF values, they are smaller at all temperatures in those regions
that belong to α-helices, and larger in loops and turns (Fig. 3.9). This analysis shows
that LpNt is the most mobile protein region. At 300 and 400 K, RMSF oscillates
around 0.2 nm, whereas at 500 K, the RMSF values increase from 0.4 to 1.1 nm,
showing seven peaks larger than 0.8 nm. Interestingly, one of these peaks is located
at the C-terminus of Bax, which reflects an important conformational change in this
region. It is important to mention that RMSF values from BH3 remain low compared
to those of the rest of the protein in all MD simulations. The curves obtained follow
closely those published by other groups, despite their using of a Bax from a different
species [88], or using lower temperatures than those employed in this work [89].
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3.2.2 Clustering analysis

The stability of Bax during the MD simulations has been correlated with the existence
of various local minima that split the space of structures in clusters, whose similar
geometry permits them to maintain the grouping. This traditional cluster analysis
was performed with the GROMACS tool g cluster setting the parameter RMSD
cutoff values of 0.15, 0.22 and 0.42 nm were used for clustering the structures at 300,
400 and 500 K respectively [136, 137].

Fig. 3.10 shows the pairwise distribution of the RMSD for the MD at 300, 400 and
500 K. Interestingly, bimodal distributions are presented for the three temperatures
analyzed. At 300 K the distribution has two maxima in 0.25 and 0.35 nm, whereas
maxima at 0.22 and 0.42 nm are shown at 400 K, and maxima at 0.8 and 1.1 nm are
shown at 500 K. Namely, two populations are detected, however, the bi-equipartition
of the probability is similar at 300 and 400 K, but increases at 500 K (Fig. 3.10).
When the time-evolution of distinct clusters of Bax backbone conformations was
calculated, it shows that at 300 K only two clusters are visited, the first one briefly
between 2 and 4 ns and the second from 4 ns to the end of this MD simulation. The
MD simulations at 400 and 500 K visit more clusters, but two of these stand out as the
most populated: from 2 to 8 ns and from 9 to 19 ns at 400 K and from 6 to 13 ns and
from 13 to 20 ns at 500 K (Fig. 3.11). A temperature-dependent bistability is derived
from our MD simulations. This bistable trait has been reported by other authors
with distinct physical and mathematical approaches [68, 138, 139]. Representative
structures from two different clusters for each temperature are depicted in Fig. 3.12.

3.2.3 Secondary structure evolution

Secondary structure changes in Bax were evaluated by means of the MD simulation
results to compare the structural evolution for the different temperatures used. Fig.
3.13a depicts the secondary structure content in the first 2 ns at 300 K. The last
conformation obtained after these 2 ns was considered as the starting point for the
next 18 ns of thermal unfolding evaluations. Fig. 3.13b shows that at 300 K most
of the α-helices are maintained, with a slight reduction of helical structure in αH1,
αH8 and αH9. Moreover, the protein loses some α-helices at 400 K, particularly αH2
and αH8 (Fig. 3.13c). However, the α-helix structure reduction is more noticeable
at 500 K, where almost all α-helices are absent, except for αH5, which forms the
hydrophobic core and appears to be remarkably stable against thermal unfolding.
It is worth mentioning that at 500 K, αH6 remains curled, adopting the less stable
310-helix conformation intermittently (Fig. 3.13d). Additionally, throughout the MD
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Figure 3.10: RMS Distribution for the structures obtained in the simulations in arbi-
trary units (a.u.).
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Figure 3.11: Time evolution of the clustering of the structures from the simulations.
Cutoff values of 0.15, 0.22 and 0.42 nm were used for clustering the structures at 300,
400 and 500 K respectively.

Figure 3.12: Aligned structures from two different clusters in the MD simulations. a)
Structures at 3.1 ns and 17.2 ns from the MD simulation at 300 K. Differences in
LpNt, Lp1-2 and the C-terminal end of BH2 are observed. b) Structures at 4.9 ns
and 17.2 ns from the MD simulation at 400 K. Important differences are appreciated
in LpNt, Lp1-2 and BH2. c) Structures at 8.1 ns and 19.4 ns from the simulation at
500 K. aH5 is depicted with a green tube at 8.1 ns and a purple tube at 19.4 ns.
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Figure 3.13: Time evolution of the secondary structural elements of the protein during
the MD simulations at different temperatures (DSSP classification). The graphical
representation of the native secondary structure used in Fig. 3.9 is reproduced on the
extreme right.

simulations, the hydrogen bond network is reorganized (data not shown), preventing
the elongation of the polypetide under heating conditions. These results are correlated
with the evolution of Rg values (Fig. 3.7). These findings indicate that the structure
tends to remain compact.

3.2.4 Electrostatic interactions keep Lp1-2 close to Lp5-6

It is known that electrostatic interactions are important for mantaining 3D structure
in MD simulations of proteins [140]. In the native Bax structure, there is an electro-
static interaction between R134 (αH6) and E41 (Lp1-2). After 5 ns at 300 K (Fig.
3.14a-i), these two residues move away from each other, making a new electrostatic
interaction between E44 (Lp1-2) and K128 (Lp5-6), respectively. Fig. 3.14b-i-iv and
Fig. 3.14c-i-iv show these four residues (E41, E44, K128 and R134) at small distances
from each other (Fig. 3.14b-i, inset), which helps to keep Lp1-2 close to Lp5-6. This
proximity is also observed in all NMR models obtained by Suzuki et al., despite the
large mobility shown by E41 (Fig. 3.15), and the electrostatic interactions between
these residues seem to be favored at high temperatures. An interaction of one or both
of the acidic residues in Lp1-2 with one or both of the basic residues close to Lp5-6
appears constantly in all the MD simulations, where the minimum distance between
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the elements of one of these pairs is below 0.2 nm and is close to the van der Waals
distance (0.16 nm) 80% of the time at 300 K, 90% of the time at 400 K, and 70% of
the time at 500 K (Fig. 3.16). The persistence of these electrostatic interactions is
remarkable at the end of the MD simulation at 500 K, when most of the α-helix struc-
ture is lost (Fig 3.14c-iv, left inset). These interactions appear even at 600 and 700
K (results to be published); these findings suggest that they play an important role
in keeping Lp1-2 close to Lp5-6 and therefore contribute to the structural stability of
Bax at high temperatures.

3.2.5 Residue D33 remains close to BH3

Cartron et al. found that point mutated Bax (D33A) was unable to interact with
tBid, which suggests that D33 (αH1) is an important residue for Bax function [48].
Our MD simulation results show that D33 is close to two basic residues in BH3 (K64
and R65). The minimum distance between D33 and either K64 or R65 is close to the
van der Waals distance (0.16 nm) 15% of the time at 300 K and 30% of the time at 400
and 500 K (Fig. 3.17). These electrostatic interactions contribute to the proximity of
αH1 and αH2 and hence to the structural stability of Bax. The disruption of a similar
“ionic lock” has been identified as important in the activation process of a protein
with transmembrane helices [141]. The previously mentioned residues involved in
these electrostatic interactions are shown in Fig. 3.14. Fig. 3.14b-iii shows that at 15
ns in the MD simulation at 400 K, αH1 and αH2 have a tendency to move away from
each other. The electrostatic interactions between D33 and K64, R65 or both help to
prevent this separation (Fig. 3.14b-iii, inset). These interactions are also observed in
the MD simulation at 500 K (Fig. 3.14c-iv, right inset).

3.2.6 Unfolding of αH4 protects the hydrophobic core

During the first 4 ns of the MD simulation at 500 K, all α-helices tend to unfold, as can
be seen in Fig. 3.13d. There is a large jump in the RMSD plot for this MD simulation
(Fig. 3.6, 11-12 ns), which may be related to the loss of the great majority of helicity,
as can be seen in the snapshot at 15 ns (Fig. Snapshots c-iii). When αH4 unfolds
and becomes an unstructured coil (15 ns), it remains close to the core of the protein
and protects αH5, and this domain folds back into a helix. Likewise, unfolded αH4
prevents αH7 from moving away from the core of the protein (Fig. 3.14c-iii). With
the refolding of αH5 and the holding of αH7 close to the core, αH6 regains helicity
(20 ns, Fig. 3.14c-iv). After becoming a coil, αH4 protects the hydrophobic core.
This concerted mechanism helps BH1, BH2 and BH3 to remain close to each other.
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Figure 3.14: Snapshots of the structure of Bax evolved at different time points at
different temperatures. Important residues and the hydrogen bonds where they are
involved are shown. The insets show distances in nm.
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Figure 3.15: All 20 NMR models from the PDB file are shown (PDB ID: 1F16).The
color coding representation for the depicted residues ranges from red for model 1 to
blue for model 20.

Figure 3.16: Minimum distance between E41E44 and K128R134. Two sets are de-
fined, one that contains E41 and E44 and the other K128 and R134. The minimum
distance between a pair formed with one element of each set is shown in this figure
to be close to the van der Waals distance (0.16 nm) at several times in all MD sim-
ulations. This proximity is important in the stability of Bax because it prevents the
separation of the hairpin formed by αH1 and αH2 from the hydrophobic core (αH5
and αH6).
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Figure 3.17: Minimum distance between D33 and K64R65. The distance between D33
and these basic residues in αH2 is short even at 500 K.

These conformational changes are depicted in Fig. 3.14c and can also be followed in
Fig. 3.13d, where the loss of αH4 at 500 K is closely followed by a significant recovery
of αH5 and a small recovery of αH6. The changes in the trend in SASA at 500 K can
also be related to this mechanism, where a growing trend starting after 10 ns, which
could be caused by the unfolding, is replaced by a decreasing trend after reaching 16
ns, which could be explained by the recovery of structure (Fig. 3.8c).

Fig. 3.18 shows the final structures at 300 and 500 K contrasting spatial correla-
tion of αH4 and hydrophobic core of Bax. Although there is an important unfolding
of αH4, it remains in the proximity of αH5 at 500 K.

3.2.7 Exposure of region immunodetected by antibody 6A7
(residues 12-24) at high temperatures

The antigen-antibody recognition is mediated by the contribution of the attractive
and repulsive forces (van der Waals interactions, hydrogen bonds, salt bridges and
hydrophobic effects). Epitopes have approximately 15 amino acids when defined by
spatial contact of antibody and epitope during binding [142].
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Figure 3.18: Structural alignment between final structures (20 ns) at 300 (glassy) and
500 K. Domains αH4 (green) and αH5 (red) are highlighted.

Hydrogen bond formation and/or electrostatic interactions seem to be required
for recognition. In the interface antigen-antibody interactions, the buried surface
between them is almost the same promoting shape complementarity. Hydrogen bonds
are more frequently observed and considered to be a critical specificity-determining
factor. It is known that the free energy of complex formations represents a balance
between enthalpic and entropic forces. Approximately 5 of the 15 amino acids in
each epitope strongly influence binding [143]. In general, antigens and antibodies in
solution have to overcome large entropic barriers before they can constitute a tight
binding. There is a loss of the entropy of mobile segments; on the contrary, entropy
is gained when water molecules are displaced from the interface.

Likewise, enthalpic contributions (van der Waals interactions and hydrogen bond
formation) are considered to scarcely participate to the overall binding energy; how-
ever, they define mainly the specificity of the molecular recognition [144, 145]. Contro-
versially, it has been found that enthalpic contributions appear to be the “dominant”
force, driving the total free energy changes [146, 147].

There is evidence that Bax activation exposes an epitope (G12-A24) [52, 51, 50].
The SASA values for these residues in the MD simulations show little change, as they
are around 8 nm2 at 300 K and remain below 11.2 nm2 even at 500 K (Fig. 3.19).
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Taking into account these proportions and following the known cell physiology of
Bax, a significant conformational change that includes 6A7 exposure might have a
considerable energetic cost in the neighborhood of this region. Even more, given that
not only 6A7 epitope is exposed but also other functional domains are reorganized,
the energetic cost to activate Bax to promote apoptosis increases. This could be
consistent with a dependent-energy apoptosis as a programmed active process.

Searching for structural changes involved in the exposure of these residues, it was
observed that the GGG motif close to the N-terminus of αH1 (G10-G12) is very
flexible and allows M1-G10 (LpNt) to interact with αH6. In the MD simulations
performed, favorable electrostatic interactions were detected between D2 (LpNt) and
R145 (αH6) at 300 and 500 K. In addition, electrostatic interactions between D2 and
R9 (both LpNt) at 300 and 500 K and between D6 and R9 at 400 K were found to
help to bend LpNt (Figs. 3.20, 3.21). These D2 interactions explain its local RMSF
minima at 300 K and at 500 K (Fig. 3.9).

The results from the MD simulations performed show that LpNt protects the 6A7
epitope on one side during the course of the MD simulations. On the opposite side,
we found that residues P49-S60 and the 6A7 epitope make a cavity that allows the
latter to be in contact with the solvent in the native conformation and during the
MD simulation at 300 K; however, the small size of this cavity shown during the MD
simulations would prevent the corresponding antibody from reaching the epitope. In
the structure reported in the PDB file 2G5B (Fig. 3.23) the Bax residues T14-I19
are in the interface of Bax-6A7 interaction. This access to solvent but not to larger
molecules explains the small change in SASA for this domain in the MD simulations.

These residues (P49-S60) start in Lp1-2 and include the N-terminal part of αH2
(Fig. 3.22). Their proximity to the epitope (Fig. 3.22a) is partially stabilized by the
electrostatic interaction between K21 (epitope) and Q52 (Lp1-2). This interaction is
lost at 400 K (Fig. 3.22b). At 300 K, Lp1-2 shows some mobility but remains close
to the core for most of the MD simulation (Fig. 3.22a). At 400 K, Lp1-2 adopts a
diferent conformation and points away from the core (Fig. 3.22b). These movements
allow the residues P49-S60 to move away from the epitope, leaving it exposed. At
500 K, the epitope is uncovered by P49-S60 moving away from the core early in the
MD simulation.

Another factor that prevents αH1 from moving away from the core of the protein
is the formation of several hydrogen bonds between LpNt (residues M1-T14) and the
core of the protein. The structural analysis also shows an increment in the number
of residue pairs closer than 0.35 nm. These pairs are likely to have a favorable
interaction, which contributes to keep these residues close to the core of Bax (Fig.
3.24).
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Figure 3.19: Solvent Access to 12-24 (epitope 6A7). In the total solvent accessible sur-
face area (above), the values remain below 11.5 nm2 in all simulations. The residues
that cover the epitope allow for enough space for the solvent but block the correspond-
ing antibody. ∆Gsolv values (below) remain larger than -28 Kcal/mol most of the
time.
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Figure 3.20: Minimum distance between D2R9-D2R145. The proximity of D2 and
R145 stabilizes the bending of LpNt and the proximity of D2 and R145 keeps LpNt
covering the epitope 6A7 (residues 12-24). The minimum values observed are below
0.2 nm, which leaves them close to the van der Waals distance of 0.16 nm. Interest-
ingly, this proximities are more pronounced at 500 K than they are at 400 K and are
not present in the conformation at 2 ns but appear later in the MD simulations.

Figure 3.21: Minimum distance between D6-R9. The proximity of D6 and R9 con-
tributes to the stabilization of the bending of LpNt that facilitates its function of
covering the epitope 6A7. Interestingly, this proximity is only observed in the MD
simulations at high temperatures. The minimum distance is close to the van der
Waals distance (0.16 nm) at 400 K and 500 K.
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Figure 3.22: Exposure of the epitope 6A7 under heating conditions. Final structures
for the MD simulations at 300 K (a) and 400 K (b) are shown. Residues K21, Q52,
D2 and R145 are shown in CPK. The epitope is shown in green; it starts in LpNt and
includes the first residues in αH1, and the rest of αH1 is shown in yellow. Residues
P49-S60 are shown with transparent surfaces in green. Domain αH6 is shown in red.

Figure 3.23: Crystal Structure of the anti-Bax monoclonal antibody 6A7 and a Bax
peptide (PDB ID: 2G5B). The residues from Bax that are seen close to the antibody
are T14-I19.
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Figure 3.24: Hydrogen bonds between LpNt and the rest of the protein. All simulations
show a net increase in the number of hydrogen bonds between LpNt and the rest of
the protein, helping to keep it close to the core. Pairs within 0.35 nm are likely to
have a favorable interaction, and their number is also increased in all simulations,
thus contributing to the proximity of LpNt and the core of Bax.
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The contribution of LpNt to the structural stability of Bax suggested by our
MD simulations is in agreement with the findings of other workgroups which have
proposed that residues M1-M20 (LpNt) play an inhibitory role for Bax mitochondrial
localization [52, 49]. These MD simulations results reveal that Bax can show the
6A7 antibody epitope at high temperatures. This finding is in agreement with the
experimental results reported elsewhere [51].

3.2.8 Hydrophobic groove covering by αH9

The hydrophobic groove formed by BH1-3, which is occupied by αH9 in the native
conformation, has been shown to be important in the interaction of Bax with other
members of the Bcl-2 family [53, 54]. Therefore, the exposure of this groove could be
involved in the oligomerization process of Bax. This hydrophobic groove is protected
constantly by αH9 despite the great conformational changes induced by heating con-
ditions in the MD simulations.

These MD simulations provide evidence that electrostatic interactions involving
K189 and K190 with E69, D86, E90 and D98 are important for protecting the hy-
drophobic groove by αH9 under heating conditions. K189 and K190 tend to point in
opposite directions due to steric hindrance effects and their equal positive charges.
With this spatial disposition, these residues form a positively charged “anchor” that
is trapped in an ionic “cage” formed by four negatively charged residues (E69, D86,
E90 and D98) in the MD simulations at high temperatures. For example, at 400 K,
D98 interacts with K190 (Fig. 3.25a), whereas at 500 K, K190 is close to D86 (5 ns,
Fig. 3.25b). However, at 10 ns, K189 replaces K190 in the proximity of D86 and also
interacts with E90 (Fig. 3.25c). At 15 ns, another combination emerges with K190
interacting with D98 and K189 with E69 (Fig. 3.25d). The electrostatic interactions
involving K189 and K190 could account for their local RMSF minima at 400 and
500 K (Fig. 3.9), and they seem to contribute to the structural stability of Bax at
high temperatures. E69 and D98 are distant from the C-terminal end of αH9 in the
NMR models from the PDB, hence their interactions with K189 and K190 would be
nonnative (Fig. 3.15).

Moreover, there is evidence that hydrogen bonds involving the side-chain of S184
contribute to protect the hydrophobic groove by αH9 [46]. In the native structure,
the side chain of S184 forms a hydrogen bond with the backbone carbonyl of V95. In
the MD simulation at 300 K, the side-chain of S184 forms a hydrogen bond with the
side-chain of D98, which keeps the rotamer of S184 pointing to the core of the protein.
At 400 K, within the first 5 ns, the hydrogen bond of S184 with V95 is re-formed,
while D98 contributes to the stability of Bax in a different manner, by interacting
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Figure 3.25: Electrostatic interactions that prevent αH9 from moving away from the
protein core. K189 is shown in Licorice and K190 in CPK. αH9 is depicted in green.
Acidic residues that form the ionic “cage” are depicted in the VDW representation.
In all cases, the minimum distance between the lysines and the acid residues is close
to 1.6 Å, which is the van der Waals distance for a nonbonded O-H pair.

with K190 as described above. At 10 ns, S184 forms a hydrogen bond with N106
(Lp4-5), but the helix turn of αH9 that contains S184 partially unfolds and leaves
S184 exposed to the solvent.

Furthermore, the electrostatic interaction between D98 and K190 is maintained
and a hydrogen bond appears between D98 and T186. At 15 ns, S184 is still exposed
to the solvent, but it forms a hydrogen bond with the backbone carbonyl of V180.
D98 remains close to either K190 or T186 for the rest of the MD simulation. At 20
ns, S184 is close to R109 but is mostly accessible to the solvent (data not shown). At
500 K, S184 is completely exposed, thus no longer forming hydrogen bonds with other
residues (Fig. 3.26). The exposure of S184 could be the cause of a large increase in
the mobility of αH9 at 500 K (Fig. 3.9), but it is not enough to separate this helix
from the hydrophobic groove.

Brock et al. found that the release of αH9 is essential for the activation of Bax
[99]; thus, the interactions reported in this section that help to maintain the helix
tucked into the hydrophobic groove at high temperatures would contribute to the
structural stability of Bax.

3.2.9 Hydrophobic interaction between W107 and BH2 resi-
dues

W107 belongs to BH1 (F100-V121) and is close to BH2 (W151-F165) in the native
conformation. BH2 includes most of αH7, Lp7-8 and αH8. In the MD simulation at
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Figure 3.26: SASA of S184. The exposure of S184 can be followed in this figure.
At 300 K, the value of its SASA is always below 0.5 nm2, whereas it is above this
value intermitently at 400 K and for most of the time at 500 K. This exposure is also
noticeable in the free energy of solvation (∆Gsolv), where the values are lowest for
the MD simulations at high temperatures.

Figure 3.27: SASA of W107. The exposure of W107 can be followed in this figure.
At 300 K, the SAS area remains close to 1 nm2, whereas it is closer to 2 nm2 at
several points at 400 K and for most of the simulation at 500 K. This exposure is
also noticeable in the free energy of solvation (∆Gsolv), where the values are lowest
for the simulation at 500 K.
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Figure 3.28: Final structures (20 ns) are shown from the MD simulations at 300 K
(left), 400 K (middle) and 500 K (right). W107 is shown in VDW and the SAS of
the region formed by residues L148-F165 in transparent gray. The color code for the
helices is the same as in Figure 1. At 300 K, W107 remains buried and its rings are
perpendicular to Lp7-8. At 400 K, W107 is more exposed, and its rings are almost
parallel to Lp7-8. At 500 K, W107 is mostly exposed. The hydrophobic and aromatic
residues in BH2 (W151, I152, W158, L161, L161, Y164 and F165) are shown in
licorice.

300 K, an aromatic-aromatic interaction between W107 and Y164 is suggested; this
kind of interaction has been reported as a mechanism of tertiary structure stabilization
[148]. Also, in this MD simulation, W107 buries itself in the core, approaching W158
in Lp7-8, which helps to keep BH1 close to BH2 (Fig. 3.28a). The SASA value for
W107 increases in the MD simulations under heating conditions (Fig. 3.27). At 400
K, W107 is partially exposed and the hydrophobic and aromatic residues in BH2 are
not as close as they were at 300 K because BH2 and Lp7-8 elongate, although they
remain close to BH1 (Fig. 3.28b). At 500 K, W107 is mostly exposed, although it is
close to Y164 and F165, which favors aromatic interactions; however, BH2 shows a
loss of helicity during this MD simulation (Fig. 3.28c). W107 is at the beginning of
the RMSF valley that corresponds to αH5 in all the MD simulations (Fig. 3.9).

The observed hydrophobic and aromatic-aromatic interactions of W107 with residues
in αH7 (W151, I152), Lp7-8 (W158) and αH8 (L161, L162, Y164 and F165) are in
agreement with structural studies reported elsewhere [149].
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3.2.10 Normal mode analysis

NMA identifies potential conformational changes in proteins [150]. In this work,
NMA was performed with the Elastic Network Model, which is implemented with the
“rotation-translation-block” approximation in the web interface ElNémo [130]. Previ-
ous reports in the literature suggest that the consideration of the first ten nontrivial
modes should be suficient for a reasonable analysis of a protein with a number of
degrees of freedom similar to Bax [129, 151].

NMA was performed on the native structure of Bax and the final structures of
each MD simulation at different temperatures. A common pattern among the modes
considered was a high level mobility in the loops, particularly in LpNt and Lp1-2 as
well as in αH9. Modes with low collectivity are likely to suggest domains that would
have significant mobility in a conformational change.

For the native structure, modes 9 and 11 show little collectivity; this finding is
explained by the large mobility of LpNt. The same is true for the three low collectivity
modes in the NMA of the final structure at 300 K (modes 7-9), whereas the rest of
the modes show high mobility in Lp1-2 and Lp5-6, as does the low collectivity mode
obtained at 400 K (mode 9).

Modes 14-16 at 400 K also show a high mobility of BH2. The NMA of the final
structure at 500 K shows one low collectivity mode (mode 8) with a huge displace-
ment of E41 and the residues around it in Lp1-2. Several of the other modes for
this structure (modes 9, 10, 12 and 14) show increased mobility levels for αH4 (data
not shown), which can be explained by its unfolding at 500 K (Fig. 3.14c). The
large mobility observed in Lp1-2 and Lp5-6 in the NMA suggests that the electro-
static interactions between Lp1-2 and H5-6 (described in Subsection 3.2.4) prevent
the separation of these domains, thus avoiding a major conformational change (Fig.
3.29).

3.3 Assessment of interactions found to contribute

to the structural stability of Bax

The NMR structure of Bax provides 20 models with similar coordinates for the pro-
tein backbone, but the side-chains in the models tend to show large fluctuations (PDB
id: 1F16) as shown in the residues highlighted in Fig. 3.29. Furthermore, it has been
shown that high temperature MD trajectories can be highly chaotic and are very sen-
sitive to the starting conditions [152], and running a single constant high-temperature
MD simulation might not be sufficient to yield reliable results or establish any repro-
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Figure 3.29: Normal Mode Analysis. The first ten nontrivial modes are displayed.
The leftmost was performed on the first NMR model of the structure from the PDB.
The rest were performed on the final structure for each simulation. Low collectivity
modes at 300 K are mostly due to LpNt as it is for the NMR structure. At 400 and
500 K these modes include large mobility of Lp1-2, Lp5-6, αH4 and BH2.

ducible trend in the dynamics of the molecular system. In order to check whether
the observations from the 20 ns MD run can be reproduced in additional indepen-
dent simulations starting from different initial conditions, the following strategy was
followed.

To reproduce the MD simulations data starting from different initial coordinates
we have chosen several experimental Bax conformations from the Protein Data Bank
using the structure (PDB code: 1F16) obtained by NMR (which presents 20 conform-
ers of Bax). We selected those that have the greatest displacement in comparison to
Model 1. The Bax displacement analyses was achieved considering the RMSD values
from all pairs of the aforementioned conformers.

sum_max=0

For every Y different of 1:

Calculate the RMSD between Model 1 and Model Y (RMSD_1-Y)

For every Z different of 1 and different of Y:

Calculate the RMSD between Model Y and Model Z (RMSD_Y-Z)

Calculate the RMSD between Model Z and Modelo 1 (RMSD_Z-1)

If ( RMSD_1-Y + RMSD_Y-Z + RMSD_Z-1) > sum_max:

sum_max = RMSD_1-Y + RMSD_Y-Z + RMSD_Z-1

Ymax=Y

Zmax=Z

Box 3.1: Pseudocode used to find the most distant structures within the NMR models
from file 1F16.pdb.
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The following algorithm was programmed in a Python script (pseudocode in Box
3.1) to find the two structures that satisfy the next both conditions simultaneously:

1. They are the most distant structures between them; and

2. They are the most distant structures from Model 1.

The most distant models from each other and from Model 1 are Models Ymax and
Zmax. The triplet that gives the maximum is formed by Model 1, Model 10 and Model
4. In summary, see Box 3.2.

RMSD of Model 1 to Model 10 : 6.12809841359

RMSD of Model 10 to Model 4 : 5.6728624696

RMSD of Model 4 to Model 1 : 5.24419952136

Sum: 17.0451604045

Box 3.2: Bax NMR Models with the greatest distance between each other.

Afterwards, Model 4 and Model 10 were simulated in the same conditions as
used for Model 1. The MD simulation data were reproduced despite using different
conformers. In all models tested the RMSD had a tendency to be stable at 300 and 400
K (Fig. 3.30). Whereas that at 500 K reached a horizontal behavior although more
prominent fluctuations are observed in Model 4, while Model 10 shows an asymptotic
increment.

About Rg, a stable value around 1.6 nm appears at 300 and 400 K. Meanwhile,
fluctuations arose from the simulation at 500 K but the absence of an increase of the
Rg suggests that the compactness of the protein remains (Fig. 3.31). In turn, SASA
total, in Model 4 and 10 presents fluctuations, however, all values are lower than 140
nm2. This is a smaller value than the maximum observed in the simulation of Model
1 (280 nm2 approximately), suggesting that there are not significant changes in the
simulations of Models 4 and 10 (Fig. 3.32). When the RMSF was computed, the
simulations of Model 4 and 10 show values in the same range as the ones for Model
1. Also, properties such as local minima near both ends of the peptide chain are
preserved, which contribute to prevent the elongation of the structure (Fig. 3.33).

To evaluate the internal residue interactions mentioned in the manuscript, we mea-
sured the distance between side chain groups of amino acids identified to contribute
to the 3D structural stability during the last 10 ns (Table 3.3) and the last 5 ns (Table
3.4). Table 3.3 shows that 94.4% (34/36) of the distances are smaller than 7 Å, and
88.8% (32/36) in Table 3.4. If we consider a distance of 4 Å as cut-off we obtain 75%
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Figure 3.30: Time evolution of Cα RMSD from the MD simulations of Model 1 (a),
Model 4 (b) and Model 10 (c).
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Figure 3.31: Time evolution of the Rg from the MD simulations of Model 1 (a), Model
4 (b) and Model 10 (c).
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Figure 3.32: Time evolution of the SASA from the MD simulations of Model 1 (a),
Model 4 (b) and Model 10 (c).
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Figure 3.33: RMSF from the MD simulations of Model 1 (a), Model 4 (b) and Model
10 (c).
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Table 3.3: Average minimum distance of interactions proposed in the manuscript
(time average from 10 to 20 ns). Distance is defined as the minimum distance between
any pair of atoms from the respective groups of amino acids (Groups 1 and 2). Bold
font is used when the distance is not greater than 7 Å.

Group 1 Group 2 Temp. Model 1 Model 4 Model 10
(K) (Å) (Å) (Å)

D33 K64, 300 2.7 2.2 1.7
R65 400 2.7 3.3 3.2

500 1.7 2.4 4.8
E41, K128, 300 2.2 2.0 3.7
E44 R134 400 1.7 1.9 2.1

500 2.0 26.8 3.0
D2, R9, 300 1.6 4.5 6.0
D6 R145 400 2.2 4.3 6.2

500 2.0 2.5 5.0
K189, E69, D86, 300 6.0 4.2 8.6
K190 E90, D98 400 2.5 1.6 3.0

500 1.7 1.0 3.8
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and 72%, respectively. Therefore, we propose that these amino acids cause strong
electrostatic interactions, given that it is known that the electrostatic interaction dis-
tance can be as large as 7 Å[153]. We emphasize this result because the identification
of these interactions during thermal stress is the most important contribution of this
research [91]. Furthermore, despite of large side chain movements, comparing dis-
tinct native Bax conformers during the MD simulations, the electrostatic interactions
discussed above were maintained (Tables 3.3 and 3.4).

It is important to mention that electrostatic interactions lead to the reported
“ionic locks” involved in the greater structural changes that occur in proteins (G-
protein couple receptor, GPCR), where the transtition between an active and inactive
state of the receptor could be electrostatic in nature [154]. In turn, while a maximum
distance of 4 Å has been successfully used as part of the geometrical description of
electrostatic interactions in proteins [155], residues with a separation of less than 7
Å have been shown to interact co-operatively [156]. With this in mind, the interac-
tions proposed in the manuscript aid to obtain an atomistic model of the stability
based on cooperation with a well-defined geometry.

To continue exploring the conformation space we prolongated the MD simulation
during 30 ns, that is, 10 ns more than reported in [91] (Fig. 3.34). Increasing
but asymptotic RMSD values are obtained. Notwithstanding the presence of three
relevant peaks in the Rg values, a decreasing trend appears immediately indicating
that the structure remains compact; a similar behavior is showed by SASA. Likewise,
using the trajectory from 20 to 30 ns, we calculated the RMSF and similar values
were obtained when compared with those in Fig. 3.9, including local minima near
the extremes of the peptidic chain that were replicated. Additionally, to compare the
final structures of 20 and 30 ns, an structural alignment is shown in Fig. 3.35 and a
suitable result is accomplished as the RMSD values indicate. Mostly Lp1-2 and LpNt
have a high mobility at 300 and 400 K whereas at 500 K this high mobility includes
the full structure.

3.4 Time evolution of other relevant residues

Mancinelli and co-workers performed 10 ns of MD simulation at 300 K and 5 ns at 400
K using a united-atom force field. Their analysis aimed to identify the protein regions
and the motions of Bax that are involved in the conformational change that targets
Bax into the mitochondria external membrane. However, the specific interactions that
contribute to the stability of Bax and their nature are not explored as is attempted
in this work [89].
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Table 3.4: Average minimum distance of interactions proposed in the manuscript
(from 15 to 20 ns). Distance is defined as the minimum distance between any pair of
atoms from the respective groups of amino acids (Groups 1 and 2). Bold font is used
when the distance is not greater than 7 Å.

Group 1 Group 2 Temp. Model 1 Model 4 Model 10
(K) (Å) (Å) (Å)

D33 K64, 300 1.6 1.9 1.7
R65 400 2.8 4.4 2.2

500 1.8 3.0 1.9
E41, K128, 300 2.6 1.9 4.2
E44 R134 400 1.6 1.7 2.2

500 2.1 26.9 3.8
D2, R9, 300 1.6 4.5 5.9
D6 R145 400 2.3 3.7 6.2

500 2.3 2.6 5.0
K189, E69, D86, 300 5.9 2.3 8.7
K190 E90, D98 400 2.3 1.6 3.1

500 1.6 11.3 5.5
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Figure 3.34: Global stability parameters from a 30ns MD simulation of Bax. RMSD
(a), Rg (b) and SASA (c) values maintain their trend after 20 ns. RMS fluctuation
values (d) are only calculated for the trajectory from 20 to 30 ns and are similar to
Fig. 3.9.
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Figure 3.35: Alignment between final structures of Bax from MD simulations of 20 and
30 ns at 300, 400 and 500 K. The regions where there is little structural correspondence
or none at all are shown in red.

There are other residues that have been proposed to be close to the Bax surface
when it forms a complex with a member of the Bcl-2 family, such as A24, Q28, Q32,
R37, L47, I66, D68, L70, N73, M79, A82 and E131 [52, 56, 50]. The behavior of
these residues is briefly discussed below. Because Q32 and I66 remain hidden in these
MD simulations, their exposure might be important in the activation mechanism of
Bax. R37, L47, D68 and E131 remain exposed, and A24 remains close to the surface
in our MD simulations. The exposure of R37 seems to be stabilized by electrostatic
interactions. N73, M79 and A82 are part of the surface of Bax, but their SASA values
increase at 400 and 500 K. Q28 is fully exposed until αH1 starts to unfold, when it
faces toward the core; however, when αH1 is fully unfolded, Q28 is exposed again.
L70 approaches the surface at 10 ns in the MD simulation at 500 K (data not shown).

A putative functional region of Bax was also analyzed, and it includes several
residues (V95, G103, N106, G108, R109, V111, A112, W151, G157 and W158) [47].
Among these residues, Gurudutta et al. suggested that G108, R109 and W151 are
important in the oligomerization of Bcl-2 family proteins by interacting with the BH3
domain of another Bcl-2 family member [157].

Although we found that G108 is fully exposed in these MD simulations, R109 is
found to be partially covered by αH4 when this α-helix unfolds at 500 K, whereas
W151 switches from exposed to hidden at 500 K. The hiding of R109 and W151 at high

66



temperatures as observed in these MD simulations would hinder the oligomerization
of Bax and thus contribute to its structural stability.

As for V111 and A112 (both in αH5), they are hidden in all the MD simulations
and have hydrophobic interactions with V180 (αH9) and I66 (αH2) in the final MD
simulation structure at 400 K and additionally with A183 (αH9) in the final MD
simulation structure at 500 K (data not shown).

These residues are located in the trans-membrane domain of Bax [46], and the hy-
drophobic interactions that hinder their exposure might prevent Bax from activating.
G103, N106 (both Lp4-5) and G157 (Lp7-8) are exposed in these MD simulations,
interacting mostly with the solvent.

Their contribution to the structural stability of Bax seems to be limited to the
hydrogen bonds involving their backbone atoms. To the best of our knowledge, the
roles of these particular residues in the function or stability of Bax have not been
addressed in the literature. The contributions of V95 and W158 to the structural
stability of Bax were discussed in Subsections 3.2.8 and 3.2.9, respectively.
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Chapter 4

Conclusions and further work

4.1 Conclusions

Stable conformations for Bax are reached in all MD simulations treated at different
temperatures, and most of the original alpha-helices are lost at 500 K. The stability
of the 3D structure is preserved by electrostatic interactions under heating condi-
tions. Hydrophobic interactions and hydrogen bonds are also found to play a role
in maintaining the 3D structure of Bax in the MD simulations. The 3D structure of
Bax appears to have several recovery mechanisms to prevent its domains from moving
away from each other when subjected to high temperatures to maintain the protein
compactness.

Electrostatic interactions arise between acidic residues in Lp1-2 (E41 and E44) and
basic residues in αH5 (K128) and αH6 (R134) which are important to keep Lp1-2,
αH5, and αH6 together when Bax is subjected to high temperatures.

Electrostatic interactions of K189 and K190 with acidic residues in other domains
(E69, D86, E90 and D98) emerge and are important to keep aH9 covering the hy-
drophobic groove under heating conditions.

At 500 K, αH4 unfolds into a coil but remains close to the core of Bax and has
interactions with BH1, BH2, and BH3 that help to keep these domains close to each
other.

The contributions of several electrostatic interactions to give stability to the hu-
man Bax protein under thermal stress might have their evolutionary origin in the
importance of preventing this protein from aimlessly activating and thus triggering
apoptosis.

There are some domains hidden in the native structure that become exposed at
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high temperatures, such as the 6A7 epitope (G12-A24).
In experiments performed elsewhere, a number of residues have been found to

contribute to the structural stability of Bax. An atomistic description is proposed in
this thesis for the role of many of those residues in the activation of Bax, including
D33 (electrostatic), W107 (hydrophobic) and S184 (hydrogen bond).

4.2 Further work

4.2.1 MD simulation of the t-Bid/Bax complex

The BH3 Interacting domain Death agonist protein (Bid) is a BH3 only, Bax like
member of the Bcl-2 family [158]. Following cleavage by caspase-8, truncated Bid
(t-Bid) is known to activate Bax [159]. MD simulations of the t-Bid/Bax complex
could help to elucidate the activation mechanism of Bax. We have performed short
MD simulations of t-Bid in close proximity of Bax that already show affinity between
these proteins (Fig. 4.1). Longer MD simulations and their analysis are proposed to
increase our understanding of this interaction.

4.2.2 MD simulation of the interaction between Bax and li-
pidic membranes

The insertion of active Bax into the outer mitochondrial membrane is an important
step in apoptosis [160]. Also, Bax can localize to the endoplasmic reticulum [161].
Furthermore, the composition of the membrane has been proposed to have a role
in the activation and insertion of Bax [162]. It would therefore be interesting to
investigate the interaction between Bax and lipidic membranes with variations in
their composition (e.g. different content of cardiolipin) by means of MD simulations.

4.2.3 MD simulation of the Bax/Bax complex

While oligomerization is an intrinsic property of Bax, experimental results indicate
that the dimers are the stable subunits of Bax oligomers [58]. We performed a short
MD simulation at 500 K of two bax monomers. The two chains seem to be very
close in the final structure (Fig. 4.2). Further analysis is required to characterize
the interface of this putative dimer and compare it with the interface surfaces found
elswhere by site-specific photocross-linking [50].
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Figure 4.1: Final structure of a short MD simulation of t-Bid (red) in close proximity
of Bax (blue) at 300 K.

Figure 4.2: Final structure of a short MD simulation of two Bax monomers close to
each other at 500 K.
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Figure 4.3: Point mutations that should decrease the stability of Bax. The original
residues (D33, K64 and R65) are depicted in licorice representation, while the alanines
that would replace them are shown as yellow spheres.

Figure 4.4: Point mutation that should increase the stability of Bax. The original
residue (Q52) is depicted in green, while the aspartic acid that would replace it is
shown in red. The lysine (K21) that is found to interact with Q52 in the MD simu-
lations is shown in blue.
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4.2.4 MD simulations of point-mutated structures to further
study the stability of Bax

Site directed mutagenesis is a molecular biology technique that allows amino acid
sequences in proteins to be altered at will. The mutated proteins can then be used to
explore the effects on structure and function of the modifications performed [163]. In-
silico mutagenesis consist in changing one or more side-chains of a given 3D structure,
thus altering the amino acid sequence. MD simulations on the altered structures can
provide insight into the role of the mutated residues in the structural stability of the
protein [164].

Mutations that reduce the stability of Bax could potentially produce structures
that transition into an active conformation more easily than the native structure. An
example would be a mutation that perturbates the electrostatic interactions between
D33 and either K64 or R65, which were discussed in Subsection 3.2.6. Mutating ei-
ther of these residues to an alanine would probably reduce the structural stability of
Bax (Fig. 4.3).

As discussed in Subsection 3.2.7, the interaction between Q52 and K21 partially
stabilizes the proximity of the epitope 6A7 and Lp1-2 but this interaction is lost in
the MD simulation at 400 K. The mutation Q52D could provide a stronger interaction
to keep the epitope 6A7 covered at high temperatures (Fig. 4.4), and it would be
interesting to test this hypothesis by means of MD simulations at high temperatures.

72



Appendix 1

Sequence of commands used for performing an MD simulation in Gromacs 4 with the
infrastructure availabe in our research group.

Files needed:

1F16.pdb (NMR structure of Bax)

em.mdp (configuration file for equilibration)

pr.mdp (configuration file for MD simulation with restrictions)

full.mdp (configuration file for MD simulation)

g_pdb2gmx -ignh -f 1F16.pdb -p bax.top -o bax.gro

g_editconf -f bax.gro -o baxedit.gro -d 1.0

g_genbox -cp baxedit.gro -cs -p bax.top -o before_em.gro

g_grompp -v -f em.mdp -c before_em.gro -o em.tpr -p bax.top

g_genion -np 3 -pname Na+ -nname Cl- -s em.tpr -p bax.top -o baxion.gro

g_grompp -v -f em.mdp -c baxion.gro -o em.tpr -p bax.top -maxwarn 1

g_mdrun -v -s em.tpr -o em.trr -c after_emion.gro -g emlog.log

g_grompp -f pr.mdp -o pr.tpr -c after_emion.gro -r after_emion.gro

-p bax.top
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/usr/lib64/openmpi/1.2.7-gcc/bin/mpirun -np 8 g_mdrun_mpi -v -s pr.tpr

-e pr.edr -o pr.trr -c after_pr.gro -g pr.log >& pr.job 1>

out.txt 2> err.out &

g_grompp -v -f full.mdp -o full.tpr -c after_pr.gro -p bax.top

nohup /usr/lib64/openmpi/1.2.7-gcc/bin/mpirun -np 16

--host node05,node06 g_mdrun_mpi

-v -s full.tpr -e full.edr -o full.trr

-c after_full.gro -g full.log

>& full.job 1>outfull.txt 2>errfull.txt &

74



Appendix 2

Configuration files used to perform the MD simulations.

MD Simulation File

Equilibration Box em

MD with restrictions Box pr

Full MD, 2 ns, 300 K Box full_2ns

Full MD, 18 ns, 300 K Box full_18ns

Full MD, 18 ns, 400 K Box full_18ns_400K

Full MD, 18 ns, 500 K Box full_18ns_500K

Box em. Configuration file used for equilibration.

;

; User Jorge Luis Rosas Trigueros

; Input file

;

cpp = /usr/bin/cpp

define = -DFLEX_SPC

constraints = none

integrator = steep

nsteps = 1000

;

; Energy minimizing stuff

;

emtol = 2000

emstep = 0.01

nstcomm = 1
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ns_type = grid

rlist = 1

rcoulomb = 1.0

rvdw = 1.0

Tcoupl = no

Pcoupl = no

gen_vel = no

*********************************

Box pr. Configuration file used for the MD simulation with restrictions.

;

; User Jorge Luis Rosas Trigueros

; Input file

;

title = Yo

cpp = /usr/bin/cpp

define = -DPOSRES

constraints = all-bonds

integrator = md

dt = 0.002 ; ps !

nsteps = 5000 ; total 10 ps.

nstcomm = 1

nstxout = 50

nstvout = 1000

nstfout = 0

nstlog = 10

nstenergy = 10

nstlist = 10

ns_type = grid

rlist = 1.0

rcoulomb = 1.0

rvdw = 1.0

; Berendsen temperature coupling is on in two groups

Tcoupl = berendsen

tc-grps = Protein SOL Na+
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tau_t = 0.1 0.1 0.1

ref_t = 300 300 300

; Energy monitoring

energygrps = Protein SOL Na+

; Pressure coupling is not on

Pcoupl = no

tau_p = 0.5

compressibility = 4.5e-5

ref_p = 1.0

; Generate velocites is on at 300 K.

gen_vel = yes

gen_temp = 300.0

gen_seed = 173529

*******************************

Box full_2ns. Configuration file used for the MD simulation of 2ns at 300 K.

;

; User Jorge Luis Rosas Trigueros

; Input file

;

title = Yo

cpp = /usr/bin/cpp

constraints = all-bonds

integrator = md

dt = 0.002 ; ps !

nsteps = 1000000 ; total 2000 ps =2ns.

nstcomm = 1

nstxout = 250

nstvout = 1000

nstfout = 0

nstlog = 100

nstenergy = 100

nstlist = 10

ns_type = grid

rlist = 1.0
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rcoulomb = 1.0

rvdw = 1.0

;Electrostatics

coulombtype = PME

pme_order = 4

fourierspacing = 0.16

; Berendsen temperature coupling is on in two groups

Tcoupl = nose-hoover

tc-grps = Protein SOL Na+

tau_t = 0.1 0.1 0.1

ref_t = 300 300 300

; Energy monitoring

energygrps = Protein SOL Na+

; Isotropic pressure coupling is now on

Pcoupl = Parrinello-Rahman

Pcoupltype = isotropic

tau_p = 2.0

compressibility = 4.5e-5

ref_p = 1.0

; Generate velocites is off at 300 K.

gen_vel = no

gen_temp = 300.0

gen_seed = 173529

**********************************************

Box full_18ns. Configuration file used for the 18 ns of MD simulation

at 300 K following the MD simulation of 2 ns at 300 K.

;

; User Jorge Luis Rosas Trigueros

; Input file

;

title = Yo

cpp = /usr/bin/cpp

constraints = all-bonds

integrator = md

dt = 0.002 ; ps !

nsteps = 9000000 ; total 18000 ps =18ns.
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nstcomm = 1

nstxout = 250

nstvout = 1000

nstfout = 0

nstlog = 100

nstenergy = 100

nstlist = 10

ns_type = grid

rlist = 1.0

rcoulomb = 1.0

rvdw = 1.0

;Electrostatics

coulombtype = PME

pme_order = 4

fourierspacing = 0.16

; Berendsen temperature coupling is on in two groups

Tcoupl = nose-hoover

tc-grps = Protein SOL Na+

tau_t = 0.1 0.1 0.1

ref_t = 300 300 300

; Energy monitoring

energygrps = Protein SOL Na+

; Isotropic pressure coupling is now on

Pcoupl = Parrinello-Rahman

Pcoupltype = isotropic

tau_p = 2.0

compressibility = 4.5e-5

ref_p = 1.0

; Generate velocites is off at 300 K.

gen_vel = no

gen_temp = 400.0

gen_seed = 173529

*********************************

Box full_18ns_400K. Configuration file used for the 18 ns of MD simulation

at 400 K following the MD simulation of 2 ns at 300 K.

;
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; User Jorge Luis Rosas Trigueros

; Input file

;

title = Yo

cpp = /usr/bin/cpp

constraints = all-bonds

integrator = md

dt = 0.002 ; ps !

nsteps = 9000000 ; total 18000 ps =18ns.

nstcomm = 1

nstxout = 250

nstvout = 1000

nstfout = 0

nstlog = 100

nstenergy = 100

nstlist = 10

ns_type = grid

rlist = 1.0

rcoulomb = 1.0

rvdw = 1.0

;Electrostatics

coulombtype = PME

pme_order = 4

fourierspacing = 0.16

; Berendsen temperature coupling is on in two groups

Tcoupl = nose-hoover

tc-grps = Protein SOL Na+

tau_t = 0.1 0.1 0.1

ref_t = 400 400 400

; Energy monitoring

energygrps = Protein SOL Na+

; Isotropic pressure coupling is now on

Pcoupl = Parrinello-Rahman

Pcoupltype = isotropic

tau_p = 2.0

compressibility = 4.5e-5

ref_p = 1.0

; Generate velocites is off at 300 K.
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gen_vel = no

gen_temp = 400.0

gen_seed = 173529

****************************

Box full_18ns_500K. Configuration file used for the 18 ns of MD simulation

at 500 K following the MD simulation of 2 ns at 300 K.

;

; User Jorge Luis Rosas Trigueros

; Input file

;

title = Yo

cpp = /usr/bin/cpp

constraints = all-bonds

integrator = md

dt = 0.002 ; ps !

nsteps = 9000000 ; total 18000 ps =18ns.

nstcomm = 1

nstxout = 250

nstvout = 1000

nstfout = 0

nstlog = 100

nstenergy = 100

nstlist = 10

ns_type = grid

rlist = 1.0

rcoulomb = 1.0

rvdw = 1.0

;Electrostatics

coulombtype = PME

pme_order = 4

fourierspacing = 0.16

; Berendsen temperature coupling is on in two groups

Tcoupl = nose-hoover

tc-grps = Protein SOL Na+

tau_t = 0.1 0.1 0.1

ref_t = 500 500 500
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; Energy monitoring

energygrps = Protein SOL Na+

; Isotropic pressure coupling is now on

Pcoupl = Parrinello-Rahman

Pcoupltype = isotropic

tau_p = 2.0

compressibility = 4.5e-5

ref_p = 1.0

; Generate velocites is off at 300 K.

gen_vel = no

gen_temp = 500.0

gen_seed = 173529
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