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pBcl2, proteins of the Bcl-2 family

OMM, outer mitochondrial membrane

TM, transmembrane

tBid, active C-terminal part of Bid after caspase 8 cleavage
Lep, engineered model membrane protein derived from leader peptidase of E. coli
AP, glycosyltransferase acceptor peptide

ISP, inhibitor of the signal peptidase.

BH, Bcl-2 homology domain

MOM, mitochondrial outer membrane

ER, endoplasmic reticulum

LUVs, large unilamellar vesicles

Bid-a6, peptide including the fragment a6 from Bid
Bax-ab, peptide including the fragment «b from Bax
CD, circular dichroism

TFE, trifluoroethanol

SDS, sodium dodecylsulfate

FTIR, Fourier-transformed infrared spectroscopy

PA, phosphatidic acid

PC, egg phosphatidylcholine

ATR, attenuated total reflection

R, dichroic ratio

S, form factor

v, tilt angle



TFA, trifluoroacetic acid

L/P, lipid to peptide ratio

PLM, planar lipid membrane

DPhPC, diphytanoyl-sn-glycerophosphocholine
P+ /P-, permeability ratio between cations and anions
PE, phosphatidylethanolamine

PS, phosphatidylserine

CL, cardiolipin

LPC, lysophosphocholine

pyPC, pyrene-PC

FD-20, fluorescein labelled dextrans of 20 kDa

FD-70, fluorescein labelled dextrans of 70 kDa
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Part I.

Introduction






1. The object of study

Biological membranes are structural elements essential for living organisms. They
are non-covalent assemblies of amphipatic molecules organised in two leaflets to
form asymmetric bilayers. Although lipids are their principal components, they
contain also proteins and carbohydrates. These sheet-like structures surround
closed volumes, acting as permeability barriers to polar molecules and defining
the distinct cellular compartments.

However, this function alone would not require the complex lipidic and pro-
teic composition found in natural membranes. In this chapter, we will summarise
the composition of biological membranes and describe briefly their structural and
physical-chemical properties, to end up focusing on those that are of special in-
terest for this work.

The proteins embedded in the lipid bilayer control the flux of molecules and
information, acting as pumps, channels, receptors, energy transducers and en-
zymes. Additionally it has also become evident that lipids perform a number of
important functions in the cellular physiology, acting as secondary messengers in
signaling pathways or cofactors for enzyme activity.

1.1. The lipidic component

Lipids are amphipatic molecules, barely soluble in water and highly soluble in
organic solvents such as chloroform. They are the main constituents of biomem-
branes, but have several other biological roles: Lipids are used as fuel molecules,
constitute highly concentrated energy stores and act as signal molecules. Phos-
pholipids, glycolipids and cholesterol are the major types of membrane lipids.

1.1.1. Types of lipids
Phospholipids

Phospholipids can be understood as molecules consisting of four components:
fatty acids, a platform molecule to which the fatty acids are attached, a phosphate



1. The object of study

group and an alcohol attached to the phosphate. The long acyl chains of the fatty
acids are highly hydrophobic, whereas the rest of the molecule is constituted
by polar groups, forming a hydrophilic head that can interact with the aqueous
environment. The platform holding the fatty acids can be glycerol, giving rise
to phosphoglycerides, or sphingosine, which originates sphingolipids J.M. Berg
(2002).

In the phosphoglycerides, the hydroxyl groups on positions C1 and C2 of the
glycerol are esterified with the carboxyl groups of two fatty acids, and the C3
hydroxyl group is esterified with phosphoric acid. This molecule is the simplest
phosphoglyceride and is called phosphatidic acid (PA). Several alcohols can form
a ester bond with the phosphatidic acid giving rise to phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidylcholine (PC), phospatidylglycerol
(PG) and phosphatidylinositol (PI), depending on the alcohol esterified. Car-
diolipin (CL), a lipid located exclusively in the inner mitochondrial membrane
and in the intermembrane contact sitesGarcia Fernandez et al. (2002), presents a
dimeric structure with four acyl chains and two phosphate groups. The structures
of these molecules are shown in figure 1.1.

The most common sphingolipid is sphingomyelin, in which the amino group
of the sphingosine is amidated with the carboxyl group of a fatty acid, and the
primary hydroxyl group is sterified to phosphoryl choline.

Glycolipids

Glycolipids are sugar-containing lipids, based also on a sphingosine molecule.
Like in sphingomyelin, the amino group of sphingosine is acetylated by a fatty
acid, but the primary hydroxyl group of the alcohol is linked to one or more
sugars. If only one molecule of glucose or galactose is linked, the glycolipid is
called cerebroside and is the simplest glycolipid. When glycolipids contain more
complex and branched sugar chains, they are called gangliosides. Glycolipids are
oriented asymmetrically, with the sugar residues always on the extracellular side
of the membrane.

Cholesterol

Cholesterol is quite different from the other lipids. It is a steroid, with a structure
containing four linked hydrocarbon rings. It has a hydrocarbon chain on one end
of the steroid molecule, and a hydroxyl group on the other end. Cholesterol is ab-
sent in prokaryotes, and is found at several proportions in eukaryotic membranes.
It is oriented parallel to the acyl chain of phospholipids, with the hydroxyl group
interacting with the polar head groups.
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Figure 1.1.: Schematic representation of the structures of the phospho-
glycerides normally found in biomembranes. The acyl groups, with hydro-
carbon chains depicted as R1 and R2, are shown in green. The phosphate groups
are represented in black, except in the case of phosphatidate (PA), which is shown in
pink. The glycerol backbone in the Fischer projection is shown in blue, and in black
in the case of PA. The alcohols sterified with the phosphate group are shown in pink.
(Adapted from J.M. Berg (2002))
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The fatty acids which are linked to the lipids establish the properties of the
hydrophobic nucleus, such as the thickness and fluidity of the bilayer. They are
hydrocarbon chains of several lengths and degrees of unsaturations which contain
a terminal carboxyl group.

1.1.2. Lipid organisation in aqueous environments: Lipid phases
and polymorphism

The amphipatic nature of the lipidic molecules is the main responsible of their
organisation in aqueous environments. The polar head groups tend to interact
with the aqueous solvent, while the hydrophobic tails favor the interaction between
themselves. The hydrophobic effect is the major driving force, leading to exclusion
of water molecules from the hydrophobic interior. In addition, Van der Waals
attractive interactions induce the tight packing between the hydrocarbon chains,
and finally, electrostatic and hydrogen-bond forces favor the interaction between
the polar head groups and water molecules J.M. Berg (2002).

Studies in simple lipidic systems have allowed the characterisation of their
structural properties in a number of environmental conditions. When lipids
are dispersed in an aqueous environment, they adopt a great variety of liquid-
crystalline phases, which optimise the hydrophobic effect and their geometric
packing constraints. Some examples of these phase structures are the normal (oil-
in-water) fluid lamellar L, phase, the inverse (water-in-oil) hexagonal H;; phase
or the inverse bicontinuous cubic Pn3m phase, schematic representations of this
phases are shown in figure 1.2 . The normal lamellar phase is a 2D phase with a
sheet-like structure formed by two monolayers of lipids, which bury their hydro-
carbon chains and expose their headgroups to the aqueous environment. The Hy;
phase is also a 2D structure, where the lipids aggregate in long cylinders packed
with a hexagonal geometry. Water molecules are contained inside the cylinders,
with the headgroups exposed to them, and the fluid acyl chains fill the remaining
space. The cubic phases are isotropic 3D structures with cubic symmetry. The
bicontinuous phases are formed by draping a continuous lipid bilayer Seddon and
Templer (1995).

Phase transitions

At low temperatures and water contents, most lipids adopt a crystalline lamellar
L. phase, where the molecules are long- and short-range ordered. Another ordered
phase observed is the gel phase, which many lipids form at low temperatures and
in the presence of water. In gel phases, the acyl chains are still ordered in a trans
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Figure 1.2.: Examples of lyotropic structures. A) L, fluid lamellar phase. B)
Inverse hexagonal Hyy phase. C) Inverse bicontinuous cubic Pn3m phase. Adapted
from Seddon and Templer (1995) .
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conformation, but are able to rotate around their long axis. The Lg gel phase
is characterised by the acyl chains arranged normal to the bilayer, but other
possibilities have been described, such as the Lg phase, with the hydrocarbon
chains tilted, the interdigitated Lg; phase, of the Pg ripple phase, where the
lamellae are periodically undulated Seddon and Templer (1995).

As the temperature increases, there is a linear increase of the lipid cross-
sectional area in the gel phase. At a critical point, known as the melting tempera-
ture Ty, there is an abrupt expansion of the lipid cross-sectional area, accompa-
nied by a decrease in the bilayer thickness, which is associated with a transition to
a fluid-like state. Most lipids melt to the fluid lamellar L, phase, which is charac-
terised by higher disorder and rapid lateral diffusion. Upon heating lipid systems
in the L, phase, transitions to non-lamellar structures are observed. However, in
some lipid systems the transition from the gel phase leads directly to non-lamellar
fluid structures like the Hyr or the cubic phases Seddon and Templer (1995).
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Figure 1.3.: Experimental evidences of phase transitions. Molecular vol-
ume (open circles) and heat capacity (solid lane) vs. temperature for DPPC bilayer
in excess water, from Tristram-Nagle and Nagle (2004).

At very high dilutions in water, micellar solutions can be formed. These struc-
tures are translationally disordered discontinuous isotropic phases, characterised
by nearly spherical shapes with a hydrophobic core and the lipid headgroups
exposed to the solvent. Phospholipids form these phases at extremely low con-
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centrations, due to steric repulsions between the two acyl chains. Phospholipids
with short acyl chains and lysophospholipids have a higher propensity to form
micelles.

Lipid polymorphism

The ability and propensity of each lipid to form the different structural phases
is known as lipid polymorphism Seddon and Templer (1995). The nature of the
headgroups is the major determinant of this property. The main factor is the
effective polarity of the headgroup, which depends on its ability to interact with
water molecules and to bind to other headgroups. For example, water solvation
increments the T,, and disfavors the formation of inverted non-lamellar phases,
as in the case of phophatidylcholines, which is in clear contrast to the case of
phosphatidylethanolamines. The presence of charges and the steric effects of the
headgroups are secondary factors not to be obviated. In addition, increasing the
length of the hydrocarbon chains increases the hydrophobicity and the chain-chain
interactions, thus increasing the melting temperature and favoring inverse non-
lamellar phases, while the presence of unsaturations has the opposite effect. Water
content and temperature are the major environmental parameters affecting the
stability of the different phases that lipids can adopt. Other relevant conditions
include the presence of divalent cations, organic molecules or the pH.

The various lipid phases observed are characterised by different intrinsic cur-
vatures of the monolayers, which express the spontaneous bending properties of
a monolayer and result of the best lipid packing. As a consequence, the lipid
polymorphism can be simplified to a shape-structure concept, as schematically
depicted in figure 1.4.

Cylindrical lipids, which have a headgroup cross-sectional area similar to that
of the acyl chains, tend to form lamellar phases, as in the case of PC. However, if
the cross-sectional area of the headgroup is larger than that of the hydrocarbon
chains, the micellar phase is favored and the lipid is said to have an intrinsic
positive monolayer curvature. This is the case of lysolipids and most detergents.
In contrast, when the cross-sectional area of the polar headgroup is smaller than
that of the acyl chains, other non-lamellar structures are preferred, with a net
negative intrinsic curvature, like the Hyy or the cubic phases, which are formed
by lipids like PE. In this shape-structure simplification, the overall shape of the
lipids not only depends on their chemical structure, but also on environmental
parameters that have been observed to affect the phase formation, as described
above van den Brink-van der Laan et al. (2004).
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Figure 1.4.: Shape-structure concept of lipid polymorphism. A) Molecules
with overall inverted conical shape, such as detergents, form structures with positive
curvature, like micelles. B) Molecules with overall cylindrical shape tend to adopt
lamellar arrangements, such as the L,phase. C) Molecules with an overall conical
shape prefer to organise into structures with negative curvature, like the Hy; phase.
(From van den Brink-van der Laan et al. (2004)).

Lipid organisation in natural membranes

In biological membranes, lipids are organised in lamellar structures similar to
the L, phase, which self-assemble spontaneously. As a consequence, membranes
display some features of biological relevance: they are cooperative, self-sealing
structures, that tend to be extensive and to close on themselves forming com-
partments. However, the enormous amount of different lipids that arises from
the combination of the diverse acyl chains and polar head groups have different
phase-forming properties and determine the features of the membranes they make.
In fact, lipidic polymorphism is biologically relevant, since it is involved in the
local formation of non-lamellar structures, like those connected to the processes
of membrane fusion, the formation of lipidic pores or the organisation of tight
junctions van den Brink-van der Laan et al. (2004). In addition, the presence of
non-lamellar lipids may influence the flexibility and the barrier properties of the
bilayer, or affect the folding or the function of membrane proteins, as it has been
reported in the case of protein kinase C Senisterra and Epand (1993), phospholi-
pase Ay R.B. Cornell (1996), rhodopsin Botelho et al. (2002) or the mitochondrial
adenine nucleotide transporter Streicher-Scott et al. (1994).
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1.2. The proteic component

The permeability barrier in the membrane depends mainly on the lipidic com-
ponent, but almost all the other membrane functions are performed by specific
proteins. Membranes performing different functions contain different sets of pro-
teins. Thus, the protein content differs between different biomembranes, and
varies largely from less than 20%, as in myelin, to near 75% in energy-transduction
membranes.

Proteins associate with membranes to different extents. Depending on the ease
they can be dissociated, they are classified as integral or peripheral membrane
proteins. The first ones usually span the lipid bilayer and interact extensively
with the hydrophobic nucleus of the membrane. Only reagents that can compete
efficiently for these nonpolar interactions, such as detergents or organic solvents,
can release them. The later are proteins bound to the membrane mainly through
electrostatic and hydrogen-bond interactions with the polar head groups of lipids.
Dissociation can be accomplished by eliminating these interactions, with a high
salt concentration, the presence of a denaturing agent, or a pH change. Some
peripheral proteins can associate to the membrane through interaction with the
surface of integral proteins, on either the cytosolic or the extracellular side of
the membrane. Others can be anchored through a covalent bond with a fatty
acid, such as a farnesyl or a palmitoyl group attached to a cysteine, or a glycosyl
phosphatidylinositol group bound to the carboxyl terminus.

=
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Figure 1.5.: Types of membrane proteins. Classification of membrane pro-
teins according to the number and topology of transmembrane segments they contain
(adapted from Higy et al. (2004)).
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Depending on the regions spanning the bilayer, integral membrane proteins
can be classified as monotopic, bitopic or polytopic (multi-spanning), as schemat-
ically shown in figure 1.5. Monotopic proteins are further classified in type I, type
IT and type III proteins, and tail-anchored proteins (see 1.2.1), depending on the
position and the orientation of the transmembrane segment (figure 1.5).

1.2.1. Protein insertion in biological membranes

In general, membrane proteins are characterised by the presence of extensive hy-
drophobic regions, and do not have a stable structure in the aqueous environment
of the cytoplasm. Thus, complex and precise mechanisms have been developed
in the cell to control structural stability, folding ans localisation of membrane
proteins. Two classes can be distinguished, depending on how association with
the membrane is performed with respect to protein synthesis.

Co-translational insertion

The majority of membrane proteins are incorporated to the cellular membranes
during their synthesis. Nascent proteins of this type typically contain a N-terminal
signal sequence of hydrophobic character. At the beginning of the translation of
the mRNA, as soon as the signal sequence is synthesised and exposed to the
cytosol, it will be recognised by a specific GTPase known as the Signal Recogni-
tion Particle (SRP). Binding of the signal sequence to the SRP pauses transla-
tion, causing the ribosomal complex to translocate to the endoplasmic reticulum
(ER). At the surface of this organelle, the SRP recognises a membrane bound
SRP receptor (SR), which is dynamically associated with the translocon com-
plex. The SRP-SR interaction drives their dissociation from the ribosome in a
GTP-dependent reaction. Then, the ribosomal complex containing the nascent
signal peptide is transferred to the translocon, where translation continues.

The translocon is a large protein complex in the ER membrane which is respon-
sible of the insertion and assembly of the nascent polypeptide in the bilayer. The
main components of the translocon are the heterotrimer Sec61 and TRAM. Ad-
ditionally, it contains associated enzymatic activities, such as the glycosyl trans-
ferase and the signal peptidase, which perform post-translational modifications,
as well as other important proteins like calnexin, which is an ER membrane chap-
erone, or BiP, which has been implicated in translocon sealing White and von
Heijne (2004).
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Post-translational insertion

Some proteins insert in the membrane independently of the machinery of the
translocon. In this case, integration to the membrane occurs after they have been
synthesised and folded in the cytoplasm. These proteins have a stable structure
in aqueous solution, and protect their hydrophobic regions from the hydrophilic
environment until they insert. Two types of proteins can be distinguish: those
who have a stable structure soluble in the cytosol, and the tail-anchored proteins.
The first ones usually suffer a conformational change to adopt a stable structure in
the hydrophobic environment of the membrane. Moreover, these proteins interact
initially with the membrane interface, with very different properties from those of
the hydrophobic nucleus. Although these proteins are not continuously inserted
in the lipidic bilayer, they are common in biological membranes and perform
important functions, such as infection, defense or signal transduction in apoptosis.

On the other hand, tail-anchored (TA) proteins are integral membrane pro-
teins that span the lipidic bilayer through a single hydrophobic domain located
in the C-terminal region, while the remaining polypeptidic chain is folded into a
functional soluble domain oriented to the cytosol. They localise to all the cellular
membranes, where they perform a variety of functions involved in protein localisa-
tion, membrane traffic, lipid biosynthesis or controlled cell death High and Abell
(2004). TA proteins lack an N-terminal signal sequence and their insertion in the
membrane is translocon independent. They synthesised in the cytosol and are
targeted and inserted into the cellular membranes in a post-translational fashion,
using a novel insertion pathway Borgese et al. (2003).

The information determining the specificity of membrane targeting is essen-
tially located within the C-terminal anchoring domain, which emerges the ribo-
some at the end of translation Borgese et al. (2003). Once liberated from the ribo-
some, TA proteins must discriminate between the mitochondrial outer membrane
(OMM) (or the chloroplast membrane in plants) and the endoplasmic reticulum
(ER) membranes. The TA proteins targeted to other cellular membranes will be
delivered there through the secretory pathway from the ER. The OMM-targeting
sequence is characterised by a relatively short hydrophobic region flanked by basic
residues. In contrast, TA proteins lacking specific C-terminal sequences will be
targeted only to the ER membrane. Those proteins with weak OMM-targeting
signals will be targeted to both the OMM and the ER. In the ER membrane,
the properties of the hydrophobic tail, and probably the cytosolic domain, will
determine the final destination of the protein in the secretory pathway.

The concrete mechanism of membrane insertion of the anchor domain remains
unclear. Some proteins, like synaptobrevin I Kutay et al. (1995) and VAMP IB
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Lan et al. (2000), have been reported to require ATP to insert in microsomes
and the OMM, respectively. However this is not the case of other TA proteins
like cytochrome bs and Bcl-2 Kim et al. (1997). In some instances, the ATP
dependence has been associated to the activity of chaperones, but neither their
identity nor their concrete role (prevention of aggregation, membrane targeting
or both) have been clarified so far. The specificity of the targeting has led to the
suggestion that other, yet unknown proteins are involved in the insertion process,
although differences in the lipidic composition between the membranes might also
play a role Borgese et al. (2003).

1.2.2. Structure and folding of membrane proteins

The lipid bilayer can be considered as a solvent to integral membrane proteins,
since it provides the hydrophobic environment essential for them to acquire their
active conformation. Membrane proteins usually aggregate in aqueous environ-
ments, thus difficulting the processes of purification and handling. This has been
so far the major handicap for the study of membrane proteins and the main reason
for the slower progress in this field, compared to water soluble proteins.

Figure 1.6.: Structures of membrane proteins. A) pSRIl, example of
a-helical arrangement and B) porin, example of [-barrel organisation. (From
http://www.uth.tmc.edu/cmb/index.html)

In contrast to proteins residing in aqueous media, membrane proteins are
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immersed in an asymmetric environment, with domains surrounded by the hy-
drophobic core of the lipid bilayer, regions residing a solvated polar head-group
zone and other parts exposed completely to the aqueous solvent. The interac-
tion with such different dielectric environments determines of the structure and
functionality of membrane proteins.

The polypeptidic domains located in the interface region of the bilayer partic-
ipate in strong polar interactions of electrostatic nature and hydrogen bonds with
the lipid headgroups nearby. In contrast, the hydrophobic core of the membrane
has a very low dielectric constant, which that energetically disfavors the presence
of charges and polar groups. This determines the higher proportion of non-polar
amino acids and the preferred adoption of secondary structures with maximum
number of hydrogen bonds in the regions of the proteins buried within the hy-
drocarbon region of the bilayer. As a consequence, the length of the hydrophobic
sequences in membrane proteins tends to correlate with the thickness of the hy-
drocarbon region. When this condition is not fulfilled, unfavorable “hydrophobic
mismatch” exists, and the lipids and the protein will reorganise to try to min-
imise this effect. In addition, membrane proteins minimise the area exposed to
the membrane to avoid disruption of lipid chain packing Scarlata (2004).

These general ideas correlate well with statistical analysis of the primary struc-
ture of membrane proteins. Residues in the membrane spanning domains are
mainly of non-polar character. On this basis, a number of hydrophobicity scales
have been proposed to evaluate the potential of the different amino acids to reside
within the core of the membrane (see 4.1). Some residues interact with both the
interface and the hydrocarbon regions of the membrane: Aromatic amino acids,
like tryptophan and tyrosine, have been described to act as anchoring residues,
accommodating mainly in the interfacial region of the bilayer. while lysines buried
in the hydrophobic region of the bilayer, orientate their long polar side chains to
the interphase.

In the structures of membrane proteins known so far, there is a preferred organ-
isation into a-helices and B-sheets, which are regular elements of secondary struc-
ture where the maximum number of hydrogen bonds of the backbone groups can
be satisfied. During their synthesis in the translocon complex, the hydrophobic
domains of nascent proteins are thought to be stabilised by membrane chaperones,
likely TRAM or calnexin. In the case of helical fragments, they may reversibly
partition to the membrane and associate between them before the synthesis is
completed. In contrast, B-sheet structures might assemble prior to insertion in
the membrane, in a more complex process Scarlata (2004).

Organisation of membrane proteins into tertiary and quaternary structures
probably follows the same rules as in soluble proteins. Interactions between el-
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ements of secondary structure tend to optimise the packing, and diverse strate-
gies have been observed. In some cases, singular dimerisation motives including
G and Cg-branched residues (like GVXXGYV in glycophorine A) have been de-
scribed to form complementary interacting surfaces allowing close packingOrzaez
et al. (2004). Polar and hydrogen bonding interactions can also take place be-
tween transmembrane (TM) a-helices. In addition, it has been proposed that the
antiparallel organisation of TM helices allows favorable interactions between the
helix dipoles. Finally, helix tilting allows the organisation into a highly packed,
left-handed coiled-coil Scarlata (2004).

1.3. Organisation of biomembranes: Beyond the fluid
mosaic model

In 1972 Singer and Nicholson proposed the fluid mosaic model to explain the
membrane structure. This model highlights the dynamic and fluid properties of
the biomembranes, where constituent elements can diffuse laterally, thus forming
two-dimensional solutions of oriented proteins and lipids. Although very useful
to understand may properties of the biological membranes, this model, with two
smooth surfaces separating polar and apolar regions, is not sufficiently accurate.
X-ray and neutron diffraction have shown that membranes form planar struc-
tures with a time-averaged spatial distribution of structural groups Wiener and
White (1992). As represented schematically in figure 1.7, the thermal motion of
molecules gives rise to a heterogeneous environment. In addition, the thickness
of the two hydrated interfaces, 15A each, is similar to that of the hydrocarbon
core, thus being enough to accommodate folded or unfolded polypeptide chains.
The interfaces are also a chemically heterogeneous environment, where groups of
different properties coexist, allowing a rich number of non-covalent interactions.
Computational simulations yield three dimensional pictures of bilayers showing a
high level of disorder and conformational fluctuations, but keeping a tight packing
and good van der Waals contacts that give rise to a crowded hydrophobic envi-
ronment and explains the permeability properties of the membrane (see 1.7D).

1.4. The asymmetry of biological membranes

Biological membranes are structurally and functionally asymmetric, and highly
variable in their lipidic and proteic composition. This composition is characteris-
tic of every cellular membrane. As shown in table 1.1, the different organelles in
an eukaryotic cell contain the same classes of lipids, but at a distinct molar ratio.
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Figure 1.7.: Organisation of biomembranes. A) The representation of the
liquid-crystallographic structure of a L,-phase DOPC bilayer. The time-averaged
transbilayer distributions of the quasi-molecular groups shown can be thought of as
probability or number densities. The areas under the peaks are equal to the number
of structural groups per lipid molecule. B) Polarity profile of the fluid DOPC bilayer
derived from A, which represents the average density of atomic partial charges, both
positive and negative, calculated by weighting the absolute values of the charge den-
sities by the number density and group volume at each position across the bilayer
(from Wiener and White (1992)). C) Scheme of the fluid mosaic model proposed
by Singer and Nicholson. D) Molecular graphic of a computational simulation of a
DOPC bilayer (from http://moose.bio.ucalgary.ca).
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There are also differences in the number of unsaturations of the lipid acyl chains
in different cellular membranes. The ER contains the higher level of unsatura-
tion, with a 45%, whereas the Golgi apparatus contains 36% and the plasmatic
membrane has 29% Keenan and Morre (1970).

Table 1.1.: Lipid composition in the different organelles from rat liver.
The values refer to the molar percentage of each lipid. n.d.: not detected. (Data
from van Meer (1989)).

Phospholipid Mitochondrial Endoplasmic Plasmatic Lysosomal

% (mol/mol) membrane reticulum membrane membrane

SM 0.5 2.5 16.0 20.3

PC 40.3 58.4 39.3 39.7

PI 4.6 10.1 7.7 4.5

PS 0.7 2.9 9.0 1.7

PE 34.6 21.8 23.3 14.1

CL 17.8 1.1 1.0 1.0
LysobiPA 0.2 n.d. n.d. 7.0
CHOL/phospholipid 0.03 0.08 04 0.5

The lipid composition of plasmatic membranes varies among the two mono-
layers. Concretely, PS and PE are mainly found on the cytoplasmic leaflet, while
PC and SM predominate on the outer leaflet Zachowski (1993). This transver-
sal asymmetry arises mainly from the activity of an ATP-dependent translocase,
which specifically translocates PS and PE inwards. As a consequence, there is a
passive outward lipid flux, which also affects the redistribution of PC, SM and
cholesterol Frickenhaus and Heinrich (1999). Additionally, transversal asymme-
try exists also for membrane proteins. They are synthesised and inserted in the
membranes in an asymmetric manner, and do not rotate from one leaflet to the
other. This membrane asymmetry is maintained because flip-flop, or transversal
diffusion, is very low in the case of lipids and has not been observed for proteins,
as a change in the orientation would require a too high energetic cost. In addition,
membranes are always synthesised by the growth of preexisting membranes.

There is also lateral asymmetry in the membranes, as lipids are not distributed
uniformly in the bilayer plane Binder et al. (2003). Thus domains characterised
by distinct lipidic compositions and physical properties, have been observed. In
natural membranes, a type of lipidic domains, called rafts, have been identified.
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These membrane regions are resistant to detergents and contain a high concen-
tration of sphingomyelin and cholesterol. The interaction of cholesterol with the
phospholipids generates liquid ordered phases and fluid phases in the bilayer.
Liquid ordered phases condensate preferentially over the fluid phases and sphin-
gomyelin enriches in the ordered phase, leading to domain formation. Rafts act
as receptor and anchoring domains to certain membrane proteins. Other types of
lipidic domains of different composition may exist on natural membranes, gener-
ating defined regions with concrete functional features.

Membranes can be regarded as dynamic supramolecular aggregates. Both the
lipidic and proteic composition of the different cellular membranes are regulated
in response to the different physiological conditions of the cell. The huge diversity
of possible combinations of head groups and acyl chains allows fine tuning of the
lipidic composition. This composition is controlled by the cell through a number
of enzymatic activities, such as phospholipases, acylases or flipases participate in
the mechanisms of regulation.

Moreover, lipids and many membrane proteins experiment continuous lateral
diffusion. Proteins vary in their lateral mobility. Some proteins are almost fixed
in the membrane, as fibronectin, which is anchored to the cytoskeleton, whereas
others diffuse nearly as much as lipids, like in the case of rhodopsin Wey et al.
(1981).

1.5. Alteration of the structural integrity of
membranes

Biomembranes form closed environments were conditions can be maintained, al-
lowing the development of cellular metabolism. However, cellular and organularor-
ganellar activities also require a regulated exchange of material with the external
milieu. Two general processes are involved in trafficking across the membrane
barrier: membrane fusion and membrane permeabilisation.

1.5.1. Membrane fusion

Membrane fusion is essential for intracellular membrane traffic. It is involved
in a number of important cellular processes, including synaptic transmissions,
hormone secretion, exocytosis, endocytosis, protein and membrane sorting, fertil-
isation and cellular division.

For membrane fusion to occur, the structure of the bilayer must be altered.
The process begins at the point of fusion with monolayer merging and the loss
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of the lamellar organisation, which appears to be mediated by lipids that fa-
vor formation of hexagonal phases. Transient intermediate structures, known as
stalks, appear and connect the two extern leaflets of the opposing membranes.
Destabilisation of the two connecting monolayers and exposition of hydrophobic
groups are next required. This leads to points of hemifusion, where the lipids in
the external leaflets are mixed, and the process ends with the association of the
internal monolayers, resulting in the formation of fusion pores which connect the
two lumen volumes previously separated Yang and Huang (2002).
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Figure 1.8.: Schematic representation of the process of membrane fu-
sion. Two close bilayers (a) form an intermediate structure called stalk (b) prior to
formation of the fusion pore Yang and Huang (2002).

Membrane fusion is not an efficient process, and the help of protein molecules,
commonly known as fusion proteins is normally needed. These proteins are able to
destabilise the lipid bilayer and induce membrane fusion. The SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor) proteins, which
mediate intracellular fusion processes, and the viral fusion proteins, which are
essential for the infection mechanism of membrane coated viruses are two examples
of well-characterised families of fusion proteins.

1.5.2. Membrane permeabilisation

The permeabilisation of lipid membranes allows the flux of hydrophilic molecules
between the interior and the exterior of the cellular compartments. It is essential
for cell life, as it is involved in many important processes, like the entrance of
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nutrients into the cell, the maintenance of the electrochemical potential for the
generation of energy, the import of proteins to organelles, the ionic homeosta-
sis, the excretion of toxic metabolic products, the defence mechanisms against
pathogens or the regulation of the physiological cell death.

Many types of proteins are able to permeabilise lipid membranes. Most of
them are constitutively inserted in the membrane, where they organise and form
stable and highly regulated structures which are assembled using the translocon
machinery. These include ion channels, pumps, transporters, carriers and protein
translocator complexes.

However, a group of pore-forming polypeptides, involved directly or indirectly
in cell death, have a constitutive water soluble structure and insert in the mem-
brane to exert their lethal poration function. This is the case of antibiotic pep-
tides, bacterial pore-forming toxins (PFTs) and regulators of apoptosis of the
Bcl-2 family. Because of their relevance in the present work, this latter group of
porating polypeptides is discussed in more detail.

Bacterial PFTs are proteins with a molecular mass higher than 30 kDa, which
porate membranes mainly by two mechanisms Heuck et al. (2001): Some of them,
upon interaction with the membrane, organise into S-barrels, which are well de-
fined stable structures that cross the hydrophobic region of the membrane. In
B-barrel channels, an hydrophilic pore is created in the core of the structure by
polar amino acids oriented to it, and hydrophobic amino acids interacting with
the hydrocarbon region. Examples of this group are the staphylococcal a-toxin,
the cholesterol-dependent cytolysis or the anthrax toxin.

The second strategy involves a group of multidomain toxins which form pores
lined by a-helices, like in the case of colicins, §-endotoxins and the diphtheria
toxin. In the case of colicins, they contain a receptor binding domain, a translo-
cation domain and a pore-forming domain. In aqueous environment, the pore-
forming domain adopts a globular structure formed by a hairpin of hydrophobic
a-helices in the apolar core, which are surrounded by other amphipatic a-helices.
Interaction of the pore forming domain with lipid membranes triggers a large
conformational rearrangement, which is followed by helix elongation and inser-
tion into the bilayer. The structural reorganisation involves the unfolding of the
globular domain and exposition of the hydrophobic hairpin, which inserts in the
membrane while the other helices form an extended network on the bilayer in-
terface, in agreement with the umbrella-like model of insertion, shown in figure
1.9. This membrane-bound intermediate corresponds to the closed state of the
pore, which, in the presence of a trans-positive potential, evolves to an open state
characterised by extensive helix insertion, as represented in figure 1.9 Zakharov
et al. (2004). The proteins of the Bcl-2 family, which are involved in programmed
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cell death, show a structural organisation in water similar to the pore forming do-
main of these toxins, and are able to form pores likely by means of a comparable
mechanism.

The actinoporins constitute third class of PFTs. They are smaller proteins
(18-20 kDa) which organise into a S-sandwich with two flanking helices, of which
the N-terminal one is responsible of membrane insertion and pore formation. Re-
cent studies have suggested that the proteins of this group form toroidal pores
Anderluh et al. (2003); Malovrh et al. (2003), a mechanism which had been pre-
viously proposed for some antimicrobial peptides (see below). Additionally, such
mechanism has been also proposed for the permeabilising action of Bax Terrones
et al. (2004), a proapoptotic member of the Bcl-2 family, and Cramer and col-
leagues have also proposed a mechanism based on a toroidal pore for the action
of colicins in recent publications Zakharov et al. (2004); Sobko et al. (2004).

Antimicrobial peptides are smaller molecules, usually with molecular weights
between 1 and 5 kDa, and permeabilise membranes through similar but less con-
strained strategies. Some of them follow poration mechanisms comparable to the
B-barrel-forming PFTs, like protegrin Heller et al. (2000), while others exhibit
a channel activity based on helical structures. Among these, the barrel stave
model describes the action of alamethicin Yang et al. (2001) and other peptaibols
(chugh02). According to this model, the helices insert in the membrane either as
monomers or oligomers, and then recruit additional monomers. The helices are
amphipatic and expose their hydrophilic face to the proteic lumen of the formed
pore, while their hydrophobic face is oriented to the hydrocarbon region of the
membrane.

Other helical antimicrobial peptides, like magainin Ludtke et al. (1996) or
melittin Yang et al. (2001), have been described to form partially lipidic pores,
known as toroidal pores. In these structures, the rim of the pore is formed both
by lipid and protein molecules. The two leaflets of the membrane are in contact
and form a continuous sheet, with positive monolayer curvature perpendicular
to the plane of the bilayer and negative monolayer curvature in the plane of the
membrane. The organisation of the protein molecules in the pore is yet not well-
known, but they can be considered to lay always embedded on the polar surface
of the membrane, with variable insertion in hydrocarbon region of the bilayer.

A more generic model of membrane destabilisation, the carpet model, has
been also suggested for helical peptides like dermaseptins La Rocca et al. (1999)
or cecropins Gazit et al. (1994). Upon binding to the membrane, the amphipatic
peptides expose their polar face to the solvent and their hydrophobic face interact
with the hydrocarbon region of the membrane. When sufficient peptide molecules
are bound to the bilayer, transient pores can be formed, which eventually lead to
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Figure 1.9.: Models of membrane insertion and pore formation for col-
icins. In A to C the model of umbrella-like insertion is schematically depicted. Inter-
action with the membrane (A) triggers a conformational rearrangement to an unfolded
state (B) prior to membrane insertion of the hydrophobic central hairpin (C) (from
Elkins et al. (1997)). This membrane bound intermediate (D) corresponds to the
close state of the channel. Application of a trans-positive potential is applied gives
rise to extensive insertion of the helices and transition to the open state (D) (adapted
from Sobko et al. (2004)).
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Figure 1.10.: Schematic representation of the barrel-stave model (A)
and the toroidal model (B). The dark layers represent the head-group region of
the bilayer and the cylinders represent the peptides (adapted from Shai (2002)).

membrane disruption in a detergent-like mechanism.

Figure 1.11.: Schematic representation of the carpet model of mem-
brane permeabilisation. A) Amphipatic peptides bind to the membrane with their
non-polar side facing the hydrocarbon region of the membrane and their polar side
oriented to the solvent. B) At a certain peptide/lipid threshold, transient pores form
in the membrane, that can lead to membrane disruption, as shown in C) (from Shai
(2002)).

Molecular model of lipidic pore formation

The model of toroidal pore proposed for the above peptides and proteins is based
on previous studies of pores in pure lipid membranes. When a pure lipid bilayer is
set under tension, pores are formed, likely at points of nucleation defects, through
a still unclear mechanism. In contrast, the energetics and dynamics of the open
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pore are well understood. The energy of the pore, Eg, is given by the expression
Lee et al. (2004):

Eg = 2nr — onr? (1.1)

where the first term represents the energy necessary to create the rim of the
pore, and is proportional to the length of the pore edge, while the second term
represents the work done by the membrane tension to open the pore, which is
proportional to the pore area. Thus, S is the line tension (energy cost per unit
length of the edge), r is the radius of the pore, and o is the membrane tension.
Then, a pore in a pure lipid bilayer is unstable: The membrane tension is the
driving force to open the pore, and the line tension is the driving force to close it.
As a consequence, at r smaller than /o, the pore tends to close, and at r larger
than /o the pore tends to expand indefinitely.

le |

Figure 1.12.: Representation of a lipidic pore. S/r is the line tension term
tending to close the pore, ¢ is the membrane tension tending to expand it, and r is
the radius of the pore (from Karatekin et al. (2003)).

According to this model, pore forming peptides probably exert their action
by a mechanism which involves the generation of membrane tension, and the
stabilisation of the open pore associated to a decrease of the line tension Lee
et al. (2004).

Based on these considerations and other experimental evidences, the group of
Huang has proposed a model for the action of helical and -sheet antimicrobial
peptides, known as the two-state model Huang (2000). This model distinguishes
two membrane-bound states of binding to lipid bilayers, one inactive S state at
low protein to lipid ratios (P/L), and one active I state at P/L ratios above a
P/L threshold. In the S state, the peptides are bound to the bilayer and cause
membrane thinning in an energetically favorable process. They are embedded in
the polar region and increase the area of the bilayer. As the volume of the hy-
drocarbon region is constant, its thickness decreases proportionally to the surface
increase and to the peptide concentration, and creates a tension on the bilayer.
At the P/L threshold, the membrane thinning is energetically very unfavorable,
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and the pore state is the energetically favored. In the pore state, peptides bind
preferentially to the rim of the pore, where they are assumed not to cause mems-
brane tension and to decrease its line tension. As a consequence, transferring the
peptide from the surface to the pore edge reduces the membrane tension. If the
peptide concentration at the rim of the pore is constant, increasing the radius of
the pore increases the number of peptide molecules at the pore edge, and thus
reduces the membrane tension in a feedback process that makes the pore stable
Huang et al. (2004).

Antimicrobial peptides are mostly positively charged and selectively interact
with bacterial membranes, which exhibit negative charges on their membrane
surface, and not with eukaryotic membranes, whose membranes are predominantly
neutral. However different peptides act preferentially against different pathogens.
The gives an explanation for such observations, since the P/L threshold depends
on lipid composition, and thus, influences on the efficiency of the antimicrobial
peptides to kill cells.
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2.1. Apoptosis

Programmed cell death is defined as “a sequence of events based on cellular
metabolism that lead to cell destruction”. There are several forms of programmed
death described to date, such as autophagy and necrosis-like cell death, but un-
doubtedly, apoptosis is the type of programmed cell death that has been investi-
gated in more detail Assuncao Guimaraes and Linden (2004).

Apoptosis is a conserved process that plays a central role in physiological cell
death of pluricellularmulticellular organisms. It is necessary for cell recycling and
normal tissue homeostasis, which is maintained through a balance between cell
proliferation and cell death. It is of special importance in animal development,
tissue regeneration, correct functioning of the immune system and in the control
and behaviour of pathological states Kerr et al. (1972). The apoptotic process
develops through a complex biochemical pathway that is activated when is physi-
ologically required typically in response to a number of abnormal conditions, like
cell cycle malfunctioning, toxicity, or at the periphery of acute lesions. A failure
in the control of apoptosis leads to misregulation of cell death Thompson (1995).
This may provoke excessive cell proliferation, which has been implicated in cancer
and autoimmune processes Johnstone et al. (2002), or disproportionate cell death,
related to degenerative disorders such as Alzheimer or Parkinson diseases Matt-
son (2000). Due to the social impact of these diseases, research of apoptosis has
experienced an enormous development in the past few years, making it a preferred
focus for drug discovery. Both the activation and inhibition of apoptosis may be
of interest for therapeutic use Reed and Tomaselli (2000); Nicholson (2000).

2.1.1. The apoptotic phenotype

Apoptosis was first described as a concrete way of cell death, characterised by a
well-defined set of morphological changes, as shown in figure 2.1. These include
cell shrinkage, plasma membrane blebbing, loss of integrity of organelles, conden-
sation and fragmentation of DNA and formation of the so-called apoptotic bodies
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Hengartner (1997).

The apoptotic bodies are membranous vesicles that enclose the cellular con-
tents. Individual cells undergoing apoptosis are eventually removed through
phagocytosis by macrophage cells located in the vicinity. This “clean” process was
understood as a physiological cell suicide, in contrast necrotic cell death, which
is an uncontrolled process that affects extensive populations of cells. In this case,
cell death is characterised by cytoplasm swelling, destruction of the organelles
and the plamatic membrane, leading to the release of intracellular contents and
inflammatory response.

Figure 2.1.: Changes in cell morphology occurring during apoptosis.
Induction of apoptosis leads to cell shrinkage, followed by membrane blebbing and
formation of the apoptotic bodies, which are engulfed by the macrophages nearby.

2.1.2. Actors of apoptosis

The apoptotic phenotype is controlled through a complex biochemical pathway
which is genetically encoded and highly conserved Vaux et al. (1994); Huang
et al. (2000). Extensive studies over the last decades have led to the elucidation
of the main components of the apoptotic machinery, revealing the complexity of
the process. However, many obscure aspects of the pathway still remain to be
explained.

The complete process of apoptosis involves a large number of different proteins,
mainly located in the cell membrane, the cytoplasm, the mitochondrion and the
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Figure 2.2.: Biochemical routes to apoptosis. The main protagonists in
signal transduction pathways of mammalian apoptosis are depicted schematically.

nucleus. According to their role, these proteins can be classified as receptors,
adaptors, regulators and executioners.

A family of cysteine aspartyl proteases, called caspases, carries out the progres-
sive dismantling of the cell that occurs during apoptosis Thornberry and Lazeb-
nik (1998). They are the main executioners of cell death and cleave selectively
a concrete set of target proteins in a coordinated manner, ultimately leading to
the apoptotic death. Caspases are highly conserved through evolution and share
similarities in their amino acid sequences, structures and substrate specificities
Earnshaw et al. (1999). At least 14 caspases have been described to date. Some
of them are not involved in apoptosis, but participate in the activation of cytokines
and in the inflammatory response, like caspase-1 (also known as interleukin-1-/3-
converting enzyme or ICE). Regarding the substrates of caspases, more than 60
have been described so far. Among them, we find procaspases, cell cycle regu-
lators, cytoskeleton proteins, DNAses, transcription factors, signaling molecules,
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and proteins of the Bcl-2 family (see section 2.3). Some of these substrates are
essential proteins that become inactive upon caspase cleavage, but they can also
be structural proteins that loose their function in the cleaved state, or apoptotic
proteins that become activated after being processed by caspases.

Caspases are synthesised as inactive pro-enzymes, known as procaspases, that
are activated by proteolytic cleavage. Thus, they can be activated by other cas-
pases of even self-activated under certain conditions. They can be classified into
two major groups: effector caspases, like caspases 3 and 7, which are responsible
for the disassembly of cellular components, or initiator caspases, like caspases 8
and 9, which are responsible for activation of effector caspases3. When the cell is
prompted to die, caspases are activated through a proteolytic amplifying cascade,
that constitutes a point of no return for the cell fate.

Procaspases contain two domains: a prodomain of variable length and a con-
served protease domain made of a small (pl0) and a large (p20) subunit, joined
by a flexible linker that contains the cleavage site for caspase activation. Initiator
and inflammation related caspases have long prodomains that are important for
activation. In contrast, effector caspases have short prodomains that seem to be
dispensable. According to the model of induced proximity, the mechanism of ac-
tivation of initiator caspases involves oligomerisation of caspase precursors, aided
by adaptor proteins Muzio et al. (1998). In the complex, the digestion site and
the active site come in close proximity, which allows autoprocessing. This is the
case of the apoptosome complex, that allows activation of caspase 9' Srinivasula
et al. (1998). On the other hand, effector caspases are transactivated by initia-
tor caspases in a two-step process Chai et al. (2001). First, a partially active
intermediate is generated by cleavage at the linker region, and in the second step
the intermediate cleaves itself at the level of the short prodomain to generate the
fully active enzyme. The active caspase enzyme is a heterotetramer formed by
two molecules of processed caspases. In some cases, effector caspases are also able
to auto-activate, contributing to the cascade of signal amplification.

Because of the potentially dramatic consequences of a malfunctioning of apop-
tosis, both, activation and activity of caspases, are highly controlled through com-
plex pathways Chang and Yang (2000); Goyal (2001). Once processed, caspase
activity is regulated by specific inhibitors known as IAPs (inhibitors of apoptosis
proteins), such us X-IAP, which inhibits both caspase 3 and 9. TAPs bind directly

!The apoptosome is a macromolecular complex made of seven molecules of an adaptor protein
called Apaf-1 (apoptotic protease activating factor 1), which associate with seven molecules
of cytochrome c. The complex is then more flexible and can bind ATP, and recruit sev-
eral molecules of caspase 9, which are processed in the complex, giving rise to the active
holoenzyme, which cleaves and activates caspase 3.
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to caspases and inhibit them through the baculovirus IAP repeat (BIR) domains,
and are thought to inhibit residual caspase activity in healthy cells Huang et al.
(2001). Their action is counteracted by proteins like SMAC (second mitochon-
drial activator of caspases), also known as DIABLO (direct TAP binding protein
with low pI), that sequesters TAimmunePs allowing normal activity of caspases
Du et al. (2000); Ekert et al. (2001); Liu et al. (2000).

2.1.3. Pathways for caspase activation

Caspase processing and activation is regulated mainly by two routes, known as the
extrinsic and the intrinsic (or mitochondrial) pathways, shown schematically in
figure 2.2. The extrinsic pathway gathers specific apoptotic signals coming from
the extracellular environment and has revealed essential for the normal function of
the immune system Ashkenazi and Dixit (1998). The signaling molecules belong
to the superfamily of the tumor necrosis factor (TNF), like TNFa, Fas/CD95
and Apo2 ligand/TRAIL, which activate the corresponding membrane bound
receptors from the TNF/NGF receptor family, such as TNFR1, Fas/CD95 and
Apo2. After recruiting the apoptotic ligands in the extracellular side, these death
receptors (DR) form trimers in the plasmatic membrane. The DR clusters interact
in the cytosolic side with an adaptor protein called FADD (Fas-associated death
domain protein) to form the so-called death inducing signaling complex (DISC),
which recruits multiple initiator procaspase-8 molecules and facilitates their auto-
proteolytic activation through the mechanism of induced proximity (see above).
Then caspase-8 activates procaspases 3 and 7, and the cell enters a point of no
return. Processing of procaspase 8 can be inhibited by c-FLIPP, a degenerate
caspase homologue that binds to FADD.

The intrinsic pathway responds to most apoptotic signals, and is crucial for
stress-induced and genotoxic-induced cell death Jiang and Wang (2004). It is
triggered by the release of proapoptotic proteins from the mitochondrial inter-
membrane space, which include cytochrome ¢ Liu et al. (1996), SMAC/DIABLO
Du et al. (2000); Verhagen et al. (2002), Omi/HtrA2 Suzuki et al. (2001), Apop-
tosis Inducing Factor (AIF) Susin et al. (1996) and Endonuclease G (EndoG) Li
et al. (2001). The major consequence is the formation f the apoptosome complex,
leading to the activation of caspase 9. A large family of proteins, known as the
Bcl-2 proteins, controls this process at the mitochondrial outer membrane.
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2.2. A cross-road at mitochondria

In 1996, a protein known as apoptosis inducing factor, AIF, was found to nor-
mally reside in the mitochondria, and exit to the cytosol during apoptosis Susin
et al. (1996). Almost simultaneously, it was discovered that cytochrome c, a small
electron carrier involved in the redox chain connected to the oxidative phospho-
rylation, can be released from the mitochondrial intermembrane space to work
as an apoptotic factor Liu et al. (1996). Since then, many other apoptotic pro-
teins have been reported to be released from the mitochondria during apoptosis,
including SMAC/DIABLO Verhagen et al. (2002); Du et al. (2000), Omi/HtrA2
Suzuki et al. (2001), and EndoG Li et al. (2001).

Soon, it was shown that mitochondria are at a cross-road of the apoptotic
route, constituting the main check-point of the intrinsic apoptotic pathway and
providing a connection between the extrinsic and intrinsic pathways through the
Bid regulator Luo et al. (1998) (see section 2.3.3).

During apoptosis, mitochondria undergo several morphological changes, that
affect the structure of the mitochondrial membranes, and the physiology of these
organelles. Effects like lipid peroxidation Keller et al. (1998), remodeling of cristae
and contact sites Scorrano et al. (2002), and mitochondrial fission have been
observed in connection to apoptosis Oakes and Korsmeyer (2004).

But clearly, the main role of mitochondria in the process of apoptosis is to
provide a compartment that under normal conditions keeps closed a number of
important pro-death factors, to be released in a regulated manner as a consequence
of apoptotic signals.

Among the proapoptotic proteins of mitochondrial origin, SMAC/DIABLO
acts by freeing caspases from their specific inhibitors, IAPs Verhagen et al. (2000);
Du et al. (2000). This function is also performed by Omi/HtrA2, a mitochondrial
serine protease that cleaves and inactivates IAPs Suzuki et al. (2001). AIF and
EndoG G are implicated in caspase independent pathways to apoptosis related
to DNA fragmentation and chromatin condensation. But the major role of mi-
tochondria is thought to be related to the activation of the apoptosome initiator
complex for which the release of cytochrome c is essential Jiang and Wang (2004).

2.3. The Bcl-2 family of proteins: guards of the
mitochondrial fate

Bcl-2 (B-cell lymphoma/leukemia-2) was first described as an oncogene related
with human tumors and it was later connected to apoptosis due to its homology
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with the CED-9 protein of C. elegans Hockenbery et al. (1990). Several proteins
have been described to date as Bcl-2-like proteins, also involved in apoptosis and
containing up to four Bcl-2 homology (BH) domains. They constitute the Bcl-2
family of proteins. Figure 2.3 shows the conserved regions and the BH domains
of some members of the family.
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Figure 2.3.: Sequence aligment of some Bcl-2 members. Conserved
residues in the helical regions are squared and coloured in green (with respect to
residues from Bid and Bcl-xL, which are coloured in blue and red, respectively), ho-
mology domains are underlined with a violet bar and the helical regions named with
letters at the top line. (From McDonnell et al. (1999))

Despite their sequence homology, different proteins of the Bcl-2 family have
opposing functions regarding apoptosis. Thus, some of them are proapoptotic
and induce the death pathway in response to apoptotic stimuli, while others are
antiapoptotic and protect the cell from programmed cell death by counteracting
the proapoptotic Bcl-2 proteins Adams and Cory (2001). The family of Bcl-2
proteins can be classified in three groups, depending on their BH domains, as
shown in figure 2.4.

Antiapoptotic members such as Bcl-2 and Bel-xL (type I Bcl-2 proteins)
present all four homology domains BH1-BH4. Proapoptotic members, however,
can be of two types: type II Bcl-2 proteins, like Bax and Bak, which have BH1,
BH2 and BH3 domains, and type III Bcl-2 proteins, like Bid and Bim, also known
as BH3-only proteins, because they only possess this homology domain. The BH1,
BH2 and BH3 domains form a hydrophobic cleft that is a common feature of type
I and II proteins and constitutes a binding site of the BH3 domain of other Bcl-2
proteins Sattler et al. (1997). This interaction is responsible of the homo- and
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Figure 2.4.: The three subgroups of proteins of the Bcl-2 family and
their most representative members. The BH domains and the C-terminal
hydrophobic domain are indicated.

heterodimerisation patterns showed among different members of the family Zha
et al. (1996); Hanada et al. (1995). The antagonistic effect between pro- and
anti-apoptotic members of the family is thought to be connected to their abil-
ity to interact with each other through the BH3 domain of types II and III and
the hydrophobic docking cleft found at the surface of type I Bcl-2 proteins Olt-
vai et al. (1993). This interaction based mechanism is viewed either as a way
to sequester proapoptotic factors by membrane anchored type-I Bcl-2 proteins
Cheng et al. (2001), or a way to inactivate these latter antiapoptotic regulators
by proapoptotic ones Kelekar et al. (1997). Either case leads to a model of mu-
tual neutralisation, where the ratio of pro versus antiapoptotic Bcl-2 proteins
determines apoptosis induction Oltvai et al. (1993); Boise et al. (1993).

Multiple lines of evidence connect the function of these proteins to their sub-
cellular localisation and their association with membranes. Some of them localize
constitutively at intracellular membranes, as the mitochondrial outer membrane
(MOM) (Bcl-2, Bel-xL, Bak) and the nuclear and endoplasmic reticulum (ER)
membranes (Bcl-2, Bel-xL), while others are soluble in the cytosol and translo-
cate to the MOM in response to apoptotic stimuli (Bcl-w, Bax, Bid, Bim) Gross
et al. (1999); Hockenbery et al. (1990); Wolter et al. (1997). The constitutive
membrane-bound proteins contain a hydrophobic C-terminal domain that con-
trols their localisation Priault et al. (1999); Nguyen et al. (1993). This C-terminal
segment acts as a constitutive anchor to the cytoplasmic side of outer membrane
of mitochondria, the nucleus or the endoplasmic reticulum. However, some soluble
proteins, like Bax, contain also a C-terminal hydrophobic domain that is partially
buried in a hydrophobic cleft on the surface of the protein. These latter proteins
are normally soluble in the cytosol, but under apoptotic signals the C-terminal

34



2.3.  The Bcl-2 family of proteins: guards of the mitochondrial fate

domain is thought to become exposed and to promotes protein insertion in the
mitochondrial membrane Nechushtan et al. (1999).

The main role of the proteins of the Bcl-2 family involves the control of the
release of the apoptotic factors from the mitochondria. As explained above, this
affects the assembly of the apoptosome by regulating the presence of cytochrome
¢ in the cytosol. Additionally, they regulate the release from the mitochondria
of SMAC/DIABLO and Omi/HtrA2, and AIF and EndoG, which are involved in
overcoming caspase inhibition by IAPs, and in the induction of DNA fragmenta-
tion, respectively.

In addition to the selective permeabilisation of the MOM, the induction of the
mitochondrial permeability transition pore, through regulation of Ca2-+ release
from the ER stores and Ca2+ uptake by the mitochondria Esposti and Dive
(2003); Oakes et al. (2003) has been related to the action of the Bcl-2 proteins.
In either case, their function appears closely related to pore formation activity.
Moreover, Bcl-2, Bax and Bak have been found at the ER membrane, where they
control apoptosis initiation dependent on the activation of caspase 12 Zong et al.
(2003). This new apoptotic pathway appears to be connected with the regulation
of intracellular calcium fluxes Nutt et al. (2002); Scorrano et al. (2003). An
increase in the presence of Bcl-2 at the ER membrane produces a decrease in the
concentration of Ca?tand then, in the cellular Ca?fresponses, thus protecting
cells against some apoptotic stimuli. In contrast, the increase of Bax at the ER
membrane has been related with an increment in the concentration of Ca’tat
the ER lumen and in the cellular Ca?Tresponses, increasing the mitochondrial
uptake of Ca?T and promoting apoptosis. It is not yet understood whether this
mechanism is due to the direct action of the Bcl-2 proteins or it is a consequence
of the interaction with other proteins. But it seems to be independent of the
central hydrophobic hairpin of the Bcl-2 proteins, while interactions with the
inositol-3-phosphate receptor (IP3R), may be involved.

2.3.1. Bcl-2 protein have water soluble structures

The activation of the proteins of the Bcl-2 family is largely connected to their
ambivalent folding properties, being stable both in water and lipidic media, but
only the structure of the inactive, water soluble forms of Bcl-xL Muchmore et al.
(1996), Bcl-2 Petros et al. (2001), Bax Suzuki et al. (2000) and Bid Chou et al.
(1999)McDonnell et al. (1999) are known so far.

The first structure described was that of Bcl-xL Muchmore et al. (1996), lack-
ing the C-terminal membrane anchoring domain, which showed a compact fold
formed by seven a-helices and a long flexible loop between helices @l and a2 (see
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figure 2.5, B). Water soluble Bcl-xL is arranged in three layers of helices, in such
a way that two central a-helices, namely ab and a6, are flanked on one side by
a3 and a4, and on the other side by al, a2 and «7. The central helices ab and
a6 contain mainly hydrophobic amino acids, and are organised into an antipar-
allel hairpin. This structure corresponds to the fold class of toxins’ membrane
translocation domains in the SCOP classification, and concretely, resembles the
membrane insertion domains of colicins and diphtheria toxin. Additionally, the
BH1, BH2 and BH3 domains organise close in the space and generate a hydropho-
bic cleft, which later was shown to be site of interaction with the BH3 domains
of other Bcl-2 proteins.

When the structures of the water soluble forms of Bid and Bax were resolved,
they resulted to be surprisingly similar. Both Bax and Bid organise also into
helical folds with a central hydrophobic hairpin of helices in the core of the protein,
surrounded by other amphipatic helices, which are exposed to the solvent. Nine
a-helices give rise to the water soluble structure of Bax Suzuki et al. (2000) (figure
2.5, C), where helices a5 and a6 form the hydrophobic hairpin, and helix a9 is
the homologous to the C-terminal hydrophobic domain lacking in the structure of
Bcl-xL. In this protein, a9 is buried in the hydrophobic cleft formed by the BH1,
BH2 and BH3 domains, which show orientations slightly different from those of
Bcl-xL.

In the case of Bid Chou et al. (1999); McDonnell et al. (1999), it presents eight
helices, of which helices a6 and a7 form the central hairpin homologue to ab5ab
in Bel-xL and Bax (figure 2.5, D). As Bid contains only the BH3 domain, it lacks
the hydrophobic cleft found in Bcl-xL and Bax, but the overall organisation is
almost identical to them. Although practically preserved, the structure of cleaved
Bid, which is the active form of the protein, exposes a larger area in the BH3
domain and in the region of the hydrophobic hairpin.

Constructing coherent models of pores formed by Bcl-2 proteins is hindered
by the lack of structural information about the membrane inserted conformation
of these proteins. A large conformational rearrangement has been reported to be
involved in the interaction of these proteins with lipid membranes and detergent
micelles Suzuki et al. (2000); Losonczi et al. (2000); Oh et al. (2005). In addition,
the large structural transition from a globular, water soluble, to a membrane
inserted species appears to be a regulated process, where different members of
the Bcl-2 family interplay to give a final outcome of activation or inhibition of
apoptosis Oltvai et al. (1993).

Although the high resolution structures of the membrane inserted proteins
are yet unresolved, several other observations have provided some insight into the
organisation of the Bcl-2 in lipid environments. NMR experiments with Bcl-xL in
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A) B)

C) D)

Figure 2.5.: Soluble structures of Bcl-2 proteins in comparison with
the pore forming domain of colicin E1. Figures have been built from the
corresponding PDB files. Exposed helical domains are shown in red and the two
putative homologue central a-helices are shown in green. A) Soluble pore-forming
domain of colicin E1. B) Soluble form of human Bcl-xL without the C-terminal
anchoring domain. C) Soluble form of human Bax, C-terminal domain also depicted
in green. D) Soluble form of mouse Bid.

micelles have shown that the presence of lipids induces large structural changes
and an overall increase of helicity Losonczi et al. (2000). These results suggest that
the tertiary organisation in micelles in different from that in water, where helices
al and a6 interact with the hydrophobic core of the micelle (the resonances of ab
are not well resolved, but probably behaves similarly). In the case of tBid, EPR
and NMR experiments in lipid media have been performed Oh et al. (2005). These
experiments show that tBid adopts an unfolded structure upon interaction with
the membrane, characterised by a unique conformation and orientation. The EPR
results indicate that the helix a6 is inserted in the membrane with a calculated
tilt of 26°, while a7 lays parallel, embedded in the polar head-group region of the
bilayer. In contrast, NMR spectra indicate that all the helices of tBid organise
parallel to the bilayer, even in the case of a6.
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2.3.2. Bcl-xL, Bax and Bid form ion channels in lipid bilayers

By analogy with the colicins, for which the mechanism of action has been studied
in more detail Cramer et al. (1995); Stroud et al. (1998), it was immediately
proposed that the two central a-helices might be responsible of the formation
of TM pores Muchmore et al. (1996), and this idea was indeed supported by
measurements of ion channel activity in synthetic lipid membranes for Bcl-xL,
Bcl-2, Bax and Bid Minn et al. (1997); Schendel et al. (1999, 1997); Schlesinger
et al. (1997).

Addition of Bcl-xLAC-t to planar lipid membranes at neutral pH rapidly
promotes current fluctuations that accumulate over time and individual step-like
channels can be observed Minn et al. (1997). This activity is higher at acidic
pH. The predominant conductance state corresponds to 276+28 pS, while other
states of lower conductance are also observed. Moreover, the I/V characteristics
shows simple ohmic dependence, and the channel is cation selective in PS:PC
(4:6) bilayers. The behaviour displayed by full-length Bcl-xL was similar to the
truncated protein Basanez et al. (1999).

BaxAC-t exhibits a similar channel activity in planar lipid membranes (see fig-
ure 2.6) Antonsson et al. (1997). However, it has a higher activity at neutral than
at acidic pH. At pH 7, Bax induces early channels of 5.6+0.2 pS and larger fluc-
tuations of 250425 pS. Later abrupt changes of about 450 pS are observed, which
give conductances up to 2 nS. These channel activity is also voltage independent
and selective for cations in DPhPC membranes at pH 7. Moreover, experiments
with full length Bax and the truncated version showed that the protein induces
monotonic increases in the conductance that eventually lead to membrane desta-
bilisation and rupture (figure 2.6, B) Basanez et al. (1999). In fact, Bax provokes
a decrease in the membrane line tension in a dose dependent fashion, which has
been related to the promotion of intrinsic monolayer curvature and the formation
of a partially lipidic pore. A comparable behaviour was observed for the cleaved
ANT76Bcl-xL,, which has been shown to have a proapoptotic action.

In the case of Bid, only tBid showed channel activity at neutral pH Schendel
et al. (1999). This activity was observed only when positive potentials were
applied, and showed no voltage dependence. Several conductance steps were
observed, ranging from 7.4 to 100 pS, as shown in figure 2.7.

These results are in agreement with a mode of action similar to that of colicins,
the diphtheria toxin or the d-endotoxin. Supporting this model, deletion of the
ab-ab hairpin of Bax abrogated its ability to form ion conducting channels and to
release cytochrome ¢ from mitochondria Heimlich et al. (2004). Also, the hairpin
a6-a7 of tBid has been found to be important for mitochondrial targeting Hu
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Figure 2.6.: Bax channel activity. A, channel events induced by BaxAC-
t in DPhPC bilayers at +100 mV, -50 mV and -60 mV. The channel con-
ductance varies from around 5 pS to 1.6 nS (adapted from Antonsson et al.
(1997)). B shows the conductance changes induced by full length Bax in a
DOPC:DOPE:DOPS (1:1:1) bilayer at 40 mV (from Basanez et al. (1999)).

et al. (2003). However, the structural similarity of pro and antiapoptotic Bcl-2
proteins and the capacity of members of the two categories to form ion channels
are not easily conciliable with their opposed functions Lazebnik (2001).

2.3.3. Roles of BH3-only proteins

Among the proapoptotic Bcl-2 proteins, two groups can be functionally and struc-
turally distinguished. The group represented by Bax and Bak is involved on di-
rectly mediating the release of mitochondrial apoptogenic factors Bouillet and
Strasser (2002a)(see section 2.3.4). A second group of proapoptotic proteins that
contain only domain BH3, like Bid and Bim, assist the former proteins in their
function by a still unresolved mechanism, of which only some general guide lines
appear to be clear.
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It has been suggested that these proteins are essential initiators of apoptosis
that have evolved to recognise distinct forms of cell stress, and thus, cell knock
outs for individual BH3-only proteins are resistant to apoptosis induced by se-
lective signals. BH3-only proteins are activated by transcriptional upregulation
and by post-translational modifications in response to apoptotic stimuli Bouillet
and Strasser (2002b). For example, under normal conditions Bid exists as an
inactive form in the cytosol (see figure 2.8). Proteolytic cleavage by caspase 8
within an unstructured loop releases an inhibitory p7 N-terminal fragment and a
proapoptotic pl5 C-terminal fragment, known as tBid, which remain associated
in an inactive complex. Myristoylation at the new N-terminal glycine of tBid
acts as a molecular switch, and then it relocalises and inserts into the OMM,
where it is able to induce cytochrome c release Gross et al. (1999); Zha et al.
(2000). Another BH3-only protein, Bim, exists in its inactive form bound to the
microtubule-associated dinein motor complex, and under apoptotic stimuli, it is
released and exerts its proapoptotic action O’Connor et al. (1998).

tBid, and other BH3-only proteins, may neutralize antiapoptotic Bcl-2 pro-
teins through BH3 dependent heterodimerisations Bouillet and Strasser (2002Db).
Additionally, they may activate Bax-type proteins by direct binding via their BH3
domain. A conformational change, that involves exposure of hydrophobic groups,
followed by mitochondrial targeting, insertion in the MOM and oligomerisation,
is known to be necessary for the permeabilising activity of Bax Desagher et al.
(1999) (see section 2.3.4). The change in conformation can occur upon interaction
with lipid vesicles Yethon et al. (2003), while membrane insertion, oligomerisation,
and pore formation need the presence of tBid and probably other, yet unknown,
proteins Eskes et al. (2000).

During apoptosis, a process of CL distribution in the mitochondrial mem-
branes associated to cristae remodeling takes place, which enlarges the available
pool of cytochrome c to be released Scorrano et al. (2002). Specific interactions
with CL have been connected to the targeting of tBid to the OMM, mainly to
the contact sites, which are enriched in this lipid Lutter et al. (2000). Recent
studies have suggested that tBid has an active role in these morphological reor-
ganisation of mitochondria, likely through interaction with CL. Moreover, Petit
and colleagues have observed that tBid, and a peptide encompassing the helix a6
are able to affect the mitochondrial metabolism and to induce CL segregation in
lipid monolayers F. Gonzalvez and Petit (2005) [personal communication].

Although tBid needs in vivo the presence of Bax-type proteins to induce release
of cytochrome c, in vitro it displays, by itself, a characteristic poration activity:
tBid promotes leakage of fluorescent probes from LUVs Epand et al. (2002a),
and forms ion channels in planar lipid bilayers accompanied by destabilization
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of the membrane Kudla et al. (2000). Interestingly, it has been shown recently
that tBid collaborates with Bax in the formation of large lipidic pores, which are
enhanced by positive curvature-inducing lipids and characterized by transbilayer
lipid movement Terrones et al. (2004). Additional data also suggest that lipids
play important roles in the apoptotic permeabilisation of mitochondria. Thus,
targeting of tBid to membranes is increased by N-myristoylation of a glycine
residue and the presence of negatively charged lipids Zha et al. (2000), and the
specific mitochondrial lipid cardiolipin has been involved in tBid addressing to the
MOM Lutter et al. (2000) and in the enhancement of membrane permeabilisation
in an in vitro system containing this latter protein and Bax Kuwana et al. (2002).

2.3.4. Mechanisms of Bax activity

Activation of typical proapoptotic type-II Bcl-2 proteins, like Bax, is accompanied
by a change in their subcellular localisation and an extensive structural reorgani-
sation, which facilitates membrane targeting and insertion to the MOM Desagher
et al. (1999); Hsu et al. (1997); Goping et al. (1998); Nechushtan et al. (1999);
Yethon et al. (2003). This latter process is promoted by activated type-IIT Bcl-2
proteins Desagher et al. (1999); Eskes et al. (2000); Wei et al. (2001); Roucou et al.
(2002); Luo et al. (1998) (see section 2.3.3), which may in turn activate Bax-like
proteins through BH3 dependent interactions (although additional interactions,
independent of BH3, seem to be involved Terrones et al. (2004)). Once in the
mitochondrial membrane, the type II Bcl-2 proteins form oligomers, which may
selectively permeabilise the MOM by means of direct pore formation or regulation
of other existing pores (figure 2.8).

Careful biophysical investigations have shown that Bax can promote the re-
lease of fluorescent probes and cytochrome c¢ from large unilamellar lipid vesicles
(LUVs) Saito et al. (2000), being this permeabilising activity connected to the
ability of Bax to multimerise. As shown in section 2.3.2, in planar phospho-
lipid bilayers, truncated Bax (lacking its C-terminal hydrophobic tail) induces
channel-like fluctuations with multiconductance states Antonsson et al. (1997).
This complex behavior is accompanied by marked decreases of voltage dependent
lifetime and linear tension of the membrane, which are largely enhanced in the
case of full-length Bax Basanez et al. (1999). Basafiez, et al. interpreted these
results as due to Bax induced changes in the intrinsic monolayer curvature, pro-
moting the formation of an, at least, partially lipidic pore. Recently, formation of
a toroidal pore has been also proposed to explain the mode of action of colicins.
This idea introduced a novelty as to the nature of the apoptotic pore Zimmerberg
and Chernomordik (1999) that has been subsequently supported by the depen-
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dence of the activity of Bax-type proteins on intrinsic monolayer curvature. Thus,
Bax induced membrane permeabilisation is promoted by non-lamellar lipids with
positive intrinsic curvature, but inhibited by lipids with negative intrinsic cur-
vature Basanez et al. (2002); Terrones et al. (2004). In agreement with these
observations, Bax-type proteins have been found during apoptosis at outer mito-
chondrial scission sites Karbowski et al. (2002), a likely location for non-bilayer
lipid structures. Additionally, Bax pore-like structures, claimed to be toroidal,
have been recently observed by atomic force microscopy Epand et al. (2002b).

2.3.5. Bcl-xL and Bcl-2, how do the inhibitors work?

With respect to the molecular mechanism of inhibition of apoptosis by type I
Bcl-2 proteins, it is also a matter of debate and various schemes, apart from
the already mentioned BH3 dependent hetero-dimerisation (see figure 2.8), have
been proposed Minn et al. (1999). These include inhibition of mitochondrial pores
through direct protein-protein interaction Shimizu et al. (1999, 2000a), countering
the effect of Bax channels Minn et al. (1999) and control of Ca2+ homeostasis
at the level of the ER Smaili et al. (2000); Pinton et al. (2002). Type I Bcl-2
proteins are C-terminal anchored to the cellular membranes, but conformational
arrangements and extensive insertion in the OMM and ER membrane have been
reported for Bcl-2 and may be implied in their antiapoptotic functionKim et al.
(2004a).

In the case of Bcl-x1,, it is constitutively anchored to the OMM through its C-
terminal helix, but a small fraction of the protein is soluble in the cytosol forming
homodimers in normal conditions, and translocates to the OMM during apoptosis
Jeong et al. (2004). Mitochondrial targeting specificity is achieved thanks to two
basic amino acids at both ends of the C-terminal anchoring domain Kaufmann
et al. (2003).

Different inhibitory effects of apoptosis have been described for Bel-xL: i)
Interactions between the C-terminal domain of one molecule and the hydropho-
bic cleft of the partner have been implicated in both dimer formation and the
heterodimerisation-dependent mechanism of Bax inhibition Jeong et al. (2004).
In addition, a mutant unable to interact with Bax can still inhibit it. ii) Bcl-xL
decreases DISC formation in the plasma membrane and thus caspase 8 activation
in TRAIL induced apoptosis ?, iii) it protects apoptosis even after cytochrome ¢
release and ? iv) blocks the contact site increase in mitochondria. v) It has been
shown to interact with VDAC Shimizu et al. (2000b), vi) to inhibit tBid insertion
and Bax/Bak oligomerisation and insertion in the OMM Gross et al. (1999), and
to block the release of cytochrome ¢ and SMAC/DIABLO 7.
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In addition, Bcl-xL has been shown to form channels in planar lipid mem-
branes, which are pH sensitive, cation selective for Natand inhibitable by Ca?*
(see section 2.3.2), and this channel activity has been also observed in the outer
membrane of presynaptic mitochondria ?. Interestingly, a mutant with a deletion
in the ab-a6 hydrophobic hairpin, proposed to be the putative pore forming do-
main, is unable to block apoptosis. However, it is difficult to conciliate this ion
channel activity with its inhibitory function.

Regulation of Bcl-xL is carried out through a number of mechanisms and has
different consequences on its activity. Phosphorylation at Ser62 Basu and Haldar
(2003) and deamidation of two asparagines in the unstructured loop inactivate
its antiapoptotic action Deverman et al. (2002), whereas proteolytic cleavage of
the N-terminal domain, between BH3 and BH4, turns it into a proapoptotic pro-
tein. AN-Bcl-xL induces cytochrome c release from mitochondria and apoptosis
Basanez et al. (2001). It has been shown to form larger channels in the OMM
which are dependent on the BH3 domain and to interact with VDAC. In witro
studies with model membranes have shown that AN-Bcl-xL alone is able to per-
meabilise liposomes to cytochrome ¢ and dextrans of high molecular weight, and
to destabilise planar lipid membranes and decrease the membrane line tension
Basanez et al. (2001).
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Figure 2.7.: tBid ion channel activity. Traces in A, B and C represent the
current versus time induced by tBid at voltages of +100 mV, +70 mV and +50 mV,
respectively. The single channel conductance is of about 8 pS, with a lifetime of
around 0.5 s. D shows the 1/V plot for open channels at positive potentials. Larger
channels observed at +100 mV and higher protein concentrations are shown in E. In
all cases membranes were made of POPE:POPG (1:1), at pH 7.3. (From Schendel
et al. (1999)).
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Figure 2.8.: Functions and relationships between some Bcl-2 members.
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3. Objectives

The generally assumed colicin-like model implies TM spanning insertion of both
the ab and a6 fragments, of which there is only indirect or incomplete evidence
Nouraini et al. (2000); Heimlich et al. (2004); Kim et al. (2004a); Franzin et al.
(2004). This is specially important since the above segments contain a signifi-
cant number of (potentially) charged residues, which should in principle impose
restrictions to a membrane inserted state Nouraini et al. (2000). Is is also un-
known whether these and/or other fragments participate in the formation of the
channel. Undoubtedly, a better knowledge of the interaction of the Bcl-2 proteins
with biological membranes is needed in order to define consistent models of the
functional structures of these proteins.

In this thesis, we have tackled the characterisation of the interactions with
membranes of the proteins of the Bcl-2 family. For this purpose we have chosen
a representative member of each of the groups constituting the family, concretely
Bcl-xL, Bax and Bid, and the following objectives were proposed:

e Prediction analysis of the TM fragments in the sequences of Bax, Bid and
Bcl-xL by using the programs TopPred II and DAS.

e Evaluation of the propensity to insert in the membrane that the hydrophobic
domains of the proteins Bax, Bid and Bcl-xL show. With this aim, we have
constructed chimeric proteins based on the Lep protein, where the different
hydrophobic fragments have been inserted, and we have studied their inser-
tion in the membrane through in vitro transcription/translation/glycosylation
assays.

e Chemical synthesis and purification of the peptides corresponding to each of
the a-helices that form the putative pore forming hairpin. Concretely, the
peptides Bax-a5%, Bax-a5, Bax-a6, derived from the putative pore forming
domain from Bax; Bid-a6 and Bid-a7, derived from the homologous domain
from Bid; and Bcl-xL-ab and Bcl-xL-a6 derived from the corresponding
hairpin from Becl-xL.
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e Characterisation of the pore forming activity of the different peptides, by
means of assays of release of calcein and fluorescent dextrans of different
sizes from LUVs of different lipidic compositions, assays of lipid transbilayer
redistribution between both leaflets in asymmetric LUVs, and ion channel
formation in PLM.

e Structural characterisation of the peptides in aqueous environment, in lipid-
mimetic media and in presence of LUVs, by means of experiments of circular
dichroism (CD) and infrared spectroscopy (ATR-FTIR).
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In addition to the problems generally associated to the handling of membrane
proteins, the difficulties to study proteins of the Bcl-2 family in a lipid membranes
arise from their complex folding properties. As the pore-forming toxins, Bcl-2
proteins can adopt stable structures both in water and lipidic environments. The
water soluble fold is known for Bax, Bcl-xL, Bid and Bcl-2; yet it says little about
the active structures of these proteins in the membrane. In addition, the change
from the globular, water soluble fold to a membrane bound structures appears
to be a complex, regulated process, that include protein-protein and protein-lipid
interactions, and covalent modifications such as phosphorylation and proteolysis.
In order to overcome some of these difficulties, we have employed a reductionist
approach that consists on the identification and characterisation of the fragments
involved in the interactions with membranes, both from structural and functional
points of view. This strategy has been previously used with success in the study
of similar systems, like the §-endotoxin Gazit and Shai (1993); Gazit et al. (1994)
and other membrane proteins, such as bacteriorhodopsin Popot et al. (1986), the
lactate permease Bibi and Kaback (1990) or the potassium channel Ben-Efraim
and Shai (1997).

4.1. Prediction of transmembrane fragments

About one fourth of the open reading frames (ORFs) encoded in sequenced
genomes correspond to integral membrane proteins. In spite of this, the num-
ber of structures of membrane proteins in the Protein Data Bank (PDB) is less
than 1% of the total. This is a consequence of the difficulties still encountered for
the structural studies of these systems. In the absence of high resolution struc-
tural data, establishing the number of possible TM fragments and their topology
results of great value, allowing the construction of low resolution models. Theoret-
ical methods that predict the number of transmembrane fragments, their position
within the polypeptide chain, and their topology in the membrane are gener-
ally a good starting point before more laborious experimental studies. Currently,
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these methods explode mainly the information accumulated about helix-bundle
membrane proteins of known structure and topology, to evaluate the potential of
segments of a target sequence to contain a putative TM fragment.

The prediction of membrane spanning helices is based on the fact that TM
segments contain mostly non-polar residues. To evaluate the hydrophobic nature
of the different amino acids, several hydrophobicity scales have been proposed.
Some of the best known are the Kyte-Doolittle scale, which combines the sta-
tistical analysis of resolved crystallographic structures and partitioning equilibria
between an aqueous and an organic solvent, the Goldman-Engelman-Steiz scale,
based on the analysis of the solvent interaction with the different residues in a
polyalanine helix context, and the Whimley-White scale, which uses values of
the free energy cost associated to the transfer of small peptides from water to
a POPC bilayer and to octanol Scarlata (2004). Based on these scales, simple
analysis of target protein sequences generate hydropathy plots, which represent
a hydrophobicity score within a window of typically 20 residues (enough to span
the 30A thickness of the hydrocarbon core of the bilayer) against the first amino
acid of the window. A peak in the hydrophobicity plot above a defined threshold
predicts the presence of a transmembrane helix. However these simple methods
tend to overpredict transmembrane helices, as they do not discriminate true TM
fragments from hydrophobic regions within the core of globular water soluble
proteins.

A second generation of advanced prediction methods incorporate new param-
eters, like the statistical representation of amino acids in known TM fragments,
sequence alignments, characteristics of flanking residues normally found at the in-
terface, and topological rules, like the positive inside rule !. Parallelly, they incor-
porate more complex calculations in their algorithms. In general, these methods
predict correctly 55-60% of the membrane protein topologies in whole genomes.
Some examples are the TMHMM and the HMMTOP methods, both based on
hidden Markov models.

An analysis of the reliability and accuracy of the different TM prediction
methods reveals that those based on alignment information are more accurate
than the ones based on single sequences Chen et al. (2002). Most common errors in
advanced methods include the overprediction or underprediction of one TM helix,

! According to the positive inside rule, the regions flanking the TM segments of polytopic
membrane proteins have a biased distribution of positively charged amino acids. Those
facing the cytosol are enriched in arginyl and lysyl residues, while those translocated barely
contain these residues. This implies that the distribution of positively charged amino acids is
a key determinant of the transmembrane topology of integral membrane proteins von Heijne
(1989).
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the underprediction of membrane helices which are too short or contain charged
residues, and the prediction of signal peptides as membrane helices. In addition,
the percentage of correct predictions for multi-spanning membrane proteins with
more than five helices decreases abruptly. It should be noted that the reliability
of the advanced methods is most likely overestimated, as in many cases cross-
validation data are not available. Moreover, their result may also be biased,
as the methods have been trained using the structure of the limited number of
membrane proteins available to date.

Recently Hessa et al. have proposed a biological hydrophobicity scale using a
system based on membrane insertion of a reporter protein through the translocon
Hessa et al. (2005). They show that the free energy of insertion depends on the
position of the amino acids within the helix, the contribution of charged flank-
ing residues and the influence of helix-helix interactions during the insertion of
multispanning membrane proteins. Additionally, protein-lipid interactions seem
to be essential for the recognition of transmembrane helices by the translocon.
However, these effects still need to be better quantified to elaborate a reliable
scale.

In this work, we have employed the DAS (Dense Alignment Surface) and the
TopPred methods. The DAS method was first developed in an attempt to im-
prove sequence alignment for the family of transmembrane proteins known as the
G-protein-coupled receptors Cserzo et al. (1997). Later, it was extended to pre-
dict transmembrane segments in any integral membrane protein. DAS performs
low-stringency dot-plots of the sequence of interest and compares them with a
compilation of non-homologous membrane proteins using a previously derived,
special scoring matrix. It generates a hydrophobicity profile with high and low
cut-offs values for membrane insertion. Comparison with other existing meth-
ods has revealed that the DAS method has essentially the same predicting power
as the best programs, which need multiple sequence alignments. On the other
hand, the TopPred performs a hydrophobicity analysis combined with the pos-
itive inside rule Claros and von Heijne (1994); Melen et al. (2003). Initially, it
calculates a standard hydropathy profile, with an upper and a lower cut-off, for
“certain” and “putative” transmembrane helices respectively. Among the possible
topologies that then arise, the best is that with the highest difference in positively
charged residues between both membrane sides.
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4.2. Model membrane systems

To study both the structural and functional properties of membrane proteins,
a number of model membrane systems, which provide a controlled environment
to perform experiments, have been developed. This section describes briefly the
model membrane systems used in this work.

4.2.1. Microsomes

Microsomes are lipidic vesicles derived from the ER. Both the lipid and membrane
protein components of the ER are contained in the microsomal membranes, and
the lumen of the ER and the microsomal lumen are topologically equivalent spaces.
As a consequence, microsomes are good models of natural membranes and have
been extensively used to study the processes that take place in the ER.

The most important feature in our experiments is the fact that the micro-
somes contain the translocon complex and the machinery for post-translational
modification normally found at the ER, thus providing glycosylation competent
membranes to study the insertion of Lep chimeras (see 4.3).

4.2.2. Micelles and Liposomes

In an aqueous environment, amphipatic molecules tend to associate excluding
their hydrophobic regions from the polar water molecules, whereas the polar
groups are exposed to and interact with the solvent. Depending on their ge-
ometry, the association of amphipatic molecules leads to different structures.

Fatty acids, detergents and lysolipids, which have the shape of an inverted cone
(see figure 1.4) tend to organise forming spherical structures, known as micelles
(figure 4.1).

In contrast, most phospholipids are nearly cylindrically shaped molecules (see
figure 1.4), and form spherical water-filled compartments enclosed by lipid bilay-
ers, known as liposomes or lipid vesicles (figure 4.1). They constitute a very useful
model system. They are easily prepared with a variety of compositions and sizes,
which enable the control of membrane properties such as fluidity, temperature of
phase transition, charge or intrinsic curvature. In addition, they can be prepared
with the desired membrane proteins or fluorescent lipids, and a number of sub-
strates can be encapsulated inside. This allows the study of several membrane
processes, such as membrane permeabilisation, membrane fusion and transbilayer
diffusion of lipids.

Depending on their size and the number of lamellae they contain, liposomes
can be classified as follows:
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Figure 4.1.: Model systems of lipid membranes. The representation of the
organisation of a micelle is depicted in A. In B and C, a planar lipid bilayer and a lipid
vesicle, respectively, are schematically shown.

Multilamellar large vesicles (MLV), which have many lamellae and a heteroge-
neous size, that varies from 100 to 1000 nm. They are prepared by directly
resuspending a dried film of lipids in an aqueous solvent.

Giant Unilamellar Vesicles (GUV), which contain a single lamella and can reach
dimensions up to 300 um. They can be prepared using a variety of methods,
including electroformation and controlled hydration.

Large Unilamellar Vesicles (LUV), have also one lamella and dimensions vary-
ing from 100 to 600 nm. They are prepared from a suspension of MLVs
followed by freezing and thawing cycles, and extrusion through a polycar-
bonate membrane with pores of controlled size.

Small Unilamellar Vesicles (SUV), which contain a single lamella and have a
smaller size than LUVs, ranging from 30-50 nm. They are usually formed
after sonication of a suspension of MLVs. The membranes of LUVs, GUVs
and MLVs are considered to have a curvature similar to that of cells. The
lipid distribution between the leaflets has been calculated to be almost sym-
metrical, with 50-55% of phospholipids in the outer, and 45-50% in the in-
ner monolayers. SUVs, however, have a higher membrane curvature and

an asymmetric distribution of lipids, with 60-70% of them in the external
leaflet.

When liposomes are deposited on a flat surface, such as a germanium crystal,
and gently dried with a No flux, capillary forces flatten the membranes, which
spontaneously organise into oriented multibilayer systems. As a result, several
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thousands of aligned multibilayers, with a dispersion of a few degrees, are formed.
This systems are useful to study the orientation of peptides and proteins in mem-
branes by solid NMR or ATR-FTIR (see 4.5.2 on page 66) Goormaghtigh et al.
(1999).

4.2.3. Planar membranes

Planar membranes are lipid bilayers with a diameter of approximately 100 nm,
which are held at a small hole in a Teflon film, separating two bathing solutions
of aqueous buffer. As with liposomes, planar membranes constitute highly con-
trolled systems, and the lipid composition can be varied almost at will. If two
electrodes are inserted at both sides of the membrane, the electrical conduction
properties of the membranes, as well as proteins or peptides inserted in them, can
be characterised (see 4.4.3).

Planar membranes can be prepared using the Black Lipid Membrane technique
or the Montal-Miiller technique, which generates solvent-free lipid bilayers Serra
and Menestrina (2000). In the latter case, the lipids are dissolved in pentane and
deposited on two water solutions at both sides of the Teflon film. After some
minutes, the organic solvent is evaporated and the lipid molecules are organised
in a monolayer on the buffer surface. When the level of one of the water solutions
reaches the hole in the Teflon film, the lipid molecules cover it and form an oriented
monolayer. Then, the level of the second bathing solution is slowly increased and
the lipids on the surface interact with the preexisting monolayer to form a lipid
bilayer (see figure 4.1).

4.3. Characterisation of the membrane insertion
domains: Glycosylation mapping

N-glycosylation is a usual post-translational modification of eukaryotic membrane
proteins which adds topological information. It is performed in the lumen of the
ER of eukaryotic cells, by the oligosaccharyl transferase (OST), activity associated
to the translocon machinery, and links oligosaccharide molecules to the amine
group of asparagine in the consensus site Asn-X-Thr/Ser van Geest and Lolkema
(2000).

The level of glycosylation of a protein can be evaluated in vitro in a cell-free
system using a reticulocyte lysate, or white germ lysate, which provide the transla-
tion machinery, in the presence of ER microsomes, providing the membrane inser-
tion and post-translational modification machinery. In a SDS-PAGE, the presence
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of the oligosaccharide molecule produces a band shift equivalent to an increase in
molecular mass of ~2.5 kDa with respect to the non-glycosylated protein. Control
treatments like glycosydases, inhibitors of glycosylation or competitive acceptor
peptides can be employed, allowing one to ensure that the glycosylated protein
was indeed formed.

Several glycosylation strategies, collectively named as glycosylation mapping,
have been used to study the topology and insertion properties of membrane pro-
teins in the ER membrane. These include approaches like glycosylation scanning
mutagenesis, glycosylation fusions or insertion vehicles with a glycosylation re-
porter van Geest and Lolkema (2000). Among the latter, systems based on the
H*/K*-ATPase, prolactin and the E. coli inner membrane protein leader pepti-
dase (Lep), have been most widely used.

The Lep system

Lep is involved in the processing of targeting sequences from proteins destined to
be exported. It is inserted in the cytoplasmic membrane of E. coli through two
N-terminal hydrophobic helices, H1 and H2, that are connected by a cytosolic
loop called P1. The C-terminal domain, P2, is periplasmic and responsible of
the catalytic activity. The insertion of Lep in microsomal membranes has been
extensively studied. The H1 domain drives the insertion and orientation of the
protein in the membrane. The N-terminus is located in the lumen, while the P1
loop, which is highly positively charged, remains in the cytosol, in good agreement
with the positive inside rule. Insertion of the H2 fragment, leaves the P2 domain
oriented to the lumen.

The Lep insertion vehicle contains an engineered glycosylation sequence in the
P2 domain that is efficiently glycosylated upon correct insertion into the microso-
mal membrane. To test the insertion of individual hydrophobic segments, the H2
domain is replaced by the putative transmembrane segments under study. After
an in vitro translation/insertion assay, the glycosylation state of the P2 domain
is a reporter of the ability to insert of the fragment of interest (see figure 4.2).
This system analyses the intrinsic ability of the assayed segments to insert into
the microsomal membranes, since the targeting and topology into the membrane
are determined by H1 and the P1 loop, respectively.

4.4. Activity studies

Bcl-2 proteins of different types, including pro and antiapoptotic members, display
characteristic ion channel activities in vitro. It is thus of interest, to evaluate
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Figure 4.2.: Glycosylation mapping. Possible topologies and glycosylation
patterns in a chimeric Lep system. A band delay is observed between glycosylated
and non-glycosylated 32S-Met labeled Lep chimera in a SDS-PAGE.

the ability of fragments from these proteins to permeabilise lipid membranes,
as well as to characterise the possible mechanisms involved. With this aim, we
have used assays of content release from LUVs and ion channel formation in
PLM. Mechanistic studies were complemented by experiments of lipid transbilayer
diffusion in LUVs.

4.4.1. Release of vesicular contents

The pore forming activity of a given molecule can be studied by analysing the
release of encapsulated markers from lipidic vesicles as a consequence of the pres-
ence of this molecule. These experiments can be adapted to a 96-well-plate for-
mat, thus permitting the systematic analysis of the permeabilising activity of the
molecules of interest at different conditions in parallel. The same molecule can
then be studied simultaneously at different concentrations and in several lipidic
compositions. The use of fluorescent markers of different sizes allows also the
estimation of the pore diameter.
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Ir, 13

Figure 4.3.: Schematic representation of an experiment of content re-
lease.

As a fluorescent probe, we have used calcein (fluorescein-bis-methyliminodiacetic
acid) or dextrans of different size marked with fluorescein isothiocyanate. If the
probe is entrapped in lipid vesicles at a self-quenching concentration, its release in
the external medium is accompanied by dilution and an increase of the intensity
of fluorescence, as schematically shown in figure 4.3. From the time dependence
of the increase of fluorescence, the kinetics of the release of the probe can be
studied.

The percentage of release R is calculated from the expression:

R= 210 4 (4.1)

F, maxr — F 0

where Fj is the initial fluorescence of LUVs, Fj,,; is the maximum fluorescence,
obtained after the complete release of the probe by the addition of Triton X-100,
and F; is the equilibrium fluorescence emitted in the presence of the molecule of
interest. The permeabilising activity of a particular molecule can be characterised
in terms of the concentration needed to induce 50% of content release, Csg, or
more directly by the inverse of this quantity, 1/Cjp.

4.4.2. Lipid transbilayer diffusion

Under normal conditions, the diffusion of lipids across pure lipid bilayers is very
slow. The alteration of the membrane structure through the formation of toroidal
pores connects the two leaflets and allows the rapid redistribution of lipids between
the monolayers through lateral diffusion. Thus, the ability of polypeptides to
promote lipid transbilayer redistribution can be used as a test experiment to help
discriminate between different models of pores.
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We use a lipid transbilayer diffusion assay based on the change of the intrin-
sic properties of a fluorescent probe upon redistribution between the membrane
monolayers Muller et al. (2000). This strategy allows the continuous monitoring
of transbilayer distribution, which can be useful for rapid kinetics measurements,
as in the case of Bax and membrane active peptides like melittin and magainin.

As a fluorescent probe, we used pyrene-PC (py-PC), a fluorescent analogue
of PC. py-PC contains a long chain fatty acid, lauroyl, at the sn-1 position and
a short chain fatty acid, butyroyl, carrying the fluorescent moiety pyrene at the
sn-2 position. The presence of a short fatty acid chain improves the translocation
of the analogue from the aqueous phase to the membrane, and the probe can be
simply added externally to the suspension of lipid vesicles Muller et al. (2000).

9004

800 -

700

600 -

500 -
. 400

300
2001 ,/ﬂ’////ﬂﬂﬂwﬁNk\\
100

0

(a.u.)

360 380 400 420 440 460 480 500
Wavelength (nm)

Figure 4.4.: Fluorescence spectra of pyPC. The peak at 395 nm is due to the
emission of the monomer form of pyPC, while the emission band around 470 nm is
originated by the excimer. The spectrum of asymmetric vesicles with the probe in the
external leaflet is shown in blue. After transbilayer diffusion, the probe redistributes
also to the inner leaflet and gives rise to the spectrum in orange. The excitation
wavelength was set at 345 nm, with band slits of 4 nm.

Detection is based on the dilution of the probe initially bound to the outer
leaflet as a consequence of its redistribution in the inner leaflet by lateral diffusion
in the wall of the pore, which causes a change of the fluorescence spectrum. The
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spectrum of py-PC presents two maxima of emission characteristic of the excited
monomer and the excited dimer (excimer) molecules, as shown in figure 4.4. The
concentration of excimer in the membrane depends on the collision frequency
between pyrene-labeled homologues, which is determined by their concentration
and their lateral diffusion. As depicted in figure 4.5, once incorporated to the
outer leaflet, redistribution of py-PC to the inner leaflet provokes a change in
the concentration of the analogue in both monolayers and then, a change in the
concentration of excimers and monomers, which alters the intensity ratio between
the excimer and the monomer maxima (Ig/Ips). Thus, the transbilayer diffusion
of py-PC in LUVs can be measured by monitoring the time dependent decrease
of Ig /Iy Muller et al. (2000).
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Figure 4.5.: Schematic representation of lipid transbilayer diffusion as-
say. The relative ratio between the emission of the monomer and excimer varies
upon py-PC redistribution to the inner leaflet. The emission of monomer molecules is
depicted in green, and that of excimers is shown in red.

4.4.3. Electrophysiology studies in Planar Lipid Bilayers

The measurement of ionic fluxes across a membrane is of special interest for the
study of pore forming proteins. Several properties, such as the size of the pore, its
ionic selectivity (preference for cations or anions), the voltage dependence of ion
current, or the permeability to different ions based on their size, can be studied
at the molecular level.

The use of Planar Lipid Membranes (PLMs) for such studies offers many
advantages Serra and Menestrina (2000). PLMs are small fragments of lipid
bilayers, usually made of pure lipids, and held on a hole in a Teflon septum
between two aqueous solutions. This constitutes a simple model membrane system
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to study channel formation by single molecules. Physicochemical parameters,
like temperature and chemical composition, both of the membrane and the water
phases, can be easily controlled. The detection of single-channel events is possible
due to the current resolution, and the transmembrane voltage is fully controllable.
However, it is necessary that the channel self-incorporates into the lipid bilayer
from the bathing solution, and the efficiency of this process is normally low.
Special care must be taken of the presence of small impurities, which may alter
the permeability properties of the PLM.

23 Toxin R
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Figure 4.6.: Schematic representation of the setup used in the experi-
ments with PLMs. The added pore-forming protein or peptide is written as Toxin.
The various elements are not drawn to scale.

The setup used for the experiments described in this work is shown schemat-
ically in figure 4.6. The planar bilayer is prepared by apposing two lipid mono-
layers onto a small hole of 0.1-0.2 mm made on a Teflon septum (7'S), using
the Montal-Miiller technique (see also 4.2.3 on page 54). This system separates
two cells containing two aqueous solutions and two Ag-AgCl electrodes (Fjand
Es), which are immersed in agarose bridges. Using a DC battery supply, which
generates a steady voltage, or a waveform generator (AC), which generates a pe-
riodic signal, the voltage (V) is applied to the membrane through one of the
electrodes. The current that passes through the membrane (I,,) is driven by the
other electrode to the current/voltage converter (I/V — C). The output voltage
(Vout) is then driven to an oscilloscope, a chart recorder and a digital recorder,
were the data are saved. In such a system, the pore forming protein is added to
the cis (by convention) cell and stirred with magnetic spin-bars (SB).

In this system, the planar bilayer acts as an isolator and the conductivity is
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very low, G < 10 pS. If the added protein is able to insert into the membrane
and form a pore, ions can pass through it and a higher conductivity state is
reached. Each channel formation is observed as a stepwise increase on the mem-
brane current. Usually one or a few typical amplitudes can be estimated. The
pore conductance G is calculated by dividing the current value by the applied
voltage. Varying the experimental conditions allows the study of several pore
properties, such as the effect of the lipid composition, the presence of water or
fixed charges on the lumen of the pore, the size and the geometry of the channel,
or the influence of the voltage (gating) Serra and Menestrina (2000).

The selectivity of the pore can be estimated using different salt gradients be-
tween the two cells in the chamber. If a gradient of a monovalent salt is generated
and a current can be measured in the absence of an applied voltage, there is ionic
selectivity. In turn, this informs about the type of charges that are exposed to the
lumen of the pore. Under these circumstances, the value of the applied voltage
that makes the current zero is called the reversal voltage, V,e,. The Goldman-
Hodgkin-Katz equation relates the V¢, to the ionic selectivity of the pore Serra
and Menestrina (2000) as:

_RT PCY POl

Viewv = — 1In 4.2
" 2F PO+ PO “2)
or z2F'V,
Iy I R
P_|_ C /C e -1
P = ; . 2F Viey (4-3)
C I/C —e BT

where R is the gas constant, 7" is the absolute temperature, F' is the Faraday
constant, z the valence (at 23°C, RT/zF equals 25mV), C'and C'Tare the salt
concentrations on the cis and trans sides, and P} and P_ are the permeability of
the cation and anion, respectively. A P;/P_ ratio higher than 1 indicates that
the channel is cation selective.

PLMs are stable enough to perform multichannel experiments, that is, to
study the membrane permeability in the presence of several thousand pores. In
this case, the information obtained is similar to that of single channel experiments,
but averaging the many individual contributions. Properties like ion selectivity,
molecularity, conductance and life time can be estimated.

4.5. Structural studies

Among the several techniques that provide structural information of peptides, un-
doubtedly x-ray crystallography and NMR spectroscopy are the most powerful,
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as they can generate a high resolution model of the peptide or protein structure.
However, in the case of membrane proteins, the above techniques can encounter
serious difficulties that prevent obtaining high-resolution structures. Electron
crystallography and cryo-electron microscopy are other low-resolution alterna-
tives. Additionally, other techniques such as circular dichroism (CD) and Fourier
Transform Infrared (FTIR) spectroscopy, are becoming increasingly useful tools
for structural studies of peptides and proteins in lipidic environments. Despite
their lower resolution, these techniques provide valuable data of secondary struc-
ture. Additionally, they can yield relatively accurate orientation constraints that
allow positioning secondary structure elements with respect to the reference plane
of the membrane.

4.5.1. Circular Dichroism

Circular dichroism (CD) results from the interaction between asymmetrical molecules
and plane polarised light. Asymmetric molecules are those which lack a center,
a plane or an n fold axis of symmetry, or those whose arrangement in space is
asymmetric. Plane polarised light can be parallel or perpendicular. In a plane,
it can be visualised as an oscillating sine wave, which is the sum of two vectors
of circularly polarised light, one going rightwards and the other leftwards (figure
4.7).

Asymmetric molecules are optically active, i.e., they absorb right-handed and
left-handed circularly polarised light to different extents. As a result, the two
forms of light have a different refractive index, and the plane of polarisation of
light rotates. This effect is dependent on the wavelength, and is known as optical
rotatory dispersion (ORD). The combination of CD and ORD in the region of
absorbance gives right to a transmitted light which is elliptically polarised, as
schematically shown in figure 4.8. The CD spectrum shows the difference in left
and right-handed absorbance as a function of the wavelength. The intensity of
the CD bands is called ellipticity, ©, units given in millidegrees, which is usually
converted to molar ellipticity, [©] = ©/(10 - ¢ - ), where ¢ is the concentration
of the chromophor and [ is the path length. In the case of peptides and pro-
teins, the mean residue molar ellipticity is frequently given, where ¢ refers to the
concentration of peptide bonds.

Theoretical background

The absorption of light in a CD experiment generates a movement of charges
in the molecule, which is associated to an electronic and a magnetic transition,
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Figure 4.7.: Plane polarised light. Top, Electric component (E) as a function of
time in a linearly polarised light. Bottom, Schematic representation of the separation
of light into left and right circularly polarised light. The sum of the vectors traces the
sine wave shown on top (from Moscowitz (1960)).

that are perpendicular to each other. The energy of the transition depends on
the electric and magnetic dipole moments induced by the action of light on the
electrons of the molecule. The rotational strength of a transition, Rg, is the
imaginary part of the dot product of the electric and magnetic induced dipoles
(the product of the two vectors and the cosine of the angle between them). In
symmetric molecules, the sum of all the magnetic and electric induced dipoles is
zero, or the angle between them is 90°, then annulling Rx and optical activity.

However, there are many cases in which the product Rg is not zero. The
n — wx transition is electrically forbidden but magnetically allowed, so they
are no longer perpendicular to each other. In an asymmetric molecule, such a
transition gives rise to little total absorption of light, but high optical activity,
and is present in the case of helical polypeptides and proteins. Most of the optical
activity in helices is the result of the interaction of groups with simple electric
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Figure 4.8.: A schematic representation of circular dichroism, ©, and
optical rotation, «, of polarized light. The dashed line A, represents the
planepolarised monochromatic ray striking the sample. The transmitted ray A is
elliptically polarized. (From Tinoco and Cantor (1970))

transitions, which interact to generate a magnetic moment. Another possibility is
the coupling between a magnetic and an electric transition arising from different
chromophores within the same molecule Cantor and Shimmel (1980).

CD spectroscopy has many biological applications. It is used to determine the
conformation of proteins and nucleic acids, the conformational changes produced
by the interaction of asymmetric molecules, the thermodynamics and kinetics of
folding and unfolding of proteins and nucleic acids, and the estimation of binding
constants.

The chromophore responsible of light absorption in CD of peptides is the amide
bond. According to the simplified theory of molecular orbitals, the 2p, atomic
orbitals of N, C and O in the amide bonding are combined to form three molecu-
lar orbitals of 7 symmetry, 7%, 7° and 7~, which are bonding, non-bonding and
antibonding, respectively. The four 7 electrons of the HOMO (highest occupied
molecular orbital) distribute in the 7" and 7° orbitals, and the remaining two
electrons are in the nonbonding 2p, atomic orbitals of the O atom. The transi-
tions observed in CD spectra are: i) the n — 7+ transition, which promotes one
electron to the 7~ orbital, and is electrically forbidden, but magnetically permit-
ted, thus giving rise to large bands; ii) the @ — m* transition, which promotes
one electron from the nonbonding to the antibonding orbital, and has a high
extinction coefficient Adler et al. (1973).
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These transitions are affected by the solvent and the environment. As a con-
sequence, the spectra of peptides observed depend on their conformation. In
biopolymers, the chromophores are in ordered arrays and the electrons interact
during the excitation process. This results in an exchange of excitation, and
affects the energy of the transition.

The interaction between the transitions originates two new transitions, one
of higher and one of lower energy with respect to the transitions of two iso-
lated non-interacting chromophores. The interactions of the N chromophores in a
polypeptide would give rise to N splitted transitions, however, most of them are
equivalent due to the symmetry of the ordered structures in peptides. As a con-
sequence, determination of the symmetry elements in the permitted polypeptide
conformations and then, of their space groups, allows the prediction of whether
a transition will be allowed and what the polarisation of a transition will be
Greenfield and Fasman (1969).

The CD spectrum of a random peptide is similar to that of a simple amide,
but with more intense bands. It has a large negative band of a m — 7 transition
at 195 nm, and a small positive n — 7 at approximately 230 nm. An a-helix
originates a spectrum with a large negative n — 7% transition at 222 nm, and a
7 — m* transition which splits into two due to transition coupling. This generates
two intense bands, one negative at approximately 208 nm, and one positive at 192
nm. The m — 7% transition in an 3-sheet is also splitted into a negative band at
218 nm and a positive band at 195 nm Adler et al. (1973).

Estimation of secondary structures from CD spectra

Initially, to estimate the secondary structure of peptides and proteins from CD
spectra, the x-ray structure of many proteins were compared to their CD spectra
and the method of least squares was used to determine the components of the
different conformations. Then, these values were used to calculate the structure
of unknown proteins Saxena and Wetlaufer (1971).

The methods used currently include the deconvolution of the spectra to the
basis curves corresponding to a-helix, 8-sheet and turn. However, the set of refer-
ence protein CD spectra used for the deconvolution considerably affect the basis
curves obtained. This is due to the unusual spectra that some proteins display,
as a result of aromatic amino acids, disulfide bridges and rare conformations. To
solve these problems, some methods select reference sets of proteins which are
spectrally similar to the proteins to be evaluated.

The methods to analyse CD spectra interpret the spectrum of a protein as a
linear combination of the spectra of its constituting secondary structural elements,
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and a noise contribution which considers the effect of aromatic chromophores:
O\ = X¢e;51 + noise (4.4)

where ©, is the CD of the protein as a function of the wavelength, ¢; is the
fraction of each element of secondary structure, and S; is the ellipticity at each
wavelength of each element of secondary structureGreenfield (2004).

To analyse the CD spectra, we have used the CDPro pack, which contains the
CDSSTR, SELCON3 and CONTIN/LL programs Sreerama and Woody (2000,
2004). The final solution of each program is the average of the solutions that
satisfy four selection rules: i) the sum of fractions of components of secondary
structure is between 0.95 and 1.05; ii) each fraction is larger than -0.03; iii) the
RMS deviation between the constructed and the measured CD spectra is smaller
than 0.25 Ag; iv) the helical content, determined from the helix fraction in the full
reference data set, must coincide with the helix fraction of the accepted solutions.

The CDSSTR program needs a minimum number of reference proteins to
perform a good analysis. These are randomly selected from the data set and give
rise to a large number of combinations. This method is very flexible and the
solutions are obtained using the self-consistent formalism with the singular value
decomposition (SVD) algorithm. The SELCONS3 is the latest version of a self
consistent method, where the CD spectrum of the protein is included in a matrix
of CD data initially assuming the structure of the reference protein with the most
similar CD spectrum. The solution obtained replaces the initial estimation and
the process is iterated until convergence is reached. The matrix equation is solved
by the SVD algorithm and variable selection in the locally linearised model. The
CONTIN/LL program is a modification of the CONTIN method and uses the
rigde regression procedure, which fits the CD spectrum of the studied protein to
a linear combination of the CD spectra of a set of proteins. The proteins in the
data set are organised in order of increasing RMS distance in the CD spectra,
and those that differ most are systematically deleted to construct smaller sets of
proteins.

4.5.2. ATR-FTIR

The energy involved in the vibrational transitions of matter corresponds to the
energy of the infrared light in the spectrum of electromagnetic radiation. The
diverse vibration modes, such us stretching, bending or scissoring, have different
energies, which depend also on the nature of the chemical bonds, and give rise to
the absorption bands in the infrared (IR) spectrum. A net dipolar moment must
exist in the molecule for absorption to occur.
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Table 4.1.: Amide bands of polypeptides. (From Tamm and Tatulian (1997))

Band of amide Wavenumber

absorption range (cm™ ')
Amide A ~3300
Amide B ~3100
Amide I 1600-1700
Amide II 1510-1580
Amide III 1200-1400
Amide V 610-710

Despite the complexity of IR spectra, the absorption bands of some functional
groups in proteins and lipids can be assigned. The vibrational transitions of amide
bonds in the protein backbone give rise to different absorption bands (see table
4.1) and the amide I band, which occurs between 1600-1700 cm™!, is the most
widely used to analyse protein and peptide conformations. Both theoretical calcu-
lations and experimental studies, have established correlations between standard
secondary structures of peptides and amide I frequency ranges, as shown in ta-
ble 4.2 Tamm and Tatulian (1997). There are, however, proteins and peptides
which show a different behavior, like alamethicin Haris and Chapman (1988) or
bacteriorhodopsin Rothschild and Clark (1979).

Table 4.2.: Correlations between standard elements of secondary struc-
ture and the wavenumber of the absorption band in the amide | re-
gion.(From Tamm and Tatulian (1997))

Secondary structure Amide I wavenumber (cm™!)
Aggregated strands 1610-1628
B-sheet 1625-1640
Unordered 1652-1660 (deuterated: 1640-1648)
a-helix 1648-1660
310-helix 1660-1670
Turns 1660-1685
Antiparallel S-sheet/ aggregated strands 1675-1695

Lipids show many absorption bands in the IR spectrum. The C = O stretching
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absorbs near the amide I region at 1730 ¢m ™!, while the stretching of CHj and
CHj; groups gives rise to strong bands above 2850 c¢m . It is important to
note that the N H§L -stretching of PE and PS, and the antisymmetric carboxylate
stretching of PS overlap with the amide I region. Similarly, the C'Hs scissoring and
wagging bands overlap with the amide IT and amide III regions respectively Tamm
and Tatulian (1997).

The IR spectra of biomolecules are usually complex, with overlapping broad
bands. It is then of interest, to identify the component bands of the spectrum
in order to extract the structural information Goormaghtigh et al. (1991). The
first step consists in carefully subtracting the peaks due to residual water va-
por. Absorptions of buffer, lipids or other molecules present in the sample and
different from the molecule of interest may also be subtracted. Eliminating of
noise, zapping and/or smoothing of the spectra can also be performed. Next, the
spectrum is Fourier deconvoluted in a set of narrower bands. After component
analysis, the original corrected spectrum is curve-fitted with the component bands
using Lorentzian or Gaussian curves at the identified band positions. When this
processing is applied to the amide I band, the percentages of secondary structure
elements that are present in the sample and that contribute to the observed band,
can be calculated.

FTIR has several advantages that make it an interesting technique to study
the structure of peptides:

e Spectra can be obtained in a wide range of conditions, thus allowing the
analysis of conformational changes of peptides as a function of the environ-
ment.

e Membrane peptides can be studied in their native environment, as the pres-
ence of lipid bilayers does not decrease the spectroscopic resolution or sen-
sitivity.

e There is no need of external probes.

e Being the time scale in the order of 10725, and then anisotropic motions
do not complicate data interpretation.

e Both data measurement and analysis are rather fast.

Attenuated Total Reflection geometry

Attenuated Total Reflection Fourier Transform Infrared spectroscopy (ATR-FTIR)
is one of the most powerful methods for collecting infrared spectra of biological
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membranes. It allows the characterisation of the orientation of molecules related
to the membranes, and it is very sensitive, yet micrograms of sample give a strong
signal. Moreover, environmental conditions, such as pH, pressure, temperature,
solvent or the presence of ligands, can be varied in situ. Another advantage re-
spect to transmission infrared spectroscopy is that absorption of water and other
molecules in the bulk solution is highly reduced.

The most usual set-up in ATR-FTIR consists in a trapezoidal plate through
which the infrared beam is directed. This plate, known as Internal Reflection Ele-
ment (IRE) is transparent to the IR radiation of interest and has a high refractive
index. Above a critical angle, which depends on the refractive indexes of the IRE
and the external medium, ni and ng, the radiation is completely reflected at the
surface of the IRE, as shown in figure 4.9, and several total internal reflections
occur inside the IRE before the beam exits the plate Goormaghtigh et al. (1991).

A
£ ,
\ »
1
[~ & k
- . E
y— 4 J
N e P
Mo by
_,.1’f = *\
L ?r. =
75

Figure 4.9.: Schematic representation of the internal reflection element
(IRE) and the light pathway. As the edges are inclined, the light enters the
perpendicular to the crystal, but with an angle § with respect to the normal of the
IRE surface. Two possible planes of polarisation of the incident beam are shown by
E_L (polarisation perpendicular to the incident plane) and by E|| (polarisation parallel
to the incident plane). The cartesian components of the electric field, E,, Ey and E,
are also shown. (From Goormaghtigh et al. (1991))

The superimposition of the incoming and reflected waves generates a standing
wave (see figure 4.10) inside the IRE and perpendicular to its surface, according
to the Maxwell’s equations, and that can be described by
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21z
N + ¢) (4.5)

where z is the coordinate perpendicular to the IRE surface, ¢is a phase shift,
and A = A;/cos@, being A; the wavelength within the IRE, Ay = A/n; and 6
the incidence angle of the beam. As a result, an electromagnetic perturbation is
generated in the rarer medium beyond the reflecting interface, which is called the
evanescent wave (see figure 4.10), and that decays exponentially with the distance
to the interface, as described in

E = 2cos(

E=Ey e */% (4.6)

where FEj is the time averaged electric field intensity at the interface in the rarer
medium, and ¥ is the time averaged intensity of the electric field at a distance z
from the interface. d, is the penetration depth of the electric field,

A1
27 (sin? @ — n3;)1/2

dy = (4.7)

where ng9; = mg/ni. Thus, the penetration depth depends on A and @, and a
typical decay of the evanescent field intensity is in the ym range for total reflection.
As it is shown schematically in figure 4.10, a displacement of the totally reflected
beam is produced. Thanks to the presence of the evanescent wave, the interaction
between the infrared radiation and the sample, which is deposited on the surface
of the IRE, takes place within the penetration depth, so that the light is absorbed
and gives rise to the infrared spectrum Goormaghtigh et al. (1991).

Determining molecular orientations by ATR-FTIR

The analysis of the orientation of lipids and the different secondary structures of
peptides in the sample by ATR-FTIR is based on the fact that the IR absorption is
maximal if the dipole transition moment is parallel to the electric field component
of the incident radiation. All the molecules, and then their dipole moments,
in an ordered membrane deposited on the IRE have the same orientation with
respect to the normal of the IRE surface. As a result, it is possible to obtain
information on the orientation of the dipoles if the intensity of the absorption
bands is measured at different orientations of the incident light electric field,
using a polariser Goormaghtigh et al. (1991).

The parameter used for optical orientation measurements, the dichroic ratio
R, is defined as:
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Figure 4.10.: Side view of the IRE in figure 4.9. The propagation of the
electric field of the electromagnetic radiation at one point of reflection and the parallel
and perpendicular planes of polarisation are indicated. The generated evanescent wave
decays exponentially outside the IRE, while a standing wave exist inside the IRE. (From

Goormaghtigh et al. (1991)).
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A
r=21l (4.8)
Ay

where A and A, are the integrated absorbances of a band measured with parallel
and perpendicular, respectively, polarisations of the incident radiation. Due to
the fluctuations of the orientations of the molecules in lipid bilayers, a distribution
of molecular orientations contribute to R. A uniaxial symmetry with respect to
the IRE normal is assumed for the orientational distribution around this normal.
However, the distribution of the orientations with respect to the normal around
the mean value and other sources of disordering must be considered. The dichroic
ratio R is related to an orientational order parameter S, by:

E2 E? 38
=2 4 24 F 4.
R=ptmltis (4.9)

where E2, E§ and E? are the time averaged square electric field amplitudes of
the evanescent wave in the film at the IRE/film interface.

In the case of an a-helix, which has uniaxial symmetry, the measured order
parameter Sezperimental, Obtained from R through 4.8, can be expressed as a set
of uniaxial symmetric distributions

Sexperimental = Smembr(me : Shelz'x ) Sdipole (4'10)

as schematically shown in figure 4.11. Where S;,embrane 18 the distribution of
orientations of the lipid bilayers to the IRE normal, Speji, is the orientation of
the helices with respect to the membrane, and Syipele is the dipole orientation
of amide I or II with respect to the helix axis. If Sgpore, Which is characteristic
of the secondary structure, and Sy,emprane, Which can be measured, are known,
we can calculate Spep,, and then the angle of the helix axis with respect to the
membrane normal 3, using the expression:

2Sh,eliw +1

: (4.11)

B = arccos
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plate normal

Figure 4.11.: Set of nested axially symmetric distributions. The membrane
normal is distributed with an angle v with respect to the IRE normal, the molecular
axis is distributed with an angle 8 to the membrane normal, and the transition dipole
moment of the molecule is distributed with respect to the molecular axis with an angle
a.(From Goormaghtigh et al. (1991)).
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5. Materials and methods

5.1. Escherichia coli strains

The E. coli strains used in this study and some of their properties are described
next:

DH5a DNA amplification

XL1Blue DNA amplification; used in transformations with the site-directed mu-
tagenesis QuickChange kit

JM110 DNA amplification; contains the dam™ mutation and is used to produce
non-methylated plasmidic DNA (needed to digest with Bcll restriction en-
zyme)

5.2. Growing and transformation conditions

The E. coli cells were grown at 37°C in liquid LB medium (1% w/v triptone
(Pronadisa, Madrid, Spain), 0.5% w/v yeast extract (Pronadisa), 1% w/v NaCl)
or solid (liquid medium with 1.5% bacteriologic agar (Pronadisa). All media
were sterilised in an autoclave for 20 min at 121°C. 100 pg/mL ampicillin (Roche
Molecular Biochemicals, Mannheim, Germany) was added to LB media when used
with transformed cells.

Competent DH5a and JM110 cells were prepared using the one-step method-
Chung et al. (1989). A fresh overnight culture of bacteria was diluted 1:100 in LB
and incubated at 37°C until cells reached an O.D. of 0.3-0.4. Cells were pelleted,
resuspended in a volume of ice-cold 1x TSS (10% w/v sterilised polyethylene gly-
col (PEG), 50 mM MgC12, and 5% v/v DMSO in LB at pH 6.5) and gently mixed
on ice. 200uL aliquots were stored at -80°C. Transformations of DH5«a with plas-
midic DNA (approximately 50 ng) were done according to Hanahan’s protocol,
consisting on a thermal shock at 42°C for 1.5 min Hanahan (1983). Supercompe-
tent XL1Blue strains were purchased from Stratagene and transformed according
to the manufacturers protocol.
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5. Materials and methods
5.3. Isolation and analysis of DNA

A commercial kit of DNA extraction (Qiagen, Hilden, Germany) was used for
small scale isolations of E. coli plasmids.

Polymerase chain reactions (PCR) were performed in a thermocycler de-
vice (Eppendorf Mastercycler Personal, Upsala, Sweden). The Taq polymerase
employed was from Bioline (London, UK). Oligonucleotides were from Isogen
(Mannheim, Germany). PCR reactions were carried out in a final volume of 50
pL, containing 0.1-1 ng of DNA template, 2 ygM of primer oligonucleotides (Iso-
gen Bioscience, Maarsen, The Netherlands), 0.5 mM dNTPs, 1x commercial PCR
buffer, 3 mM MgCI2, and 5 units of Taq polymerase. After a initial denaturing
step of 30 s at 95°C, 30 amplification cycles (30 s at 94°C, 30 s at 55°C, 30 s at
72°C) and a final extension step of 10 min at 72°C were performed. Amplified
DNA was purified and digested with the corresponding restriction enzymes.

Site-directed mutagenesis reactions contained 5-50 ng of DNA template, 125
ng of each primer, 25 mM of the dNTPs mixture and 1 unit of Pfu Turbo DNA
Polymerase (Stratagene, La Jolla, CA). They were made according to the man-
ufacturer’s protocols of the Quick Change kit (Stratagene), which consisted on
15-18 amplification cycles (1 min at 95°C, 1 min at 50°C, 2 min per kb of plasmid
at 68°C). Amplified DNA was digested with Dpnl at 37°C for 1 hour and used in
transformation of supercompetent E. coli bacteria, strain XL1Blue, according to
the kit’s handbook.

The oligonucleotides used in PCR and mutagenesis reactions are collected in
table 5.1.

Digestions of amplified inserts for Lep chimeras were done with Bcll and Ndel
(both from Roche, Basel, Switzerland) in appropriate buffers and temperatures.
All constructs were sequenced at the Servei de Seqiienciaci6 of the Univeristat de
Valencia.

Analytical and preparative electrophoresis were carried out in agarose gels 0.8-
1.8 % (w/v), prepared with TAE 1x buffer (40 nM Tris, 20 mM EDTA, 1.14 mL/L
glacial acetic acid) with 10 pug/mL of ethidium bromide. As a sample buffer, a
mixture of 50% glycerol, 0.05% bromophenol blue and 100 mM EDTA was used.
Fragments of DNA were cut and purified with a DNA extraction kit from agarose
bands (Qiagen).

5.4. Vector and construction schemes

The vectors used in this study were derivatives of pGem-1Lep (kindly provided
by Prof. von Heijne, University of Stockholm, Sweden) described by Nilsson et
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Chimera Name Sequence
LEP/Bcl-xL-al BcelxL1 5-CTTCTGTTGATCAAAATGTCTCAGAGCAACCGGGAGCTG-3
NdexL28 5-CGTGGATTCATATGGACTAAACTGACTCCAGCTGTATCC-3
LEP/Bcl-xL-a5 BelxL135 5-CTTGACTTGATCAAAGTAAACTGGGGTCGCATT-3
NdexL157 5-CGTGGATTCATATGGCTTGTCTACGCTTTCCACGC-3’
LEP /Bcl-xL-abab BclxL157 5-CTTGACTTGATCAAGGAGATGCAGGTATTGGTG-3’
NdexL185 5-CGTGGATTCATATGGGTTCTCCTGGATCCAAGG-3’
LEP /Bcl-xL-a5a6 BclxL135 see above
NdexL185 see above
LEPAH1/Bcl-xL-a5a6  BclxL135 see above
NdexL185 see above
LEP/Bcl-xL-Ct BclxL209 5-CTTGACTTGATCAAATTCAACCGCTGGTTCCTGACGGGC-3’
NdexL233 5-CGTGGATTCATATGGTTTCCGACTGAAGAGTGAGCCCAG-3
LEP/Bcl-xL- XL166EEE  5-GCAGGTATTGGTGAGTCGGGAGGAAGAGTGGATGGCCACTTACC-3
abab|EEE]|
XL166EEEr 5-CAGGTAAGTGGCCATCCACTCTTCCTCCCGACTCACCAATCAC-3’
LEP/Bcl-xL-a5CT9W XLC79W 5-CCTTCGGCGGGGCACTGTGGGTGGAAAGCGTAGAC-3
XLC79Wr 5-GGCTTGTCTACGCTTTCCACCCACAGTGCCCCGCCG-3’
LEP /Bcl-xL- XLC79W see above
a506C7T9W[EEE]
XLC79Wr see above
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LEP/Bax-al BclBax14 5-CTTGACTTGATCAAAACCAGCTCTGAACAGATCATGAAG-3
NdeBax40 5-CGTGGATTCATATGGCCCAGCCATCCTCCCTGCTCGATC-3’
LEP /Bax-a5 BclBax110 5-CTTGACTTGATCAAAGTGGTTGCCCTCTTCTACTTTGCT-3 g
NdeBax133 5-CGTGGATTCATATGGGATCAGCTCGGGCACTTTAGTGCA-3’ o
LEP /Bax-a6 BclBax131 5-CTTGACTTGATCAAAGAGCTGATCAGAACCATCATGGGC-3¥ ::
NdeBax154 5-CGTGGATTCATATGGGTCTTGGATCCAGACAAGCAGCCG-3 -
LEP /Bax-abab BclBax110  see above C__D
NdeBax154 see above 03
LEPAH1/Bax-a5a6 BclBax110  see above E
NdeBax154  see above g
LEP/Bax-C-t BclBax160  5-CTTGACTTGATCAAAGGGACCCCCACATGGCAGACAGAT-3 g_
NdeBax188 5-CGTGGATTCATATGCCCAGATGGTGAGCGAGGCGGTGAG-3’ e
LEP/Bid-N-t BclBid12 5-CTTGACTTGATCAAAAGGGATGAGTGCATCACAAACCTA-3 E
NdeBid33 5-CGTGGATTCATATGGGAAGCTGTTGTCAGAACAGCTTTG-3’ 8.
LEP/Bid-a4 BclBid98 5-CTTGACTTGATCAAAGACGCTAGCATCCCTCCGGGCCTG-3’ ’g
NdeBid122  5-CGTGGATTCATATGGGTCCTCCTCCGACCGGCTGGTGTT-3’ =
LEP/Bid-a6 BclBid144 5 CTTGACTTGATCAAAAAGGAGAAGACCATGCTGGTGCTG-3 g
NdeBid165 5-’CGTGGATTCATATGGGGACGGCGTGTGACTGGCCACCTT-3’ 8_
LEP/Bid-a6a7 BclBid144 see above =~
NdeBid183 5-CGTGGATTCATATGGGCGTAGGTTCTGGTTAATAAAATTCAC-3
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5.4. Vector and construction schemes

Bol-2 protein Sequence o (e feste d
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Figure 5.1.: Scheme of the vector used in the construct of Lep chimeras.
The SP6 promoter, the restriction sites introduced, the Lep domains and the glyco-
sylation sequence are indicated.

al. Nilsson et al. (1994). In this construct, the Lep gene has been engineered:
the natural glycosylation site of Lep 214N-E-T216 has been mutated to 214Q-
Q-T216 and a new glycosylation site has been introduced in position 90N-S-T92
to produce the vector pGEM-Lep-NST. Moreover, restriction sites for Bell and
Ndel have been introduced before and after the transmembrane H2 fragment
of Lep respectively. The vector pGEM-LepAl has also a deletion of the H1
natural transmembrane of Lep, and an additional glycosylation site introduced
at the N-terminal segment. The DNA sequences encoding human Bcl-xL and
mouse Bax were obtained from G. Nufiez (University of Michigan Medical School)
and a construct of human Bid was provided by X. Wang (University of Texas
Southwestern Medical Centre).

Lep chimeras containing the putative transmembrane segments of the differ-
ent Bcl-2 proteins instead of the H2 natural fragment of Lep (amino acids 59-81),
were prepared. For this purpose, the corresponding Bcl-xL, Bax and Bid frag-
ments were amplified by PCR with primers containing Bcll and Ndel restriction
sites and were digested with these enzymes. After purification, these inserts were
introduced in the pGEM-Lep-NST vector, previously digested with Bcll and Ndel.
Ligation reactions were carried out in 1x commercial ligase buffer and 3 units of
T4 DNA ligase (Promega, Madison, WI), in a final volume of 10 yL contain-
ing appropriate quantities of both insert and vector. Lep/Bcl-xL-aba6[EEE],
Lep/Bcl-xL-a5a6C79W[EEE]| and Lep/Bcl-xL-a5C79W constructions were pro-
duced from Lep/Bcl-xL-aba6 and Lep/Bcl-xL-a5b, respectively, by site-directed
mutagenesis as described in section 5.3. For the Lep/Bcl-xL-a5a6[EEE] con-
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struct, the nucleotide codons for residues 1661le-Ala-Alal68 (numbering from the
full length human Bcl-xL) were changed to Glu codons. For the Lep/Bcl-xL-
aba6CTIW|EEE]| and Lep/Bcl-xL-a5C79W fragments, the codon corresponding
to C151 was replaced by a Trp codon.

5.5. Glycosylation mapping assays

5.56.1. Obtaining mRNA by in vitro transcription

The plasmids used for the in vitro RNA synthesis contained the SP6 promoter
and were isolated with a miniprep kit (Qiagen). Transcription reactions were
performed for 2 h at 37°C in a final volume of 50 uL containing 10 uL of tran-
scription buffer 5x, 5 gL INTPs mixture (25 mM rATP, rCTP, rUTP and rGTP),
approximately 1 ug of DNA and 5 pL of a enzyme mixture provided by the Ri-
bomax Large Scale RNA production System-SP6 (Promega). Obtained RNAs
were purified with the RNeasy RNA purification kit (Qiagen), according to the
manufacturer instructions.

5.5.2. In vitro translation

The RNAs of the Lep chimeras obtained as described in the preceding section were
translated in vitro using a reticulocyte lysate system (Promega). The translation
reactions were carried out for 2 h at 30°C and contained 10 uL. of reticulocyte
lysate, 0.5 pL of an amino acids mixture of 100 mM, 1 pL 35S-Met 100mM (Amer-
sham Biosciences) and 1 uL. RNA approximately 150 ng/uL in a final volume of 15
pL. 1 pL pancreatic canine microsomes (Promega) was added to the appropriate
reactions.

As a control of glycosylation, a tripeptide codifying for the glycosylation ac-
ceptor site Ac-N-Y-T-NHy was added to the corresponding translation reactions
in a final concentration of 100 pM. This acceptor peptide (AP) acts as a competi-
tive inhibitor of the glycosyl transferase attached to the microsome membrane. In
order to corroborate that the competition for glycosylation was sequence specific,
and not an artifact, a non-acceptor peptide with the sequence Ac-Q-Y-T-NHy was
added to the corresponding reactions in the same concentration.

N-methoxysuccinyl-Ala-Ala-Pro-Val-Chloromethyl ketone (Sigma Chemical,
St. Louis, USA) was added to the corresponding reactions in a final concentra-
tions of 2 mM. This molecule acts as a specific signal peptidase (SPase) inhibitor
(SPI) and was used as a control for processing van Geest et al. (1999).
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5.5.3. Analysis of association with membranes

Alkaline extractions were performed according to Whitley et al. (1996), and urea
treatments according to Schaad et al. (1997). Briefly, after translation, mixtures
containing microsomes were added 4 volumes of either 100 mM NayCO3 (pH 11.5)
or 4 M urea (in 35 mM Tris-HCI, pH 7.4, 140 mM NaCl buffer). The NayCOs3
and urea samples were clarified by centrifugation at 3,000 x g and 4°C for 10
min, and membranes were collected by layering the supernatant onto a 50 ul
sucrose cushion and centrifugation at 100,000 x g for 20 min at 4°C. Finally,
pellet and supernatant were analysed by 10% (NayCOg treated samples) or 12%
(urea treated samples) SDS-PAGE.

The Triton-X114 partitioning experiments were performed according to Schaad
et al. (1997). 15 pl of hydrated Triton-X114 were added to 15 pl of the trans-
lation reactions containing microsomes and the mixtures were incubated for 30
min on ice. The incubated Triton-X114 samples were equilibrated at 37°C for 10
min to allow development of aqueous and organic phases Bordier (1981). These
phases were then separated by centrifugation at 10,000 x g at 37°C. Subsequently,
the lower, detergent-rich fraction was washed two times by addition of ten vol-
umes of fresh detergent-free buffer, followed by vortexing, incubation on ice for
30 min, and phase separation as before. The proteins present in the aqueous and
detergent-rich fractions were precipitated in acetone. Eight volumes of acetone
were added to one volume of protein sample and precipitated for 2 hours at -
20°C. The samples were centrifuged 5 min at 10.000 rpm and washed twice with
20 volumes of acetone. They were dried in the speed-vac, resuspended in sample
buffer and analysed by 12% SDS-PAGE.

5.5.4. Protein electrophoresis

To analyse the glycosylation pattern of the in vitro translation insertion reactions,
10 % SDS-PAGE gels were prepared using the Mini-Protean system (Bio-Rad) and
run at 12 mA in SDS-PAGE buffer (125 mM Tris, 1 M glycine, 0.5% w/v SDS).
They were charged with 10 uL of the protein samples, prepared by adding 25 uL
H20 and 25 uL of 5x SDS-PAGE sample buffer (composition of 1x: 625 mM Tris-
HCI pH 6.8, 10% v/v glycerol, 2% w/v SDS, 4% v/v B-mercaptoethanol, 0.025%
w/v bromophenol blue) to 15 pL of the in witro translation reaction and heating
the mixture at 95°C for 5 min. The 3*S-Met and '*C-methylated molecular weight
marker were from Amersham Pharmacia Biotech (Upsala, Sweden).

The pellets resulting from the alkaline extraction were dried and resuspended
in 25 pL. 1x SDS-PAGE sample buffer. Samples were heated at 95°C for 5 min
and analyzed by SDS-PAGE. Samples were also prepared with the supernatants
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by adding the corresponding 5x SDS-PAGE sample buffer and heating at 95°C
for 5 min.

The protein samples were fixed in the polyacrylamide gels with a solution of
20% methanol and 5% acetic acid, softly shaking for 30 min. The gels were dried
in a Slab Gel Drier model SGD5040 (ThermoSavant, Holbrook, NY) at 80°C for
1 h and exposed overnight with a intensifier screen (Fujifilm, Fuji Photo Film,
Tokyo, Japan). The screen was revealed with a Phosphorimager PLA-3000 from
Fujifilm.

5.6. Prediction programs

The sequences of Bcl-xL, Bax and Bid were analysed for possible transmembrane
segments with the help of the programs TopPred II Claros and von Heijne (1994)
and DAS Cserzo et al. (1997) (see section 4.1 on page 49). TopPred II predicts
the topology of bacterial inner membrane proteins using a strategy based on
hydrophobicity analysis, that generates a set of possible topologies which are
ordered according to the positive inside rule. The DAS program generated a
hydrophobic score for each amino acid and provided a hydrophobicity profile with
high and low cut-offs for membrane insertion.

Search for possible signal peptidase cleavage sites was made with the help of
SignallP Nielsen et al. (1997). This program uses a training data set from the
SWISS-PROT, which is divided intro eukaryotic, and Gram-positive and negative
prokaryotic signal peptides. These share a common structure, with a positively
charged region, which is followed by a hydrophobic region and a polar neutral
region. The residues in the cleavage site are found to be small and neutral. This
method of prediction is based on an artificial neural network extended with a
Hidden Markov Model, and was evaluated by five-fold cross-validation.

These programs were used via the Internet through available servers and using
standard parameters. The URL localisation of prediction methods used for this
study are:

TopPredll, http://bioweb.pasteur.fr/seqanal /interfaces/toppred.html.
DAS, http://www.sbc.su.se/ “miklos/DAS/maindas.html.

SignallP, http://www.cbs.dtu.dk/services/SignalP/
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5.7. Peptide Synthesis and purification

The peptides showed in table 5.3 were synthesized chemically according to previ-
ously reported protocols Vilar et al. (2001). Two peptides corresponding to the
sequence of the alpha helix 5 from Bax were synthesised. Initially, Bax-a5K was
extended by one lysine on each side, with respect to the natural sequence, to
improve water solubility and facilitate peptide purification and handling. This
approach has been previously used with success and no observable functional in-
terference Orzaez et al. (2004); Melnyk et al. (2001). A second peptide, Bax-ab
was synthesised with no lysines added and with a longer sequence that could
be perfectly aligned with the sequence of the peptide Bcl-xL-a5. A mutation of
threonine to tyrosine was introduced in Bid-a6 to allow determination of pep-
tide concentration (see below). Cysteine residues in the natural sequences were
mutated to serine in the peptides to avoid oxidation and aggregation during ma-
nipulation.

Solid phase synthesis of the peptides was performed on an Applied Biosystems
433A Peptide synthesizer using Fmoc chemistry and Tentagel S-RAM resin (0.24
meq/g substitution) as a solid support. A 6-fold molar excess of amino acids (Senn
Chemicals) was used and double and triple couplings were applied on difficult
residues Fisher and Engelman (2001). All peptides were N-terminal acetylated
and C-terminal amidated. Deprotection and cleavage reactions were carried out
in a mixture of 70% trifluoroacetic acid (TFA), 20% dichloromethane, 5% water,
2.5% triisobutylsilane (TIBS), 2.5% ethanedithiol (v/v), all from Merck. Cleaved
peptides were precipitated in ice-cold t-butyl-methyl ether and centrifuged. Pel-
lets were dried, redissolved in water:acetonitrile (90:10), and lyophilized. Peptides
were purified using a C18 preparative reversed-phase column, by high performance
liquid chromatography (RP-HPLC), to a purity of about 95% as determined by
analytical RP-HPLC. Purified peptides were analyzed by mass spectrometry to
confirm their molecular mass. Unless otherwise indicated, all reagents and sol-
vents used in the solid phase synthesis of peptides were from Applied Biosystems.

All peptide concentrations were determined from UV spectra using a Jasco
spectrophotometer and the molar extinction coefficient used for each one is indi-
cated in table 5.3.
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Name Sequence* aa’s MW (Da) e(em~1M~1)
Bax-a5% Ac-KGRVVALFYFASKLVLKALSTRVPELIRT K-NH> 30 3418,22 1450
Bax-ab Ac-DGNFNWGRVVALFYFASKLVLKALSTKVPELIRT-NH> 34 3895,61 6970
Bax-a6 Ac-ELIRTIMGWTLDFLRERLLVWIQD-NH, 24 3058,64 11380
Bid-a6 Ac-EKEKTMLVLALLLAKKVASHYPS-NH; 23 2611,19 1450
Bid-a7 Ac-SLLRDVFHTTVNFINQNLRTYVR-NH> 23 2848,26 1280
Bcl-xL-a5  Ac-RDGVNWGRIVAFFSFGGALSVESVDKEMQVLVSR-NH3 34 3798,34 5690
Bcl-xL-a6 Ac-VLVSRIAAWMATYLNDHLEPWIQE-NH> 24 2897,35 12660

*Multiple couplings are indicated in bold, modifications of the natural sequences are in italics, and couplings with
capping are shown underlined.
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5.8. Preparation and Size Measurement of Lipid Vesicles

5.8. Preparation and Size Measurement of Lipid
Vesicles

All lipids used were from Avanti Polar Lipids (Alabaster, AL), except for asolectin,
which was from Sigma and purified according to Kagawa et al. (1973). Large
unilamellar vesicles (LUVs) were prepared as described previously Dalla Serra
and Menestrina (2003). Lipids were dissolved in chloroform, mixed to desired
molar composition and vacuum-dried to a film on the bottom of a round glass
flask. Further drying was accomplished with 30 min under strong vacuum. To
prepare calcein containing LUVs, lipids were resuspended to a concentration of
4 mg/mL in a solution containing 80 mM calcein, neutralized with NaOH. After
six cycles of freezing and thawing, they were passed 31 times through two stacked
polycarbonate filters of 100 nm pore size, using a two-syringes extruder from
Avestin (Ottawa, Canada). To remove external non encapsulated dye, LUVs were
washed with Sephadex-G50 (Sigma-Aldrich) minicolumns, previously equilibrated
in 140 mM NaCl, 20 mM Hepes, 1 mM EDTA pH 7 (buffer A). In the case of
LUVs encapsulated with fluorescent dextrans, the lipid films were resuspended to
a concentration of 10 mg/mL in a 100 mg/mL solution of dextrans in buffer A.
The vesicles were subjected to 20 cycles of freezing and thawing and extruded
as described above, but using 200 nm polycarbonate filters. Non-encapsulated
dextrans were removed by gel filtration. Chromatographies were carried out in
an AKTA system (Amersham) with a column of 35x1,6 cm, containing Sephacryl
HS-500 (Amersham) equilibrated with buffer A, and at at flux of 0.5 mL/min. The
fractions corresponding to the LUVs peaks were collected and used in experiments
of content release.

Vesicle size was measured by Quasielastic Light Scattering (QLS) at a fixed
angle (90°) and room temperature, using a laser particle sizer (Malvern Z-sizer 3)
upgraded with a 30 mW laser diode emitting at 675 nm. Measurements were done
adding 500 pL of buffer A and 1.5 uL of vesicles to a cylindrical cell in a water
solution in the laser light path. Fluctuations in the scattered light are due to the
Brownian movements of the particles. This is analysed with the autocorrelation
function, which allows the estimation of the diffusion coefficient of the particles
through Laplace inversion, and then their hydrodynamic radius, using the us-
ing the cumulant method Santos and Castanho (1996) and the Stokes-Einstein
equation.

Lipid concentration was estimated with the Phospholipids B kit (WAKO,
Japan), following the supplier’s protocol. It is an enzymatic colorimetric method
based on the hydrolysis of choline containing phospholipids by phospholipase D.
The free choline is then oxidised to betaine by the choline oxidase, and hydrogen
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peroxide is quantitatively produced during the reaction, which couples 4-amino-
antipyrine and phenol to give a red quinone pigment with a maximum absorption
at 505 nm.

5.9. CD Spectroscopy

Samples for CD spectroscopy were prepared at a 30 uM concentration of peptide in
10 mM phosphate buffer at pH 7. Several percentages of trifluoroethanol (TFE),
or different concentrations of sodium dodecylsulfate (SDS), under and above the
critic micellar concentration, were added to the corresponding samples. Spectra
were measured at 20 °C on a Jasco J-810 CD spectropolarimeter, using a cell of
1mm path-length. The data were collected every 0.2 nm at 100 nm/min from 250
to 185 nm, with a band width of 1nm, and results were averaged from 10 scans.
Data analysis was performed with the help of the CDPro software package,
which contains three commonly used programs: SELCON3, CONTIN/LL and
CDSSTR Sreerama and Woody (2000, 2004). This software allows the use of
different reference sets of proteins, increasing the reliability of the analysis.

5.10. Fourier-transformed Infrared Spectroscopy
(FTIR) experiments

FTIR spectroscopy was used to assess the secondary structure of peptides either
in solvent (TFE) or in buffer, or adsorbed to the lipid phase. Analysis of peptide
orientation with respect to the lipid phase and binding to LUVs were also per-
formed. This was done by analysis of the amide I’ band as described previously
Menestrina et al. (1999). LUVs composed of either egg phosphatidylcholine (PC)
or of PC and phosphatidic acid (PA) in a 1:1 molar ratio were prepared with
the procedure described in 5.8, except that lipids were resuspended in buffer A.
Each peptide was incubated for 1 hour at room temperature with LUVs, at a 1:50
mol/mol protein/lipid ratio, in buffer A. The mixtures were centrifuged, together
with controls, in an Optima TL ultracentrifuge (Beckman, U.S.A), using a fixed-
angle rotor (TLA-100.2) at 350 000 g, for 3 h at 4°C. After centrifugation, the
pellet was resuspended in 100 pl of 10 mM HEPES, pH 7.0 (buffer B). Samples
were deposited on 10-reflection germanium crystals (45° cut) and gently dried by
nitrogen flushing. To obtain the spectra of the peptides in aqueous solution, these
were dissolved in buffer A and directly applied to the germanium crystals. The
samples were redissolved in TFE on the crystal surface and dried again to collect
spectra in TFE.
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Spectra of hydrated and deuterated films were collected, in an ATR, geometry,
using a FTS 185 spectrometer (Bio-Rad, U.S.A), with MCT-detector. For the
polarization experiments, a rotating KRS5 wire-grid polarizer was interposed and
set either at 0° or 90° (with respect to the plane of internal reflections). Raw
spectra were pretreated prior to analysis to optimise the signal. This pretreatment
consisted on subtraction of the water peaks digitally with a file containing the
water signal in the IR spectrum, manually zapping the noise and peaks out of
phase, and line smoothing with the Saavs-Golay method. These modifications
and the subsequent analysis were carried out with the program GRAMS (Galactic
Industries Co.).

The orientation of a structural element was calculated from the dichroic ratio
R = Ago/Aggo, where Ago and Aggo are the absorption bands pertaining to the
functional group of that element, in the parallel and perpendicular configuration,
respectively Tamm and Tatulian (1997); Goormaghtigh et al. (1999). From R
we derived the form factor, S, which was then used to calculate the average tilt
angle (8 as in Axelsen et al. (1995), described in section 4.5.2 on page 66 and
Goormaghtigh et al. (1999).

To estimate the secondary structure content of Bax-a5% and Bid-a6, the
amide I’ band in the region 1700-1600 cm ! was deconvoluted into a set of
Lorentzian components, whose frequencies were assigned to different structural
elements in the standard way Menestrina et al. (1999). In particular we used the
following assignments: band at 1680£3 cm ™!, #-turn; bands in the region 1656-
1646 cm™!, a-helix; band at 164045 cm ™!, random coil; band around 161045
cm ™!, side chains contribution. In addition we observed two bands, a major one
around 1624 cm™! and a minor one at 1692 cm-1, which are typical of aggregated
peptide in an extended configuration and correspond to strong interstrand and in-
trastrand interactions Tamm and Tatulian (1997); Gordon et al. (2002). This set
of Lorentzians was used to best fit the original spectrum and the resulting relative
areas were taken as the proportion of the related structure present. The small
side chain band was excluded from the normalization. In some cases, a single
band at 1672 cm ™! was present, indicating the presence of some TFA remaining
from the synthesis. Such minor band was digitally removed before analysis.

The curve fit was used to calculate the percentage of peptide aggregation. The
aggregated peptide is represented by the bands around 1624 and 1692 cm ™!, and
the non aggregated by all the remaining amide I’ components in the region 1630 to
1690 cm~!. Due to the centrifugation procedure used for sample preparation, in
the peptide-lipid samples the non aggregated part represents lipid-bound peptide
only, whereas the aggregated part may be formed by both lipid-attached aggre-
gates and other aggregates present in the aqueous phase that might co-precipitate
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or form during sample drying.

The secondary structure content in the remaining peptides was analysed qual-
itatively, determining the major wavelength contributions to the amide I’ peak
and the elements of secondary structure associated to them (see table 4.2 on
page 67). In addition, the difference spectra were obtained subtracting the nor-
malised amide I’ peak in the spectrum in buffer A from the normalised amide I’
peak in the spectrum in TFE or in lipid vesicles. In the absence of secondary
structure rearrangements, a straight horizontal line is expected. Positive devia-
tions indicate an increase in the element of secondary structure which absorbs at
the corresponding wavelength, while negative deviations indicate the decrease of
the secondary structure element associated to that wavelength. This is a good
approximation to the changes in secondary structure suffered by the peptides in
response to changes in the environmental conditions Goormaghtigh et al. (1999).

For the peptide-lipid samples, the spectrum of the peptide was obtained after
subtracting the contribution of the lipid alone, with a weight that minimizes the
band remaining at 1738 cm ! (stretching of the carbonyl groups in phospholipids).
This was necessary in view of the high lipid/peptide ratio. On the other hand, and
for the same reason, it was not necessary to subtract the peptide spectrum from
the lipid-peptide one, in order to calculate the lipid contribution in the methylene
C-H stretching region (from 3000 to 2800 cm™!).

The lipid to peptide ratio (L/P) in the pellet, was calculated by the following
algorithm Rodionova et al. (1995); Tamm and Tatulian (1993):

(1 — Samider) f22895300 Aggo (vr)dv
(1 + SL/Z) f116609(? AQOO (Vamidel')dV

L/P = 0.208(nyes — 1) (5.1)

where: nyes is the number of residues of the peptide (i.e. 23 and 31 in Bid-
a6 and Bax-ab, respectively), Aggo is the absorption with the 90° polarizer and
S, Samiderrare order parameters calculated from the ratio of the parallel and
perpendicular absorption bands. Sy, corresponds to the lipid chains, and is derived
either from the symmetric and asymmetric CH; stretching (bands centred at 2853
and 2923 cm 1) or from the symmetric CHj stretching at 2872 cm ™!, using @ (the
angle between the direction of the dipole moment change and that of the long
axis of the molecule) set at 90° or 0° respectively. Sgmiderris the order parameter
for the amide I’ band (with § = 0°). The integral with suffix L was calculated
from the spectrum of the lipid-alone, and that with suffix amide I’ from the
one of the non-aggregated peptide alone (i.e. after subtracting the lipid and the
aggregated peptide). The order parameter for the a-helix, S,, was obtained using
the Lorentzian components at 165145 cm ™! with §=30° Axelsen et al. (1995);
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Frey and Tamm (1991); Menikh et al. (1997).

5.11. Permeabilisation of Unilamellar Lipid Vesicles

The permeabilising activity of the peptides was assayed by measuring the release
of calcein or fluorescein labeled dextrans from LUVs. Calcein release experi-
ments were performed using a 96-well microtiter plate that was filled with 100
pL of buffer A containing the desired amount of peptide. To avoid unspecific
interactions of the peptides and vesicles with the plastic walls, microplates were
pretreated with a 0.1 mg/mL Prionex (Pentapharm, Basel, Switzerland) solution
for 30 min. All experiments were done at room temperature. After adding 100 pL
of LUVs, at a final lipid concentration between 2 and 5 pg/mL, the time-course
of calcein release was measured as the increase in fluorescence emission at 520 nm
with the excitation set at 495 nm, using a fluorescence microplate reader (Fluostar,
BMG, Germany). Experiments of fluorescent dextrans release were carried out
using a cell of 1 ¢cm path-length in a LS-50B luminescence spectrometer (Perkin
Elmer, USA). The desired amount of peptide was added to the reaction mixture
containing 1 mL of buffer A and 100 gL of LUVs (final concentration of lipid 45
pM) . The increase in fluorescence intensity at 520 nm (excitation wavelength set
at 490 nm, excitation and emission band slits 2 nm) due to the release kinetics

was monitored until the stationary state was reached.
The percentage of peptide-induced fluorescent dye release (%R) was calculated

by:

_ (F 58 E)
(Fon — F)

where Fg, is the value of fluorescence measured at the stationary state (after
1 hour of reaction in the case of calcein experiments and 12.5 min in dextrans
experiments), F; is the initial fluorescence before adding the peptides, and Fy, is
the maximal value after addition of 1 mM Triton X-100. Spontaneous release of
calcein or dextrans was negligible in all cases.

100 (5.2)

5.12. Lipid transbilayer diffusion in LUVs

Asymmetrically labeled vesicles were prepared as described in Muller et al. (2000).
The desired amount of py-PC from a chloroform stock was dried on a glass tube
with a nitrogen flux and solved in ethanol at the desired concentration. The flu-
orescent probe in ethanolic solution was added with a final concentration of 1uM
to a solution of buffer A. Then LUVs prepared as described above, but rehydrated
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in buffer A, were added to a final concentration of 20 uM (lipid). The labeled
lipid was incorporated only into the external leaflet of LUVs after incubation of
20 minutes to ensure the stability of the Ig/Ipratio. The fluorescence spectra
between 355 and 500 nm were recorded at room temperature using a L.S-50B lumi-
nescence spectrometer (Perkin Elmer) and a lcm path-length cell with constant
stirring. The excitation wavelength was 345 nm, the excitation and emission slits
were set to 4 nm and the scan speed was 250. During the experiments, emission
spectra were measured at several times after peptide addition and the emission
intensities of the excimers (Igat 465 nm) and the monomers (Ipsat 395 nm) were
taken from the spectra to represent the Ig/Ipratio versus time.

5.13. Electrical Recordings of lon Channel Activity

Electrical properties of Bax-a5% and Bid-a6 were measured on planar lipid mem-
branes (PLM) as reported in 7. Experiments were done at room temperature with
solvent-free bilayers composed of asolectin, or 1,2 diphytanoyl-sn-glycerophosphocholine
(DPhPC), or DPhPC:PA in a 4:1 molar ratio. Membranes were bathed symmet-
rically by 2 mL of buffer A. Peptides were added always on the cys side to stable
preformed membranes with typical capacitance of 100 pF. Macroscopic currents
were measured with a patch clamp amplifier (Axon Instruments). The current
traces were filtered at 100 Hz and directly acquired by a computer using Axo-
scope 8 software (Axon Instruments). Same traces were also acquired at higher
frequency and stored on a magnetic DAT tape for allowing re-analysis of the
fast events, eventually present. To obtain the I/V characteristics, the current
intensities going through the pore at several applied voltages, both positive and
negative, were recorded. The measured intensity versus the applied voltage was
plotted. For selectivity determination, reversal voltages were measured in a in-
creasing NaCl gradient (with the higher salt concentration on the trans side), and
translated into a permeability ratio P, /P_(where P, and P_ refer to cation and
anion permeability, respectively) by the Goldmann-Hodgkin-Katz equation 7, as
described in section 4.4.3 on page 59.
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6. Membrane insertion fragments of
Bcl-xL Bax and Bid

Apoptosis regulators of the Bcl-2 family associate with intracellular membranes
from mitochondria and the endoplasmic reticulum where they perform their func-
tion. The activity of these proteins is related to the release of apoptogenic factors,
sequestered in the mitochondria , to the cytoplasm, probably through the forma-
tion of ion and/or protein transport channels. Most of these proteins contain a
C-terminal putative transmembrane fragment and a pair of hydrophobic a-helices
(abab) similar to the membrane insertion fragments of the ion channel domain
of diphtheria toxin and colicins. Here we report on the membrane insertion prop-
erties of different segments from antiapoptotic Bel-xL, and proapoptotic Bax and
Bid, that correspond to defined a-helices in the structure of their soluble forms.
According to prediction methods, there are only two putative transmembrane
fragments in Bcl-xL and Bax (the C-terminal a-helix and a-helix 5), and one in
activated tBid (a-helix 6). The rest of their sequence, including the second helix of
the pore forming domain, displays only weak hydrophobic peaks which are below
the prediction threshold. However, subsequent analysis by glycosylation mapping
in a model chimeric system allows finding three membrane inserted fragments for
Bcl-xL (helices C-terminal, a5 and a6), four in the case of Bax (al, ab, a6 and
a9) and two in the case of Bid (a6 and a7). Among them, the second helix of
the pore forming domains (a6 of Bcl-xL and Bax, and a7 of Bid) insert only as
part of the a5-a6 (a6-a7 of Bid) hairpin. These behaviour suggests a synergistic
insertion and folding of the two helices of the hairpin, that could be due to charge
complementarity and additional stability provided by turn-inducing residues at
the interhelical region.

Although these data come from chimeric systems, they show direct potentiality
for acquiring a membrane inserted state. Thus, the above fragments should be
considered for the definition of plausible models of the active, membrane bound
species of Bcl-2 proteins.
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6.1. Prediction of TM fragments of Bcl-xL, Bax and
Bid

Interaction of proteins of the Bcl-2 family with lipid membranes most likely in-
volves insertion of hydrophobic protein segments, apart from the already well
characterised C-terminal tail of Bcl-xLl and the analogous C-terminal segment
from Bax. In order to localise all possible TM fragments, the sequences of Bcl-
xL, Bax and Bid were analysed by using two prediction methods based on different
principles ( 6.1 on the facing page). TopPred Claros and von Heijne (1994); von
Heijne (1992) performs essentially a hydropathy plot and requires no statistical
parametrization. DAS Cserzo et al. (1997), on the other hand, is based on the
comparison of the query sequence with a set of known, non homologous mem-
brane proteins and relies on the principle that the amino acid composition of TM
fragments is more conservative than their sequence itself. The results of the pre-
dictions made with these two methods for the three Bcl-2 proteins studied in this
work are shown in figure 6.1.

Using the standard cutoff values of TopPred and the Kyte-Doolittle hydropho-
bicity scale Kyte and Doolittle (1982), this program predicts two certain TM seg-
ments in the case of Bcl-xLi (residues 136-156 and 212-232, figure 6.1, A), two
certain TM segments in the case of Bax (residues 107-127 and 170-190, figure 6.1,
B), and one certain (residues 145-165) and one putative (residues 10-30) TM seg-
ments in the case of Bid (figure 6.1, C). The qualifications as certain or putative
correspond to the standard output of TopPred and depend on the default cutoff
hydrophobicity values of the program Claros and von Heijne (1994) (see Materials
and Methods 5.6 on page 84 and figure 6.1).

When predictions were made with DAS (figure 6.1, D-F), most probable TM
segments were found to include residues 140-150 and 216-229 for Bcl-xL, residues
110-122 and 172-185 for Bax and residues 16-25 and 148-157 for Bid, which ba-
sically coincide with the TopPred prediction. The DAS profile is better resolved
and shows an additional peak with significant TM propensity for a segment cen-
tred around residue 170 in the case of Bcl-xL. Additionally, there are five peaks
with DAS score values below the lower cutoff, although probably still significant.
These are centred around residue 12 for Bel-xL, residues 27 and 139 for Bax and
residues 106 and 174 for Bid.

Interestingly, all hydrophobic fragments mentioned above almost coincide with
defined a-helices in the structures of soluble forms of Bcl-xL, Bax, and Bid (figure
6.2). Thus, the hydrophobic C-terminal segment of Bax corresponds to a-helix
9 in the structure of this protein. Bcl-xL has an analogous C-terminal fragment
which was absent in the modified form of this protein used for the structure
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Figure 6.1.: Transmembrane potency of the sequences of Bcl-xL, Bax,
and Bid as determined by two prediction methods. Graphs A (Bcl-xL), B
(Bax) and C (Bid) are hydrophobicity plots made by using TopPred Il Claros and von
Heijne (1994) with default parameter settings. The horizontal lines indicate cutoff
values for certain (continuous line) and putative (dashed line) TM fragments. Graphs
D (Bcl-xL), E (Bax) and F (Bid) are DAS Cserzo et al. (1997) score profiles. Horizontal
lines in this case correspond to score values of 2.0 (continuous line) and 1.7 (dashed
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determination Muchmore et al. (1996). This C-terminal tail is considered to form
a membrane anchor that, together with flanking basic amino acids, direct specific
association of Bcl-xL to the OMM Kaufmann et al. (2003). The second probable
TM segment of Bax and Bcl-xL corresponds to the central hydrophobic a-helix
5, found in the structure of both proteins. Adjacent to it, a-helix 6 is much
less hydrophobic, specially in the case of Bax, due to the abundance of charged
residues which gives these segments an amphipatic character. With respect to
Bid, the first hydrophobic segment of this protein is the first a-helix found in
its structure, and the second corresponds to a-helix 6, which is analogous to a-
helix 5 from Bcl-xL and Bax. Each of these two segments belongs to a different
fragment among the two formed after processing of Bid by caspase-8. Finally, we
will consider four additional fragments that show low, but probably significant,
DAS TM propensity. These roughly coincide with a-helix 1 from both Bcl-xL
and Bax, and a-helices 4 and 7 from Bid.

6.2. Testing membrane insertion of Bcl-xL fragments

6.2.1. Membrane insertion of single helix fragments of Bcl-xL

Glycosylation mapping in a transcription/translation/insertion assay has been
employed before to study insertion and topology of putative TM fragments in
ER microsomal membranes van Geest and Lolkema (2000) (see also chapter 4.3
on page 54). It consists on the use of a model, engineered TM protein derived
from the leader peptidase of E. coli (Lep), with an N-terminal TM fragment (H1)
followed by a highly positively charged loop (P1), a second TM segment (H2) and
a soluble C-terminal domain (P2) with an engineered glycosylation acceptor site
(figure 6.3, A). The flanking regions of the H1 fragment direct the insertion of
the protein according to the positive inside rule von Heijne (1989) (see 50), with
the N-terminus oriented towards the lumenal side of the microsomes. Thus, the
protein will be glycosylated only when the fragment H2 inserts in the membrane,
exposing the P2 glycosylation domain towards the lumen (figure 6.3, A). In such a
system, the potential of a sequence to function as a TM segment can be tested by
using it in place of the H2 fragment of Lep, in vitro transcribing and translating
the corresponding chimera in presence of ER microsomes and finally checking for
possible glycosylation through the observation of approximately 2 kDa increase
of expected molecular weight by SDS-PAGE (figure 6.3, B).

Based on the predictions made by TopPred and DAS, different peptide seg-
ments from Bcl-xL Bax and Bid were selected for their analysis of membrane
insertion using Lep chimeras (see figure 6.1 and 6.2). The C-terminal hydropho-
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Figure 6.2.: Schematic representation of the sequences of «-helical
segments from Bcl-xL, Bax and Bid. Only the segments studied in this work
are represented, with numbers in superscript indicating the first and last residue of
assayed fragments (numbering corresponds to the full-length proteins). Positions of
a-helices are as reported for the structures of water soluble forms of these proteins
Muchmore et al. (1996); Suzuki et al. (2000); McDonnell et al. (1999). In the case of
the C-terminal tail of Bcl-xL, the a-helix structure is hypothetical, since this fragment
was deleted in the protein used for the structure determination Muchmore et al. (1996).
Possible TM segments, according to the TopPred Il Claros and von Heijne (1994) and
DAS Cserzo et al. (1997) predictions, are indicated below the corresponding sequences
as gray (TopPred) and black (DAS) horizontal bars.
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Figure 6.3.: Topology of Lep and scheme of a glycosylation mapping
experiment. A) TM fragment H1 inserts with the N-terminus towards the lumen
of microsomes. Assayed putative TM fragments are introduced in place of H2. Mem-
brane insertion of the assayed H2 fragments places domain P2 in the lumenal side,
where it can be glycosylated at an engineered acceptor site (Asn90 residue). B) Ob-
servation of approximately 2 kDa band shift to higher molecular weight means that
P2 has been glycosylated and informs of membrane insertion of the H2 replacement
fragment.
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bic segment of type I Bcl2s has been previously shown to function as an anchoring
tail that attaches this protein to the ER and outer mitochondrial membranes Ja-
niak et al. (1994); Kaufmann et al. (2003). As expected, when we assay the
C-terminal putative TM segment from Bcl-xL (Lep/Bcl-xL-Ct construct) in the
presence of ER microsomes, we observe the appearance a new SDS-PAGE band
corresponding to an increased molecular weight of the protein (figure 6.4, A, lane
2). This band shift is due to glycosylation of Lep P2 at the lumenal side, as it at-
tenuates with the use of a specific inhibitor of the microsomal glycosyl transferase
(acceptor peptide, AP, figure 6.4, A lane 3), demonstrating TM insertion of the as-
sayed Bcl-xL-Ct sequence in the context of the Lep/Bcl-xL-Ct chimera. Notably,
modification of the fusion protein was not quantitative, which we attribute to
incomplete or heterogeneous efficiency of the translocation/glycosylation machin-
ery. No quantitative modifications are often observed in these type of experiments
for putative TM fragments Nilsson et al. (1994); Nilsson and von Heijne (1998,
1993); Vilar et al. (2002); Nilsson et al. (2002); van Geest et al. (1999). We should
also bear in mind that physiological membrane insertion of Bcl-2 proteins occurs
post-translationally through a hitherto unknown mechanism independent of the
ER translocon Borgese et al. (2003), which can be an additional reason for incom-
plete modification in this case. Nevertheless, because the TM character of this
fragment offers no doubt Janiak et al. (1994); Kaufmann et al. (2003), the results
of figure 6.4A can be considered as an internal positive control throughout this
work.

When a fusion containing the a-helix 5 from Bcl-xL (Bcl-xL-a5) was assayed,
a band corresponding to slightly lower molecular weight was obtained in the pres-
ence of microsomes (figure 6.4B, lane 2). This behaviour suggest that digestion
of the Lep/Bcl-xL-ab chimera is taking place. Treatment with AP allows the
observation of an even lower molecular weight band, demonstrating that the pro-
cessed protein was also glycosylated (figure 6.4B, lane 3) and indicating that the
domain P2 was translocated to the lumen of the microsomes through insertion of
the Bel-xL-ab segment across the membrane.

Observation of cleaved Lep chimeras in a similar assay has been previously
reported, and it has been attributed to the activity of the microsomal signal pep-
tidase Nilsson et al. (2002); van Geest et al. (1999). In agreement with this possi-
bility, using an inhibitor of the mammalian signal peptidase (N-methoxysuccinyl-
Ala-Ala-Pro-Val-chloromethyl ketone, ISP) abolished digestion of Lep/Bcl-xL-a5
and a faint band corresponding to full length glycosylated Lep/Bcl-xL-a5 is now
observed (figure 6.4, B, lanes 5 and 7). Interestingly, glycosylation is much more
efficient after protein cleavage, as it has been observed before for a similar case van
Geest et al. (1999). Although processing sites for signal peptidases usually con-
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Figure 6.4.: SDS-PAGE analysis of Lep/Bcl-xL constructs. Fusions were
expressed and 35S-methionine-labeled in vitro in reticulocyte lysate in the absence
(lane 1) and presence (lanes 2-7) of dog pancreas microsomes. Glycosylation gives
rise to a higher molecular weight band (black triangle), which intensity is substantially
reduced in presence of a glycosylation acceptor tripeptide (AP, lanes 3 and 6). A
glycosylation non-acceptor tripeptide (NAP) is used as a control (lanes 4 and 7). In
B and G, the black diamond indicates a processed and glycosylated product and black
circle a processed and non-glycosylated product. Processing is prevented in presence
of an inhibitor of the signal peptidase, ISP (B, lanes 5-7), or by mutating residue
C151 into a tryptophan (C, H). Schemes I-J represent possible membrane insertion
and expected SDS-PAGE patterns for the assays of wild-type and mutant double helix
Bcl-xL-a5a6 fragments.
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tain low stringent sequences, the program SignallP Nielsen et al. (1997) allowed us
finding a possible cleavage motif within the Bcl-xL-ab segment, consisting on the
sequence ALC'®'VE (numbering corresponding to full-length Bcl-xL). Involve-
ment of this motif in the processing of Lep/Bcl-xL-ab was tested by site directed
mutagenesis. As shown in figure 6.4, C, replacement of C151 by a tryptophan
allows the observation of a normal length glycosylation band, while processing is
now almost completely impaired. All together, these data indicate that Bcl-xL-ab
can act as a TM fragment, at least in the context of the Lep/Bcl-xL-a5 chimera.

The sequences corresponding to the a-helices 1 and 6 from Bcl-xL (figure 6.2)
were also tested for insertion in the Lep/Bcl-xL-al and Lep/Bcl-xL-a6 fusions.
However, in these two latter cases neither glycosylation nor cleavage was observed
(figure 6.4, D, E), indicating that none of the corresponding assayed fragments
inserts across the microsomal membrane. This result is specially significant in
the case of Bcl-xL-a6, since, according to the colicin-like model, it is part of the
proposed membrane insertion domain.

6.2.2. Membrane insertion of the a5-a6 hairpin from Bcl-xL.

Although the absence of insertion for Bcl-xL-a6 is in agreement with the predicted
low TM propensity (see figure 6.1), it prompted us the question whether the
surrounding protein context had an influence in the insertion tendency of this
sequence. In order to test this possibility, a fragment corresponding to the ab-ab
hairpin (Bcl-xL-a5a6) was assayed. As shown in figure 6.4, F, no glycosylation is
observed for the Lep/Bcl-xL-a5a6 chimera. This result is ambiguous, since both
the simultaneous absence of insertion (figure 6.4, I) and the simultaneous insertion
(figure 6.4, J) of the two helices of the hairpin can give rise to the observed
pattern. The second possibility was challenged by assaying a mutant of Lep/Bcl-
xL-abab, where three hydrophobic residues from the centre of a-helix 6 were
replaced by glutamates ( Lep/Bcl-xL-a5a6|EEE] ). Such a mutation should avoid
insertion of a-helix 6, without affecting insertion of a-helix 5 Vilar et al. (2002).
In this case, a pattern similar to the one obtained for Lep/Bcl-xL-a5 is observed
(figure 6.4, G), consisting of lower molecular weight bands due to cleavage and
glycosylation of the translocated C-terminal domain. Again, a C151W mutant of
the latter construct (figure 6.4, H) proves that cleavage occurs at the ALC'VE
motive of a-helix 5, most likely by the microsomal signal peptidase, and the
pattern represented in figure 6.4, K, is observed. These data indicate that the
absence of glycosylation in the case of the Lep/Bcl-xL-aba6 chimera was due to
the simultaneous insertion of a-helices 5 and 6 (figure 6.4, J). Although with this
topology the ALC151VE motive could be accessible for processing, the different
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protein context, with respect to the single-fragment construct or the Lep/Bcl-
xL-ab5a6[EEE] mutant, or structural restrictions imposed by a tight turn in the
hairpin might render this case unfavorable for signal peptidase cleavage.

Additional support for the capacity of the Bcl-xL-aba6 hairpin to insert into
microsomal membranes came from the use of a modified version of Lep, where the
H1 TM fragment has been deleted and a second glycosylation site has been added
in the P1 loop (LepAH1, figure 6.5, A) Nilsson and von Heijne (1998). In this case,
when H2 is replaced by a hairpin of two potential TM fragments, the insertion
of only one of them can be clearly distinguished from the insertion of the two
(figure 6.5, B-D). The transcription of the LepAH1/Bcl-xL-abab6 fusion gave no
glycosylation (not shown), indicating that neither the P1 nor the P2 glycosylation
sites were accessible at the inside of the microsomes. To rule out the possibility
that the LepAH1/Bcl-xL-aba6 fusion does not bind at all to the membranes, the
microsomes were pelleted after a sodium carbonate wash. Under these conditions,
the non-glycosylated protein was retained in the membrane fraction (figure 6.5,
E, lanes 1 and 2), suggesting that it binds tightly to the microsomal membranes
through the Bcl-xL-abab hairpin.

Binding of LepAH1/Bcl-xL-a5a6 as an integral membrane protein was further
supported by treating the microsomes with urea and Triton-X114 Schaad et al.
(1997); Bordier (1981). Incubation of the microsomal samples with 4M urea, fol-
lowed by ultracentrifugation, shows again that the protein appears mostly associ-
ated with the membrane fraction (figure 6.5, F, lanes 1 and 4), as it corresponds
to an integral membrane protein. The non-ionic detergent Triton-X114 separates
in aqueous and detergent-rich phases above the so called cloud point temperature
(20 °C) Bordier (1981). It has been shown that membrane lipids and hydrophobic
proteins partition to the detergent-rich phase, and this has been used to specifi-
cally isolate integral membrane proteins Schaad et al. (1997); Bordier (1981); ?.
Preincubation of microsomal samples with 1% Triton-X114 at 0 °C, followed by
incubation at 37 °C and centrifugation allows detection of LepAH1/Bcl-xL-aba6
mostly in the hydrophobic fraction (figure 6.5, G, lanes 1 and 4). The latter three
stringent treatments of the microsomes are consistent with tight binding of the
chimera to the lipid membranes, as it corresponds to membrane insertion. Addi-
tionally, the absence of glycosylation of the membrane-associated protein means
that insertion involves both helices of the a5-a6 hairpin.

104



6.2. Testing membrane insertion of Bcl-xL fragments

N assayed hairpin

2 3 4 5 6 lane

Membrane Expected

. i = =k 2 + - + microsomes
insertion pattern SDS-PAGE pattern E
>
@ - 8o
imen: N — + microsomes
‘ —
B [~4xoa
_— 1 2i 3 4 5 6 lane
lumen — + microsomes F
v I
" e
lumen — + microsomes
- |{~2kDa
N

Figure 6.5.: Schemes of possible membrane insertion patterns and re-
sults of SDS-PAGE analysis of double-helix hairpins inserted in LepAH1.
Two glycosylation sites are present in this construct, placed N-terminal and C-terminal
with respect to the assayed double helix (A). Simultaneous insertion of both a-helices
should give rise to a doubly glycosylated product with around 4 kDa molecular weight
increase (B), or to a normal size non-glycosylated product (C). A band shift corre-
sponding to about 2 kDa mass increase is due to the insertion of only one a-helical
segment (D). E shows the results of in vitro expressions of 2>S-methionine-labeled
LepAH1/Bcl-xL-a5a6 (lanes 1 and 2), LepAH1/Bax-a5a6 (lanes 3 and 4) and
LepAH1/Bid-a6a7 (lanes 5 and 6) in reticulocyte lysate in the absence (lanes 1,
3 and 5) or presence (lanes 2, 4 and 6) of dog pancreas microsomes. All samples were
alkaline washed and pelleted before loaded in the gel. The band of glycosylated pro-
tein in lane 6 is marked with the black triangle. In F, the pellet and supernatant after
treatment of the microsomal samples with 4 M urea are shown for the LepAH1/Bcl-xL-
o506 (lanes 1 and 4), LepAH1/Bax-a5a6 (lanes 2 and 5) and LepAH1/Bid-a6a7
(lanes 3 and 6). The SDS-PAGE analysis of hydrophobic (lanes 1-3) and aqueous
(lanes 4-6) phases after Triton X-114 treatment is shown in G, for LepAH1/Bcl-xL-
o506 (lanes 1 and 4), LepAH1/Bax-a5a6 (lanes 2 and 5) and LepAH1/Bid-a6a7
(lanes 3 and 6).
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6. Membrane insertion fragments of Bcl-xL Bax and Bid

6.3. Membrane insertion of Bax fragments.

According to the predictions made above, the sequence of Bax contains various
hydrophobic segments which are analogous to similar fragments from Bcl-xL (see
figure 6.1). Among them, the C-terminal tail corresponding to the a-helix 9 in the
structure of soluble Bax (Bax-a9) shows important hydrophobicity and DAS score
peaks and is expected to function as TM. When the sequence of this fragment
(figure 6.2) replaces Lep H2, the Lep/Bax-a9 fusion is glycosylated in the presence
of microsomes (figure 6.6, A, lanes 1-4), which agrees with membrane insertion
of the assayed Bax-a9 fragment. With respect to the hydrophobic a-helix 5
from Bax (Bax-ab, figure 6.2) it behaves as its analogous fragment from Becl-xL.
Thus, the Lep/Bax-ab chimera gives a processed and glycosylated protein when
translated in the presence of microsomes (figure 6.6, B), which indicates that Bax-
ab can insert into the microsomal membrane. A possible cleavage site made of the
sequence ALC'?6 TK can also be found in the fragment Bax-a5, and processing
can be prevented in the presence of an inhibitor of the microsomal signal peptidase
(figure 6.6, B). Additionally, as we have seen before, the full-length Lep/Bax-ab
protein is barely glycosylated.

As a difference with respect to Bel-xL, the N-terminal a-helix 1 of Bax (Bax-
al), which showed modest hydrophobicity and DAS score (figure 6.1), can adopt
a TM position, as we deduce from the band of glycosylated protein that appeared
when the Lep/Bax-al chimera was assayed (figure 6.6, C).

With respect to a-helix 6 of Bax, when assayed alone in the corresponding Lep
fusion (Lep/Bax-a6), it did not insert across the membrane, since no glycosylation
was observed (figure 6.6, D).

Also in this case, we investigated the insertion behaviour of the double helix
fragment Bax-a5a6. Asshown in Figure 6E, the Lep/Bax-a5a6 chimera is neither
glycosylated nor processed when translated in the presence of microsomes. Since,
again, this result is ambiguous (see figure 6.6, I, J), we prepared and analysed a
LepAH1/Bax-aba6 chimera. After translated in the presence of microsomes, the
pellet of alkaline washed membranes shows only non-glycosylated LepAH1/Bax-
abab protein (figure 6.5, E, lanes 3 and 4). Similar to the case of LepAH1/Bcl-
xL-a5a6 (see above), the urea and Triton-X114 treatments also agrees with tight
association of the Bax chimera with the membrane (figure 6.5, F, G, lanes 2 and
5), which supports the simultaneous insertion of the two helices of the Bax-a5a6
hairpin.
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Figure 6.6.: SDS-PAGE analysis of Lep/Bax constructs. 33S-methionine-
labeled in vitro translation products in the absence (lane 1) and presence (lanes 2-7)
of dog pancreas microsomes. For lanes 3 and 6 a glycosylation acceptor tripeptide
(AP) was added in the reaction mixture, and for lanes 4 and 7 this was substituted by
a non-acceptor peptide (NAP). lanes 7 are from translation reactions containing an
inhibitor of the signal peptidase (ISP). Marks indicate glycosylated products (triangle),
processed and glycosylated products (diamond), and processed and non-glycosylated
products (circle).
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6. Membrane insertion fragments of Bcl-xL Bax and Bid
6.4. Membrane insertion of Bid fragments.

The hydropathy profile of this BH3 only protein is clearly different from those of
Bcl-xL and Bax (see figure 6.1). Here, two possible TM segments can be found,
made of a-helices 1 (Bid-a1) and 6 (Bid-a6) of the structure of the soluble protein
(figure 6.2), although only the second of them belongs to the active fragment tBid.
Additionally, a-helix 4 (Bid-a4) displays also appreciable hydrophobicity (figure
6.1).

When the Lep/Bid-al chimera is assayed, a faint higher molecular weight
band is observed in the presence of microsomes (figure 6.7, A). This is due to
glycosylation of the protein, as it is not observed in the presence of AP, and
indicates a weak tendency of the Bid-al fragment to insert into the membrane.
The weakly hydrophobic Bid-a4 fragment does not act as TM (figure 6.7, B).
With respect to the Bid-a6, assaying the corresponding Lep chimera resulted in a
pattern similar to the one found for Bel-xL-a5 and Bax-a5 (see above), although
the amount of full-length glycosylated chimera is somewhat higher. Thus, in
this case, both lower and a higher molecular weight bands were observed in the
presence of microsomes (figure 6.7, C, lane 2). Treatment with the AP inhibitor
shows that the two new bands correspond to glycosylated proteins (figure 6.7, C,
lane 3). Additionally, treatment with the signal peptidase inhibitor shows that
the lower molecular weight band was a processed chimeric protein (figure 6.7, C,
lane 5). A possible cleavage site (VAS'®! HT) was also found in the sequence of
Bid-a6 with the help of SignallP Nielsen et al. (1997).

Finally, we assayed the hairpin a6-a7 from Bid, which despite the low hy-
drophobicity of the fragment «7 is also considered as a colicin-like insertion do-
main. A Lep fusion containing this sequence (Lep/Bid-a6a7) gave rise to a higher
molecular weight glycosylation band (figure 6.7, D), indicating insertion of only
a-helix 6. As it happened in the previous cases, the modification was not quan-
titative, which we attribute to incomplete efficiency of the translocation process.
However, because here we are assaying a double helix fragment chances are that
the pool of unmodified protein contains species where both helices were success-
fully inserted (see figure 6.4, J). To test this possibility a chimera of the LepAH1
model protein was assayed. The result is shown in figure 6.5, E, lanes 5 and 6.
Part of the protein appears as a band corresponding to glycosylation of one site,
which is due to the TM insertion of just one fragment (figure 6.5, D), most likely
the more hydrophobic a-helix 6. However, most of the LepAH1/Bid-a6a7 fusion
retained after alkaline wash is not glycosylated, corresponding to insertion of both
a-helix 6 and 7. The urea and Triton-X114 treatments (figure 6.7, F |G, lanes
3 and 6) support that the LepAH1/Bid-a6a7 chimera is an integral membrane
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Figure 6.7.: SDS-PAGE analysis of Lep/Bid constructs. Lep chimeras
containing Bid hydrophobic fragments in place of TM domain H2 were translated in
vitro using reticulocyte lysate and 23S-methionine in the absence (lane 1) and pres-
ence (lanes 2-5) of dog pancreas microsomes. Glycosylation acceptor (AP) and non-
acceptor (NAP) tripeptides were added in the reactions corresponding to lanes 3 and 4,
respectively. Lane 5 is from translation reactions containing an inhibitor of the signal
peptidase (ISP). Marks indicate glycosylated products (black triangle), processed and
glycosylated products (black diamond), and processed and non-glycosylated products
(black circle).
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6. Membrane insertion fragments of Bcl-xL Bax and Bid

protein.

6.5. Short discussion and conclusion of this chapter

Although the results are widely and globally discussed in Part III of this thesis,
we record here the main ideas that can already be extracted from the results
presented in this chapter. We make also a summary of main conclusions, as well
as open questions to be addressed in the following chapters.
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7. Activity studies

The function of many Bcl-2 proteins has been related to their ability to perme-
abilise membranes, and the double-helix hairpins buried in the core of the soluble
structures of Bax, Bid and Bcl-xL, are considered to be the pore-forming domains
in these proteins. Although these domains have a significant amphipatic charac-
ter, they are predominantly hydrophobic. As we have shown in the previous
chapter for chimeric model systems, the hairpins associate tightly to biological
membranes, although only the first helix of these domains is found to act inde-
pendently as TM.

In this chapter we focus on the permeabilising activity of peptides encom-
passing the individual helices! of the hairpin domain. The peptides are obtained
by chemical synthesis and assayed on lipid vesicles of different composition and
planar lipid bilayers. Poration activity is found, which resembles the activity of
the full-length proteins. Moreover, the properties of the characterised pores and
channels allow proposing a model for their mechanism of action.

7.1. Ability to induce the release of contents from
LUVs

Permeabilisation of model membranes at a macroscopic level was studied by mea-
suring the release of calcein from LUVs made of different lipid compositions.
Interestingly, not all the peptides were able to permeabilise the vesicles at rel-
atively low concentrations. In all cases, Bax-a5 and Bax-a6 induced efflux of
the fluorescent dyes at nanomolar concentrations, although the Bax-ab peptide

!The peptides used for this study contain the segments that in the full-length, water soluble
parent proteins make the fifth and sixth a-helices of Bax and Bcl-xL, and the sixth and
seventh a-helices in the case of Bid. These are part of a characteristic hairpin that is taken
as a signature domain of this type of proteins. Fragments of these proteins encompassing any
of the original helices are normally named with the word “helix” followed by the corresponding
order number, and we just follow this use. Thus, this way of naming the fragments should not
be taken as a priori assumption of their structure, nor as a qualitative structural description.

111



7. Activity studies

displayed higher poration activity (figure 7.1). In the case of Bax-ab, two ver-
sions of the peptide were synthesised and analysed?. In the case of Bax-a5 In
the case of the peptides derived from Bid, Bid-a6 provoked calcein outflow at
two order of magnitude higher concentrations, while Bid-a7 shows permeabilising
activity at concentrations in the micromolar range. On the other hand, Bcl-xL-ab
and Bcl-xI.-a6 only released calcein at micromolar concentrations. Additionally,
the activities of the different peptides displayed markedly distinct responses to
changes of lipid properties. To better understand the influence of the lipidic en-
vironment, the effect of the lipid composition of the LUVs was systematically
analyzed.

7.1.1. Activity of Bax peptides
Influence of lipid charge

Because the peptides derived from the helix ab from Bax present a net positive
charge at neutral pH, an effect of net lipid charge on the activity of these peptides
was expected. Thus, release of calcein was measured for LUVs made of pure PC
(neutral), mixtures of PC and the negatively charged PA, PS and CL, and pure
PA in the case of Bax-a5%. Similar experiments were carried out with Bax-a5
using LUVs composed of PC and mixtures of PC and PS or CL. Interestingly, the
presence of negatively charged lipids reduced the activity of both peptides, that
exhibited a similar pattern of activities (see table 7.1). This inhibiting effect is
somewhat smaller in the case of PS than in the presence of PA or CL. A similar
result was obtained with Bax-a6, which has a net neutral charge. In this latter
case, the presence of CL or increasing concentrations of the negative PS results
in a decrease of activity too. These results may indicate a negative effect of
electrostatic forces on the activity of the Bax peptides (see Discussion, 7.1 on the
facing page).

2Due to the high hydrophobicity of the sequence, we initially synthesised the peptide corre-
sponding to the helix a5 of Bax with two flanking lysines in order to improve its solubility and
hence its purification and handling (Bax-a5%, see 7.1 on the next page). For a second series
of experiments, we were successful synthesising an extended version of the peptide, Bax-a5,
containing exclusively the natural sequence. Moreover this second version encompasses a
conserved region which is highly homologous with the helix a5 of Bcl-xL. Unexpectedly,
Bax-a5 was soluble enough and exhibited a higher activity than Bax-a5%, but conserving
the same activity pattern with the different lipidic compositions. The experiments carried
out with both peptides indicate they behave comparably on lipid membranes, thus promoting
much the same effects.
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7.1. Ability to induce the release of contents from LUVs

Table 7.1.: Effect of the lipidic composition on the release of calcein.

Lipip 1/Cso(uM~1)8
COMPOSITION™ Bax-ab5 Bax-a5¥ Bax-a6 Bcl-xL-ab Bcl-xL-a6 Bid-a6 Bid-a7
Effect of lipid net charge

PC 158.7 46.5 35.2 <0.5 0.56 <05 <05
PC:PS(75:25) 59.3 43.0 15.8 <0.5 0.56 285  0.73
PC:PS(50:50) 37.6 28.0 13.8 <0.5 0.88 6.07 1.4
PC:PS(25:75) 21.3 7.69

PA 5.2 5.05
PC:PA(50:50) 13.3 1.93
PC:CL(90:10) 35.3 10.9 5.7 <0.5 <0.5 0.80 0.9

Effect of intrinsic monolayer curvature

PC:LPC(95:5) 215.1 185.2 53.1 <0.5 0.88 <0.5 <0.5
PC:LPC(90:10) 238.1 238.1 69.4 <0.5 14 <0.5 <0.5
PC:LPC(80:20) 285.7 2.5
PC:PE(95:5) 52.1 <0.5
PC:PE(75:25) 198.0 56.4 28.3 <0.5 <0.5 <0.5 0.61
PC:PE(50:50) 175.4 63.5 16.3 <0.5 <0.5 <0.5 1.7
PC:PE:LPC(4:4:2) 158.7 0.64
Others
Asolectin 28.6 2.05
DPhPC 0.42 <0.5

*Lipid mixtures are reported on a molar base.
$Csois defined as the micromolar concentration of the particular peptide causing 50% of calcein

release. Typical standard deviations of the reported 1/Cso values were 8-12%.

Effect of intrinsic monolayer curvature

The poration activity of full-length Bax and Bax-type proteins is greatly influ-
enced by the intrinsic monolayer curvature of membrane lipids. The presence of
lipids with a positive intrinsic curvature, like lysophospholipids, enhances Bax ac-
tivity, while the opposite is observed for lipids with a negative intrinsic curvature
Basanez et al. (1999). To investigate the role of intrinsic lipid curvature in the
pores induced by Bax-ab and Bax-a6, we carried out experiments of release of
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Figure 7.1.: Calcein release from LUVs induced by peptides derived
from Bax. The percentage of calcein release calculated with equation 7.1 on the
preceding page is represented as a function of the concentration of added peptide. A)
shows the effect of Bax-a5, B) corresponds to Bax-a5% and C) to Bax-a6. Vesicles
were prepared with the following compositions: (square) PC, (circle) PC:LPC (90:10)
and (triangle) PC:PS (50:50).

calcein from PC LUVs containing increasing concentrations of lysophosphocholine
(LPC), positively curved, or phosphatidylethanolamine (PE), negatively curved.

As shown in figure 7.1, a large increase (near 6 fold) of the permeabilising
activity of the Bax-a5% peptide was observed in the presence of LPC. This marked
effect was seen already at a 5% molar ratio of the lysophospholipid, with a much
smaller increase between this ratio and 20% (table 7.1). Also an increase of
activity is observed for Bax-ab, although the enhancing effect is smaller in this
case, probably because Bax-ab has already a high base activity in pure PC LUVs.
In the case of Bax-a6, the presence of LPC also enhances the activity of the
peptide, which doubles the observed calcein release at 10% LPC, compared to
pure PC LUVs.

The effect of PE is summarised in table 7.1. The activity of Baxab is re-
duced significantly to about half of the base value in the presence of 50% PE.
However, for Bax-a5 or Bax-a5%, a small increase of activity was found in the
presence of PE, up to a 50% molar ratio. Interestingly, in ternary lipid mixtures
of PC:LPC:PE (40:40:20) , the enhancing effect induced by LPC appears to be
attenuated by the presence of PE (table 7.1, Bax-a5%). These results show that
spontaneous lipid curvature greatly affects the permeabilizing activity of the Bax
peptides, being principally enhanced by positive intrinsic curvature.
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7.1. Ability to induce the release of contents from LUVs

7.1.2. Activity of Bid peptides
Influence of the lipid charge

Both peptides, Bid-a6 and Bid-a7, contain a net positive charge and exhibited
an enhanced calcein release in vesicles containing negatively charged lipids with
respect to the neutral PC liposomes (see table 7.1). The Bid-a6 peptide displayed
permeabilising activity in the nanomolar range only in LUVs with a net negative
charge, and the effect of PS is stronger than that of PA or CL. This clearly indi-
cates an influence of electrostatic forces in the activity of this peptide. However,
the increase of activity for Bid-a7 due to the presence of negative charges was
much less pronounced (figure 7.2).
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Figure 7.2.: Calcein release from LUVs induced by peptides derived from
Bid. The percentage of calcein release calculated with equation 12.1 on page 193 is
represented as a function of the concentration of added peptide. A) shows the effect
of Bid-a6, and B) corresponds to Bid-a7. Vesicles were prepared with the following
compositions: (square) PC, (circle) PC:PS (50:50) and (triangle) PC:CL (90:10).

Effect of the intrinsic monolayer curvature

In contrast to the behaviour observed for the peptides derived from Bax, when
vesicles containing LPC or PE were assayed for the activity of Bid-a6 and Bid-a7
only small increments of the calcein release were observed (table 7.1). These re-
sults suggest that the intrinsic monolayer curvature of lipids is not a key parameter
affecting the permeabilising activity of the Bid peptides.
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7. Activity studies

7.1.3. Activity of Bcl-xL peptides

The helices ab and a6 of Bcl-xL show an important level of sequence homology
with the corresponding fragments of Bax (figure 9.5 on page 174). However, the
peptides derived from the Bcl-xL helices exhibit a weak permeabiling activity in
LUVs (approximately three orders of magnitude lower) compared to the activity
of the Bax peptides (figure 7?7 and table 7.1). In the case of Bcl-xL-a5, release of
calcein is observed for concentrations of the peptide well above 1 uM for any of the
lipidic compositions employed. On the other hand, Bcl-xL-a6 displayed a slightly
higher activity, in the micromolar concentration range, which was increased to
some extent in the presence of LPC or PS when compared with pure PC LUVs
(see table 7.1).
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Figure 7.3.: Release of calcein from LUVs induced by Bcl-xL peptides.
The percentage of calcein release calculated as in equation 12.1 on page 193 is rep-
resented as a function of the concentration of added peptide. A) shows the effect
of Bcl-xL-a5, and B) corresponds to Bcl-xL-a6. Vesicles were prepared with the
following compositions: (square) PC, (circle) PC:LPC (90:10) and (triangle) PC:PS
(50:50).

7.2. Study of the pore size: Release of high molecular
weight dextrans

Because the functional role of apoptotic Bcl-2 proteins is releasing proteins from
the mitochondrial intermembrane space, we want to have a estimate of the size
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7.2.  Study of the pore size: Release of high molecular weight dextrans

of the pores formed by our fragment peptides. With this aim, we evaluated the
induced release of partners larger than calcein (MW 622.55), like 20 kDa and
70 kDa dextrans labeled with fluorescein (FD-20 and FD-70, respectively) from
LUVs. Exit of entrapped dextrans at self-quenching concentrations, was moni-
tored as an increase in the fluorescence intensity with time, due to the dilution of
the fluorescent probe, as is released to the external solution, figure 7.4.
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Figure 7.4.: Release of fluorescein-labeled dextrans. A) and B) show the
time dependent percentage of release of FD-20 and FD-70 from egg PC LUVs induced
by Bax-a5, at the concentrations indicated. C) and D) show similar experiments
performed with Bax-a6 at the concentrations indicated in the graph. The arrow
indicates the time of addition of the corresponding peptides to the vesicle suspension.

We observed that both Baxab and Baxab provoked the release of dextrans at
nanomolar concentrations. In the case of Baxab, release of FD-20 is produced at
peptide concentrations similar to those observed for the concerted action of Bax
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and tBid, but higher concentrations were needed to release equivalent percentages
of FD-70. As observed previously in the calcein experiments, the membrane per-
meabilising activity of Baxa6 was lower, and it needed twice the concentration of
Baxab to promote a similar release of FD-20. Again, the Baxa6 peptide required
higher concentrations to release FD-70 to a similar extent. In contrast, none of
the peptides from Bcl-xL and Bid, assayed at concentrations up to 10 uM were
able to induce the release of FD-20 from egg PC LUVs.

These results indicate that only the peptides derived from Bax form large pores
in lipidic vesicles, enough to allow the exit of molecules with sizes comparable to
those of proteins.

However the possibility existed that the permeabilising activity was due to
micellisation of the LUVs membrane. In fact, such a “detergent-like” mechanism
has been described for some antimicrobial peptides, such as melittin at micromolar
concentrations, which solubilise the membranes into small fragments or disk-like
structures Dufourcq et al. (1986). To address this question, we measured the
changes in the size distribution of egg PC LUVs after treatment with the peptides
using quasi-elastic light scattering. The results obtained in one representative
experiment are collected in table 7.2.

Table 7.2.: Effects of Baxa5b, Baxab and Triton X-100 on the LUV size
and on the release of FD-20 from LUVs.

Additive* %Release LUV Polydispersity  Intensity

of FD-20  size (nm) (ke/s)

None 0 154.4 0.064 15.9
Baxab 99.5 176.8 0.158 15.7
Baxa6 56.5 174.8 0.173 154
Triton X-100 100 172.1 1 3.6

* Baxab concentration was 50 nM, Baxa6 concentration was 120 nM and concentration of Triton
X-100 was 1 mM.

As a control of vesicle solubilisation, we added 1 mM Triton X-100, which
is the detergent used in the release experiments to accomplish 100% of release.
The detergent effect of Triton X-100 dramatically decreased the intensity of the
signal and increased the polydispersity of the measure. This indicates that most
of the vesicles were destroyed, while those still remaining exhibited an unchanged
size. When the peptides, Baxab or Baxa6, were added at concentrations which
provoked the release of substantial amounts of FD-20 kDa, neither the size dis-
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tribution of LUVs nor the intensity of the scattered light were affected.

7.3. lon channel activity in PLM

To study the characteristics of the pore formed by Bax and Bid peptides at a
microscopic level, we performed experiments using planar lipid bilayers. This
technique allows the characterization of single channel properties, as voltage de-
pendence and ionic selectivity 7. We performed these studies with peptides Bax-
a5¥ and Bid-a6.

With planar bilayers made of DPhPC, which easily forms stable membranes,
the number of channel events induced Bax-a5® was very low, and negligible in
the case of Bid-a6 (not shown). In agreement with this behavior, both peptides
displayed a reduced release of calcein from LUVs containing DPhPC, compared
to LUVs made of PC alone (table 7.1). However, when bilayers made of PC:PA
(4:1 molar ratio) or asolectin (a natural mixture of plant lipids) were assayed,
the two peptides exhibited channel activity. We had previously tested asolectin
membranes for calcein release from LUVs (table 7.1).

Just upon addition of Bax-a5% to asolectin planar bilayers, it demonstrated
interaction with the membranes at low positive potentials. Yet, from +10 mV on,
a continuous increase in the current was observed. This behavior was maintained
at higher voltages and the slope current/time increased also with the potential
applied. However, such an effect was absent at negative potentials, for which
no currents were seen, while the same level of currents was recovered when we
changed again to positive voltages (figure 7.5, A). These results suggest that
positive voltages induce adsorption of Bax-a5% to the lipid bilayer and formation
of microchannels. In this state, the peptide remains attached to the membrane at
negative potentials, although no discrete channel activity occurs at these latter
conditions. The current/voltage plot of such a conductance state revealed some
voltage dependence, as shown in figure 7.6.

At a certain point, probably when the concentration of Bax-a5% attached
to the membrane achieved a critical level, very high conductance pores were ob-
served (figure 7.5, B), which varied between 0.3 and 5 nS. The current/voltage
characteristics obtained for this second state are given in figure 7.6, which shows
no voltage dependence of the single channel conductance. This channel kept open
during a long time at both positive and negative voltages, revealing a different
behavior from the fluctuations seen before, and eventually provoked membrane
disruption.

The permeabilising effect of Bax-a5% on planar lipid membranes was unex-
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20 pA

Figure 7.5.: Formation of ion channels by Bax-a5% in planar lipid mem-
branes. Addition of Bax-a5% to the buffer bathing the cis side of asolectin planar
lipid membranes increases the ion flux across the bilayer. A) Just upon addition of
the peptide, a microchannel-like increase in the ion current was observed at positive
potentials. B) Step-like current increases corresponding to the opening of one large
single channel (0.3-5 nS) were observed at several voltages, as indicated in the traces.
The reference scales on the right bottom of the traces indicate 5 pA on the Y-axis
and 2 s on the X-axis, except in the last trace, where the thicker scale refers to 50 pA
on the Y-axis and 20 s on the X-axis.
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Figure 7.6.: Current/voltage representation of the different permeabilis-
ing activities displayed by Bax-a5% corresponding to figure 7.5 A (white
circle) and B (black square).

pected for typical ion channels, which usually show more discrete and reproducible
conductance states and do not affect membrane stability, at least at low concen-
trations. A likely possibility is that toroidal pores are being formed, in which
both, the peptide and membrane lipids, are involved Basanez et al. (1999). If
this is indeed the case, the ionic selectivity of the pores should depend on the
electrical charge of the membrane lipids. To test this hypothesis we measured
the ionic selectivity in neutral and negatively charged membranes Anderluh et al.
(2003). We found that pores were cation selective in asolectin membranes (neg-
atively charged), but showed no selectivity on DPhPC membranes (neutral) (see
table 7.3). This effect strongly suggests that the pore lumen is lined by both,
peptide molecules and lipid head groups.

In the case of Bid-a6, different channel characteristics were again observed as
compared to Bax-a5%. Addition of the peptide to the solution bathing a PC:PA
(4:1 molar ratio) planar bilayer produced the opening and closure of different
discrete channels of small conductance. Up to eight step current-like transitions,
representative of ion channel formation, were observed simultaneously open (figure
7.7). The statistical analysis of these transitions led to an estimation of the
conductivity comprised between 13 and 15 pS. These channels opened equally at
both, positive and negative potentials, in a voltage-independent channel gating
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7. Activity studies

Table 7.3.: lon selectivity of Bax-a5% in planar lipid membranes.

P+/P-?
[NaCIJ(M)! Asolectin3® DPhPC?

0.27 6.5 -

0.43 5.9 1.0
0.57 6.2 1.0
0.70 6.2 1.1
0.82 6.3 1.4
0.93 - 1.8

! Saline concentration on the trans side. On the cis side, [NaCl] was always 0.140 M.

2 Ratio between the permeability cations (P+) and to anions (P-) that expresses the ionic
selectivity. Values above 1 indicate a cation selective channel. Values below 1 indicate that the
channel is selective for anions. A ratio of 1 indicates no selectivity for cations or anions.

3 Membrane composition.

manner.

7.4. Lipid transbilayer diffusion

Permeabilisation of membranes through formation of partially lipidic pores, as
suggested by the results above for the Bax derived peptides, implies the contact
between the two leaflets of the bilayer by means of non-lamellar structures created
by the pore lining lipids. As a consequence of this structure, the movement
of lipids from one monolayer to the other is allowed. If a peptide molecule is
able to induce such structures, it should also promote lipid transbilayer diffusion.
To test this possibility, we used the assay developed by Muller et al. Muller
et al. (2000) and described in section 7.1 on page 113. Briefly, it is based on
the spectral changes observed upon redistribution of pyPC from the external
leaflets to both of them. Incorporation of pyPC to LUV composed of egg PC was
fast, and the ratio Ig/Ip; remained practically constant during a time-course of
20 min in the absence of peptides, indicating that the spontaneous transbilayer
movement of the fluorescent analogue is negligible (not shown). As shown in
figure 7.8, addition of the peptides derived from Bid or those derived from Bcl-
xL, up to a concentration of 2 yM, showed no effect on the redistribution of
pyPC between the two monolayers. In contrast, addition Bax-ab or Bax-a6 at
nanomolar concentrations induced a rapid decrease of the Ig /I ratio, and thus,
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7.4. Lipid transbilayer diffusion

O

-100mV c

Figure 7.7.: lon channel activity displayed by Bid-a6 in planar lipid
membranes. When a solution containing Bid-a6 was added to the buffer bathing
the cis side of the membrane, discrete increases of the ionic current through the bilayer
were observed. Each step-like current increase corresponded to the opening of one
single channel with an average conductance of 13-15 pS. The closed state (C) and
the different open levels (O;) are marked with dotted lines, where i is the number of
single channels simultaneously open at the indicated voltages. On the right hand side,
the occupation histogram of each level is reported. The membrane composition was
PC:PA (1:1).

a rapid transbilayer lipid distribution.
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Figure 7.8.: Time dependent induction of lipid transbilayer diffusion
exerted by the peptides derived from Bax, Bid and Bcl-xL. The decrease
with the time of the Ig /I fraction upon addition of Bax-a5 at 20 nM (black squares)
and Bax-a6 at 40 nM (black circles) is shown. The peptides derived from Bid, Bid-a6
(white squares) and Bida7 (white circles), and those derived from Bcl-xL, Bcl-xL-a5
(gray squares) and Bcl-xL-a6 (gray circles), did not affect significantly I /Inr . In the
case of these latter peptides, three consecutive additions of peptide were performed:
final concentration of 500 nM was added at the time indicated by the first arrow, while
the second and third arrows indicate addition of up to 1 uM and 2 uM of peptide,
respectively.

Figure 7.9 shows the redistribution of the fluorescent lipid analog to the inner
leaflet as a function of concentration of Bax-ab or Bax-a6. For both peptides,
maximum activity was observed at concentrations of the same order as for the
activity of full length Bax and mixtures of Bax and tBid Terrones et al. (2004).
However, this activity is more pronounced in the case of Bax-a5, as Bax-a6 needed
twice the concentration of Bax-a5 to achieve a comparable decrease of Ig/Iyy.
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Figure 7.9.: Concentration dependent induction of lipid transbilayer
diffusion displayed in the presence of Bax-a5 and Bax-a6. The time
dependent decrease of I /Iy, induced at different concentration of the peptides was
analysed: 100 nM (diamond), 40 nM (triangle down), 20 nM (square), 10 nM (circle)
and 5 nM (triangle up). The arrow indicates the moment of addition of peptide.
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8. Structural studies

To better understand the activity observed for the different peptides, we per-
formed a structural characterisation of these molecules using CD and ATR-FTIR.
These techniques allow the rapid qualitative analysis of the content in secondary
structure of the peptides, and the study of the effects of different environmental
conditions. The CD spectra were analysed using the CDpro package, which com-
bines analysis with the CDSSTR, the CONTINLL and the SELCON3 programs
(see 4.5.1). In the case of Bax-a5¥ and Bid-a6, we performed also a quantita-
tive analysis of the FTIR spectra, thus obtaining the percentages of the different
elements of secondary structure present in the samples, and a estimation of the
orientation of the peptides with respect to the membrane plane.

8.1. Peptides derived from Bax

Bax-a5%

The secondary structure of Bax-a5% was analyzed by CD in aqueous media (figure
8.1, dotted lines) and in the presence of different concentrations of TFE (figure
8.1, A) or SDS (figure 8.1, B). Both lipid-mimetic environments induced a large
change in the conformation of the peptide, with respect to the spectra in water,
which was globally consistent with an increase of the a-helical structure.

To obtain a more detailed structural description, the CD spectra were analyzed
by using the CDPro suite of programs (SELCON3, CONTIN/LL and CDSSTR)
(Sreerama and Woody, 2000, 2004). Similar results were obtained with the three
programs and using the reference set of proteins SMP50, which includes 37 soluble
and 13 membrane proteins, therefore supporting the reliability of the structure
estimation. The results obtained from the use of the different methods were
finally averaged for each peptide and the dispersion of the results was estimated
calculating the standard deviation (see table 8.1).

In aqueous media, Bax-a5% contained less than 10% helical structure, be-
ing predominantly in a disordered state. However, the presence of TFE (up to
60%, figure 8.1, A) induced over 60% helical conformation, of which around 20%
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% Secondary structure®

H(r) H(d) S(r) S(d) Trn Unrd
Peptide® Medium® Av s Av s Av s Av s Av s Av s
buffer 2 2 5 1 22 3 12 1 23 1 36 1
20% TFE 34 1 18 04 5 1 5 0,1 15 1 23 1
Bax-a5% 60% TFE 37 2 21 1 1 4 1 14 1 21 1
0.5mM SDS 29 3 15 0,3 0,4 5 1 18 1 24 2
4mM SDS 34 1 18 1 1 4 03 16 1 23 6
buffer 23 6 15 2 10 2 7 1 19 4 26 3
20% TFE 62 5 26 2 0 1 0 1 3 1 9 6
Bax-a5 60% TFE 61 b5 27 2 0 1 0 2 1 1 11 5
0.5mM SDS 63 6 19 3 1 2 0 1 4 4 13 4
4mM SDS 61 4 25 3 0 1 0 1 4 2 10 6
buffer 13 1 10 1 20 4 9 1 20 2 28 3
20% TFE 27 4 15 0,2 8 1 6 02 18 2 26 2
Bax-a6 40% TFE 40 4 22 2 2 1 3 1 12 3 21 2
0.5mM SDS 33 3 16 0,2 8 1 5 03 15 2 23 3
4mM SDS 42 1 19 0,3 3 1 2 03 1 1 22 1

%All measurements were performed at 30 uM concentration of the corresponding peptide.

bBuffer medium was 10 mM NaH3POy4 at pH7. TFE or SDS were added at the concentrations indicated, over a
10 mM NaH2POy4 solution.

°H: helix, S: strand, Trn: turn, Unrd: unordered, (r): regular and (d): distorted, as defined by the standard
output of CDPro. Aw is the average of the results obtained with CDSSTR, CONTINLL and SELCON3, and s

is the standard deviation.
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8.1. Peptides derived from Bax
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Figure 8.1.: CD spectra of Bax-a5% in lipid-mimetic media. A and B
show the spectra of Bax-a5% in the pure aqueous buffer (dotted lines) or titrated
with increasing amounts of TFE or SDS, respectively (solid lines). In all samples the
peptide was at a 30 uM concentration, and the aqueous buffer was 10 mM sodium
phosphate, pH 7.0. The amounts of added TFE (in percentage) or SDS (in mmol/L)
are indicated in the graphs.

corresponded to a distorted a-helix. A similar effect was observed for samples
containing up to 6 mM SDS (figure 8.1, B), where more than 50% of the peptide
conformation was a-helical, even below the critical micellar concentration (table
8.1). Interestingly, almost all the helical structure was already induced at low
concentrations of TFE (20%) or SDS (5 nM).

The FTIR-spectra obtained for Bax-a5%, either in aqueous buffer or TFE sol-
vent, and in the presence of lipid vesicles, are shown in figure 8.3, A. Structural
changes were already evident when comparing the spectra in TFE with respect
to aqueous media. The secondary structure composition was estimated by de-
convolution and curve fitting with a set of single Lorentzian components, which
were then attributed to different structural elements (figure 8.3, A, and table 8.2).
The main difference was a significant decrease of the S-sheet aggregates in TFE,
as compared to the aqueous buffer (from 40% to 20%), while the distribution of
secondary structures in the non-aggregated part remained almost the same, i.e.
13% B-turn, 60% a-helix and 27% random coil. Interestingly, in the case of the
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Figure 8.2.: Infrared attenuated total reflection spectra of Bax-a5% in
PC vesicles. Deuterated films of Bax-a5% bound to PC vesicles (a, solid line)
and PC vesicles alone (b, dotted line). Indicated are the bands corresponding to:
CHj; stretching (asymmetric, as, and symmetric, s, at 2956 cm—1 and 2872 cm 1,
respectively); CH, stretching (asymmetric, as, and symmetric, s, at 2923 cm~! and
2853 cm™!, respectively); OD stretching of deuterated water; CO stretching of the
phospholipid carbonyl groups; amide I' and II" bands.

Bax-a5% peptide, the a-helical structure was represented by two bands, one at
around 1656 cm ! (@) and the other at 1646 cm ™! (ag). While the former ex-
hibited a frequency in the typical range for a-helices, the latter had an unusually
low frequency, which however had been previously observed in other membrane
binding peptides, like in the case of melittin (Sharon et al., 1999).

Bax-a5% co-sedimented with LUVs of PC or PC:PA (1:1) was next analysed.
The relative amounts of peptide bound to the lipid vesicles for the two lipid
compositions is shown in table 8.2. A high portion of the peptide appeared bound
to PC:PA LUVs, with a lipid/peptide (L/P) ratio of 80, quite near of the pre-
centrifugation ratio of 50. In contrast, the amount of Bax-a5% bound to pure
PC LUVs decayed to a half, with a L/P value of 160. Compared to the situation
in aqueous buffer, we observed a significant decrease of the aggregated portion
upon binding to PC:PA and PC LUVs, suggesting that the peptide bound to
the membranes in the non-aggregated form. In this non aggregated portion, an
increase in a-helical composition was also evident, at the expenses of S-turn and
random structures (figure 8.3 and table 8.2).

The large amounts of S-type aggregates observed by FTIR for this and the
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8.1. Peptides derived from Bax
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Figure 8.3.: Analysis of the amide I’ band of deuterated films of Bax-a5%
samples. B, Samples deposited from buffer (green solid line), from a TFE solution
(orange line) and from a suspension of LUVs composed by PC (blue line) or PC:PA
(1:1) (black line) are overlayed. The original spectrum (green line) was deconvoluted
and curve fitted to resolve the component frequencies. The corresponding Lorentzian
bands are reported as dotted lines and their sum (thick dashed green line) was su-
perimposed to the original spectrum. Bands labeled as Aggr and Aggr derive from
aggregated peptide and were excluded from the secondary structure calculation. The
other bands are: t (8-turn); a1 and as (a-helix); r (random coil). The evaluated
percentages of secondary structures are reported in 8.2. C, Spectra were taken with
either parallel (0°) or perpendicular (90°) polarization. The amide I' region of Bax-
a5% bound to PC vesicles was reported after subtraction of the lipid contribution.
The best curve fit with Lorentzian components (dotted lines) was superimposed as a
thick dashed line to the 90° polarized trace (solid line). The absorption bands in the
parallel and perpendicular configuration were used to calculate the orientation of the
corresponding structural element as reported in 8.3. Bands are: «; and as (a-helix);
t (turn); r (random coil) and Aggrand Agg;; (aggregated peptide).
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8. Structural studies

Table 8.2.: FTIR spectroscopic determination of the secondary struc-
ture of Bax-a5% in aqueous buffer, with and without lipids, and in TFE
solvent.

Medium %Secondary structure®
t a1 s T %PBAgg® L/P°
Wavenumber (cm™!) 1680+2 1656+1 1646+1 1636+1
buffer 12 28 34 26 37
TFE 13 27 33 27 17
LUVs PC 5 38 47 10 34 160
LUVs PC:PA (1:1) - 32 43 25 9 80

%t: B-turn, ajand a2: a-helix, r: random coil. Percentages refer to the non-aggregated peptide.
b8Agg: total aggregated peptide calculated from the relative areas of the corresponding Lorentzian bands
(Aggr and Aggyy in 8.3).

°L/P: lipid to peptide molar ratio.

other peptides studied (see below), as compared to CD, may be explained by
the different sample conditions used for each case. Thus, while samples for CD
measurements were of low concentration and completely dissolved, in the case
of FTIR measurements, aggregates may have build up while drying the samples
during the preparation of the films over the germanium crystals.

From the 0° and 90° polarized spectra of the inserted peptide, it was possible
to calculate the dichroic ratio of the helices and the orientation of their main axis
with respect to the perpendicular to the plane of the membrane (Menestrina, 2000)
(figure 8.3, B). With PC:PA LUVs, we obtained an average tilt angle (v, ) of 55°
and 83° for a1 and g, respectively, of Bax-a5¥ (table 8.3). When we considered
the average orientation of the lipid chains, their tilt angle was found to be 34° in
the absence of peptide, and increased to 41° in the presence of Bax-a5%. This
finding means that the binding of the peptide increased lipid disorder. The tilt
angles of the lipid chains were used to recalculate the relative orientation of the
helices with respect to the axis of the lipid chains (Menestrina, 2000), providing
an angle (yz) of around 59° and 90° for a; and ao, respectively, of Bax-ab¥
(table 8.3).

In the case of the PC LUVs, the lipid chains had already an average tilt of
about 42°, with respect to the normal of the membrane plane, and this did not
change appreciably upon binding of the peptides, which was consistent with the
lower binding observed. The orientation of the a-helical structures of Bax-a5X,
with respect to the lipid chains, was around 0° and 90° for a1 and as, respectively.
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8.1. Peptides derived from Bax

This suggested that the distorted a-helix, a9, seemed to be oriented parallel to
the membrane surface independently of the lipid composition, while the regular
a-helix, «q, appeared fully immersed into the lipid matrix and its tilt decreased
when negatively charged lipids were present.

Bax-ab

As shown in chapter 7, the two versions, Bax-a5% and Bax-a5, exhibits a compa-
rable permeabilising activity, in agreement with a common mechanism of action.
In fact, the peptide with the flanking lysines displayed a slightly lower ability to
release calcein. To assess the possible effects of the sequence differences on the
structure of these molecules, we also measured the spectra of Bax-a5 by CD and
ATR-FTIR in similar media and conditions as for Bax-a5%.

As shown in the CD spectra of figure 8.4, A and B, large conformational
changes were induced by the presence of TFE or SDS, with respect to the peptide
in pure aqueous buffer. However, and in contrast to Bax-a5% , Bax-a5 exhibited a
significant proportion of a-helix structure already in aqueous media. The presence
of this intrinsic helical structure, that reached nearly 40%, was corroborated in the
calculations with the CDPro program (see table 8.1). Again, the addition of low
amounts of SDS or TFE were enough to promote the maximum proportion of a-
helix observed, which in this case reached the outstanding value of 90%, if we sum
up the percentages of regular and distorted a-helix. Most of the helix induction
took place at expenses of the S-strand structure, which completely disappeared
in the presence of the lipid-mimetic reagents (table 8.1).

These results were in agreement with the ATR-FTIR spectra obtained for Bax-
ab in the different environments. The normalised amide I’ region of the different
spectra are depicted in figure 8.4, C. In samples made of Bax-a5 deposited onto
the Ge crystal from an aqueous solution (figure 8.4, C, green line), the major
contribution to the amide I’ band aroused from [-aggregates, but a significant
contribution of helical structure with an overall vibration around 1652 cm ! also
existed. The spectra corresponding to samples prepared in TFE, PC LUVs or
PC:PA (1:1) LUVs are represented overlayed (figure 8.4). The structural changes
induced by these media with respect to aqueous buffer are better appreciated
in difference spectra, as represented in figure 8.4, D. The latter reveal that the
conformational changes consisted mainly on the induction of helical structure,
while the B-aggregate components at 1622-1626 cm~! decreased. In contrast to
Bax-a5%, the major conformational change was stimulated by the PC vesicles
(blue line), followed by the PC:PA liposomes (black line) and the TFE solvent
(orange line). Interestingly, the presence of PC LUVs induced the appearance of a
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Wave PC PC:PA (1:1)
number  Vibration® (e)° Dichroic Form Angle Angle Dichroic Form Angle Angle
(cm™1) Ratio Factor (S) (yL)e© (yr)4 Ratio Factor (yL)© (yr)¢
Lipid alone
2920 as CHy stret. 90° 1.5940.01 0.3140.01 43°+1° - 1.3640.01 0.51+0.01 34°+1° -
2850 s CHj stret. 90° 1.56+0.01 0.33+0.01 42041° - 1.3440.01 0.53+0.01 34°+1° -
2870 s CHastret. 0° 3.20+0.70  0.25+0.13 45°+5° - 4.50£0.90  0.4240.09 38+4° -
Bid-a6
2920 as CHy stret. 90° 1.534+0.01 0.35+0.01 41°+1° - 1.46+0.01 0.424+0.01 38°+1° -
2850 s CH> stret. 90° 1.49+0.01 0.39+0.01 40°+1° - 1.42+0.01 0.45+0.01 37°+1° -
2870 s CHg stret. 0° 3.90+0.70  0.36+0.08 40°+4° - 3.80+0.60  0.34+0.11 41°+4° -
1655 Amide I’ a 30° 2.10+£0.10  0.04+£0.05 53°+2° 50°+5° 2.58+0.03  0.244+0.01  46°41°  34°4£2°
Baz-a5¥
2920 s CHj stret. 90° 1.5140.01 0.36+0.01 400+£1° - 1.5340.01 0.35+£0.01  41°+1° -
2850 as CHj stret. 90° 1.48+0.01 0.40+0.01 39°+1° 1.5040.01 0.38+0.01  40°+£1° -
2870 s CHs stret. 0° 3.40+0.80 0.2740.13 44°+4° 3.50+0.80 0.2940.18 43°+4° -
1656 Amide I’ ay 30° 3.64+0.22 0.52+0.04 34°42° 0°+2° 1.92+0.01 -0.04+0.01  55°+2°  59°+2°
1646 Amide I’ a3 30° 1.304+0.10 -0.40+0.10 80°+10° 90°+2° 1.2240.01 -0.464+0.01 83°+2° 90°+42°

%s, symmetric; as, asymmetric

bDirection of the variation of the dipole moment associated to the vibration with respect to the direction of the main molecular

axis (aliphatic chain or a-helix axis).

¢Average angle between the direction of the molecular axis and the perpendicular to the crystal plane (i.e. the membrane plane).

4 Average angle between the directions of the a-helix and the lipid chain axis.
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8.1. Peptides derived from Bax
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Figure 8.4.: CD and FTIR spectra of Bax-a5 in different media. A and
B show the spectra of Bax-a5 in the pure aqueous buffer (dotted lines) or titrated
with increasing amounts of TFE or SDS, respectively (solid lines). In all samples the
peptide was at a 30 uM concentration, and the aqueous buffer was 10 mM sodium
phosphate, pH 7.0. The amounts of added TFE (in percentage) or SDS (in mmol/L)
are indicated in the graphs. C, amide I' band of Bax-a5 in lipid bilayers deposited
from aqueous buffer (green), TFE (orange), and suspensions of LUVs made of PC
(blue) and PC:PA (1:1) (black). Spectra have been normalised to the amide I' region
for comparison. D, difference spectra of the amide I' region obtained by subtraction
of the normalised spectra of Bax-a5 deposited from TFE (orange) and suspensions
of PC LUVs (blue) or PC:PA (1:1) LUVs (black), from the normalised spectra of the
same peptide in aqueous buffer.
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8. Structural studies

maximum of absorption at 1648 cm ™!, which was comparable to the as component
observed for Bax-a5% | while the maxima of the peaks induced by PC:PA vesicles
or TFE were in the range of more typical a-helices, at 1652-1654 cm™".

Bax-a6

The permeabilising activity displayed by the fragment corresponding to the sec-
ond helix of the hydrophobic hairpin in Bax, Bax-a6, was very similar to that
observed for the peptide corresponding to the first helix of the hairpin, Bax-ab.
However, the CD and ATR-FTIR experiments performed with Bax-a6 reveal some
differences.

The CD spectra indicated that Bax-a6 presented around 20% helical structure
in water, as observed in figure 8.5, A and B (see also8.1). The titrations with
TFE or SDS induced an increase of the a-helical content, as expected. However
in contrast to the behaviour of Bax-ab, Bax-a6 experimented a gradual increase
in a-helix structure as the concentration of lipid-mimetic agents increased, which
reached up to around 60% in 4 mM SDS or 60% TFE. This increment in a-helix
was parallel to the decrease in the f-strand and turn contributions, while the
percentage of unordered peptide remained practically the same (table 8.1).

The qualitative analysis of the ATR-FTIR spectra revealed that the major
contributors to the amide I’ band in Bax-a6 deposited from aqueous solution
were - type aggregates coming from unstructured peptide, and a distorted a-
helix with a characteristic vibration at 1647 cm™!(figure 8.5, C). Unexpectedly,
the spectra obtained from a suspension of Bax-a6 with PC LUVs did not exhibit
large conformational changes, although the helical component at 1647cm™! was
then more evident, as observed in figure 8.5, C and D. In contrast, the presence
of TFE or PC:PA vesicles promoted considerable conformational rearrangements,
which consisted on the decrease of the aggregated structures (bands at 1624-1628
cm 1) and the appearance of a major helical element, with a canonical absorption
at 1654 cm™!.

8.2. Peptides derived from Bid

Bid-a6

When we analysed the CD spectra obtained for Bid-a6, we observed that about
30% of the peptide presented a random-coil structure in aqueous buffer, while
the helical fraction reached approximately 20% (table 8.5). The addition of TFE
again induced a rapid increase of the helical content, which reached values above
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Figure 8.5.: CD and FTIR spectra of Bax-a6 in different media. A and
B show the spectra of Bax-a6 in the pure aqueous buffer (dotted lines) or titrated
with increasing amounts of TFE or SDS, respectively (solid lines). In all samples the
peptide was at a 30 uM concentration, and the aqueous buffer was 10 mM sodium
phosphate, pH 7.0. The amounts of added TFE (in percentage) or SDS (in mmol/L)
are indicated in the graphs. C, amide I' band of Bax-a6 in lipid bilayers deposited
from aqueous buffer (green), TFE (orange), and suspensions of LUVs made of PC
(blue) and PC:PA (1:1) (black). Spectra have been normalised to the amide I’ region
for comparison. D, difference spectra of the amide I' region obtained by subtraction
of the normalised spectra of Bax-a6 deposited from TFE (orange) and suspensions
of PC LUVs (blue) or PC:PA (1:1) LUVs (black), from the normalised spectra of the
same peptide in aqueous buffer.
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Figure 8.6.: CD spectra of Bid-a6 in lipid-mimetic media. A and B show
the spectra of Bid-a6 in pure aqueous buffer (dotted lines) or titrated with increasing
amounts of TFE or SDS, respectively (solid lines). In all samples the peptide was at
a 30 puM concentration, and the buffer was 10 mM sodium phosphate, at pH 7.0.
The amounts of added TFE (in percentage) or SDS (in mmol/L) are indicated in the
graphs.

75%, with nearly 25% of it corresponding to a distorted a-helix (figure 8.6, A, and
table 8.5). In the titration with SDS, high levels of helical structure also appeared,
amounting to about 70% at 4 mM SDS. However, in this case, the induction of
structure was more gradual and needed higher concentrations of detergent than
in the case of the Bax peptides, as shown in figure 8.6, B.

Figure 8.7 shows the FTIR spectra obtained for Bid-a6 bound to PC:PA (1:1)
LUVs and for PC:PA (1:1) LUVs in the absence of peptide. When we analysed
quantitatively the amide I’ region, we observed the presence of a large aggregated
B-sheet component , as in the case of Bax-a5%, which was resistant to TFE and
constituted about 40% of the peptide (see figure 8.8, A and table 8.4). Passing
from water to TFE, or to a suspension of lipid vesicles, the non-aggregated portion
showed a strong increase in the a-helix content, from 30% to > 70%, and a
corresponding decrease of the random coil component. In contrast to Bax-a5%,
there was a single helical component in the case of Bid-a6, represented by a band
at 1655+2 cm ™!, typical for a-helix.

When the spectra of Bid-a6 bound to vesicles were analysed, a significant
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Figure 8.7.: Infrared attenuated total reflection spectra of Bid-a6 in PC
vesicles. Deuterated films of Bid-a6 bound to PC vesicles (a, solid line) and PC
vesicles alone (b, dotted line). Indicated are the bands corresponding to: CHjs stretch-
ing (asymmetric, as, and symmetric, s, at 2956 cm~1 and 2872 cm 1, respectively);
CH, stretching (asymmetric, as, and symmetric, s, at 2923 cm~—! and 2853 cm™1,
respectively); OD stretching of deuterated water; CO stretching of the phospholipid
carbonyl groups; amide I' and II" bands.
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Figure 8.8.: Analysis of the amide I’ band of deuterated films of Bid-a6 sam-
ples. Samples deposited from buffer (green solid line), from a TFE solution (orange
line) and from a suspension of LUVs composed by PC (blue line) or PC:PA (1:1) (black
line) are overlayed. The original spectrum (green line) was deconvoluted and curve
fitted to resolve the component frequencies. The corresponding Lorentzian bands are
reported as dotted lines and their sum (thick dashed green line) was superimposed
to the original spectrum. Bands labeled as Agg; and Agg;; derive from aggregated
peptide and were excluded from the secondary structure calculation. The other bands
are: t (B-turn); a (a-helix); r (random coil). The evaluated percentages of secondary
structures are reported in table 8.4. C, spectra were taken with either parallel (0°) or
perpendicular (90°) polarization, as indicated. The amide I" region of Bid-a6 bound
to PC:PA (1:1) vesicles was reported after subtraction of the lipid contribution. The
best curve fit with Lorentzian components (dotted lines) was superimposed as a thick
dashed line to the 90° polarized trace (solid line). The absorption bands in the par-
allel and perpendicular configuration were used to calculate the orientation of the
corresponding structural element as reported in table 8.3. Bands are labeled as: «
(a-helix); t (turn); r (random coil) and Agg (aggregated peptide).

140



8.2. Peptides derived from Bid

Table 8.4.: FTIR spectroscopic determination of the secondary struc-
ture of Bid-a6 in aqueous buffer, with and without lipids, and in TFE
solvent.

Medium % Secondary Structure®
t a T %BAgg® L/P°
Wavenumber (cm~!) 1681+1 1655+2 1642+3
Buffer 2 29 69 39
TFE 7 74 28 42
LUVs PC - 72 28 49 110
LUVs PC:PA (1:1) - 60 40 21 56

%%: B-turn, a: a-helix, r: random coil. Percentages refer to the non-aggregated peptide.
b8Agg: total aggregated peptide calculated from the relative areas of the corresponding Lorentzian bands
(Aggl and Aggllin ...).

°L/P: lipid to peptide molar ratio.

association of the peptide to PC:PA LUVs was observed. The L/P molar ratio
in the pellet, estimated by using equation 5.10 on page 90, was around 55. This
value is very similar to the pre-centrifugation ratio of 50 (see Materials and Meth-
ods, 5.10 on page 88), suggesting that virtually all the peptide was associated to
the vesicles. With PC LUVs, instead, the estimated L/P was around 110, indicat-
ing a two-fold lower association. The relative affinity of Bid-a6 for the two lipid
compositions showed the same trend observed for Bax-a5%, but in both cases it
was about 1.5 times higher for Bid-a6 (table 8.4). This is in agreement with the
fact that the presence of PC:PA (1:1) LUVs solubilise of an important part of the
aggregated peptide, which decreased from ~40% to around 20% (table 8.4 and
figure 8.8, A).

From the 0° and 90° polarized spectra of the membrane-bound Bid-«a6 peptide,
the dichroic ratio of the helices and the orientation of their main axis with respect
to the perpendicular to the plane of the membrane were calculated Menestrina
(2000) (see figure 8.8, B). With PC:PA LUVs we obtained an average tilt angle
(L) of 46° for Bid-a6 (table 8.3). When we considered the average orientation of
the lipid chains, their tilt angle was found to be 38°. This value was larger than
the 34° obtained for vesicles alone, and indicated that the binding of the peptide
increased lipid disorder, like in the case of Bax-a5. The relative orientation of
the helices with respect to the axis of the lipid chains (yz) was calculated from
these values Menestrina (2000), and an angle of around 34° was obtained for
Bid-a6 (table 8.3).
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Bid-a7

Titration of Bid-a7 with increasing concentrations of TFE and SDS gave rise to
the CD spectra showed in figure 8.9. This peptide was also mainly unstructured in
water solution, with circa 20% a-helix, and, as observed for the previous peptides,
it adopted a prevailing helical conformation upon addition of the lipid-mimetic
agents. In the case of Bid-a7, low amounts of TFE or SDS scarcely affected the
overall structure, and concentrations of at least 40% TFE or 2 mM SDS were
needed to induce significantly the helical component, which reached near 60%
in the first, and almost 50% in the presence of 4 mM SDS (see table 8.5). The
increase in helical structure was accompanied by a decrease in the §-strand and
turn components, while the unordered structure remained practically the same.

Figure 8.9, C, shows the superposition of the normalised amide I’ bands ob-
tained from ATR-FTIR measurements of Bid-a7 deposited from aqueous buffer,
TFE solvent or suspensions of PC or PC:PA (1:1) vesicles. In all cases, the major
component of the amide I’ region corresponded to S-aggregates with absorbances
in the range of 1624-1629 cm™!, which were resistant to TFE and lipid vesicles.
Absorbances of other secondary structure components were present in the spec-
tra, and corresponded to a-helix and turn structures, with vibrations in the range
of 1649-1652 cm~'and 1670 cm™!, respectively. The difference spectra displayed
in figure 8.9, D, illustrate the conformational changes induced by TFE or lipid
vesicles with respect to the aqueous solution. Similar to the case of Bax-a6, the
presence of PC vesicles barely affected the FTIR spectrum (blue line). The major
change was produced by the PC:PA liposomes (black lines), which significantly
increased the percentage of a-helix, while the presence of TFE (orange line) had
a similar, but lower impact.

8.3. Peptides derived from Bcl-xL

Bcl-xL-a5

In spite of the high level of sequence homology between the ab region of Bax
and Bcl-xL, the permeabilising activity of the Bcl-L-ab peptide is at least three
orders of magnitude lower than the activity of the Bax counterpart. The structural
studies carried out with the former peptide revealed other differences.

The CD spectra acquired for Bcl-xL-ab in aqueous buffer, and in the presence
of several amounts of TFE or SDS, are depicted in figure 8.10, A and B, respec-
tively. The peptide was practically unordered in water, with only around 10%
helical content. The addition of lipid-mimetic agents induced conformational ar-
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Figure 8.9.: CD and FTIR spectra of Bid-a7 in different media. A and
B show the spectra of Bid-a7 in the pure aqueous buffer (dotted lines) or titrated
with increasing amounts of TFE or SDS, respectively (solid lines). In all samples the
peptide was at a 30 uM concentration, and the aqueous buffer was 10 mM sodium
phosphate, pH 7.0. The amounts of added TFE (in percentage) or SDS (in mmol/L)
are indicated in the graphs. C, amide I' band of Bid-a7 in lipid bilayers deposited
from aqueous buffer (green), TFE (orange), and suspensions of LUVs made of PC
(blue) and PC:PA (1:1) (black). Spectra have been normalised to the amide I region
for comparison. D, difference spectra of the amide I' region obtained by subtraction
of the normalised spectra of Bid-a7 deposited from TFE (orange) and suspensions
of PC LUVs (blue) or PC:PA (1:1) LUVs (black), from the normalised spectra of the
same peptide in aqueous buffer.
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%Secondary structure®

H (r) H(d) S(r) S(d) Trn Unrd
Peptide® Medium® Av s Av s Av s Av s Av s Av s
buffer 10 2 11 0,3 15 2 10 1 21 1 33 1
20% TFE 41 7 23 5 2 2 1 5 21 8
Bid-a6 60% TFE 52 5 25 3 0 2 2 3 17 7
0.5mM SDS 12 1 10 0,4 19 1 1 23 1 27 1
4mM SDS 45 6 25 4 2 1 1 7 3 19 7
buffer 9 2 9 1 21 4 10 0,4 20 3 31 1
20% TFE 11 4 11 2 18 4 10 2 20 2 30 4
Bid-a7 60% TFE 38 4 19 3 4 1 4 2 14 3 21 6
0.5mM SDS 11 1 11 0,4 17 2 10 1 20 1 31 1
4mM SDS 31 8 17 2 6 3 5 2 16 5 25 6

%All measurements were performed at 30 uM concentration of the corresponding peptide.

bBuffer medium was 10 mM NaH3POy4 at pH7. TFE or SDS were added at the concentrations indicated, over a

10 mM NaHPO4 solution.

¢ H: helix, S: strand, Trn: turn, Unrd: unordered, r: regular and d: distorted, as defined by the standard
output of CDPro. Aw is the average of the results obtained with CDSSTR, CONTINLL and SELCON3,

and s is the standard deviation.
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8.3. Peptides derived from Bcl-xL

rangements to different extents. On one hand, the analysis performed with CDPro
indicated that the addition of increasing proportions of TFE induced the gradual
adoption of a-helical structure, and 60% TFE was needed to reach 50% helix
conformation. In contrast, the presence of SDS promoted a weak induction of a-
helix, which did not surpass 30% even at concentrations above the critical micellar
concentration of the detergent (see table 8.6).

The amide I’ band of the ATR-FTIR spectra obtained for Bcl-xL-a5 evidences
that most of the peptide existed in an aggregated form during the measurements,
with vibrations centered at 1622 and1637 cm ! (figure 8.10, C), typical of aggre-
gated and S-strand structures, respectively. The presence of TFE or lipid vesicles
reduced the absorbance of the aggregate at 1622 cm !, suggesting a solubilising
effect. These agents also increased the absorbance at around 1656 cm™!, indica-
tive of the appearance of some helical structure, at expenses of the f-structure.
As shown in the difference spectra in figure 8.10, D, these conformational changes
were small, compared to the previously studied peptides, and followed the trend
PC:PA>PC>TFE.

Bcl-xLa6

In the case of Bcl-xL-a6, the expected conformational change induced by the
presence of TFE or SDS was also observed in the CD spectra, as represented in
figure 8.11, A and B. TFE produced a sharp induction of helical structure when
increasing its concentration from 20% to 40%. More than 50% of the peptide was
arranged into an «a-helix in these latter conditions. In contrast, SDS induced the
same percentage of a-helix at concentrations as low as 0.5 mM. Further increase of
the SDS concentration caused a gradual enhancement of the helical content, up to
around 65%, which was mostly achieved at expenses of the 3-strand component.

ATR-FTIR spectra were also recorded for Bcl-xL-a6 deposited on the Ge
crystals from aqueous buffer, TFE and suspensions of lipid vesicles made of PC or
PC:PA (1:1). The amide I’ region of the FTIR spectra is represented in figure 8.11,
C. The peptide from aqueous environment presented a maximum of absorbance in
the region between 1620 and 1640 cm~! which indicated the presence of -strand
structure, and also of an extended, aggregated form. A smaller contribution in
the region of 1651 cm~! denoted the presence of helical structure. Addition of
TFE had a slight solubilising effect and induced the decrease of the absorbance
due predominantly to the S-structure, but also to the aggregated state, while
enhancing the helical contribution, as observed in figure 8.11, D. This trend was
stronger when lipid vesicles were present, and in the case of PC:PA vesicles, the
amide I’ region showed a well-defined peak centered at around 1651 cm~!, thus
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Figure 8.10.: CD and FTIR spectra of Bcl-xL-a5 in different media.
A and B show the spectra of Bcl-xL-a5 in the pure aqueous buffer (dotted lines)
or titrated with increasing amounts of TFE or SDS, respectively (solid lines). In all
samples the peptide was at a 30 uM concentration, and the aqueous buffer was 10
mM sodium phosphate, pH 7.0. The amounts of added TFE (in percentage) or SDS
(in mmol/L) are indicated in the graphs. C, amide I’ band of Bcl-xL-a5 in lipid bilayers
deposited from aqueous buffer (green), TFE (orange), and suspensions of LUVs made
of PC (blue) and PC:PA (1:1) (black). Spectra have been normalised to the amide
I' region for comparison. D, difference spectra of the amide I’ region obtained by
subtraction of the normalised spectra of Bcl-xL-a5 deposited from TFE (orange) and
suspensions of PC LUVs (blue) or PC:PA (1:1) LUVs (black), from the normalised
spectra of the same peptide in aqueous buffer.



Lyl

%Secondary structure®

H(r) H(d) S(r) S(d) Trn Unrd
Peptide® Medium® Av s Av s Av s Av s Av s Av s
buffer 3 3 6 1 19 5 11 1 23 1 38 3
20% TFE 8 4 7 2 22 3 11 1 22 2 30 1
Bel-xL-ab 60% TFE 34 3 20 2 3 1 4 1 15 3 24 2
0.5mM SDS 10 1 10 0.3 18 1 10 0.2 22 0,3 30 1
4mM SDS 15 2 13 2 10 3 8 1 22 1 32 2
buffer 8 0,4 11 0,4 14 2 10 0,3 23 1 34 0,2
20% TFE 20 1 15 0,3 9 1 7 0,1 21 2 28 1
Bcl-xL-a6 60% TFE 37 3 20 0.4 1 2 4 1 14 3 24 2
0.5mM SDS 35 2 19 1 1 1 4 0,3 15 2 26 2
4mM SDS 46 8 22 3 1 1 2 1 9 5 20 6

@ All measurements were performed at 30 uM concentration of the corresponding peptide.

bBuffer medium was 10 mM NaH2POQ4 at pH7. TFE or SDS were added at the concentrations indicated, over a
10 mM NaH2POy4 solution.

¢H: helix, S: strand, 7Trn: turn, Unrd: unordered, r: regular and d: distorted, as defined by the standard
output of CDPro. Avw is the average of the results obtained with CDSSTR, CONTINLL and SELCON3,

and s is the standard deviation.
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Figure 8.11.: CD and FTIR spectra of Bcl-xL-a6 in different media.
A and B show the spectra of Bcl-xL-a6 in the pure aqueous buffer (dotted lines)
or titrated with increasing amounts of TFE or SDS, respectively (solid lines). In all
samples the peptide was at a 30 uM concentration, and the aqueous buffer was 10
mM sodium phosphate, pH 7.0. The amounts of added TFE (in percentage) or SDS
(in mmol/L) are indicated in the graphs. C, amide I’ band of Bcl-xL-a6 in lipid bilayers
deposited from aqueous buffer (green), TFE (orange), and suspensions of LUVs made
of PC (blue) and PC:PA (1:1) (black). Spectra have been normalised to the amide
I' region for comparison. D, difference spectra of the amide I' region obtained by
subtraction of the normalised spectra of Bcl-xL-a6 deposited from TFE (orange) and
suspensions of PC LUVs (blue) or PC:PA (1:1) LUVs (black), from the normalised
spectra of the same peptide in aqueous buffer.
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suggesting that Bax-a6 was mainly in a helical conformation while the aggregated
component was practically disappeared (see figure 8.11, C).
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9. Discussion

9.1. Membrane insertion fragments in Bcl-xL, Bax
and Bid

Although the association of Bcl-2 proteins with intracellular lipid membranes
is crucial for their function, little is known about the characteristics of this in-
teraction. Activation of Bax is accompanied by translocation to the mitochon-
drial outer membrane, an extensive structural change, membrane insertion and
oligomerisation Antonsson et al. (2000); Desagher et al. (1999); Goping et al.
(1998); Nechushtan et al. (1999). This is facilitated by tBid Wei et al. (2000),
which also translocates and interacts with the MOM Desagher et al. (1999); Gross
et al. (1999). With respect to antiapoptotic Bel-xL, it constitutively resides at the
MOM, anchored through a C-terminal tail Kaufmann et al. (2003). But also in
this latter case, a more extensive membrane insertion should be hypothesised in
order to explain the ion channel activity observed in vitro Minn et al. (1997) and
the heterodimerisation-independent regulation of cell survival reported in vivo
Minn et al. (1999). Indeed, a change of membrane topology that implies insertion
of a-helix 5 has been recently observed in the case of Bcl-2 as a consequence of
apoptosis induction Kim et al. (2004a). One way to gain knowledge about the
structures of the active, membrane-bound species of Bcl-2 proteins is by defining
those segments which can be directly involved in membrane insertion.
Prediction of TM fragments of possible membrane proteins can be performed
by using a number of different algorithms. In the absence of known membrane
proteins which are homologous to the query sequence, the choice is restricted to
methods that use single sequence information. In this study we have used two of
such methods, based on different principles. TopPred takes into account a priori
principles, like hydrophobicity of the target sequence, and extra information in
the form of the distribution of positively charged residues (the positive inside
rule) von Heijne (1992). On the other hand, the analysis of DAS is of statistical
nature, because it involves indirect comparison of the query sequence with a
collection of non homologous, known TM proteins Cserzo et al. (1997). The good
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9. Discussion

agreement that we find in the output of both methods is significant and suggest
a possible TM character, of different degrees, for various segments of Bcl-xL, Bax
and Bid, corresponding to defined a-helices of their soluble structures (figures 6.1
on page 97 and 6.2 on page 99). These predictions are tested through glycosylation
mapping experiments, revealing that some weakly hydrophobic segments (below
the threshold of prediction) can also act as TM. Notably, among these latter
fragments are those corresponding to the second a-helix of the proposed pore
forming domains, which appear to insert in the membrane only as part of a
double-helix hairpin.

9.1.1. TM insertion of C-terminal and N-terminal helices

The C-terminal part of most type I and type II Bcl-2 proteins contain a canonical
TM fragment. In the case of Bcl-xL this has been reported to form a TM anchoring
tail, where specific targeting to the MOM depends on the presence of, at least, two
basic residues in the flanking ends Kaufmann et al. (2003). Here we confirm the
TM character of this sequence, since it is able to insert across the ER microsomal
membrane in a Lep chimera.

The C-terminal region of Bax, that includes a-helix 9 and the upstream con-
necting loop, has been shown to be necessary and sufficient for this protein to
target the MOM during apoptosis Schinzel et al. (2004). The loop residue Pro168
controls the conformational change that is necessary to release the a-helix 9 from
its firmly stabilised position in a hydrophobic cleft of the inactive soluble struc-
ture of the protein. We find that Bax-a9, including the residues of the preceding
loop, can function as a TM spanning fragment, at least in a Lep chimera.

At the N-terminal part of the three Bcl-2 proteins studied here, the most
hydrophobic fragment corresponds to a-helix 1 of Bid (figure 6.1 on page 97),
which does not belong to the active fragment, tBid, formed after caspase 8 cleav-
age. Nevertheless, glycosylation mapping shows that TM propensity of Bid-al is
very weak (figure 6.7 on page 109A). In agreement with this result, no membrane
binding has been reported for the N-terminal piece of caspase 8 processed Bid.
The function of the Bid-al hydrophobic fragment is most probably controlling
accessibility of the hydrophobic surfaces of the domain BH3 and the membrane
binding fragment Bid-a6 McDonnell et al. (1999).

On the other hand, the main difference between the membrane insertion prop-
erties of Bax and Bcl-xL is the behavior of the first a-helix of these two proteins.
From an NMR structural study of Bcl-xL in detergent micelles, Bcl-xL-al was
proposed to be able to interact with lipid membranes Losonczi et al. (2000).
However, we found no evidence of membrane insertion from the analysis of the
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9.1. Membrane insertion fragments in Bcl-xL, Bax and Bid

Lep/Bcl-xL-al chimera. Conversely, fragment Bax-al is found to insert across
the membrane. The reason for the different behavior of the Bel-xL-al and Bax-al
fragments might be the larger number of charged residues and the shorter stretch
of consecutive hydrophobic residues in the first one (see figure 6.2 on page 99).

The sequence of a-helix 1 from the structure of the water soluble Bax and the
Bax-al fragment analysed here (figure 6.2) overlap with a proposed N-terminal
mitochondrial targeting region (residues 20 to 37) Cartron et al. (2003). Associ-
ation of chimeric proteins containing this N-terminal segment with mitochondria
was found to be alkaline sensitive, suggesting that this sequence does not function
as a TM domain, but rather as a targeting sequence that interacts peripherally
with the MOM Cartron et al. (2003, 2004). However, it starts to become clear
Yethon et al. (2003) that the activation/membrane-insertion of Bax is a multi-
step process where both peripherally bound and membrane inserted forms may
be intermediate species (see Discussion, in 9.1.3 on page 161).

9.1.2. Hairpins of Bcl-xL, Bax and Bid: Synergistic insertion of the
two helices?

Because of structural analogy with the ion channel forming domains of diphtheria
toxin and bacterial colicins (see 2.3.1 on page 35 and 2.3.2 on page 38), the
ab-ab helical hairpin (a6-a7 of Bid) is regarded as a pore-forming domain. Site
directed mutagenesis and deletion studies support this idea and show that the ab-
a6 hairpin of Bel-xL (or its homologous Bcl-2) is important for the ion channel
activity of this protein in vitro Schendel et al. (1999) and for its cytoprotective
and antiapoptotic activities, independent of BH3 binding, in vivo Matsuyama,
et al. (1998); Minn et al. (1999). In the case of Bax, similar studies have shown
the importance of this domain for the mitochondrial localisation of this protein
ans its interaction with Bcl-xL Nouraini et al. (2000), as well as for its insertion
into the mitochondrial membrane and the release of cytochrome ¢ Heimlich et al.
(2004).

The first helix of the hairpin can insert across ER membranes

The colicin-like model involves membrane insertion of the central a-helical hairpin,
which apart from hydrophobic residues, contains also a significant number of acidic
and basic residues (figure 9.1). Here we find that the first helices of the hairpin:
ab from Bcl-xL and Bax, and its analogous a6 from Bid, can be predicted as clear
TM fragments. But, if we were to consider sequence data alone, the accompanying
a-helix from the proposed pore-forming domain (a6 of Bel-xL and Bax and a7 of
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9. Discussion

Bid) would only qualify as potential TM (although mildly) in the case of Bcl-xL
(see figure 6.1 on page 97). The analysis of Lep chimeras shows that Bcl-xL-a5,
Bax-ab and Bid-a6 can act as TM fragments. In these cases, glycosylation occurs
together with processing by the microsomal signal peptidase. Nevertheless, this
latter modification is most likely a coincidence of no physiological significance,
similar to that observed in other glycosylation mapping experiments van Geest
et al. (1999), that anyhow implies membrane insertion.

In agreement with membrane insertion of Bcl-xL-ab, it has been recently
reported that Cys158 of Bcl-2, which belongs to the a-helix 5 of this tail-anchored
antiapoptotic protein, is protected from chemical modification upon induction
of apoptosis and in response to BH3 peptides Kim et al. (2004a). These data
strongly indicate that Bcl-2 is activated through a topology change that involves
TM insertion of ab.

Insertion of the two helices of the hairpin: Possible sources of stability

Accepting insertion of helix ab of Bcl-2 in vivo, as just discussed, while the protein
remains anchored through the C-terminal tail Kim et al. (2004a), leads one to
admit insertion of a-helix 6, just due to topological reasons'. This is in line with
a preliminary solid-state NMR, investigation on Bcl-xL, which suggests that a-
helices 5 and 6 insert in the membrane Franzin et al. (2004), although with an
angle of 45°.

In our study, support for insertion of the second helices of the hairpins of
Bcl-xL, Bax and Bid, was only found when fragments containing the complete
hairpins were assayed. A rough comparison of the amounts of inserted protein in
the Lep chimeras of Bcl-xL-ab, Bax-a5 and Bid-a6, with respect to the LepAH1
fusions of their corresponding hairpins, indicates an increased insertion efficiency
in favor of the hairpins. In addition, in the LepAH1 fusions, the absence of gly-
cosylation bands indicates that the hairpins insert in the membrane as a whole,
with no independent insertion of any of the helices conforming the hairpin. These
results suggest the existence of complementarity, or a synergistic insertion, be-
tween the two a-helix fragments of each hairpin. One possible source for such
a complementarity might be favorable electrostatic interactions between charged
residues from each of the two a-helices of the the hairpin, which would help sta-
bilising both fragments in a membrane inserted state. Looking at the structures

Keeping both helices a5 and a9 simultaneously inserted across the membrane implies that
another segment between them should also cross the membrane. Helix a6 is the most obvious
candidate. In fact, in their model, Kim et al. Kim et al. (2004a) assume insertion of helix
a6, of which they do not have direct experimental evidence.
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Figure 9.1.: Ribbon structures and helix wheel representations of hair-
pins from Bcl-xL, Bax and Bid. The hairpin structures are part of the exper-
imental 3D structures of soluble forms of human Bcl-xL (PDB ID: 1IMAZMuchmore
et al. (1996)), human Bax (PDB ID: 1F16 Suzuki et al. (2000)) and human Bid (PDB
ID: 2BID Chou et al. (1999)). The a5-a6 hairpin sequence of mouse Bax, used by us
in this study, differs from that of human Bax by only Val150 to Gly replacement. Col-
ors red, blue, green and yellow in the ribbon figures correspond to acidic, basic, polar
and hydrophobic residues, respectively. The side chains of acidic and basic residues
are represented as bonds, with colors red, blue and gray used for oxygen, nitrogen
and carbon, respectively. For the helix wheels, only the 18 most central residues are
represented. Potentially charged residues, both acidic and basic, are written with
bold white characters over a red (acidic) or blue (basic) background. Residues are
numbered according to the corresponding full-length proteins.
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Figure 9.2.: Turn-inducing propensity at the interhelical regions of hair-
pins Bcl-xL-a5a6, Bax-a5a6 and Bid-a6a7. The scale of von Heijne
and coworkers Monne et al. (1999b) is used for the turn-propensity analysis.
Stretches of 15 residues are shown, with numbers for the first and last residue as a
superscript (numbering corresponds to the full length proteins). Residues written in
plain black characters are nonturn-inducers (normalised turn potential < 1). Residues
written in bold white characters are turn-inducers. They are highlighted according to
their turn potential as follows: cyan for a potential between 1.1 and 1.6 (Trp, Ser, Tyr,
Thr, Cys), green for a potential between 2.1 and 2.3 (His, GIn, Lys and Glu) and red
for a potential between 2.5 and 2.7 (Pro, Asn, Arg, Asp). Glycine (potential=1.9),
normally abundant in turns of water soluble and membrane proteins, is not present
in these sequences. The blue bars on top of the sequences represent their secondary
structure as determined for the full length proteins in solution: the thick light-blue
bar corresponds to a-helix and the thin dark-blue bar corresponds to the connecting
turn.

represented in figure 9.1, one can find that charge complementarity may indeed
exist. This can be more clearly envisioned in the cases of Bcl-xL (figure 9.1, A)
and Bax (figure 9.1, B), although it does not seem to be obvious in the case of
Bid (figure 9.1, C).

A second source of stability of the inserted hairpin can be the turn between
the two helices. It has been shown that charged and polar residues plus Pro and
Gly display turn induction in a poly(Leu) stretch Monne et al. (1999b,a). In
our case, we do not know exactly which are the amino acid residues that make
the turn in the membrane bound hairpins, although to a good approximation we
may assume that such turns are placed at positions similar to the ones found in
solution. In figure 9.2 we show a 15 residues extract of the interhelical region
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of Bcl-xL, Bax and Bid, where the residues are highlighted according to their
turn-inducing propensities Monne et al. (1999b). The dominance of turn-inducing
residues (normalised turn potential > 1) over non-inducing ones (turn potential <
1) is clearly noticeable. Among them, more than half have a high turn potential (>
2), and there are at least two residues in each region of the group of highest turn-
inducers (Pro, Asn, Arg and Asp, with potential > 2.5). In essence, the highest
turn promoters concentrate close to the actual turn of the hairpins found in the
structures of the soluble proteins, although we can predict slight shifts towards
groups of consecutive highly turn-inducers. Thus, in the membrane bound form
we can expect the turn of Bcl-xL-ab5ab6 to be centred around 156DKE158, while
in the Bax-abab6 and Bid-a6a7 hairpins the turn is expected to leave the Pro
residue at the N-terminus of the second a-helix Monne et al. (1999b).

As a third source of stability for inserted hairpins configurations, we will con-
sider the interaction of charged residues at both ends of the a-helices with the
polar head regions of the membrane. Particularly, there exists a large number
of charged groups in the loop connecting the two helices of the hairpins (figure
9.2). Thus, in our experiments, once inserted by the translocon, the hairpin might
be locked at a TM fashion, where electrostatic interactions at both sides of the
membrane might compensate an opposing hydrophobic mismatch effect due to
the relatively short hydrophobic stretch of these helices.

Are the hairpins true TM domains?

A recent EPR investigation of Cys-labeled tBid mutants shows that in this pro-
tein, the first helix of the ab6a7 hairpin inserts up to the hydrophobic region of the
membrane with a small tilt angle, while a7 lays essentially flat in the polar inter-
face and exhibits weak interactions with the hydrophobic core Oh et al. (2005).
Additionally, solid-state 2D 1®N NMR measurements indicate that none of the
helices of tBid deviate from an approximately parallel orientation with respect to
the membrane plane (gong04). This appears to contradict our results and raises
the question of whether the membrane inserted hairpin of tBid, and Bcl-2 proteins
in general, are indeed TM spanning domains.

Although we could argue that the protein context (tBid versus the chimeric
LepAH1 construct) and/or experimental differences (spontaneous insertion in
synthetic membranes, versus translocon dependent insertion) might justify the
differences, we start by critically discussing our own results.

Indeed, because the results from the experiments based on the LepAH1 con-
struct stand on the absence of glycosylation, a TM insertion of the hairpins can
not be directly concluded. The alkaline wash, urea treatment and Triton-X114
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partitioning experiments demonstrate a strong association of the hairpins with
the membrane (figure 6.5 on page 105). Such a tight binding is characteristic
of integral membrane proteins and implies hydrophobic interactions between the
protein and the acyl chains of the lipids. On this basis, we conclude that the
hairpins must be inserted.

It must be also pointed out that a peripheral arrangement of tBid, as proposed
by the EPR and NMR structural studies, is not easily conciliable with the mem-
brane permeabilising and lipid reorganisation activities described for this protein
Degli Esposti (2002); Epand et al. (2002a); Kim et al. (2004b); Schendel et al.
(1999). These apparent contradictions coud be explained if we consider the pres-
ence of membrane inserted species that might have escaped observation by the
NMR or EPR methods. Additionally, the existence of induced non-lamellar struc-
tures increasingly seems to be implicated in the activity of Bcl-2 proteins Basanez
et al. (2001, 2002, 1999); Epand et al. (2002a); Terrones et al. (2004). As we dis-
cuss later in this work, our own findings of membrane permeabilisation exerted by
a peptide encompassing helix a6 of Bid, and the structural characterisation of this
molecule in lipid membranes by ATR-FTIR again supports membrane insertion
of tBid.

In the case of Bcl-xL, a TM insertion of the hairpin domain finds indirect
support from other literature data. As we have mentioned above, an structural
study by 1D '°N solid-state NMR is in agreement with tilted insertion of some
of the helices Franzin et al. (2004). Additionally, the antiapoptotic protein Bcl-2,
which is similar to Bcl-xL, has been shown to protect part of the sequence of helix
ab by inserting in the membrane Kim et al. (2004a). Membrane insertion of the
abab domain agrees also with the ion channel activity observed for this protein
Basanez et al. (2001); Minn et al. (1997), although we find very weak poration
activity associated to peptides containing the sequence of the single helix (see
below).

The case of Bax: TM spanning at the edge of a pore

Finally, the case of Bax seems to be special. The ability of this protein to form
partially lipidic pores has been reported in a series of papers by Basanez and
coworkers Basanez et al. (2002, 1999); Terrones et al. (2004), and we have found
that this activity resides on sequences included in the hydrophobicaba6 hairpin
(see chapter 9.1 on page 157). But, can these observations be related to a TM
insertion of the hairpin? The interaction of Bax with lipid membranes may be ac-
companied by formation of non-bilayer structures, as proposed in the toroidal pore
model for the activity of some antimicrobial peptides and bacterial toxins Ander-
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luh et al. (2003); Zakharov et al. (2004); Huang et al. (2004); Sobko et al. (2004).
In such a configuration, the Bax hairpin may indeed span the bilayer, although in
a different arrangement with respect to a regular TM fragment. Moreover, bind-
ing at a toroidal pore rim would solve apparent contradictions, like the presence of
Lys polar residues within the membrane spanning region, as they can be exposed
to the lipid head-groups region while the rest of the peptide keeps immersed in
the hydrophobic core. Similarly, the short length of the hydrophobic region, as we
find in the Bax hairpin domain, can be better stabilised close to the edge of the
toroidal pore, where the hydrophobic thickness is reduced. In fact, hydrophobic
mismatch could be an important factor in the mechanism of pore formation, as
membrane thinning can be a source for membrane tension that destabilises the
lamellar phase and favours the pore. In addition, hydrophobic mismatch can as
well stabilise the pore, once formed, by reducing line tension Huang et al. (2004).

9.1.3. Models for membrane insertion

Based on the above results and data from the literature we propose schematic
membrane insertion models for the three proteins studied in this work (figure
9.3). The models start with constitutive inactive forms, found in the absence
of apoptotic signals (figure 9.3, 1), and assume the existence of intermediate
species, peripherally bound to the membrane (figure 9.3, 2), previous to active
membrane inserted forms (figure 9.3, 3). Stepwise mechanisms of insertion have
been proposed before in the cases of Bax and Bcl-2 to explain different degrees of
membrane/protein interaction and to provide multiple levels of regulation Yethon
et al. (2003); Schinzel et al. (2004); Kim et al. (2004a).

In healthy cells, Bcl-xL exists constitutively bound to the OMM through the
C-terminal anchoring tail, but a small water soluble fraction has been also found.
Interestingly, in the soluble fraction Bcl-xL forms homodimers, and the C-terminal
domain seems to be involved in the dimerisation Jeong et al. (2004). Solid-state
NMR data indicate that the interaction of Bcl-xL (depleted of its C-terminal
hydrophobic tail) with synthetic lipid membranes involves insertion of the a5-a6
hairpin, while the rest of the protein lays parallel to the bilayers Franzin et al.
(2004). This umbrella-like model (figure 9.3, A3) agrees with the data reported
here and with cysteine modification studies of Bcl-2 Kim et al. (2004a). In this
latter case, interaction with a BH3 domain might work as a trigger for the change
of topology from the tail-anchored form (figure 9.3, Al). However, insertion of
helix ab appears to require additional proteins, as it is not observed in liposome
membranes Kim et al. (2004a). This suggest the existence of an intermediate
state, similar to the case of the pore forming domain of colicin E1 Zakharov and
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Figure 9.3.: Models of membrane insertion as a simplified two step
process. Bcl-xL is represented in A, with the C-terminal hydrophobic tail coloured in
yellow and a-helices 5 and 6 in red. Bax is represented in B, with helices al in green,
a5 and a6 in red and a9 in yellow. Bid is drawn in C, where the caspase-8 cleavage
site is indicated with an arrow, the N-terminal fragment is coloured in orange and
helices a6 and a7 in red. Column 1 corresponds to the constitutive inactive species,
in the absence of apoptotic stimuli. Upon apoptotic signal triggering, the latter
evolves into a membrane inserted species, represented in column 3, passing through
a hypothetical intermediate represented in column 2. The models in 1 are based on
the experimental structures of water soluble forms of these proteins Muchmore et al.
(1996); Suzuki et al. (2000); McDonnell et al. (1999). The models in 3 are based
on data from this work, in agreement with literature data in the case of Bcl-xL Kim
et al. (2004a)Franzin et al. (2004). The models in 2 are proposed by analogy with
the mechanism of insertion of the pore-forming domain of colicin E1 Zakharov and
Cramer (2002), taking also into account data from references Yethon et al. (2003);
Kim et al. (2004a)(gong04). The transitions 1—2 and 2—3 are most likely regulated
processes, with the expected interplay of other proteins not shown in the figure (see
the text).
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Cramer (2002), where it has been proposed that, prior to the integral membrane
state, the protein arranges in the membrane interfacial layer as an extended mobile
helical array (figure 9.3, A2).

A multistep mode of insertion may also apply to Bax. As a consequence of
activation of apoptosis, cytoplasmic Bax (figure 9.3, B1) relocalises at the MOM.
Targeting to mitochondria is accompanied by structural changes and strong as-
sociation to the lipid membrane, followed by oligomerisation and formation of a
pore. In this sequence of events, a change in conformation of the inactive, water
soluble form, would act as a preliminary step that releases the C-terminal (a9)
and N-terminal (al) hydrophobic helices, and the central hydrophobic hairpin.
It has been suggested that the conformational change is controlled at the level
of two Pro residues: Prol3, that controls exposition of a-helix 1, and Prol68,
that controls disclosure of the ab5a6 hairpin through a displacement of a-helix 9
Cartron et al. (2004); Schinzel et al. (2004). Additionally a salt bridge between
Asp33 (from a-helix 1) and Lys64 (from the BH3 domain) might also be involved
in the mitochondrial addressing of Bax. The partially open intermediate would
be capable of targeting to the mitochondrial membrane, where the structural
transition proceeds to give a membrane associated, though neither inserted nor
oligomerised species (figure 9.3, B2). Evidence for a peripherally bound interme-
diate is provided in a recent in vitro study Yethon et al. (2003). In a subsequent
step, probably mediated by tBid, TM insertion of fragments Bax-al, Bax-a9 and
the Bax-a5a6 hairpin may happen (figure 9.3, B3). This latter state would be
prompted to formation of a toroidal pore, due to the surface tension generated
by a strong membrane-protein interaction. In the final pore state, Bax would be
stabilised as an oligomer, as it has been reported Antonsson et al. (2000); Eskes
et al. (2000).

In a recent study, Vallette and colleagues report that the N-terminal and C-
terminal helices of Bax are involved in targeting to the OMM and exposure of the
abab hairpin, respectively, without acting as TM insertion domains Cartron et al.
(2004), and thus leaving the hairpin as the only TM fragment. However, from
their data one cannot conclude that the membrane inserted state of Bax involves
only the two hairpin helices. Accepting that al and 9 have a preliminary role
in controlling membrane targeting and change in conformation, once the protein
gets close to the membrane, these two helices may as well insert. As we have
shown here, both al and a9 exhibit a sufficient TM potential for them to acquire
an inserted state in their natural context.

With respect to Bid, membrane targeting must be preceded by an apoptosis
activation signal, provided by the caspase-8 digestion of the inactive cytoplasmic
full-length protein Luo et al. (1998); Li et al. (1998) (figure 9.3, C1). Interaction
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of the active C-terminal fragment, tBid, with synthetic lipid membranes has been
recently studied by solid-state 1H/15N NMR and by EPR experiments on cysteine
mutants. In the NMR studyGong et al. (2004), all a-helices appear to interact
with the membrane in a parallel fashion. On the other hand, in the EPR analysis
Oh et al. (2003), the authors report the tight binding of the a6a7 hairpin of tBid
to membranes, which is considered as inserted through the a6 helix, although
not in a TM fashion. As we have dicussed above, this does not completely agree
with our data and previous reports claiming that tBid behaves as an integral
membrane protein Gross et al. (1999). However, the possibility exists that the
structures observed by NMR and EPR correspond to an intermediate membrane
bound state (figure 9.3, C2), previous to an inserted state (figure 9.3, C3), for
which the activity of additional specific elements might be required. Indeed, the
insertion of tBid in the membrane may need the presence of specific mitochondrial
lipids, like cardiolipin Lutter et al. (2000), or the assistance of proteins present in
the MOM, as we have also discussed above for Bcl-xL and Bax.

9.2. Activity and structure of peptides derived from
the putative pore forming hairpins

The regulation of release of apoptotic factors from the mitochondria involves
alteration of the permeability properties of the outer membrane of this organelle,
which is believed to be performed by proteins of the Bcl-2 family. Members of
this clan, like Bax, Bid and Bcl-xL, can form ion channels, and in some cases,
permeabilise lipid vesicles to large molecules, in a way that is, however, still not
well understood at the molecular level. Similar to the pore forming domain of
colicins and other bacterial toxins, there exists in most Bcl-2 proteins a hairpin
of two hydrophobic a-helices that are considered to be responsible of membrane-
insertion and pore formation. As we have just seen, our glycosylation experiments
show that the first fragment of the hairpin of Bax, Bcl-xL and Bid, namely «-
helices 5, and 6 in the case of Bid, has the capacity to insert across natural lipid
bilayers in the absence of the rest of the protein. Additionally, the complete
hydrophobic hairpins interact strongly with lipid membranes (see chapter 9.1 on
page 157). Continuing with such a reductionist approach, we now discuss the
poration activity of peptides including the helices? o5 and a6 of Bax and Bcl-xL,

2The word helices means no assumption of the structure of these molecules. It refers only to
the structure found for these fragments in the corresponding soluble species of the protein
from which they are derived. The actual structure in relevant lipid-mimetic and lipidic media
is discussed below in this section.
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and a6 and a7 of Bid, are reported here.

We have found that both peptides derived from Bax, namely Bax-ab and
Bax-a6, and the peptide Bid-a6, induce the release of calcein from lipidic vesi-
cles at a physiological pH and at concentrations close to those reported for the
full-length proteins. Additionally, we show that the Bax peptides release dextrans
of high molecular weight through a pore structure that allows also lipid transbi-
layer diffusion. The peptides Bax-a5% and Bid-a6 also show the ability to form
ion conducting channels in planar lipid bilayers, but exhibit a different pattern
of channel formation. Moreover, the peptides derived from Bax distinguish from
those of Bid-a6 by their behavior when we study the effect of the lipid composition
in LUVs. These facts, together with their distinct pattern of orientation with re-
spect to the membrane plane, indicate that they follow different permeabilisation
mechanisms.

In contrast, the peptide fragments derived from Bcl-xL, namely Bcl-xL-a5 and
Bcel-xL-a6, as well as Bid-a7, were unable to permeabilise lipid vesicles at con-
centrations below micromolar. Here we discuss the biophysical characterisation
of the peptides derived from the putative pore forming helices of Bax, Bid and
Bcl-xL and their interaction with membranes.

9.2.1. Bax-a5 and Bax-a6 independently exhibit a pore forming
activity similar to that of full length Bax

Two peptides were synthesised with the sequence corresponding to the helix ab of
Bax (see footnote on page 111), namely Bax-ab (containing residues 102 t0135)
and Bax-a5¥ (containing residues 108 tol135 and one extra Lys on each side)
(see sequences on table 5.3 on page 86). Both peptides displayed a very simi-
lar membrane permeabilisation activity on LUVs loaded with calcein, with also
similar dependence on the lipid composition. The major difference observed be-
tween them is the slightly higher activity displayed by Bax-ab, probably related
to its higher a-helical content in lipid vesicles and lipid-mimetic environments (see
figures 8.1 and 8.4 and table 8.1). Although both peptides have a net positive
charge, this is higher in the case of Bax-5% (46 in this latter case versus +3 in
the case of Bax-a5). This may explain the different solubilisation observed for
these two peptides in the presence of negatively charged PC:PA LUVs. Thus, bax-
ab adopts a predominantly helical structure in PC LUVs, with a small residual
B-aggregate fraction, while the solubilisation of aggregates is lower in the pres-
ence of PC:PA LUVs, as observed in the FTIR spectra (figures 8.3 on page 131
and 8.4 on page 135). The opposite behaviour is observed in Bax-a5% (higher
solubilisation of S-aggregates in PC:PA LUVs than in PC LUVs), presumably due
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to enhanced interactions between the negative charges of PA head-groups and the
higher net positive charge.

The quantitative analysis of the amide I’ frequencies was performed with more
detail in the case of Bax-a5%. A deconvolution of the Lorentzian bands reveals
the existence of two types of helices for this peptide, one with a typical absorbance
at around 1656 cm~!and a second one with an absorbance in the region of 1646
cm™!, being both of them also distinguished by their relative orientation in PC
and PC:PA LUVs (table 8.3 on page 134). These two types of helices may also
be found in Bax-a5. Although no deconvoluted, the spectrum of this peptide in
PC LUVs shows a peak of absorbance at around 1648 cm™!, which could be a
combination of the two a-helix components.

The structural analysis of Bax-a6 revealed a similar arrangement into an a-
helix when passing from an aqueous environment to lipidic or lipid-mimetic con-
ditions. In spite of the net neutral charge of the Bax-«a6 peptide, incubation with
PC:PA vesicles had a higher solubilising effect than PC vesicles, as observed in
figure 8.5 on page 137. Interestingly, the presence of a component absorbing at
around 1647 cm ™! can also be deduced from the FTIR spectra and, comparably to
Bax-ab, be attributed to the presence of a distorted a-helix. The similar features
of the permeabilising activity of both peptides agree with this interpretation.

The data obtained with the peptides derived from the helices 5 and 6 of Bax
indicate that these peptides induce, independently, the formation of lipidic (or
partially lipidic) pores of toroidal-like structure.

Toroidal pores formed by Bax peptides

The release of calcein from lipid vesicles by the Bax-ab and Bax-a6 peptides
is markedly enhanced by the positively curved LPC. In the case of Bax-a6, the
calcein release is reduced in the presence of PE, but the same lipid produces a small
enhancement of the activity of Bax-a5. Additionally, for this latter peptide, PE
appears to exert some attenuation over the enhancing activity of LPC (table 9.1
on page 157). As we have explained in the introductory part, the spontaneous
curvature of lipids has a direct effect in the stabilisation of non-lamellar structures,
which is related to the formation of pores of toroidal structure.

Because of its geometry, a toroidal pore is characterised by possessing positive
curvature, at the place of monolayer fusion, as well as negative curvature, all
around the pore rim (figure 9.4 on page 170) Valcarcel et al. (2001). However, the
negative curvature is large only for very small pores, and decreases rapidly as the
pore radius increases. In contrast, positive curvature stress will increase with the
pore radius, being normally the dominant effect. Thus, while lipids with intrinsic
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positive curvature should generally favor pore formation, negatively curved lipids
are expected to favor small sized pores but oppose large pores. For example,
small amounts of negatively curved cone-shaped lipids have been shown to favor
the small pore formed by sticholysins (around 1 nm radius), which is proposed
to be of toroidal nature Valcarcel et al. (2001). In contrast, the much larger
proteo-lipidic pores formed by full-length Bax, allowing passage of at least 70
kDa dextrans ( approximately 5.9 nm Stocks radius), are inhibited by lipids with
intrinsic negative curvature Terrones et al. (2004); Basanez et al. (2002). In line
with these ideas, the increased activity of the Bax-ab and Bax-a6 peptides in the
presence of LPC, as observed here, suggests a reduction of the positive curvature
stress of toroidal pores formed by these peptides. Additionally, the moderate
but different effects of the PE, depending on the analysed peptides, could in
principle be related to the stabilisation of pores of moderate size, which may be
smaller in the case of Bax-ab than in the case of Bax-a6. These effects have been
characterised from the release of calcein, which is a 0.6 kDa molecule that can exit
the vesicles through small pores. Thus, the weak enhancing effect of PE observed
for Bax-ab could be explained in terms of the stabilisation of pores of small size.
To test this possibility, the effect of PE should be reevaluated through the study
of the release of high molecular weight dextrans.

Pore size and lipid transbilayer diffusion

In concerted action with tBid, Bax has been reported to release fluorescent dex-
trans of high molecular weight form lipidic vesicles Kuwana et al. (2002); Terrones
et al. (2004). Our experiments with Bax-a5 and Bax-a6, show that these pep-
tides, independently and at concentrations similar to those used for full-length
Bax, are able to promote the release of 20 and 70 kDa dextrans from PC LUVs.
This indicates hata Bax-ab and Bax-a6 can both induce the formation of pores of
at least 6 nm radius®. Interestingly, higher peptide concentrations were needed in
both cases to release similar amounts of FD-70 compared to FD-20. This shows
an effect of peptide concentration on the pore size that has not been reported in
the case of tBid+Bax Terrones et al. (2004). From this latter effect we can con-
clude that the pores formed by Bax fragments are of smaller size than the pores
formed by the full-length protein, since in the first case a size exclusion limit of
the pore, dependent on the concentration of the pore-inducer peptide molecules,
is observed. This latter conclusion is in agreement with the effect of PE on the
release of calcein (see above).

31t is estimated that a 70 kDa dextran has a Stock-radius of 569 nm.
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Additionally, the pore forming activity of Bax-a5 and Bax-a6 was accompa-
nied by a redistribution of lipids between the two monolayers. The process of lipid
transbilayer diffusion was induced at comparable concentrations to those needed
for dextran release and also exhibited a similar time-course, which indicates a
mechanistic connection between the two observations. Both, the release of high
molecular dextrans and the lipid transbilayer redistribution, occurred without
significantly affecting the size of the vesicles, thus excluding the possibility of a
detergent-like action. Such a behaviour is expected if a mixed lipidic/peptidic
pore with toroidal structure is being formed, and has also been reported for the
concerted action of Bax and tBid by Terrones et al. Terrones et al. (2004).

Bax-ab6 exhibits lower permeabilising and lipid redistribution activities than
Bax-a5. This could be attributed to a lower ability to alter the integrity of the
bilayer, or to a lower binding of this peptide to vesicles. Additional studies need
to be performed in order to clarify this point.

Mechanism of pore formation by Bax peptides

The characteristics of the ion channel activity observed on planar lipid bilayers add
further important information about the type of pores formed by the Bax peptides.
We have measured these channels only for Bax-a5%, for which we have also a more
complete structural analysis by ATR-FTIR, including orientation information in
ordered multibilayers. Here we discuss together the electrical recordings and FTIR
structural data and we propose a model for the pore formed by the Bax-a5%
peptide. A similar model of pore formation can be proposed for the Bax-ab
peptide, and possibly for the Bax-a6 peptide?.

The main observations from the ion channel activity of Bax-a5% are the for-
mation of a large conductance pore through a two stage process and, specially,
the dependence of the ionic selectivity of this pore on net lipid charge (table 7.3).
Both characteristics are strong indications in favor of lipidic pores. A general
mechanism of formation of toroidal lipidic/peptidic pores by amphipatic, pos-
itively charged peptides has been recently formulated by H. W. Huang Huang
et al. (2004). According to this model, the stability of pores depends on a fine
balance between two opposite forces: A membrane tension, o, representing a
stress on the surface of the membrane, which favours pore formation, and a line

“Ton channel recordings have not yet been acquired for the Bax-ab and Bax-a6 peptides,
also a detailed deconvolution analysis of the FTIR spectra of these peptides has still to be
performed. However, at least in the case of Bax-ab, the similarity of this molecule with Bax-
a5 and a qualitative interpretation of the spectroscopic data allows proposing a similar
model of pore formation.
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tension, -y, related to the curvature stress at the place of monolayer fusion, that
opposes the pore. Each of them contributes a term, that is a function of the pore
radius, R, to the energy of the pore, given by

EY = 2nRy — nR%

In the process of pore formation, the peptide can act by affecting both stability
terms in two stages. In a first stage (see column 2 in figure 9.4), the interaction of
the peptide at the lipid head-group region generates a stress (or internal membrane
tension) that, passed a critical P/L value, ends up inducing the opening of a lipidic
pore. Once the pore is open, some peptide molecules change orientation to occupy
a membrane inserted position at (or close to) the rim of the pore (column 3 of
figure 9.4). In this new state, the peptide would interact favorably with the
pore edge, stabilizing it by diminishing the line tension term, probably through
a reduction of the curvature stress at the place of monolayer fusion Lee et al.
(2004).

Our data fit well in the framework of Huang’s mechanism. Thus, measure-
ments of Bax-a5% channels in planar lipid membranes show a two-step behaviour,
suggesting that the peptide attaches initially to the membrane (and presses it in
the presence of a positive potential), and only when it reaches a critical con-
centration on the surface of the bilayer, it inserts to form the large conductance
channel observed. The effect of lipids with intrinsic curvature would be affect-
ing the membrane line tension, being decreased (and the pore favored) by the
positively curved LPC (see above).

The existence of two types of a-helix described in the case of Bax-a5%, one
canonical (a1) and one distorted (ag), and their distinct orientation in lipid bi-
layers, being «; tilted (with an angle dependent on lipid composition) and s
parallel with respect to the membrane plane (table 9.1 on page 153), can also
be discussed in the context of the above mechanism. The two helices can be
interpreted as either, an equilibrium of two populations of differently structured
peptides (figure 9.4, A), or two a-helical stretches of different structure within
the same peptide molecule (figure 9.4, B). Because only helix a; is found to be
tilted in the lipid samples, the first option would mean that oy and as represent
membrane inserted and non-inserted states, respectively, of the Bax-a5¥ pep-
tide. This, in turn, implies that the two peptide forms interact differently with
the membrane, and we would expect that the relative proportion of a; with re-
spect to ag (a1/ag ratio) changes in the presence of lipid vesicles. However, the
a1 /g ratio keeps almost constant (around 0.8) regardless the presence of lipids
(table 8.2 on page 132), which makes this first option unlikely. Considering the
second option, the percentages of a; and as can now be related to the average
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Figure 9.4.: Model representing the interaction of Bax-a5% with lipid
membranes and formation of toroidal pores. A, the two helices, a; and as,
observed by FTIR can be envisioned as an equilibrium between two structural states
(column 1). Both states can interact with membranes (column 2), creating a tension
that induces the opening of a lipidic pore. In column 3, the state a;, acquiring a
tilted orientation, interacts with the pore edge, which reduces the curvature stress
and stabilises the pore. The state as remains oriented flat at the membrane interface.
B, alternatively, a; and as, are two stretches of the same peptide molecule with
slightly different a-helical structure. The pore is formed through the same mechanism
as above, but the membrane inserted state is represented by a kinked peptide, where
the part encompassing ai; remains flat with respect to the membrane plane while the
stretch corresponding to « is tilted over the rim of the pore. Helix a; can be ascribed
to the more hydrophobic, N-terminal half of the peptide (see the text). The tilted
stretch is represented interacting with the head-group region, but it may as well
inmerse deeper into the hydrocarbon core. We have no data about the depth
of inmersion.
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length of two helical fragments in the 30 residues Bax-a5¥ peptide. We can es-
timate that the regular a-helix, «aq, is about 8 residues long in TFE, while the
distorted helix, a9, would corresponds to approximately 10 residues. Both helices
increase in a similar proportion as the peptide binds to lipid membranes, up to
about 11 and 14 residues for PC LUVs or 10 and 13 residues for PC:PA LUVs,
respectively. In the membrane inserted state, only the stretch encompassing helix
ay would stick into the bilayer, while the stretch as remains flat at the surface.
Thus, the species responsible of the stabilization of the pores would be a kinked
helical rod (figure 9.4, B, column 3). Since the most hydrophobic part of the
peptide is at the N-terminal half, comprising a-helix 5 of parent Bax (residues
Gly108 to Cys/Ser126) it is likely that the tilted helix a4 is at this side. Helix ag
is most likely at the C-terminal half of the assayed peptide, where residues corre-
spond to the turn between helices 5 and 6 of the Bax hairpin. This latter region
contains various charged residues and could be organized as an amphipatic struc-
ture. The above model may also explain the apparent contradiction between the
reduction of the Bax-a5% induced calcein release in the presence of negatively
charged lipids, like PS, PA and CL (table 7.1 on page 113), and the increased
binding of this peptide to negatively charged membranes (PC:PA), determined
from the FTIR experiments (table 8.2). Thus, a stronger binding to a negatively
charged membrane surface may impair pore formation by stabilizing a state with
the complete peptide (both helical stretches) aligned flat on the membrane (figure
9.4, state 2). The smaller average tilt angle determined for helix a1l when bound
to PC LUVs, as compared to PC:PA LUVs, is in agreement with this idea. It is
also interesting to note that the two types of a-helices are already present in the
Bax-ab5 samples in the absence of lipids (although at a lower proportion), sug-
gesting that the structural properties of this peptide are intrinsically prompted
to pore formation.

In summary, our data demonstrate that the helices conforming the pore form-
ing domain of Bax can independently reproduce the activity displayed by full
length Bax, and in the absence of tBid. In addition, these results suggest that
Bax has the intrinsic ability to form large pores and to induce the lipid transbi-
layer redistribution associated to toroidal pores. Thus, the need of the concerted
action of Bax with tBid and specific lipids that has been reported, may rely on
an upstream regulating event related with the priming of Bax to form the pores.

9.2.2. Poration activity of Bid peptides

Although Bid is a BH3-only protein and shares less sequence homology with other
proteins of the Bcl-2 family, the structure of its soluble form shows important

171



9. Discussion

similarities with structures of other Bcl-2 proteins, like Bax and Bcl-xL. Thus, Bid
posses also a hairpin of hydrophobic helices in the core of its globular structure,
which, by analogy, has been proposed to be a colicin-like pore forming domain.
However, the data presented here and other emerging evidences do not completely
agree with this role Degli Esposti (2002); Kim et al. (2004b); Liu et al. (2004).

The permeabilising activity and poration pattern of Bid-a6 and Bid-a7, mea-
sured in this work, is clearly different from that observed for the similar peptides
derived from Bax. In the case of Bid-a6, only small effects of intrinsic lipid curva-
ture were observed. However, electrostatic interactions with the membrane seem
determining for the action of the peptide, which exhibits calcein release activity in
the submicromolar range, as observed for tBid, only in the presence of negatively
charged lipids. Moreover, Bid-a6 was unable to release fluorescent dextrans of
20 or 70 kDa and to induce lipid transbilayer diffusion in LUVs at concentrations
which effectively released calcein. These facts are also important, as they show
that the ability to permeate membranes is not necessarily linked with the capacity
to promote the release of large dextrans or to facilitate the redistribution of lipids
between the leaflets of the bilayer, and thus serve as a negative control for those
experiments.

Additionally, in contrast to the Bax peptides, Bid-a6 formed step-like ion
channels of small size in planar bilayers, gave rise to a sigle type of a-helix, and
inserted in PC:PA membranes with an average angle of ~34° (750° for pure PC
membranes) with respect to the lipid chains, as deduced from FTIR experiments
(table 9.1 on page 157). In this case, the peptide exhibited a larger solubility
in PC:PA LUVs than in PC LUVs. Altogether, these observations indicate that
Bid-a6 does not form lipidic pores when interacting with lipid membranes, but
rather suggest that it may permeabilise the membranes through the organisation
of barrel-stave channels.

The experiments performed with Bid-a7 show a weak permeabilising activity,
compared to the previous peptides. Moreover, in the FTIR experiments this
molecule is mainly aggregated in all cases studied, with little solubilisation in the
presence of PC:PA LUVs, and even smaller in TFE solvent or PC vesicles. This
results indicate that Bid-a7 interacts poorly with the membranes, or that the
interaction is unspecific and preferentially in the aggregated form. We may then
conclude that this fragment alone is unable to account for any of the functional
features of tBid, in agreement with previous results showing that helix a7 is
dispensable for tBid activity Hu et al. (2003); Liu et al. (2004).

According to our results, Bid-a6 would be responsible of the membrane inser-
tion and permeabilisation processes exhibited by tBid. Nevertheless, the physio-
logical importance of such a permeability to ions and small molecules, of the size
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of calcein, is not clear. For example, the outer mitochondrial membrane is nor-
mally permeable to molecules of size <1.5 kDa Halestrap et al. (2002). Thus, the
membrane poration activity of Bid-a6, and probably that of tBid, might be a non-
specific consequence of its tight association with membranes. Related to this, we
recall that the way of binding of Bid to membranes remains highly controversial
(see section 9.1).

Among other possible roles of Bid, in which a-helix 6 might be involved, we cite
the capacity of tBid to interact with specific mitochondrial lipids, like cardiolipin,
through a so called cardiolipin binding domain (CBD), which contains a-helices
4, 5 and 6 Liu et al. (2004). Interestingly, the presence of CL does not seem
to exert any special effect, other than a small increase of activity that can be
attributed to its net negative charge (table 7.1). However tBid has been shown to
interact with lipid monolayers containing CL and to induce segregation of CL into
lipid domains with a time-course comparable to the release of cytochrome c from
mitochondria (gonzalvez). This interaction and reorganisation of CL containing
monolayers have been further reproduced with a peptide similar to Bid-a6 (Petit,
personal communication).

Additionally, tBid participates in a BH3 independent fashion, in the remod-
eling of mitochondrial cristae during apoptosis, and, as a consequence, in the
mobilisation of the cytochrome c¢ stores Scorrano et al. (2002). Moreover, a Bid-
CL interaction at the mitochondrial contact sites has been reported to contribute
to this cristae reorganisation and cytochrome c release Kim et al. (2004b). These
and our results suggest that CL is not required for the membrane permeabilising
activity, but may be rather involved in targeting of tBid to mitochondria and sub-
sequent activation of Bax and/or in the events associated with the reorganisation
of the cristae and the contact sites, likely through interactions with the helix 6.

9.2.3. The peptides derived from Bcl-xL exhibit no significant pore
activity

As far as the apoptotic function is concerned, Bcl-xL, and Bax have antagonistic
roles, and the first one is mostly considered an inhibitor of the pores formed by
the second. However, the putative pore forming domain of these two proteins
shares a high level of sequence homology (figure 9.5). This domain has been
claimed to be responsible of the ion channel activity displayed by both Bcl-xL
and Bax. Further studies have manifested a high tendency of Bax to form pores,
which are large and of lipidic nature Terrones et al. (2004). In the case of Bcl-
xL, additional experimental evidence of poration activity has been reported only
for the processed forms of Bel-xL (AN61Bcl-xL and AN76Bcl-xL), which become
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Ki
---ADGNFNWGRVVALFYFASKLVLKALCTKVPELIRTIMGWTLDFLRERLLVWIQDOGGWEGLLS. .. Bax

--- FRDGVNWGRIVAFFSFGGALCVE SVDKEMQVLVSRTAAWMATY LNDHLEPWIQENGGWDTFVE. .. Bcl-xL

Figure 9.5.: Sequence alignment of the hydrophobic hairpin of Bax and
Bcl-xL. In light yellow are indicated the fragments that correspond to the helices 5,
6a and 6b in the solved structures of the soluble forms of both proteins. Blue letters
indicate identical amino acids, green letters correspond to residues with similar proper-
ties and red letters show amino acids with opposing characteristics (polar/non-polar or
opposite charge). The dark blue bars indicate the sequences of the peptides Bax-a5,
Bax-a5% and Bcl-xL-a5, while the dark red bars mark the fragments corresponding
to Bax-a6 and Bcl-xL-a6.

proapoptotic and seem to display a Bax-like behaviour Basanez et al. (2001).
These processed proapoptotic forms of Bcl-xLi contain the central aba6 hairpin,
which is supposed to be responsible of the Bax-like activity.

However, our data show that the peptides consisting on a-helices 5 and 6 of
Bcl-xL do not exhibit a significant pore forming activity, at least in the conditions
assayed, which try to reproduce physiological conditions. This is in clear contrast
to the high activity displayed by the homologue peptides derived from Bax. In
the case of Bcl-xL-a5, the small activity could be related to the low level of helical
structure induced in lipid-mimetic and lipidic media, which is indicative of the
low affinity of this peptide for lipid membranes. This is, however, not the case of
Bcl-xL-a6, which shows a helical content similar to, or even higher than Bax-a6
in lipidic environments.

One possibility is that the pore forming activity of the peptides derived from
Bcl-xL depends on pH, as it has been reported for full length Bcl-xI. Minn et al.
(1997). However, it is also possible that these peptides are responsible of the
BH3-independent inhibitory activity that has been suggested for the antiapoptotic
Bcl-2 proteins Minn et al. (1999). Both possibilities should be tested in additional
experiments.

If we look close to the sequences of Bcl-xI. and Bax peptides, we find strik-
ing similarities between the two homologous molecules. For the ab helices, the
homology is higher at the N-terminal half. The major differences arise from the
presence of charged residues at positions i and i+4 in the C-terminal region, which
in the Bax peptide originate an amphipatic surface with net positive charge, while
in the case of Bcl-xLL exhibits a net negative charge. In the case of the peptides
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corresponding to the helices a6 of the hairpins, the homology is also significant.
Here the main differences are the presence of some charged residues on Bel-xL-a6
at the positions corresponding to non-polar residues in Bax-a6, and vice versa.
These differences do not follow a similar pattern to those observed for the ab
helices, but are dispersed all over the sequence of the peptides. Experiments with
mutant peptides should help to clarify the interesting differences found between
the Bcl-xL and Bax peptides.

9.2.4. Final comments about the activity of the full length proteins

Finally, some comments should be added about the implications of our findings for
the general understanding of the functional mechanism of the full-length proteins
Bax, Bid and Bcl-xL. In these three cases, putative pore forming domains with a
high level of sequence and structure homology have been proposed. Such similarity
was difficult to conciliate with the diverse functions of these three proteins. Our
results with individual peptides illustrate the important differences found between
the full length proteins, both at the level of their pore forming activity and their
mechanism of action, and evidence the possibility that very similar sequences
display very diverse functions.

As already mentioned, formation of lipidic pores has been reported for Bax
and other Bax-like Bcl-2 proteins. These latter pores are accompanied by de-
creases of bilayer lifetime and membrane line tension Basanez et al. (2001, 2002,
1999); Terrones et al. (2004), strongly suggesting that full length Bax and the
fragments corresponding to helices a5 and a6 porate membrane bilayers by anal-
ogous mechanisms. Similarly, the pores formed by Bida6 have some parallel with
the channel activity of its parent protein Schendel et al. (1999). This raises the
idea that a short peptide encompassing 20-30 residues may carry in its sequence
enough structural information to reproduce crucial aspects of the function of a
much larger parent protein. It may be particularly so for functions like mem-
brane poration, where the requirements can be provided by only a few residues.
From this we can conclude that mechanistic links may exist between simple pore-
forming peptides, like antibiotics, and more complex pore forming proteins, like
bacterial toxins and Bcl-2 type apoptotic regulators.

For the cases studied here, synergistic and antagonistic effects should be stud-
ied to complete the sketched activity demonstrated by the Bax-ab, Bax-a6 and
Bid-a6 fragments. These fragments and other missing parts are essential to give
Bax and Bid the complex regulatory faculties that single fragments lack. Never-
theless, the study of the small fragments is important to help understanding the
functioning of the whole, having also the potential to open new ways of exploring
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possible therapeutic uses.

Although our reductionist approach has allowed us to sketch some important
aspects of the structure and function of Bcl-2 proteins. Additional work is needed
to complete our understanding of the complex behavior of these systems. We
realise that unexpected new features may emerge form the synergistic action of
different parts, as it has also become evident in this work. Thus, the new studies
should include other fragments, like helix al of Bax, but they should also be di-
rected to larger protein domains, like the double helix hairpins and even complete
proteins.
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10. Conclussions

In this work, we have analysed the individual propensity of the hydrophobic frag-
ments of Bcl-xL, Bax and Bid, to insert in the membrane. In the context of
Lep chimeras, we have shown that the C-terminal fragments of Bcl-xL. and Bax,
together with helix al of Bax, and the first helix of the putative pore forming
hairpin of these proteins (&b of Bcl-xL and Bax, and «6 in Bid), can adopt a TM
organisation in ER microsomes. The second helix of the putative pore forming
hairpin, a6 in Bcl-xL and Bax, and a7 in the case of Bid, is able to insert in the
membrane only when accompanied by the the first one. In addition, the central
hairpins contain the sufficient information to target lipid membranes and insert
into them in a fashion which is resistant to alkaline and urea extractions, and
which stays in the detergent fraction after Triton X-114 partition.

Continuing with a reductionist strategy, we have also performed structural and
activity studies with peptides derived from the individual helices of the putative
pore forming domains of Bcl-xLi, Bax and Bid. We have observed that Bax-ab,
Bax-a6 and Bid-a6 reproduce, at least partially, the membrane permeabilising
activity of the parent full-length proteins. In contrast, the peptides derived from
Bcl-xL and Bid-a7 exhibit pore activity only at higher concentrations, which do
not account for the permeabilising activity reported for the parent full-length
proteins.

In particular, the Bax peptides are unstructured in water solution, but adopt
a helical conformation in lipid-mimetic and lipidic media. They can porate mem-
branes at nanomolar concentrations, through a mechanism which is sensitive to
the intrinsic monolayer curvature of the lipid membranes. The pores formed in-
duce lipid transbilayer redistribution and are large enough to allow the passage of
dextrans of at least 70 kDa. The electrophysiological studies with Bax-a5% reveal
a two-step process of channel formation with a conductance of about 0.3-5 nS,
whose ion selectivity depends on the net charge of the membrane lipids. More-
over, the structure of this peptide is represented by two types of a-helices, one of
them oriented parallel to the membrane plane, and the other nearly perpendicular
to it. These results lead us to propose a model of lipidic or partially lipidic pore
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formation for the activity of these peptides, as also suggested for full-length Bax.

In the case of Bid-a6, the presence of negatively charged lipids strongly affects
its membrane permeabilising activity. This peptide is able to release calcein at
submicromolar concentrations, but not high molecular weight dextrans nor to
induce lipid transbilayer diffusion. Bid-a6 forms discrete ion channels of 13-15
pS in PLM, and adopts a structure which is represented by one single type of
tilted a-helix when associated with lipid membranes. This results show that the
permeabilising activity of Bid-a6 is different from that of the Bax peptides, and
suggest that it affects membrane permeability likely by means of barrel-stave pore
formation.
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11. Introduccién y objetivos

11.1. Apoptosis

La apoptosis es un proceso de muerte celular programada altamente conservado
y regulado, que juega un papel central en la muerte celular fisiolégica de los
organismos pluricelulares. Estd implicada en procesos clave para el organismo,
como el mantenimiento de la homeostasis de los tejidos, el desarrollo embrionario
o el correcto funcionamiento del sistema inmunitario. Fallos en la regulacion de
la apoptosis pueden conducir a una proliferacién celular excesiva, relacionada con
los procesos cancerosos, o una muerte celular desproporcionada, implicada en
enfermedades neurodegenerativas.

Inicialmente se describié como un tipo de muerte celular caracterizada por
una serie de cambios morfologicos concretos, que producen un desmantelamiento
celular ordenado, dando lugar a unas vesiculas llamadas cuerpos apoptéticos, que
encierran los contenidos celulares y que son fagocitadas por macréfagos vecinos.
De modo que tras la apoptosis, la célula desaparece sin verter sus contenidos al
medio, en contraposicién a la muerte por necrosis.

Los principales ejecutores de la muerte celular son una familia de proteasas lla-
madas caspasas, que cortan selectivamente un conjunto concreto de proteinas di-
ana de un modo coordinado, que conduce a la muerte por apoptosis. Las caspasas
se sintetizan como proenzimas inactivos y, en respuesta a estimulos apoptoéticos,
se procesan y activan en una cascada de autoamplificacion, ya que también son
sustratos de ellas mismas. La activaciéon de las caspasas supone un punto de no
retorno para la muerte celular.

Dadas las draméaticas consecuencias de la acciéon de las caspasas, tanto su
activacion como su actividad estdn altamente reguladas. Por un lado, existen
inhibidores de caspasas, o IAPs, que a su vez pueden ser contrarrestados por
proteinas inhibidoras de IAPs, como SMAC/DIABLO (second mitochondrial ac-
tivator of caspases/ direct IAP binding protein with low pI).

Por otro lado, el procesamiento y la activacion de las caspasas se regula prin-
cipalmente a través de dos rutas, conocidas como la ruta extrinseca y la ruta
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intrinseca o mitocondrial. La ruta extrinseca responde a estimulos extracelulares
a través de la oligomerizaciéon de receptores de la familia TNF-«, que a su vez
activan a la caspasa 8, del grupo de las iniciadoras.

La ruta mitocondrial se activa en respuesta a la mayoria de los estimulos
apoptoticos, y todos los intracelulares. Durante la apoptosis, la mitocondria ex-
perimenta un proceso de reestructuracion y permeabilizacion especifica de la mem-
brana externa mitocondrial (OMM), que da lugar a la liberacién de los llamados
factores apoptoéticos al citosol. Estos factores incluyen proteinas como citocromo
¢, AIF (Apoptosis Inducing Factor), SMAC/DIABLO, Omi/HtrA2, procaspasa-
9 y Endonucleasa G. Las proteinas de la familia Bcl-2, que estan formadas por
miembros proapoptéticos y antiapoptoticos, controlan estos procesos al nivel de
la OMM. La principal consecuencia de la liberacion de los factores apoptoéticos es
la activacién de un gran holoenzima llamado apoptosoma, que inicia la activacién
de las caspasas

A su vez, las rutas intrinseca y mitocondrial estan interconectadas. En ciertos
casos, caspasa-8 puede inducir la ruta mitocondrial a través de la activacién de
Bid, una proteina proapoptotica de la familia Bcl-2.

11.2. Las proteinas de la familia Bcl-2

Las familia de proteinas Bcl-2 controla la liberacion de los factores apoptoéticos de
la mitocondria, y por tanto, los efectos apoptdticos de estos, como el ensamblaje
del apoptosoma y la consiguiente activaciéon de las caspasas. Las proteinas de esta
familia, pese a su alto nivel de homologia, presentan funciones opuestas, ya que
algunas de ellas son proapoptéticas, e inducen la muerte celular por apoptosis,
mientras que otras son antiapoptoticas y contrarrestan los efectos de las primeras.

Las proteinas de la familia Bcl-2 se clasifican ademas por el nimero de do-
minios de homologia BH (se han definido hasta cuatro) que presentan. Asi, los
miembros antiapoptdticos, como Bcl-2 o Bcl-xL, forman el tipo I y se caracteri-
zan por presentar los cuatros dominios BH. Los miembros proapoptéticos pueden
ser de dos tipos: proteinas Bcl-2 de tipo II, como Bax o Bak, que contienen los
dominios BH1, BH2 y BH3, y proteinas Bcl-2 de tipo III, o BH3-only, como Bid o
Bim, que presentan s6lo el dominio BH3. Los dominios BH1, BH2 y BH3 forman
un hueco hidrofébico, propio de los grupos I y II, que forma un sitio de unién
para dominios BH3 de otras Bcl-2s, y posibilita las interacciones que dan lugar a
los distintos patrones de homo- y heterodimerizacién descritos entre proteinas de
la familia.

Varias lineas de evidencia relacionan la funcién de estas proteinas con su lo-
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calizaciéon intracelular y su interaccién con las membranas. Algunas de ellas se
encuentran constitutivamente ancladas a las membranas celulares a través de un
fragmento hidrofébico en C-terminal, como Bcl-2, Bcl-xL o Bak. En cambio, otras
son solubles en el citosol, como Bax, Bid o Bcl-w, y se translocan a las membranas
celulares en respuesta a estimulos apoptoticos.

Se han resuelto las estructuras de las formas solubles de algunas proteinas de
la familia, como Bcl-xL, Bax o Bid. Pese a sus funciones opuestas, todas son
muy similares y presentan una horquilla de hélices hidrofobicas (aba6 en Bax
y Bel-xL, y ab6a7 en Bid) rodeada por hélices anfipaticas, en una organizacion
que recuerda a la de toxinas bacterianas como las colicinas o la d-endotoxina.
De acuerdo con esta analogia, se comprob6 que Bax, Bid, Bcl-2 y Bcl-xL son
capaces de formar canales idnicos en bicapas planas, y se propuso que la horquilla
hidrofébica central constituye el dominio formador de poros. Sin embargo, existe
muy poca informacién sobre las estructuras de las formas activas e insertadas en
la membrana de estas proteinas.

El mecanismo molecular de accion las proteinas Bcl-2 todavia se desconoce.
En el caso de las proteinas antiapoptoéticas, se ha descrito que la dimerizacién
con miembros proapoptéticos a través del dominio BH3 es la responsable de la
inhibicién de estos tltimos, de acuerdo con la idea de que el balance entre proteinas
pro- y antiapoptoéticas es esencial para el desencadenamiento final de la apoptosis.
Sin embargo, se han propuesto otros mecanismos de inhibicién independientes de
BH3, todavia por esclarecer. Bcl-xL es un miembro representativo de esta familia
que se encuentra constitutivamente anclado a la OMM a través de su dominio
hidrofébico C-terminal. Bcl-xL es capaz de inhibir la accién de Bax y de tBid
mediante mecanismos dependientes e independientes de dimerizacion directa a
través del dominio BH3. Se ha descrito que durante la apoptosis se genera una
variante truncada de Bcl-xL, llamada AN-Bcl-xL. que es proapoptotica y que
es capaz de permeabilizar liposomas a citocromo ¢ y a dextranos de alto peso
molecular, y de desestabilizar bicapas planas mediante disminucién de su tension
lineal.

Las proteinas BH3-only son las que presentan mayor divergencia estructural
y de secuencia en la familia. Se ha propuesto que los componentes de este grupo
son iniciadores esenciales de la apoptosis, que han evolucionado para reconocer
las distintas formas de stress celular. Asi, en respuesta a estimulos apoptoéticos,
las proteinas BH3-only se activan y se relocalizan a la OMM, donde inducen la
liberacién de citocromo c. Acttian a dos niveles: por una lado inhiben a las pro-
teinas antiapoptéticas, y por otro activan a las proteinas de tipo Bax. El caso
de Bid es uno de los més estudiados. Durante la apoptosis, Bid es procesada
por caspasa-8 dando lugar a una forma truncada C-terminal activa llamada tBid.

185



11. Introduccion y objetivos

Posteriormente, tBid es N-miristoilado y se transloca a la mitocondria, donde
induce la liberacién de citocromo ¢ dependiente de la presencia de Bax o Bak.
En sistemas in wvitro, se ha descrito que tBid es capaz de liberar moléculas flu-
orescentes de LUVs y de formar canales i6nicos en bicapas planas, ademés de
colaborar con Bax y con cardiolipina para formar poros lipidicos de gran tamano
y de estructura toroidal (ver abajo).

En cuanto a las proteinas proapoptoéticas del grupo II, se encuentran con-
stitutivamente inactivas, bien solubles en el citosol, como Bax, o ancladas a la
membrana por un dominio C-terminal, como en el caso de Bak. Estas proteinas
son activadas por las BH3-only, de modo que se translocan a la mitocondria (en
el caso de las citosolicas), y sufren un cambio conformacional que va acomparniado
de un proceso de oligomerizaciéon e insercién en la membrana, directamente rela-
cionado con la liberacion de los factores proapoptoticos al citosol. En el caso de
Bax, la horquilla de hélices abab parece ser esencial para su actividad. Estudios
biofisicos han demostrado que Bax induce la liberacién de citocromo ¢ de LUVs
en un mecanismo que depende de su estado de oligomerizacion, y que es capaz de
disminuir el tiempo de vida media de bicapas planas. Ademaés, en colaboracion
con tBid, Bax forma poros permeables a dextranos de alto peso molecular me-
diante un mecanismo que es sensible a la curvatura intrinseca de la membrana
y que estd relacionado con la redistribucién de lipidos entre las monocapas de
la membrana. Estas observaciones apoyan el modelo de accién propuesto para
Bax, que se basa en la induccién de la liberacion de los factores apoptoéticos de la
mitocondria mediante la formacién de poros parcialmente lipidicos.

Aunque algunas evidencias estdn de acuerdo con el modelo de insercion andl-
ogo al de las colicinas que se ha propuesto para las Bcl-2s, este no es suficiente
para explicar las grandes diferencias funcionales entre las proteinas de la misma
familia. Por tanto, es necesario un mayor conocimiento de la interaccién de estas
proteinas con la membrana, en aspectos tales como la inserciéon de la horquilla
central o su papel en la formacién de poros, para definir modelos consistentes con
su estructura funcional.

11.3. Objetivos

En este trabajo hemos abordado la caracterizacién de la interaccién con mem-
branas de las proteinas de la familia Bcl-2. Para ello hemos escogido un miembro
representativo de cada uno de los grupos que constituyen la familia, en concreto,
Bcl-xL, Bax y Bid, y nos hemos propuesto los siguientes objetivos:

e Anjlisis de prediccion de fragmentos transmembrana en las secuencias de
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Bax, Bid y Bcl-xL: mediante el uso de los programas TopPredIl y DAS.

Evaluacion de la tendencia a insertarse en la membrana que presentan los do-
minios hidrofébicos de las proteinas Bax, Bid y Bcl-xL. Para ello, se han con-
struido quimeras basadas en la proteina Lep, en las que se han insertado los
distintos fragmentos hidrofébicos, y se ha estudiado su insercién en la mem-
brana mediante ensayos in vitro de transcripcion/traduccion/glicosilacion.

Sintesis quimica y purificacién de los péptidos correspondientes a cada una
de las hélices que forman la horquilla putativa formadora de poros. En con-
creto, los péptidos Baxa5¥ , Baxab, Baxa6, derivados del dominio putativo
de formacién de poros de Bax; Bida6, Bida7, derivados del dominio homol-
ogo Bid; y Bcl-xlab y Bel-xLab derivados de la horquilla correspondiente
de Bcel-xL.

Caracterizaciéon de la actividad formadora de poros de los distintos pépti-
dos, mediante ensayos de liberacion de calceina y dextranos fluorescentes de
diversos tamanos de vesiculas unilamelares grandes (LUVs) de diversas com-
posiciones lipidicas, ensayos de redistribucion lipidica entre las monocapas
de LUVs asimétricas, y formacion de canales iénicos en bicapas planas.

Caracterizacion estructural de los péptidos en entorno acuoso, en medios
miméticos de membrana y en presencia de LUVs, mediante experimentos de
dicroismo circular (CD) y espectroscopia de infrarrojo de transformada de
Fourier (FTIR).
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12.1. Preparacién de quimeras de Lep

En las preparaciones de plasmidos de E. coli (cepas DH5«a, XL1Blue y JM110)
a pequenia escala se utilizé el kit de comercial de extraccion de DNA de Qiagen,
segun las instrucciones del fabricante. Las reacciones en cadena de la polimerasa
(PCR) se llevaron a cabo en un volumen final de 50 uL, con 0.1-1 ng de DNA
molde, 2 pM de oligonucledtidos cebadores (Isogen), 0.5 mM de dNTPs, 1x de
tampon de PCR comercial, 3 mM MgCl, y 5 unidades de Taq polimerasa (Bi-
oline). Tras una desnaturalizacién inicial de 30 s a 95°C, se realizaron 30 ciclos
de amplificacion (30 s a 94°C, 30 s a 55°C, 30 s a 72°C) y un paso de extension
final de 10 min a 72°C. El DNA amplificado fue purificado (PCR Purification
Kit de Qiagen) y digerido con los enzimas de restriccion Bell y Ndel (Roche).
En las reacciones de mutagénesis dirigida se emple6 el Quick Change Kit (Strata-
gene), de acuerdo con las instrucciones del fabricante, y el DNA amplificado se
transformé en células supercompetentes comerciales XL1Blue, segiin el manual
de instrucciones.

Los vectores usados en este estudio derivan de pGem-1Lep (proporcionado
amablemente por el Prof. von Heijne, Universidad de Estocolmo), descrito en
(39). En la variante pGEM-Lep-NST, el gen Lep se ha mutado en 214N-E-T216 a
214Q-Q-T216, se han introducido un sitio de glicosilacién en 90N-S-T92, y sitios
de restriccion para Bcll y Ndel antes y después del fragmento H2, respectivamente.
El vector pGEM-LepAH1 tiene ademés una delecion en el fragmento H1 y un sitio
de glicosilacién adicional en N-terminal. Las secuencias de DNA que codifican para
Bcl-xL y Bax fueron proporcionadas por G. Nufiez (Universidad de Michigan) y
la de Bid por X. Wang (Universidad de Texas).

Las quimeras de Lep con los fragmentos putativos transmembrana de las dis-
tintas proteinas Bcl-2 en lugar del fragmento H2 natural se prepararon de la sigu-
iente manera: los fragmentos de interés de Bcl-xL, Bax y Bid fueron amplificados
por PCR conteniendo sitios de restriccion para Bcll y Ndel, y digeridos con estos
enzimas. Tras su purificacién, los insertos fueron introducidos en el vector corre-
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spondiente previamente digerido con Bcll y Ndel mediante reacciones de ligacion
de 10 pL conteniendo 3 unidades de ligasa de DNA T4 (Promega). Las construc-
ciones Lep(+)abab6Bcl-xL-EEE, Lep(+)aba6Bcl-xL-EEE-C79W y Lep(+)abBcl-
xLCT79W se produjeron por mutagénesis dirigida a partir de Lep(+)aba6Bcl-xL
y Lep(+)abBcl-xL respectivamente. En la primera, los codones 166I-A-A168 (nu-
meracion de Bcl-xL humana) se cambiaron a codones de E, y en la siguientes, el
codon C151 se reemplazaron por un codén de W.

12.2. Ensayos de glicosilaciéon y asociacién con
microsomas

La transcripcién de las quimeras derivadas de Lep se llevé a cabo utilizando el
Ribomax Large Scale RNA Production System-SP6 (Promega), durante 2 h a
37°C, en reacciones de 50 ul. que contenian: 10 L. de tampén de traduccion, 5
pL de tTNTPs 25 mM, aproximadamente 1 pg de DNA molde y 5 pL. de mezcla
enzimética. Los RNAs obtenidos se purificaron con el RNeasy RNA Purification
Kit (Qiagen), segun las instrucciones del fabricante.

Los RNAs se tradujeron con el Reticulocyte Lysate System (Promega), du-
rante 2 h a 30°C, en reacciones de 15 pl. que contenian: 10 pL de lisado de
reticulocitos, 0.5 uL de una mezcla de aminoécidos 100 mM, 1 uL 3°S-Met 100
mM (Amersham Biosciences) y aproximadamente 150 ng de RNA. En las reac-
ciones adecuadas se afiadié 1 yL de microsomas de pancreas de perro (Promega).
Como control de glicosilacién, se anadi6 a las reacciones correspondientes un pép-
tido aceptor de glicosilacién Ac-NYT-NHocon una concentracién final de 100 M,
que actia como un inhibidor competitivo de la glicosil transferasa de los microso-
mas. Para comprobar que esta inhibicién era especifica de secuencia, se utilizé en
las reacciones adecuadas un péptido no aceptor con la secuencia Ac-QYT-NHs.
Como control de procesamiento, se anadié a las reacciones correspondientes un
inhibidor (SPI) especifico de la peptidasa sefial (SPase), N-metoxisuccinil-A-A-P-
V-clorometilcetona, a concentracion final de 2mM. Las muestras se sometieron a
SDS-PAGE 10 % y se fijaron en los geles con una disolucion de 20 % metanol y 5 %
acido acético. Los geles fueron secados y expuestos toda la noche a una pantalla
intensificadora (Fujifilm) que fue revelada con un Phosphorimager PLA-3000 de
Fujifilm.

Las extracciones alcalinas y los tratamientos con urea se realizaron de acuerdo
a (75) y (76) respectivamente. Tras la traduccién, se anadié 4 volimenes de 100
mM NaeCO3 pH 11.5 0 4 M urea (en tampon 35 mM Tris-HCl, pH 7.4, 140
mM NaCl) a las mezclas con microsomas y se centrifug6 a 3000 g a 4°C durante
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10°C. Las muestras clarificadas se depositaron sobre 50 uL: de colchén de sacarosa
y se ultracentrifugaron a 100000 g a 4°C durante 20 min. Los sobrenadantes y
precipitados se analizaron por SDS-PAGE 10 % (extracciones alcalinas) o 12%
(extracciones con urea) como arriba.

Los experimentos de particiéon con Tritéon-X114 se realizaron segin (76). Se
anadieron 15 pL de Trit6n-X114 hidratado a las muestras de reaccién con micro-
somas y se incub6 30 min en hielo. Las mezclas se equilibraron después 10 min a
37°C para desarrollar las fases acuosa y organica, que se separaron por centrifu-
gaciéon a 10000g y 37°C. La fraccion inferior, enriquecida en detergente, se lavo 2
veces con 10 volimenes de tampén sin detergente, con agitacién, incubacién de 30
min en hielo y separacion de fases como anteriormente. Las proteinas presentes
en las fases acuosa y organica fueron precipitadas en acetona y analizadas por
SDS-PAGE 12% como arriba.

12.3. Programas de prediccién

Las secuencias de Bcl-xL, Bax y Bid fueron analizadas en busca de posibles frag-

mentos transmembrana con los programas TopPredII (67) y DAS (68). La btisque-

da de posibles sitios de corte de la peptidasa sefial se realiz6 con el programa Sig-

nallP (69). Estos programas fueron usados via internet y utilizando los parametros

estandar. Su localizacion URL es: TopPredlII, http://bioweb.pasteur.fr/seqanal /interfaces/toppred.html;

DAS, http://www.sbc.su.se/ “miklos/DAS /maindas.html, SignallIP, http://www.cbs.dtu.dk/services/SignalP/

12.4. Sintesis y purificaciéon de péptidos

Los péptidos de la tabla ... se sintetizaron quimicamente de acuerdo a Villar2001.
Se sintetizaron dos péptidos correspondientes a la hélice a5 de Bax. Inicialmente
se anadi6 una lisina en cada extremo, Baxab®, para mejorar su solubilidad y
manejo (Orzéez2004), y después se sintetiz6 un segundo péptido sin las lisinas,
Baxab, y con una secuencia homologa a la de Bcl-xlab. En Bid se muté una
Thr por Tyr para permitir su cuantificacién espectrofotométrica, y las Cys de las
secuencias naturales se mutaron a Ser en los péptidos para evitar problemas de
oxidacién y agregacion.

La sintesis en fase sélida de los péptidos se realiz6 en un sintetizador Applied
Biosystems 433A utilizando quimica Fmoc y resina Tentagel S-RAM (sustitucién
0.24 meq/g). Se utilizaron 6 excesos (molar) de aminoacidos (Senn Chemicals)
y acoples dobles y triples en las posiciones dificiles (fisher2001). Todos los pép-
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tidos fueron amidados en C-terminal y acetilados en N-terminal. La reaccion fi-
nal de corte y desproteccion se realizaron en 70 % acido trifluoroacético, 20 %
diclorometano, 5 % agua, 2.5 % triisobutilsilano, 2.5 % etanoditiol (v/v). Los pép-
tidos cortados se precipitaron en t-butilmetil éter frio y se centrifugaron. Los
precipitados fueron secados y redisueltos en agua:acetonitrilo (90:10), y liofiliza-
dos. Los péptidos fueron purificados hasta una pureza aproximada del 95 %, por
cromatografia de alta resoluciéon en fase reversa (RP-HPLC) con una columna
C18. Los péptidos purificados fueron liofilizados y su masa molecular fue con-
firmada por espectrometria de masas. La concentracion de los péptidos en los
experimentos se calculé por espectroscopia UV-Visible, utilizando los coeficientes
de extincién de la tabla ... .

12.5. Ensayos de permeabilizacién y de redistribucién
lipidica en LUVs

Todos los lipidos usados eran de Avanti Polar Lipids, excepto la asolectina, que
era de Sigma, y purificada segiun (Kagawal971). Los lipidos disueltos en clorofor-
mo se mezclaron en la composicién molar deseada y se secaron en vacio en un
matraz de fondo redondo. En el caso de los LUVs con calceina, la pelicula lipidica
se resuspendié a una concentracion de 4 mg/mL de 80 mM calceina. Tras seis
ciclos de congelacién/descongelacion, se pasaron 31 veces a través de dos filtros
de policarbonato de 100 nm de tamafo de poro, utilizando un extrusor de Avestin.
Para eliminar la calceina no encapsulada, los LUVs se lavaron con minicolumnas
de Sephadex-G50 preequilibradas con 140 mM NaCl, 20 mM HEPES, 1 mM ED-
TA pH 7 (tampoén A). Los LUVs con dextranos fluorescentes encapsulados de 20
(FD-20) o 70 kDa (FD-70) se prepararon por resuspension de la pelicula lipidi-
ca en 100 mg/mL de los dextranos correspondientes en tampon A. Las vesiculas
se congelaron y descongelaron 20 veces y fueron pasadas a través de filtros de
policarbonato de 200 nm de didmetro de poro, como se ha descrito arriba. Los
dextranos no encapsulados se eliminaron por cromatografia de filtracién en gel
con una columna de 35x1.6 cm, empaquetada con Sephacryl HS-500 (Amersham
Biosciences) y equilibrada con tampén A. El tamafio de las vesiculas se midi6é por
dispersion cuasielastica de la luz (QLS) utilizando un Malvern Z-Sizer 3, como
se describe en ... . La concentraciéon lipidica se determiné con el kit comercial
Phospholipids B (WAKO), segun las instrucciones del fabricante.

La actividad permeabilizadora de los lipidos se determiné a temperatura am-
biente midiendo la liberacién de calceina o dextranos marcados fluorescentemente
de LUVs. Los experimentos de liberacién de calceina se realizaron en placas de
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96 pocillos pretratadas con 0.1 mg/mL Prionex (Pentapharm). Tras la adicion
de 100 uL de LUVs, a una concentracion final entre 2 y 5 pg(mL), se midi6 la
liberacién de calceina en un lector de placas Fluostar (BMG) como el aumento de
la fluorescencia a 520 nm con el tiempo, excitando a 495 nm. Los experimentos de
liberacién de dextranos se realizaron en cubetas de lcm de camino 6ptico a una
concentracion de LUVs de 45 uM en tampoén A. La cinética se liberacion se midié
como el aumento de fluorescencia a 520 nm con el tiempo, excitando a 490 nm y
con anchura de banda de 2 nm. El porcentaje de liberaciéon de sonda fluorescente
se calculé con la siguiente expresion:

(Fss - E)

E=1F—F

100 (12.1)
donde F; es la fluorescencia en el estado estacionario, F; es la fluorescencia inicial
antes de afiadir los péptidos, y Fj, es la fluorescencia méaxima tras la adicion de
1 mM Tritén X-100. La liberacién espontanea de las sondas fue despreciable en
todos los casos.

Los experimentos de difusion lipidica entre monocapas se realizaron con LUVs
asimétricos preparados como en ... . El lipido fluorescente pireno-fosfatidilcolina
(pyPC) disuelto en etanol, se anadié a una disolucién de tampoén A a una con-
centracion final de 1 yM, sobre la que se aniadieron los LUVs a una concentracion
final de 20 uM. La pyPC se incorporé espontaneamente a la monocapa externa
de los LUVs tras una incubacién de 20 min. Los espectros de emisién entre 355
y 500 nm se midieron a temperatura ambiente utilizando un fluorimetro ... con
una cubeta de 1 cm de camino 6ptico y agitacion constante. La excitacion se re-
aliz6 a 345 nm, con anchuras de banda de 4 nm. Durante los experimentos, los
espectros de fluorescencia se midieron a varios tiempos tras la adicion del péptido
correspondiente. La relacion entre el lipido monomeérico (Ipra 395 nm) y la forma
de excimero (Ipa 465 nm) medida a partir de los espectros, se representé como
Ig /1y frente al tiempo.

12.6. Formacién de canales i6nicos

Las propiedades eléctricas de Baxa5X y Bida6 en bicapas planas (PLM) se mi-
dieron como en DallaSerra2000. Los experimentos se hicieron a temperatura am-
biente en membranas de 1,2-diftanoil-sn-glicerofosfocolina (DPhPC), asolectina,
o PC:PA (4:1, razén molar). Los péptidos se afiadieron al lado cis de membranas
estables con una capacitancia de 100 pF, bafiadas por tampén A. Las corrientes
macroscopicas se midieron con un amplificador de “patch-clamp” (Axon Instru-
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ments) y se filtraron a 100 Hz con el programa Axoscope 8. Para calcular la
relacion I/V, se midi6 la intensidad de corriente a distintos potenciales . En los
experimentos de selectividad, se midieron los voltajes de anulacién en un gradiente
de NaCl en el lado trans, y la razén Py /P_(Py y P_se refieren a la permeabilidad
a cationes y aniones, respectivamente) se calculé mediante la ecuacion Goldman-
Hodgkin-Katz (DallaSerra2000).

12.7. Experimentos de dicroismo circular

Los experimentos de dicroismo circular (CD) se realizaron a 30 uM de péptido en
10 mM de tamp6n fosfato a pH 7. Varios porcentajes de trifluoroetanol (TFE) o
dodecilsulfato de sodio (SDS) se anadieron a las muestras correspondientes. Los
espectros fueron medidos a 20°C en un espectropolarimetro Jasco J-810, con una
cubeta de 1 mm de camino 6ptico. Para cada espectro, se tomaron puntos cada
0.2 nm a 100 nm/min desde 250 a 185 nm, y se promediaron 10 medidas. El
analisis de los datos se realizé con el programa CDPro (Sreerama2000).

12.8. Medidas de ATR-FTIR

Las muestras peptidicas para los experimentos de espectroscopia de infrarrojo de
transformada de Fourier, con reflexion total atenuada (ATR-FTIR), se incubaron
1 h con LUVs de fosfatidilcolina (PC) o PC y acido fosfatidico (PA) (1:1 razén
molar) a una relaciéon 1:50 mol/mol proteina/lipido en tampo6n A. Las muestras se
centrifugaron (Optima TL, Beckman) a 350000g durante 3 h a 4°C. Tras la cen-
trifugacion, el sedimentos se resuspendié en 100 uL. de 10 mM HEPES pH 7. Las
muestras se depositaron sobre cristales de Ge de 10 reflexiones y angulo de corte
de 45°, y se secaron con flujo de Na. Los péptidos en disolucién acuosa se secaron
directamente sobre el cristal desde tampoén A, y luego fueron redisueltos en TFE
y secados de nuevo para tomar nuevos espectros. Los espectros se midieron en
un espectrofotometro FTS 185 (BioRad) con detector MCT. En los experimen-
tos de polarizacién se us6 un polarimetro rotatorio KRS5 a 0 y 90° respecto al
plano de reflexion. Los espectros obtenidos se analizaron con el programa GRAMS
(Galactic Indutries).

La orientacion de los elementos estructurales se calcul6é a partir de la razén
dicroica R = Ago/Aggo, donde Ago y Aggo son las absorciones del grupo fun-
cional de ese elemento en configuraciones paralela y perpendicular respectivamente
(Tamm1997,Goormaghtigh1999). A partir de R se calcul6 el factor de forma S,
que se uso ara calcular el &ngulo promedio de inclinacién 8 como en Axelsen1995.
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Para estimar cuantitativamente el contenido en estructura secundaria de los
péptidos, la banda amida (1700-1600 cm!) se descompuso en un conjunto de
Lorencianas, cuyas frecuencias se asignaron a los distintos elementos estructurales
de forma estdndar (Menestrinal999). El conjunto de Lonrencianas se ajust6 al
espectro original y las areas relativas resultantes se interpretaron como porcenta-
jes de estructura asociada. La banda de las cadenas laterales fue excluida de la
normalizacién. La presencia de TFA a 1672 cm ! en algunos casos se eliminé dig-
italmente. Las absorciones a 1624 y 1692 cm ™! corresponden a formas agregadas
del péptido formadas durante la preparacién de la muestra, y fueron excluidas
de los célculos de estructura secundaria. El andlisis cualitativo de la estructura
secundaria se bas6 en las componentes de absorcién principales en la regién amida
I del espectro. Se obtuvieron los espectros diferencia por substracciéon de la banda
amida I normalizada del espectro en tampén A a las bandas amida I normalizadas
de los espectros en TFE o en presencia de LUVs.

La relacion lipido/péptido (L/P) en el sedimento se calculé mediante la ecuacion
(TAmm19993,Rodionoval995):

(1 - Samidel’) 2800 AQOO (VL)dV

L/P = 0,208 -1
/ e " D050/ 0 Ao i)

(12.2)

Donde nes es el nimero de residuos del péptido, Aggo es la absorcién con el
polarimetro a 90°, y S1 v Samiderr son los parametros de orden de las cadenas
lipidicas y de la banda amida I’ respectivamente. La integral con el sufijo L se
calculé a partir del espectro del lipido solo, y la del sufijo amidel’ a partir del
espectro no agregado del péptido (menos la contribucién del lipido). El pardmetro
de orden de la hélice «, S,, se calcul6 a partir de la componente Lorenciana a
165145 cm ! con #=30° (frey1991,Axelsen1995,Menikh1997).
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13.1. Insercién en membrana de Bax, Bcl-xL y Bid

La interaccién de las proteinas de la familia Bcl-2 probablemente implica la in-
sercion de otros segmentos hidrofébicos, ademas de los dominios de anclaje C-
terminal de Bcl-xL y Bax, ya caracterizados. Con el objetivo de localizar posi-
bles fragmentos transmembrana (TM), realizamos un analisis de las secuencias de
Bcl-xL, Bax y Bid con los programas TopPredII (67) y DAS (68). Utilizando sus
valores estandar, el TopPredIl y el DAS detectaron dos fragmentos TM en Bcl-xL
y dos en Bax, que en ambos casos corresponden a sus fragmentos C-terminal y
hélice ab. En el caso de Bid, s6lo la hélice a6 se predijo como TM, y el segmento
N-terminal (residuos 10-30) se predijo como putativo TM. Ademas, el DAS de-
tecté también un fragmento putativo de membrana en la hélice a5 de Bel-xL, y
varios picos de hidrofobicidad notable, pero no suficiente, que correspondian a las
hélices al de Bax y Bcl-xL, la hélice a6 de Bax y las a4 y o7 de Bid.

13.1.1. Fragmentos de Bcl-xL que se insertan en membrana

Los experimentos de marcaje con glicosilacion en ensayos de transcripcion /traduccion /insercion
han sido utilizados previamente para estudiar la topologia de fragmentos TM pu-
tativos en membranas de microsomas (vesiculas derivadas del RE) (80). Estos
estudios se basan en quimeras de la proteina Lep (ver 12.2), que presenta un
fragmento TM en N-terminal (H1), que dirige la proteina a la membrana y deter-
mina su topologia, seguido de un lazo cargado positivamente (P1) y un segundo
fragmento que en Lep original es TM (H2). Por dltimo, en C-terminal presenta
un dominio soluble P2 con un sitio de glicosilacién. En las quimeras de Lep, H2
se sustituye por el fragmento que se desea estudiar. Si el fragmento introducido
en H2 es capaz de insertarse en la membrana, P2 queda orientado al limen del
microsoma y el sitio de glicosilacion es accesible a la glicosil transferasa, que lo
glicosila. Si el fragmento introducido no se inserta en la membrana, P2 queda
orientado al exterior del microsoma y no se glicosila. Se puede distinguir entre es-
tas dos situaciones porque la proteina glicosilada sufre un retardo en SDS-PAGE
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equivalente a unos 2 kDa con respecto a la proteina sin glicosilar.

De acuerdo con las predicciones de TopPredIl y DAS, los fragmentos corre-
spondientes a las hélices al, ab y ab y el fragmento C-terminal de Bcl-xL fueron
introducidos en quimeras de Lep, sustituyendo a H2. Los ensayos de glicosilaciéon
se muestran en la figura .... En ellos se observa que el fragmento C-terminal da lu-
gar a una banda glicosilada, que indica que se inserta en la membrana, de acuerdo
con otros estudios previos. En los casos de las hélices al y ab no se observa banda
de glicosilacién, lo que indica que estos fragmentos no se insertan en la membrana,
al menos en el contexto de la quimera de Lep. En el caso de la construccién con
la hélice ab, se observa una banda de peso molecular menor, que corresponde a
una banda de procesamiento. Esto se demuestra al afiadir un inhibidor especifico
de la peptidasa senal, que disminuye la intensidad de la banda, y al hacer un mu-
tante de no procesamiento C79W (basado en los resultados de secuencias sefal
obtenidos con el programa SignallP), que da lugar a una banda que corresponde
a la proteina no procesada y glicosilada. Ademés, la banda de procesamiento esté
glicosilada, como se observa al afiadir un péptido aceptor que acttia como in-
hibidor competitivo de la glicosil transferasa. En este caso, tanto la glicosilacién
como el procesamiento, son modificaciones post-traduccionales indicativas de la
inserciéon del fragmento a5 en la membrana de los microsomas.

Aunque la ausencia de insercién de la hélice ab estd de acuerdo con su baja
tendencia TM segin los programas de prediccion, esta hélice forma parte del
putativo dominio de formacién de poros de Bcl-xL y existia la posibilidad que el
contexto de la proteina afectase a su insercién en membrana. Para estudiar este
asunto, se construy6 una quimera de Lep que contenfa la horquilla a5a6 en lugar
de H2. Como se muestra en la figura ... , esta quimera no se glicosilaba, lo que
se podia interpretar como insercién simultdnea de ambas hélices o no insercién
de ninguna de ellas. Para esclarecer este asunto, se cre6 un mutante en el que
se introdujeron tres glutdmicos en la hélice a6 que eliminaban totalmente su
tendencia a insertarse. Este mutante daba lugar a una banda de procesamiento,
que a su vez estaba glicosilada, y que desaparece al mutar C79W. Estos resultados
indican que la ausencia de glicosilacion en la quimera de aba6 se debe a una
insercién simultanea de las dos hélices.

En experimentos con una version de la quimera de Lep en la que se ha dele-
cionado el fragmento TM H1 y se ha anadido un sitio de glicosilacién en N-terminal
(LepAH1) (ver figura ...), se obtuvieron evidencias adicionales a favor de la in-
sercion de la horquilla de Bel-xL. La construccion LepAH1/Bcl-xLaba6 no daba
lugar a banda de glicosilacién, pero permanecia asociada a membranas tras en-
sayos de sedimentacién de microsomas y de extracciéon alcalina y con urea. Estos
resultados indican que la quimera se encuentra insertada en la membrana, pero
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que ninguno de los sitios de glicosilacion son accesibles a la glicosil tranferasa, de
acuerdo con una topologia en la que ambas hélices se encuentran insertadas en la
membrana y los extremos N y C-terminal se encuentran orientados al exterior de
los microsomas. La insercién de la quimera en la membrana se demostré ademas
con experimentos de particién a Tritén X-114, en los que la proteina se repartia
a la fase organica junto con la fracciéon de membranas.

13.1.2. Fragmentos de Bax que se insertan en la membrana

Cuando se ensayaron los fragmentos hidrofébicos de Bax en experimentos de mar-
caje por glicosilacion (ver figura ...), se obtuvo que la hélices @9, que corresponde
al fragmento C-terminal, y b, daban patrones de modificacién post-traduccional
anélogos a los de Bcl-xL, indicando la insercién de estos fragmentos. Del mis-
mo modo, la hélice a6 tampoco mostraba glicosilacién ni, por tanto, insercion.
Sin embargo, a diferencia de Bcl-xL, en este caso la quimera Lep/Baxal si que
daba lugar a una banda de glicosilacién indicativa de insercién en la membrana
microsomal.

También en este caso se estudié la insercién de la horquilla Baxabab6 en el
contexto de las quimeras Lep(+)NST y LepAH1. Como se muestra en las figuras
..., las quimeras de Bax no se glicosilan ni procesan al traducirse en presencia
de microsomas. En el caso de LepAH1/Baxaba6, al igual que la correspondiente
a Bcl-xL, la proteina permanece asociada a las membranas en los ensayos de
sedimentacién, extraccién alcalina y con urea, y particion con Tritén X-114, lo
que sugiere la insercion simultanea de las hélices abab de Bax, con los fragmentos
N y C-terminal orientados al exterior de las vesiculas.

13.1.3. Fragmentos de Bid que se insertan en la membrana

El perfil de hidropatia de Bid es distinto al de Bax y Bcl-xL. En este caso, la
hélice al de Bid, en el contexto de la quimera de Lep, no se glicosila ni, por
tanto, se inserta, tal y como se muestra en la figura ..., de acuerdo con los datos
existentes en la bibliografia. Tampoco la hélice a4 daba un patrén de inserciéon en
la membrana. Unicamente la hélice a6, que es homologa a las hélices a5 de Bel-xL
y Bax, daba bandas de procesamiento y glicosilacién indicativas de insercién en
la membrana.

Finalmente, estudiamos la inserciéon de la horquilla a6a7, que a pesar de la
baja hidrofobicidad de a7, se considera también un dominio de insercién tipo
colicinas. La quimera Lep/Bida6a7 dio lugar a una banda de glicosilacion que
indicaba la insercion s6lo de la hélice a6. La fracciéon sin glicosilar podia sin
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embargo deberse, como en casos anteriores, a la inserciéon de ambas hélices o de
ninguna de ellas. Los ensayos con LepAH1/Bida6a7 se muestran en la figura ...,
indican que la horquilla es capaz de insertarse integralmente en la membrana,
ya que la quimera permanece asociada a la membrana tras los experimentos de
sedimentacion, extraccion alcalina y con urea, y particién con Triton X-114.

13.2. Estudios funcionales

La funcién de muchas proteinas de la familia Bcl-2 se ha relacionado con su ca-
pacidad para permeabilizar membranas, y las horquillas de hélices hidrofébicas en
el nucleo de las estructuras de las formas solubles de Bax, Bid y Bcl-xL son con-
sideradas como los dominios formadores de poros de estas proteinas. Estas hélices
son predominantemente hidrofébicas y son capaces de insertarse en la membrana
en sistemas quiméricos (ver 13.1). Con el objetivo de estudiar su interaccion con
vesiculas lipidicas, sintetizamos péptidos que incluyen la secuencia de las hélices
individuales que forman las horquillas hidrofébicas (ver 12.4): Baxab y Baxa6 en
el caso de Bax, Bida6 y Bida7 para Bid, y en el caso de Bcl-xL, los péptidos
Bcl-xLab y Bel-xLab.

13.2.1. Liberacidon de contenidos de LUV

La permeabilizaciéon de las membranas a nivel macroscopico se estudié en ex-
perimentos de liberacion de calceina y de dextranos marcados fluorescentemente
(FD-20 y FD-70) de LUVs de diversas composiciones lipidicas. No todos los pépti-
dos fueron capaces de permeabilizar las vesiculas a concentraciones relativamente
bajas.

Péptidos derivados de Bax

Como se observa en las figuras ... y ..., los péptidos Baxab y Baxa6, se mostraron
capaces de permeabilizar los LUVs a calceina y a dextranos de alto peso molecular
a concentraciones del orden de nanomolar. Baxa6 necesitaba aproximadamente
el doble de concentracion para producir efectos comparables a Baxab, pero en
ambos casos su actividad se encuentra en el rango de concentraciones descrito
para la proteina completa Bax. La posibilidad de permeabilizacién a través de un
efecto tipo detergente, fue descartada tras comprobar por QLS que estos péptidos
no afectaban significativamente al tamano de las vesiculas en concentraciones que
inducian liberaciéon significativa de dextranos.
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El efecto de la composicién lipidica se estudié sisteméticamente mediante ex-
perimentos de liberacion de calceina (ver tabla ...). A pesar de que ambos péptidos
presentan una carga neta positiva, la presencia de lipidos cargados negativamente
disminuye la actividad de Baxab y Baxa6. En cambio, la presencia de lipidos con
curvatura positiva, como la lisofosfatidilcolina (LPC), induce un aumento notable
de su actividad, de acuerdo con los experimentos descritos con Bax. En el caso de
lipidos con curvatura intrinseca negativa, como la fosfatidiletanolamina (PE), que
tiene un efecto inhibidor sobre la proteina Bax, los resultados obtenidos mues-
tran un comportamiento analogo para Baxa6. Sin embargo, la presencia de PE
produce un pequeno aumento de la actividad de Baxab.

Péptidos derivados de Bid

En el caso de los péptidos derivados de Bid, s6lo Bidab era capaz de liberar cal-
ceina de LUVs en el rango nanomolar de concentraciones (figura ...). Sin embargo,
este péptido era incapaz de liberar dextranos de alto peso molecular. Estas ob-
servaciones son andlogas al comportamiento descrito para la proteina tBid. En
cambio, de Bida7, s6lo era capaz de liberar calceina a concentraciones en el rango
micromolar.

En ambos casos, los péptidos presentan una carga neta positiva, y como era
de esperar, la presencia de lipidos con carga negativa induce un aumento de su
actividad con respecto a LUVs neutros (ver tabla ...). La cardiolipina (CL), que
segun la bibliografia dirige a tBid a la OMM, no produjo ningin aumento en la
actividad que no fuese explicable por su carga negativa. Ademaés, y a diferencia
de lo observado con los péptidos de Bax, la presencia de lipidos con curvatura
intrinseca positiva apenas afecta su capacidad de permeabilizacion.

Péptidos derivados de Bcl-xL

A pesar del alto nivel de homologia con los péptidos de Bax, tanto Bcl-xLab
como Bcl-xLa6 presentan una actividad mil veces menor que la observada en los
péptidos de Bax (ver figura ... y tabla ...). Bcl-xLab no llego a liberar el 50 % de
calceina en las condiciones ensayadas. La actividad de Bcl-xLa6 era algo mayor,
siempre en la zona micromolar de concentraciones, y aumentaba ligeramente en
presencia de LPC o fosfatidilserina (PS) en comparacion con las vesiculas de PC.

13.2.2. Formacién de canales en bicapas planas

Los experimentos de formacion de canales en bicapas planas con Baxa5% y Bida6
nos permitieron estudiar la formacién de canales individuales a nivel microscopico,
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ademas de caracterizar su dependencia con el voltaje aplicado y la selectividad
i6nica (DallaSerra2003). En ambos casos, los péptidos afectaban muy poco a la
permeabilidad de membranas de DPhPC, pero en membranas de asolectina o
PC:PA (4:1), ambos inducian conductividad i6nica.

Nada mas ser afadido a bicapas de asolectina, Baxa5® mostraba ya interac-
cion con la membrana a potenciales positivos bajos (ver figura ...). A partir de
410 mV se observé un incremento continuo en la corriente. Sin embargo este efec-
to no ocurria a potenciales negativos, y la conductividad se recuperaba al volver
a potenciales positivos. En cierto punto, probablemente cuando la concentracién
de péptido en la membrana habia alcanzado un nivel critico, se formaban un poro
de conductividad muy alta, entre 0.3 y 5 nS, de intensidad independiente del po-
tencial aplicado. Este canal permanecia abierto largo tiempo, tanto a potenciales
positivos como negativos, y finalmente provocaba la ruptura de la bicapa. Este
comportamiento se ha relacionado con la formacion de poros toroidales, en cuyo
caso los grupos polares forman parte del borde del poro y afectan a su selec-
tividad iénica. Para comprobar esta hipoétesis, se midi6 la selectividad iénica en
membranas neutras y cargadas negativamente. Los poros formados resultaron ser
selectivos para cationes en membranas de asolectina, con una carga neta negativa,
v no selectivos en membranas neutras de DPhPC, de acuerdo con la hipo6tesis de
partida.

En el caso de Bida6, el péptido era capaz de formar canales tinicamente en
membranas con carga neta negativa. En distintos experimentos se llegd a observar
al apertura y el cierre de hasta 8 canales discretos de baja conductividad, entre
13-15 pS, que se abrian igualmente a potenciales positivos y negativos independi-
entemente del potencial aplicado (figura ...).

13.2.3. Difusidn lipidica entre monocapas

El modelo de poro toroidal implica el contacto entre las monocapas en estructuras
no lamelares que se crean en la pared del poro. Como consecuencia, los lipidos
pueden difundir libremente entre la monocapas. Para comprobar si los péptidos
derivados de las Bcl-2s formaban este tipo de poros, se prepararon LUVs asimétri-
cos con un lipido fluorescente (pyPC) en la monocapa externa. La difusiéon de la
pyPC a la monocapa interna tras la adicién de los péptidos se midié como la
disminucion de la relacion I /I, como consecuencia de la dilucién de la sonda
(ver 12.5). Sélo tras la adicién de Baxab y Baxab se observo redistribucion de
pyPC a la monocapa interna, de acuerdo con el modelo de poro lipidico (figura

).
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13.3. Estudios estructurales

Con objeto de establecer relaciones entre la actividad observada en los distintos
péptidos y su estructura en diversos medios, llevamos a cabo su caracterizaciéon por
CD y ATR-FTIR. Los espectros de CD fueron evaluados con el paquete CDPro,
que combina andlisis de los programas CDSSTR, CONTINLL y SELCON3. En
el caso de Baxa5X y Bida6, se realizé un analisis cuantitativo de los espectros de
FTIR, y obtuvimos los porcentajes de estructura secundaria y una estimacién de
la orientacion de los péptidos respecto al plano de 1 membrana.

Péptidos de Bax

En el caso de Baxab5X, en los espectros de CD (figura 8.1) se observa que el
péptido esta desestructurado en medio acuoso, pero en presencia de TFE o SDS,
experimenta un cambio conformacional consistente con una organizacién en hélice
a de hasta un 60 % (ver tabla 8.1). Los resultados de FTIR son consistentes con los
de CD. En medio acuoso, el péptido presenta un 40 % de forma agregada en torno
a 1626 cm™! y, al pasar a TFE, o en presencia de LUVs de PC o PC:PA (1:1),
el péptido sufre un cambio conformacional caracterizado por una disminucién a
la mitad de la fraccion agregada. En cambio, la distribucién de estructuras en la
parte no agregada permanece casi igual, con un 60 % de hélice a, un 13 % de giro
By un 27% de estructura al azar (tabla 8.2). Ademaés, la fraccion helicoidal se
distribuye en dos bandas, centradas a 1656 (1) y 1646 cm ™! (). Esta tiltima no
aparece en la regién tipica de las hélices «, pero ha sido descrita en otros péptidos
que se unen a membrana, como la melitina (sharon1999). A partir de los espectros
polarizados, se calculé la orientaciéon de cada una de las hélices respecto al eje de
las cadenas lipidicas: ajpresenta una orientaciéon de 59° en PC:PA y 0° en PC,
mientras que ag presenta 90° en ambos casos (tabla 8.3).

En cambio, el anélisis de CD de Baxab muestra que este péptido presenta
ya un 40 % de hélice en medio acuoso, que aumenta hasta un 90 % en presencia
de pequenas cantidades de SDS o TFE (tabla 8.1). Este cambio conformacional
se observa también en los espectros de FTIR a través de la disminucién de la
forma agregada (figura8.4). En LUVs de PC el méximo de absorciéon aparece a
1648 cm™', lo que sugiere la presencia de los dos tipos de hélice descritas para
Baxab .

En el caso de Baxa6, de nuevo las valoraciones con TFE y SDS inducen la
estructuraciéon del péptido en hélice «, pero en este caso el cambio es gradual y
llega hasta el 60 % (tabla 8.1). El analisis cualitativo de los espectros de FTIR
muestra que el péptido se encuentra mayoritariamente en forma agregada en medio
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acuoso, y, tras la adicion de TFE o vesiculas de PC:PA se ordena mayoritariamente
en estructura helicoidal (figura 8.5).

Péptidos de Bid

Al analizar los espectros de CD obtenidos para Bida6 (figura 8.6 y tabla 8.5),
se observa que, de nuevo, el péptido estd desestructurado en ambiente acuoso,
y que experimenta una rapida organizaciéon en hélice «, que alcanza el 75 %,
tras la adicion de TFE o SDS. La deconvolucién de la banda amida I’ de los
espectros de FTIR, muestra que este péptido presenta en torno a un 40% de
componente agregado, que disminuye en presencia de vesiculas lipidicas dando
lugar a estructura helicoidal (que pasa de un 30 % a mas de un 70 %) (ver figura
8.8 y tabla 8.4). En este caso, la hélice « esta representada por una sola banda
tipica, centrada a 1655 cm™!. El analisis de los espectros polarizados muestra que
Bidab se orienta con un angulo de 34° respecto a las cadenas acilicas de LUVs de
PC:PA (tabla 8.3).

En el caso de Bida?7, la valoracién con cantidades crecientes de TFE y SDS
induce la formacion gradual de estructura helicoidal en los experimentos de CD,
que alcanza cerca del 60 % (tabla 8.5). En los espectros de FTIR aparece de nuevo
un alto porcentaje de péptido agregado. El mayor cambio estructural respecto al
medio acuoso, lo induce la presencia de LUVs de PC:PA, que aumenta significa-
tivamente la porcién de hélice a.

Péptidos de Bcl-xL

Bcl-xLab presenta un espectro de CD tipicamente desestructurado en medio acu-
oso (figura 8.10). La titulaciéon con cantidades crecientes de TFE induce un 50 %
de estructura helicoidal. En cambio, el péptido no alcanza méas de un 30% de
hélice a en presencia de SDS (tabla 8.6). En los experimentos de FTIR se observa
que el péptido se encuentra mayoritariamente en estado agregado, y en este caso,
la presencia de TFE o vesiculas lipidicas induce cambios estructurales menores
que en otros péptidos.

En el caso de Bcl-xLa6, el cambio conformacional inducido por la adicién
de TFE o SDS se observa en los espectros de CD (figura 8.11), y la fraccion
helicoidal alcanza en torno al 60 %. Los espectros de FTIR muestran que el péptido
estd predominantemente en estado agregado en medio acuoso, pero en este caso,
la presencia de LUVs de PC:PA induce claramente la aparicién de una banda
correspondiente a hélice « tipica, y la fraccion agregada practicamente desaparece
(8.11).
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14.1. Dominios de insercién en membrana

A pesar de que la asociacién de las proteinas de la familia Bcl-2 a las membranas
celulares es esencial para su funcién, se sabe muy poco sobre las caracteristicas de
esta interaccion. La determinacion de los segmentos que pueden estar directamente
implicados en la insercién en la membrana proporciona informaciéon importante
sobre la estructura de las formas activas de estas proteinas.

El fragmento C-terminal de Bcl-xL ha sido descrito como una cola de anclaje
especifico a la OMM, lo que estd de acuerdo con la insercién observada en nue-
stros resultados. En el caso de Bax, la hélice C-terminal homdloga es necesaria
y suficiente para dirigir a esta proteina a la OMM (29). Al menos en el contex-
to de Lep, nuestros resultados indican que esta secuencia puede actuar como un
fragmento TM.

En cuanto a la parte N-terminal de las proteinas estudiadas, el fragmento
més hidrofébico corresponde a la hélice al de Bid. Esta secuencia muestra una
baja tendencia TM en nuestros experimentos, de acuerdo con los datos de la
bibliografia que indican que el fragmento N-terminal de Bid procesada no se asocia
a la membrana (53). Por otro lado, en el caso de Bcl-xL y Bax, solo la hélice
al de Bax es TM en el contexto de Lep. Se ha descrito que este fragmento es
capaz de dirigir proteinas quiméricas a la OMM, pero sin asociacion fuerte a
la membrana (28). Sin embargo, empieza a estar claro (18) que la insercion y
activacién de Bax en la membrana es un proceso en varios pasos con varios estados
de asociacion/insercion intermedios.

En cuanto a las horquillas propuestas como dominios putativos de formacién
de poros, estudios de mutagénesis dirigida y deleciéon sugieren que las horquil-
las ab-ab6 de Bcl-xL, Bcl-2 y Bax son importantes en su funciéon en apopto-
sis (36,62,46,63,64). Nuestros resultados muestran que la primera hélice de las
horquillas de Bcl-xL, Bax y Bid son capaces de insertarse en la membrana en el
contexto de las quimeras de Lep. Sin embargo, la segunda hélice de estas horquil-
las, se inserta s6lo en presencia de la primera. Estos resultados estan béasicamente
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de acuerdo con los datos de insercién de Bcl-2, Bax y Bid publicados reciente-
mente en la bibliografia (65, refBid, refBax), y con los estudios preliminares de
NMR realizados con Bel-xL (66). El efecto sinergistico observado en la insercion
simultanea de la horquilla con respecto a las hélices por separado indica la existen-
cia de complementariedad en la insercion de las hélices. Esta complementariedad
podria deberse a interacciones electrostaticas favorables entre los residuos carga-
dos de las hélices, pero también a las restricciones impuestas por el giro entre las
dos hélices. De acuerdo con esto ultimo, existe un gran ntimero de aminodacidos
con tendencia a formar giros (88) en las secuencias que separan las hélices de la
horquilla, tal y como se muestra en la figura 9.2.

En cuanto a la insercién TM o no de las horquillas putativas formadoras de
poros, los estudios de inserciéon de tBid por EPR muestras que en este caso la
horquilla se inserta en la membrana, pero no la atraviesa (ref). Esto es dificil de
conciliar con las funciones descritas para tBid (refs), a menos que se suponga la
existencia de distintos estados de insercién, o la existencia de fase no lamelares,
cada vez més relacionadas con las proteinas Bcl-2s (refbidneg.curv). En el caso
de Bax, la insercién de la horquilla aba6 probablemente va acompanada de la
formacion de un poro toroidal (refs), en el que las hélices tendrian acceso a ambos
lados de la membrana sin atravesarla segin el concepto tradicional de fragmento
transmembrana. Tal disposicién justificaria, ademés, la corta longitud de la regiéon
apolar y la presencia de residuos cargados en las hélices de la horquilla. Estas
ideas, junto los datos reportados recientemente en la bibliografia (refsbid,bax),
estdn de acuerdo con nuestros resultados, lo que indica su fiabilidad, a pesar de
ser obtenidos con proteinas quiméricas.

14.2. Relacién estructura/funcién en los péptidos
derivados del dominio putativo de formacién de
poros

La regulacion de la salida de los factores apoptoéticos de la mitocondria implica la
alteracién de las propiedades de permeabilidad de la membrana externa de este
organulo. La familia de proteinas Bcl-2 est4 implicada en este proceso. Anteri-
ormente hemos mostrado que las hélices ab de Bcl-xL y de Bax, y su homoéloga
a6 de Bid son capaces de insertarse en la membrana en ausencia del resto de
la proteina, y que las horquillas completas interaccionan fuertemente con mem-
branas lipidicas. Continuando con esta estrategia reduccionista, hemos analizado
la actividad de formacién de poros de los péptidos derivados de las hélices ab y
a6 de Bcel-xL y de Bax, y sus homologas a6 y a7 de Bid.
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Los estudios estructurales de CD muestran que, en la mayoria de los casos,
los péptidos se encuentran desestructurados en medio acuoso y se organizan may-
oritariamente en hélice a en presencia de TFE y SDS. En los estudios de FTIR
se observan también cambios conformacionales comparables al pasar de un medio
acuoso a otro con TFE o vesiculas lipidicas.

Péptidos de Bax

En el caso de Bax, se sintetizaron dos versiones con la secuencia de la hélice ab.
A pesar de las diferencias en la secuencia (ver tabla ...), ambos péptidos presen-
tan una actividad similar y permeabilizan las membranas a través de mecanismos
similares. La presencia de las lisinas parece, ademés, tener un ligero efecto deses-
tabilizador sobre la estructura del péptido.

Tanto en el caso de Baxab como en el de Baxa6, la permeabilizaciéon de la
membrana ocurre a concentraciones en el rango de nanomolar, tal y como se ha
descrito para la proteina Bax. Ademas, los poros formados por estos péptidos
son sensibles a la presencia de lipidos con curvatura intrinseca, y son capaces
de liberar dextranos de 70 kDa, en un mecanismo que promueve la difusién de
lipidos entre las monocapas. La accién concertada de Bax y tBid produce efectos
similares, que se han interpretado como la formacién de un poro de naturaleza
lipidica o toroidal.

En el caso de Baxa5X, los estudios en bicapas planas sugieren que el péptido
permeabiliza las membranas en un proceso de dos pasos: inicialmente se produce
la asociacién a la membrana, que va acompanada de un incremento constante de la
conductividad a potenciales positivos, y, probablemente cuando el péptido alcanza
una concentracion critica en la membrana, se forma un poro de gran tamafio que
es independiente del potencial aplicado. Este comportamiento, junto con el hecho
de que la selectividad del poro depende de la carga neta de la membrana (lo que
indica que los lipidos estan expuestos en la pared del poro), estdn de acuerdo con
el modelo de poro toroidal.

La presencia de dos tipos de hélices en Baxab®, una orientada paralela al
plano de la membrana, y otra perpendicular, apoyan también el modelo propuesto.
Puesto que la proporcién entre ambas no varia entre los medios acuoso y lipidico,
ambos tipos de hélices deben encontrarse ya la misma molécula de péptido, lo que
estd a favor del modelo B de la figura 9.4.

Estos resultados indican que los péptidos derivados de Bax, Baxab y Baxab,
son capaces de reproducir parcialmente, de manera individual y en ausencia de
tBid, la actividad de la proteina completa Bax.
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Péptidos de Bid

La permeabilizacion de membranas promovida por los péptidos de Bid es muy
diferente de la actividad observada en los péptidos de Bax. Sélo Bida6 es capaz de
formar canales permeables a calceina a concentraciones en el rango de nanomolar
similares a las descritas para tBid. Ademas, esta actividad depende de la presencia
de lipidos cargados negativamente, lo que pone de manifiesto la importancia de
las interacciones electrostaticas entre el péptido y la membrana. Al igual que tBid,
Bida6 es incapaz de liberar moléculas de gran tamafo, como los dextranos usados
en los experimentos, y de inducir la difusion lipidica entre las monocapas de la
membrana. En bicapas planas con carga neta negativa, este péptido forma canales
discretos de unos 13-15 pS. Ademas, de los experimentos de FTIR se deduce que
se inserta en la membrana con un angulo de unos 34°. Estos resultados indican
que Bida6 no forma poros lipidicos en su interaccién con las membranas, sino
que modifica su permeabilidad probablemente a través de canales tipo “barrel-
stave”. Los datos de la bibliografia sugieren que Bida6 podria estar implicado en
la interaccion con la CL y en la reorganizacién de la membrana mitocondrial que se
produce durante la apoptosis (refs), de modo que su la alteracién que produce en
la permeabilidad de la membrana podria ser una consecuencia de estas funciones.

En el caso de Bida7, se necesitan concentraciones del orden de micromolar
para afectar la permeabilidad de las membranas y la presencia de lipidos produce
cambios conformacionales menos importantes que en los otros ejemplos, lo que
indica que este péptido interacciona débilmente con la bicapa.

Péptidos de Bcl-xL

A pesar del alto nivel de homologia con los péptidos derivados de Bax y de formar
parte del dominio putativo de formacion de poros de Bel-xL, los péptidos Bel-xLab
v Bcl-xLa6 afectan a la permeabilidad de la membrana sélo a concentraciones del
orden de micromolar. En el caso de Bcl-xL, esto puede deberse al bajo nivel de
estructura helicoidal que presenta incluso en presencia de LUVs. Otra posibilidad
podria ser la necesidad de un pH &cido para su actividad, como se ha descrito
para Bcl-xL, o que estos péptidos sean responsables de la actividad antiapoptoética
independiente de BH3 descrita para Bcl-xL (Ref.).

Consideraciones adicionales

En cuanto a las implicaciones en la comprensién general del mecanismo de accién
de Bax, Bid y Bcl-xL, los resultados obtenidos con estos péptidos ilustran las
diferencias funcionales entre las proteinas de las que forman parte, a pesar de su
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alto nivel de homologia. El hecho de que pequefias porciones pueden reproducir en
parte la actividad de la proteina completa pone de manifiesto la importancia del
estudios de pequenos fragmentos para la compresion del todo. Ademaés, sugiere
la existencia de vinculos funcionales entre péptidos formadores de poros sencillos,
como los antimicrobianos, y proteinas mas complejas como las toxinas bacterianas
o las proteinas de la familia Bcl-2.

14.3. Conclusiones

De los estudios de insercién en membrana utilizando quimeras basadas en Lep, se
puede concluir que los fragmentos C-terminal de Bcl-xL y de Bax, y la hélice al
de Bax son capaces de insertarse en la membrana, al menos en nuestro sistema de
estudio. En cuanto a las hélices de la horquilla putativa de formaciéon de poros,
la primera de ellas, ab en el caso de Bcl-xL y Bax, y a6 en el caso de Bid,
es capaz de insertarse en el contexto de Lep, mientras que la segunda necesita
la presencia de la primera para hacerlo. Ademads, estas horquillas contienen la
informacion suficiente para asociarse a la membrana e integrarse en ella mediante
interacciones de tipo hidrofobico, lo que parece indicar que constituyen dominios
de insercién en membrana en las proteinas parentales.

Los estudios funcionales y estructurales llevados a cabo con los péptidos deriva-
dos de las horquillas de Bax, Bcl-xL y Bid permiten concluir que péptidos con
la secuencia de las hélices ab y a6 de Bax son capaces de reproducir individual-
mente, y en parte, la formacion de poros toroidales de gran tamano descritos para
la accién concertada de Bax y tBid. En el caso de los péptidos derivados de Bid,
s6lo Bidab presenta una actividad de permeabilizacién de la membrana similar a
la descrita para tBid. Mientras que la actividad formadora de poros de Bida7 y
de los péptidos derivados de Bcl-xL es mucho menor, siendo dificil de relacionar
con las funciones biologicas de las proteinas de las que forman parte.
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