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Preface

Biological membranes have long been identified as key elements in a wide
variety of cellular processes, including cell defence, communication, photosyn-
thesis, signal transduction and motility, and thus they emerge as primary targets
in both basic and applied research. In order to fully appreciate the role that bio-
logical membranes play in these essential biological processes it becomes crucial
to get a molecular-level picture of the structure of their main components (i.e.
lipids and membrane proteins) as well as the nature of their cross-interactions
in order to decipher how these molecular recognition processes determine the
modulation of membrane-related functions. In this respect, the high-resolution
structure of quite a few membrane proteins determined in recent years, many of
them of prokaryotic origin, are at centre stage in modern membrane research as
they allow for the rational design and interpretation of experiments, which were
unthinkable not too long ago.

This book is an attempt to assemble in a single volume the most recent views
of some of the experts in the area of protein-lipid interactions which draw a gen-
eral picture of the advances that this field has achieved in recent years, from very
basic aspects to specialized technological applications. The topics in this book in-
clude the application of X-ray and neutron diffraction, infrared and fluorescence
spectroscopies, as well as high-resolution NMR methodologies that improve our
understanding of the specific interactions established between lipids and proteins
within biological membranes, their structural relationships, and the implications
to the biological functions they mediate. In addition, the insertion of proteins
and peptides into the membrane and the concomitant formation of definite lipid
domains within the membrane, are other topics covered in this volume. We hope
that the selection of subjects is timely and stimulating both for the dedicated sci-
entist and for the general reader.

Alicante, September 2005 C. Reyes Mateo
Javier Gémez

José Villalain

José M. Gonzdlez-Ros
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CHAPTER 1 I 1

From Lipid Phases to Membrane Protein
Organization: Fluorescence Methodologies
in the Study of Lipid-Protein Interactions

C. REYES MATEO, RODRIGO F.M. DE ALMEIDA, LUis M.S. LOURA,
MANUEL PRIETO

1.1
General Background

The fluid mosaic model of biological membranes (Singer and Nicolson 1972)
emphasizes membrane fluidity and free lateral diffusion of membrane compo-
nents. This has led to the generalized idea of biomembranes as solutions of pro-
teins embedded in bilayers of randomly distributed phospholipids. The current
view is moving towards the probable equal importance of lipids and proteins
in the determination of the constitution, structure and dynamics of membrane
domains and the hierarchic structure of the membrane, in which small patches
revealed by non-random patterns of co-distribution of specific proteins are the
building blocks of large aggregates (Vereb et al. 2003).

The use of model systems of membranes prepared with pure lipids and lipid
mixtures in the absence or presence of peptide/proteins has proved useful in elu-
cidating the organization, topology, and orientation of membrane proteins. To
approach this study the following possibilities have to be considered: (1) diverse
phase behaviour of the lipid or the lipid mixture in the absence of peptide/protein
(knowledge of the phase diagram); the balance between different molecular in-
teractions will change markedly, e.g. if the lipid is in the gel or in the fluid phase;
if there is phase coexistence the protein can partition preferentially to one phase
and have different aggregation states in each phase, etc.; (2) the influence of the
protein on the phase behaviour (shifts in the phase diagram, creation of new re-
gions/types of phase separation); and (3) the influence of the peptide/protein on
the phase separation topology, without changing the lipid phase diagram. In fact,
the formation of lipid domains is thought to be a key process in several biological
functions (e.g. Simons and Ikonen 1997) and the clarification of the relationship
between lipid domains and the binding and functional properties of membrane-
associated proteins is an emerging area in membrane research (Hurley and Meyer
2001). The phase behaviour for a ternary lipid mixture (e.g. mimicking raft-con-
taining membranes) can be quite complex, as well as the variation of domain size
with lipid composition (de Almeida et al. 2005), and it is necessary to characterize
it before studying the effect of the protein. Other kinds of heterogeneities, such
as the lipid annulus around a transmembrane protein, which do not correspond
to a true phase separation, may also occur. Depending on the proportion of pep-
tide/protein and lipid, or the type of lipid, the protein/peptide system can un-
dergo strong alterations, such as peptide displacement from a position parallel
to a perpendicular one, in relation to the membrane axis. Some important prin-
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2 I CHAPTER 1: From Lipid Phases to Membrane Protein Organization

ciples have been established, namely the prediction of membrane protein topol-
ogy (Jayasinghe et al. 2001), the hydrophobic mismatch principle (Mouritsen and
Bloom 1984), and also more specific aspects like the distinct roles of tryptophan
and lysine anchors (de Planque et al. 1999). Approaches based on fluorescence
spectroscopic techniques, due to their intrinsic sensitivity, suitable time-scale,
non-invasive nature and minimum perturbation, can be useful in studying all
these aspects of lipid-protein interaction. Examples of when and how to use this
technique will be given in the later sections of this chapter, after a brief review of
the most important fluorescence methodologies and parameters, and a survey
of the more useful fluorophores in these types of studies. Direct inspection of
fluorescence steady-state data allows us to qualitatively assess the physical details
of the system. On the other hand, state-of-the-art analysis of time-resolved fluo-
rescence data (e.g. FRET and anisotropy) can give detailed information on the
dynamics as well as the topology (e.g. vesicle interaction and phospholipid lateral
distribution).

1.2
Fluorescence Methodologies

1.2.1
Fluorescence Resonance Energy Transfer

Fluorescence resonance energy transfer (FRET) is a photophysical phenom-
enon upon which the excited state of a molecule, the donor, is transferred to an-
other, the acceptor. This latter molecule can be either identical to the donor, or
a different species, resulting in homotransfer (energy migration, homo-FRET)
or heterotransfer (hetero-FRET). As a result of FRET, the donor fluorescence is
quenched, and the acceptor becomes excited (and may fluoresce). The rate con-
stant for FRET, kr, depends on the inverse of the sixth power of the separation
distance between the donor and acceptor, R (Forster 1949). The FRET efficiency,
E, can be obtained experimentally from the reduction of fluorescence intensity
(Ipa) or lifetime (tpa) in the presence of the acceptor, relative to their values in
the absence of the acceptor (Ip and 1p, respectively):

_ . Ipa_ . Tpa
E=1-Pr=1- 2 (1.1)

In the case that the donor decay is described by a sum of exponentials (where
«; are the normalized pre-exponential factors):

i) = il o exp(—1/T) (1.2)

Tpa and 1p in Eq. 1.1 should be replaced by the lifetime quantum yields <t>py
and <t>p, defined by (e.g. Lakowicz 1999)

(1) ZéOCiTi (1.3)
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In membranes, each donor is surrounded by a distribution of acceptors, at
varying distances, therefore, FRET Kkinetics are considerably more complex. For
the derivation of the donor decay law in this situation, the starting point is usually
the master equation

o N t\(Ro\
ipa(f) = exp (—t/tD)il;[1 exp —(—)(R—) (1.4)

™

where N, is the number of acceptors, and Ri is the distance between the do-
nor molecule in question and the ith acceptor molecule. Although this equation
concerns a single donor molecule, it can be used for any situation where all donor
molecules are equivalent. In this way, expressions for the donor decay for ge-
ometries relevant to bilayer systems have been obtained. These include FRET to
an ensemble of acceptors in an infinite plane, from donors located either in the
same plane (planar geometry or cis FRET) or 2D FRET, as in Eq. 1.5 (Tweet et al.
1964), or in another parallel plane (bilayer geometry or trans FRET), as in Eq. 1.6
(Davenport et al. 1985).

6 1/3
-l Jenf e

] (1.5)
* exp {nRﬁn (1 - exp [— (%Z) (T_;)D}
1
VEere 3.6
IDA, trans () = exp(—T—;) exp {—2n7tl2 J %;tb(x) d(x} (1.6)

0

In these equations, # is the number of acceptors per unit area, y is the incom-
plete gamma function (see Lakowicz 1999, page 426), R, is the distance of closest
approach between donor and acceptor molecules, [ is the distance between the
planes of donors and acceptors and b = (R,/I)*tp™">. In the case that R, << R, (in
practice, if R. < Ro/4), the incomplete gamma term in Eq. 1.5 can be replaced by
I'(2/3) (where T is now the complete gamma function) and the last exponential
term in that equation can be omitted, whereas the upper limit in the integral in
Eq. 1.6 becomes 1.

In the above cases, a uniform distribution of acceptors was always assumed
(for the kinetics of FRET in the case of separation of two infinite phases with a
uniform acceptor distribution within each phase see, e.g. Loura et al. 2001). A
relevant situation in the context of lipid-protein interaction for which this clearly
does not hold is when the composition of the annular lipid region surrounding the
protein is different from that of the bulk. In a recent study (Fernandes et al. 2004),
FRET from a protein-located donor (in the centre of the bilayer) to a labelled-
phospholipid acceptor, with fluorophores located on both lipid/water interfaces,
was modelled assuming a single layer of annular lipid. The model assumes two
populations of energy transfer acceptors, one located in the single annular lipid
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shell around the protein and the other outside the shell. The donor fluorescence
decay curve has FRET contributions from both populations:

iDA(t) = Z.D (0 pannular(t) prandom(t) (1.7)

Here ip and ip, are the donor fluorescence decay in the absence and pres-
ence of acceptors, respectively, and Qannular and Qrandom are the FRET contribu-
tions arising from energy transfer to annular labelled lipids and to uniformly
distributed labelled lipids outside the annular shell, respectively. Considering a
hexagonal-type geometry for the protein-lipid arrangement, each donor protein
will be surrounded by 12 annular lipids. In bilayers composed by both labelled
and unlabelled phospholipids, these 12 sites will be available for both of them.
The probability p of one of these sites being occupied by a labelled phospholipid
is given by

K= Ks* facceptor / (nacceptor + nlipid) (1.8)

Here, Mcceptor i8 the concentration of labelled lipid, and #j;piq is the concentra-
tion of unlabelled lipid. K is the relative association constant, which reports the
relative affinity of the labelled and unlabelled phospholipids. Using a binomial
distribution, the probability of each occupation number (o-12 sites occupied si-
multaneously by labelled lipid), and finally the FRET contribution arising from
energy transfer to annular lipids is computed

12
Pannular () =H§OeXP('”kT t) (lnz) p(1-p) 1o (1.9)

The FRET contribution from acceptors uniformly distributed outside the an-
nular region in two different planes at the same distance to the donor plane (from
the centre of the bilayer to both leaflets) is given by the latter term of Eq. 1.6, in
which n must be corrected for the presence of labelled lipid molecules in the an-
nular region, which therefore are not part of the uniformly distributed acceptor
pool.

In all situations, the theoretical energy transfer efficiency E is readily calcu-
lated by numerical integration,

JiDA(I) dt
0

E=1- (1.10)

TiD(t) dt
0

and can be compared with the experimental observable obtained from Eq.
LL

Despite having the obvious advantage of only requiring a single fluorophore,
the use of homotransfer is more restricted than that of heterotransfer. One reason
for this is that homotransfer does not lead to a reduction in donor fluorescence
intensity or lifetime, because the donor excited state population is not dimin-
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ished during the act of transfer. In practice, the sole observable which reflects
the phenomenon is a reduction in fluorescence anisotropy (see Sect. 1.2.2), the
measurement of which requires polarizers and, because these lead to a consider-
able reduction in the detected emission, often a larger amount of fluorophore
(relative to that which would be used in an intensity measurement) is needed for
a given precision. In the case that instrumentation is not a problem, the decrease
in anisotropy is quite clear.

More importantly, the theory of depolarization due to homotransfer is more
complicated than that of heterotransfer, because (1) there is the possibility of
back-transfer to the directly excited donor, or transfer to any donor, eventually
involving a large number of transfer steps, and (2) since fluorescence anisotropy
is the relevant observable, in addition to FRET, another source of depolarization
is fluorophore rotation. If rotation and FRET occur in the same time-scale, the
two phenomena are coupled. This is why most theories for homotransfer assume
static dipoles (see Kawski 1983 and Van der Meer at al. 1994 for reviews and dis-
cussion of the theory), even the user-friendly numerical simulations of Snyder
and Freire (1982). Some authors assume that the experimental anisotropy decay
is the product of a rotational depolarization term by a FRET depolarization term
obtained from a static-dipole theory (e.g. Medhage et al. 1992), and therefore the
FRET term can be recovered, e.g. from the faster component in the anisotropy
decay (Sharma et al. 2004). It must be understood that this independence of ro-
tation and transfer constitutes an approximation (unless the time-scales for the
two phenomena are very distinct), whose severity is not easy to ascertain. The
coupling of rotation and FRET in the measured anisotropy is therefore the main
obstacle to quantitative data analysis of homotransfer. However, this has not
completely stopped the use of the latter in the context of lipid—protein interac-
tion, and examples will be given in Sect. 1.4.

1.2.2
Anisotropy

Molecular electronic transitions are characterized by absorption and emission
dipoles (and their associated transition moments) fixed with respect to the mo-
lecular frame. When an assembly of randomly oriented molecules is illuminated
with polarized light of suitable frequency the probability of absorption is propor-
tional to cos®y, where y represents the angle between the absorption transition
moment and the exciting electric vector. This anisotropy in the photoabsorption
process causes preferential excitation (photoselection) of those molecules orient-
ed forming angles y close to zero. The orientational anisotropy is a maximum at
the instant of excitation (f = 0) and will decrease as a function of time due, among
other things, to the Brownian motion experienced by the excited molecules. Since
these random motions depend on the shape and size of the molecules and on the
viscosity and temperature of the solvent, the decrease of the orientational ani-
sotropy will be related to these parameters. Therefore, any method able to detect
the initial orientation of the photoselected population and monitor its temporal
evolution will give important information about the dynamic properties of the
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molecule. When the photoselected molecules are fluorescent the disorientation
caused by the Brownian motion may be determined by recording the polarized
fluorescence components I and I, which represent, respectively, the intensities
of emission parallel and perpendicular to the exciting vector. Then, the emission
anisotropy, r, is defined by:

Li-1,

r= III"'—ZIJ_ (1.11)

The maximum value of r (the intrinsic anisotropy r,) depends on the relative
orientation of the excitation and emission transition moments of the molecule
and corresponds to the emission anisotropy observed in the absence of other de-
polarizing process taking place during the lifetime of the excited state (t). In most
cases, decreasing this initial value depends only on the ratio between 1 and the
speed of the rotational diffusion by an expression originally formulated by Perrin
(1926) and later applied and extended by Weber (1953) and Jabtonski (1960):

.
r=——r— (1.12)
1+1/¢

where ¢ is the rotational correlation time, which is related to the rotational
diffusion coefficient, D (¢ = 1/6D), and, therefore, to the molecular dimensions
and to the viscosity and temperature of the solvent. Many fluorescent molecules
in water solution have correlation times much shorter than the lifetime (¢ << 1).
Then, the measured anisotropy (r) is zero (the random orientation of the excited
molecules is recovered before fluorescence emission). However, for large mol-
ecules such as proteins, the rotational motions occur in the same time-scale as the
fluorescence lifetime and, consequently, the fluorescence light that they emit will
be partially polarized (r # o).

Equation 1.12 was deduced assuming spherical rotors in isotropic media and
from experiments under continuous illumination, that is, under steady-state con-
ditions. Its use in the determination of any one of the parameters involved in
the equation requires the explicit knowledge of all the others parameters and it
is limited to fluorophores in isotropic solvents having specific symmetry, with a
single fluorescence lifetime. Steady-state anisotropy can also be used to monitor
lipid-peptide interactions, as long as the peptides contain an extrinsic or intrin-
sic fluorophore. The interaction of the peptide with the membrane slows down
and partially prevents the rotation of the macromolecule-bounded fluorophore,
causing an increasing of the anisotropy value. In addition, steady-state anisot-
ropy measurements have been extensively used to detect alterations induced by
peptide and proteins in membrane systems through incorporation of extrinsic
probes into the lipid vesicles (e.g. Ahn et al. 2002; Zhao et al. 2001). The ani-
sotropy values obtained under these conditions contain structural and dynamic
information about the peptide and the lipid membrane which cannot be sepa-
rated from a simple steady-state experiment (Jdhnig 1979). This and much more
information is available if one measures directly the anisotropy decay, that is, the
values of r(t) after pulse excitation. In the case of spherical fluorophores dissolved



1.2 Fluorescence Methodologies I 7

in isotropic solvents and in the absence of other depolarization processes r(f) is a
single exponential:

r(t) = roexp (- t/Q) (1.13)

For more complex structures (non-spherical fluorophores, fluorophores lo-
cated in an anisotropic environment such as a lipid membrane, macromolecule-
bound fluorophores having internal flexibility, etc.), () can be described as a
multi-exponential decay plus a constant term (Dale 1977; Heyn 1989):

r(t) = (rg- 1) [i Bi exp (- tltpi)] + 7.
i=1 (1.14)

Bi=1

ip=

1

where r., is the residual anisotropy obtained for t — co when the rotational
motion of the fluorophore is restricted and, consequently, depolarization is not
complete (which is the usual case for fluorophores inserted in lipid membranes).
The anisotropy decay parameters (¢;, Bj, and r..) contain information about the
shape, size, flexibility and location of the fluorophore or of the bound macromol-
ecule, and/or about the rigidity of the molecular environment where the fluoro-
phore resides (e.g. a lipid membrane). To extract this information it is necessary
to propose a rotational model for the fluorophore and compare the exponential
terms corresponding to this model with those obtained from the fit of the experi-
mental anisotropy decay to Eq. 1.14. Some of these rotation models and their asso-
ciated anisotropy decay laws have been extensively revised by Lakowicz (1999).

Although Brownian motion is the main source of fluorescence depolarization,
additional processes such as energy transfer, fluorescence reabsorption or light
scattering can indirectly modify the orientation of the emission dipoles affecting
the anisotropy value. The extent to which the anisotropy is decreased due to these
mechanisms can be minimized if one works with dilute samples and suitable ex-
citation and emission wavelengths.

1.2.3
Quenching

Together with FRET, quenching is the most common methodology in the area
of biological applications of fluorescence. In the case that fluorescence quench-
ing is a dynamic process, i.e. diffusion dependent (static mechanisms will be ad-
dressed later), this implies the resolution of Fick’s diffusion equation. In homoge-
neous solution the resulting complex formalisms, such as the so-called “radiation
boundary condition” can be experimentally verified.

However, in biological systems, specifically the problem of both fluorophore
and quencher diffusing in a membrane, “transient effects” due to diffusion can-
not be studied in detail due to the following: (1) diffusion is no longer isotropic;
(2) the decay of most samples in the absence of a quencher is not a single expo-
nential but is intrinsically complex, which among other reasons can be due to
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populations in different microenvironments in the membrane, such as different
transversal locations (in addition, for the more relevant fluorescent amino acids,
tryptophan and tyrosine, this complexity is also due, among other reasons, to the
emission of different ground-state rotamers - see Sect. 1.3.2.1); (3) in most experi-
mental situations there is strong scattering due to the vesicles, and in this way the
very beginning of the decay is biased due to this artefact. Although this can be
taken into account in the time-resolved analysis, it is always a critical problem.

In this way the well-known Stern-Volmer equation is in most situations the
starting point, and from time-resolved data a linear relationship (Eq. 1.15) should
be obtained:

% = 1+kg-79-[Q] (1.15)

where 1,and 1 are the fluorescence lifetimes in the absence and presence of the
quencher, k, is the bimolecular rate constant, and [Q] is the effective quencher
concentration in the membrane which is obtained from knowledge of its partition
coefficient (see Sect. 1.4.1) . For this rate constant, and related to the “transient
effects” described above, the approximation of Umberger and Lamer (1945) can
be considered,

kq = 4TNy(2R)(2D)[1+ 2R,/ (27D)""?] (1.16)

where R, is the collisional radius (taken as the sum of the fluorophore and
quencher radius), and in this way the diffusion coefficient D can be obtained. In
the case that the quenching is not diffusion controlled, the above definition for k,
is multiplied by an efficiency factor y. This approximation takes into account the
fact that only a fraction of the collisions is effective in the excited state deactiva-
tion.

As mentioned above, only exceptionally is the intrinsic decay of the fluoro-
phore not complex, and is usually empirically described by a sum of exponentials
(Eq. 1.2). Generally, the quenching of each component cannot be detailed, and the
use of mean or average lifetimes, which is not uncommon to find described in the
wrong way in the literature, is the usual approach.

In Eq. 1.15 above, the lifetime quantum yields (see Eq. 1.3) (integration of the
area under the decay) should be used on the left-hand side of the equation, while
the mean lifetime should be used on the right-hand side,

ZaiTiz
1

T =
Z(Xi’ci

(1.17)

which in fact is the one that describes the mean lifetime that the molecule
spends in the excited state, so is the relevant one to consider in the diffusion proc-
ess. The mean lifetime can be even more refined, such as described by Sillen and
Engelborghs (1998).

Regarding the static components that can be present in the steady state, the
first step is to consider a sphere of action, which accounts for the statistical pairs
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existing at the moment of excitation. So, from the time-resolved linear Stern-Vol-
mer plot (Eq. 1.15), and the fitting of Eq. 1.18 to the steady-state data I, /I, the vol-
ume of the sphere V is obtained,

I—I°= (%)-exP (-V-N,-[Q]) (1.18)

In the case that the recovered sphere radius is greater than the sum of the col-
lisional radii of fluorophore and quencher (~ 10 A for typical molecular pairs), a
model considering the formation of a molecular complex should be invoked. The
general formalism for the case where the equilibrium constant K, is not very high,
or the quencher concentration is low, is given in Castanho and Prieto (1998).

A specific application of quenching in membranes is related to the determina-
tion of the transversal position of molecules, i.e. the in-depth location in a mem-
brane. The most well-known approach of this type of differential quenching is the
so-called “parallax method”, which will be briefly addressed in Sect. 1.4.5.

Much less used to obtain structural information in membranes is the self-
quenching mechanism. However, this is a very common interaction in membrane
studies, since the compartmentalization effect of this heterogeneous medium
leads to high effective concentrations of molecules in a membrane.

Self-quenching can happen in cases that a protein or a peptide (1) was deriva-
tized with a fluorophore that undergoes self-quenching (BODIPY is an example,
Fernandes et al. 2003), or (2) it can also happen in the case of a non-derivatized
peptide, since tryptophan can be quenched in an intermolecular way, by another
peptide segment, which has in its structure a residue that is a suitable quencher of
tryptophan, such as a cysteine or a lysine (e.g. de Almeida et al. 2004).

When studying self-quenching, the Stern-Volmer relationship (Eq. 1.15) for
dynamic quenching still holds, where now the quencher concentration [Q], is re-
placed by the fluorophore concentration [F], and the value of 1, is the limiting
value for a diluted solution, the situation where there is no self-quenching. How-
ever, the same formalism is not valid for the steady state, since the total intensity
increases due to the increase in fluorophore, but there is a concomitant decrease
due to the self-quenching interaction. This leads to the following hyperbolic-type
relationship,

Ip= _ClH exp (-VN4 [F]) (1.19)

1
& aF)

where Ir is the fluorescence intensity and C is a constant, and in the case that
the effective concentration is high enough, the static contribution can be taken in
the framework of the sphere of action model.

The above formalisms assumed that diffusion in the membrane happens in a
three-dimensional medium. The solution for a bidimensional system (Razi-Naqvi
1974), when applied to a membrane, is relevant in the case that the fluorescence
lifetime was on the order of hundreds of nanoseconds, which is not the case for
most probes or fluorescent amino acids.
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1.3
Fluorophores in Lipid Protein Studies

1.3.1
Membrane Probes

The kinds of molecules capable of undergoing electronic transitions that final-
ly result in fluorescence are known as fluorophores. Application of fluorescence
spectroscopy to study lipid-protein interactions requires the presence of, at least,
one of these molecules in the system under study. In many cases, the fluorophore
is an inherent component of the protein or peptide - fluorescent amino acids
as tryptophan (Trp) and tyrosine (Tyr) — or an extrinsic probe bonded to the
macromolecule, and the changes detected in their photophysical properties are
related to alterations induced on the macromolecule upon interaction with the
membrane macromolecule (see Sect. 1.3.2). Lipid-protein interactions can also
be investigated from the alterations induced on the lipid bilayer by the protein or
peptide. However, most lipids do not display intrinsic fluorescence, thus applica-
tion of fluorescence spectroscopy to this kind of study requires the labelling of
the bilayer with an extrinsic fluorophore, namely a membrane probe. Membrane
probes include fluorescent molecules similar to natural lipids, such as diphenyl-
hexatriene (DPH) and their derivatives or trans-parinaric acid (¢-PnA), as well as
small organic dyes having little structural resemblance to natural biomolecules
(BODIPY, Laurdan, Pyrene, NBD, etc.). Fluorescent analogues of lipids are com-
monly used in anisotropy experiments to determine membrane phase-transition
temperatures and physical properties of membranes such as order parameter and
“microviscosity”, as well as for detecting alterations of these parameters induced
upon interaction of the membrane with peptides, proteins and other biomolecules.
These kinds of experiments are based on the assumption that the probe into the
membrane will adopt an orientational distribution which mimics that of mem-
brane components. This information is contained in r.. (see Eq. 1.14), the residual
anisotropy of the probe. In addition, the correlation times of the anisotropy decay
will contain information about the friction that hinders the angular motions of
the probe, which is related to the membrane microviscosity. The task of obtain-
ing the membrane molecular properties from a macroscopic observable such as
anisotropy decay is only possible if numerous properties of the probe are known,
such as its location within the bilayer, size, shape and flexibility, the orientation
of its transition moments as well as its orientational diffusion mechanism. DPH
and derivatives having the same chromophore, such as TMA-DPH and CE-DPH,
are the membrane probes most commonly used in membrane research. DPH is
a rigid hydrophobic molecule with rod-like symmetry and transition moments
collinear and practically parallel to the longer molecular axis (Mateo et al. 1993).
The probe inserts spontaneously into the bilayer and is oriented, on average, par-
allel to the lipid acyl chains. The simplest treatment that accounts for the orienta-
tional diffusion of rod-shaped molecules in a lipid membrane considers the probe
as undergoing free rotation in a cone-shaped volume symmetrically distributed
about an axis normal to the membrane bilayer plane (Kinosita et al. 1984). In
this model, 7(¢) in Eq. 1.14 is approximated by a monoexponential function plus
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the constant term .., where r.. = 7, $* and S is the order parameter of the probe
(Jahnig,1979), which can be taken as reflective of the membrane acyl chain order
parameter. The exponential factor of r(¢) is viewed as an average correlation time
related to the wobbling diffusion coefficient of the probe and, therefore, to the mi-
croviscosity of the membrane (Kinosita et al. 1984; Mateo et al. 1996). Numerous
studies have been published in the last few decades, which use this methodology
to report the effect of the presence of proteins and peptides on the structural and
dynamics properties of membranes and/or on the membrane phase transition
(Muller et al. 1996; Voss et al. 1991; Mateo et al. 1991a; Kremer et al. 2001; Shobini
and Mishra 2001; Sanders et al. 1992). Most of them conclude that incorporation
of peptides and proteins to membranes raises the lipid bilayer order parameter as
well as the membrane microviscosity and that, at low concentration, does not af-
fect or slightly shift the phase transition temperature. Similar information about
the membrane properties can be extracted using fluorescent fatty acids such as
t-PnA and t-COPA (Wolber et al. 1982; Mateo et al. 1996). t-PnA shows two very
interesting properties since it dissolves preferentially in lipid environments with
gel-like properties and its fluorescence lifetime is very sensitive to the local den-
sity (Sklar et al. 1977). Because of these properties the probe has been used to de-
termine membrane heterogeneity induced by the presence of proteins, peptides
or other lipids such as cholesterol (Poveda et al. 2002; Mateo et al. 1991b, 1995).

Small organic fluorophores having little structural resemblance to lipids, such
as Pyrene, BODIPY or Laurdan, are also extensively used in protein-lipid studies.
Incorporated into the lipid bilayer either free or covalently linked to fatty acids,
these probes locate at different membrane depths and show numerous applica-
tions due to their interesting photophysical properties. Pyrene is commonly used
to determine lipid lateral diffusion and to detect lipid domains through forma-
tion of excimers (Epand et al. 2003; Vanounou et al. 1993). BODIPY can be used,
among other things, to determine the insertion and orientation of peptides in
membranes (Epand et al. 1999). Finally, Laurdan shows spectral properties very
sensitive to the physical state of the surrounding phospholipids and has been used
on numerous occasions to detect lipid domains (Parasassi et al. 1994) and to de-
termine the physical state of lipids surrounding proteins (Antollini et al. 1996).

In addition to the applications reported above for intrinsic and extrinsic fluor-
ophores, these molecules have been extensively used as donors or acceptors in
FRET experiments. As was previously described in Sect. 1.2.1, this methodology
is extensively used in protein-lipid interaction studies since it yields information
about the lipid distribution around proteins, protein-cholesterol interactions,
segregation of lipid domains, protein association, location of peptides within the
membrane, fusion or aggregation of membranes, etc. Many of these experiments
use Trp or Tyr as energy donors and the membrane probes DPH, t-PnA or the flu-
orescent cholesterol analogues cholestatrienol and dehydrocholesterol as accep-
tors (Poveda et al. 2002; de Almeida et al. 2004; Dergunov and Dobretsov 2000;
Nemecz et al. 1991). However, in most cases, donors and acceptors are extrinsic
fluorophores having suitable excitation and emission wavelengths and covalently
attached to protein and/or phospholipids. Table 1.1 shows some of the donor-ac-
ceptor couples of FRET most commonly used in protein-lipid interaction experi-
ments, together with their calculated R, values.
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Table 1.1 Donor-acceptor couples of FRET most commonly used in protein-lipid interaction
experiments, together with its calculated Rq value

Donor Acceptor Ro (A) Reference

Tyr t-PnA 26 Poveda et al. 2002

Trp Trp 6 Eisinger et al. 1969
DPH 33 Poveda et al. 2003
t-PnA 27 Poveda et al. 2003
Dehydrocholesterol 20 De Almeida et al. 2004
Pyrene 28 Wu and Brand 1994
Tyr-NO, 26 Wu and Brand 1994
Dansyl 22 Wu and Brand 1994

Dansyl Rhodamine 49 Yegneswaran et al. 2004

Coumarin NBD 40 van der Meer et al. 1994

NBD NBD 28 van der Meer et al. 1994

IAEDANS? BODIPY 49 Fernandes et al. 2003

IAEDANS FITCP 49 Wu and Brand 1994

? n-(lodoacetyl)aminoethyl-1-sulfonaphthylamine.
b Fluorescein 5-isothiocyanate.

1.3.2
Protein/Peptide Fluorescence

1.3.2.1
Intrinsic Fluorescence from Aromatic Side-Chains

The photophysical properties of the amino acids containing fluorescent side-
chains have been extensively characterized and reviewed (see, e.g. Lakowicz 1999
and references therein, and references in the remainder of this section), though
some aspects are not fully understood, as will be described later. In this review
the focus will be given on the features more directly relevant to the subject of
lipid-protein interaction.

From the three naturally occurring aromatic side-chain amino acids, Phe, Tyr,
and Trp, the first has a low molar absorption coefficient and quantum yield, and
low maximum absorption and emission wavelengths, and thus is practically use-
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less for lipid-protein interaction studies. Tyr and Trp in the zwitterionic form
have similar quantum yields (Chen 1967). For proteins that do not contain Trp
residues, very elegant studies have been performed based on Tyr fluorescence
(some examples will be given later on this chapter). However, if both Tyr and Trp
are present, selective excitation of Tyr is not possible, because of the superimposi-
tion of its absorption spectrum with Trp, and Tyr emission is usually quenched by
Trp by FRET (though this latter effect can be used to obtain structural informa-
tion, e.g. Moreno and Prieto 1993). When both Tyr and Trp residues are present,
selective excitation of Trp can be accomplished by using excitation light of > 295
nm. Both Trp and Tyr are prone to photobleaching, and adequate experimental
precautions have to be employed.

Trp contains an indole group whose fluorescence properties are highly sensi-
tive to the local environment. Changes in Trp fluorescent spectra, quantum yield
steady-state anisotropy or fluorescence lifetime are often used to investigate the
interaction of the macromolecule with lipid membranes and to get information
about the location and conformation of the macromolecule upon interaction. One
of the most immediate pieces of information about the fluorophore environment
comes from its spectral distribution. The emission maximum for Trp undergoes
a significant red-shift from a non-polar (~320 nm) to a solvating environment
(~350 nm), and this has been used to follow protein denaturation. Analogously,
the transfer of the indole moiety from the aqueous (polar) environment to the
lipid bilayer (less polar) characteristically causes a blue-shift of emission. How-
ever, the membrane interface is a complex anisotropic medium, and from the
blue-shift of tryptopthan upon interaction with the membrane, it is not possi-
ble to obtain quantitative information about in-depth location. The shape of the
emission spectra can be analysed in a more quantitative way, and by fitting a
log-normal distribution, from the recovered parameters, information about con-
formational and penetration heterogeneity can be obtained (see Ladhokin et al.
2000). Trp also shows a red-edge excitation shift (REES), which can be used for
obtaining topographical information (Weber and Shinitzky 1970; Chattopadhyay
and Raghuraman 2004).

Trp fluorescence emission decay kinetics are usually complex, and in addition
to a sum of exponentials, continuous distributions of lifetime populations have
also been used to describe the fluorescence decays (e.g. Vincent et al. 2000). In
fact, the lifetime of Trp can be influenced by a wide variety of factors that include
solvent quenching, quenching by groups in the protein itself and electron transfer
to the carbonyl of the peptide bond (Engelborghs 2001). The fluorescence inten-
sity from Trp residues generally exhibits a significant increase upon establishing
an interaction with lipid bilayers. This enhancement in quantum yield of the Trp
residues upon inclusion in a less polar environment is usually accompanied by a
corresponding variation in its mean fluorescence excited state lifetime. However,
the reverse situation has also been reported (e.g. Ghosh et al. 1997). In fact, there
is no clear correlation between quantum yield and the wavelength of maximum
emission in proteins with a single Trp residue (Lakowicz 1999). These effects can
be caused by several polar protein groups, which are able to quench Trp fluores-
cence to some extent (Chen and Barkley 1998).
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The intrinsic fluorescence of Tyr has been less exploited than that of Trp. Tyr
fluorescence is insensitive to environmental factors like polarity and does not ex-
hibit appreciable solvatochromism in contrast with Trp. Nonetheless, in spite of
the apparent disadvantages mentioned above, Tyr shows a high intrinsic anisot-
ropy and a fluorescence lifetime which is equally optimal to characterize nanosec-
ond and subnanosecond motions in peptides and proteins (see Sect. 1.4.4). The
multi-exponential behaviour of single Tyr peptides and proteins has been exten-
sively reported, and has been attributed to the existence of ground-state rotam-
ers sensing different chemical environments and interconverting slowly on the
nanosecond time-scale (Laws et al. 1986), and thus the fluorescence decay of those
peptides and proteins should, in principle, contain some structural information.

The peptide fluorescence, either from Trp or Tyr residue(s), or a covalently
labelled probe (see below), can be highly dependent on its aggregation state. De-
pending on the desired information this can be viewed as an advantage or a dis-
advantage. If these effects are not aimed at in the study - but they do exist — small
variations in concentration (peptide/lipid ratio; labelling efficiency, etc.) can
cause significant changes in the experimental observables, leading to incorrect
interpretations. Awareness of this fact and a detailed photophysical characteriza-
tion of the protein are advised. The bright side is that a great deal of relevant in-
formation can be obtained from these effects (lipid-protein and protein-protein
interactions; see examples in Sect. 1.4.2).

1.3.2.2
Introducing and Changing the Intrinsic Fluorescence
of Proteins/Peptides

In many cases, though, the intrinsic fluorescence of the protein/peptide does
not exist or does not have suitable properties to help answer the questions under
research. The latter problem can be due to the existence of too many fluorescent
residues that may hamper the interpretation of the results. It is very common to
create single Trp mutants or to attach covalently a fluorescent group to a cysteine
residue. With this approach, it is possible to explore the environment around dif-
ferent regions of a protein, by different fluorescent methodologies, obtaining a
large amount of information. In any case, it should be stressed that fluorescence
usually reports on the local environment of the fluorophores, whereas other tech-
niques, such as infrared, can give global structural information, e.g. about the
secondary structure (e.g. Contreras et al. 2001). In the case of extrinsic labelling,
though, the fluorescence experiment reveals direct information about the extrin-
sic fluorophore but informs only indirectly about the particular system where the
probe resides. Therefore, a thorough knowledge of the photophysical and chemi-
cal properties of the fluorophore is necessary to correctly extract the required
information. Numerous fluorophores are available for covalent or non-covalent
labelling to proteins and extensive information on a wide range of them is avail-
able in the Molecular Probes Catalog (www.probes.com.). For lipid-protein inter-
actions, fluorophores such as dansyl (Plasencia et al. 2001) or NBD are the most
frequently used, but also Pyrene (e.g. Barrantes et al. 2000) and others referred to
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in the examples of Sect. 1.4. Fluorophores from the Rhodamine family constitute
another common group. They are usually FRET acceptors for NBD (e.g. Yano
et al. 2002), absorb and emit at high wavelengths, and have high quantum yield
and molar absorption coefficient. For fluorescence microscopy, the fluorophores
should absorb/emit more in the visible range and have good photostability, e.g.
BODIPY (Janosch et al. 2004). Some of these fluorophores were mentioned in
Sect. 1.3.1.

NBD, like Trp, is a polarity-sensitive probe, with the advantage, relative to
the indole group, of having stronger absorption, large difference in quantum
yield between aqueous and lipid environments, and absorption and emission
in the visible range. The reversible refolding of the T-domain of difteria toxin
was studied by using three single-Cys mutants labelled with NBD (Ladhokin et
al. 2004). The mutants were chosen in such way that the label is exposed to the
aqueous phase, but in different regions of the protein, in order to detect specific
membrane interactions, if they are to occur (if the labels were buried, they would
probably be already in a hydrophobic environment, and membrane interactions
would be difficult to detect, especially because the study is based on steady-state
fluorescence). The interpretation of the fluorescence results in the framework of
both transmembane and interfacial hydropathy analysis (see next section) sup-
ported the suggestion of a control mechanism for the pH-dependent insertion of
the toxin.

Other fluorescent groups, like green fluorescent protein and analogues, or
even fluorescently labelled antibodies for a particular protein, commonly used in
cell localization and co-localization studies, are generally too large to be useful in
biophysical studies of lipid-protein interactions.

1.3.3
Why use Peptides?

In many biophysical studies of lipid-protein interaction, namely, those em-
ploying fluorescence techniques, designed peptides or fragments from whole pro-
teins are used instead of the entire macromolecule. Sometimes the choice of using
a peptide sequence corresponding to a small part of the protein is due to experi-
mental limitations, but not always, and this type of study has been very important
to better understand lipid-protein interaction.

Knowledge about the molecular mechanism of polypeptide interaction with
insertion into and final organization within membranes is critical for understand-
ing the activity of many hormones, host-defence peptides and lipopeptides, as
well as toxins (White et al. 1998; Epand and Vogel 1999). Additionally, the use of
several carefully chosen synthetic or naturally occurring peptide segments from
integral membrane proteins or from membrane-binding proteins has helped to
clarify the principles that govern molecular recognition between membrane-
spanning polypeptides and binding/association at the membrane interface, re-
spectively (Shai 2001).

The study of the interaction of model peptides with a zwitterionic lipid bi-
layer was fundamental to establish the hydrophilic/hydrophobic energetics of
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membrane protein insertion (Wimley and White 1996). The partition of whole
proteins into membranes is difficult or impossible to determine, and the problem
of membrane protein structure and stability has been addressed by determining
separately the different contributions.

The usefulness of model peptides is well demonstrated in the work by Ladokhin
and White (2004) and the use of peptides derived from partial protein sequences
in the work by Sudrez et al. (2000). Further examples will be given in the remain-
der of this chapter.

A complementary biophysical and cell-biology study of the cholesterol an-
chor of the Hedgehog protein (Peters et al. 2004) is another illustrative case. In
that study, the biophysical data from model peptides in interaction with model
membranes was correlated with the effects of functional proteins at the cellular
level. The model peptides were labelled with NBD at a Lys side-chain or at the N-
terminus and the main fluorescence assay consisted of following the increase in
NBD fluorescence when vesicles devoid of the FRET acceptor for that fluorophore
(a Rhodamine-labelled lipid) were added to the sample.

14
Relevant Problems in Lipid-Protein Interaction
and Fluorescence

1.4.1
Partition to the Membrane

The extent of the partition of a peptide between the lipid and water phases is
very variable and is usually given by the partition coefficient, K,,. The determina-
tion of K}, is usually the first step in the study of the interaction of a peptide with
a given membrane system. It is defined by (for an alternative definition and inter-
conversion see Santos et al. 2003)

nSL/VL
K, = —>L L
P s/ Vi (1.20)

where V; are the volumes of the phases, and ng; are the moles of solute present
in each phase (i = W, aqueous phase; i = L, lipid phase).

Most of the applications of fluorescence spectroscopy to the quantification of
the degree of interaction of the peptide with a model membrane rely on the differ-
ence in a fluorescence parameter of the partitioning molecule, such as the quan-
tum yield, fluorescence anisotropy or fluorescence lifetime, in the two media. The
additivity of the fluorescence emission intensity, I, and steady-state anisotropy, ,
lead to the following equations, which are both useful in the calculation of K,:

I= (IW + ILKPVL[L]/(I‘FKPVL[L]) (121)
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_ Tw ((VL [L])_l - 1) + VLKPEL(DL/(SW(DW)
r= - (1.22)
(VLILD™ - 1 + Kpe @1 /(e Pw)

where [L] is the lipid concentration, V. is the lipid molar volume, ¢; is the mo-
lar absorption coefficient at the excitation wavelength and @; is the fluorescence
quantum yield of the peptide in phase i. Equation 1.21 is also valid if lifetime-
weighted quantum yields, <t> (see Sect. 1.2.1), are used instead of steady-state
intensities (in these cases, I, Iy and I} should be replaced by <t>, <1>y and <t>y,
respectively - the latter values are the lifetime-weighted quantum yields in pure
water and membrane phases, respectively), because both <1> and I are propor-
tional to the fluorescence quantum yield. In fact, the use of data coming from
time-resolved experiments is advantageous because they are less prone to arte-
facts such as light scattering or inner filter effects, and are preferred to the use
of steady-state intensities. Anisotropy measurements are also strongly affected
by light scattering, which can be critical for the highest lipid concentrations (e.g.
Castanho and Prieto 1992).

Measurements are usually carried out by titration, i.e. addition of successive
amounts of lipid to the solution keeping the solute concentration constant, apart
from the dilution effect. However, this can lead to significant photobleaching, es-
pecially if the intrinsic Trp or Tyr fluorescence is being measured. In that case,
preparation of aliquots with constant solute concentrations and varying lipid
amounts should be considered (see Santos et al. 1998 for an example).

In the case that K, is not too high, the molar fraction of solute in water, xy,
can be significant. If the peptide fluorophore fluoresces in water (e.g. Trp), the
experimental spectrum, I(A)1,w, is the sum of the fractions in water, I(A)w, and in
the membrane, I(\). The latter can be obtained from:

I\, =C- (I Mrsw - xw IO‘-)W) (1.23)

1
L+ (Tw

The recovery of the anisotropy decay parameters for the peptide in the lip-
id phase is more complex. However, in any case, the residual anisotropy of the
bound species, (see Sect. 1.2.2), is readily obtained (see Contreras et al. 2001, for
an example):

_ xw{Ow )
ra = (1 ¥ x (T ) = (1.24)

where 7., is the experimentally determined value in the presence of lipid at
time — oo,

FRET can also be used as evidence of peptide interaction with membranes
(e.g. Rosomer et al. 1996). Typically, the increased efficiency of FRET between
a Trp residue in the peptide and a membrane-bound acceptor probe reveals the
partition of the peptide towards the bilayer. In this way, the extent of the inter-
action of the HIV fusion inhibitor T1249 with POPC/cholesterol vesicles was re-
cently established, using dehydroergosterol as acceptor, despite the fact that the
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fluorescence parameters of the peptide are almost unchanged in the presence of
the vesicles (Veiga et al. 2004).

1.4.2
Protein/Peptide Aggregation

There are two main techniques to monitor the peptide/protein aggregation or
local enrichment within the membrane: FRET between identical or non-identical
protein units and self-quenching of the peptide/protein fluorescence.

The basic formalisms of FRET were described in Sect. 1.2.1, where the strong
dependence of this phenomenon on the distance between fluorophores was em-
phasized. Energy homotransfer between Trp residues is limited to peptide ag-
gregation studies, because of the small value for R, for the Trp/Trp pair (6-10
A; Table 1.1 and de Almeida et al. 2004). In any case, it has proved useful, as in a
recent study on the organization of the peptide yM4 from the muscle AChR (de
Almeida et al. 2004), for which significant aggregation in POPC/cholesterol (3:2)
bilayers was excluded, as the decrease in the anisotropy could be explained as-
suming a uniform distribution of peptide. Energy homotransfer between extrin-
sic labels has also been used to monitor peptide aggregation within membranes
(e.g. Runnels and Scarlata 1995).

Heterotransfer experiments, involving two distinct labelled derivatives of pro-
teins or peptides, were described more than twenty years ago. In a now historical
paper, using a simple formalism which neglected intermolecular FRET but took
into account different oligomerization schemes (dimmers/trimers/tetramers),
Veatch and Stryer (1977) verified that the hypothesis of formation of gramici-
din dimers (donor: dansyl-gramicidin C; acceptor: 4-(diethylamino)-phenyla-
zobenzene-4-sulfonyl chloride derivative of gramicidin C) led to better model
fits than both trimer and tetramer formation scenarios. Aggregation of proteins
of the chromaffin granule membrane, labelled with maleimide iodoaminonaph-
thyl sulfonate (donor) and fluorescein mercury acetate or fluorescein-5-maleim-
ide (acceptor), was qualitatively verified by Morris et al. (1982) upon addition
of calcium ion. Following these studies, FRET has become an important tool in
the characterization of protein/peptide aggregation (e.g. Fagan and Dewey 1986;
Adair and Engelman 1994; Yano et al. 2002; Sal-Man et al. 2004). However, self-
association is not the only possible cause for increased FRET efficiency between
proteins/peptides in membranes, as verified in a study of the aggregation state
of the M13 major coat protein using an IAEDANS-labelled protein as donor and
a BODIPY-labelled protein as acceptor, carried out in vesicles of different lipid
mixtures, for which it was concluded that lipid domain formation leads to protein
compartmentalization and more efficient FRET, without formation of aggregates
(Fernandes et al. 2003; see also below in this section).

In addition to spectroscopic studies in membrane model systems, studies of
FRET in cell membranes, carried out under the microscope (including single-pair
studies) are becoming common. Kubitscheck et al. (1991) have in this manner
ruled out self-association of Fc, receptors of type 1 on the surface of mast cells.
Homoassociation of erbB2 (a member of the epidermal growth factor receptor-
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type tyrosine kinase receptor family) was verified in several types of breast tumour
cells (Nagy et al. 1998). Gramicidin dimerization has also been observed in single-
pair FRET, and correlated with single-channel current recordings (Borisenko et
al. 2003; Harms et al. 2003).

The putative existence oflipid rafts (domains enriched in (glyco)sphingolipids,
cholesterol, specific membrane proteins and glycosylphosphatidylinositol (GPI)-
anchored proteins) has raised, since its proposal (Simons and Ikonen 1997), con-
siderable interest in the membrane biophysics community, because of their pos-
sible implication in a variety of cell processes (see, e.g. Simons and Toomre 2000;
Anderson and Jacobson 2002, and Sect. 1.1 of this chapter). The search for lipid
rafts in live cells has been carried out using FRET microscopy techniques, where
the fluorophores include GPI-anchored fluorescent proteins. In some literature
studies, no evidence of protein clustering using hetero-FRET was observed (Ken-
worthy and Edidin 1998; Kenworthy et al. 2000; Glebov and Nichols 2004). How-
ever, homo-FRET microscopy analysis yielded density-independent values of the
fluorescent anisotropy of GPI-anchored folate-receptor isoform (at variance with
that from transmembrane-anchored folate-receptor isoform), which can only be
explained by the clustering of the proteins in domains of < 70-nm size (Varma
and Mayor 1998), which are disrupted by the removal of cholesterol. Further
experiments by the same group, and attempts to model the resulting complex
homo- and hetero-FRET data suggest that cell surface GPI-anchored proteins are
present mainly as monomers and in a minor fraction (20-40%) as very small (<
5 nm) clusters containing no more than four GPI-anchored protein molecules
(which can be of the same or different species) (Sharma et al. 2004). The authors
argue that this cluster distribution would not be detected in the other less-sensi-
tive hetero-FRET studies mentioned above.

Self-quenching of peptide intrinsic or extrinsic fluorescence has often been
invoked as evidence for aggregation (e.g. Pecheur et al. 1999; Haro et al. 2003).
However, to be certain of this, one should carry out both steady-state and time-
resolved experiments to be able to distinguish between dynamic self-quenching
(which may reflect local enrichment of peptide, but not necessarily formation of
aggregates) and static self-quenching (which comes from aggregation; see Sect.
1.2.3). For example, de Almeida et al. (2004) observed an increased dynamic
quenching (but no static quenching) of the above-mentioned yM4 peptide fluo-
rescence in POPC/cholesterol mixtures, which (also taking into account the re-
duced FRET efficiency between the yM4 Trp residue and dehydroergosterol) they
interpreted as reflecting the formation of peptide-rich patches, in which the pep-
tide is not necessarily dimeric. Likewise, whereas enhanced dynamic self-quench-
ing is verified for the BODIPY-labelled M13 major coat protein in mixtures of
DMoPC/DOPC and DEuPC/DOPC (see Table 1.2 for abbreviations), from the ap-
plication of Eq. 1.19, a static quenching component characterized by a reasonable
active sphere radius (14 A in both cases, the same as in pure DOPC) is recovered.
This provides evidence that there is no specific protein aggregation in these sys-
tems, and confirms that the enhanced FRET efficiency for this system is probably
due to protein segregation to DOPC (the hydrophobically matching phospholipid
in both mixtures)-enriched heterogeneities (Fernandes et al. 2003). On the other
hand, an unreasonable active sphere radius (> 20 A) is obtained in both DEuPC
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and DMoPC pure vesicles, showing that the protein aggregates when there is no
hydrophobically matching phospholipids in the bilayer composition. These ex-
amples show that separation of the static and dynamic quenching components
(which requires that both steady-state and time-resolved experiments be carried
out) allows the identification and characterization of peptide oligomerization or
segregation in the bilayer. In the case that only one of these phenomena is present,
this is readily apparent from the model analysis of the data.

Besides self-quenching, a quenching-based methodology was developed
(Mall et al. 2001) and applied to the study of oligomerization of peptides type Ac-
LysLysGlyLeu(m)XLeu(n)LysLysAla-amide in PC bilayers, where X is Trp or the
quencher 3,5-dibromotyrosine. Formation of heterodimers leads to quenching
of Trp fluorescence, from which the characterization of the aggregation state is
achieved, for different numbers of Leu residues in the peptides, acyl chain lengths
and lipid phases.

1.4.3
Lipid Selectivity: the Annular Region

Proteins incorporated in model membranes containing lipids with different
electrostatic properties or hydrophobic lengths may show selectivity to one lipid
component at the protein-lipid interface or preferential phase partitioning, de-
pending on the lipid miscibility (Dumas et al. 1997, Lehtonen and Kinnunen 1997;
Fahsel et al. 2002). Characterization of the degree of selectivity of a protein for
different lipids has been traditionally addressed using electron spin resonance
spectroscopy (see Marsh and Horvidth 1998, for a review). However, essentially
identical information can be obtained using fluorescence spectroscopy tools.

Doxyl spin labels were used by Barrantes et al. (2000) to compare selectivity of
the whole acetylcholine receptor and some of its transmembrane fragments (in all
cases, Pyrene-labelled derivatives) for fatty acid and sterol spin-labelled probes.
The determination of relative binding constants of different phospholipids for a
given protein has been carried out by Lee and co-workers, using a methodology
based on the quenching of Trp by brominated phospholipids, for more than two
decades (East and Lee 1982). This method is still being actively used for selectiv-
ity studies in many lipid-protein/peptide systems. For example, (di(C14:1)PC) is
the monounsaturated PC phospholipid with the strongest binding for the outer
membrane porin OmpF from Escherichia coli, with smaller binding constants be-
ing measured for both longer or shorter fatty acyl chain lengths (O’Keeffe et al.
2000). The authors propose that in the chain-length range from Ci4 to C20, hy-
drophobic matching is achieved mostly by distortion of the lipid bilayer around
the OmpF, whereas for chains longer than C20, distortion of both the lipid bilayer
and of the protein is required. Whereas PC and PE bind with equal affinity to
OmpF, the affinity for PG is about half that for PC.

ESR results report the fraction of motionally restricted lipids, whereas fluo-
rescence collisional quenching depends on molecular contact. On the other hand,
FRET only depends on donor-acceptor distances and is an alternative technique
to quantify lipid selectivity. Several studies where this is exploited in a qualitative
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manner have been described (Wang et al. 1988; Narayanaswami and McNamee
1993; Albert et al. 1996). Gutierrez-Merino derived approximate analytical ex-
pressions for the average rate of FRET, <kr>, in membranes undergoing phase
separation or protein aggregation (Gutierrez-Merino 1981a,b) and extended this
formalism to the study of protein-lipid selectivity (Gutierrez-Merino et al. 1987).
His approximate model (which considers only transfer to neighbouring acceptor
molecules, and calculates the average rate of FRET, <kr>, whose relation to the
FRET efficiency is not straightforward) has proved to be useful to the study of the
lipid annulus around the oligomeric acetylcholine receptor (Poveda et al. 2002;
Antollini et al. 1996).

Another FRET methodology, described in Sect. 1.2.1, was recently proposed
and applied to lipid selectivity of the M13 major coat protein (Fernandes et al.
2004). In one experiment, the protein selectivity for the acceptor (DOPE deri-
vatized with NBD at the head group) was measured in bilayers of either DOPC,
DEuPC or DMoPC. In a second set of measurements, several probes were used as
acceptors, all studies being made in DOPC vesicles. The probes used as acceptors
were phospholipids of identical acyl chains (18:1 and 12:0) and different head-
groups, derivatized with NBD at the 12:0 chain. The complete set of experiments
is described in Table 1.2, where the recovered association constants (Ks, see Sect.
1.2.1) are summarized. Regarding the hydrophobic matching study, the lower val-
ue recovered in DOPC relative to those in DMoPC and DEuPC bilayers confirms
the larger protein selectivity towards the hydrophobic matching unlabelled phos-
pholipid (DOPC). On the other hand, from the varying acceptor headgroup study,
a larger selectivity for the anionic labelled phospholipids is inferred. The latter
results confirm those of Peelen et al. (1992), obtained using ESR and aggregated

Table 1.2. Relative association constant, Ks, of labelled phospholipids towards M13 major coat
protein. Ks(PC) is the relative association constant of (18:1-(12:0-NBD)-PC)

Labelled phospholipid Bilayer composition KS KS/KS(PC)
((18:1),-PE-NBD) DOPC ((18:1),PC) 1.4 -
((18:1),-PE-NBD) DEuPC ((22:1),PC) 2.1 -
((18:1),-PE-NBD) DMoPC ((14:1),PC) 29 -
(18:1-(12:0-NBD)-PE) DOPC 2.0 1.0
(18:1-(12:0-NBD)-PC) DOPC 2.0 1.0
(18:1-(12:0-NBD)-PG) DOPC 23 1.1
(18:1-(12:0-NBD)-PS) DOPC 27 1.3
(18:1-(12:0-NBD)-PA) DOPC 3.0 1.5

Reprinted with permission from Fernandes et al. (2004). Copyright 2004 Biophysical Society.
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protein, and in fact the relative association constants ratios (Ks(PX)/Ks(PC)) ob-
tained in the two works are almost identical.

1.4.4
Protein/Peptide Dynamics

Time-resolved fluorescence anisotropy studies of protein and peptides in so-
lution containing an intrinsic or extrinsic fluorophore have been carried out on
numerous occasions to get an insight into the shape and size of the macromol-
ecule. In addition, these experiments are capable of providing direct information
on protein structural fluctuations occurring during the lifetime of the fluorophore
that are believed to be fundamental for protein biological activity. However, little
information is known about the structural fluctuations of protein and peptides
inserted in lipid membranes due to the complex interpretation of the experimen-
tal results. Most of these works have explored the dynamics of peptides inserted
in membranes but not of proteins, mainly because the main motions of proteins
occur out of the time-scale of the fluorescence experiment (generally in microsec-
onds or milliseconds). One of the first dynamical studies of peptides inserted in
membranes was made by Maliwal et al. (1986), who labelled the peptide melittin
with an anthraniloyl probe, analysing its anisotropy decay in solution and upon
incorporation in the membrane. They found that melittin monomer is highly flex-
ible in solution, with greater than 90% of its anisotropy being lost by the local mo-
tions. These internal motions drastically decrease upon binding to lipids, being
very sensitive to the phase state of the lipid complexes. In 1988, Vogel et al. carried
out some very interesting work in which the structural fluctuations of five mem-
brane-incorporated 21 amino acid helical synthetic peptides containing a single
Trp residue at sequence positions 1, 6, 11, 16 and 21, were analysed. In all cases the
experimental anisotropy decay was fitted, according to Eq. 1.14, by a sum of two
exponentials with two characteristic rotational correlation times ¢, and ¢,, and a
residual anisotropy r.. different from zero, indicative of the fact that the reorien-
tational motion of the Trp side-chain, irrespective of its sequence position, is re-
stricted on the time-scale of the fluorescence experiment. Since ¢, and ¢, differ by
more than an order of magnitude, they were assumed to reflect two independent
molecular motions, one due to fast movements of the peptide segment containing
the Trp residue (r(t)) and the other related to the global rotational motion of the
whole peptide into the lipid bilayer (Ichiye and Karplus 1983):

r(t)=r(H[(1- Szz)e'[/‘Pglobal + 822]

(1.25)
' () = 1 (0)[(1- SP)e/Psegmental 4 §2]

where S, and S, are the order parameters characterizing the internal and the
whole peptide fluctuations. Since ¢, >> @,, the above expression can be simplified
to the sum of two exponential functions plus a constant term:

r(t)=r(0)[(1- Slz) €xXp (‘t/(psegmental) +(1- 822)512 €xp (‘t/(pglobal) + 512522] (1.26)
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and the experimental rotational correlation times, ¢, and ¢,, can be directly
related to @segmental and Pglobal, respectively. Using this model, Vogel et al. found
that the amplitude of the fast fluctuations was modulated by the physical state of
the membrane and were greater near the ends of the peptide rather than at the
centre. Similar dynamical studies from different synthetic peptides containing a
single Trp residue located at different positions have been carried out during the
last few years (Clayton et al. 2000; Talbot et al. 2001; de Foresta et al. 2002).

The intrinsic fluorescence of Tyr has been rarely used to determine structural
fluctuations of peptides inserted in lipid membranes due to its low extinction
coefficient and its short absorption wavelength. However, as mentioned in Sect.
1.3.2, this amino acid shows a high intrinsic anisotropy and a fluorescence lifetime
which should be appropriate to characterize nanosecond and subnanosecond mo-
tions of transmembrane peptides. Recently, Poveda et al. (2003) have exploited
the intrinsic fluorescence of a 20 amino acid synthetic peptide having a single Tyr
residue and no Trp in its sequence to characterize the interaction, insertion and
dynamical properties of the peptide into anionic membranes. Following the same
approach as Vogel et al. (1988) they found that the rotational mobility of Tyr ex-
amined from its fluorescence anisotropy decay could be described by two differ-
ent rotational correlation times and a residual constant value. The short correla-
tion time should correspond to fast rotation reporting on local Tyr mobility while
the longest rotational correlation time and the high residual anisotropy indicated
that the peptide diffused in a viscous and anisotropic medium compatible with
the aliphatic region of a lipid bilayer. These results supported the hypothesis that
the peptide was inserted into the membrane as a monomer to configure an intra-
molecular B-hairpin structure. Assuming that this hairpin structure behaved like
a rigid-body they estimated its dimensions and rotational dynamics and a model
for the peptide inserted into the bilayer was proposed.

1.4.5
Protein/Peptide Topography

The transverse location of a fluorophore in a membrane can be determined
either from energy transfer or quenching methodologies, but the latter methods
are by far much more common. For peptides the aim is to determine the position
of the fluorophore, and from this information some global geometry for the mem-
brane-peptide system would be inferred, e.g. a transmembrane situation versus a
peptide located at the membrane surface.

The quenching methodologies are based on using a lipophilic membrane and
inserting molecules in which the quencher moiety is located at selected positions.
This can be reached either using derivatized fatty acids or lipids with nitroxide
labels, or brominated. In the case that the fluorophore under study is at a similar
position, the effective quencher concentration is higher, so a higher Stern-Vol-
mer constant (Ksy = kq T, in Eq. 1.15) is obtained. This approach is also called the
“differential quenching methodology”, and a study with at least a pair of quench-
ers, one near the surface and the other at an inner location, is required. In the case
that qualitative information is required, direct inspection of the different plots is
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enough, and there is no need to obtain time-resolved data. In all cases the effec-
tive quencher concentration should be taken into account and a reference for the
nitroxide-labelled fatty acid partition constants (Eq. 1.20) is the work of Blatt et al.
(1984). Lipid molar volumes can be found on the book by Marsh (1990).

However, from the above-described quenching data, quantitative information
on the position of the fluorophore can be obtained using the so-called “parallax”
method of Chattopadhyay and London (1987). This method, which became very
popular in membrane biophysics, was later refined by the same authors (Abrams
and London 1992). It was originally based on a two-dimensional sphere-of-ac-
tion (the three-dimensional formalism was presented in Sect. 1.2.3), thus ignor-
ing dynamic contributions for quenching. These contributions, in fact, exist, but
if a high quencher concentration is used, their effect is not critical. Very good
examples of its application to proteins/peptide topography are described in the
literature, so these will not be discussed here in detail. The present state-of-the-
art of this methodology was advanced by Fernandes et al. (2002), who obtained
the quenching profile distribution by Brownian dynamics, making possible the
recovery of both the average location and width of the fluorophore position dis-
tribution.

It is not unusual in this type of study that a downward curvature is observed
in the Stern-Volmer plots. This can be due to the fraction of peptide that remains
in the water under the experimental conditions where the quenching study was
carried out, since this fraction is not quenched by the above-described lipophilic
probes. This fraction is easily known from the peptide membrane/partition study
(see Sect. 1.4.1), and in this case a Lehrer-type formalism can be fitted to the data:

I _ 1+ Kgy [Q];
I (1+Ksy[Ql)(1-fp) + f5

(1.27)

Both Ksy and the non-accessible fraction f3 are obtained, and the latter param-
eter should be close to the above-described fraction in the water, and be identical
for all the quenchers used, irrespective of their location in the membrane. How-
ever this is not always verified, and, for example, in the study of inactivating pep-
tides of the Shaker B potassium channel (Poveda et al. 2003), the clear downward
curvature could not be rationalized on the basis of the very small fraction of pep-
tide in water (5% at the most), as determined from independent methodologies.
In these cases another process implying complex accessibility to the lipophilic
quencher should be present (e.g. peptide aggregation), but this does not preclude
obtaining the peptide location from the linear part of the plot.

Other quenching methodologies rely on the use of water-soluble quenchers
such as acrylamide and iodide. Shielding from the quencher happens in the case
of peptide internalization in the membrane, and in this way a smaller quenching
efficiency as compared to that in water should be obtained. However, from our
experience, this can only show that there is an interaction with the membrane, for
which other approaches are more informative (see Sect. 1.4.1), and no real topo-
graphical information as compared to the above-described “differential quench-
ing” can be obtained.



1.4 Relevant Problems in Lipid-Protein Interaction and Fluorescence I 25

Regarding FRET, the approach is similar to differential quenching, but the
probes deactivate the peptide’s emission via a dipolar and not a molecular contact
interaction. Both tryptophan and tyrosine act as energy transfer donors, since
they absorb at short wavelengths, so suitable acceptors with known positions in
the membrane should be used (see Table 1.1). Since the efficiency of transfer de-
pends on the donor-acceptor interplanar separation, quantitative information
can be obtained from Egs. 1.5 and 1.6, or again it is possible to qualitatively locate
the fluorophores (Moreno and Prieto 1993). A series of stearic acids derivatized
with the anthroyl chromophore is available, and is characterized in great detail
in the literature (see, e.g. Blatt et al. 1984). Since there is almost invariance of the
absorption spectra of the different acceptors, the Forster radius is constant for all
of them, and for tryptophan as a donor it is close to R, = 25 A.

1.4.6
Modulation of Membrane Properties

The properties of a lipid bilayer membrane can be significantly affected by the
interaction with proteins or peptides. These can range from local perturbations,
up to drastic alterations in the membrane structure.

Although the dividing line related to the type of induced effects is difficult
to establish, the traditional classification of transmembrane and non-transmem-
brane peptidic systems can be useful for this purpose.

For the transmembrane systems, the so-called “annular region” has been the
object of studies for a long time (Sect. 1.4.3). The annular region has been assumed
to consist of a single ring of lipids around the protein, but eventually it could be
a larger region. In this case the process would be lipid-mediated, and it could be
considered that there was a longer-range perturbation induced by the peptide.
An interaction of this type was reported for the interaction of the nicotinic ace-
tylcholine receptor, which would generate a cholesterol-rich region in its vicinity
(Poveda et al. 2002).

For the case of non-transmembrane peptidic systems bound to the membrane
interface, clear phase separation in the case of anionic lipid has been reported. Ex-
amples are the interaction of Pep-1, a protein carrier (e.g. Henriques and Castan-
ho 2004), the sequestering effect on PIP, of protein basic domains (Gambhir et al.
2004), or strong alterations of the thermotropic behaviour of binary membrane
model systems induced by a peptide hormone (Contreras et al. 2001). Cholera
toxin subunit B was found to increase the size of the lo domains (rafts) for certain
membrane lipid compositions (de Almeida et al. 2005). However, much stronger
alterations than lipid lateral redistribution are also verified. Alterations of the hy-
drocarbon region of the membrane were reported (Giudici et al. 2003). The im-
balance due to peptide interaction with the outer leaflet of a vesicle can induce an
increase in the membrane curvature (Pokorny and Almeida 2004). This induced
strain is concomitant with peptide aggregation and is followed by translocation
of the aggregate. During this process the membrane undergoes very strong local
perturbations. The same happens for the so-called “cell penetrating peptides”,
used to induce protein insertion into cells. For these systems vesicle aggregation,
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lipid fusion and asymmetric lipid flip-flop are reported (Henriques and Castanho
2004).
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NMR of Membrane Proteins
in Lipid Environments:
the Bcl-2 Family of Apoptosis Regulators

X1A0-MIN GONG, JUNGYUEN CHOI, and FRANCESCA M. MARASSI

2.1
Introduction

Many fundamental cellular functions are regulated by proteins that are in-
tegral to membranes, or that associate peripherally with their surfaces. Under-
standing the structures of these molecules is a major goal of structural biology;
however, despite their importance, only a few structures of membrane proteins
have been deposited in the Protein Data Bank (PDB), compared to the thousands
of coordinates deposited for globular proteins (www.rcsb.org/pdb/). This deficit
reflects the lipophilic character of membrane proteins, which makes them dif-
ficult to over-express and purify, complicates crystallization for X-ray analysis,
and results in highly overlapped and broadened solution NMR spectral lines.
NMR spectroscopy offers two complementary approaches to membrane protein
structure determination: solution NMR with samples of membrane proteins dis-
solved in lipid micelles, and solid-state NMR with samples of proteins incorpo-
rated in lipid bilayers, a method that is particularly attractive because it enables
structures to be determined in an environment that closely mimics the biological
membrane.

High-quality solution NMR spectra can be obtained for some large, helical,
membrane proteins in micelles, but it is very difficult to measure and assign a suf-
ficient number of long-range nuclear Overhauser effects (NOEs) for structure de-
termination (Klein-Seetharaman et al. 2002; Oxenoid et al. 2004). This limitation
can be overcome by preparing weakly aligned micelle samples for the measure-
ment of residual dipolar couplings (RDCs) and residual chemical shift anisotrop-
ies (RCSAs) (Bax et al. 2001; Prestegard and Kishore 2001), as demonstrated for
the structure of the bacterial mercury detoxification membrane protein MerF
(Howell et al. 2005).

High-resolution solid-state NMR spectra can be obtained for membrane pro-
teins that are expressed, isotopically labeled, and reconstituted in uniaxially ori-
ented planar lipid bilayers. The spectra have characteristic resonance patterns
that directly reflect protein structure and topology, and this direct relationship
between spectrum and structure provides the basis for methods that enable the
simultaneous sequential assignment of resonances and the measurement of ori-
entation restraints for protein structure determination (Marassi and Opella 2000;
Wang et al. 2000; Marassi 2001). Recent developments in sample preparation,
recombinant bacterial expression systems for the preparation of isotopically la-
beled membrane proteins, pulse sequences for high-resolution spectroscopy, and
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structural indices that guide the structure assembly process, have greatly extend-
ed the capabilities of the technique. The structures of a variety of membrane pep-
tides and proteins have been examined using this approach, and several atomic-
resolution structures have been determined and deposited in the PDB (Ketchem
et al. 1993; Opella et al. 1999; Valentine et al. 2001; Wang et al. 2001; Marassi and
Opella 2003; Park et al. 2003).

In this chapter, the methods are illustrated with examples from the Bcl-2 fam-
ily proteins, which regulate a major mechanism for commitment to programmed
cell death (apoptosis), and play critical roles in tissue development, differentia-
tion, and homeostasis.

2.2
The Bcl-2 Family Proteins and Programmed Cell Death

Programmed cell death is initiated when death signals activate the caspases,
a family of otherwise dormant cysteine proteases. External stress stimuli trig-
ger the ligation of cell surface death receptors, thereby activating the upstream
initiator caspases, which in turn process and activate the downstream cell death
executioner caspases (Denault and Salvesen 2002). In addition, caspases can be
activated when stress or developmental cues within the cell induce the release of
cytotoxic proteins from mitochondria. This intrinsic mitochondrial pathway for
cell death is regulated by the relative ratios of the pro- and anti-apoptotic mem-
bers of the Bcl-2 protein family.

Several Bcl-2 family members have been identified in humans, including both
anti-apoptotic (cytoprotective) and pro-apoptotic (death-promoting) proteins
(Green and Reed 1998; Kroemer and Reed 2000; Cory and Adams 2002; Danial
and Korsmeyer 2004). The relative ratios of the pro- and anti-apoptotic proteins
determine the ultimate sensitivity and resistance of cells to diverse death-induc-
ing stimuli, including chemotherapeutic drugs, radiation, growth factor depriva-
tion, loss of cell attachment to extracellular matrix, hypoxia, infection, and lysis
by cytolytic T cells. Imbalances in their relative expression levels and activities are
associated with major human diseases, characterized by either insufficient (can-
cer, autoimmunity) or excessive (AIDS, Alzheimer's disease) cell death.

The Bcl-2 proteins span approximately 200 amino acids, and share sequence
homology in four evolutionarily conserved domains (BH1-BH4), of which the
BH3 domain is highly conserved and essential for both cell killing and oligomeri-
zation among Bcl-2 family members (Fig. 2.1). The anti-apoptotic family mem-
bers have all four domains, while all of the pro-apoptotic members lack BH4, and
some others only have BH3. These BH3-only proteins are activated by upstream
death signals, which trigger their transcriptional induction or post-translational
modification, providing a key link between the extrinsic death receptor and in-
trinsic mitochondrial pathways to cell death. Most family members also have a
hydrophobic C-terminus (C) which is sufficiently long to span the membrane,
and is essential for membrane targeting.

The apoptosis regulatory activities of the Bcl-2 family proteins are exerted
through binding with other Bcl-2 family members, binding with other non-ho-
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Fig. 2.1. Domain organization (a) and amino acid sequences (b) of human Bcl-XL and Bid. The
helices (H1 to H8) are those identified in the solution NMR structures of Bcl-XL (Muchmore et
al. 1996; Aritomi et al. 1997) and Bid (Chou et al. 1999; McDonnell et al. 1999) shown in (c). The
central core helices are H5 and H6 in Bcl-XL and H6 and H7 in Bid. The C-terminal hydrophobic
segment of Bcl-XL is denoted as C. The putative lipid binding motif of Bid is denoted as LB. The
sequence of tBid starts at Gly61, and the arrow marks the caspase-8 cleavage site at Asp60
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mologous proteins, and through the modulation of ion-conducting pores that
are thought to influence cell fate by regulating mitochondrial physiology. Their
functions are also regulated by subcellular location, as the proteins cycle between
soluble and membrane-bound forms. For example, some family members, like
anti-apoptotic Bcl-XL, localize to mitochondrial, endoplasmic reticulum, or nu-
clear membranes, while others, like pro-apoptotic Bid, are found in the cytosol,
but are stimulated by death signals to target the mitochondrial outer membrane,
where they participate in cytochrome-c release and apoptosis.

The structures of Bcl-XL and Bid, in solution, are very similar. They consist
of seven (Bcl-XL) or eight (Bid) a-helices arranged with two central somewhat
more hydrophobic helices which form the core of the molecule (Fig. 2.1). In Bcl-
XL, the third helix spans the BH3 domain, and is connected to the first helix by
a long flexible loop, while helices 5 and 6 form the central hydrophobic hairpin
(Muchmore et al. 1996; Aritomi et al. 1997). The structure was determined for a
truncated form of the protein lacking the hydrophobic C-terminus. In Bid, the
third helix contains the BH3 domain and is connected to the first two helices by a
long flexible loop, which includes Asp60, the caspase-8 cleavage site. The hydro-
phobic hairpin is formed by helices 6 and 7 (Chou et al. 1999; McDonnell et al.
1999). Despite the lack of sequence homology, the structures of Bcl-XL and Bid
are strikingly similar to each other, and those of other pro- and anti-apoptotic
Bcl-2 family proteins (Suzuki et al. 2000; Petros et al. 2001; Huang et al. 2002;
Denisov et al. 2003; Hinds et al. 2003; Huang et al. 2003; Day et al. 2004; Day et
al. 2005). Interestingly, they are also similar to the structure of the pore-forming
domains of bacterial toxins, and, like the toxins and other Bcl-2 family members,
they also form ion-conducting pores in lipid bilayers (Cramer et al. 1995; Schen-
del et al. 1998; Schendel et al. 1999).

The structural basis for Bcl-2 pore formation is not known, since the struc-
tures that have been determined are for the soluble forms of the proteins, and
pore formation by the Bcl-2 family proteins has not been established in vivo.
Nevertheless, by analogy to the bacterial toxins, the Bcl-2 pores are thought to
form by a rearrangement of their compactly folded helices upon contact with the
mitochondrial membrane. One model proposes membrane insertion of the core
helical hairpin with the other helices folding up to rest on the membrane surface,
while an alternative model envisions the helices rearranging to bind the mem-
brane surface without insertion. A third possible mechanism for the regulation of
mitochondrial physiology by the Bcl-2 proteins is through their interaction with
other mitochondrial channels.

23
Protein Expression and Purification

NMR structural studies require milligram quantities of isotopically labeled
proteins, and the most versatile and widely used method for obtaining recom-
binant proteins is by expression in E. coli, since this enables a wide variety of
isotopic labeling schemes to be incorporated in the NMR experimental strategy.
Smaller peptides can be prepared by solid phase peptide synthesis; however, this
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is impractical for larger proteins and for the preparation of uniformly labeled
samples, where efficient expression systems are essential. The ability to produce
milligram quantities of pure proteins also facilitates functional studies that, to-
gether with structure determination, can provide important structure-activity
correlations.

Some polypeptides, however, are toxic to the bacterial hosts that express them.
For example, some membrane proteins and peptides, including some of bacterial
origin, congest the cell membranes when they are over-expressed, and act as tox-
ic, antibacterial agents, regardless of their actual biological functions. For these
difficult polypeptides, solid-phase synthesis is not a practical alternative, because
it is typically limited to sequences shorter than 50 amino acids, and while this
size limit can be extended through the use of chemical ligation methods (Dawson
et al. 1994; Kochendoerfer 2001) that can also be applied to membrane proteins
(Kochendoerfer et al. 1999; Kochendoerfer et al. 2004), NMR studies still require
bacterial expression of the polypeptide precursors for the practical introduction
of various isotopic labels.

Several E. coli cell strains and expression strategies have been developed to
address this problem (Miroux and Walker 1996; Rogl et al. 1998; Jones et al. 2000;
Majerle et al. 2000; Opella et al. 2001; Sharon et al. 2002; Bannwarth and Schulz
2003; Booth 2003; Kiefer 2003; Lindhout et al. 2003; Smith and Walker 2003;
Wiener 2004), and more recently, cell-free expression has been used to obtain
milligram quantities of isotopically labeled membrane proteins (Klammt et al.
2004). Many strategies rely on the use of fusion protein tags to improve expres-
sion and facilitate purification, and many involve protein expression in inclusion
bodies, to keep the hydrophobic polypeptide away from the bacterial membranes,
and thus increase the level of expression. The formation of inclusion bodies also
limits proteolytic degradation, and simplifies protein purification, which can be
further assisted by the incorporation of an engineered His tag for metal affinity
chromatography.

The TLE (a portion of the Trp ALE 1413 polypeptide) (Miozzari and Yanofsky
1978; Kleid et al. 1981; Staley and Kim 1994), and KSI (ketosteroid isomerase)
(Kuliopulos et al. 1994) fusion partners promote the accumulation of expressed
proteins as inclusion bodies, and have been used to express several membrane
peptides and proteins ranging in size from 20 to 200 amino acids (Opella et al.
2001; Opella and Marassi 2004).

Recently, we developed a fusion protein expression vector, pBCL, that directs
the expression of a target polypeptide fused to the C-terminus of a mutant form of
the Bcl-2 family protein Bcl-XL, where the hydrophobic C-terminus has been de-
leted, and Methionine residues have been mutated to Leucine, to facilitate CNBr
cleavage after a single Methionine inserted at the beginning of the target polypep-
tide sequence (Thai et al. 2005). As shown in Fig. 2.2, this fusion partner yields
the high-level expression of membrane proteins belonging to the FXYD family of
Na,K-ATPase regulators, including some that had resisted expression with TLE
and KSI.

The pTLE and pBCL vectors may be generally useful for the high-level expres-
sion of other membrane-associated proteins that are difficult to express because
of their toxic properties. The use of chemical cleavage eliminates the difficulties,
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poor specificity and enzyme inactivation, often encountered with protease treat-
ment of insoluble proteins. However, in cases where Met mutation is not fea-
sible, protein cleavage from the fusion partner can be obtained enzymatically,
by engineering specific protease cleavage sites for the commonly used enzymes
thrombin, Fxa, enterokinase, and tobacco etch virus (TEV) protease. Thrombin
and TEV retain activity in the presence of detergents, including low mM concen-
trations of SDS.

The pro-apoptotic Bcl-2 family protein, Bid, is activated upon cleavage by
caspase-8, to release the 15kD C-terminal fragment tBid, which translocates
from the cytosol to the outer mitochondrial membrane inducing massive cyto-
chrome-c release and cell death (Scorrano and Korsmeyer 2003). Full-length Bid
can be expressed at high levels, in E. coli, as a soluble protein, however tBid is
toxic for bacterial cells. To produce milligram quantities of '*N-labeled tBid for
NMR studies we used the TLE fusion protein vector (Fig. 2.2). tBid was separated
from the fusion partner by means of CNBr cleavage at the engineered N-terminal
Met residue, and this method yields approximately 10 mg of purified '*N-labeled
tBid from 1 L of culture. To avoid cleavage within the tBid segment, the four Met
residues in the tBid amino acid sequence were mutated to Leu, and therefore, it
was important to demonstrate that the recombinant protein retained its biologi-
cal activity. Recombinant tBid, isolated from inclusion bodies, was fully active in
its ability to induce cytochrome-c and SMAC release from isolated mitochondria,
and retained its capacity to bind anti-apoptotic Bcl-Xy, through its BH3 domain
despite the M97L mutation in its sequence (Gong et al. 2004).

PLM tBid
BCL1?3 BCL99 KSl TJLE TLE  (vector)
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Fig. 2.2. Expression of the membrane protein phospholemman (PLM) and of tBid with four
different fusion protein plasmid vectors: pBCL173, pBCL99, pKSI, and pTLE. The gel shows total
lysates from cells, transformed with each plasmid, and harvested before (-) or after (+) induc-
tion with IPTG. Fusion protein over-expression is marked by the appearance of a distinct band
at the molecular weight of the corresponding fusion protein: BCL173-PLM (29.8 kD), BCL99-
PLM (21.2 kD), KSI-PLM (23.4 kD), TLE-PLM (22.1 kD), and TLE-tBid (30.0 kD) (Gong et al. 2004;
Thai et al. 2005)
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2.4
NMR in Micelles

Solution NMR methods rely on rapid molecular reorientation for line nar-
rowing, and can be successfully applied to membrane proteins in micelles (Henry
and Sykes 1994; Williams et al. 1996; Almeida and Opella 1997; Gesell et al. 1997;
MacKenzie et al. 1997; Arora et al. 2001; Fernandez et al. 2001; Hwang et al. 2002;
Ma et al. 2002; Mascioni et al. 2002; Oxenoid et al. 2002; Sorgen et al. 2002; Crowell
et al. 2003; Krueger-Koplin et al. 2004; Howell et al. 2005). The size limitation is
substantially more severe than for globular proteins, because the many lipid mol-
ecules associated with each polypeptide slow its overall reorientation rate. Mi-
celles afford rapid and effectively isotropic reorientation of the protein, and their
amphipathic nature simulates that of membranes, offering a realistic alternative
to organic solvents for studying membrane proteins. Moreover, for the proteins
examined by both solution and solid-state NMR, similar structural features have
been found in micelle and bilayer samples (Lee et al. 2003; Mesleh et al. 2003).

The first step in solution NMR studies of proteins is the preparation of fold-
ed, homogeneous, and well-behaved samples, and several lipids are available for
membrane protein solubilization (Krueger-Koplin et al. 2004). For membrane-
bound proteins, small micelles containing approximately 60 lipids and one pro-
tein provide a generally effective model membrane environment, without the
damaging effects of organic solvents. The primary goal in micelle preparation is
to reduce the effective rotational correlation time of the protein so that resonanc-
es will have the narrowest possible linewidths. Careful handling of the protein
throughout the purification is essential, since subtle changes in the protocol can
have a significant impact on the quality of the resulting spectra. It is essential to
optimize the protein concentration, lipid nature and concentration, counter ions,
pH and temperature, in order to obtain well-resolved NMR spectra, with narrow
'H and N resonance linewidths.

Although high-quality solution NMR spectra can be obtained even for some
large helical membrane proteins in micelles (Krueger-Koplin et al. 2004; Oxenoid
et al. 2004; Howell et al. 2005), there are only very few cases where it has been
possible to measure and assign sufficiently long-range NOEs for structure deter-
mination. This limitation can be overcome by preparing weakly aligned micelle
samples for the measurement of RDCs (Bax et al. 2001; Prestegard and Kishore
2001) from the backbone amide sites, and the analysis of these orientation re-
straints in terms of dipolar waves (Mesleh et al. 2002; Lee et al. 2003; Mesleh et
al. 2003; Mesleh and Opella 2003). Stressed polyacrylamide gels provide an ideal
orientable medium for membrane proteins in micelles, because they do not suf-
fer from the drawbacks of bicelles, which bind tightly to membrane proteins, or
phage particles, which are destroyed by micelles (Sass et al. 2000; Tycko et al. 2000;
Chou et al. 2001; Meier et al. 2002; Howell et al. 2005). Another useful approach
to compensate for insufficient NOEs involves the combination of site-directed
spin labeling and NMR (Battiste and Wagner 2000), where distances derived from
paramagnetic broadening of NMR resonances are used to determine global fold.
In addition, spin label probes and metal ions can be incorporated within the mi-
celles in order to probe protein insertion (Papavoine et al. 1994; Van Den Hooven
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et al. 1996; Jarvet et al. 1997; Damberg et al. 2001; Sorgen et al. 2002; Kutateladze
et al. 2004).

24.1
Determining the Structures of Proteins in Micelles

The measurements of as many homonuclear "H/'H NOEs as possible among
the assigned resonances provide the short-range and long-range distance re-
straints required for structure determination (Clore and Gronenborn 1989,
Wuthrich 1989, Ferentz and Wagner 2000). These are supplemented by other
structural restraints, such as spin-spin coupling constants, chemical shift cor-
relations, deuterium exchange data, and RDCs in order to assign resonances and
to characterize the secondary structure of the protein. The HSQC (heteronuclear
single quantum coherence) spectra of samples in D,0 solutions identify the most
stable helical residues, and can provide useful information on the topology of
membrane proteins in micelles (Czerski et al. 2000). In addition, hydrogen-deu-
terium fractionation experiments extend the range of exchange rates that can be
monitored to identify more subtle structural features (Veglia et al. 2002).

The two-dimensional HSQC spectra also serve as the basis for the measure-
ment of the '"H and "°N relaxation parameters of protein backbone amide sites,
which are useful for describing protein dynamics. The heteronuclear 'H-">N
NOEs of the backbone amide sites provide remarkably direct and sensitive infor-
mation on local protein dynamics (Gust et al. 1975; Boguski et al. 1987; Bogusky
et al. 1988). They can be measured with and without 'H irradiation to saturate the
'H magnetization (Farrow et al. 1994).

RDCs are extremely useful both for structure refinement, and for the de novo
determination of protein folds (Tolman et al. 1995; Clore and Gronenborn 1998;
Delaglio et al. 2000; Fowler et al. 2000; Hus et al. 2000; Mueller et al. 2000). During
refinement, these measurements supplement an already large number of chemi-
cal shifts, approximate distance measurements, and dihedral angle restraints.
Among the principal advantages of anisotropic spectral parameters in solution
NMR spectroscopy is that they can report on the global orientations of separate
domains of a protein and of individual bonds relative to a reference frame, which
reflects the preferred alignment of the molecule in the magnetic field. This does
not preclude their utility in characterizing the local backbone structure of a pro-
tein molecule.

The RDCs and RCSAs measured in solution NMR experiments provide di-
rect angular restraints with respect to a molecule-fixed reference frame (Bax et
al. 2001; Prestegard and Kishore 2001; Lee et al. 2003). They are analogous to the
non-averaged dipolar couplings and chemical shift anisotropies measured in sol-
id-state NMR experiments (Marassi and Opella 2000; Wang et al. 2000; Marassi
2001). These orientation restraints are the principal mechanism for overcoming
the limitations resulting from having few reliable long-range NOEs available as
distance restraints, often encountered with samples of membrane-bound pro-
teins in micelles.
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Dipolar waves are very effective at identifying the helical residues in mem-
brane-bound proteins and the relative orientations of the helical segments, and
also serve as indices of the helix regularity in proteins (Mesleh et al. 2002). The
magnitudes of the RDCs are plotted as a function of residue number and fitted to
a sine wave with a period of 3.6 residues (Mesleh et al. 2002; Mesleh et al. 2003;
Mesleh and Opella 2003). The quality of fit is monitored by a scoring function in a
four-residue sliding window and the phase of the fit. Dipolar waves from solution
NMR data give relative orientations of helices in a common molecular frame. On
the other hand, Dipolar waves from solid-state NMR data give absolute measure-
ments of helix orientations because the polypeptides are immobile and the sam-
ples have a known alignment in the magnetic field.

2.4.2
tBid in Micelles

The cleavage of Bid by caspase-8 results in a C-terminal product, tBid, which
targets mitochondria and induces apoptosis with strikingly enhanced activity. To
characterize the conformation of tBid in lipid environments, we obtained its CD
(circular dichroism) and solution NMR "H/'*N HSQC spectra in the absence or in
the presence of lipid micelles (Fig. 2.3) (Gong et al. 2004). The HSQC spectra of
proteins are the starting point for additional multidimensional NMR experiments
that lead to structure determination. In these spectra, each '°N-labeled protein
site gives rise to a single peak, characterized by 'H and "N chemical shift frequen-
cies that reflect the local environment. In addition, the peak linewidths and line-
shapes, and their dispersion in the 'H and "N frequency dimensions, are sensitive
indicators of protein conformational stability and aggregation state.

In the absence of lipids, the CD spectrum of tBid displays minima at 202 nm
and 222 nm, characteristic of predominantly helical proteins (Fig. 2.3a, solid line).
However, while tBid retains its helical conformation even when it is separated
from the 60-residue N-terminal segment, many of the resonances in its HSQC
spectrum cannot be detected (Fig. 2.3b), suggesting that the protein aggregates in
solution, adopts multiple conformations, or undergoes dynamic conformational
exchange on the NMR time-scales. This is consistent with the dramatic changes in
the physical properties of the protein that result from caspase-8 cleavage.

When tBid is dissolved in lipid micelles its HSQC spectrum changes dramati-
cally, and single, well-defined 'H/"°N resonances are observed for each °N-la-
beled NH site, indicating that it adopts a unique conformation in this environ-
ment (Figs. 2.3¢, d). Several lipids are available for protein solubilization, and we
tested both SDS and LPPG for their ability to yield high-quality HSQC spectra of
tBid for structure determination. Both gave excellent spectra where most of the
130 amide resonances of tBid could be resolved; for example the resonances from
the five Gly amide sites are resolved in SDS (Fig. 2.3¢), and four out of five are
resolved in LPPG (Fig. 2.3d). Both SDS and LPPG are negatively charged but they
differ in the lengths of their hydrocarbon chains (C12 for SDS; C16 for LPPG), and
their polar headgroups (sulfate for SDS; phosphatidylglycerol for LPPG), thus the
differences in the 'H and °N chemical shifts between the two HSQC spectra most



44 I CHAPTER 2: NMR of Membrane Proteins in Lipid Environments

a —aq
\ ——SDS
----LPPG

[©] x10-2 (deg cm2 dmol-1)
(3% ]
L

0-
_2-
© U200 240
wavelength (nm)
b Clen = d = %
—~ 110 g s - .
3 ' N 3 e
b= _ ° = .c."‘: . BN ’
5 115 - ‘.-;:' ,_ﬁ"-’s’-- - .:r. 7-:. =
© - ° > - - ™,
9 P - . TR % 73 0.
E #"bg - “. - o " "o -
¢ 1201 g - = . 2= 3.3 ' s
e g e ST
zZ —_ ® “" :-"- e B " -
D . - -t ce -
1254 - - -” =
T L) 1 L) T T L) ) - 1
8.5 8.0 7.5 8.5 8.0 7.5 8.5 8.0 7.5

1H chemical shift (ppm)

Fig. 2.3. tBid adopt well-defined helical folds in lipid micelles. The CD spectra in (a) were
obtained at 25 °C for tBid in aqueous solution (solid line), SDS micelles (broken line), or LPPG
micelles (dotted line). The "H/">N HSQC NMR spectra in (b, ¢, d) were obtained at 40 °C for uni-
formly °N-labeled tBid in (a) aqueous solution, (b) SDS micelles, or (c) LPPG micelles. Aqueous
samples were in 20 mM sodium phosphate, pH 5; SDS micelle samples were in 20 mM sodium
phosphate, pH 7, 500 mM SDS; and LPPG micelle samples were in 20 mM sodium phosphate,
pH 7,100 mM LPPG

likely reflect the different lipid environments. The spectrum in LPPG has excep-
tionally well-dispersed resonances with homogeneous intensities and linewidths.
LPPG was recently identified as a superior lipid for NMR studies of several mem-
brane proteins (Krueger-Koplin et al. 2004), and is particularly interesting for this
study because it is a close analog of cardiolipin and monolysocardiolipin, the ma-
jor components of mitochondrial membranes that bind tBid. The limited chemi-
cal shift dispersion in the two spectra is typical of helical proteins in micelles,
and this is confirmed by the corresponding CD spectra, which are dominated by
minima at 202 nm and 222 nm, and thus show that tBid retains a predominantly
helical fold in both SDS and LPPG (Fig. 2.3a, broken and dashed lines).
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2.5
NMR in Bilayer Membranes

When the lipid bilayers are oriented with their surface perpendicular to the
magnetic field, the solid-state NMR spectra of the membrane-associated proteins
trace out maps of their structure and orientation within the membrane, and thus
provide very useful structural information prior to complete structure determi-
nation (Marassi and Opella 2000; Wang et al. 2000; Marassi 2001). For example,
helices give characteristic solid-state NMR spectra where the resonances from
amide sites in the protein trace-out helical wheels that contain information re-
garding helix tilt and rotation within the membrane. Typically, trans-membrane
helices have PISEMA spectra with '°N chemical shifts between 150 and 200 ppm,
and 'H-"N dipolar couplings between 2 and 10 kHz, while helices that bind par-
allel to the membrane surface have spectra with shifts between 70 and 100 ppm
and couplings between 0 and 5 kHz. We refer to these as the trans-membrane and
in-plane regions of the PISEMA spectrum, respectively.

Glass-supported oriented phospholipid bilayers containing membrane pro-
teins accomplish the principal requirements of immobilizing and orienting the
protein for solid-state NMR structure determination. The planar lipid bilayers are
supported on glass slides, and are oriented in the NMR probe so that the bilayer
normal is parallel to the field of the magnet, as shown in Fig. 2.4a. The choice of
lipid can be used to control the lateral spacing between neighboring phospholipid
molecules as well as the vertical spacing between bilayers. The use of phospholi-
pids with unsaturated chains leads to more expanded and fluid bilayers, and the
addition of negatively charged lipids increases inter-bilayer repulsions leading to
larger interstitial water layers between bilayer leaflets.

Samples of membrane proteins in lipid bilayers oriented on glass slides can be
prepared by deposition from organic solvents followed by evaporation and lipid
hydration, or by fusion of reconstituted unilamellar lipid vesicles with the glass
surface (Marassi 2002). The choice of solvents in the first method, and of deter-
gents in the second, is critical for obtaining highly oriented lipid bilayer prepara-
tions. In all cases the thinnest available glass slides are utilized to obtain the best
filling factor in the coil of the probe. With carefully prepared samples it is possible
to obtain "°N resonance linewidths of less than 3 ppm (Marassi et al. 1997). No-
tably, these linewidths are less than those typically observed in single crystals of
peptides, demonstrating that the proteins in the bilayers are very highly oriented,
with mosaic spreads of less than about 2°.

2.5.1
Bcl-XL and tBid in Bilayers

To examine the conformations of Bcl-XL and tBid associated with mem-
branes, we obtained one-dimensional >N chemical shift and two-dimensional
'H/">N PISEMA solid-state NMR spectra of the '°N-labeled proteins reconstituted
in lipid bilayers (Franzin et al. 2004; Gong et al. 2004). In these samples, the lipid
composition of 60% DOPC and 40% DOPG was chosen to mimic the highly nega-
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tive charge of mitochondrial membranes. This lipid composition is identical to
that of the liposomes used for the measurement of the ion channel activities of
Bcl-XL, Bid, and tBid (Minn et al. 1997; Schendel et al. 1999), which were prepared
in the same way as the oriented lipid bilayers used in the NMR study.

The samples of Bcl-XL and tBid in bilayers were prepared by spreading lipid
vesicles, reconstituted with '*N-labeled protein, on the surface of the glass slides,
allowing bulk water to evaporate, and incubating the sample in a water-saturated
atmosphere (Franzin et al. 2004; Gong et al. 2004). Each sample was wrapped in
parafilm and then sealed in thin polyethylene film prior to insertion in the NMR
probe. The degree of phospholipid bilayer alignment can be assessed with sol-
id-state *'P NMR spectroscopy of the lipid phosphate headgroup. The *'P NMR
spectra obtained for lipid bilayers with Bcl-XL are characteristic of a liquid-crys-
talline bilayer arrangement, in both oriented (Fig. 2.4b) and unoriented samples
(Fig. 2.4c). The spectrum from the oriented sample has a single peak near 30 ppm,
as expected for highly oriented bilayers.

2.5.1.1
Membrane-Associated Bcl-xL

The spectra in Fig. 2.4 were obtained from samples of uniformly '*N-labeled
Bcl-xL in oriented and unoriented lipid bilayers (Franzin et al. 2004). The spec-
trum obtained from oriented Bcl-xL (Fig. 2.4d) is separated into discernable res-
onances with distinct intensities near 80 and 170 ppm. These spectral features
reflect a structural model where the helices of Bcl-XL associate with the mem-
brane surface with limited transmembrane helix insertion. The spectrum from
unoriented bilayers (Fig. 2.4e) provides no resolution among resonances, but it
provides an indication of protein dynamics, because of the pronounced effects
of motional averaging on such spectra. Most of the backbone sites are structured
and immobile on the time-scale of the N chemical shift interaction (10 kHz),
contributing to the characteristic amide powder pattern between 220 and 60 ppm.
Some of the Bcl-XL backbone sites, probably near the termini and loop regions,
are mobile, and give rise to the resonance band centered near 120 ppm. There-
fore, while certain resonances near 120 ppm, in the spectrum of oriented Bcl-XL,
may reflect specific orientations of their corresponding sites, some others arise
from mobile backbone sites. The intensity near 35 ppm, also present in the spec-
trum from the oriented sample, is from the protein amino groups, which have a
considerably narrower N chemical shift anisotropy. Taken together, the 1°N and
31p spectra provide evidence that Bcl-xL, an anti-apoptotic Bcl-2 family protein,
associates predominantly with the membrane surface, without disruption of the
membrane integrity.

2.5.1.2 Membrane-Associated tBid

The N chemical shift spectrum of tBid in spherical lipid bilayer vesicles is a
powder pattern (Fig. 2.5a, solid line) that spans the full range (60-220 ppm) of the
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Fig. 2.4. Effect of sample orientation on the solid-state NMR spectra of isotopically labeled
proteins. (A) The glass-supported phospholipid bilayer samples are oriented in the NMR probe
so that the bilayer normal is parallel to the direction of the magnetic field (Bo). (B) Oriented
phospholipid bilayers give single-line one-dimensional 3'P chemical shift NMR spectra, while
(C) spherical lipid bilayer vesicles give powder patterns. (D) The one-dimensional >N chemi-
cal shift NMR spectrum of uniformly >N-labeled Bcl-XL in oriented lipid bilayers displays mul-
tiple resonances, compared to (E) the powder pattern that is obtained for the same protein
in unoriented lipid bilayer vesicles. The >N chemical shifts are referenced to 0 ppm for liquid
ammonia

amide "N chemical shift interaction (Fig. 2.5a, dashed line). The absence of ad-
ditional intensity at the isotropic resonance frequencies (100-130 ppm) demon-
strates that the majority of amino acid sites are immobile on the time-scale of the
5N chemical shift interaction, although it is possible that some mobile unstruc-
tured residues could not be observed by cross-polarization. The peak at 35 ppm
is from the amino groups at the N-terminus and sidechains of the protein. The
spectrum of tBid in planar oriented lipid bilayers is very different (Fig. 2.5c). All
of the amide resonances are centered at a frequency associated with NH bonds in
helices parallel to the membrane surface (80 ppm), while no intensity is observed
at frequencies associated with NH bonds in trans-membrane helices (200 ppm).
The NMR data show no evidence of conformational exchange on the millisecond
to second time-scales of the channel opening and closing events, thus eliminating
the possibility of transient insertion of tBid in the membrane. Thus tBid binds
strongly to the membrane surface and adopts a unique conformation and orien-
tation in the presence of phospholipids (Gong et al. 2004).

Amide hydrogen exchange rates are useful for identifying residues that are in-
volved in hydrogen bonding, and that are exposed to water. Typically, the amide
hydrogens in trans-membrane helices have very slow exchange rates due to their
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strong hydrogen bonds in the low dielectric of the lipid bilayer environment, and
their °N chemical shift NMR signals persist for days after exposure to D,0 (Fran-
zin et al. 2004). Trans-membrane helices that are in contact with water because
they participate in channel pore formation, and other water-exposed helical re-
gion proteins, have faster exchange rates, and their NMR signals disappear on the
order of hours (Tian et al. 2003). To examine the amide hydrogen exchange rates
for membrane-bound tBid, we obtained solid-state NMR spectra after exposing
the oriented lipid bilayer sample to D,O for 2 h, 5 h, and finally for 7 h. The major-
ity of resonances in the N chemical shift spectrum of tBid disappeared within
8 h, indicating that the amide hydrogens exchange and hence are in contact with
the bilayer interstitial water.

The tBid amino acid sequence has four Lys residues (Lys144, Lys146, Lys157,
and Lys158) all located in or near helix-6, one of the two helices thought to insert
in the membrane and form the tBid ion-conducting pore. The spectrum of °N-
Lys labeled tBid in bilayers is notable because its amide resonances all have chem-
ical shifts near 80 ppm, in the in-plane region of the spectrum, and this cannot
be reconciled with membrane insertion (Fig. 2.5b). Since tBid maintains a helical
fold in lipid micelles and it is reasonable to assume that the helix boundaries are
not changed from those of full-length Bid, the solid-state NMR data demonstrate
that helix-6 does not insert through the membrane but associates parallel to its
surface. This is also supported by a recent EPR study (Oh et al. 2004).

Fig. 2.5. One-dimensional "N
chemical shift spectra of tBid
in lipid bilayers. (a) Uniformly
>N-labeled tBid in unoriented
lipid bilayer vesicles (solid line),
and powder pattern calculated
for a rigid "N amide site (dot-
ted line). (b) One-dimensional
5N spectrum of selectively
N-Lys-labeled tBid in ori-
ented lipid bilayers. (c) One-
dimensional "N spectrum of
uniformly "N-labeled tBid in
oriented lipid bilayers
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2.5.2
Determining the Structures of Proteins in Bilayers

When membrane proteins are incorporated in planar lipid bilayers that are
oriented in the field of the NMR magnet, the frequencies measured in their multi-
dimensional solid-state NMR spectra contain orientation-dependent information
that can be used for structure determination (Marassi 2002). The PISEMA (polari-
zation inversion with spin exchange at the magic angle) experiment gives high-
resolution, two-dimensional, 'H-""N dipolar coupling / '*N chemical shift cor-
relation spectra of oriented membrane proteins where the individual resonances
contain orientation restraints for structure determination (Wu et al. 1994). PISE-
MA spectra of membrane proteins in oriented lipid bilayers also provide sensitive
indices of protein secondary structure and topology because they exhibit charac-
teristic wheel-like patterns of resonances, called Pisa wheels, that reflect helical
wheel projections (Schiffer and Edmunson 1967) of residues in both a-helices and
[B-sheets (Marassi and Opella 2000; Wang et al. 2000; Marassi 2001). When a Pisa
wheel is observed, no assignments are needed to determine the tilt of a helix, and
a single resonance assignment is sufficient to determine the helix rotation in the
membrane. This information is extremely useful for determining the supramo-
lecular architectures of membrane proteins and their assemblies.

The shape and position of the Pisa wheel in the spectrum depends on the pro-
tein secondary structure and its orientation relative to the lipid bilayer surface, as
well as the amide N-H bond length and the magnitudes and orientations of the
principal elements of the amide >N chemical shift tensor. This direct relation-
ship between spectrum and structure makes it possible to calculate solid-state
NMR spectra for specific structural models of proteins, and provides the basis for
a method of backbone structure determination from a limited set of uniformly
and selectively 1’N-labeled samples (Marassi and Opella 2002; Marassi and Opella
2003).

The Pisa wheels calculated for single helices or strands, oriented at varying
degrees in a lipid bilayer, are shown in Fig. 2.6. When the helices or strands cross
the membrane with their long axes exactly parallel to the lipid bilayer normal and
to the magnetic field direction (0°), all of the amide sites in each structure have
an identical orientation relative to the direction of the applied magnetic field, and
therefore all of the resonances overlap with the same dipolar coupling and chemi-
cal shift frequencies. Tilting the helix or strand away from the membrane normal
introduces variations in the orientations of the amide NH bond vectors in the
magnetic field, and leads to dispersion of the "H-""N dipolar coupling and "N
chemical shift frequencies, manifest in the appearance of Pisa wheel resonance
patterns in the spectra. Since helices and strands yield clearly different resonance
patterns, with circular wheels for helices and twisted wheels for strands, these
spectra represent signatures of secondary structure (Marassi 2001). The spectra
also demonstrate that it is possible to determine the tilt of a helix or strand in
lipid bilayers without resonance assignments. Pisa wheels have been observed in
the PISEMA spectra of many uniformly °N labeled a-helical membrane proteins
(Opella et al. 1999, Marassi et al. 2000; Wang et al. 2001; Marassi and Opella 2003;
Park et al. 2003; Zeri et al. 2003).
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Fig. 2.6. Helices and strands in oriented planar lipid bilayers give characteristic solid-state
NMR spectra called Pisa wheels. The "H-"°N dipolar coupling /N chemical shift PISEMA spec-
tra were calculated for (a) an ideal a-helix with uniform dihedral angles (¢/y =-65/-40°), and
(b) an ideal B-strand with uniform dihedral angles (¢/y =-135/140°), at different tilts relative
to the magnetic field direction and the membrane normal. The N chemical shifts are refer-
enced to 0 ppm for liquid ammonia. Spectra were calculated as described by Marassi 2001
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253
Conformation of tBid in Lipid Bilayers

The two-dimensional 'H/"*N PISEMA spectrum of tBid in bilayers is shown in
Fig. 2.7 (Gong et al. 2004). Each amide site in the protein contributes one correla-
tion peak, characterized by "H-""N dipolar coupling and °N chemical shift fre-
quencies that reflect the NH bond orientation relative to the membrane. For tBid,
the circular wheel-like pattern of resonances in the spectral region bounded by
0-5 kHz and 70-90 ppm, provides definitive evidence that tBid associates with the
membrane as surface-bound helices without trans-membrane insertion. The sub-
stantial peak overlap reflects a similar orientation of the tBid helices parallel to
the membrane, and spectral resolution in this region requires three-dimensional
correlation spectroscopy and selective isotopic labeling (Marassi et al. 2000).

As shown in Fig. 2.6, the NMR frequencies directly reflect the angles between
individual bonds and the direction of the applied magnetic field, and, therefore, it
is possible to calculate solid-state NMR spectra for specific models of proteins in
oriented samples. A comparison of the calculated and experimental spectra then
provides useful structural information prior to complete structure determination,
which requires sequential assignment of the resonances. The spectra calculated
for several orientations of an ideal 18-residue helix, with 3.6 residues per turn and
identical backbone dihedral angles for all residues (¢, Y = -57°, -47°), are shown
in Fig. 2.8. This analysis demonstrates that trans-membrane helices, with orienta-
tions between 90° and 45°, have wheel-like spectra in a completely unpopulated
region of the tBid spectrum. Based on a comparison of the calculated spectra with
the PISEMA spectrum of tBid in lipid bilayers we place the helices of tBid nearly
parallel to the lipid bilayer plane (0° orientation), with a tilt of no more than 20°
from the membrane surface.

10 Fig. 2.7. Two-dimensional 'H/"N
PISEMA spectrum of uniformly
>N-labeled tBid in oriented lipid
84 bilayers
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Fig. 2.8. Two-dimensional solid-state NMR "H/"N PISEMA spectrum of uniformly >N-labeled
tBid in oriented lipid bilayers. The experimental spectrum (inset box) is compared with the
spectra calculated for an 18-residue a-helix, with uniform backbone dihedral angles (¢ = -57°%;
y =-47°), and different helix tilts (0 to 75°) relative to the membrane, depicted in the cartoon
above the spectra. The 0° orientation is for a helix parallel to the membrane surface
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Solution and solid-state NMR studies demonstrate that tBid adopts a unique
helical fold in lipid environments, and that it binds the membrane without in-
sertion of its helices. Solid-state NMR studies of the anti-apoptotic Bcl-2 fam-
ily member, Bcl-Xj, also indicate that membrane insertion of the Bcl-Xy, helices
is only partial (Franzin et al. 2004), and solution NMR studies show that Bcl-Xp,
adopts an extended helical conformation in lipid micelles (Losonczi et al. 2000).
Both tBid and Bcl-X|, form ion-conductive pores that are thought to play a role in
apoptosis through their regulation of mitochondrial physiology, and it is impor-
tant to note that, since the samples in both the solid-state NMR and ion channel
activity studies of Bcl-XL and tBid were identical in their lipid composition and
the manner of sample preparation, the membrane surface association of Bcl-XL
and tBid, observed by solid-state NMR, represents the channel-active conforma-
tion of the proteins.

A model for the mode of membrane association by tBid is shown in Fig. 2.9.
Cleavage by caspase-8 in the flexible loop of the soluble Bid structure (Fig. 2.9a),
generates the C-terminal product tBid (Fig. 2.9b), which undergoes a conforma-
tional change and binds the surface of mitochondrial membranes (Fig. 2.9¢). It
is possible that the structure of tBid, destabilized by dissociation from the N-ter-
minal fragment after caspase-8 cleavage, undergoes a conformational change,
whereby it opens about the flexible loops that connect its helical segments, to
an extended helical conformation which binds to the membrane surface. This
would be similar to the mechanism proposed for the lipoprotein apolipophorin-
III, which adopts a marginally stable helix bundle topology that allows for con-
certed opening of the bundle about hinged loops (Wang et al. 2002). It is notable
that the Bid amino acid sequence (P,4;JRDMEKE;4;), at the beginning of helix-
6, is similar to the conserved sequence (PosDVEKE;q) that forms a short lipid
recognition helix in apolipophorin-III. In Bid, this sequence forms a short loop
that is perpendicular to the axis of helix-6 and solvent-exposed, while in apoli-
pophorin-III it forms a short helix that is perpendicular to the helix bundle and
at one solvent-exposed end of the molecule. This short motif is conserved in the
Bid sequences from various species, suggesting that it plays a role in the protein
biological function, and may constitute a lipid recognition domain for Bid similar
to that of apolipophorin-III.

Pore formation by the Bcl-2 family proteins has been thought to involve trans-
location of the central core helices through the membrane, and the helices of both
Bid and Bcl-X are sufficiently long to span the lipid bilayer. However, their am-
phipathic character is also compatible with membrane surface association, in a
manner that is reminiscent of the antimicrobial polypeptides where binding of
the polypeptide helices to the bacterial membrane surface is thought to transiently
destabilize the membrane and change its morphology, inducing leakage of the cell
contents, disruption of the electrical potential, and ultimately cell death (Boman
1995; Marassi et al. 1999, Marassi et al. 2000). It is notable that bacterial and mi-
tochondrial membranes have very similar structures and surface charge, and that
tBid is both capable of altering bilayer curvature, and of remodeling the mitochon-
drial membrane, which would be sufficient to cause the release of mitochondrial
cytotoxic molecules. Thus, the BH3-independent mechanism of pore-formation
and mitochondrial cytochrome-c release by tBid, may be similar to that of the an-
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Fig. 2.9. Model for the association of tBid with the membrane surface. (a) Cleavage by cas-
pase-8 in the flexible loop of the soluble Bid structure (Chou et al. 1999; McDonnell et al.
1999), generates the C-terminal product tBid (b), which undergoes a conformational change
and binds the surface of mitochondrial membranes (c)

timicrobial polypeptides. In addition, the membrane surface association of tBid
may serve to display the BH3 domain on the mitochondrial membrane surface,
making it accessible for binding by other Bcl-2 family members. Although tBid
does not insert in DOPC/DOPG lipid bilayers, it is possible that trans-membrane
insertion may be driven by the presence of natural mitochondrial lipids, such as
cardiolipin and monolysocardiolipin. It is also possible that the interactions with
other Bcl-2 family proteins such as Bak and Bax, or with other non-homologous
proteins such as the mitochondrial voltage-dependent anion channel, may pro-
mote insertion of the tBid helices through the mitochondrial membrane.
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X-ray and Neutron Diffraction Approaches
to the Structural Analysis of Protein-Lipid
Interactions

JuaN A. HERMOSO, JoSE M. MANCHENO and EVA PEBAY-PEYROULA

3.1
Structure Determination by Protein Crystallography:
a General Overview

Biological membranes fulfil vital functions as interfaces to the outside world,
as interfaces between cells, and as boundaries of intracellular compartments.
Membrane proteins share a common property: part of their structure is embedded
in a lipid bilayer. Therefore, being located at an interface, it is almost inevitable
that they mediate communication between both sides of the membrane; recep-
tors, pores and channels are all signal transducers. Membrane proteins are abun-
dant; they are estimated to constitute a third of the complement of proteomes.
An analysis of the genomes of eubacterial, Archaean and eukaryotic organisms
predicted that 20-30% of the open reading frames encode integral membrane
proteins (Wallin and von Heijne 1998). The number of lipid-interacting proteins
should be increased if we consider the proteins presenting two conformational
states, one of them stable in solution and the other one attached to a membrane
or a lipid interface. This is the case for the great family of pore-forming toxins,
for lipases and also for lipid-carriers. Therefore their scientific importance can-
not be overstated, as they are involved in almost every process in the cell. Besides,
membrane proteins represent over 50% of the targets of all prescription drugs.
This reflects the physiological importance of these proteins, which play key roles
in such physiological functions as controlling the homeostasy of the cells and or-
gans, ensuring communication within and across tissues, detoxification, control
of cell growth, etc. Describing their structure and function at the molecular level
is a determinant asset in understanding their interactions with ligands and devis-
ing new and better drugs.

3.1.1
Crystal Structure Determination

Crystallography up till now has been the most powerful technique for deter-
mining the atomic structure of proteins. However, of the 31,000 proteins that
have been deposited in the Protein Data Bank (PDB) only 25 X-ray structures
of unrelated polytopic membrane proteins from the inner membranes of bacte-
ria and mitochondria, as well as from eukaryotic membranes, are available (for
a regularly updated list, see http://www.mpibp-frankfurt.mpg.de/michel/pub-
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lic/memprotstruct.html). To understand the reasons for this limited number of
membrane protein structures, the fundamentals of crystal structure determina-
tion by X-ray crystallography must be mentioned.

The first prerequisite for solving the three-dimensional structure of a pro-
tein by X-ray crystallography is a well-ordered crystal that will diffract X-rays
strongly. Crystallization is usually quite difficult and obtaining such crystals is the
rate-limiting step to structure determination. A pure and homogeneous protein
sample is crucial for successful crystallization, and recombinant DNA techniques
have been a major breakthrough in this regard. Besides, the past three years have
seen some of the greatest achievements in the field of protein crystallization by
way of automating and miniaturizing crystallization trials. The ability to dispense
trials consisting of nanolitre volumes in a high-throughput mode has reduced the
time needed to set up a series of experiments from weeks to minutes, and the sub-
sequent phase of image capture and analysis of crystallization drops is also pro-
gressing at high speed (Luft et al. 2003). However, the crystallization problem has
not been solved, and it has been estimated than only 4% of the cloned proteins in
major structural genomics projects produced diffracting crystals (Chayen 2004).

X-ray waves passing through a crystal generate a diffraction pattern that de-
pends on the reciprocal lattice. However, diffraction patterns register only the
amplitude of the waves; and to get the molecular structure, one also needs to know
the “phase” (the relative phase of the waves corresponding to each reflection).
This information is lost in the diffraction data, and has to be inferred. This is the
so-called phase problem. To overcome this problem, different phasing methods
are now available; in most of them the aim is to preserve isomorphism, such that
the only structural change upon heavy-atom substitution is local and there are no
changes in unit-cell parameters or orientation of the protein in the crystal cell.
However, single- or multiwavelength anomalous diffraction (SAD/MAD) phas-
ing methods avoid this problem by using a single crystal. These last methods are
based on the fact that for certain X-ray wavelengths, the interaction between the
X-rays and the electrons of an atom causes the electron to absorb the energy of the
X-ray. This produces a small change in the X-ray scattering of the atom that can
be used to solve the phase problem. The introduction of more accurate detectors,
as well as the use of crystal cryoprotection techniques, has now made it possible to
collect diffraction intensities very accurately. Precise control of the wavelength of
synchrotron radiation and routine incorporation of seleniomethionine into pro-
teins has contributed to the popularity of the SAD/MAD method of phasing. Once
the phase problem is overcame the three-dimensional model of the protein can
be, more or less, easily obtained.

3.1.2
Protein Expression, Solubilization and Purification
in Membrane Proteins

Concerning the membrane protein structures, the main reason for their scar-
city is the difficulty to overproduce membrane proteins, which is compounded by
their frequent instability outside their natural environment, and the difficulties
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inherent to growing X-ray-quality crystals. Therefore, the problem of crystalliz-
ing membrane proteins cannot be reduced to the issue of which screening method
or crystallization set-up is to be used. Rather, thorough biochemical work and
intensive protein characterization, in combination with comprehensive screening
for the most suited detergent, may be the most efficient strategy to cope with the
difficulties of membrane protein crystallization (Ostermeier and Michel 1997).

Membrane proteins can often not be purified from natural sources in the
amounts required for structural analyses (typically 1-10 mg/batch). This is es-
pecially true for proteins that are normally expressed at very low levels or for
proteins of human origin. The use of efficient heterologous expression systems as
a source of abundant protein is therefore essential. Currently, four major expres-
sion systems can be distinguished: those using bacteria, or the eukaryotic systems
such as yeast, insect cells, or mammalian cells for expression. It should be obvious
that any recombinant protein can be best expressed in the expression system that
most closely resembles the natural environment of the protein. It is well known,
for example, that the use of prokaryotic or lower eukaryotic expression systems
for mammalian proteins can lead to misfolding or loss of functionality of the pro-
tein expressed (Tate 2001). However, from a production point of view, higher
eukaryotic expression systems are much more expensive, more complex in their
handling and often yield less protein per litre of cell culture than their simpler
counterparts (Werten et al. 2002). It makes sense, therefore, to check expression
of a new recombinant protein in all systems available at least until the stage where
functionality and yield can be assessed, and only then decide which system is
best suited for large-scale production. For this purpose, a well-designed and flex-
ible cloning procedure, allowing easy cloning of the cDNA of interest into the
various systems, is a requirement. Most efforts at developing efficient expression
systems tend to concentrate on E. coli, Lactobacillus lactis, yeast, Pichia pastoris,
Sf9 insect cells and various mammalian cell lines. Although efficient production
has proved to be successful for some membrane proteins, none of these systems,
however, can be considered either as universal or as totally under control, their
efficiency varying wildly, often for unknown reasons, from one protein to the
next, so that it is now uncertain which proportion of the structures of interest will
ever be established, thanks to these particular overexpression systems. For this
reason, alternative expression systems like Drosophila photoreceptor cells and
algal chloroplast thylakoids are now been developed.

A novel expression system for G-protein-coupled receptor (GPCRs) exploit-
ing the membrane stacks naturally present in the photoreceptor cells (PRCs) in
the eye of Drosophila melanogaster is being developed (Eroglu et al. 2002, 2003).
PRCs contain extensive stacks of specialized membranes and a dedicated ma-
chinery for the expression, folding and targeting of high levels of rhodopsin. Ex-
pression in PRCs provides a number of advantages as compared to conventional
expression systems like in these membranes: GPCRs are shielded from proteases
and also the internal membranes are reduced to a minimum, about 90% of the
membranes being plasma membrane. These two features minimize the problem
of proteolysis and of mistargeted or incompletely matured protein.The PRCs have
a unique architecture, and they represent an attractive site for the expression of
protein membranes. Besides, the expression in tobacco plastids of human soma-
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totropin (Staub et al. 2000) has been a milestone in demonstrating the potential
of the chloroplast for the heterologous expression of proteins (Gewold 2002). It
establishes that the plastid genetic machinery is capable of correctly expressing
and folding mammalian proteins and opens a new scenario in the expression of
novel membrane proteins.

To obtain well-ordered three-dimensional crystals, membrane proteins must
be solubilized with the help of detergents - amphiphilic molecules that form
micelles above their micellar concentration - and purified as protein-detergent
complexes. Otherwise, extraction of membrane proteins from their native envi-
ronment generally results in a loss of stability that can be dramatic. The detergent
micelle covers the hydrophobic surface of the membrane protein in a belt-like
manner (Garavito and Ferguson-Miller 2001). Protein-detergent complexes form
three-dimensional crystals of the so-called type II, in which contacts between ad-
jacent protein molecules are made by the polar surfaces of the protein protruding
from the detergent micelle (Michel 1983). However, membrane protein-detergent
interaction is a complex issue; strong experimental evidence links many cases of
inactivation to the dissociating character of detergents, which, by definition, are
surfactants selected for their ability to disperse fatty molecules. This dissociating
character causes the loss of stabilizing cofactors such as lipids or other amphip-
athic molecules, the dissociation of protein subunits, and direct interference with
the interactions - such as those between transmembrane helices - that stabilize
the protein’s transmembrane structure. Structuralists therefore have to navigate a
narrow strait between the unwanted aggregation and the catastrophic disaggrega-
tion (for recent discussions, see Bowie 2001; Gohon 2003). This has prompted the
search for milder surfactants, some of which are detergents and some are not (for
a review, see Gohon 2003).

3.1.3
Structural Analysis of Protein-Lipid Interactions
by X-Ray Crystallography: Some General Remarks

The elucidation of high-resolution structures of membrane-spanning proteins
has, over the past few years, yielded fascinating insights into the molecular mech-
anisms of diverse transmembrane processes, although the number of structures
solved to atomic resolution is still small. Therefore, it is clear that to gain an un-
derstanding of the function of membrane proteins at a molecular level one must
consider their contacts with lipids. However, while a high-resolution snapshot of
the 3D structure can be determined for proteins, once a suitable diffracting crystal
is obtained, that is not usually the case for the accompanying lipids. X-ray diffrac-
tion methods detect only those molecules that are highly ordered in the crystal
and that is not usual for lipid molecules due to their inherent flexibility and the
lack of specificity in the interaction between the protein molecule and some parts
of the lipid moiety. Besides, although lipid molecules can, in some cases, be deter-
mined by X-ray crystallography, it is not clear that their structures reflect those of
the lipids that are present in the native membrane. It has been observed, for ex-
ample, that varying lipid stoichiometry affects crystal packing in porin for which
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some different crystal forms were obtained (Cowan et al. 1992), which yielded the
high-resolution structures of porin (Pebay-Peyroula et al. 1992; Penel et al. 1998),
but showing packing arrangements that are distinctly different from the arrange-
ment in the native membrane and thus failing to give information on lipid bind-
ing. Furthermore, the precise mode of lipid—protein association in vitro appears
to be different from that in vivo (Pebay-Peyroula and Rosenbusch 2001). In this
sense, it must be stressed that while the polar interactions between the membrane
proteins and the surrounding lipids are clear, the interactions with highly ordered
acyl chains may merely mean that flexible chains were sequestered in the crystals
to fill the empty space.

When the lipidic/detergent component of the crystal is disordered, the only
available technique for studying the structure of this disordered detergent in
membrane proteins is neutron diffraction, whereby the individual components
(proteins and amphiphiles) may be visualized by contrast variation (substitu-
tion of D,0 for H,0), a technique commonly used in small-angle scattering (see
below). The combined use of the high-resolution information gained from X-
ray diffraction (usually relative to the protein moieties) with the low-resolution
structural information obtained from neutron diffraction experiments for the
amphiphilic moiety can reveal relevant insights into protein-lipid interactions;
specifically showing the residues interacting with the head groups or the hydro-
phobic tails of the amphiphiles.

Despite these cautionary remarks, the potential of the diffraction methods in
providing the structural information necessary to understand the mechanism of
membrane proteins at a molecular level is evident, and from a general point of
view in establishing the different protein folds capable of interacting with lipids
and the structural basis of the protein-lipid interaction at a molecular level.

3.2
Membrane Protein Crystallization

3.2.1
The “Classical” Approach

Integral membrane proteins are embedded in a lipidic membrane. In order
to be crystallized in three dimensions, they have to be solubilized and purified
from their native environment. Amphiphilic molecules such as detergent form
a belt around the membrane proteins, in which the tails of the detergent pro-
tect the hydrophobic protein surface whereas the headgroups protrude toward
the solvent. The crystallization was described in several reviews or book chapters
(Hunte and Michel 2003; Reiss-Husson and Picot 1999). Neutron diffraction ex-
periments revealed that three-dimensional crystals are built up of such mixed
micelles and that crystal contacts leading to high-resolution diffracting crystals
implicate protein-protein interactions (Roth et al. 1989). In a very crude approxi-
mation, it could be considered that the mixed micelle solution is similar to a solu-
tion of a soluble protein. Crystallization can therefore be obtained by adding the
adequate precipitants and adjusting their concentrations in order to cross the
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solubility curve and to reach the metastable zone where crystallization occurs.
In reality, the presence of detergent makes the process more complex as deter-
gents have their own phase behaviour (Zulauf 1991). At low concentration they
are solubilized in water as monomers. Above the critical micellar concentration
(cmc) they aggregate in micelles in which hydrophilic (polar or charged) moieties
are exposed to the solvent; these micelles coexist in solution with monomers. The
phase diagram as a function of detergent concentration and temperature shows
that at higher detergent concentrations two phases coexist; one is poor, the other
is rich in detergent (Fig. 3.1).

The phase diagrams are influenced by the precipitant, its concentration and
all other chemical components. Approaching the consolution boundary, from the
micellar phase to the phase separation, enhances the micelle-micelle interactions
and the probability of inducing protein-protein interactions. In addition, cross-
ing the consolution boundary will concentrate the protein in the phase which is

water rich phase detergent rich phase
¥

b1}

lamellar

Ter —_— S
Il gybic
detergent ""? h
crystals  §fbbd ~
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Fig. 3.1. Schematic phase diagram for non-ionic detergent water system. The abscissa and
ordinate are without scale. Liquid crystalline phases are typically found at detergent concen-
trations greater than about 30%. Inserted in the liquid crystalline areas are schemes of the
liquid crystalline aggregates. The phase separation boundary for the system without PEG is
labelled a. The phase separation boundary downshifted by PEG with its detergent-rich phase
in the lamellar crystalline area is labelled b (Welte and Wacker 1991)
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Fig. 3.2. lllustration of the phase separation above the consolution boundary. A photosyn-
thetic complex from a purple bacteria solubilized with dodecyl-maltoside is crystallized in
the presence of PEG3350 (from C. Jungas, CEA-DEVM-Cadarache and E. Pebay-Peyroula). (a)
Below solubility curve and consolution boundary. (b) Above consolution boundary. (c) Crystal
nucleation within the droplets that are highly concentrated in protein and detergent. (d) The
crystal growth depletes the protein droplets around the crystals. (e) and (f) The best crystals
are obtained in the vicinity of the consolution boundary

rich in detergent and also enhance the probability of protein-protein interactions
to occur.

Figure 3.2 illustrates this process with a coloured protein, a bacterial reaction
centre. The best crystals are often obtained just below the consolution boundary
as illustrated in Fig. 3.2(f). The choice of the detergent is crucial not only for the
solubilization of the protein but also for crystal formation. This choice was exten-
sively discussed in several reviews (Reiss-Husson and Picot 1999); the favourite
molecules can be deduced from crystallization conditions successful for mem-
brane proteins (see statistics in http://www.mpibp-frankfurt.mpg.de/michel/pub-
lic/memprotstruct.html). Neutron diffraction also showed that although crystal
contacts imply proteins, the size of the detergent belt is an important parameter;
it should not prevent protein-protein interactions from taking place and micelles
have to fit well in empty spaces within the crystal packing. Additives such as hep-
tane-triol influence the micelle radius and in some cases might favour better crys-
tal contacts (Deisenhofer et al. 1985). The crystal contacts can also be favoured by
enlarging the hydrophilic protein surface with an antibody fragment (Hunte and
Michel 2003).
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3.2.2
Alternative Methods

However, the limited number of membrane protein structures available in the
protein data bank also reflects the difficulties in obtaining well-ordered crystal-
line arrangements. Indeed, the lack of homogeneity in the starting solution is very
often the major drawback for several reasons. First the detergent has to provide
a homogeneous solubilization without denaturing the protein. The difference in
dynamical behaviour of solvent and lipidic membranes certainly influences the
dynamical properties of the protein. Extracting the protein from its native envi-
ronment releases the lateral constraint applied by the membrane and might in-
duce partial denaturing. This should be particularly critical for proteins that un-
dergo large conformational changes for their functions, such as transporters. As a
result, the protein solubilized in detergent micelles might be present with a large
variety of conformations, including non-functional ones, a very unfavourable
situation for crystallization. Individual endogenous lipids can interact strongly
with the protein and help in stabilizing native conformations. The difficulty of
controlling a constant (and appropriate) amount of well-defined lipids in the pro-
tein solutions also contributes to heterogeneity (Lemieux et al. 2003). More recent
approaches tend to exploit the lipid phases and to reincorporate the proteins in
a lipidic environment in order to get rid of the detergent. The idea was already
exploited in the last decade with attempts at stacking two-dimensional crystals
of bacteriorhodopsin (naturally present in the purple membrane) but no order
in the third dimension could be obtained. More recently, in order to overcome
the limitations due to two-dimensional space and to explore the three dimen-
sions, lipidic cubic phases were introduced by Landau and Rosenbusch (1996).
They demonstrated the feasibility of the method and obtained for the first time
highly diffracting crystals of bacteriorhodopsin leading to the structure (Pebay-
Peyroual et al. 1997; Belrahli et al. 1999; Luecke et al. 1999). Other bacterial rho-
dopsins and reaction centres were further crystallized with this method (Chiu et
al. 2000; Kolbe et al. 2000; Gordelyi et al. 2002; Katona et al. 2003; Royant et al.
2001; Vogeley et al. 2004). Interestingly, all these crystals consist of stacked lay-
ers of proteins forming type I crystals. The crystallization mechanism proposed
by Nollert et al. (2001) is based on the lateral diffusion of the protein within the
curved bilayer that constitutes the cubic phase. Increasing the curvature (by add-
ing a precipitant) destabilizes the proteins by creating a hydrophobic mismatch
and favours lateral protein-protein interactions. Locally, around the nucleation
centre, lipids undergo a phase transition from cubic to lamellar. These various
steps are illustrated in Fig. 3.3. The cubic phase can therefore by considered as a
milieu that controls the relative orientations of the proteins during their diffusion
in three-dimensional space.

The lipidic cubic phase approach is attractive because it can be generalized
to other proteins in a rational way. There are still developments to take place
either for a deeper mechanistic understanding, or for automating and miniatur-
izing the process (Qutub et al. 2004; Cherezov et al. 2004). In parallel, other indi-
vidual cases of inducing membrane protein crystallization in a lipidic environ-
ment were also reported. The sarcoplasmic Ca-ATPase was crystallized by dialyz-
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Fig. 3.3. Proposed crystallization mechanism in lipidic cubic phases. (a) Proteins solubilized
in detergent micelles (2) or in lipid patches (1) are incorporated in the lipidic cubic phase (3).
A modification of the cubic cell parameter (4) induces the stress that results in local protein
reorganization possibly leading to 3D crystals (5). (b) Schematic representation of the various
protein-membrane interactions encountered during the crystallization process (Nollert et al.
2001)

ing the detergent away in the presence of lipids leading to well-ordered stacks of
2D crystals. This technique was adapted from a two-dimensional crystallization
protocol (Toyoshima et al. 2000). Similarly, the mitochondrial ADP/ATP carrier
was crystallized from a protein-detergent solution in which excess detergent was
adsorbed on polystyrene beads (Dahout-Gonzalez et al. 2003). The crystal is of
type I; moreover each layer in the crystal packing contains only proteins, lipids
and possibly monomeric detergent molecules tightly associated to the protein
(Pebay-Peyroula et al. 2003). The success of this crystallization was due to the
high amount of endogenous lipids still present after solubilization and purifica-
tion. Adsorbing the detergent, probably forced the protein in lipid patches, which
might nucleate the crystallization process. This example and others demonstrate
the need for well-characterized systems prior to crystallization. In particular pro-
teins that are overexpressed in heterologous systems might need the addition of
a few lipids present in their native membrane and relevant for structural and/or
functional reasons.

In conclusion, a new membrane protein after purification and solubilization
in detergent should be characterized as far as possible in term of homogeneity,
protein/detergent/lipid composition, importance of endogenous lipids, and lig-
ands that stabilize a conformation; all of them are tools that will pave the way
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to crystallization. For some proteins a rapid analysis by negative stain electron
microscopy could reveal the presence of several oligomeric states. Crystallization
should be approached in parallel by several methods. The classical vapour dif-
fusion method can now be efficiently explored with robots that use very small
amounts of proteins (100 nL per drop compared to 1 uL manually). A ten-fold
reduction in the total amount of protein is noticeable for membrane proteins,
which are so difficult to produce in large amounts. The number of parameters
to explore can also be reduced by restricting the precipitants to polyethylenegly-
cols of various molecular weights and alcohols that have proven to be favourable
precipitants. Alternative methods such as the lipidic cubic phases should also be
exploited.

3.3
Diffraction Studies

3.3.1
X-Ray versus Neutron Diffraction

Nowadays, the development of synchrotron radiation facilities, associated
with progress in detectors and computing, makes it possible to solve very com-
plex structures with a large number of atoms, at atomic or near-atomic resolu-
tion, even with small crystals. Thus, X-ray diffraction covers the full range of anal-
ysis from structure determination to the understanding of biological function.
By contrast neutron diffraction techniques are mostly used to analyse particular
aspects of the molecular structure. The main reason for this is the scarcity of neu-
tron sources and their low flux, but also that the most common tools for struc-
ture determination, such as heavy-atom and anomalous scattering techniques,
are strongly limited due to the nature of the scattering factors. It must be stressed
that X-rays interact with electrons and therefore have stronger interactions with
heavy atoms (the X-ray scattering from an atom is proportional to the number of
electrons) whereas neutrons interact with the nuclei and this interaction is similar
for most nuclei. Moreover, the scattering of X-rays, being from an extended cloud
of electrons, has an angular dependence, while this is not the case for neutrons
which are scattered from the much smaller nuclei. Therefore, the applications
of neutron diffraction techniques in biology are thus complementary to X-ray
analysis.

As previously mentioned, high-resolution X-ray diffraction experiments lead
to structural information on the highly ordered parts only. Low-resolution infor-
mation is obtained from the diffraction at very small Bragg angles. These reflec-
tions are usually difficult to record, especially when working with strong X-ray
sources where it is important to protect the detector against the main beam. To
overcome this technical problem one may increase the wavelength and therefore
increase the Bragg angle. Long-wavelength X-rays induce strong absorption and
thus damage the crystals rapidly. On the contrary, neutrons do not present these
absorption effects and hence do not induce radiation damage even during expo-
sures of several weeks. Therefore neutron diffraction using long wavelengths is
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a powerful technique for obtaining low-resolution structural information and is
complementary to the high-resolution information gained from X-ray diffraction.
In addition to the advantages of the long wavelengths, one can take advantage of
the difference in the scattering lengths for hydrogen and deuterium to perform
contrast variation experiments in the crystals. The neutron scattering densities
for materials containing hydrogen or deuterium are therefore very different. The
fact that H,O and D,0 are chemically almost identical makes it possible to ex-
change the solvent in the crystals for a deuterated solvent without affecting the
crystalline arrangement. As we will see, this technique is a powerful tool for un-
derstanding protein-lipid interaction in the crystal.

3.3.2
Neutron Diffraction with Contrast Variation

A three-dimensional crystal diffracting to high resolution does not contain
only highly ordered atoms. In many structural models refined from X-ray diffrac-
tion data, a few amino-acid side-chains, and N-terminal or C-terminal residues
are missing. Also small molecules, ligands, cofactors, individual detergent mol-
ecules or lipids are not always easy to locate in electron density maps even if they
interact strongly with the protein. In fact, above a certain value of mean-square
atomic displacement the atom will not contribute to high-resolution diffraction
data. In the case of membrane protein crystals, where a large amount of detergent
molecules are often present, the crystal packing seen in the electron density maps
shows large empty holes and only a few single detergent molecules interacting
directly with the protein. The bulk part of the micelle cannot be detected from
the X-ray diffraction, first because it is a rather dynamic structure even within the
crystal so that it does not contribute to the high-resolution diffraction. Moreover,
at medium or low resolution the contrast between the solvent and the detergent is
too low. In other words, the mean electron density is similar for water and deter-
gent. The situation is very different for neutron diffraction where by exchanging
hydrogenated water with deuterated water the scattering from the solvent can be
notably modified and the contrast therefore changed.

Figure 3.4 shows the mean scatteringlength density, which is the relevant quan-
tity for neutron scattering (equivalent to mean electron density for X-ray scatter-
ing) as a function of D,0. The contrast, i.e. the difference in scattering length den-
sity for one component and solvent, varies as a function of D,O concentration.
The figure also shows that in some cases the contrast can even by cancelled; for
example, at 40% D0 the protein will be matched out. Proteins, lipids, detergents
and nucleic acids have different scattering length density curves and thus differ-
ent contrasts. Neutron scattering at low resolution is therefore of particular inter-
est when the crystal contains at least two different types of molecules, for example
protein and detergent, as is the case for many membrane protein crystals. In that
case, neutron density maps obtained with a solvent containing 40% D,0 will show
only the detergent structure, whereas with 20% D,O only the protein will be seen.
The experimental procedure and following calculations were detailed in several
reviews (Timmins et al. 1994; Pebay-Peyroula and Myles 2000).
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Fig. 3.4. Contrast variation as a function of DO concentration in the solvent. The scatter-
ing length density varies linearly as a function of the D0 concentration in the solvent. The
diffraction experiment is sensitive to the difference in scattering length density between
the molecule in the crystal and the solvent. At null contrast, the match point, the molecule
becomes “invisible”. The scattering length densities for some chemical components encoun-
tered in membrane protein crystals such as protein and a typical detergent are represented

The first low-resolution neutron diffraction experiments were performed on
photosynthetic reaction centre crystals from R. viridis (Roth et al. 1989), crystals
from which the first membrane protein structure has been solved (Deisenhofer et
al. 1985). These experiments showed that the crystal is formed by mixed micelles,
which pack through protein-protein interactions and highlighted the importance
of the micelle size for the packing. Indeed, heptanetriol, known to shrink the mi-
celle size, was an important additive for getting good diffracting crystals. Other
neutron diffraction experiments on various porin crystal forms illustrated the
dynamic behaviour of the detergent phase that can reorganize during crystalli-
zation. Tetragonal porin crystals are of type II. Although micelles pack through
protein-protein interactions, it was noted that the crystal consists of two inter-
twined molecular networks that only interact through detergent contacts (Pebay-
Peyroula et al. 1995) (Fig. 3.5A).

In the trigonal form, the detergent phase reorganizes during the crystallization
and forms almost inverted micelles around the protein (Penel et al. 1998). For a
third porin crystal of type I, neutron diffraction showed that the detergent within
each layer of the crystal is not organized as a bilayer but as adjacent micelles
(Timmins, personal communication). Indeed, type I crystals can be subdivided
into two categories: in the first, each layer contains mixed micelles packed in two
dimensions, and in the second, each layer is a lipidic bilayer in which proteins
are arranged in two dimensions. More recently, neutron scattering experiments
with contrast variation were performed on other membrane protein crystals. De-
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Fig.3.5. (a) Crystal packing in tetragonal porin crystals (Pebay-Peyroula et al. 1995). In the
centre of the figure the backbone of a porin trimer is represented in green. Proteins surround-
ing this trimer are shown in orange. The blue density represents the detergent (mainly the
hydrophobic chains) as detected from neutron diffraction experiments. It shows that the de-
tergent organizes itself as a belt around the protein, hiding the hydrophobic surfaces from the
solvent. The green and the orange proteins form two separated networks in the crystal that
interact only through detergent contacts. (b) The pancreatic lipase-colipase-micelle complex.
The neutron negative scattering-length solvent-flattened map was calculated at the protein
match point (41% D,0). Pancreatic lipase (gold) and Colipase (red) are depicted as CPK mod-
els. The catalytic Ser residue of the lipase is coloured in green

tergent organization in crystals of monomeric outer membrane phospholipase
A showed a continuous detergent network and sheds light on the detergent coa-
lescence that has to take place during the crystallization process (Snijder et al.
2003). In contrast, the detergent in the crystals of the light-harvesting complex
LH2 from R. acidophila forms belts around the toroidal shaped protein, which do
not interact with each other (Prince et al. 2003). In addition, detergent was also
localized in the tore centre; neutron density maps showed that this density could
account for a mixture of detergent and benzamidine used as an additive during
the crystallization. Again, this result demonstrates the interest of neutron studies
for the comprehension of the crystallization process of membrane proteins in the
presence of detergent.

Neutron diffraction with contrast variation is not only interesting for mem-
brane proteins but also for proteins that interact with membranes. The catalytic
activity of lipases depends on the aggregation state of their substrates. The ac-
tivated lipase-colipase complex was crystallized in the presence of detergent at
a concentration above the cmc. The neutron density revealed the presence of a
disc-shaped detergent micelle, which interacts with the colipase and the lipase
(Hermoso et al. 1997) (Fig. 3.5b).
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These examples illustrate the complementarity of neutron diffraction versus
X-ray crystallography. However, the limited flux provided by the neutron sources
compared to the photons flux produced by synchrotron radiation restricts the
neutron studies to larger crystals (a few hundredths of a micron in each direc-
tion).

3.4
Protein-Lipid Interactions in 3D Structures

A large number of molecular processes involve protein-lipid interactions oc-
curring in different biological environments. Thus, they are essential in the folding
mechanism of membrane proteins (Marsh 1993; Bogdanov and Dowhan 1999), as
well as in their activity (Gouaux and White 2003), which includes an astounding
range of biological functions: respiration, signal transduction and cellular recog-
nition, molecular transport, etc. However, and despite the critical importance of
membrane proteins, nowadays only 86 unique structures have been solved, which
is mainly due to technical difficulties in the production of three-dimensional crys-
tals suitable for X-ray analyses (Pebay-Peyroula and Rosenbusch 2001).

Conversely, many intracellular processes involve the specific and transient
association of peripheral proteins with different cell membranes in response to
specific cell stimuli (Teruel and Meller 2000). Remarkably, the membrane tar-
geting of diverse peripheral proteins is mediated by a reduced number of mem-
brane-interacting domains, including protein kinase C (PKC) conserved 1 (C1),
PKC conserved 2 (C2), FYVE domains (Misra and Hurley 1999), and pleckstrin
homology domains (Hurley and Misra 2000; Cho 2001). On the other hand, a wide
variety of proteins produced by diverse organisms is also known to facilitate the
transfer of lipids, fatty acids, steroids, retinoids, prostaglandins, acyl-CoA, which
are broadly classified as lipid-transfer proteins.

In addition, protein-lipid interactions are also present in other biological con-
texts. Thus, they are also essential for the understanding of the molecular mecha-
nisms of enzymes such as lipases or esterases (Lowe 2002), the cytotoxic character
of peptides and proteins which are initially hydrosoluble but in the presence of a
target membrane become membrane-bound species (Heuck et al. 2001; Tweten et
al. 2001; Zasloft, 2002), or processes of chemical modification of signaling proteins
with lipid molecules (Mann and Beachy 2004). The underlying structural features
of the above-mentioned groups of proteins will be briefly described herein, with
the purpose of providing a general overview of the wide variety of proteins for
which the interaction with lipids or hydrophobic ligands is essential for a detailed
knowledge of their molecular mechanism of action.
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3.4.1
Integral Membrane Proteins

3.4.1.1
General Features of Membrane Protein Structures

Presently, about 160 coordinate files of membrane protein structures are ac-
cessible in the PDB. Among them, roughly 80 are unique proteins (see http://blan-
co.biomol.uci.edu/Membrane_Proteins_xtal.html). Despite a significant increase
in the last couple of years, the growth rate since 1986 is still not comparable to
the early days of soluble protein structure determination (White 2004). The large
majority of membrane proteins in the PDB span over both sides of the membrane,
with a few exceptions (prostaglandin synthase, cyclooxigenase and squalene-ho-
pene cyclase) which are monotopic. A third of the proteins are B-barrel proteins
found in bacterial outer membranes. The first to be structurally characterized
were porins, which are very stable and were very useful in the early development
of membrane protein crystallization. Most of them are involved in transport proc-
esses and their structures contributed to the understanding of the mechanisms.
However, there are still open questions. The transport of ferrichrome through
FhuA (or FepA or FecA) still remains unclear; although a putative plug was iden-
tified in the structure, the access control through the plug mechanism needs ad-
ditional evidence (Buchanan et al. 1999; Ferguson et al. 1998; Locher et al. 1998).
TolC is a trimer that forms a single barrel, each monomer contributing with
four strands. It is part of a complex machinery that drives the transport of small
molecules between the cytosol and the exterior; the ensemble is still to be deci-
phered. Except in bacterial outer membranes, all other proteins are constituted
by transmembrane helices. Proteins that are anchored in the membrane through
a single transmembrane helix are clearly underrepresented in the PDB (except for
monoamide oxidase and fatty acid amide hydrolase). Because the catalytic site
is located in a large extramembrane domain, structural studies are undertaken
after cleaving the transmembrane helix. However, this helix is often implicated
in dimerization and therefore plays a crucial role in signaling. Solid state NMR is
probably the best experimental approach to understand the dimerization process
of such helices. The number of transmembrane helices in all the other integral
membrane proteins present in the PDB is at least six or seven in the quartenary
structures.

Figure 3.6 represents a sample of structures from the PDB, highlighting a va-
riety of topologies. Some proteins consist as several subunits (11 subunits for the
bovine heart cytochrome bcl complex, Fig. 3.6a). Others, such as ion channels,
function as oligomers and the structures were determined in the oligomeric form
(Figs. 3.6b, c and e). Whereas for a few of them the crystal structure is monomeric,
they were shown to function in an oligomeric state in vivo (mitochondrial ADP/
ATP carrier, PDB code 1okc). It is also interesting to note the existence of pseudo-
symmetries either present in the structure (lactose permease, Fig. 3.6d) or result-
ing from multiple gene duplication (ADP/ATP carrier). Figure 3.6 also shows that
transmembrane helices are more or less tilted with respect to the membrane, and
that they can be straight or kinked. In some cases, helices can even span only over
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Fig. 3.6. Examples of membrane protein structures. The transmembrane helices of all the
proteins are aligned. It highlights the different tilt angles that these helices can adopt. Each
colour represents a different subunit. The figure illustrates several membrane protein topolo-
gies (differences in size, in the number of transmembrane helices, in the number of subunits
and in the size of the extramembrane domains). (a) Bovine bc1 complex (11 subunits), PDB
code: 1bgy. (b) One monomer of the glycerol facilitator (tetrameric structure), PDB code: 1fx8.
(c) Inward rectifier potassium channel, PDB code: 1p7b. (d) Lactose permease, PDB code: 1pv7.
(e) Monomer of bacteriorhodopsin (trimeric structure), PDB code: 1ghj. (f) Preprotein translo-
case SecY, PDB code: 1rhz. The figure was prepared with the program PyMOL

half the membrane (aquaporins, Fig. 3.6b). As a result the global topology is more
compact (bacterial rhodopsins, Fig. 3.6e), or forms large cavities (ADP/ATP car-
rier, Fig. 3.7).
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Fig. 3.7. Examples of cardiolipins in membrane protein structures. The surfaces of the pro-
teins are depicted in blue and the cardiolipins as ball and sticks. (a) ADP/ATP carrier, PDB code:
1okc. (b) The photosynthetic reaction centre from R. sphaeroides, PDB code: 1qov. The figure
was drawn with the program PyMOL

3.4.1.2
Lipids Identified in the Structures

The most frequent molecules associated with membrane proteins observed
in the structures are pigments and chromophores for which the protein is often
a scaffold. In order to ensure highly efficient energy or electron transfer, the pig-
ments have to be precisely located with respect to each other. Therefore, their
location is well defined in the structure and easy to obtain from the diffraction
data. Locating and identifying lipids from electron density maps is less obvious
and encounters several difficulties. As described in Sect. 3.3.2, X-ray diffraction
mainly detects well-ordered ligands in a protein crystal. This is possible for highly
diffracting crystals. Except for membrane protein crystals grown from lipidic cu-
bic phases for which the resolution ranges from 1.5 to 2 A, diffraction from most
of the crystals is more limited and stays in the range 2.5-3.5 A. Moreover, lipids
are not necessarily perfectly ordered molecules in the crystals; more floppy lipids
have a very low contrast compared to the solvent (or detergent) background. As
a result, only well-ordered lipids in crystals diffracting to high resolution can be
seen in electron density maps. This is a severe limitation of membrane protein X-
ray crystallography. In addition, the refinement of these lipids is not very efficient,
again because of the limitation in resolution (and thus in experimental data) but
also because of the lack of stereochemical constraints. With a few exceptions, one
should not expect a complete description of lipids surrounding a membrane pro-
tein from X-ray crystallography experiments. In addition, the purification already
biased the problem by disrupting lipids from the protein that are important for
the function and/or the structure. These limitations were reviewed by Pebay-Pey-
roula and Rosenbusch (2001).

Despite the limitations, the PDB files of several membrane proteins for which
the 3D structure was solved contain a few lipid molecules. Very often, the residual
electron density obtained after construction and refinement of the protein shows
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elongated densities representative of hydrophobic moieties of either detergents
or lipids. In some cases, the densities are clearly interpretable as lipids. In bacte-
riorhodopsin crystals, they could be identified as phytanyl chains well character-
ized with their branched methyl groups (Belrhali et al. 1999; Luecke et al. 1999).
These lipids are known to be the endogenous lipids of the purple membrane,
copurified with the protein. The chains interact through numerous van der Waals
contacts with hydrophobic side-chains. The lipids participate in the bacteriorho-
dopsin trimer formation and also connect the trimers together within the purple
membrane. However, the head groups, despite the presence of sulfur or phosphor
atoms, could not be located in the electron density maps. Additional experiments
ascertained the chemical nature of these molecules. Mass spectrometry on the
crystals and on the purple membrane demonstrated that the same lipids (and
no additional amphiphiles) are present in both samples. Neutron scattering on
purple membranes in which the lipid head groups could be deuterated, located
the head groups with respect to the protein (Weik et al. 1998). Bacteriorhodopsin
is a unique case because the protein already exists as a 2D crystal in the native
membrane from which the first structure at 3.5 A was solved by electron micros-
copy (Grigorief et al. 1996). The 3D crystallization in the lipidic cubic phases re-
constitutes the purple membrane in the 3D crystal, and thus reveals the complete
high-resolution structure of the purple membrane.

The function of several membrane proteins was shown to be influenced by
specific lipids, in particular cardiolipins. The ADP/ATP carrier, responsible for
the import of ADP into the mitochondria and the export of ATP toward the cy-
tosol after being resynthetized, is located in the inner mitochondrial membrane.
Its function is influenced by cardiolipins and lipids, which are abundant in in-
ner mitochondrial membranes. The electron density maps of ADP/ATP carrier
crystals exhibited characteristic densities with four acyl chains. Figure 3.7(a) in-
dicates the location of one of the three cardiolipins identified from the crystal-
lographic data. The lipids might control the conformational changes during the
nucleotide transport process. It was suggested that modifying the kink of three
sharply kinked helices occurs during the transport (Pebay-Peyroula and Brando-
lin 2004). Cardiolipins interact with these kinked lipids and could maintain the
hydrophobic environment of the helices during these movements. Cardiolipins
could also participate in forming the dimeric state of the carrier. Although a pu-
tative dimer is not obvious from the crystal (Pebay-peyroula et al. 2003), another
crystal form shows that the dimerization could implicate the cardiolipins (Pebay-
Peyroula, personal communication). Cardiolipins were also identified in several
bacterial proteins. They were shown to be able to stick to the protein with the four
chains like an octopus and also to glue proteins together. In the case of succinate
dehydrogenase the chains even interpenetrate the bundle of transmembrane heli-
ces (Yankovskaya et al. 2003). In the E. coli formate dehydrogenase (Jormakka
et al. 2002), a cardiolipin is located within two molecules of the trimer. The pho-
toreaction centre of R. sphaeroides was crystallized by two different approaches.
In the structure solved from crystals grown by the “classical” approach, where
protein-detergent micelles are formed (McAuley et al. 1999) a complete cardioli-
pin was identified sticking to the surface of the protein (Fig. 3.7b). More recently,
the reaction centre crystallized from a lipidic cubic phase (Katona et al. 2003)
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revealed the same protein structure with a cardiolipin bound to the same loca-
tion. However, the crystal packing in the two crystals is very different: the first
crystal is of type II and the protein is monomeric, whereas the second is of type I
and a dimeric organization mediated by the cardiolipin is observed. Katona et al.
discuss the possibility of the biological relevance of the cardiolipin in the dimer
formation. If this hypothesis is correct, it reinforces the interest for crystallization
in a lipidic environment.

3.4.2
Structural Features of Peripheral Proteins Involved in Signaling
and Subcellular Targeting

Recent structural and biochemical studies of a wide variety of eukaryotic pe-
ripheral proteins participating in signal transduction and membrane-trafficking
have shown that their molecular activity involves the reversible binding to spe-
cific lipid ligands in cell membranes (Hurley and Misra 2000). Importantly, the
membrane-binding ability of these proteins is conferred by a reduced number
of protein domains, the best known being PKC C1 (Hurley et al. 1997), PKC C2
(Rizo and Sudhof 1998), FYVE domains (Misra and Hurley 1999), and pleckstrin
homology domains (Rebecchi and Scarlata 1998). It must be remarked that the
mechanism of membrane association of the different peripheral proteins involves
a combination between both specific and non-specific interactions. Thus, in addi-
tion to specific binding pockets for signal molecules, basic and aromatic residues
play important roles in providing a non-specific driving force for membrane as-
sociation (Cho 2001).

Figure 3.8 shows 3D structures for different domains showing the main struc-
tural features of each family. The C1 domains are known to occur not only in
PKCs but also in more than 200 non-redundant proteins (Hurley and Misra 2000).
This domain was first identified as the binding site for diacylglycerol (DAG) and
phorbol ester in PKCs (Nishizuka 1988), although many of the known C1 do-
mains do not bind such molecules. Proteins bearing C1 domains not competent
for DAG or phorbol ester binding are called atypical. C1 domains are compact
motifs composed of ~50 residues. They contain five B-strands, arranged into two
sheets, a short o-helix and two 3-Cys-1-His-2-Zn2Jr clusters (Hommel et al. 1994;
Zhang et al. 1995). Briefly, the current model explaining the interactions of C1
domains with membranes can be summarized as follows: DAG or phorbol ester
bind to a specific binding pocket rich in aliphatic and aromatic residues, which is
surrounded by basic residues which in turn are involved in electrostatic interac-
tions with acidic phospholipids (Bittova et al. 2001). Whereas these last residues
enhance the association rate with the membrane, the specific interaction with the
second messenger decreases the dissociation rate, thus favouring the formation
of a tight association of the domain with the membrane. Remarkably, there is a
strong synergism between DAG or phorbol ester binding and membrane binding
(Mosior and Newton 1996). It is evident that the presence of an exposed hydro-
phobic surface in C1 domains demands a tightly controlled triggering mecha-
nism of membrane targeting (Cho 2001). In fact, the scenario is more complex as
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C1-domain C2-domain C2-domain

PH-domain FYVE-domain

Fig. 3.8. Three-dimensional structures of representative members of peripheral proteins in-
volved in signal transduction and membrane-trafficking showing the main structural details
of the membrane-interacting domains. (a) Cyan spheres in C1-domain correspond to Zn%
ions (PDB code: 1KBE). (b) and (c) Green segments in the C2-domain correspond to those
loops directly involved in Ca?*-binding (PDB code: 1DSY). Ca?* ions are indicated as small blue
spheres; phosphatidylserine molecule is indicated as PS. (d) The characteristic C-terminal a-
helix above the B-structure core of the pleckstrin-homology domain (PDB code:1FB8) appears
in green. (e) As above, cyan spheres in the FYVE-domain (PDB code: 1VFY) correspond to Zn%*
ions. Figures were prepared with the program PyMOL

the majority of peripheral proteins have more than one membrane-targeting C1
domain which may interact between them as well as with additional parts of the
protein to modulate the interaction with the membrane.

C2 domains were originally discovered as the Ca** binding site of convention-
al PKCs (Xu et al. 1997). Proteins with C2 domains (>400 different proteins) are
not only involved in signal transduction roles, but also in other cellular processes,
which is consistent with the degree of variability of primary structures (Rizo and
Sudhof 1998). Thus, many C2 domains bind membranes in a Ca®*-dependent
manner, others do not bind Ca®*, and finally others do not bind membranes at all
but other proteins both in a calcium-dependent or independent manner (Hurley
and Misra 2000). The structure of the C2 domain is composed of an antiparallel
B-sandwich made up of two four-stranded B-sheets, with the Ca**-binding site
located at one tip of the structure being formed by three connecting loops (Fig.
3.8¢c). It has been shown that Ca®* ions may play two fundamental roles: they serve
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as a bridge between the C2 domain and anionic phospholipids (Verdaguer et al.
1999), and as inductor of intra- or interdomain conformational changes which
may further affect the interaction with the membrane (Cho 2001). A model for
membrane interaction of C2 domains has been proposed from the crystal struc-
ture of the phospholipase C81 (Grobler et al. 1996); in this case, the loops in-
volved in Ca“-binding are directed towards the membrane interface, where the
acidic lipid headgroups are situated with the concave face of the domain facing
the membrane plane.

Although most Ca**-dependent C2 domains bind acidic phospholipids, oth-
ers, like cPLA2-C2, seem to be phosphatidylcholine specific (Nalefski et al. 1998).
Interestingly, whereas in the first group of domains there is a predominance of
basic residues in the surroundings of the Ca**-binding loops, in the second group
hydrophobic residues can be found in equivalent positions. In addition, this li-
pid specificity correlates with the respective subcellular localization of the cor-
responding domains: those with preference for phosphatidylserine translocate to
plasma membrane, and those with preference for phosphatidylcholine translocate
to the PC-rich nuclear envelope and endoplasmic reticulum (Perisic et al. 1999).

FYVE domains constitute a recently described family of membrane-binding
domains present in ~60 proteins (Hurley and Misra 2000). They are involved
in the endosomal translocation of proteins implicated in membrane-traffick-
ing (Stenmark et al. 1996; Wurmser et al. 1999). FYVE domains specifically bind
phosphatidylinositol-3-phosphate (PI3P), i.e. they are lipid-directed targeting
domains. The crystal structure of the FYVE domain from Vps27p (Misra and
Hurley 1999) reveals that it is formed by two antiparallel B-sheets and an o-helix
stabilized by two Zn*" ions, resembling C1 domains (Fig. 3.8e). A basic region
located in the surface of the domain, contributed by the sequence RKHHCR, has
been shown by mutagenesis analyses to participate in PI3P-binding. In fact, this
sequence motif, (R/K)(R/K)HHCR, is a defining feature of the FYVE domain.
Analysis of the solvent accessible hydrophobic and basic residues suggests a non-
specific mechanism of membrane interaction (Misra and Hurley 1999), in which
the tip of the N-terminal loop, containing two contiguous Leu residues, would
penetrate into the PI3P-containing bilayer. Yet, experimental evidence points to
the specific binding of PI3P as the major driving force for interaction with the
membrane, which is consistent with the structural data.

Pleckstrin homology (PH) domains have been found in more than 500 pro-
teins, most of them involved in phosphoinositides (PIs) binding, exhibiting a
broad range of specificities (Rebecchi and Scarlata 1998). In addition, similarly
to the functional variability observed with C2 domains, there also exist PH do-
mains which do not bind PIs, but are involved in protein-protein interactions
(Lemmon et al. 1997; Rebecchi and Scarlata 1998). The consensus structure of
the PH domains as derived from the known three-dimensional structures can be
described as follows: the domain consists of two nearly orthogonal and antipar-
allel 3-sheets composed of three and four strands, respectively. The core of the
B-structure is stabilized by a C-terminal oi-helix which packs one of its edges (Fig.
3.8d). A distinct feature of PH domains is the clearly asymmetric distribution of
charged residues in the protein surface: whereas basic residues predominate in
one side of the domain (the membrane-binding face) and also partially in the
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loops, acidic residues are concentrated in the opposite side (Rebecchi and Scarla-
ta 1998). The structures of complexes of PLCS1-PH with Ins(1,4,5)P5 (Ferguson et
al. 1995) and Btk-PH with Ins(1,3,4,5)P4 (Baraldi et al. 1999) define four different
phosphate-binding subsites that participate in high-affinity specific PI-binding.
Finally, membrane binding of PH domains is driven by non-specific electrostatic
interactions with acidic phospholipids, together with the specific recognition of
phosphoinositides. This agrees with the finding that some mutations increasing
the number of basic residues in PH domains result in constitutive activation of
the proteins (Baraldi et al. 1999).

3.4.3
Pore-Forming Protein Toxins

Many organisms produce polypeptide chains that can exist either as a water-
soluble state or as a membrane-embedded species, usually an oligomeric integral
membrane protein (Gouaux 1997; Heuck et al. 2001). The conversion between
both protein forms is spontaneous, and it is generally accepted that it proceeds
through discrete steps: water-soluble state, membrane-receptor binding, oli-
gomerization, membrane insertion and final formation of the functional pore.
The current structural information on these pore-forming proteins (PFPs) dem-
onstrates that the above conversion entails concerted large-scale conformational
changes which raises numerous questions, nowadays only partially understood,
which connect not only with protein structure but also with protein folding and
dynamics.

Despite their structural diversity (Parker and Feil, 2005), PFPs are usually
classified into two types on the basis of the putative structure of the transmem-
brane (TM) domain: o.-PFP, which are predicted to insert amphipathic o-helices,
and (3-PFP, which utilize amphipathic -hairpins to form a membrane-spanning
B-barrel. Regarding PFPs with known three-dimensional structure, the group of
o-PFPs includes colicins (Wiener et al. 1997; Stroud et al. 1998), exotoxin A from
Pseudomonas aeruginosa (Allured et al. 1986), insecticidal crystal proteins Cry3A
(Lietal. 1991) and CrylAa (Grochulski et al. 1995) from Bacillus thuringiensis, and
diphteria toxin from Corynebacterium diphteriae (Choe et al. 1992) (Fig. 3.9).

On the other hand, the group of B-PFP, includes aerolysin from Aeromonas hy-
drophyla (Parker et al. 1994), e-toxin from Clostridium septicum (Cole et al. 2004),
hemolytic lectin LSL from the mushroom Laetiporus sulphureus (Manchefo et al.
2005), crystal protein Cyt2A from B. thuringiensis (Li et al. 1996), o-hemolysin
from Staphylococcus aureus (Song et al. 1996), perfringolysin O from C. perfrin-
gens (Rossjohn et al. 1997), and the anthrax toxin produced by Bacillus anthracis
which is composed of anthrax protective antigen (PA) (Petosa et al. 1997), directly
involved in the formation of heptameric pores in the target membrane, and the
enzymatic domain lethal factor (LF) and edema factor (EF). Remarkably, in this
last case, the crystal structure of the complex between PA and its host cell receptor
has been recently solved for the first time (Santelli et al. 2004) (Fig. 3.10).

In addition to the above-mentioned o-PFPs and [B-PFPs, all coming from
prokaryotic sources, the crystal structures of two eukaryotic toxins from sea
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anemones have recently been solved, those of equinatoxin II from Actinia equina
(Athanasiadis et al. 2001) and sticholysin II from Stichodactyla helianthus (Man-
cheno et al. 2003). In this last case, the determination of the low-resolution struc-
ture of a tetrameric assembly of sticholysin II by means of electron microscopy
analyses of 2D crystals of the toxin formed on lipid monolayers suggested a model
for the functional pore, which is consistent with the formation of toroidal mem-
brane pores (Fig. 3.11).

In Figs. 3.9 and 3.10, a gallery of the crystal structures of the above mentioned
PFPs can be observed; these reveal the broad diversity of structural protein archi-
tectures present in the hitherto poorly understood PFPs realm. In the following,
we present a brief overview of the structural basis of the mechanism of the bio-
logical activity of a deeply analysed member of each group of PFPs: colicin Ia from
the group of a-PFPs, a-hemolysin from the B-PFPs, and also recent results from
the eukaryotic actinoporins.

Cry 1Aa Diphteria toxin

Fig. 3.9. Ribbon representations of a-PFPs. Regions directly involved in pore-formation are in-
dicated in green. For clarity, the scales of the different proteins are not comparable. PDB codes
are: (a) 1CllI for colicin la from E. coli, (b) 1IKQ for exotoxin A from Pseudomonas aeruginosa, (c)
1DLC for Cry3A and (d) 1CIY for Cry1Aa, both from B. thuringiensis, and (e) 1XDT for diphteria
toxin from Corynebacterium diphteriae. Figures were prepared with the program PyMOL
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Perfringolysin O Anthrax protective antigen

Fig. 3.10. Ribbon representations of B-PFPs. Domains responsible for pore-formation are
highlighted in green. PDB codes are: 1PRE for aerolysin from Aeromonas hydrophyla, 1UYJ for
e-toxin from Clostridium septicum, TW3A for the hemolytic lectin LSL from the mushroom Laet-
iporus sulphureus, 1CBY for Cytb from B. thuringiensis, 7AHL for the oligomeric pore of a-hemo-
lysin from Staphylococcus aureus, 1PFO for perfringolysin O from C. perfringens, and 1ACC for
anthrax protective antigen from Bacillus anthracis. Figures were prepared with the program
PyMOL
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Colicins are o.-PFPs produced by several strains of E. coli which act on closely
related bacteria (Stroud et al. 1998). The plasmid responsible for the production
of colicins also provides the colicin-producing cells with an immunity system
which protects them against their own toxins. Colicins present distinct structural
domains arranged along the primary structure, corresponding to specific func-
tional domains (Fig. 3.12): receptor binding (R-domain), translocation across the
outer membrane (T-domain), and cytotoxic (membrane pore-formation, DNAse,
RNAse, etc.; C-domain). The first step in their biological activity is binding to an
outer membrane receptor through the R-domain, which is a porin involved in
active transport, usually composed of a 12-14 -stranded TM barrel. Then, to
gain access to the plasma membrane, colicins parasite either the Tol or the Ton
pathways of transport through the periplasm. After spanning the periplasm, the
C-terminal domain is translocated across the outer membrane and finally reaches
the plasma membrane.

Colicin Ia is an extremely elongated molecule (~210 A), in which two long
o-helices (T3 and C1) segregate the R-domain from the T- and C-domains (Fig.
3.12) (Wiener et al. 1997). The R-domain binds to the porin Cir which is involved
in the transport of iron-chelated siderophores (Stroud et al. 1998). Once the re-
ceptor has been recognized, colicin Ia uses the integral plasma membrane TonB
protein to gain access to the plasma membrane. In this sense, colicin Ia has a
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Fig. 3.11. Ribbon model of the colicin la molecule (PDB code: 1Cll) indicating the different
functional domains: R-domain (violet), which is involved in receptor binding; T-domain (violet),
which directly participates in protein translocation across the outer membrane, and C-domain
or channel forming domain (green). Hydrophobic helices a8 and a9, which are sandwiched by
eight amphipathic helices, are indicated. Figures were prepared with the program PyMOL
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Fig. 3.12. Three-dimensional structures of the Staphylococcus aureus a-hemolysin (a) hep-
tameric pore, and that of the (b) water-soluble homologue LukF (PDB code: 2LKF), as ribbon
models. Comparison of both structures reveals a mechanism of pore-formation involving
large-scale conformational changes essentially in two regions: the N-terminal segment latch
(violet) and the stem (green). Figures were prepared with the program PyMOL

hydrophobic stretch near the N-terminal end called the TonB box, which is con-
served in TonB-dependent colicins and receptors participating in the TonB path-
way, and which is required for the interaction with TonB. The length of a-helices
T3 and C1 (~160 A) permits colicin Ia to span the periplasm (average width 150
A), while interacting both with the receptor and the inner membrane. Final chan-
nel formation in the plasma membrane of the target cell requires the transloca-
tion of the C-domain, which is formed by two hydrophobic helices surrounded
by eight additional amphipathic o-helices (Fig. 3.12). The C-domain of colicin
Ia interacts best with acidic rather than neutral phospholipids, indicating that
electrostatic interactions are important in the initial steps of membrane associa-
tion (Elkins et al. 1997). This electrostatically driven association is followed by
insertion into the lipid bilayer which is driven by hydrophobic interactions (Za-
kharov et al. 1996; Heymann et al. 1996). It must be remarked that despite the very
low sequence identity between the C-domains from colicins Ia, A and E1, they
share the same C-domain scaffold (Parker et al. 1996; Elkins et al. 1997; Wiener
et al. 1997), which suggests this helical domain is an efficient membrane-insert-
ing motif. The current model, explaining membrane penetration by pore-forming
colicins, is the umbrella model initially proposed for colicin A (Parker et al. 1990),
with minor modifications (Parker and Feil, 2005). This mechanism involves the
penetration of the hydrophobic a-helices, after previous opening of the domain.
The conformational transition between the different states may be facilitated by
the existence of a molten globule intermediate induced at low pH conditions (van
der Goot et al. 1991; Muga et al. 1993).

Without doubt, oi-hemolysin from S. aureus predominates the scenario of the
B-PFPs as it represents the first and so far unique -PFP oligomeric state whose
high-resolution three-dimensional structure has been solved (Song et al. 1996).
Comparison of this structure with those of the water-soluble states of various
o-hemolysin homologues, LukF (Olson et al. 1999), LukF-PV (Pedelacq et al.
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1999), is of special interest for understanding not only the structural basis of the
pore-formation mechanism by -PFPs, but also the folding and structure of in-
tegral membrane proteins containing TM barrels (Montoya and Gouaux 2003).
This structural information, together with other experimental evidence, points
to a complex mechanism of o-hemolysin pore-formation, which may proceed
through several discrete conformational states: water-soluble, membrane-bound
monomer, heptameric prepore, and final functional inserted heptameric pore.
Although the crystal structure of the water-soluble states of the o-hemolysin
homologues LukF (Olson et al. 1999) (Fig. 3.13) and LukF-PV (Pedelacq et al.
1999) exhibit close resemblances with the overall structure of the o-hemolysin
protomer, there are two regions that adopt dramatically different conformations
when these states are compared; the so-called amino latch and the pre-stem re-
gions suffer large-scale conformational changes upon pore formation (see below)
(Fig. 3.13b).
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Fig. 3.13. (a) Crystal structure of the pore-forming toxin Stnll from the anemone Stichodactyla
helianthus (PDB code: 1GWY), and a (d) snapshot of the phosphocholine-binding site (PDB
code: 1072), indicating residues involved in lipid-headgroup. (b) and (e) The electron micro-
scopy envelope clearly revealed the existence of tetrameric species, and also conformational
changes in the N-terminal a-helix of Stnll. (c) and (f) A putative model for the functional pore
in which the N-terminal region adopts an extended helical conformation is also shown. Fig-
ures were prepared with the programs MOLSCRIPT and PyMOL



90 I CHAPTER 3: X-ray and Neutron Diffraction Approaches

The crystal structure of the heptameric a-hemolysin pore (Song et al. 1996),
reveals a mushroom-shaped assembly (Fig. 3.13), with three distinct regions:
stem, rim and cap. The oligomeric complex measures approximately 100 A in
height and up to 100 A in diameter, with an inner solvent-filled tunnel parallel
to the seven-fold axis, which ranges from ~15 to ~46 A in diameter. The stem or
transmembrane region is composed of a 14-stranded 3-barrel which results from
the association of seven B-hairpins, each one contributed from a single monomer.
This folding may indicate that the $-hairpin constitutes the basic structural unit
of TM B-barrels which in fact agrees with current studies on constitutive TM -
barrels (Wimley 2003). Another evident structural feature of the stem region, also
typically found in constitutive TM B-barrels (Schulz 2000; Wimley 2003), is that
it is formed by an even number of strands with an alternating pattern of hydro-
phobic and small and polar residues. Whereas hydrophobic residues are oriented
toward the hydrophobic core of the membrane, polar residues constitute the walls
of the barrel lumen. On the other hand, the rims are the protein regions located
in the close vicinity of the membrane outer interface. A characteristic feature of
these regions, also in common with porins (Wimley 2003), is the presence of a
high concentration of aromatic residues, which are known to exhibit a high affin-
ity for membrane interfaces (Killian and von Heijne 2000), and also the presence
of basic residues which would interact with the phospholipid headgroups. Finally,
the cap regions constitute large hydrophilic domains protruding from the extra-
cellular membrane surface.

As stated above, the amino latch and the pre-stem regions suffer drastic con-
formational changes upon formation of the functional pore. The residues com-
prising the amino latch either in LukF (Olson et al. 1999) or in LukF-PV (Pédelac
et al. 1999) adopt a B-strand conformation which forms part of the inner 3-sheet
of the sandwich domain. On the contrary, in the o-hemolysin protomer this re-
gion is irregular, establishing numerous contacts with one adjacent protomer
(Fig. 3.13b). In the case of the pre-stem region, it forms a three-stranded antipar-
allel B-sheet packed against the -sandwich, which in the oligomeric state extends
away from it forming a definite 3-hairpin. Noticeably, the region initially occu-
pied by the pre-stem segment constitutes the binding site for the latch segment of
the neighbour protomer.

Recently, the crystal structures of the water-soluble states of the eukaryotic
PFPs equinatoxin II (EqtIl) from Actinia equina (Athanasiadis et al. 2001) and
sticholysin II (Stnll) from Stichodactyla helianthus (Mancheio et al. 2003) (Fig.
3.11) have been reported. They are formed by a ten-stranded antiparallel B-sand-
wich, which is flanked on each side by a short a-helix. Remarkably, whereas the
longest connecting loops concentrate on one tip of the sandwich, the other tip is
formed by tight turns. An important structural feature observed is the existence
of a solvent-exposed region with a high concentration of aromatic residues, in
which is located a phosphocholine-binding site (Fig. 3.11d) which may explain
the high affinity these PFPs exhibit towards sphingomyelin (Manchefio et al.
2003). In this regard, recent mutagenesis studies on StnII have shown the critical
role of Tyr-111 in pore-formation (Alegre-Cebolleda et al. 2004), which perfectly
agrees with the above structural studies. Additionally, electron microscopy (EM)
analyses on 2D-crystals of StnlI formed on lipid monolayers (Martin-Benito et al.
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2000; Mancherio et al. 2004) have shown the existence of tetrameric species with
a pore-like topology which may represent a pre-pore state. Docking of the high-
resolution atomic model of StnII into the EM envelope indicates the existence of
conformational changes affecting the N-terminal helix, which may translocate es-
sentially as a pseudo-rigid body from the B-sandwich to the membrane interface
(Fig. 3.11B, e). This is in agreement with molecular biology results which showed
that the presence of a disulfide bridge connecting the N-terminal helix and the
B-sandwich inhibits pore-formation by EqtII (Hong et al. 2003). Finally, a model
for the functional pore has been proposed (Manchefio et al. 2003) based on the
structure of the tetrameric species and previous extensive biochemical data (de
los Rios et al. 1998; Anderluh and Macek 2002; Malovrh et al. 2003), in which
these eukaryotic PFPs may form tetrameric toroidal pores with the N-terminal
region adopting a helical conformation (Fig. 3.11c, f). The oligomeric assembly
may interact with the membrane interface, with no protein segments spanning
the hydrophobic core of the membrane.

3.44
Lipases

The lipolytic enzymes belong to a large family of enzymes that facilitate the
degradation of lipids. Lipases and phospholipases are members of this family that
have been investigated extensively (Rubin and Dennis 1997). Lipolytic enzymes
are water-soluble enzymes that are characterized by their ability to hydrolize ag-
gregated lipids with a much higher velocity than the same lipid in its monomo-
lecular form. This rate enhancement at lipid-water interfaces is the central theme
in the study of lipolysis and distinguishes lipases from all other kinds of water-
soluble enzymes, which invariably act on monomolecularly dispersed substrates.

Lipases with known three-dimensional structures span a wide range of mo-
lecular weights from 19kDa (cutinase) to 60 kDa (C. rugosa lipase). All of them,
with exception of pancreatic lipases, contain only one domain that contains the
o/B-hydrolase fold (Ollis et al. 1992) made by a five-stranded 3 sheet and two o
helices. The residues of the catalytic triad (serine, histidine and acid) are located
at definite positions in this fold. A specific feature of lipases, when compared with
other classical serine hydrolases, is that the catalytic site is inaccessible to sub-
strate in solution. A structural basis for this inaccessibility was originally pro-
posed for the lipase from Rhizomucor miehei (Brady et al. 1990; Brzozowski
et al. 1991) (Fig. 3.14a). These studies have shown that in the former structure,
the enzyme adopts an inactive closed conformation with a surface loop from the
N-terminal domain (the flap) covering the active site, and that in the latter, lipase
has an active open conformation resulting from the repositioning of the flap. The
inner surface of the lid, which is exposed on opening, is sufficiently hydrophobic
to facilitate association of the enzyme with a lipid interface. Thus the exposure of
the catalytic residues is accompanied by a marked increase in the non-polarity of
the surrounding surface, providing a plausible structural basis for the interaction
of the lipase with triglyceride (TG) and diglyceride (DG) substrates.
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Fig.3.14. Gallery of ribbon structures of members from the lipase family. (@) The crystal struc-
ture of Rhizomucor miehei lipase (PDB code 3TGL) showing the /B hydrolase fold and the
catalytic residues as sticks. (b) The Candida rugosa lipase in complex with cholesteryl linoleate
(magenta) (PDB code 1CLE). (c) Crystal structure of the lipase—colipase complex (PDB code
1ETH) with the o/ hydrolase domain coloured in green, the C-terminal domain coloured in
dark blue and the colipase cofactor coloured in cyan. The detergent mimicking the lipid at
the active site is represented as sticks. In all cases the flap is coloured in orange. Figures were
prepared with PyMOL

C. rugosa lipases show a substrate binding-site formed by an extensive hy-
drophobic pocket together with a narrow internal tunnel in which the substrate
aliphatic chains are stabilized (Ghosh et al. 1995) (Fig. 3.14b). Recent studies
(Mancherfio et al. 2003) propose that residues situated in the hydrophobic pocket
are partly responsible for the differences in substrate specificity observed between
the several closely related extracellular lipases produced by the yeast Candida ru-
gosa. Structural inspection of their hydrophobic substrate tunnel revealed two
definite regions regarding their amino-acid composition, which suggests a cor-
relation between the aromatic/aliphatic balance and the esterase/lipase character
of the enzyme (Mancheifio et al. 2003). Conversely, the structural variability in
narrow regions exhibited in the C. rugosa lipases family may provide to this yeast
the ability to metabolize a broad spectrum of substrates, justifying the presence
of several closely related isoenzymes.

Pancreatic lipases exhibit a more complicated organization related to their
physiological function in mammals. Crystal structures of the human pancreatic
lipase have shown that the polypeptide chain is divided into two domains bear-
ing specific functions. The N-terminal domain, which follows the o/B-hydrolase
fold as other lipases, contains the catalytic triad and is responsible for triglyceride
hydrolysis. The C-terminal domain displays a 3-sandwich fold and is involved
in binding a small protein, the colipase (molecular mass, 10 kDa), which coun-
teract the inhibitory effect of bile salts in the intestine (Fig. 3.14c). Crystal-struc-
ture determination of the activated lipase-colipase-micelle complex (Hermoso
et al. 1997), as determined using both high-resolution X-ray and low-resolution
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neutron diffraction techniques, revealed that the disk-shaped micelle interacts
extensively with the concave face of colipase and the distal tip of the C-terminal
domain of lipase (Fig. 3.5b). This structure showed that the micelle- and sub-
strate-binding sites concern different regions of the protein complex and revealed
the residues involved in micelle interaction. Interestingly, in contrast with what
is generally observed with membrane proteins, the protein surfaces involved in
micelle binding are amphipathic without forming patches of either hydrophilic
or hydrophobic amino-acid side-chains. Considering all these facts, the authors
concluded that pancreatic lipase activation is not interfacial, as proposed for oth-
er lipases, but occurs in the aqueous phase and is mediated by the colipase and a
bile salt micelle.

3.4.5
Hydrophobic Ligand-Binding Proteins

The considerable effort dedicated in recent years to the structural characteri-
zation at high resolution of a wide array of diverse proteins (both functionally
and at the amino-acid sequence level) endowed with the ability to bind different
types of hydrophobic ligands has revealed the existence of an underlying struc-
tural simplicity which in turn has permitted the definition of a reduced number of
distinct protein families. Due to their biological relevance, we will briefly describe
the major structural features of the following protein families, together with the
main molecular details of the interactions established with their ligands: lipoca-
lins and the intracellular lipid-binding proteins (iLBPs), which together with
avidins form part of the structural superfamily of calycins (Flower 1996); serum
albumin and finally, lipid-transfer proteins (LTPs), including non-specific LTPs
from plants, and a survey of proteins from mammals that posses the so-called
START domain, which are involved in numerous biological processes involving
lipids (see below).

3.4.5.1
Lipocalins

The lipocalin protein family is a large group of small extracellular proteins
which are characterized by common ligand-binding properties: they all bind
small hydrophobic molecules (retinoids, arachidonic acid and steroids), specific
cell-surface receptors and form complexes with soluble macromolecules (Flower
1996). The large degree of variation in amino-acid sequences found within the
family may be consistent with the functional diversity found for these proteins.
Thus, they participate in retinol transport, in invertebrate cryptic coloration, ol-
faction, and pheromone transport, prostaglandin synthesis, etc. (see Flower 1996,
for a review).

Sequence comparison analyses have revealed the existence of three defining
sequence motifs according to which two lipocalin subgroups can be identified:
kernel and outlier lipocalins. Whereas kernel lipocalins share the three sequence
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motifs, the more divergent and in fact minor subgroup of outlier lipocalins
matches no more than two. Concerning this, more recently, a classification of
lipocalins has been proposed based on the three-dimensional superposition of
the B-barrel fold (see below; Skerra 2000). On the other hand, analysis of avail-
able crystal structures of lipocalins, among others, plasma retinol-binding pro-
tein (RBP) (Newcomer et al. 1984; Cowan et al. 1990), B-lactoglobulin (Papiz et al.
1986; Monaco et al. 1987; Brownlow et al. 1997), insecticyanin (Holden et al. 1987),
ay-globulin (Bocskei et al. 1992; Chaudhuri et al. 1999), epididymal retinoic acid-
binding protein (Newcomer 1993), and odorant-binding protein (Tegoni et al.
1996; Bianchet et al. 1996), shows a highly conserved calyx-shaped fold composed
of an eight-stranded antiparallel B-barrel with an elliptical cross-section and an
internal ligand-binding cavity (Fig. 3.15) (Skerra 2000). In addition to the barrel
scaffold, other conserved structural elements are: a single-turn 3, helix located
in the N-terminal end, and a four-turn o-helix together with a small B-strand in
the C-terminal end. The barrel topology is simple in that each successive strand
is adjacent to the previous one, the last strand hydrogen bonding to the first one.

Epididymal-FABP QOdorant binding protein

Fig. 3.15. Gallery of ribbon structures of members from the lipocalin family. The conserved
calyx-shaped fold is composed of an eight-stranded antiparallel 3-barrel with an internal lig-
and-binding cavity. PDB codes are: 11lU for the plasma retinol-binding protein (RBP); 1BEB,
for B-lactoglobulin; 2A2U, for ay,-globulin; 1EPB, for epididymal fatty acid-binding protein;
1PBO, for the dimer of the odorant-binding protein. The retinol molecule bound to RBP, the
retinoic acid bound to epididymal-FABP, and the hydrophobic ligand of the odorant-binding
protein, appear as stick models. Figures were prepared with the program PyMOL
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Whereas one end of the barrel, precisely that defining the base of the calyx, is
capped by an amino-terminal sequence stretch and two short connecting loops
(those between strands [32/B3 and 6/B7), the other end is open to the solvent, and
conforms the entrance to the ligand-binding site. In this region, the unique long-
est connecting loop (loop between B1 and 32) acts as a lid which partially covers
the ligand-binding site.

Lipocalins bind a great diversity of hydrophobic ligands: retinoids, pherom-
ones, FAs, biliverdin, carotenoids, progesterone, prostaglandin H2, etc. (Flower
1996). In all structurally characterized cases, the ligand occupies the internal cav-
ity of the barrel. For example, in the holo-RBP form, the B-ionone ring of the
ligand is bound deepest in the barrel, the isoprene chain is fully extended, and the
hydroxyl group reaches the protein surface (Zanotti et al. 1994). Comparison of
this last structure with that of the apo-RBP reveal the existence of conformational
changes mainly affecting the above-mentioned lid segment (Zanotti et al. 1993).

3.4.5.2
Intracellular Lipid-Binding Proteins

Since the description of the first cellular fatty acid-binding protein (FABP)
(Ockner et al. 1972), different types of iLBPs have been reported from various or-
ganisms and tissues (Hanhoff et al. 2002; Zimmerman and Veerkamp 2002; Haun-
erland and Spener 2004). Although much effort has been spent in elucidating the
specific roles of iLBPs, this issue has thus far not been fully explored. Accordingly,
various functions have been proposed for iLBPs, including not only uptake and
transport of FAs, but also regulation of gene expression and cell growth (Haun-
erland and Spener 2004). A remarkable feature of the iLBPs family is that despite
the high degree of sequence diversity and ligand binding properties observed,
they share a common three-dimensional fold (Fig. 3.16).

All iLBPs consist of a ten-stranded antiparallel B-barrel with an internal lig-
and-binding cavity lined by both polar and apolar residues together with tightly
bound water molecules (Banaszak et al. 1994; Thompson et al. 1997). In addi-
tion, a helix-turn-helix motif, which covers the opening of the barrel, together
with two connecting loops (those between strands BC and BD, and BE and BF),
has been postulated to function as a lid or flap (Hanhoff et al. 2002). Generally,
one or two basic residues located within the cavity are directly involved in ligand
binding; conversely, the hydrocarbon tail of the ligand is lined on one side by
hydrophobic side-chains and the other with ordered water molecules. Four major
subfamilies have been considered within the iLBPs based on sequence homology
and lipid binding properties (Haunerland and Spener 2004): subfamily I com-
prises proteins specific for vitamin A derivatives: cellular retinoic acid-binding
proteins (CRABP-I and II), and the cellular retinol-binding proteins (CRBP-I, II,
III and IV) (Ross 1993); subfamily II is composed of proteins with larger binding
sites which can accommodate not only different FAs but also heme, bile acids
and certain eicosanoids. Members from this subfamily are liver-FABP (L-FABP),
intestinal bile acid-binding protein (I-BABP), and also the basic liver-type (Lb-
FABP), which is the only iLBP that is not expressed in mammals; it is found in



96 I CHAPTER 3: X-ray and Neutron Diffraction Approaches

Fig. 3.16. Structures of some mem-
bers of the intracellular lipid-bind-
ing proteins. iLBPs consist of a ten-
stranded antiparallel B-barrel with
an internal ligand-binding cavity.
PDB codes are: 1CRB for the complex
between the cellular retinol-binding
protein and retinol; 1LFO, for liver
FABP complexed with two mole-
cules of oleate; 1ICM, intestinal FABP
with bound myristate, and 1FDQ for
brain FABP. Bound ligands appear as
stick models. Figures were prepared
with the program PyMOL

Intestinal FABP Brain FABP

the liver of birds, fishes, reptiles and amphibians (Di Pietro et al. 1999). It is re-
markable that L-FABP is the only FABP that forms a ternary complex with two
fatty acid molecules (Thompson et al. 1997). The only member of the subfamily
III is the intestinal type FABP (I-FABP). This protein is rather peculiar in both
sequence and ligand binding properties. In this sense, the bound FA adopts a bent
conformation, with the carboxylate moiety located deep inside the barrel cavity,
interacting with an arginine residue (Sacchettini et al. 1992). Finally, subfamily
IV includes among others, FABPs from heart (H-FABP) (Lassen et al. 1995), adi-
pocyte (A-FABP) (Ringom et al. 2004), epidermal (E-FABP) (Hohoff et al. 1999),
myelin (M-FABP), testis (T-FABP) and brain (B-FABP) (Balendiran et al. 2000).
These last proteins, which have an extra 3;¢-helical loop in the N-terminal end
when compared to the iLBPs, are characterized because the acyl chain of the lig-
and adopts a U-shape conformation.

3.4.5.3
Serum Albumin

Without doubt, one of the most extensively studied proteins is serum albumin.
Recent high-resolution crystallographic studies of human serum albumin (HSA)
complexed with different FAs (Curry et al. 1998; Bhattacharya et al. 2000; Petitpas
etal. 2001) have permitted the analysis of the molecular details of the interactions
involved. The protein is heart-shaped, with a high helical content (67%) and con-
sists of three repeating domains, each one composed of 10 o-helices, which can
be further divided into two subdomains (Fig. 3.17).
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Despite the capability of tight binding, FA ligands rapidly exchange between
aqueous solution and the different and asymmetrically distributed FA-binding
sites. The above studies reveal that, although structurally heterogeneous, the sev-
en key FA-binding sites share common structural features: they are hydrophobic
cavities that accommodate the methylene tail of the FA molecule, which are in-
variably capped by two or three solvent-exposed basic (Arg, Lys) or polar (Tyr,
Ser) side-chains, which directly interact with the anionic carboxyl group of the
FA. Although binding sites are compact they can accommodate either saturated
(Curry et al. 1998; Bhattacharya et al. 2000) or unsaturated FAs (Petitpas et al.
2001). In this sense, although stearic (C18:0) and oleic (C18:1) bound to the same
sites essentially adopt the same conformation, the presence of multiple cis double
bonds in arachidonic acid (C20:4) induces dissimilar conformations at some sites,
what may account for differences in binding affinities towards polyunsaturated
and saturated or monunsaturated FAs (Petitpas et al. 2001).

3.4.5.4
Lipid-Transfer Proteins

Lipid-transfer proteins (LTPs) facilitate the transfer of lipids between mem-
branes. They are widely distributed, being produced by both prokaryotic and eu-
karyotic organisms: bacteria, yeasts, plants and animals (Rueckert and Schmidt
1990). LTPs cover a wide spectrum of ligand specificities: FAs, phospholipids, gly-
colipids, steroids, acyl-CoA, etc.; in this regard, it must be remarked that whereas
some LTPs are highly specific (Roderick et al. 2002), others are non-specific (Tsu-
jishita and Hurley 2000; Han et al. 2001). Nowadays, numerous LTPs have been
characterized at high resolution, both from plants: wheat (Charvolin et al. 1999),
maize (Shin et al. 1995; Han et al. 2001) and rice (Lee et al. 1998; Cheng et al. 2004);
and from animals: rabbit (Choinowski et al. 2000), mouse (Romanowski et al.
2002), human (Tsujishita and Hurley 2000; Roderick et al. 2002).

Non-specific LTPs (ns-LTPs) from plants are small (~9 kDa), disulfide-rich,
basic proteins, which show no sequence homology with mammalian ns-LTP. Both

Fig. 3.17. Ribbon representation of serum albumin
(PDB code: 1GNI). Seven oleic acid molecules are
also shown as stick models. Figures were prepared
with the program PyMOL

Serum albumin
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high-resolution crystallographic and NMR studies have revealed that plant ns-
LTPs are single-domain proteins, composed of four a-helices and four disulfides
and a long C-terminal loop (Fig. 3.18).

Interestingly, this fold was first described for a hydrophobic protein from
soybean (Baud et al. 1993). A remarkable structural feature is the presence of
a hydrophobic tunnel which is large enough to accommodate a long fatty acyl
chain. In this regard, the crystal structures of ns-LTP from maize complexed with
palmitate (Shin et al. 1995), and wheat ns-LTP complexed with lyso-myristoyl-
phosphatidylcholine (Charvolin et al. 1999) (Figs. 3.18B and a) show that the hy-
drocarbon chain of the ligand is deeply inserted into the protein cavity and the
polar head group is exposed on the protein surface. Nevertheless, the scenario of
ligand-binding to the hydrophobic cavity is more complex as NMR results indi-
cate that the existence of the same ligand adopting different orientations is pos-
sible (Lerche et al. 1998). Moreover, the solution structure of the ns-LTP from
wheat in complex with prostaglandin B2 shows that the ligand is fully buried into
the protein (Tassin-Moindrot et al. 2000).

Rice LTP

Rabbit SCP2 Human PCTP

Fig. 3.18. Schematic representation of members of the diverse family of lipid-transfer pro-
teins (LTPs). Non-specific LTPs from plants are composed of four a-helices and four disulfides,
and a long C-terminal loop. PDB codes: (a) 1BWO for wheat ns-LTP complexed with two phos-
pholipid molecules; (b) 1FK4, for ns-LTP from maize with stearate bound; (c) 1RZL, for ns-LTP
from rice. (d) The ribbon representation of the ns-LTP sterol-carrier protein 2 from rabbit (PDB
code: 1C44), and (e) that of the human phosphatidylcholine (PC) transfer protein complexed
with two PC molecules (PDB code: 1LN1) are also shown. Figures were prepared with the pro-
gram PyMOL
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The crystal structure of the intracellular ns-LTP from rabbit sterol carrier pro-
tein 2 (SCP2) has been solved at 1.8 A resolution (Choinowski et al. 2000) (Fig.
3.18d). Despite SCP2 having been shown to participate in diverse in vitro func-
tions, which permit defining SCP2 either as a LTP or as a carrier for FAs, fatty
acid-CoAs, or sterols such as cholesterol, neither the actual physiological role(s)
nor the mechanism of action of SCP2 is yet known. SCP2 is a small (13 kDa),
basic protein, highly conserved in different species. It is remarkable that various
intracellular proteins, such as peroxisomal D-hydroxyacyl-CoA dehydrogenase
and the Caenorhabditis elegans behavioural protein, posses a C-terminal SCP2
domain which would act as a putative lipid-binding domain. SCP2 is composed
of a five-stranded [-sheet, which can be divided in two minor antiparallel sheets:
strands I-III and IV-V, respectively (Fig. 3.18d). Whereas one side of the sheet
is predominantly hydrophobic, the other is highly polar. In addition, this central
[B-sheet is flanked by five o-helices (Choinowski et al. 2000), the longest one (helix
A) being clearly amphipathic with its apolar side packed against the hydrophobic
side of the central B-sheet. Functionally, the most remarkable feature of SCP2 is
the presence of a hydrophobic tunnel, which may provide a binding site for apo-
lar ligands. Although there is neither sequence homology, nor three-dimensional
resemblances between plant nsLTPs (see above) and SCP2, in both cases the hy-
drophobic tunnel observed has similar dimensions.

A wide diversity of proteins involved in lipid transport and metabolism, sig-
nal transduction, and transcriptional regulation possess the so-called START do-
mains (after steroidogenic acute regulatory protein lipid transfer) (Tsujishima
and Hurley 2000). In this context, the crystal structure of the START domains
from human MLN64 (Tsujishima and Hurley 2000), from mouse cholesterol-reg-
ulated protein 4 (Romanowski et al. 2002), and from human phosphatidylcholine
transfer protein (PC-TP) (Roderick et al. 2002) have been solved at high resolu-
tion. The overall structure of the START domain in all cases is highly conserved: it
consists of a curved antiparallel nine-stranded U-shaped 3-sheet, flanked by four
o-helices (Fig. 3.18e). The N-terminal helix rests against one side of the sheet. As
described above for SCP2, the most striking feature is the presence of a hydro-
phobic tunnel extending nearly the entire length of the protein. The structures of
the complexes between PC-TP and dilinoleoyl-PC (DLPC) and PC-TP and palmi-
toyl-linoleoyl-PC (PLPC) have revealed the molecular details of the embedded
ligand, which in turn explains the exquisite specificity of PC-TP for this kind of
lipid (Roderick et al. 2002). The acyl chains of both lipids adopt similar C-shaped
conformations and establish numerous hydrophobic contacts both with aliphatic
and aromatic side-chains. Additionally, the phosphorylcholine headgroup of the
ligand interacts with hydrophilic side-chains; in particular the phosphoryl group
interacts with Arg 78 which in turn forms a salt bridge with Asp 82, this motif Arg-
Asp being conserved in the sequence of many START proteins (Tsujishima and
Hurley 2000). Conversely, the quaternary amine of the lipid mainly interacts with
aromatic side-chains through cation-w interactions (Burley and Petsko 1985; Gal-
livan and Dougherty 1999). This type of interaction has been observed in numer-
ous substrate-binding pockets of diverse enzymes (Bellamy et al. 1989; Sussman
et al. 1991), as well as in pore-forming toxins (Manchefio et al. 2003).
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3.5
Conclusions and Future Prospects

Knowledge of the precise three-dimensional structure of proteins is a require-
ment for understanding how they work. Nowadays, high-resolution structures of
macromolecules can be readily determined by using X-ray crystallography and
nuclear magnetic resonance (NMR). However, despite the huge amount of struc-
tural information obtained for soluble proteins, only the structures of a few mem-
brane proteins are available. The reasons for their scarcity are mainly derived
from their low solubility and stability outside their natural environment. Thus
the difficulties to overproduce, to stabilize and to crystallize membrane proteins
become bottlenecks that are, in most cases, intractable. Precisely these facts have
prompted the development of new imaginative experimental approaches, some
of them reviewed herein.

Despite the technical limitations previously mentioned, nowadays general
principles governing the mechanisms of protein-lipid interactions can be en-
visaged from current structural knowledge. In this regard, the high-resolution
structures of numerous proteins whose molecular mechanisms involve the in-
teraction with lipids has been reported: integral membrane proteins, peripheral
proteins involved in signal transduction, pore-forming toxins, lipases, hydro-
phobic ligand-binding proteins, lipocalins, intracellular lipid-binding proteins,
serum albumin and lipid transfer proteins. The intrinsic low solubility of lipids
and their protein-interacting counterpart necessitates the existence of regulation
mechanisms to avoid unspecific and undesired processes. Thus, the existence of
controlled large-scale conformational changes is observed in the mechanism of
pore-forming toxins and lipases, and the design of hydrophobic environments,
such as the cavities is present in several families of lipid-interacting proteins like
lipocalins and other lipid-binding proteins. The structural diversity observed in
the large families of lipid-interacting proteins lead to the conclusion that there
is not a unique protein fold related to lipid interaction. The constraints imposed
by the above-mentioned general principles are thus fulfilled by a large number of
different structural motifs.

Current developments in the production of high-quality crystals and in the
synchrotron radiation facilities and also in the biophysical characterization of li-
pidic systems, will provide us, in the near future, with a more accurate scenario of
the lipid-protein interaction, particularly the molecular mechanism occurring in
biological membranes.
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The Role of Proteins in the Formation
of Domains in Membranes

RicHARD M. EPAND

4.1
Domains

There has been increased interest in recent years in the formation of domains
in biological membranes. This has resulted from the challenges in defining the
structure and properties of “raft” domains and their possible biological roles
(Munro 2003). In October, 2004 the Biophysical Society sponsored a four-day
meeting “Probing Membrane Microdomains” which was largely devoted to dis-
cussing the existence and characteristics of rafts (http://www.netbriefings.com/
event/biophysics/Archives/discussions2004/). One characteristic of raft domains
in biological membranes is that their lipid composition is enriched in cholesterol
and sphingomyelin (Brown and London 2000).

The phase behavior of mixtures of cholesterol, sphingomyelin and phosphati-
dylcholine is reasonably well understood from both the thermodynamic (de Al-
meida et al. 2003) and morphological (Veatch and Keller 2003; Veatch et al. 2004;
Veatch and Keller 2002) points of view. These mixtures can give rise to a domain
that is in the liquid-ordered phase, defined as a region of the membrane in which
there is an increase in the ratio of trans to gauche rotomers in the acyl chain, as
occurs in the gel state, but the rate of lateral diffusion of the lipid is more charac-
teristic of the fluid phase. Surprisingly, there is not a large enrichment of choles-
terol in these domains (Veatch et al. 2004). The separation of a domain enriched
in cholesterol and sphingomyelin is dependent on the ratio of lipid components,
temperature and the nature of the acyl chains in phosphatidylcholine as well as
sphingomyelin. Dioleoylphosphatidylcholine (DOPC) is particularly effective in
promoting phase separation of a liquid-ordered domain. Species of phosphatidyl-
choline with two unsaturated acyl chains is not abundant found in mammalian
cell membranes but DOPC has been commonly used to promote raft formation in
lipid mixtures. Phosphatidylcholines with polyunsaturated acyl chains are even
more effective in promoting domain formation in mixtures with cholesterol even
when the acyl chain on the C1 of glycerol is saturated (Brzustowicz et al. 2002a,b).
The major fraction of acyl chains in sphingomyelin from biological sources is
saturated and can form liquid-ordered domains with cholesterol. One exception
to this generalization is the finding of unsaturated sphingomyelins during the
life-cycle of the moth Manduca sexta (Abeytunga et al. 2004). There is a greatly
reduced tendency of sphingomyelin to form cholesterol-rich domains when its
acyl chain is an oleoyl moiety (Mattjus and Slotte 1996; Waarts et al. 2002), pos-
sibly because sphingomyelins with oleoyl chains are more miscible with phos-
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phatidylcholine than are sphingomyelins with saturated acyl chains (Epand and
Epand 2004).

There are two terms that describe the formation of distinct areas in the mem-
brane that have different chemical and physical characteristics. These are the
terms “domain” and “phase”. Often these two terms can be used interchange-
ably when the phase diagram indicates the coexistence of more than one phase.
However, as the size and lifetime of an area decreases the segregated area will no
longer be a phase, but can still be considered a domain. Very small or transient
domains might better be described as non-ideal mixing of membrane compo-
nents (Huang and Feigenson 1993; Huang et al. 1993; Metso et al. 2004), rather
than as a discrete physical structure. The exact criterion for describing something
as a phase, a domain or as non-uniform mixing is not well defined.

The distribution of lipid molecules in the plane of the membrane will be al-
tered when proteins or peptides are incorporated into the membrane. The raft
domains of biological membranes are generally thought of as forming as a result
of the stabilizing interactions between cholesterol and sphingomyelin. Although
this may be largely true in model membrane systems composed only of lipids,
about half of the material in biological membranes is protein in nature. There
will be interactions among proteins, among lipids and between proteins and lip-
ids. In general, proteins will have different affinities for different lipids. One con-
tribution to the interaction between proteins and lipids is charge. Proteins can
have segments that are highly charged that will either attract or repel negatively
charged lipids. In addition, cholesterol is a major lipid component of the surface
membrane of mammalian cells. This lipid has a more rigid structure because of its
fused ring system and is more hydrophobic that the phospholipid component of
the membrane. As a result different proteins will either favor or disfavor interac-
tions with cholesterol vs. phospholipids. Interestingly, both cases will lead to the
formation of cholesterol-rich domains. This is because the binding of a protein to
a lipid will lower the chemical potential of the lipid, i.e. it will stabilize that lipid
component. If the protein favors binding to a phospholipid over cholesterol the
protein will cause cholesterol to be depleted from its surroundings and conse-
quently be redistributed into cholesterol-rich domains. The system should come
to an energy minimum. Of course the opposite is also true, and is more intuitively
obvious: if a protein binds preferentially to cholesterol, it will cause cholesterol
to be sequestered into a cholesterol-rich raft-like domain. Domain formation
in membranes is not the result of only charged interactions and of preferential
interactions of proteins with cholesterol or phospholipids. Each lipid structure,
including the nature of the acyl chain, will generally have a somewhat different
interaction with a protein and not all domains involve the formation of a liquid-
ordered phase. In this review, however, we will focus particularly on the role of
cholesterol in membrane domain formation because it relates to the formation of
rafts and caveolae in biological membranes and is also likely to be one of the more
common driving forces for domain formation because of the large differences
between the properties of cholesterol and polar lipids.
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4.2
Proteins that Bind Specific Lipids

There are several protein-folding domains that recognize specific lipids. Many
of these bind specifically to one or more forms of phosphorylated phosphatidyl-
inositol through interactions that are more specific than simple electrostatic in-
teractions. These domains are often found in proteins involved in signal trans-
duction. Their function has been considered largely on the basis of specific sub-
cellular localization (Hurley and Meyer 2001; Misra et al. 2001). These domains,
such as the PH, FYVE or FERM domains, bind stoichiometric amounts of specific
lipids that would not be considered in itself a domain. However, the lipids they
bind are highly charged, minor components of the membrane and their seques-
tration by proteins may be coupled with other rearrangements in the organiza-
tion of membrane lipids.

There are also proteins and peptides that bind to specific lipid components of
raft and caveolae domains in membranes, e.g. gangliosides, sphingomyelin and
cholesterol. Gangliosides are among the sphingolipids found in rafts. The B chain
of cholera toxin has specific affinity for the ganglioside GM; (Lanne et al. 1999)
and has been used as a marker for raft domains (Kenworthy et al. 2000). Binding
of a fluorescently labeled cholera toxin to the ganglioside GM, results in cluster-
ing of the ganglioside (Antes et al. 1992; Mitchell et al. 2002; Nagy et al. 2002).
Thus, specific binding between a protein and lipid component can result in the
lateral redistribution of lipid components in a membrane. A further complex-
ity is the role of the cytoskeleton in affecting the lateral diffusion of ganglioside-
containing domains in cell membranes, but not in model liposomal membranes
(Bacia et al. 2004). Lysenin is a sphingomyelin-specific toxin (Yamaji-Hasegawa
et al. 2003; Ishitsuka et al. 2004) that would also be expected to locate in rafts
(Shakor et al. 2003). Another cytolysin, pleurotolysin A, also binds specifically to
sphingomyelin (Sakurai et al. 2004; Tomita et al. 2004). In addition, there are cho-
lesterol-binding peptides and proteins, including a toxic peptides perfringolysin
O (Ramachandran et al. 2002; Shimada et al. 2002; Waheed et al. 2001) and ostre-
olysin (Sepcic et al. 2004), that bind to cholesterol-rich domains in membranes.
In model membranes at least, the properties of the lipids in a mixture of DOPC
with sphingomyelin, cholesterol and GM; would result in the formation of a raft-
like domain in the absence of any protein. However, the addition of a protein that
binds specifically to a lipid component of the raft, liquid-ordered domain would
stabilize that domain. In the case of biological membranes the size of raft domains
in resting cells is too small to be observed by light microscopy, if they exist at all,
but the presence of proteins that bind specifically to the raft lipid components
would stabilize these domains and increase their lifetime and size.

4.3
Non-Specific Interactions of Proteins with Membranes

Dividing protein-lipid interactions into “specific” and “non-specific” is some-
what arbitrary. The degree of specificity can be described quantitatively in terms
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of affinity constants that can span a range of values. Nevertheless, there is a quali-
tative difference in affinity and specificity between a specific protein-folding do-
main that recognizes a lipid structure and proteins or peptides that interact with
membranes in a less discriminate manner through electrostatic or hydrophobic
interactions. We will focus on electrostatic interactions and on hydrophobic in-
teractions that result in proteins or peptides forming cholesterol-rich domains.

4.3.1
Electrostatic Interactions

Electrostatic interactions can promote domain formation in membranes. In
mammalian plasma membranes, anionic lipid components are found almost ex-
clusively on the cytoplasmic leaflet. These lipids can interact with cationic pro-
teins or clusters of cationic residues in a protein sequence. Anionic lipids will at-
tract cations into the electrical double layer of the membrane. When polycationic
peptides are bound to the membrane it will reduce the surface charge and hence
the extent of the electrical double layer. This collapse of the electrical double layer
will result in a stabilization of the region of the membrane where the peptide
binds and as a consequence the area of this domain will grow by recruiting more
peptide and anionic lipid (Denisov et al. 1998). It has been suggested that proteins
with clusters of cationic residues bind a significant fraction of the phosphatidyli-
nositol (4,5) bisphosphate (PIP2) in a cell, helping to sequester it in lateral mem-
brane domains.

The sequestering of anionic lipids by cationic peptides is more effective when
the lipid has multiple negative charges. Phosphorylated phosphatidylinositols
have several negative charges at neutral pH. One of these lipids, phosphatidyli-
nositol 4,5-bisphosphate (PIP2), is a component of raft domains (Parmryd et al.
2003; Klopfenstein et al. 2002; Pike and Casey 1996; Liu et al. 1998). Although
PIP2 is a minor lipid component of these domains it can still be sequestered by
proteins having cationic clusters. This PIP2 can then be released in response to
local signals such as an increased concentration of Ca** or by activation of protein
kinase C that can decrease the positive charge on the protein by catalyzing the
phosphorylation of a Ser or Thr residue in its cationic segment (McLaughlin et al.
2002). This can have important functional consequences in signal transduction.
PIP2 plays an important role in the attachment between the membrane and the
actin cytoskeleton and is involved in the rearrangement of the cytoskeleton (Ca-
roni 2001; Rozelle et al. 2000). Proteins such as GAP-43, MARCKS and CAP-23/
NAP-22 have a cluster of cationic residues in their amino-acid sequence. CAP-23
is a protein with a high sequence homology to NAP-22 and likely with very similar
properties; it was first identified by Widmer and Caroni (1990). Along with GAP-
43 and MARCKS, CAP-23 accumulates in rafts, where it co-localizes with PIP2
(Laux et al. 2000). In the case of the MARCKS peptide, it has been shown that in
liposomes the sequestering of PIP2 is not cholesterol-dependent (Gambhir et al.
2004). However, the sequestering of PIP2 by a NAP-22 peptide is cholesterol-de-
pendent (Epand et al. 2004). Compared with MARCKS, NAP-22 has fewer cationic
residues in the cationic cluster, and thus may be less effective in promoting the
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segregation of PIP2. We suggest that the role of cholesterol, in the case of the
NAP-22 peptide, is related to its effect of increasing line tension (Karatekin et al.
2003; Zhelev and Needham 1993). An increase in line tension will favor the growth
of domains so as to minimize the interfacial boundary. This would also be a fac-
tor for the MARCKS peptide, but apparently the electrostatic interactions in this
case are sufficiently strong that this factor is not required for the sequestering of
PIP2 by MARCKS. PIP2 stimulates actin polymerization by causing the dissocia-
tion of gelsolin-actin complexes (Janmey and Stossel 1987), establishing a linkage
between the plasma membrane and the cytoskeleton. The model helps to explain
the physiological action of NAP-22, a protein found in rafts (Terashita et al. 2002),
in reorganizing the actin cytoskeleton (Caroni 2001).

4.3.2
Hydrophobic Interactions with Acyl Chains

4.3.2.1
Transmembrane Helices

The nature of the transmembrane helical segment of integral membrane pro-
teins will also contribute to determining the partitioning of the protein between
raft and non-raft domains. It is possible that a smooth, uniform surface contour
of a transmembrane helix would more readily mix with a rigid cholesterol-rich
domain. Another factor is the possible length mismatch between the transmem-
brane helix and the bilayer thickness. Cholesterol will contribute to increasing the
thickness of the bilayer by restricting acyl chain motions of neighboring phos-
pholipids. However, many transmembrane helices are excluded from raft-like
domains not because of a change in bilayer thickness, but rather because of an in-
creased area compressibility modulus in the cholesterol-rich domains (McIntosh
2004; Mclntosh et al. 2003). Nevertheless, the length of the hydrophobic segment
of the bilayer has been suggested to be a factor in favoring interaction with trans-
membrane helices of specific lengths, both for certain model peptides (Ren et al.
1997) as well as with the M2 channel protein from influenza virus (Cristian et al.
2003). If these integral membrane proteins distribute preferentially into choles-
terol-rich or cholesterol-depleted domains they will contribute to the formation
of cholesterol-rich domains.

4.3.2.2
Lipidation

Lipids that are covalently attached to proteins will insert into the membrane
and will partition preferentially into certain membrane domains. Many proteins
that are acylated with saturated fatty acids, particularly with palmitic acid on
cysteine residues or myristic acid on the N-terminal amino group, partition into
membrane rafts (Brown and London 2000; Resh 2004). This is not the case with
prenylated proteins that are commonly excluded from raft domains (Melkonian
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et al. 1999). Another form of protein lipidation is by attachment to a glycosyl-
phosphatidylinositol (GPI)-anchor that results in the protein being found in the
low-density detergent-insoluble fraction (Morandat et al. 2002; Sharom and Le-
hto 2002), suggesting incorporation into rafts. Alkaline phosphatase is a relatively
abundant GPI-anchored protein. AFM studies have demonstrated its sequester-
ing into raft domains (Milhiet et al. 2002). Quantitative affinity purification has
been used to demonstrate that different GPI-anchored proteins are sequestered
into different raft-like domains (Wang et al. 2002) indicating a greater specificity
for domain formation in biological systems than simple recognition of a lipidic
moiety. Using homo- and hetero-FRET (fluorescence resonance energy trans-
fer)-based experiments, combined with theoretical modeling in live cells, it was
demonstrated that GPI-anchored proteins are present as monomers as well as
a smaller fraction (20-40%) as nanoscale (<5 nm) cholesterol-sensitive clusters.
These clusters are composed of at most four molecules and accommodate diverse
GPI-anchored proteins (Sharma et al. 2004).

An interesting example of a myristoylated protein that preferentially binds
to cholesterol-rich domains is the neuronal protein, NAP-22. NAP-22 itself is a
highly acidic protein that is water-soluble. It exhibits the property of binding to
liposomes containing cholesterol but not to pure phospholipid liposomes (Epand
etal. 2001; Maekawa et al. 1999). NAP-22 was mentioned earlier in this chapter in
connection with the clustering of PIP2. Calorimetry results indicate that the pro-
tein also induces the segregation of cholesterol into domains (Epand et al. 2001).
In membranes with pre-existing domains, it has been shown by fluorescence mi-
croscopy that NAP-22 partitions into raft-like domains (Khan et al. 2003).

4.4
Juxta-Membrane Domains

Juxta-membrane domains can be distinguished from transmembrane heli-
ces or lipidation in that these segments do not penetrate deeply into the bilayer.
One type of juxta-membrane domain is a cluster of cationic amino-acid residues
that can bind to the surface of anionic membranes (Ellena et al. 2004). There are
some lipoproteins, such as NAP-22, in which a smaller cationic cluster on the
protein is found close to the amino terminus that is post translationally modified
by myristoylation. In such cases the cationic cluster may sequester adjacent to
the membrane surface because of a combination of lipid anchoring and electro-
static interactions. In addition, many of these cationic clusters, such as MARCKS,
also contain aromatic amino-acid residues that will also contribute to membrane
binding. The consequence of electrostatic interactions between cationic segments
of proteins and anionic lipids has been described in Sect. 4.3.1.

There are also a few examples of protein segments that are adjacent to trans-
membrane domains that have been shown to be important in sequestering the
protein to raft domains in membranes. One example of this is the so-called scaf-
folding domain of caveolin-1. Caveolin-1 is a major protein component of ca-
veolae which are small structures of 50-100 nm in the plasma membrane that
bud inward toward the cell (Anderson 1998). The lipid composition of caveolae
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is enriched in cholesterol and sphingomyelin, the principal components of raft
domains. The protein caveolin-1 has three palmitoyl chains that would facilitate
its incorporation into raft-like domains. However, when the three sites of palmi-
toylation are mutated, the resulting protein still translocates to caveolae (Dietzen
et al. 1995). This suggests that segments of the protein itself facilitate the inter-
action of caveolin-1 with cholesterol-rich domains. Mutational studies indicate
that the segment comprising residues 82-101 is necessary and sufficient for mem-
brane binding and has been termed the scaffolding domain (Schlegel et al. 1999).
A recent fluorescence microscopy study has shown that a synthetic peptide cor-
responding to the scaffolding domain of caveolin can recruit NBD-labeled forms
of cholesterol and acidic lipids (Wanaski et al. 2003).

Another example of a juxta-membrane domain, adjacent to a transmembrane
segment, is the Trp-rich region of the gp41 protein of HIV. This region has been
shown to be important for the infectivity of the virus (Salzwedel et al. 1999) and
for sequestering the protein to cholesterol-rich domains (Saez-Cirion et al. 2002;
Epand et al. 2003). Evidence that HIV also buds from raft domains includes the
finding that the viral envelope is enriched in both lipids (Aloia et al. 1993) and
GPI-anchored proteins (Esser et al. 2001; Nguyen and Hildreth 2000) found in
“raft” domains of mammalian membranes. Several components that facilitate the
entry of HIV into cells are suggested to be associated with raft domains in mem-
branes, including cholesterol, CD4, the coreceptors CXCR4 and CCRS5, as well as
glycosphingolipids (Viard et al. 2004). However, viral entry into cells does not
necessarily require the presence of cholesterol (Viard et al. 2002), but the removal
of cholesterol with methyl-p-cyclodextrin from cells with relatively low receptor
densities reduces the capacity of HIV-1 to trigger fusion (Viard et al. 2002). Ex-
traction of cholesterol from the envelope of HIV-1 or SIV also results in reduced
infectivity (Graham et al. 2003).

There is a relationship between the juxta-membrane regions of caveolin-1 and
of the gp41 of HIV. Both segments conform to the requirements for a Choles-
terol Recognition/interaction Amino acid Consensus (CRAC) motif (Li and Pa-
padopoulos 1998) that was developed by analyzing amino acid sequences of pro-
teins that interact with cholesterol (Li et al. 2001). A CRAC sequence is defined by
having the pattern -L/V-(X)(1-5)-Y-(X)(1-5)-R/K-, in which (X)(1-5) represents
between one and five residues of any amino acid.

Caveolin-1 has a juxta-membrane segment, residues 94-101, with the se-
quence VIKYWFYR that conforms to a CRAC motif. A shortened version of this
segment that does not fulfill the requirements of the consensus sequence, KY-
WFYR, was found to sequester the protein to membranes, but is not sufficient
to target the protein to the cholesterol-rich domain of caveolae (Woodman et
al. 2002). In addition, the synthetic peptide, N-acetyl-KYWFYR-amide did not
induce the formation of cholesterol-rich domains in liposomes despite the seg-
ment having four sequential aromatic residues (Epand et al. 2003). The segment
N-acetyl-FTVTKYWFYR-amide was shown to bind weakly to lipid bilayers in the
absence of cholesterol (Arbuzova et al. 2000). Two longer peptide segments of
caveolin that do correspond to the requirements of the consensus sequence of Li
and Papadopolus (1998), i.e. N-acetyl-VTKYWFYR-amide (residues 94-101) and
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N-acetyl-GIWKASFTTFTVTKYWFYRL-amide (residues 83-102), exhibit prefer-
ential interaction with cholesterol (Epand et al. 2005c).

The Trp-rich juxta-membrane domain of the gp41 of HIV has the sequence
LWYIK. The peptide N-acetyl-LWYIK-amide, also having a CRAC motif, has
preferential interaction with cholesterol-rich domains (Epand et al. 2003). The
sequence LWYIK is located at the carboxyl-terminus of a longer membrane-
proximal region that is rich in Trp. It has been shown by mutational studies that
this region is important for membrane fusion and virus infectivity (Salzwedel et
al. 1999). This longer membrane-proximal sequence has also been studied as an
isolated 20 amino acid, synthetic peptide and found to aggregate and promote
fusion of liposomes containing sphingomyelin and cholesterol, the principal lipid
components of membrane rafts (Saez-Cirion et al. 2002; Shnaper et al. 2004). The
amino-terminal region of this peptide is responsible for the formation of peptide
oligomers (Saez-Cirion et al. 2003).

There is not a great deal of information regarding the nature of the molecular
interactions of the various residues of the CRAC motif with membranes. To begin
with, the consensus sequence is rather general, having two segments that vary
in length between one and five amino acid residues. This would suggest that the
CRAC motif does not have a specific conformation since a unique folding pat-
tern would require that there be a certain number of amino acids between one
required residue and another. There are only three required residues, L/V, Y and
R/K. In the case of LWYIK it was suggested that the Y residue interacts with the
A ring of cholesterol (Epand et al. 2003), possibly through hydrophobic interac-
tions of two conformationally restrained moieties. It is not known, however, if
the Y can be replaced by another aromatic amino-acid residue. With regard to the
requirement for an L or a V at the amino terminal side of the CRAC sequence, it is
possible that this facilitates non-specific sequestering to a membrane by increas-
ing the hydrophobicity of the segment. Might then an I also be able to substitute
in this position? The last requirement, an R or K on the carboxyl side of the CRAC
motif, suggests that a charge interaction is important. We have shown that pep-
tides with a CRAC motif will promote the formation of cholesterol-rich domains
even in the absence of anionic lipids. It is possible that on the cytoplasmic surface
of mammalian cell membranes the cationic residue in the CRAC motif is impor-
tant for interacting with anionic lipids; alternatively this group may play a role
in modulating the depth of insertion of the peptide into the membrane. In that
regard, the fact that the CRAC motif allows up to 10 residues of any type (as many
as five before and five after the Y) without restriction, would allow for a wide
range of peptide hydrophobicities. It seems likely that these 10 residues are not
completely undetermined, but that the requirements for these segments have not
yet been elucidated.

We have studied several peptides with variations of the CRAC motifs of the
scaffolding region of caveolin-1 and of Trp-rich region of the gp41 of HIV. In the
case of caveolin-1, shortening the segment to KYWFYR, a sequence that has four
successive aromatic amino acids and a C-terminal R, does not result in preferen-
tial interaction with cholesterol (Epand et al. 2003) and this segment is not suf-
ficient to target caveolin to the cholesterol-rich domain of caveolae (Woodman
et al. 2002). Lengthening this segment to make N-acetyl-VIKYWFYR-amide re-
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sults in a peptide that exhibits some preference for cholesterol-rich domains. This
peptide, unlike N-acetyl-KYWFYR-amide, fulfills the requirements of a CRAC
sequence (Li and Papadopoulos 1998). A longer peptide, N-acetyl-GIWKASFT-
TFTVTKYWFYRL-amide, is even more potent in promoting the formation of
cholesterol crystals compared with N-acetyl-VIKYWFYR-amide. The ability of
CRAC sequences to promote the formation of cholesterol crystals cannot be a
consequence of the peptide binding to cholesterol. Such an interaction would in-
hibit formation of cholesterol crystals by stabilizing the cholesterol that is bound
to the peptide. Apparently, however, the CRAC peptide can alter the properties of
the membrane in such a manner as to recruit more molecules of cholesterol to a
specific domain, thus passing its solubility limit in the membrane. In the case of
the Trp-rich region of the gp41 of HIV, we find the opposite, i.e. the longer the
segment of the juxta-membrane region, the less able is the peptide to sequester
cholesterol into domains. We find that the short peptide N-acetyl-LWYIK-amide
is more effective than a peptide, N-acetyl-KWASLWNWENITNWLWYIK-amide,
corresponding to the full Trp-rich, membrane-proximal segment of HIV-1pxg),
residues 665-683 of the gp41 protein, in promoting the formation of cholester-
ol-rich domains (Epand et al. 2005a). The results with the membrane proximal
region of HIV gp41 are opposite to thoes found with the caveolin scaffolding do-
main. In the case of gp41, the longer peptide, N-acetyl- KWASLWNWFNITNWL-
WYIK-amide, with more aromatic groups present, is less capable of promoting
the formation of cholesterol-rich domains. Perhaps being more hydrophobic
it can no longer distinguish between specific lipid molecules in sequestering to
membranes (Epand et al. 2005a).

In the HIV-1 sequence database there are variants having a Ser at position
681 and that therefore do not formally have a CRAC motif. In addition, HIV-2 as
well as several strains of SIV are also devoid of a CRAC motif. For example, for
HIV-2CBL24, STV ¢p2(Q88004)> STV mac251, STVagm and SIVsm84, the segment 679-683,
adjacent to the transmembrane segment, has the sequence LASWIK (Vincent et
al. 2002), similar to the sequence LWYIK of HIV-1, but not fulfilling the require-
ments of the CRAC motif because it has no Tyr (Li and Papadopoulos 1998). Al-
tering the sequence of LWYIK to LASWIK reduced the lipid preference of the
peptide (Epand et al. 2005a).

The presence of a CRAC motif does not strictly correlate with the ability of
a peptide to sequester cholesterol into a domain. Nevertheless, a CRAC motif is
found in the juxta-membrane region of two proteins that associate with choles-
terol-rich domains of biological membranes, i.e. caveolin-1 and HIV gp41. This
suggests that segments that conform to the CRAC motif may have greater choles-
terol-sequestering ability than similar peptides, such as LASWIK, that do not con-
form to the requirements of this domain. Of course, LASWIK is very similar to a
CRAC sequence and it has partial cholesterol-sequestering activity. There are also
caveats in comparing the results of isolated peptides with liposomes and the in-
teraction of full-length proteins with biological membranes. The peptide may fold
into a different conformation in the full-length protein. In the case of the gp41
fragment, N-acetyl- KWASLWNWEFNITNWLWYIK-amide, the amino-terminal
region of this peptide is responsible for the formation of oligomers (Saez-Cirion
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et al. 2003). This may occur more readily in the intact proteins, whereas in the
isolated peptide this region is freer to interact non-selectively with a membrane.

It is clear that juxta-membrane segments of a protein can cause the seques-
tering of cholesterol into domains. The precise correlation between amino acid
sequence and length and the ability to recruit cholesterol is yet to be determined,
as is the functional role of each amino-acid side-chain. Although the interaction
does not appear to be very specific, the peptide N-acetyl-LWYIK-amide exhibits
chiral specificity for cholesterol (Epand et al. 2005b). The aromatic side-chains
by themselves are not chiral. One would therefore, a priori, not expect an effect
of peptide chirality on the interaction with cholesterol. This is supported by the
finding that the chirality of the LWYIK peptide has little to do with the extent of
segregation of cholesterol. Cholesterol chirality has a small effect on lipid-lipid
interactions that give rise to the formation of cholesterol-rich domains in the ab-
sence of peptide (Lalitha et al. 2001a,b). However, the ability of the L-enantiomer
of N-acetyl-LWYIK-amide to sequester cholesterol into domains is strongly de-
pendent on the chirality of the sterol (Epand et al. 2005b). Our results indicate that
the membrane interactions of peptides and proteins that induce the formation of
cholesterol-rich domains are altered by the small change in the arrangement and
physical properties of cholesterol-containing bilayers as a result of changes in
cholesterol chirality. As a consequence, the peptide-induced segregation of cho-
lesterol into domains is strongly affected by cholesterol chirality, even though the
peptide-lipid interactions that are involved are not very specific.

4.5
Energy Minimization as a Driving Force for Domain Formation

Biological membranes are in a steady state with continual cycling of mem-
brane components and membrane vesicles. Nevertheless, it is likely that these
membranes are not far from equilibrium. Their arrangement does not change
drastically when the membranes are isolated and there is no longer cycling of
membrane materials. With regard to organization of domains in model mem-
branes, this occurs spontaneously when a peptide or protein is added to a lipo-
some. The formation of these domains is thus a more stable arrangement. Raft
domains are often described as the lipids forming domains and the peptides and
proteins partitioning between cholesterol-rich and cholesterol-poor regions.
However, the preferential interaction of a protein with one of the two domains
will in itself alter the distribution of lipids between the two domains. The system
is expected to come to thermodynamic equilibrium that will be determined by the
sum of all of the interactions including those among lipids, among proteins and
between lipids and proteins. There will be cases in which the protein is excluded
from cholesterol-rich domains. This will indirectly stabilize the formation of cho-
lesterol-rich domains by lowering the energy of those domains that are depleted
of cholesterol and hence forcing the cholesterol into another region of the mem-
brane where it will become enriched. This is likely to be a common situation. Cho-
lesterol condenses the membrane, increasing the tightness of packing of the lip-
ids, preventing peptides and proteins from entering the bilayer. The only proteins
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that will not alter cholesterol distribution in the membrane are those that interact
equally well with cholesterol-rich and cholesterol-depleted membrane regions.
Hence in biological membranes it would be anticipated that most proteins facili-
tate the formation of cholesterol domains.
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Lateral Membrane Structure
and Lipid-Protein Interactions

JESUS PEREZ-GIL, ANTONIO CRUZ, JORGE BERNARDINO DE LA SERNA

5.1
Introduction

The assembly of lipid-based membranes was a crucial step for triggering the
evolution of living cells in the prebiotic scenario. The hydrophobic barrier im-
posed by the lipid bilayers was essential for the isolation of different protocel-
lular compartments and allowing for an independent and progressively complex
evolution of small portions of the primordial soup (Deamer 1986; Szostak et al.
2001; Orgel 2004). These protomembranes were likely to be compositionally com-
plex and functionally imperfect at first and their main role was to ensure and
preserve compartmentalization. The subsequent coevolution of membranes and
compartmentalized biomolecules, such as nucleic acids and polypeptides, may
have utilized the membrane as a potential support structure for new functions.
One can envision the adsorptive processes of the membrane surface as an impor-
tant component of primitive catalysis (Pohorille and Wilson 1995; Orgel 2004). If
proteins were the chosen molecules to carry out most of the chemical transfor-
mations, the association of proteins with the membrane surely played a major
part in the development of their efficiency. Membrane interacting properties were
probably selectable traits because they allowed proteins to localize, orientate, and
accumulate in defined microenvironments where finding the proper counterparts
introduced a significant entropic component to the cellular processes. Coevolu-
tion of membrane-associated proteins and the membranes themselves could pro-
gressively initiate the whole variety of protein promoted membrane activities we
can identify in modern cells, including membrane enzymes, signaling pathways,
or the crucial establishment of transport mechanisms to ensure transference of
mass and energy between the cell and the environment in a regulated way.

The model proposed for the structure of membranes by Singer and Nicholson
in the 1970s provided a simplified picture of the final portrait of those protein-li-
pid coevolutive processes (Singer and Nicolson 1972). Phospholipids may be or-
ganized in bilayers and these bilayers may be the structural support for proteins
embedded to different extents. Both proteins and lipids freely diffuse in the plane
of the membrane, but the proteins are the real role players of most membrane-as-
sociated functions. This model has been refined to incorporate, for instance, the
role of the cytoskeleton in organizing membrane-confined compartments (Ku-
sumi et al. 1993) through the direct participation of proteins via lipid-protein
and protein-protein interactions. This view of the lipid moiety of the membranes
as a mere structural element that creates an impermeable space between proteins
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has persisted until recent years. The proposal of the existence in the membranes
of specialized lipid platforms or “rafts” has challenged this paradigm and has
brought into question the fundamental role of lipids in organizing and regulating
membrane complexity (Simons and Ikonen 1997; Edidin 2003).

Most membrane processes and the function of many membrane proteins are
now being re-evaluated after considering the concept of a non-homogeneous
membrane structure. However, the mechanism of the formation and the dynam-
ics of these lipid domains in biological membranes is not well understood. In
particular, there is considerable controversy concerning the kind of domains that
exist in real membranes and the role of lipid composition in imposing domain
segregation, with or without the necessary participation of defined proteins. Al-
though the raft hypothesis is very much centered on the behavior of particular li-
pid segregates, such as those triggered by sphingolipid/cholesterol complexation,
there are probably many other events in the cell membrane leading to lipid lateral
self-organization. Furthermore, the concept of rafts, as discussed in cell biology,
has probably little to do with the properties defining domain segregation under a
more physico-chemical view of the membranes.

Returning to the evolutionary perspective, the establishment of protein-lipid
interactions would be expected to provide an advantage in those early times of in-
homogeneous membranes. If the membrane offered a surface where proteins and
substrates could concentrate and where potential protein-protein interactions
and formation of complexes would be favored, the existence of lipid domains or
clusters in the membrane would be even more effective provided that some mol-
ecules showed selective association with particular lipid regions. Such specialized
domain-promoted lipid-protein interactions could have been further optimized
to form the basis of molecular mechanisms occurring in modern membranes.
If this is true, both a heterogeneous lipid composition of membranes producing
complex in-plane organizations and selective domain-dependent protein-lipid
interactions should have persisted and be present in modern membranes and
membrane proteins. The present review summarizes the evidence pointing to the
existence of such traits both in model and natural membranes, and demonstrates
the importance of lipid lateral organization in defining membrane structure and
membrane protein structure-function relationships.

5.2
Lateral Lipid Organization in Membranes

Several processes have been proposed for producing non-homogeneous in-
plane organization of different lipid species in membranes (Binder et al. 2003).
Some of these processes suggest self-organization due to equilibration of the
membrane system towards thermodynamically favorable states, without a neces-
sary major participation of specific lipid-lipid interactions. An example of this
type of process is the phase separation that spontaneously occurs in bilayers
made from a mixture of lipids with significantly different gel-to-fluid transition
temperatures (Tm), where segregation of phases occurs at temperatures between
the Tm’s of the different lipids (Fig. 5.1b) (Bagatolli and Gratton 2000; 2000a,b).
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Fig. 5.1. Gel/fluid-like phase coexistence in phospholipid monolayers and bilayers. (a) Liquid-
condensed/liquid-expanded regions coexist in interfacial films of dipalmitoylphosphatidyl-
choline (DPPC) compressed to 11 mN/m, at 25°C. Condensed domains were visualized either
by exclusion of T mol% of the fluorescent probe NBD-PC in the epifluorescence images (scale
bar, 25 pm), or by their greater thickness visualized with AFM of films transferred onto mica
supports (scale bar, 10 pm). (b) Gel/liquid crystalline phase coexistence in giant unilamellar
vesicles (GUVs) made of an equimolar mixture of dilauroylphosphatidylcholine (DLPC) and
DPPC at 25°C in the presence of 0.5 mol% fluorescent probe rhodamine-dipalmitoylphos-
phatidylethanolamine (Rh-DPPE) (Bagatolli and Gratton 2000a)

The molecules of the component with the higher Tm nucleate and segregate
into highly packed ordered regions excluding the more disordered molecules of
the lipid with lower Tm, which still have chains with a high number of spon-
taneous trans-gauche isomerizations, at these intermediate temperatures. Phase
separation can be envisaged as a typical entropically driven phenomenon. The
process can be easily modeled in interfacial monolayers where the packing state
of the lipids can be controlled by compressing or expanding the films in a surface
balance (Fig. 5.1a) (Nag and Keough 1993; Mohwald et al. 1995). Single phosphol-
ipid monolayers compressed to pressures into the liquid-expanded to liquid-con-
densed transition plateau show coexistence of condensed highly packed regions
with disordered loosely packed areas. Films made from a mixture of two lipids
with significantly different Tm’s show two-dimensional phase segregation at a
wide range of lateral pressures, including those thought to be equivalent to the
ones occurring in cellular membranes (around 30 mN/m). Phase separation has
also been observed in membrane bilayers made of phospholipids with very differ-
ent chain lengths, especially, although not exclusively, at temperatures inducing
gel-like solid phases (Fig. 5.1b). This should also be considered an entropy-driven
process because the phase separation minimizes the amount of hydrophobic seg-
ments, arising from the hydrophobic mismatch of the different lipids, which are
potentially exposed to the polar solvent.

Alternatively, certain lipid complexes could be established by selective or
preferential molecular interactions that also induce lateral organization of lip-
ids in processes that may be considered not only entropic, but also enthalpically
driven. For instance, this would be the case for the lipid-lipid interactions that
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induce the formation of the sphingolipid/cholesterol complexes thought to be the
basis for the organization of rafts (Veiga et al. 2001; Collado et al. 2005). In this
case, hydrogen bonding between the amide of the sphingomyelin skeleton and
the hydroxyl of cholesterol would supply an important stabilizing energy. For-
mation of other lipid condensates, such as the phosphatidylcholine/cholesterol
condensed complexes proposed by McConnell (McConnell and Vrljic 2003; Mc-
Connell 2005), would still have a mainly entropic origin. This demonstrates that
entropic and enthalpic contributions for membrane domain triggering cannot
be easily separated. Simple ternary mixtures containing variable proportions of
saturated and unsaturated phospholipid species and cholesterol show that two
fluid phases exist in both interfacial monolayers and bilayers (Fig. 5.2) (Dietrich
et al. 2001; Veatch and Keller 2002; Veatch and Keller 2003).

The saturated lipid molecules tend to pack with cholesterol and form what
is called a liquid-ordered (lo) phase. The lipid acyl chains are mostly extended
and tightly packed against the planar structure of the sterol forming an “ordered
phase”, while the unsaturated lipid molecules maintain a high degree of transla-
tional mobility forming a “fluid phase”. The ability of the sphingomyelin back-
bone to form a hydrogen bond with the cholesterol molecule increases the affinity
between these two components, favoring segregation of the sphingolipid/choles-
terol complexes from unsaturated lipid-enriched regions in membranes. These
complexes are extraordinarily resistant to detergent solubilization (Shogomori
and Brown 2003; Chamberlain 2004). Other processes can also produce lateral
organization via a major enthalpic contribution, for instance, the segregation that
occurs in mixtures of charged and non-charged lipids in the presence of proper
counter-charged molecules (Russ et al. 2003; Mbamala et al. 2005).

DOPC/DPPCS/Chol 30:30:40

Fig. 5.2. Fluid/fluid-like phase coexistence in lipid monolayers and bilayers. (a) Fluid-or-
dered/fluid-disordered coexistence in interfacial films made of egg yolk phosphatidylcholine
(PC)/bovine brain sphingomyelin (SM)/Cholesterol (Chol) (25:45:30, w/w/w) compressed to
17 mN/m at 25°C. (b) Liquid-ordered/liquid-disordered phase coexistence in GUVs made of
the ternary mixture dioleoylphosphatidylcholine (DOPC)/DPPC/Chol (30:30:40, w/w/w) in the
presence of 0.5 mol% BODIPY-PC and 0.5 mol% DilCyg. Scale bar in the left panel represents 25
pm and image in the right panel also have 25 ym width
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Simplistic molecular mechanisms for producing lateral sorting of lipids in
membranes are often invoked to explain the nature of membrane domains. How-
ever, the compositional complexity of the real membranes could sustain simul-
taneous processes, perhaps synergistically potentiated or mutually influenced,
that promote membrane lateral organization to different extents and lead to the
coexistence of many different types of lipid domains. In this context, the notion
of rafts, as is often used in the literature, can be misleading.

Lateral separation of domains or phases in lipid membranes due to some of
these different processes has been mostly documented in simple model systems
such as vesicles or interfacial monolayers made of structurally different lipids.
Under the appropriate environmental conditions, spontaneous self-organized
micrometer-sized domains can be visualized in model bilayers or monolayers
(Binder et al. 2003). The study of these models demonstrates that pure lipid sys-
tems may have defined intrinsic properties for lateral self-organization, providing
a structural scaffold that is probably very sensitive to compositional complexity.
Microscopic techniques such as epifluorescence or Brewster angle microscopy are
suitable to detect and analyze lateral domains in the microscopic size range, while
atomic or scanning force microscopy (AFM, SEM) has produced pictures showing
lipid domains from micrometer to hundreds of nanometer size. Other techniques,
such as fluorescence resonance energy transfer (FRET), fluorescence quenching
(Silvius 2003; de Almeida et al. 2005), or more recently, fluorescence correlation
spectroscopy (FCS) (Kahya et al. 2004) have provided indirect evidence for the
existence of membrane domains in the size range of a few nanometers. However,
little is known about the occurrence of lipid self-organizing processes in the con-
text of compositionally complex cellular membranes. Recent studies have shown
that native membranes from the pulmonary surfactant system maintain a stable

Fig. 5.3. Presence of condensed regions in pulmonary surfactant monolayers and bilayers.
(a) Dark condensed domains in interfacial monolayers made from an organic extract of por-
cine pulmonary surfactant, containing all the lipid components plus the hydrophobic pro-
teins SP-B and SP-C with 1 mol% NBD-PC added and compressed to 35 mN/m at 25°C. (b)
Coexistence of fluid-ordered (red) and fluid-disordered (yellow) regions in GUVs made from
organic extracted material from porcine pulmonary surfactant doped with 0.5 mol% BODIPY-
PC and 0.5 mol% DilCys. Scale bars in left panels represent 25 pm and images in right panels
also have 25 pm width
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coexistence of two fluid phases in the form of micrometer-sized fluid disordered
domains immersed in a cholesterol-enriched fluid-ordered background (Fig. 5.3)
(Bernardino de la Serna et al. 2004).

Liposomes made from the full lipid fraction extracted from certain mem-
branes also show the coexistence of ordered and disordered regions (Dietrich et
al. 2001; Nag et al. 2002). These experiments indicate that the lipid fraction of
membranes plays a major role in determining their lateral structure. Consider-
able effort is being directed toward the detection of membrane domains in the
membranes of whole cells. Several studies have shown the existence of large mi-
crometer sized domains in certain cell membranes (Gousset et al. 2002; Gaus et al.
2003). Other studies suggest that domains in intact cell membranes could be very
small and highly dynamic, thus making their detection and morphological char-
acterization a technical challenge (Helms and Zurzolo 2004; Kusumi et al. 2004;
Simons and Vaz 2004). It may be difficult to distinguish between the presence of
real “domains” with a defined lifetime and what could be considered transient
lipid fluctuations caught in a given instant (Nielsen et al. 2000).

5.3
Membrane Lateral Organization
and Lipid-Protein Interactions

As suggested from an evolutionary perspective, proteins could have sensed in
different ways the lateral structure imposed by the heterogeneous composition of
the lipid matrix when interacting with the membrane. Partition of a protein from
the aqueous bulk phase into the membrane interface requires the initial estab-
lishment of thermodynamically favorable interactions of specific protein regions
with groups at the interfacial environment. Structural contributions to membrane
partitioning, both at the sequence and at the conformational level, of membrane-
associating proteins have been extensively analyzed in recent years (Wimley and
White 1996; White and Wimley 1998). Once at the membrane interface, the prop-
erties of particular protein regions could define their eventual insertion or trans-
location into the most hydrophobic regions of the membrane. Lipid packing and
lateral pressure are likely additional determinants influencing the interaction and
insertion of proteins into the membrane (Marsh 1996; Tillman and Cascio 2003;
van den Brink-van der Laan et al. 2004). Common experiments have used mon-
olayer models for the determination of the maximal pressure permitting interac-
tion of any given protein or peptide with a lipid layer. Only proteins increasing
the surface pressure above 30 mN/m are typically considered as potentially com-
petent to interact with deep regions of the membranes (Brockman 1999). Lateral
heterogeneities in the membrane could regionally differ in properties such as:
(1) the chemical interfacial environment that defines the initial partitioning of
polypeptides from the bulk phase, (2) the transient exposure and accessibility of
hydrophobic regions of the membrane, (3) the lipid packing and lateral pressure,
or (4) the thickness of the membrane.

There are several examples in the literature of proteins that seem to show pref-
erential interaction with defined membrane regions of a particular lipid compo-
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sition or structure. It is difficult to evaluate what is the most prominent factor
for such discrimination. Different membrane proteins have different membrane
requirements for both initiating the lipid-protein interaction and stabilizing a

DPPC/NBD-PC SOE/BoDIPY-PC/DIIC,,

DPPC/TR-SP-B SOE/TR-SP-B

DPPC/TR-SP-C SOE/ALEXA-SP-C

Fig. 5.4. Lateral distribution of hydrophobic proteins SP-B and SP-C in monolayers and bi-
layers of pulmonary surfactant. Lateral separation of ordered and disordered regions in pul-
monary surfactant layers results in accumulation of proteins SP-B and SP-C in the most dis-
ordered phases in both interfacial phospholipid films (left images) or giant vesicles formed
with material from surfactant organic extract (SOE) (right images). Scale bars in left panels
represent 25 pm and images in right panels also have 25 pm width
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given disposition. For example, the thickness of particular membrane patches has
been proposed to be a major determinant for promoting proper protein sorting
during intracellular trafficking (Harder 2003). Regulated post-translational mod-
ifications, such as acylation, seem to direct specific proteins to particular mem-
brane domains (Mukherjee et al. 2003; Neumann-Giesen et al. 2004; Shogomori et
al. 2005). Therefore, the lateral structure of the lipid matrix could impose major
restrictions on the lateral distribution and sorting of the membrane proteome.
Preferential distribution of any given membrane protein into a particular region
or phase of the membrane presumably defines important functional features,
such as local protein densities or the probability of the protein encountering ho-
mologous or heterologous counterparts (Fig. 5.4).

As a consequence, environmental conditions producing alterations in the lat-
eral structure of the membrane could lead to profound rearrangements of mem-
brane-associated protein distributions. This would have major implications on
the establishment and organization of selective protein-protein interaction net-
works. It remains to be demonstrated whether cellular membranes actually sup-
port such dynamic behavior under physiologically relevant conditions. A recent
study has demonstrated that the transfer of transmembrane protein segments into
the membrane of the endoplasmic reticulum, as it passes through the translocon,
is predominantly mediated by the thermodynamic rules governing lipid-protein
interactions (Hessa et al. 2005). It still remains to be determined how the struc-
ture of the membrane itself, including the existence of compositional and struc-
tural heterogeneities, influences membrane protein assembly in vivo. It has been
proposed that the composition of natural membranes may have been optimized
to maintain the membranes close to the edge of an abrupt structural transition.
This would have potentially major effects on the membrane lateral structure and
domain organization (Grabitz et al. 2002). Membranes at that “edge” might show
avery dynamic behavior that is sensitive to respond, perhaps via redistribution of
the protein network, to environmental demands.

Membrane regions at the boundaries between different phases or domains
could be especially amenable for supporting lipid-protein interactions. These
boundaries have been proposed to posses lipid packing defects, which could be
used by certain protein motifs to access deeper regions of the membrane inter-
face (Saez-Cirion et al. 2002; Barlic et al. 2004; Cruz et al. 2004). Therefore, some
proteins might require the presence of membrane heterogeneities to initiate par-
titioning into the membrane surface. Experiments with monolayers suggest that
the boundaries between different phases, in systems showing liquid-expanded/
liquid-condensed phase coexistence, act as thermodynamic “sinks”, trapping
proteins or other molecules, virtual “impurities”, that do not mix well with the
lipid matrix (Fig. 5.5) (Ruano et al. 1998).

Some membrane-associated proteins may accumulate into these boundaries,
where the dynamics may directly regulate important structural and functional
protein features. It has been suggested that association of certain protein seg-
ments with the boundaries of some membrane domains could precede protein
accumulation and membrane translocation (Saez-Cirion et al. 2002; Barlic et al.
2004).
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Fig. 5.5. Examples observed in interfacial films of preferential association of proteins with the
boundaries of condensed domains. (a) Formation of clusters of pretransmembrane peptide
from HIV protein gp41 associated with raft-like domains of monolayers made from POPC/SM/
Chol (2/1/1, mole ratio) at 32 mN/m and 25°C. Green fluorescence is emitted by the probe fluo-
rescein-dipalmitoylphosphatidylethanolamine (FL-DPPE) and red fluorescence from rhodam-
ine-labeled peptide (Saez-Cirion et al. 2002). (b) Accumulation of the cytolysin equinatoxin-I|
at the boundaries between ordered and disordered phases in the monolayers of SM/PC/Chol
(50/14/35, mol ratios) compressed to 25 mN/m at 25°C. Green fluorescence was emitted from
NBD-PC and red fluorescence from Texas Red-labeled protein (Barlic et al. 2004). (¢) Accumu-
lation of Texas Red-labeled surfactant protein SP-C in the surroundings of liquid-condensed
domains of DPPC compressed to 11 mN/m. (d) Two-dimensional clusters of surfactant protein
SP-B segregated to the boundary regions close to liquid-condensed domains of DPPC interfa-
cial films observed by AFM (Cruz et al. 2004)

A specialized case may exist for proteins possessing structural motifs with
the ability to recognize specific lipid species, such as occurs with the increasing
number of cholesterol-binding proteins (Shimada et al. 2002; Khan et al. 2003).
Aromatic side-chains in these cholesterol-binding motifs seem to associate favo-
rably with the planar cholesterol rings and form clusters that mutually potentiate
both lipid and protein segregation. Interaction of these proteins with membranes
would occur predominantly in cholesterol-enriched domains, where proteins
with such motifs could accumulate.

It is debatable whether the selective interaction of certain membrane proteins
with selected lipid species is sufficient to initiate organization of lipid domains
in the plane of the membrane, which might consequently produce further lipid
and protein sorting. It has been shown that the acetylcholine receptor accretes a
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phosphatidic acid-enriched membrane environment (Poveda et al. 2002). Like-
wise, some cholesterol-binding proteins have been proposed to nucleate forma-
tion of cholesterol segregates that, by virtue of selective cholesterol-sphingolipid
interactions, could progress towards producing a raft-like membrane structure
(Epand et al. 2001; Epand et al. 2003). Protein initiated reorganization of the
lateral structure of the membrane could be the signal to recruit other lipid and
protein partners. This has been proposed for the molecular mechanisms behind
certain signaling platforms (Zhang et al. 1998; Bunnell et al. 2002). While the liter-
ature suggests apparently contradictory models confronting lipid-directed versus
protein-directed mechanisms for organization of in-plane membrane structure,
there is no doubt that an intense “lateral” cross-talk between lipids and proteins
occurs and is responsible for the complex structure of real cellular membranes.
The lateral cross-talk between lipids and proteins as potential regulatory mecha-
nisms of cellular function is only starting to be envisaged.

5.4
Lipid Domains and Protein-Protein Interactions

The study of cellular membrane lateral structure has gained considerable in-
terest in the last few years. It has been proposed that organization of membrane
domains could be the basis for the assembly of functional platforms that pro-
mote the selective encounter of certain proteins and the subsequent activation
of specific processes. A well-known example of these platforms is the raft-like
domains. Raft-like domains are supposed to promote accumulation and associa-
tion of certain transmembrane proteins (Coffin et al. 2003), proteins anchored to
membranes via phosphatidylinositol (Cordy et al. 2003), or proteins covalently
modified with long acyl chains (Zhang et al. 1998; Shogomori et al. 2005). On
the other hand, domains accumulating lipids with a high prevalence of saturated
long chains have been proposed to favor the accumulation of membrane proteins
with particularly long transmembrane domains (Ait Slimane and Hoekstra 2002;
Bonifacino and Traub 2003; Helms and Zurzolo 2004). The opposite rationaliza-
tion has also been proposed in some cases. Association and accumulation of spe-
cific membrane proteins in selected populations of lipids might constitute a driv-
ing force for inducing compositional and structural regionalization of particular
membrane forms (Zhang et al. 2000; Kropshofer et al. 2002).

Whatever the initiating force, several models have been proposed for the regu-
latory mechanisms that link protein clustering and activation with the localization
of protein complexes in defined membrane domains. Integrin-mediated adhesion
(Hogg et al. 2002) or platelet activation (Tablin et al. 2001), the assembly of the
so-called “immunological synapse” (Cherukuri et al. 2001), caveolae-mediated
endocytosis (Nabi and Le 2003), and the coupling and budding of viral particles
(Chazal and Gerlier 2003; Nayak et al. 2004) are all processes putatively triggered,
regulated, and optimized within the framework of specialized lateral membrane
domains. The study of environmental factors and molecules directed to modify
membrane lateral organization should contribute to confirming the role of the
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membrane as a major element regulating cellular functions and identify new
classes of targets in the search for therapeutic drugs.
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The Membrane as a System:
How Lipid Structure Affects Membrane
Protein Function

ANTHONY G. LEE

6.1
Introduction

A proper understanding of how lipids and proteins interact in a membrane
requires a prior knowledge of the properties of the lipid bilayer component of the
membrane. Previous reviews have considered the structures of membrane pro-
teins and how membrane proteins sit in the surrounding lipid bilayer (Lee 2003),
and how lipid binding to membrane proteins might affect protein function (Lee
2004). The aim of this review is to summarize some of the key information we
have about lipid bilayers and show how this helps us to identify the interactions
that are likely to be most important for membrane protein structure and func-
tion.

6.2
The Structure of a Lipid Bilayer

High-resolution structures cannot be obtained for bilayers in the liquid crys-
talline phase because the thermal motion and disorder in the bilayer means that
the positions of the atoms are relatively ill-defined. Nevertheless, a picture of
the bilayer can be developed, showing the average spatial distribution of atoms
or groups of atoms, projected along the direction normal to the bilayer surface
(White and Wiener 1995). The structure of a bilayer of dioleoylphosphatidylcho-
line (di(C18:1)PE) in the liquid crystalline phase at relatively low hydration (5.4
water molecules per lipid molecule), determined by a combination of X-ray and
neutron diffraction methods, is shown in Fig. 6.1 (Wiener and White 1992). The
structure is represented by a number of fragments, and Fig. 6.1 shows the frac-
tion of each fragment to be found (the probability of finding the fragment) at any
given position along the direction of the bilayer normal. The width of the peak
representing each fragment provides an estimate of the range of thermal motion
for the fragment, in the direction of the bilayer normal. The narrowest of the re-
gions is that corresponding to the glycerol backbone region, indicating that this
is the most rigid part of the structure. Extents of motion generally increase with
increasing distance from the backbone, both out to the choline of the headgroup
and down the fatty acyl chains to the terminal methyl groups, but the wider dis-
tribution for the C=C double bonds than for either the carbonyl or the terminal
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Fig. 6.1. The structure of a bilayer of di(C18:1)PC at 23°C at low hydration. The figure shows
projections onto the bilayer normal of the time-averaged transbilayer distributions of the
principal structural groups. Fragments shown are the methyls (CHs), methylenes (CH,), dou-
ble bonds (C=C), carbonyls, the glycerol backbone, the phosphate and choline groups of the
headgroup, and water. Modified from White et al. (2001)

methyl groups implies increased thermal motion 1in this region of the fatty acyl
chain (Wiener and White 1992).

The glycerol backbone region lies at the extreme boundaries of both the meth-
ylene and water distributions and thus marks the water-hydrocarbon interface.
The combined thicknesses of the interface regions on the two sides of the bilayer,
defined as the distance from the choline to the glycerol group, are comparable to
that of the hydrocarbon core of the bilayer (Fig. 6.1), so that it is clear that the
bilayer cannot be represented as just a “slab” of hydrocarbon. As described later,
the hydrophobic thickness of a fully hydrated bilayer of di(C18:1)PC is signifi-
cantly less than that for the partially hydrated sample represented in Fig. 6.1.

6.2.1
Glycerol Backbone and Headgroup Structures

Useful information about glycerol backbone and headgroup structures in a
liquid crystalline bilayer can be deduced from X-ray diffraction studies of crys-
talline lipids (Pascher et al. 1992). The crystal structures for dilauroylphosphati-
dylethanolamine [di(C12:0)PE] and dimyristoylphosphatidylcholine [di(C14:0)PC]
are shown in Fig. 6.2; the lipid headgroups lie parallel to the bilayer surface with very
similar conformations. These conformations reflect the tendency of the ammonium
nitrogen to fold back towards the phosphate groups so as to minimize the dis-
tance between the groups of opposite charge. The conformation of the glycerol
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Fig. 6.2. Headgroup conformations of phosphatidylethanolamine [di(C12:0)PE] and phosphati-
dylcholine [di(C14:0)PC; molecule 2 in the unit cell]. The three glycerol carbons are marked sn-1 to
sn-3. Coordinates from Harlos et al. (1984) and Pearson and Pascher (1979)

diester group is such that the initial part of the sn-2 fatty acyl chain extends parallel
to the bilayer surface but then bends sharply at the second carbon atom (Fig. 6.2).
As a consequence, the sn-1 chain extends further into the bilayer than the sn-2 chain.
The axial displacement of the two chains, 3.7 A, is equivalent to three methylene
groups. In natural lipids, this difference is minimized since longer fatty acyl chains
are normally found at the sn-2 position rather than at the sn-1 position. The glycerol
backbone is oriented almost perpendicular to the bilayer surface with the sn-1 chain
continuing in this direction forming an antiplanar zigzag chain together with the
glycerol moiety (Fig. 6.2).

In the crystal of di(C12:0)PE the headgroups are arranged in antiparallel
rows, with hydrogen bonds between the nitrogen atoms and the non-esterified
phosphate oxygen atoms of neighbouring molecules (Pascher et al. 1992). The
small separations between the nitrogen and oxygen atoms (2.7-2.9 A) have the
character of both hydrogen bonds and ionic interactions. The structure of the
di(C14:0)PC dihydrate is more complex (Pearson and Pascher 1979). The mo-
lecular area occupied by di(C14:0)PC is the same as that occupied by di(C12:0)PE
(39 A?), but this is too small for the more bulky phosphorylcholine headgroup.
The phosphatidylcholine molecules therefore pack in pairs, mutually displaced
in the direction perpendicular to the bilayer surface. This means that the effective
surface area per molecule is kept small. The headgroup conformations of the two
crystallographically independent molecules making up each pair are very similar,
being approximately mirror images of each other. Hydrogen bonding of the type
observed in phosphatidylethanolamine between the ammonium and phosphate
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groups is not possible with the -N(CH;);" group in a phosphatidylcholine. In-
deed, because of the bulky nature of the choline group, the nitrogen atom comes
no closer than 4.5 A to the phosphate oxygens. Instead, the negatively charged
phosphate groups are separated and shielded by water molecules of hydration.
In the dihydrate, two water molecules are located between neighbouring phos-
phate ester groups, forming an infinite hydrogen bonded ribbon: phosphate(1)-
water—phosphate(2)-water. Lateral interactions between phosphatidylcholine
molecules can thus be expected to be weaker than those between molecules of
phosphatidylethanolamine.

Very similar backbone and headgroup structures have been suggested from
NMR and neutron diffraction studies for phosphatidylethanolamines and phos-
phatidylcholines in liquid crystalline phase bilayers in the presence of excess wa-
ter. The conformational inequivalence of the two chains is maintained, with the
glycerol backbone lying parallel to the bilayer normal (Seelig and Seelig 1975;
Zaccai et al. 1979), although the chain equivalence is reduced compared to that
in the crystal, and the terminal methyl ends of the two chains are out of step by
only about 1.8 A (Zaccai et al. 1979). X-ray diffraction studies of di(C18:1)PC and
a brominated analogue show that, in the liquid crystalline phase, the positions
of the double bonds in the sn-1 and sn-2 chains, when projected onto the bilayer
normal, can be no more than 1 A apart (Wiener et al. 1991).

Studies using neutron scattering have shown that the lipid headgroups in
phosphatidylcholines and phosphatidylethanolamines are oriented roughly par-
allel to the bilayer surface in the liquid crystalline phase in excess water (Buldt
and Wohlgemuth 1981), as in the crystal structures. These headgroup structures
represent average orientations, since molecular dynamics simulations show that
there is considerable motion in the headgroup region of the bilayer, the orienta-
tion of the P-N vector in a phosphatidylcholine, for example, varying, for individ-
ual molecules, from an angle of zero with respect to the bilayer normal, so that the
NMe;* group is pointing out into the solvent, to values greater than 90°, so that
the NMe;* group is pointing into the hydrocarbon core of the bilayer (Heller et al.
1993; Stouch et al. 1994; Hyvonen et al. 1997). The conformation of the phospho-
rylcholine headgroup is affected by the charge on the membrane, the headgroup
acting as a molecular voltmeter (Seelig et al. 1987). Incorporation of positive
charge into the membrane results in repulsion of the positively charged choline
group, with a tilting of the "P-N* dipole away from the surface of the membrane;
conversely, introduction of negative charge attracts the choline group, pulling the
“P-N" dipole towards the surface (Seelig et al. 1987).

For phosphatidylserines, the glycerol backbone and headgroup structures
are dependent on pH (Sanson et al. 1995). At acid pH, when the phosphatidyl-
serine headgroup is zwitterionic with no net charge, the glycerol backbone con-
formation is very similar to that in a phosphatidylcholine or phosphatidyleth-
anolamine, lying parallel to the bilayer normal. However, this changes at neutral
pH, when the headgroup becomes negatively charged; the glycerol backbone is
now oriented perpendicular to the bilayer normal, the conformation observed for
negatively charged phospholipids in crystals. Whereas the headgroup lies parallel
to the bilayer surface at acid pH (again as for phosphatidylcholine or phosphati-
dylethanolamine), at neutral pH it is more extended; this increases the distance
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between the serine carboxylate group and the layer of negatively charged phos-
phate groups, minimizing electrostatic interactions.

The ceramide backbone of glycosphingolipids in liquid crystalline bilayers
also adopts a structure with a sharp bend in the fatty acyl chain away from the
bilayer surface at C2, comparable to the bend in the sn-2 chain of the phosphati-
dylcholines (Johnston and Chapman 1988). However, it has been suggested that
dialkylphospholipids adopt a structure in the liquid crystalline state in which the
sn-2 chain is fully extended with no bend at C2 (Lohner 1996); the presence of two
ester groups (in the diacylphospholipids and diacylglycerol) or an ester and an
-OH group (in the glycosphingolipids) would seem to determine packing in the
lipid backbone region of the bilayer. Despite the differences in the glycerol back-
bone region for the ester and ether linked phosphatidylcholines, the time-aver-
aged conformations of the phosphorylcholine headgroups are the same (Paltauf
1994).

Our knowledge of the water structure close to a lipid bilayer surface is rath-
er limited. This is unfortunate since interactions between lipid headgroups and
water is likely to have a major effect on packing in the headgroup region, and
possibly on interactions with membrane proteins. There are three regions in a
phospholipid headgroup that are likely to be involved in interaction with wa-
ter: the ester oxygens, the phosphate oxygens, and the carboxyl, amino, or te-
tramethylammonium groups of phosphatidylserine, phosphatidylethanolamine
and phosphatidylcholine, respectively, although interaction of water with the
tetramethylammonium group may be relatively weak. The extent of hydration
is very different for phosphatidylcholines and phosphatidylethanolamines. At
full hydration, a bilayer of dipalmitoylphosphatidylcholine [di(C16:0)PC] takes
up about 23 molecules of water per molecule of lipid (Nagle and Wiener 1988),
whereas a bilayer of di(C12:0)PE takes up only about 10 molecules of water per
molecule of lipid (McIntosh and Simon 1986). The first few water molecules to
bind, bind tightly to the phosphate group and are motionally restricted (Volke et
al. 1994). Further water molecules, although distinct from bulk water, are in fast
exchange with bulk water. Measurements of NMR spin lattice relaxation times
for deuterated water as a function of lipid hydration suggest that between about
11 and 16 water molecules occupy the first hydration shell around a phosphati-
dylcholine headgroup (Borle and Seelig 1983). In a molecular dynamics simula-
tion of di(C16:0)PC, an average of 10.2 water molecules were found hydrating
the -NMe;" group in a clathrate-like cluster, 4.0 water molecules hydrating the
phosphate, and one water molecule hydrating a carbonyl group (Marrink and Be-
rendsen 1994). NMR studies, however, suggest, at least at low temperatures, that
only five water molecules are needed to form a solvation shell around the -NMe;*
group (Hsieh and Wu 1997).

Molecular dynamic simulations of bilayers of di(C14:0)PC show that the head-
groups are linked into clusters by water molecules and by charge interactions be-
tween the positively charged choline groups of one di(C14:0)PC molecule and the
phosphate or carbonyl oxygen atoms of another molecule (Pasenkiewicz-Gierula
et al. 1999). Strong intermolecular interactions between choline and phosphate
groups on neighbouring molecules has been demonstrated in *'P-'"H nuclear
Overhauser experiments on phospholipid bilayers (Yeagle 1978) and molecular
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dynamics simulations suggest that intermolecular charge interactions are much
more important than intramolecular interactions between the choline and phos-
phate and carbonyl oxygens on the same molecule (Pasenkiewicz-Gierula et al.
1999). As well as salt bridges, the headgroups are linked by multiple water bridg-
es, the water molecules hydrogen bonding mostly to the phosphate and carbonyl
oxygens (Pasenkiewicz-Gierula et al. 1999). Individual water molecules exchange
in and out of the lipid clusters relatively rapidly. The presence of an unsaturated
fatty acyl chain increases the area occupied by the phospholipid molecule and in-
creases the distance between the headgroups, leading to less interaction between
the headgroups and increased accessibility of carbonyl and phosphate oxygens to
water, with increased hydration of the lipid headgroup (Murzyn et al. 2001).

The pattern of hydration observed in simulations of a bilayer of a phosphati-
dylethanolamine was distinctly different to that observed for a phosphatidyl-
choline (Damodaran and Merz 1994; Zhou and Schulten 1995). Whereas the hy-
drophobic -NMe;" group induced formation of a clathrate-like hydration shell
around the headgroups in order to optimize interwater hydrogen bonding, direct
hydrogen bonds are formed between the -NH;" group and the water molecules.
Although interlipid hydrogen bonds are observed in the headgroup region of the
phosphatidylethanolamine, more hydrogen bonds are formed with water; the
hydrogen bonding interlipid network is much weaker than that observed in the
crystal (Zhou and Schulten 1995).

6.2.2
Fatty Acyl Chain Region of the Bilayer

One characteristic of the liquid crystalline phase is the considerable intramo-
lecular motion of the lipid fatty acyl chains, due to rotation about C-C bonds in
the chains. The change in steric energy that results from rotation about the C¢-C;
single bond in dodecane is shown in Fig. 6.3. The minimum potential energy oc-
curs when the two neighbouring methylene groups are related by a dihedral angle
of 0°, in the trans conformation. Two other minima are obtained at torsion an-
gles of 115 and 245°, corresponding to the gauche+ and gauche- conformations,
respectively. These conformations have energies 3.7 k] mol™ above that of the
all-trans conformation, and to reach the gauche+ or gauche- conformations from
the trans conformation the molecule has to move over an energy barrier of 14.0 k]
mol™". The relative sharpness of the minima and the quite high barriers to rota-
tion mean that the molecule will remain for most of the time in the vicinity of the
minima, carrying out torsional oscillations.

Introduction of a cis-double bond into a fatty acyl chain has a significant effect
on motion in the chain (Rich 1993; Li et al. 1994). Figure 6.3 also shows the steric
energy as a function of the torsion angle c; describing rotation about the C;-Cg
bond adjacent to the carbon-carbon double bond in cis-dodecene-6. The energy
profile is characterized by a very broad peak from 120 to 240° and a narrower and
smaller peak centred at 0°. Two broad minima are observed centred at 65 and
295°. The energy barrier to rotation between these two minima is just 8.1 k] mol™!,
5.9 k] mol'less than the corresponding energy in a saturated chain. Thus the car-
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Fig. 6.3. Steric energy chang-
es as a function of the torsion
angle about the C6-C7 bond
in dodecane (solid line) or
about the C7-C8 bond in
cis-dodecene-6 (broken line).
Calculations were performed
using MM3 force fields
(Allinger et al. 1989)

N
[¢)]

N

o

L e e
|

-
(&)
T
|

/ \ /1

J\
\ / \ / \ 7
..\ ./. N P L .\.\ I/. i .-

P TR
120 180 240 300 360
Dihedral angle

-
o
/A e
—
—

()]
T
=

Rotational potential energy (kJ mol™)

o
b
k

o
[e2]
o

bon-carbon single bond adjacent to a rigid cis double bond has more freedom of
motion than the corresponding bond in a saturated chain. The shallowness of the
potential energy wells around 65° suggests that the C-C bond adjacent to a double
bond can readily adopt a wide range of torsion angles (Li et al. 1994).

The extent or range of motion in a fatty acyl chain can be described by an order
parameter that defines the time-averaged disposition in space of each group of at-
oms in the fatty acyl chain. The rate of motion can be described in terms of a cor-
relation time, a measure of the rate of movement of a group of atoms between its
various possible positions in space. Formally, fluidity (and its inverse, viscosity)
corresponds solely to rate of motion. The most powerful technique for measuring
order parameters is “H-NMR, studying the motion of C-D groups introduced at
specific positions in the chains (Seelig and Seelig 1980; Bloom et al. 1991). Order
parameter profiles for all phospholipid bilayers in the liquid crystalline phase are
remarkably similar; that for the saturated palmitoyl chain in 1-palmitoyl-2-ole-
oylphosphatidylcholine [(C16:0, C18:1)PC] is shown in Fig. 6.4 (Seelig and Seelig
1980). The magnitudes of the order parameters are observed to lie between the
values expected for an all-trans chain rotating about its long axis (S¢p = -0.5)
and for complete orientational disorder, as found in an isotropic liquid (Scp = 0).
Thus the fatty acyl chain region exists in a state of intermediate order, with some
order persisting despite the liquid-like state of the chains. The degree of order
varies along the chain; an initial plateau region of constant order is followed by a
region of rapidly decreasing order towards the centre of the bilayer. The plateau
region has its origin in the intermolecular restrictions on chain motion. In the
upper part of the chain excluded volume effects are very important since rotation
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about a single C-C bond results in a large bend in the chain. Lower down the
chain, lateral displacements resulting from rotations about single C-C bonds are
very much smaller, and, therefore, steric restrictions on motion become less im-
portant. The order parameter profile for the palmitoyl chain in (C16:0, C18:1)PC
is very similar to that observed in di(C16:0)PC, but with order being slightly
higher in bilayers of di(C16:0)PC than in bilayers of (C16:0,C18:1)PC, suggesting
that introduction of a cis double bond results in a slight disordering of the bilayer
(Seelig and Seelig 1980). This effect could follow from the effect of the “bent” cis-
double bond on motion in the bilayer, but it could also reflect the fact that at 42°C,
the temperature of the experiment shown in Fig. 6.4, (C16:0,C18:1)PC is about
50°C above its phase transition temperature, whereas di(C16:0)PC with a phase
transition temperature of 42°C would only just have entered the liquid crystalline
phase.

Interpretation of the order parameter profile for the unsaturated chain in
(C16:0,C18:1)PC is more complex than for the saturated chain (Fig. 6.4). The ex-
perimental order parameters for carbons atoms 10 and 11 are low in the oleoyl
chain. This does not, however, indicate a high degree of motional disorder for
these carbons, but rather follows from effects of the cis double bond on the ori-
entation of C-D bonds with respect to the bilayer normal. Since the measured
spectra for a C-D bond depend not only on the true molecular order parameter
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but also on the angle between the C-D bond and the applied magnetic field direc-
tion (or bilayer normal), this will have a large effect on the measured spectra; the
dip in order parameter following the cis double bond shown in Fig. 6.4 follows
largely from the special geometry of the cis double bond (Heller et al. 1993). Nev-
ertheless, molecular dynamics simulations do show an increased motion for the
C=C double bond and the methylene groups next to it, particularly for that on the
terminal methyl side (Heller et al. 1993; Huang et al. 1994). Increased disorder in
the region of the double bond could follow from a cooperative effect of the double
bond on the way that lipid molecules pack within the bilayer or could be a result
of the shallow energy barriers for rotation about C-C bonds adjacent to a double
bond, as described above (Fig. 6.3).

In conclusion we can say that the effects of a single cis C=C double bond on
motion of fatty acyl chains in a bilayer are rather modest. It might have been
thought that the presence of a single cis double bond towards the middle of a
fatty acyl chain would have led to a significant packing problem because of the
sharp bend in the chain at the double bond. This indeed is the basis of the large
decrease in phase transition temperature observed on introduction of a single
double bond into phosphatidylcholines or phosphatidylethanolamines. However,
the data in Fig. 6.4 suggest that in a liquid crystalline bilayer the oleoyl chain is
unlikely to contain a sharp bend; by C12 the order parameter has a value very
similar to that observed in the corresponding position of a saturated chain.

Larger effects of unsaturation can be expected for polyunsaturated chains. As
for monounsaturated chains, description of chain motion for a polyunsaturated
chain is more difficult than for a saturated chain. The effects of polyunsaturation
have been studied in a series of phosphatidylcholines with a deuterated stearoyl
chain at the sn-1 position and an unsaturated chain at the sn-2 position. Effects
are rather small, with the sn-1 chain becoming slightly more disordered as the
unsaturation of the sn-2 chain is increased, the effect of unsaturation reaching a
maximum at three double bonds (Holte et al. 1995). The largest changes in order
occur around the centre of the chain, with relatively little change in the top part
of the chain close to the glycerol backbone. The effects of a polyunsaturated chain
have been shown to depend slightly on the position of unsaturation (McCabe et
al. 1994).

It had been suggested that chains such as linoleic acid or docosahexaenoic
acid (DHA) containing a 1,4-pentadiene structure might have unique conforma-
tional properties and that the presence of six cis-double bonds in DHA might
reduce chain flexibility (Applegate and Glomset 1986). However, the DHA chain
in fact shows considerable flexibility with a greater lateral compressibility than a
saturated chain because the presence of the cis-double bonds leads to increased
rates of interconversion between torsional states, because of a decrease in energy
barriers (Feller et al. 2002). It has been suggested that the extreme flexibility for
the DHA chain could be important for interaction with membrane proteins. A
molecular dynamics simulation of rhodopsin in a bilayer of 1-stearoyl-2-docoso-
hexaenoyl-phosphatidylcholine showed that the DHA chains penetrate deeper
into the protein interface than do the stearic acid chains (Feller et al. 2003). It was
suggested that the extreme flexibility of the DHA chain could allow it to adapt
better to the rugged surface of the protein (Feller et al. 2003).
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Profiles of chain order are almost unaffected by the lipid headgroup, although
absolute values of order parameters can be affected. Thus order parameters for
phosphatidylethanolamines in the liquid crystalline phase are almost constant
for the first part of the chain, but decrease rapidly towards the terminal methyl
group, as for the phosphatidylcholines, but the order parameters are higher for
phosphatidylethanolamines than for phosphatidylcholines, at all positions of the
chain (Perly et al. 1985; Lafleur et al. 1990). The higher order parameters in phos-
phatidylethanolamines can be attributed to the smaller headgroup of the phos-
phatidylethanolamine and to strong intermolecular hydrogen bonding between
the headgroups, both factors leading to a greater packing density throughout
the bilayer. However, differences in packing density in the chain region between
phosphatidylcholines and phosphatidylethanolamines must be quite small since
the thicknesses of bilayers of di(C18:1)PC and di(C18:1)PE are equal (Fenske et
al. 1990).

The chain order parameter profile for dipalmitoylphosphatidylserine
[di(C16:0)PS] is also very similar to that for di(C16:0)PC along most of the length
of the chain; order parameters are, however, slightly less in di(C16:0)PS than for
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Fig. 6.5. The forces present in a lipid bilayer. At the top is shown the distribution of lateral pres-
sures and tensions across a lipid monolayer. The repulsive lateral pressure F. in the chain region
is due to thermally activated bond rotational motion. The interfacial tension y, tending to mini-
mize the interfacial area, arises from the hydrophobic effect (unfavourable hydrocarbon-water
contacts). Finally, the lateral pressure Fy, in the headgroup region arises from steric, hydrational
and electrostatic effects; it is normally repulsive, but may contain attractive contributions from,
for example, hydrogen bonding interactions. After Seddon (1990). Below is shown the tendency
for spontaneous curvature of a lipid monolayer arising from an imbalance in the distribution of
lateral forces across the monolayer. The arrows show the direction of observation used in the
definition of negative and positive curvature
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di(C16:0)PC for the first few carbon atoms of the chain (Seelig and Seelig 1975).
The order parameter profile for dimyristoylphosphatidic acid [di(C14:0)PA] is
also very like that for di(C16:0)PC (Laroche et al. 1990; Pott et al. 1995).

6.2.2.1
How Similar is the Hydrocarbon Core of a Lipid Bilayer to that of a
Simple Liquid Alkane?

The stability of a lipid bilayer is determined largely by the balance between
hydrophobic interactions, which tend to decrease the interfacial area between the
lipids and water, and inter- and intramolecular interactions, including headgroup
hydration, which give rise to a net repulsion, tending to increase the surface area
of the bilayer (Marsh 1996). The lateral stresses involved have been illustrated
by Seddon (1990) as in Fig. 6.5. At about the position of the glycerol backbone
region, an attractive force F,, arises from the unfavourable contact of the hydro-
carbon chains with water (the hydrophobic effect). Tight packing in this region
ensures the minimum exposure of the hydrocarbon interior of the membrane
to water, leading to a negative lateral pressure (a positive membrane tension),
tending to contract the bilayer. A repulsive lateral pressure Fy, arises in the head-
group region because of steric, hydrational and electrostatic effects. Similarly, in
the hydrocarbon interior of the membrane, attractive van der Waals interactions
between the chains will be opposed by the repulsive interactions due to the ther-
mal motions of the chains.

An important question is whether anchoring of lipid fatty acyl chains to the
glycerol backbone leads to unusually high “pressures” within the hydrocarbon
core of a lipid bilayer. Comparisons between the properties of lipid bilayers and
simple alkanes suggest that this is not so. An analysis of NMR spin-lattice relaxa-
tion times has suggested that trans-gauche isomerization rates (10°-10'°s™) in
fatty acyl chains in a lipid bilayer are very similar to those in a free chain, and that
the effective viscosity for the bilayer is ca. 0.01 P (Poastor et al. 1988). This can be
compared with the viscosity of neat hexadecane at 50°C, which is 0.019 P (Small
1986). Thus the internal dynamics of a fatty acyl chain in a membrane are very
similar to those in a neat alkane, despite the reduction in orientational freedom
for the chain. Despite the highly anisotropic motion of the acyl chains, the mo-
lecular packing of the chains in the liquid crystalline bilayer is also equivalent to
that of a liquid alkane, with average methylene and methyl group volumes in the
bilayer interior of 28 and 54 A3, respectively (Petrache et al. 1997), comparable
to the methylene and methyl group volumes in a liquid alkane of 27 and 57 A3,
respectively (Nagle and Wiener 1988). Methylene and methyl group volumes are
almost identical for bilayers of di(C18:1)PC, di(C16:0)PC, and di(C12:0)PE in
the liquid crystalline phase (Armen et al. 1998; Nagle and Tristram-Nagle 2000).
Further, it has been suggested that the average volume occupied by a methylene
group varies little with transverse distance from the bilayer centre (Armen et al.
1998; Nagle and Tristram-Nagle 2000). Thus it is clear that the large hydration
and van der Waals pressures in the bilayer have little effect on the packing of the
chains.
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6.2.3
Dimensions of a Lipid Bilayer

The hydrophobic thickness of a membrane has been taken to be the thick-
ness of the central hydrocarbon slab up to the C2 carbons of the chains (Lewis
and Engelman 1983). This definition corresponds closely to the separation be-
tween the positions of the carbonyl groups in Fig. 6.1 (Wiener and White 1992).
The positions of the carbonyls therefore mark the hypothetical hydrocarbon slab
boundaries - hypothetical because the extent of the thermal motions is such that
there is a significant overlap between the distributions of the various fragments
making up the bilayer, with a number of methylene groups extending beyond the
edge of the interface defined by the position of the carbonyl groups (Fig. 6.1).

The hydrophobic thickness d of a lipid bilayer of a saturated phosphatidyl-
choline in the liquid crystalline phase in excess water is related to fatty acyl chain
length by the equation

d=175(n-1) (6.1)

where 1 is the number of carbon atoms in the fatty acyl chain (Lewis and
Engelman 1983; Sperotto and Mouritsen 1988). The thickness of a bilayer of a
phosphatidylcholine with two monounsaturated chains was estimated by Lewis
and Engelman (1983) to be about 2.5 A less than that of the corresponding phos-
phatidylcholine with two saturated chains estimated from (6.1). The thickness of
a bilayer of di(C18:0)PC calculated from (6.1) is 29.7 A, giving a thickness for a bi-
layer of di(C18:1)PC of about 27.2 A, in good agreement with the estimated thick-
ness given by Nagle and Tristram-Nagle (2000), which is 27.1 A. The hydrophobic
thickness of a bilayer of di(C18:1)PC at low hydration estimated from the data
shown in Fig. 6.1is 32 A, (Lewis and Engelman 1983; Wiener and White 1992); the
thickness of a bilayer is known to increase with decreasing hydration (Nagle and
Tristram-Nagle 2000). The hydrophobic thickness of a bilayer of (C18:0,C22:6)PC
is 30.5 A (Eldho et al. 2003) very close to the value calculated from (6.1) for a bi-
layer of an unsaturated PC with the average chain length of C20 (30.7 A). Chang-
ing headgroup structure has only a small effect on hydrophobic thickness (Rand
et al. 1988). The hydrophobic thickness of a bilayer of di(C18:1)PE (30.8 A)is just
3.6 A greater than that of a bilayer of di(C18:1)PC (Petrache et al. 2004).

The area per lipid molecule is an important parameter in theoretical mod-
els of lipid bilayers. The area occupied in the bilayer surface by a molecule of
di(C16:0)PC in the liquid crystalline phase at 50°C has been determined to be
64 A (Nagle and Tristram-Nagle 2000). This compares with an area of 72.5 A2 for
di(C18:1)PC in the liquid crystalline state (Nagle and Tristram-Nagle 2000); the
greater area occupied by di(C18:1)PC follows from effects of the unsaturated ole-
oyl chains. Forliquid crystalline bilayers of di(C12:0)PE, the surface area per lipid
is 51.2 A% (Nagle and Tristram-Nagle 2000). This compares to a value of 56 A>
for 1-palmitoyl-2-oleoylphosphatidylethanolamine ((C16:0,C18:1)PE) (Rand et
al. 1988); the greater area occupied by (C16:0,C18:1)PE can again be attributed
to the presence of the bulky cis unsaturated chain. Values in the range 50-55 A?
have been reported for the surface area of di(C16:0)PS in the liquid crystalline
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phase (Cevc et al. 1981; Demel et al. 1987). This is about 10% smaller than for
di(C16:0)PC, an effect attributed to strong intermolecular interaction between the
phosphatidylserine headgroups (Lopez Cascales et al. 1996).

6.2.4
Mixing of Lipids in the Liquid Crystalline Phase

The fluid nature of the liquid crystalline phase means that lipid molecules mix
well in the liquid crystalline phase (Lee 1977). Thus there is no evidence for im-
miscibility in the liquid crystalline phase, even for mixtures of two lipids with very
different fatty acyl chain lengths such as di(C12:0)PC and di(C18:0)PC, where phase
separation in the gel phase is very extensive (Shimshick and McConnell 1973). Mix-
tures of branched chains phosphatidylcholines are also miscible in the liquid crys-
talline phase (Dorfler and Miethe 1990). The small degree of non-ideality in mixing
that is observed is such that like molecules will be slightly more likely to be neigh-
bours than expected for totally random mixing (Lee 1977). This is consistent with
the results of small-angle neutron scattering studies, which show random mixing
in the liquid crystalline phase for mixtures of di(C14:0)PC and di(C16:0)PC, but a
significant non-random distribution for mixtures of di(C14:0)PC and di(C18:0)PC,
the non-random mixing favouring the clustering of like molecules (Knoll et al. 1981,
1983). The mixing properties of phosphatidylethanolamines with different chain
lengths are very similar to those described above for the phosphatidylcholines (Lee
1977).

6.2.5
Non-Bilayer Phases

Most, if not all, biological membranes contain lipids that, in isolation, prefer to
adopt a curved, hexagonal Hy phase rather than the normal, planar, bilayer phase
(Cullis and de Kruijff 1979; Rietveld et al. 1993). Sometimes such lipids can be the
major lipids in a membrane: for example, monogalactosyl diacylglycerol makes up
about 50% of the total lipid in the chloroplast membrane (Shipley et al. 1973) and
the E. coli inner membrane contains about 70% phosphatidylethanolamine (Har-
wood and Russell 1984). It has been suggested that bacteria control the lipid com-
positions of their membranes to maintain a constant proportion of lipids favour-
ing the hexagonal Hy; phase (for a recent review, see Cronan 2003).

The tendency of phospholipids such as phosphatidylethanolamines to adopt
a curved structure can be understood in terms of the forces present in a lipid bi-
layer, as shown in Fig. 6.5 (Gruner 1985; Seddon 1990; Lindahl and Edholm 2000).
For a lipid monolayer to stay flat, the pressures illustrated in Fig. 6.5 must be in bal-
ance across the monolayer. If the lateral pressure in the chain region becomes great-
er than that between the headgroups, the monolayer will curl towards the aqueous
region (Fig. 6.5). This is defined as a negative curvature. Conversely, if the lateral
pressure between the headgroups becomes greater than that between the chains, the
monolayer will curl towards the chain regions, a positive curvature (Fig. 6.5). A lip-
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id such as a phosphatidylethanolamine has a tendency to adopt a negatively curved,
hexagonal Hy; phase because the small size of the phosphatidylethanolamine head-
group relative to the cross-sectional area of the two fatty acyl chains gives the lipid
an overall conical shape (Seddon 1990).

The tendency to curl becomes frustrated in a lipid bilayer. In a symmetrical
bilayer (with identical conditions on each side) the two monolayers will both
want to curve in the same way (either positive or negative) and so will counteract
each other; the two monolayers cannot both curve in the same direction since
this would create free volume in the interior of the bilayer. Thus the bilayer has
to remain flat, in a state of physical frustration. Confining a monolayer with a
non-zero spontaneous curvature to a planar form results in an elastic free energy
stored in the bilayer. If the stresses in the bilayer become too great, the bilayer
structure will become unstable and a non-bilayer phase will form.

Of course, in a real biological membrane it is essential that a lipid bilayer
structure is maintained, and a lipid bilayer structure is maintained because the
presence of intrinsic membrane proteins and bilayer-preferring lipids overcomes
the tendency of lipids such as phosphatidylethanolamines to adopt a non-bilay-
er structure. Thus mixtures of di(C18:1)PC and di(C18:1)PE containing 15% or
more di(C18:1)PC adopt a bilayer structure (Boni and Hui 1983), and a number
of intrinsic membrane proteins (glycophorin A, cytochrome oxidase, the light-
harvesting complex of photosystem II) have also been shown to stabilize a bilayer
structure (de Kruijff et al. 1985; Simidjiev et al. 2000).

It is worth exploring further the idea that a lipid such as a phosphatidyleth-
anolamine has an overall conical shape. If the “conical” shape of the phosphati-
dylethanolamine molecule were to be an accurate description of the overall shape
of the phosphatidylethanolamine molecule in a lipid bilayer, incorporation of
phosphatidylethanolamine into bilayers of phosphatidylcholine would have sig-
nificant effects on the order parameter profile for the fatty acyl chains of the phos-
phatidylcholine molecule; inclusion of phosphatidylethanolamine would create
a greater packing density toward the centre of the bilayer and a smaller packing
density near the glycerol backbone region and thus increase order parameters
for phosphatidylcholine chains at the terminal methyl ends of the chains and de-
crease order parameters at the carboxyl end. Such effects are not seen, addition of
a phosphatidylethanolamine to a bilayer of a phosphatidylcholine increasing or-
der parameters at all positions in the chains of the phosphatidylcholine (Fenske et
al. 1990). Thus the phosphatidylethanolamine molecule increases packing density
throughout the bilayer, consistent with the observation that order parameters for
chains in phosphatidylethanolamines are greater than those in phosphatidylcho-
lines at all positions of the chain (Perly et al. 1985; Lafleur et al. 1990). It has also
been shown that, in mixtures of (C16:0,C18:1)PE and (C16:0,C18:1)PC, the order
parameters for the palmitoyl chains in (C16:0,C18:1)PE and (C16:0,C18:1)PC are
the same (Lafleur et al. 1990). Similarly, it has been shown in molecular dynam-
ics simulations that order parameter profiles for the oleoyl chains in mixtures of
di(C18:1)PC and di(C18:1)PE are identical for chains on the two classes of lipid
(de Vries et al. 2004). Thus although the idea of a cone-shaped phosphatidyleth-
anolamine molecule is helpful in explaining the preference of phosphatidyleth-
anolamine for the hexagonal Hyy phase, the acyl chains do not adopt a cone shape
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when mixed in a bilayer with phosphatidylcholine. The increase in order param-
eters seen on addition of a phosphatidylethanolamine to bilayers of a phosphati-
dylcholine has been attributed to the ability of the phosphatidylethanolamine
headgroup to hydrogen bond with phosphatidylcholines or other phosphati-
dylethanolamines, and to the smaller size of the phosphatidylethanolamine head-
group (de Vries et al. 2004).

6.2.6
Bilayer Deformation Energies

Changes in bilayer shape incur an energetic cost. This can be important when
a lipid bilayer is perturbed around a membrane protein. A lipid bilayer can re-
spond to mechanical deformation by changes in its dimensions, up to a point
beyond which the bilayer ruptures (Sackmann 1995). The observed changes in
dimension are related to the magnitude of the external force (or stress) by a con-
stant, the elastic constant (or modulus). The elastic properties of a lipid bilayer
can be described by four elastic moduli that describe the response of a unit area
of membrane to compression, expansion, bending, or extension (or shear) (Evans
and Hochmuth 1978; Bloom et al. 1991; Sachs and Morris 1998; Hamill and Mar-
tinac 2001). The simplest of these is the membrane compression that follows from
an increase in pressure. Bilayers are essentially incompressible and the volume of
the bilayer will not change significantly under the kinds of pressure change that
might be observed physiologically; the bilayer compressibility modulus has been
estimated to be between 10° and 10'° N/m? (Evans and Hochmuth 1978; Hamill
and Martinac 2001). A lipid bilayer also shows a considerable resistance to area
expansion because of the tight lateral packing of the lipid molecules in the bilayer.
The linear relationship between membrane tension ¢ (force per unit length, usu-
ally measured as mN/m or, equivalently, dynes/cm) and the resulting area expan-
sion of the bilayer is given by

t= K AA/A, (6.2)

where AA is the increase in surface area, A is the original area, and K, is the
area expansion modulus. Values of K, vary between 10? and 10> mN/m depend-
ing on the cholesterol content of the bilayer (Table 6.1). Values of K, for bilayers
of phosphatidylethanolamine are very similar to those for phosphatidylcholine in
the liquid crystalline phase (Evans and Needham 1987). The area expansion mod-
ulus gives a measure of the work required to separate the lipid fatty acyl chains
in the plane of the bilayer. Since lipid bilayers rupture at tensions between 3 and
30 mN/m, this means that a bilayer can only expand by about 2-4% before it rup-
tures (Hamill and Martinac 2001).

Because the bilayer is almost incompressible, any change in area for the bi-
layer will be accompanied by a corresponding change in thickness, so that the
volume remains unchanged. The moduli describing changes in area (K,) and
thickness (Ky) are related by
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Table 6.1. Elastic moduli for lipid bilayers®

Lipid Ka pN/nm Kc pN.nm
(C18:0,C18:1)PC 193 90
(C18:0,C18:1)PC + cholesterol (1:1) 781 246
di(C18:1)PC 188 80
di(C16:0)PC at 50°C 250 50
(C18:0,C22:6)PC 130 120
(C18:0,C22:5)PC 250 110

@Data from Nielsen and Andersen (2000), Nagle and Tristram-Nagle (2000) and Eldho et al.

(2003)

K =K h (6.-3)

A H

where h is the thickness of the membrane (in nm). The value of K_has been
estimated to be about 200 x 10’ N/m?, which would correspond to a Vrﬁue for K
of about 70 mN/m for a bilayer thickness of 3 nm, in good agreement with the

estimate given above (Evans and Hochmuth 1978).

Work also has to be done to bend a lipid bilayer, because bending results in
a differential expansion or compression of the two lipid monolayers making up
the bilayer (Hamill and Martinac 2001). The bending modulus K¢ for a lipid bi-
layer has been estimated to be about 50-250 pN.nm (Table 6.1) (Sachs and Morris
1998). Finally, a lipid bilayer shows negligible surface shear rigidity in the liquid
crystalline phase and will simply flow like a liquid in response to shear (exten-

sion).

6.3
Lipid-Protein Interactions

Effects of lipids on the function of membrane proteins can be described either
at the microscopic or at the macroscopic level. An explanation at the microscopic
level is a “molecular” level interpretation in terms of interactions such as hydro-
gen bonding, charge-charge interactions, and van der Waals interactions. An ex-
planation at the macroscopic level involves properties of the whole membrane
such as membrane viscosity, membrane pressure, and curvature stress. In some
cases it is clear that an interpretation at the microscopic level is the most appro-
priate. In others, explanations at both the microscopic and macroscopic levels are
possible, although even in these cases, an explanation at the microscopic level is

often the most attractive when a crystal structure for the protein is available.
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Fig. 6.6. The structure of the phos-
phatidylcholine binding site on LukF.
Only the phosphorylcholine head-
group was resolved in the crystal
structure, shown in space fill format.
Residues surrounding the headgroup
binding site are shown in ball-and-stick
format (PDB file 3LKF)

Choline

6.3.1
Headgroup Interactions

It has been suggested that binding of extrinsic membrane proteins to lipid
bilayer surfaces could be affected by curvature stress in the lipid bilayer, the lev-
el of curvature stress being increased by the preference of a phospholipid such
as phosphatidylethanolamine for a curved, hexagonal Hy; phase (Gruner 1985).
However, in two cases of extrinsic membrane proteins where crystal structures
are available, it is clear that binding specificity is determined by specific molecu-
lar interactions rather than by curvature stress. The first case concerns the chan-
nel-forming toxins a-hemolysin and LukF of Staphylococcus aureus (Olson et al.
1999; Galdiero and Gouaux 2004). a-Hemolysin permeabilizes liposomes of phos-
phatidylcholine or sphingomyelin, but not those of phosphatidylethanolamine,
phosphatidylserine, phosphatidylglycerol, or phosphatidylinositol (Watanabe et
al. 1987). The crystal structures make clear the basis of this selectivity (Olson et
al. 1999; Galdiero and Gouaux 2004). The crystal structure for LukF crystallized
in the presence of dipropanoylphosphatidylcholine is shown in Fig. 6.6. Only the
phosphorylcholine headgroup is resolved, this being largely buried. The phos-
phate group interacts with the side-chain of Arg-198 and its main chain nitrogen,
the quaternary ammonium group is in contact with Glu-192 and Tyr-180, and
the CH2-CH2 group is near Trp-177 (Fig. 6.6). The specificity of the toxins for
phosphatidylcholine or sphingomyelin can, therefore, be understood in terms of
the specific molecular interactions between the lipid headgroup and its binding
site on the toxin.
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Fig. 6.7. Binding of glycerophosphoserine (GPS) and glycerophosphoethanolamine (GPE) to an-
nexin V. The binding sites for GPS (a) and GPE (b) are shown. The filled sphere is Ca?*. Some of the
residues important for binding are shown in ball-and-stick mode (PDB files 1A8A and 1A8B)

Fig. 6.8. Structure of the phosphatidylethanolamine
molecule bound to the photosynthetic reaction centre
from T. tepidum. The residues from subunits Hand M
interacting with the lipid headgroup are shown (PDB file
1EYS)

The second case concerns the annexins, which show specificity for phosphati-
dylethanolamines and phosphatidylserines. Annexin V hardly binds to bilayers of
phosphatidylcholine or sphingomyelin but binds to bilayers of phosphatidyleth-
anolamine, and more strongly, to bilayers containing anionic phospholipids such
as phosphatidylserine (Schlaepfer et al. 1987; Blackwood and Ernst 1990; Andree
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et al. 1990; Raynal and Pollard 1994; Campos et al. 1998). The crystal structure of
rat annexin V in the presence of glycerophosphoserine (GPS) and glycerophos-
phoethanolamine (GPE) (Swairjo et al. 1995) shows the phosphoryl oxygen co-
ordinated to a bound Ca®" ion, with the GPE headgroup extending along the
molecular surface in the opposite direction to GPS, in a shallower binding site
(Fig. 6.7); the more extensive interactions observed in the crystal structure with
GPS than with GPE explains why binding to phosphatidylserine is stronger than
to phosphatidylethanolamine. In this case the binding site is too small to accom-
modate the bulky phosphorylcholine group.

In some cases it is clear that interactions between intrinsic membrane pro-
teins and the surrounding lipid molecules also have to be understood in terms of
specific molecular level interactions. For example, Fig. 6.8 shows the structure of
a phosphatidylethanolamine molecule resolved in the crystal structure of pho-
tosynthetic reaction centre from Thermochromatium tepidum (Nogi et al. 2000).
The conformation adopted by the phosphatidylethanolamine is very different to
that shown in Fig. 6.2; the glycerol backbone is not oriented parallel to the fatty
acyl chains, and the headgroup is not oriented perpendicular to the chain axis.
Clearly, the adopted structure is determined by specific interactions, particularly
between the headgroup and the protein, the headgroup being bent down towards
the chain, for example, to allow a hydrogen-bonded interaction between the qua-
ternary ammonium nitrogen and the backbone of Gly-256 in subunit M (Fig. 6.8).
Other examples of specific interactions of this type have been presented in Lee
(2003) and an analysis of the conformations of bound lipids shows that they are
often different from the structures adopted in simple lipid bilayers (Marsh and
Pali 2004).

It is likely that the lipid molecules resolved in crystal structures of intrinsic
membrane proteins are rather unrepresentative of the bulk of the lipid molecules
in contact with a membrane protein, the resolved lipid molecules often being lo-
cated between transmembrane o-helices, often at protein-protein interfaces in
multi-subunit proteins (Lee 2003, 2004). Most of the lipid molecules interacting
with the hydrophobic surface of a membrane protein (the boundary or annu-
lar lipids) will interact with the protein rather non-specifically, although there
is evidence for binding hot-spots on the surface of a protein close, for example,
to clusters of positively charged residues where anionic phospholipids will bind
relatively strongly (Powl et al. 2005). Hydrogen bonding and charge interactions
with the lipid headgroup must also be important for non-specific binding of lipid
molecules to a membrane protein. The binding constants for phospholipids to
annular sites on membrane proteins will depend on the strengths of the lipid-
protein interactions relative to those of lipid-lipid interactions. ESR studies show
that the on and off rate constants for annular binding are fast, suggesting that the
strength of the lipid-protein interaction is comparable to that of a lipid-lipid in-
teraction (East et al. 1985; Lee 2003) consistent with the general lack of selectivity
in binding phospholipids to the annular sites on a membrane protein (Lee 2003).
Given the importance of hydrogen bonding and charge interactions between lipid
molecules in the headgroup region of alipid bilayer, this suggests that hydrogen
bonding and charge interactions with membrane proteins must also be impor-
tant. In agreement with this expectation, uncharged molecules such as long-chain
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alcohols bind less weakly to membrane proteins than charged molecules such as
long-chain amines or acids (Froud et al. 1986; Lee 2003).

The importance of hydrogen bonding has been shown in a molecular dynam-
ics simulation of the mechanosensitive channel of large conductance MscL from
T. tuberculosis in bilayers of (C16:0,C18:1)PE. The simulation showed a large
number of hydrogen bonds between the lipid molecules and MscL, about half
involving the NH;" group of the phosphatidylethanolamine headgroup (Elmore
and Dougherty 2001). Other lipid headgroups such as phosphatidylcholine and
phosphatidylglycerol do not have a hydrogen bond donating group analogous
to the NH;" of phosphatidylethanolamine and so show a very different pattern
of hydrogen bonding. A molecular dynamics simulation of MscL in bilayers of
(C16:0,C18:1)PC suggests that the loss of hydrogen bonding observed on replace-
ment of the phosphatidylethanolamine headgroup by the phosphatidylcholine
headgroup is compensated for by a conformational change in the C-terminal re-
gion of the protein, bringing the C-terminal region closer to the membrane, lead-
ing to stronger interactions with the membrane (Elmore and Dougherty 2003). A
molecular dynamics simulation of bacteriorhodopsin also shows the importance
of headgroup interactions with the protein, different interactions with the differ-
ent conformational states of the protein having an important effect on the ener-
getics of the changes between these conformational states (Jang et al. 2004).

It is well established that the conformational equilibrium between the two
major intermediates of the rhodopsin photocycle, metarhodopsin I (MI) and me-
tarhodopsin II (MII), depend on lipid structure, and that the presence of phos-
phatidylethanolamines increases the ratio MII/MI (Litman and Mitchell 1996;
Brown 1997). These effects are usually described in terms of the tendency of

Fig. 6.9. The structure of
rhodopsin. The hydrophobic
thickness of rhodopsin, de-
fined largely by the positions
of Tyr and Trp residues, is
shown by the horizontal lines.
Residue Glu-134 is shown

in space fill format (PDB file
1F88)

C-terminal
helix
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phosphatidylethanolamines to adopt a curved, hexagonal Hy; phase. However,
as described in Lee (2003), the results can also be interpreted in terms of head-
group interactions with rhodopsin. The effect of phosphatidylethanolamines on
the MII/MI ratio for rhodopsin follows from a shift in the pK describing the pH
dependence of this equilibrium (Brown 1994). Mutation of Glu-134 leads to a loss
of the pH dependence of the MII/MI ratio, suggesting that the pH dependence of
the equilibrium follows from protonation/deprotonation of Glu-134 (Arnis et al.
1994). As shown in Fig. 6.9, Glu-134 is probably located very close to the glycerol
backbone region of the surrounding lipid bilayer, so that the pK of this residue
is very likely to change with changing lipid structure (Lee 2003). Indeed, calcula-
tions of the pK of this residue show that it is environmentally sensitive (Periole
et al. 2004).
Further examples of lipid headgroup-protein interactions and their

effects on protein function are given in Lee (2003, 2004).

6.3.2
Fatty Acyl Chains

Lipid fatty acyl chain lengths determine the hydrophobic thickness of a lipid
bilayer. The hydrophobic thickness of a lipid bilayer is expected to match well the
hydrophobic thickness of any protein embedded in the bilayer, because of the
high cost of exposing either fatty acyl chains or hydrophobic amino acids to water.
The efficiency of hydrophobic matching has been demonstrated experimentally
for the potassium channel KcsA where varying the chain length for the surround-
ing phospholipids from C12 to C24 results in no change in the environment of the
Trp residues located at the ends of the transmembrane a-helices (Williamson et
al. 2002). Any mismatch between the hydrophobic thicknesses of the lipid bilayer
and the protein would be expected to lead to distortion of the lipid bilayer, or the
protein, or both, to minimize the mismatch.

The energetics of distortion of the lipid bilayer have been analysed in terms of
the bulk bending properties of the lipid bilayer described above, with stretching
of the lipid chains being required when the lipid bilayer is too thin and compres-
sion when the bilayer is too thick (Fig. 6.10) (Mouritsen and Bloom 1984; Fattal
and Ben-Shaul 1993; Nielsen et al. 1998). A comparison of relative lipid binding
constants estimated from the results of such a theoretical calculation (Fattal and
Ben-Shaul 1993) with experimental data shows that agreement is reasonable for
moderate levels of mismatch for the f-barrel protein OmpF but is poor for the
a-helical protein MscL (O’Keeffe et al. 2000; Powl et al. 2003) (Fig. 6.11). Presum-
ably, the B-barrel structure of OmpF makes it relatively rigid so that distortion of
the lipid bilayer to provide hydrophobic matching is less costly than distortion
of the protein. Similarly, the effects of bilayer thickness on the properties of the
dimer-channel formed by gramicidin fit well to a model based on elastic deforma-
tion of the lipid bilayer around the gramicidin dimer (Lundbaek and Andersen
1999; Nielsen and Andersen 2000) and the presence of gramicidin has been shown
to thicken a bilayer of di(C12:0)PC but to compress one of di(C14:0)PC (Harroun
et al. 1999). In contrast, an a-helical protein is less rigid, and both distortion of
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Fig. 6.10. Hydrophobic mismatch. The diagram shows how a lipid bilayer could distort around
a membrane protein whose hydrophobic thickness was greater than that of the lipid bilayer
(left; dp > d)) or less than that of the lipid bilayer (right; d, < d)). (a) shows a side view of the
membrane and (b) shows a view down onto the surface of the membrane. When the hydro-
phobic thickness of the protein is greater than the hydrophobic thickness of the bilayer, the
lipid chains must be stretched so that the surface area occupied by a lipid molecule will be
less in the vicinity of the protein than for bulk lipid. Conversely, to match a protein with a thin
transmembrane region the fatty acyl chains of neighbouring lipids will be compressed and

will therefore occupy a greater surface area
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Fig. 6.11. The dependence of lipid binding constants on chain length. Binding constants for
phosphatidylcholines relative to di(C16:1)PC for MscL (0) and relative to di(C14:1)PC for the -
barrel protein OmpF (O) are plotted against fatty acyl chain length. The dotted line shows the
theoretical dependence of lipid binding constant on chain length calculated from the data of
Fattal and Ben-Shaul (1993) for a protein of hydrophobic thickness 30 A, as described in Powl

et al. (2003). Data from O’Keeffe et al. (2000) and Powl et al. (2003)
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the lipid bilayer and distortion of the protein is likely (Lee 2004) because the cost
of distorting a lipid bilayer is relatively high (Lundbaek et al. 2004). Distortion of
a-helical membrane proteins explains the marked dependence of the activities of
a-helical membrane proteins on bilayer thickness (Lee 2004).

6.3.3
Effects of Internal Bilayer Pressures and Curvature Stress

Although, as described above, lateral pressures in the headgroup and chain
regions of a lipid bilayer must balance, the distribution of lateral pressures within
the chain region are not uniform (Lindahl and Edholm 2000; Gullingsrud and
Schulten 2004). It has been suggested that the lateral pressure profile in a lipid
bilayer could be an important factor in determining the conformational equilib-
rium of a membrane protein (Cantor 1997). For example, if changes in the cross-
sectional area of a membrane protein in going from one conformation to another
are different at different depths in the membrane, then it has been suggested that
the equilibrium constant describing the conformational change will depend on
lateral pressure profile through a series of PAV work terms, where P and AV refer,
respectively, to pressures and volume changes at particular depths in the bilayer
(Cantor 1997). The largest tension in a lipid bilayer is located close to the glycerol
backbone region, where close packing is required to prevent exposure of the fatty
acyl chains to water (Lindahl and Edholm 2000; Gullingsrud and Schulten 2004).
However, it could be argued that expansion of a membrane protein close to the

Fig. 6.12.Possible effects of stored curvature elastic energy on the function of membrane pro-
teins. In (@) the binding of an extrinsic membrane protein is increased in the presence of lipids
favouring the hexagonal H; phase, as the fatty acyl chains of neighbouring lipid molecules
can distort to fill the free volume created by insertion of the extrinsic membrane protein into
the lipid headgroup region. In (b) the presence of lipids favouring the hexagonal H; phase
shifts the conformation equilibrium of an intrinsic membrane protein towards the conforma-
tion with the greatest hydrophobic thickness
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glycerol backbone region need not result in any increased exposure of lipid fatty
acyl chains to water, so that expansion of the protein in this region does not re-
quire any work against a lipid pressure. Further, it has been argued above, from
a comparison of the properties of simple hydrocarbons with the properties of the
hydrocarbon core of a lipid bilayer, that the hydrocarbon core of a lipid bilayer is
not in any way special as far as its bulk properties are concerned.

It has been suggested that lateral pressure profiles in lipid bilayers will be very
dependent on the detailed structure of the phospholipid (Cantor 1997). However,
molecular dynamics simulations suggest that the pressure profiles in bilayers of
di(C18:1)PC and di(C18:1)PE are rather similar, and differences in pressure pro-
file between di(C18:1)PC and di(C18:1)PE are likely to be too small to be function-
ally significant (Gullingsrud and Schulten 2004). It has also been shown experi-
mentally that the activity of the Ca**-ATPase of sarcoplasmic reticulum, although
very sensitive to fatty acyl chain length, is not sensitive to features of the fatty acyl
chains such as unsaturation (East et al. 1984).

Curvature stress has also been suggested to be a significant factor in the func-
tion of membrane proteins. It has been suggested that the stored curvature elastic
energy in a bilayer containing a non-bilayer preferring lipid such as phosphati-
dylethanolamine can be used to increase the binding of a peripheral membrane
protein to the membrane (Attard et al. 2000); as shown in Fig. 6.12 insertion of
an intrinsic membrane protein into the headgroup region of the bilayer will re-
lease some of the stored curvature elastic energy. It has also been suggested that
stored curvature elastic energy could alter the conformational equilibrium of an
intrinsic membrane protein (Botelho et al. 2002). If the hydrophobic thickness
of one conformation of a protein is greater than that of an alternative conforma-
tion, then the presence of lipids favouring the hexagonal Hy; phase could shift the
equilibrium in favour of the conformation with the greatest hydrophobic thick-
ness (Fig. 6.12). However, as described in Sect. 6.3.1, it is also possible that any
observed effects could be explained in terms of direct lipid—protein interactions.

6.4
Extrapolation from Model Systems to Biological Membranes

It is worth considering how well studies of simple model systems relate to
real biological membranes. The amount of unperturbed lipid bilayer present in
a biological membrane will be low, because of the high concentration of protein
in a biological membrane. For example, the molar ratio of phospholipid to pro-
tein in the sarcoplasmic reticulum membrane is about 90:1, sufficient to form
about three shells of lipid around each Ca**-ATPase molecule, the major protein
in the membrane (Warren et al. 1974). Despite this, lipid molecules adopt aver-
age structures in biological membranes the same as those in simple lipid bilayers.
The characteristic ZH-NMR pattern observed for deuterium located on the first
methylenes of the sn-1 and sn-2 chains in E. coli membranes suggests that the av-
erage orientation of the glycerol backbone is the same as in a simple lipid bilayer
(Buldt and Wohlgemuth 1981). Similarly, studies of mouse fibroblasts labelled
biosynthetically with deuterated ethanolamine and choline have shown that the
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headgroups are again oriented roughly parallel to the membrane surface, as they
are in simple bilayers (Scherer and Seelig 1987). Thus the presence of proteins
and the other lipids in the membrane has relatively little effect on the average con-
formations adopted by the lipids in the membrane, although, as described above,
the conformations of the protein-bound lipid molecules may be significantly dif-
ferent. The order parameter profiles for intact biological membranes are also the
same as for those for simple lipid bilayers. The profiles for E. coli membranes
labelled in the palmitoyl and oleoyl chains are shown in Fig. 6.4; the values of the
order parameters and their variation along the chain are the same as in bilayers
of (C16:0,C18:1)PC (Seelig and Seelig 1980). Thus the presence of membrane pro-
teins has no significant effect on the extent of motion of the lipid fatty acyl chains
of the bulk of the lipids, on the NMR time-scale.

6.4.1
Is there a Special Role for Lipids Preferring
a Non-Bilayer Phase?

A number of experiments have addressed the question of whether or not the
presence of lipids favouring the hexagonal Hy; phase is required for proper mem-
brane function. For example, the microorganism Acholeplasma laidlawii contains
six amphiphilic lipids, three uncharged and three anionic; the major uncharged
lipids are monoglucosyldiacylglycerol (MGIcDG) and diglucosyldiacylglycerol
(DGIcDG), and the anionic lipid is phosphatidylglycerol. Of these, MGIcDG fa-
vours non-lamellar phases (cubic and hexagonal Hy;), particularly when the fatty
acyl chains are unsaturated, whereas DGlcDG favours the lamellar phase (Lind-
blom et al. 1986). Under a variety of growth conditions (medium composition,
temperature) the ratio of MGlcDG/DGIcDG in the membranes of A. laidlawii is
maintained such that the cell lipids are in the liquid crystalline phase (Rilfors et al.
1984; Lindblom et al. 1986). The question then arises why a non-bilayer favouring
lipid such as MGIcDG is there in the first place. One possibility is that it is simply
less costly for a cell to synthesize MGlcDG than DGIcDG, and that MGlcDG will do
as well in the membrane as DGIcDG, as long as the level of MGlcDG does not be-
come so high that the stability of the lipid bilayer becomes compromised. It is also
possible that curvature stress arising from the presence of MGlcDG is required in
some way for proper function of the membrane; this could be because of effects
on the functions of membrane proteins or because processes such as cell division
were affected by bulk properties of the membrane. The strongest evidence for a
special role for non-bilayer favouring lipids in A. laidlawii is probably the fact
that the membranes also contain small amounts of lipids with three acyl chains,
monoacylmonoglucosyldiacylglycerol and monacyldiglucosyldiacylglycerol, the
former of which has a very strong tendency to form cubic phases (Lindblom et al.
1993; Andersson et al. 1996), although even here it has to be considered that it is
less costly to make monoacylmonoglucosyldiacylglycerol than any other of the
lipid species, since monoacylmonoglucosyldiacylglycerol contains three fatty acyl
chains per lipid headgroup.
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Similarly, the fact that most bacteria contain phosphatidylethanolamine as the
zwitterionic lipid rather than phosphatidylcholine may simply reflect the simpler
structure and smaller cost of phosphatidylethanolamine than phosphatidylcho-
line. The E. coli inner membrane contains about 70% phosphatidylethanolamine.
Mutant strains unable to synthesize phosphatidylethanolamine replace phos-
phatidylethanolamine with cardiolipin and phosphatidylglycerol (Rietveld et al.
1993). Cardiolipin, in the absence of divalent metal ions, adopts a bilayer struc-
ture but, in the presence of divalent metal ions, and depending on the degree of
fatty acyl chain unsaturation, can adopt a hexagonal Hy; phase structure (Rietveld
et al. 1993). Unlike the wild-type strain, the mutant strain displays an obligate
requirement for high concentrations of divalent metal ions (Rietveld et al. 1993).
Although this could indicate a requirement for non-bilayer favouring lipids it
could also simply reflect a requirement to reduce the high membrane surface
potential introduced by the negatively charged lipids (Rietveld et al. 1993; Wik-
strom et al. 2004). A specific role for phosphatidylethanolamine is suggested by
experiments showing that phosphatidylethanolamine is required for proper fold-
ing of the lactose permease, LacY; in the absence of phosphatidylethanolamine,
insertion of LacY into the inner membrane results in the normally cytosolic N-
terminal half of the protein being exposed to the periplasm (Bogdanov et al. 1996,
1999). Correct insertion of LacY requires the presence of a phospholipid with an
amine group, such as phosphatidylethanolamine or phosphatidylserine, in a bi-
layer structure (Bogdanov et al. 1999). However, incorporation of the A. laidlawii
lipid MGIcDG into E. coli membranes lacking phosphatidylethanolamine was
also found to result in partial recovery of LacY function, suggesting either that
a non-bilayer favouring lipid was required for proper insertion of LacY or that
phosphatidylethanolamine and MGlcDG interacted similarly with the machinery
involved in LacY insertion (Wikstrom et al. 2004).

Although phosphatidylethanolamine is the most common of the zwitterionic
lipids in bacteria, phosphatidylcholines are found in some bacteria, mostly in the
rhizobial and rhodobacterial groups, the presence of phosphatidylcholine being
related to specific characteristics of the bacteria (Sohlenkamp et al. 2003). Phos-
phatidylcholines can be synthesized from phosphatidylethanolamine by three
methylations with S-adenosylmethionine as the methyl donor or by a novel path-
way in which choline is condensed directly with CDP-diacylglycerol to form phos-
phatidylcholine in a single step (Sohlenkamp et al. 2003). Bacteria of the rhizo-
bial class could require phosphatidylcholine to interact well with their hosts. For
example, the presence of phosphatidylcholines in the membranes of many of the
bacteria colonizing the respiratory tract or other epithelia could allow the bacte-
ria to mimic the membranes of their hosts, allowing them to avoid host defence
mechanisms (Goldfine 1984). The existence of a direct pathway for the synthe-
sis of phosphatidylcholines from choline allows choline to be utilized from the
animal hosts, which contain considerable amounts of choline in their body fluids
(Goldfine 1984). Rhodobacteria such as Rhodobacter sphaeorodies are unusual in
containing an extensive intracellular membrane system, involved in photosyn-
thesis. The membrane contains ca. 25% of its lipid as phosphatidylcholine, the
lipid composition also being unusual in that over 75% of the fatty acyl chains
are monounsaturated (Goldfine 1984). It has been suggested that the membrane
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could contain phosphatidylcholine rather than just phosphatidylethanolamine
and phosphatidylglycerol in order to maintain a stable bilayer structure with
such unsaturated lipids (Goldfine 1984). Mutants of R. sphaeorodies unable to
synthesize phosphatidylcholines show normal growth under normal laboratory
conditions, showing that the presence of phosphatidylcholine is not essential for
function (Arondel et al. 1993).

Another example concerns the thylakoid membrane, the internal photosyn-
thetic membrane of higher plant chloroplasts. About 50% of the lipid in these
membranes is monogalactosyldiacylglycerol (MGalDG), about 30% is digalactos-
yldiacylglycerol (DGalDG) and about 10% is phosphatidylglycerol (PG) (Harwood
and Russell 1984). As well as having unusual headgroups, MGalDG and DGalDG
are unusual in containing two highly unsaturated fatty acyl chains (linoleic acid);
most natural lipids contain one saturated and one unsaturated chain. The pres-
ence of the two unsaturated chains in MGalDG give this lipid a conical shape so
that it prefers a hexagonal Hy; phase; MGalDG with two saturated chains prefers a
bilayer phase (Sen et al. 1981). DGalDG with its larger headgroup adopts a bilayer
phase with either saturated or unsaturated chains (Sen et al. 1981).

Thylakoids are arranged as stacks or grana, photosystem II being concentrat-
ed in the stacked membranes (Hankamer et al. 1997). Light-harvesting complex
IT (LHC-II) is important in the stacking process (McDonnel and Staehelin 1980).
When LHC-II, purified with its native lipid, is reconstituted into bilayers of phos-
phatidylcholine, vesicles are formed which aggregate in the presence of divalent
cations with formation of extensive membrane stacks. The LHC-II molecules are
found to be clustered at the adhering membrane regions (McDonnel and Staehelin
1980). However, LHC-II only causes stacking in the presence of MGalDG; stack-
ing is not observed with DGalDG (Simidjiev et al. 1998, 2000). It is not known for
certain how the presence of MGalDG leads to membrane stacking. One possibility
is that the presence of non-bilayer forming lipids is important; an alternative pos-
sibility is that what is important is the ability of the lipid headgroup to take part
in hydrogen bonding with water molecules or with adjacent lipid headgroups.
The uncharged galactose headgroup of MGalDG is difficult to hydrate; rather
than hydrogen bonding to water, it is expected that strong hydrogen bonds will
be formed between adjacent galactose headgroups. This has been demonstrated
in studies of monolayers of MGalDG, where stronger interactions are observed
between MGalDG molecules than between phosphatidylcholines with compara-
ble degrees of chain unsaturation (Bishop et al. 1980). It is possible that it is this
hydrogen bonding potential that leads to the formation of stacked membranes
in the presence of MGalDG. The LHC-II protein only extends about 5 A above
the surface of the membrane on the outer (stromal) surface (Kuhlbrandt et al.
1994). When interactions between LHC-II molecules bring about membrane
stacking, the surfaces of the stacked membranes will therefore be brought very
close together. Hydrogen bonds could then form between MGalDG headgroups
in the two surfaces, leading to a strengthening of the interaction between the
two surfaces. A potential problem is, however, that strong interactions could also
occur between galactose headgroups in the plane of the membrane. This type of
interaction is indeed seen in monolayers of MGalDG containing saturated fatty
acyl chains, where strong interactions between adjacent headgroups lead to the
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formation of highly condensed, solid-like monolayers (Sen et al. 1981). A way
to prevent lateral headgroup interactions would be to keep the headgroups well
apart. Having two polyunsaturated fatty acyl chains per lipid molecule would
achieve this; the bulky chains, by keeping the headgroups apart, will prevent the
formation of lateral hydrogen bonds between the headgroups. The headgroups
will then be poised to form transverse hydrogen bonding between two apposed
membrane surfaces. The larger DGalDG headgroup would prevent close apposi-
tion of the membranes.

6.5
Summary

The conclusion appears to be that most, if not all, of the effects of phospholi-
pids on the function of membrane proteins can be explained, at least in principle,
in microscopic rather than macroscopic terms. This makes sense from a biologi-
cal perspective. A biological membrane is a multicomponent system, containing
a wide variety of different intrinsic and extrinsic membrane proteins, each with
their own particular role to play in the cell. These proteins need to be able to work
independently; a membrane system in which every protein affected the function of
every other protein would be impossibly difficult to control. If membrane protein
function depends only on the interactions of that particular membrane protein
with the lipids, or proteins, in its immediate vicinity, then the proteins will func-
tion independently, as required. On the other hand, if membrane protein function
was affected by macroscopic properties of the whole membrane such as viscos-
ity, pressure, or curvature stress, then the function of all the membrane proteins
would be interdependent, leading to chaos. This can be illustrated by assuming
membrane curvature stress, a thermodynamic property of the whole membrane,
is important, affecting the binding of intrinsic membrane proteins and the con-
formational state of intrinsic membrane protein (Sect. 6.3.3 and Fig. 6.12). The
result would then be, for example, that binding of an extrinsic membrane protein
to a membrane would affect the conformational state for the intrinsic membrane
proteins in the membrane, and thus affect their function, in uncontrolled ways.
This is clearly not allowable if the membrane is to be a functionally stable and
predictable system, as it must be. It seems therefore that the biologically im-
portant interactions in membranes will be microscopic rather than macroscopic.
Of course, an important corollary is then that intrinsic membrane proteins must
have a design such that they are not affected by any changes in the macroscopic
properties of a membrane that could occur physiologically.
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Peptide-Lipid Interaction:
Shedding Light into the Mode of Action
and Cell Specificity of Antimicrobial Peptides

YECHIEL SHAI

7.1
Introduction

Endogenous peptide antibiotics are known as evolutionarily old components
of innate immunity. They were found initially in invertebrates (Agerberth et
al.1995), but later on also in vertebrates, including humans (Agerberth et al.1995;
Gudmundsson et al. 1996). This secondary, chemical immune system provides
organisms with a repertoire of small peptides that are promptly synthesized upon
induction, and act against invasion (for both offensive and defensive purposes)
by occasional and obligate pathogens (Agerberth et al.1995; Hancock and Dia-
mond 2000; Nicolas and Mor 1995; Saberwal and Nagaraj 1994; Zasloff 2002; Hoft-
mann and Reichhart 2002). These peptides are a group within water/membrane
soluble proteins and peptide toxins used in the defense and offense systems of all
organisms. They include peptides that vary significantly in their length, second-
ary structure, tertiary structure, and the presence or absence of disulfide bridges.
Their size also varies significantly and includes ~9-100 amino acids (aa) (mostly
common L-aa), but very short synthetic antimicrobial peptides (AMPs) (6 aa)
were also reported (Jing et al. 2003). Most antimicrobial peptides are character-
ized by several properties including: (1) high percentage of hydrophobic amino
acids (>50%), (2) a net positive charge, and (3) the potential to form an amphi-
patic structure in membranes, in the form of an a-helix, B-sheet or any other
structure (Boman 1995; Dimarcq et al. 1998; Breukink et al. 1999; Shai 1999; Tossi
et al. 2000; Brotz and Sahl 2000). The updated list of native AMPs contains more
than 800 sequences, and several thousands of de novo designed antimicrobial
peptides (the reader is referred to http://www.bbcm.univ.trieste.it/~tossi/search.
htm for an updated list).

Because bacterial resistance to conventional antibiotics has become a major
problem worldwide due to their extensive use, the development of new families
of antibiotics that can overcome resistance has become an important task. In fact,
strains of bacteria that are resistant to all available antibiotics already exist (Wong
etal. 2000; Bonomo, R. A. 2000). AMPs vary in their spectrum of activity and they
can be classified into several groups:

1. Peptides that are highly toxic to microorganisms but are not active, or have
low toxicity toward normal mammalian cells. This group includes peptides that
are selective to different types of bacteria, e.g. cecropins isolated from the ce-
cropia moth, which are active mainly on Gram-positive bacteria (Steiner et al.
1981). Others are active on both Gram-positive and Gram-negative bacteria, e.g.
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magainins (Zasloff 1987) and dermaseptins (Mor et al.1991), both isolated from
the skin of frogs; cathelicidins (Zanetti et al. 2002; Lehrer and Ganz 2002) and
many others. This family also includes peptides that are active toward bacteria
and fungi or active solely on fungi and not on other targets (Landon et al. 1997).

2. Peptides that are toxic to microorganisms and mammalian cells, such as the
bee venom melittin (Habermann and Jentsch 1967), the Moses sole fish venom
pardaxin (Shai et al. 1988; Oren and Shai 1996), and to some extent the human
cecropin-like LL-37 (the first amphipatic a-helical peptide isolated from human),
and other cathelicidins (Johansson et al. 1998; Oren et al. 1999) and defensins
(Lehrer et al. 1993). The reader is referred to the many studies in the field for more
examples.

Understanding the mode of action of AMPs and the parameters involved in
their target cell specificity have been the subject of intense studies in recent years.
Importantly, potential toxicity makes it of great importance to know the underly-
ing properties of AMPs that control selectivity to a specific target (Hancock and
Rozek 2002). In contrast to available antibiotics, most AMPs cause physical dam-
age to the microorganism by disrupting and increasing the permeability of its
cytoplasmic membrane, damage that is hard to fix (Hancock and Diamond 2000;
Nicolas and Mor 1995; Boman 1991; Zasloff 1992; Lehrer and Ganz 1999; Hoff-
mann et al. 1999; Guder et al. 2000). Further support for the difficulties encoun-
tered by bacteria to become resistant to AMPs is the fact that AMPs are ancient
components of all species of life, and their induction pathways in all organisms,
including insects and plants, are conserved, and yet they are active for millions of
years. Since the killing mechanism of AMPs is different from that of the available
antibiotic, to which bacteria become resistant, AMPs are considered as attractive
substitute and/or additional drugs to conventional antibiotics. Note, however,
that bacteria can develop resistance to some AMP (which will be discussed later
on). The long list of natural AMPs isolated so far, as well as the synthetic peptides,
makes it hard to review most of them. Therefore, this chapter will focus on only a
few representative peptides.

7.2
The Target of Most Antimicrobial Peptides

Mode-of-action studies have revealed that most AMPs use the microorgan-
isms’ cytoplasmic membrane as their final and lethal target. Note, however, that
several studies have pointed out that they have other targets inside the cell as well
(Bowdish et al. 2004; Davidson et al. 2004). Lehrer et al. (1989) were the first to
demonstrate a membrane permeabilization mechanism in intact bacteria. They
showed that human neutrophil peptide defensin [HNP]-mediated bactericidal
activity against E. coli is associated with sequential permeabilization of the outer
and inner membranes, and that inner membrane permeabilization appears to be
the lethal event. For this study they utilized the ability of the normally imperme-
able substrate o-nitrophenyl galactoside (ONPG) to be hydrolyzed by a cytoplas-
mic enzyme L-galactosidase as a test of increased permeability. Since the main
constituents of these membranes are phospholipids, many studies were conduct-
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ed on the interaction of AMPs with model phospholipid membranes (Shai 1999;
Matsuzaki 1999; Wieprecht et al. 2000; Bechinger 1999; Wu et al. 1999). Note,
however, that the peptides need to traverse first the outer wall of the cell before
they can reach the cytoplasmic membrane. The importance of this barrier in de-
termining the mode of action of AMPs will be elaborated later on. The following
paragraphs will focus on several questions including: (1) What are the binding
sites for antimicrobial peptides? (2) What is the molecular mechanism by which
AMPs recognize and increase the permeability of phospholipid membranes? (3)
Is there a direct correlation between the activity of AMPs on model membranes
mimicking the membranes of different microorganisms, and their corresponding
biological function on these organisms? (4) Is there a need for a specific peptide
sequence and structure to gain potent antimicrobial activity?

(1) The cell membrane as a non-specific receptor. A non-receptor-mediated
mode of action of AMPs was proposed because enantiomers of AMPs (composed
solely of D-aa) preserved the same biological function of their all L-amino acid
parental native peptides. Examples include melittin (a non-cell-selective a-heli-
cal lytic peptide), cecropin (a non-hemolytic a-helical peptide active mainly on
Gram-positive bacteria), magainin (a non-hemolytic a-helical peptide active on
both Gram-positive and Gram-negative bacteria) androctonin (a non-hemolytic
[B-sheeted peptide containing cysteine) and others (Wade et al. 1990; Bessalle et
al. 1990; Merrifield, et al. 1995; Hetru et al. 2000). Very interestingly, it was also
shown that diastereomers (containing both L- and D-aa) of non-cell-selective lytic
peptides preserved their antimicrobial activity, but lost their lytic activity toward
mammalian cells. This has been shown with diastereomers of pardaxin, melittin,
and de novo designed lytic peptides composed of leucine and lysins (Oren and
Shai 1996; Shai and Oren 1996; Oren et al. 1997; Hong et al. 1999; Kondejewski
et al. 1999; Avrahami et al. 2001). The structure of the diastereomers is different
from that of their parental peptides composed solely of L-amino acid peptides,
and therefore the same receptor should not recognize both the all-L-aa and the
diastereomeric forms. Note, however, that if the recognition is within the mem-
brane milieu such interaction is possible, since it has been shown that recognition
within the membrane milieu is chirality independent (Gerber et al. 2004a, b, 2005;
Sal-Man et al. 2004; Gerber and Shai 2002). Other studies further demonstrated
the advantages of incorporating D-aa into membrane-active and AMPs (Jelokha-
ni-Niaraki et al. 2000; Fernandez-Lopez et al. 2001).

These studies suggest that AMPs have a general and common target. This tar-
get is believed to be the bacterial cell wall and the cytoplasmic membrane, both of
which are negatively charged (Brock 1974), compared with the zwitterionic mam-
malian membranes (Verkleij et al. 1973), as will be discussed in the following
paragraphs. The net positive charge allows preferential binding to the negatively
charged constituents of the bacterial wall (reviewed in Shai 1999; Tossi et al. 2000;
Wu et al. 1999; Matsuzaki et al. 1998; Oren and Shai 1998; and Bulet et al. 1999).

(2) AMPs that bind to specific receptors. A few peptides use receptors for their
interaction with the bacteria cell wall. Peptides belonging to this group are pro-
duced mainly by bacterial, they are active at nanomolar concentrations, and have
a narrow spectrum of activity. They contain two regions: a receptor-binding do-
main and a membrane-binding domain. The receptor increases the peptides af-
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finity to the membrane, and as a consequence they reach a high concentration of
membrane-bound peptide which induces an increase in membrane permeability.
The first identified peptide within this group was nisin Z, which uses the mem-
brane-anchored cell-wall precursor lipid II as a receptor (Breukink et al. 1999).
Nisin combines the high affinity for lipid II with pore-forming ability. It is not
clear, however, how the pore-forming domain permeates the target membrane. It
has also been shown that lipid II is not only the receptor for nisin but an intrinsic
component of the pore formed by nisin, and that the stoichiometry between nisin
and lipid II is either 1:1 or 1:2 (Breukink et al. 2003; Hsu et al. 2004; Hasper et al.
2004 ). Furthermore, Wiedemann et al. (2004) performed single-channel experi-
ments in the absence of lipid IT and found that a constant voltage of 100 mV had
to be applied in order to obtain a strong current. However, when the membrane
was doped with 1 mol% lipid II, only 5 mV was sufficient to produce regular pat-
terns of membrane conductance, corresponding to an average pore diameter of
2-2.5nm. Bacteriocins are another group of AMPs with a receptor-mediated ac-
tivity. They are composed of 37-44 amino acids, ribosomally synthesized by lactic
acid bacteria (Marugg et al. 1992; Fleury et al. 1996). These peptides show potent
activity toward a narrow spectrum of Gram-positive food spoilage and pathogenic
bacteria, e.g. Listeria. They display no toxicity toward humans or other eukaryo-
tes (Ennahar et al. 2000). An enantiomer of leuA, a member of this family, com-
posed of only D-aa, was completely inactive against bacteria, thereby demonstrat-
ing that a chiral interaction is required at the target-cell surface for bacteriocin
to display its effects (Yan et al. 2000). Removal of the receptor-binding domain
in members of this group resulted in a loss of bacteria-specific selectivity. The
resultant analogs became active toward other bacteria at a micromolar range.

Most of the AMPs reported so fare do not use receptors for their function.
Therefore, the following paragraphs will focus on a non-receptor-mediated kill-
ing mechanism of AMPs.

7.3
How do AMPs Select Their Target Cell?

Data from many reports revealed no correlation between the specific biologi-
cal function of AMPs, and their sequence or structure. Some kill specifically bac-
teria and others are active also against eukaryotic cells. These intriguing prop-
erties led to a fundamental question: what are the parameters that are involved
in their activities toward a particular target? These parameters were found to be
dependent on the properties of both the peptide and the target cell.

7.3.1
The Role of the Membrane and Peptide Properties
in the Biological Function

The majority of AMPs share two properties: they are highly cationic and they
are composed of approximately 50% hydrophobic amino acids (reviewed in Sab-
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erwal and Nagaraj 1994; Shai 1999; Tossi et al. 2000; Bulet et al.1999; Kobayashi
et al. 2000; Hwang and Vogel 1998; Andreu and Rivas 1998). However, there
are exceptions, such as temporins, 13 amino acid AMPs isolated from the skin
of frogs, which contain only one positively charged amino acid (Simmaco et al.
1996; Mangoni et al. 2004). Regarding the compositions of the membranes of the
target cells, there are several major differences between the phospholipids of the
cytoplasmic membranes, as well as between the compositions of the outer wall/
layer of various target cells. The outer surface of Gram-negative bacteria con-
tains lipopolysaccarides (LPS), and that of Gram-positive bacteria contains acidic
polysaccharides (teichoic acids), conferring a net negative charge to the surface of
both Gram-positive and Gram-negative bacteria (Brock 1974). Furthermore, the
phospholipids of the inner membrane of Gram-negative bacteria and the single
membrane of Gram-positive bacteria are negatively charged and composed pre-
dominantly of phosphatidyl glycerol (PG) and phosphatidylethanol amine (PE).
In addition, Gram-negative bacteria have a thinner cell-wall peptidoglycan layer
compared with Gram-positive bacteria. In contrast to bacteria, the distribution
of phospholipids in normal mammalian cells is asymmetric; the outer leaflet is
composed predominantly of zwitterionic phosphatydilcholine (PC), cholesterol
and sphingomyelin, whereas the inner leaflet is composed of negatively charged
phosphatydilserine (PS) (Verkleij et al. 1973). However, they also contain a large
number of highly negatively charged sialic acid-containing carbohydrate moie-
ties in the form of glycoproteins and glycosphingolipids, which form the glycoca-
lix layer. Similarly, the outer surface of fungi is composed of PC and ergosterol. It
should be noted also that the outer surface of many cancer cells is slightly more
negatively charged compared with normal cells because (1) they are slightly en-
riched with PS in their outer surface compared with normal cells, and (2) they
are enriched with O-glycosylated mucines, high molecular weight glycoproteins
comprising a backbone protein, to which oligosaccharides are attached via the
hydroxylic groups of serine or threonine (Cappelli et al. 1999). This might explain
why some AMPs efficiently lyse both bacteria and cancer cells (Ohsaki et al. 1992;
Baker et al. 1993; Papo et al. 2003; Papo and Shai 2003; Papo et al. 2004).

7.3.2
Peptide Sequence and Organization in Solution and Membranes

The biological function of AMPs does not depend on their specific structure.
In addition, in some cases more than 60% of the amino acids were substituted in
a particular AMP without affecting its biological function, while in others, minor
changes in their primary sequence markedly affected their spectrum of activity.
These topics and others are elaborated in the following paragraphs.
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7.3.21
Peptide Hydrophobicity and Charge

The distribution of the positive charges along the peptide backbone have an
effect on the biological function of AMPs. AMPs with their positively charged
amino acids, spread along the peptidic chain, act better toward bacteria com-
pared with mammalian cells. Examples include magainin (Matsuzaki 1998), ce-
cropins (Steiner et al. 1981; Gazit et al. 1994; Bechinger 1997), dermaseptins (Mor
et al. 1991; Pouny et al. 1992), and others (Tossi et al. 2000; Andreu and Rivas
1998). In contrast, AMPs that are not cell-selective have either a low number of
positive charges, or alternatively, most of their positively charged amino acids are
segregated at the termini of the peptides. Examples include melittin (Blondelle
and Houghten 1991; Sharon et al. 1999), pardaxin analogs (Oren and Shai 1996),
indolicidin (Selsted et al. 1992), and bombinins (Mignogna et al. 1993). However,
there are exceptions that include highly potent antifungal AMPs that do not have
their positively charged amino acids segregated at the peptide termini. The list
includes defensines (Hoffmann and Reichhart 2002), dermaseptins (Strahilevitz
et al. 1994; Ghosh et al. 1997), cathelicidines (Zanetti et al. 1997), the human-like
cecropin, LL-37 (Johansson et al. 1998; Oren et al. 1999), tachystatin (Osaki et
al. 1999), bovine lactoferricin (Vogel et al. 2002), and others. Note that peptides
which are active against fungi are in most cases also more hemolytic. This is be-
cause the predominant component of the outer leaflet of the membranes of both
mammalian and fungal cells is zwitterionic (predominantly PC phospholipids),
although those of fungi are slightly more acidic due to the presence of PI. How-
ever, a few native positively charged AMPs and lipopeptides are sensitive to this
mild difference in lipid composition, and therefore act on fungi at concentrations
which do not lyse mammalian cells. The list includes dermaseptin, LL-37 and de
novo designed short (12-mer) fatty-acid-conjugated diasteriomeric peptides (Av-
rahami and Shai 2003, 2004). Loss of cell specificity can also result if the peptide
hydrophobicity is increased, concomitant with a reduction in the number of posi-
tively charged amino acids (Oren et al. 1997; Hong et al. 1999).

7.3.2.2
The Role of the Amphipatic Structure and its Stability

Most studies were carried out with L-amino acid peptides possessing amphip-
athic a-helix or B-sheet structures, which are known to be important for bio-
logical activities. In contrast, studies which compared the effect of significantly
altering the sequence of an amphipathic a-helical peptide (15 aa long) and its
diastereomer (composed of both L- and D-aa) did not support the need for a pre-
ferred structure or sequence (Papo et al. 2002, Papo and Shai 2004). Table 7.1 lists
the sequences of the all-L-amino acid peptides and their D,L-amino acid dias-
tereomers. These peptides were investigated regarding their structure, function,
and interaction with model membranes and intact bacteria. Sequence alteration
included changing the positions of the D-aa, shuffling between the amino acids,
scrambling, as well segregating the hydrophobic and positively charged amino
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Table7.1. Designations,sequences,retentiontimes,andpercentageofenzymaticdegradation
of de novo designed all-L-amino acid cationic peptides and their diastereomers, in which the
sequences were drastically altered while keeping the same amino acid composition

Peptide designation Sequence?® RP-HPLC Percentage
retention of enzymatic degradation®
time (min)

L-aa peptides

Amphipathic-1L LKLLKKLLKKLLKLLNH; 24.23 100
Scrambled-4L KLKLLKLLKLLKLLK-NH; 24.41 100
Segregated-5L KKKLLLLLLLLLKKK-NH; 23.30 100

Diastereomers

Amphipathic-1D LKLLKKLLKKLLKLL-NH, 22.95 58
Amphipathic-2D LLKKLLKLLLKLLKK-NH; 23.12 100
Amphipathic-3D LLKLLKKLLKKLLKL-NH, 21.31 100
Scrambled-4D KLKLLKLLKLLKLLK-NH, 23.02 26
Segregated-5D KKKLLLLLLLLLKKK-NH, 25.05 0
Segregated-6D LLLLLKKKKKKLLLL-NH, 26.98 100

#Underlined and bold amino acids are D-enantiomers. All the peptides are amidated in their
C-terminus.
b peptides were treated for 2 h with trypsin or proteinase-K.

acids. Interestingly, the effect of sequence alteration on biological function was
similar for the L-amino acid peptides and the diastereomers, despite some differ-
ences in their structure in the membrane as revealed by ATR-FTIR spectroscopy.
However, whereas the all-L-amino acid peptides were highly hemolytic, had low
solubility, lost their activity in serum, and were fully cleaved by trypsin and pro-
teinase-K, the diastereomers were non-hemolytic and maintained full activity in
serum. Furthermore, sequence alteration allowed making the diastereomers fully,
partially, or totally protected from degradation by the enzymes, which should be
an advantage for future design of such peptides for therapeutic purposes (Papo
et al. 2002).

Regarding AMPs with a stable amphipatic structure, they can expose their hy-
drophobic face to the hydrophobic constituents of the target cell membrane. This
should permit strong interactions with the cell membrane, driven by hydrophobic
interactions rather than by electrostatic interactions. As a consequence, they are
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non-cell-selective. The bee venom melittin serves as a good example. It adopts
~80% a-helical structure when bound to phospholipid membranes. A diastereo-
meric analog of melittin was synthesized by substituting four L-aa along the pep-
tide with their D-aa enantiomers. This diastereomer bound strongly and destabi-
lized only negatively charged phospholipid vesicles, in contrast to native melittin,
which bound strongly also zwitterionic phospholipids. As a result, this diaster-
eomer was not active against erythrocytes, but preserved activity toward bacte-
ria (Oren and Shai 1996). The structure of the diastereomer was determined by
NMR in water, as well as in three different membrane-mimicking environments,
40% 2,2,2-trifluoroethanol (TFE)/water, methanol, and dodecylphosphocholine
/phosphatidylglycerol (DPC/DMPG) micelles (Sharon et al. 1999) (Fig. 7.1). The
NMR data revealed a stable amphipatic a-helix only in the C-terminal region
of the diastereomer in membrane-like environments. In solution, native melit-
tin forms tetramers which stabilize its a-helix (Terwilliger and Eisenberg 1982).
However, the diastereomer is completely unstructured and exists as monomers
in solution. This structural alteration affects the free energy of binding and inser-
tion into membranes. The free energy cost of inserting unfolded peptides into
both negatively charged and zwitterionic phospholipids membranes include the
hydrophobic interactions between the non-polar amino acids and the phospholi-
pid hydrocarbon layer, and the cost of partitioning the polar amino acids and the
peptide bond (CONH) into a non-polar environment (Wimley and White 1996).
Electrostatic interactions play an important role in the initial binding of the dias-
tereomer to negatively charged membranes (Papo and Shai 2003). When bound
to these membranes, the positive charges of the diastereomer are partially neu-
tralized by the negative charges of the phospholipid headgroups, thus reducing
the energy cost of adsorbing the peptide into the membrane. Subsequently, it al-
lows the hydrophobic forces to manifest themselves following the formation of a
stable a-helical structure in the C-terminal of the peptide. This drives the peptide
further into the interface, leading to membrane lysis. This does not occur with
zwitterionic phospholipids, and therefore, the diastereomer binds these mem-
branes 100-1000-fold less than native melittin (Papo and Shai 2003; Ladokhin
and White 1999).

Interestingly, even though the structure of a diastereomer is not preserved it
can form a kind of amphipatic structure. An NMR study was conducted to deter-
mine the structure of an amphipathic a-helical peptide KLLLKWLLKLLK-NH,
(K4L;W) and its diastereomer KLLLKWLLKLLK-NH, (D-L>*%1°K,L,W) (where
bold and underlined letters indicate D-aa) in hydrophobic environments (Oren
et al. 2002). The structures in DPC micelles of all L-aa K,L,W and D-L>*®1°K ,L, W
shown in Figs. 7.1(B) left side and 3(B) right side, respectively, display the rela-
tive positions of the two central lysine residues (Lys-5 and Lys-9) and adjacent
leucines (Leu-4 and Leu-8). Interestingly, the a-helix was clearly observed for
K4L;W in the DPC micelles, and less defined, although somewhat helical structure
was observed for D-L***!°K,L,W. Importantly, the positions of the leucine and
lysine side-chains illustrate the amphipathic organization of the peptides. The
relative side-chain orientations depicted in Fig. 7.1(b) clearly reveal segregation
between charged (lysine side-chains) and hydrophobic (leucine side-chains) in-
terfaces within the membrane-associated peptides.
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KoLy W KqLaigW

Fig. 7.1. (a) The NMR structure of [D]-V>:8,117 K21-melittin in DPC/DMPG micelles (Sharon et
al. 1999). (b) Wheel structure and calculated average structures of diastereomeric peptides
composed of Lys and Leu, showing the orientation of residues Leu-4, Leu-8, Lys-5 and Lys-9 in
DPC micelles (Oren et al. 2002)
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7.3.2.3
The Role of Peptide Self-Association
in Solution and/or in Membranes

Self-association of AMPs is an important parameter which affects their selec-
tivity toward different cells. Self-association is driven either by the peptidic chain,
or by the attachment of extrinsic hydrophobic groups such as fatty acids, result-
ing in the formation of «-helical bundles that could initiate strong hydropho-
bic binding to zwitterionic membranes (Oren et al. 1999; Strahilevitz et al. 1994;
Ghosh et al. 1997). The role of self-association of AMPs in their selective binding
to target cells is elaborated in the following paragraphs.

(1) AMP self-association driven by amino-acid interaction. The effect of peptide
self-association on the function of AMPs has been demonstrated in several
studied.

(a) Dermaseptin and its native mutants, isolated from the skin of the Phyl-
lomedusa frog (Mor et al. 1994), were shown to have different cell spe-
cificities. Mode-of-action studies demonstrated that those which are non-
cell-selective oligomerize in the membrane and bind and permeate both
zwitterionic and negatively charged membranes (Strahilevitz et al. 1994;
Kustanovich et al. 2002). Assembly was driven either by the hydrophobic
N-terminal of one mutant or by the additional negative charge (Asp at the
fifth position) in another mutant. In another study, dermaseptin S3 (DS3)
was shown to be toxic only toward the intraerythrocytic parasite, while
another mutant, dermaseptin S4 (DS4), was toxic to both the parasite and
the host erythrocyte (Ghosh et al. 1997). Studies with fluorescently labeled
peptides revealed that DS4 forms larger aggregates in aqueous solution
compared with DS3.

(b) The role of peptide oligomerization in selective lytic activity was addressed
also with the human cecropin-like LL-37, which is cytotoxic to both bacte-
ria and normal eukaryotic cells. In contrast, its N-terminal truncated form,
FF-33, preserved the antimicrobial activity of the parental LL-37 but was
devoid of hemolytic activity. Using fluorescently labeled peptides, it was
found that LL-37, but not FF-33 exists in equilibrium between monomers
and oligomers in solution at very low concentrations (Oren et al. 1999).

(c) A series of amphipatic all-L-amino acid peptides and their diastereo-
mers were de novo synthesized. The template for the sequence was
KX;KWX,KX,K where X = Gly, Ala, Val, Ile, or Leu (Avrahami et al. 2001).
The data revealed that most of the L-amino acid peptides oligomerized
and adopted distinct structures (random coil, a-helix or {3 sheet) in solu-
tion and in a membrane mimetic environment. Among this group, only
the Leu-containing peptide was active on both bacteria and human eryth-
rocytes, while its diastereomer, which did not oligomerize in solution, was
active only on bacteria. The large size of these oligomers probably prevent-
ed them from penetration into the bacterial phospholipid membrane, and
therefore, their all L-amino acid parental peptides were practically inactive
(Avrahami et al. 2001).
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(2) AMP self-association driven by the conjugation of fatty acids. The attachment
of fatty acids has been shown to control hydrophobicity and self-assembly of
monomeric AMPs, without altering the properties of the peptidic chain. In a
first study magainin was used (Avrahami and Shai 2002). When aliphatic acids
with different lengths were attached to its N-terminal they affected its organi-
zation in solution. The attachment of heptanoic, undecanoic, and palmitic
acids resulted in lipopeptides with three distinct structures and oligomeric
states in solution, at their minimal inhibitory concentration (MIC): (a) the at-
tachment of heptanoic acid resulted in a monomeric, unordered structure; (b)
the attachment of undecanoic acid yielded concentration-dependent oligom-
ers of a-helices; and (c) the attachment of palmitic acid yielded concentra-
tion-independent a-helical monomers, a novel lipopeptide structure, which is
resistant to proteolytic digestion. A cartoon illustrating possible organizations
of these three lipopeptides is shown in Fig. 7.2. As expected, the increase in
hydrophobicity and the oligomeric state of magainin analogs increased its ac-
tivity toward mammalian cells. Similar results were obtained with fatty acid-
conjugated de-novo synthesized 12-mer diastereomeric AMPs (Avrahamiand
Shai 2003).

In another study conjugation of fatty acids to non-membrane active peptides
endowed them with antimicrobial activities (Avrahami and Shai 2003, 2004).
A new group of lipopeptides with potent antifungal or both antibacterial and
antifungal activities was developed by conjugation of palmitic acid to short
positively charged peptides, which are devoid of biological activity. The pa-
rental peptides also did not have the threshold hydrophobicity required for

C7-magainin C11-magainin C16-magainin

Fig. 7.2. A cartoon illustrating possible organizations of three lipophilic magainin analogs in
solution. Thick lines and helices represent the peptides and thin lines represent the fatty acid
moieties (modified from Avrahami and Shai 2002)
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membrane binding and permeation. Specifically, a group of diastereomeric
peptides with a general sequence K,X;W (X designates one of the following
aliphatic amino acids: Gly, Ala, Val, or Leu) were palmitoylated at their N-
terminus. Most importantly, palmitoylated K4G;W and K4A;W gained potent
antibacterial and antifungal activity with low hemolytic activity, despite the
fact that both parental peptides were completely devoid of any activity toward
microorganisms and model phospholipid membranes. In contrast, palmi-
toylated K4L;W lost the potent antibacterial activity of the parental peptide
but preserved antifungal activity albeit with different selectivities. Interest-
ingly, both K,V;W and its palmitoylated analog were inactive toward bacteria,
and only the palmitoylated peptides was highly potent toward yeast. Both the
Leu and Val derived lipopeptides were also endowed with hemolytic activ-
ity. Mode-of-action studies suggested that this group of lipopeptides act by
increasing the permeability of the cell membrane, and that differences in their
potencies and target specificities are the result of differences in their oligo-
meric state and ability to dissociate and insert through the cell wall into the
cytoplasmic membrane.

(3) Cyclization of linear lytic peptides decreases assembly and increases selectivity

towards bacteria. Cyclization of linear amphipatic a-helical peptides reduced
the extent of their a-helical structure, and as a consequence reduced their oli-
gomeric state, which in turn affected their biological function. Examples in-
clude the following. Cyclic forms of magainin 2 and melittin were synthesized
by incorporation of cysteins at both the N- and C-termini of the peptides (Av-
rahami and Shai 2002). Cyclization of magainin markedly reduced its cytolyt-
ic activity toward both erythrocytes and bacteria. In contrast with magainin,
cyclization of melittin analog significantly reduced its hemolytic activity but
preserved or increased activity toward bacteria. The reduction in hemolytic
activity of both peptides upon cyclization was correlated with a reduction in
their binding and the ability to increase the permeability of PC/cholesterol
membranes, the major component of the outer leaflet of red blood cells. Most
importantly, at similar molar ratios of bound peptide:lipid, both linear and
cyclic magainin analogs showed similar membrane permeation activity with
both zwitterionic and negatively charged phospholipid membranes, indicat-
ing that the linearity of this peptides is not required for membrane binding
and permeation. However, the finding that cyclic magainin is much less active
than linear magainin in the killing of bacteria, points to the role of linearity in
reaching the bacterial inner phospholipid membrane.

7.4
Mode of Action of AMPs

The studies described above indicated the cell membrane as the major target

of AMPs. However, internal targets were proposed for some of them (Hancock
and Diamond 2000; Hancock and Rozek 2002; Wu et al. 1999). To interact and
insert into the target membrane, AMPs undergo conformational changes from
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water-soluble to membrane-soluble form, but the details of the actual membrane
permeation pathways for most AMPs are still not clear. Although several mod-
els were proposed in recent years, the majority of them suggest that the mem-
brane permeation process takes place via two consecutive steps: (1) peptides bind
onto the surface of the membrane until a local threshold concentration has been
reached, and (2) peptides permeate the membrane (Zasloff 2002; Shai 1999; Tossi
et al. 2000; Hancock and Rozek 2002).

7.4.1
The Barrel-Stave Model

The barrel-stave model was first proposed to describe the formation of trans-
membrane channels/pores by bundles of amphipatic a-helical peptides (Ehren-
stein and Lecar 1977; Sansom 1993, 1998). Peptides which act via this mechanism
are inserted into the membrane such that their hydrophobic surfaces interact
with the lipid core of the membrane and their hydrophilic surfaces point inward
producing an aqueous pore (Fig. 7.3). Amphipatic a-helical lytic peptides which
act on a specific or several types of cells including bacteria, fungi and mammalian
cells, were among the first to be discovered, and therefore used as models for
mode-of-action studies. It has been suggested that following binding, linear am-
phipatic a-helical peptides would form transmembrane pores, presumably via a
barrel-stave mechanism (Ehrenstein and Lecar 1977) (Fig. 7.3). The experimental
evidence for this model was predominantly the ability of many of these peptides
to induce single channels in planar lipid membranes (Christensen et al. 1988;
Westerhoff et al. 1989; Duclohier et al. 1989; Matsuzaki et al. 1991). Peptides that
act via the barrel-stave mechanism need to insert into the hydrophobic lipidic
core of the membrane, and therefore their interaction with the target membrane
is governed predominantly by hydrophobic interactions. The following steps are
involved in the barrel-stave mechanism: (1) the peptides bind onto the surface
of the membrane and self-associate; (2) the bundle inserts into the membrane to

ﬂ
h

Fig. 7.3. A cartoon illustrating the formation of channels/pores via the barrel-stave model.
Peptides reach the membrane either as monomers or oligomers and assemble on the surface
of the membrane (step A). In the next step they insert into the lipid core of the membrane fol-
lowing recruitment of additional monomers (step B)
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form a transmembrane pore; (3) the pore increases due to the recurrent of more
monomers; (4) a minimal length of ~22 aa is required for a peptide to transverse
the lipid bilayers if it adopts an a-helical structure, or ~8 aa if the peptide adopts a
[-sheeted structure. Studies have shown that only a few lytic amphipatic peptides
act via the barrel-stave mechanism. All of these peptides bind to membranes via
hydrophobic interactions and are usually very toxic to all types of cells includ-
ing bacteria, mammalian cells and fungi. Examples include alamethicin (Sansom
1993; Rizzo et al. 1987), melittin (DeGrado et al. 1982; Vogel et al. 1983; Dempsey
and Butler 1992; Ladokhin and White 2001), pardaxin (Shai et al. 1990; Rapaport
and Shai 1991, 1992), and the helix a5 of §-endotoxin (Gazit and Shai 1993; Gazit
et al. 1994).

7.4.2
The Carpet Model

The barrel-stave mechanism was found to be used by the non-cell-selective
AMPs but not by those peptides that are selectively active on bacteria (Strahilevitz
et al. 1994; Shai et al. 1990; Rapaport and Shai 1991, 1992; Gazit et al. 1994; Pouny
and Shai 1992; Shai 1994). Detailed mode-of-action studies suggested an alterna-
tive model, termed the carpet model or a detergent-like model (Pouny and Shai
1992; Gazit et al. 1995a, b).

Figure 7.4 depicts the four steps proposed to be involved in the carpet mecha-
nism:

(1) The peptides bind, in a monomeric or oligomeric form, onto the surface of the
negatively charged target membrane and cover it in a carpet-like manner.

(2) The peptides reorient themselves such that their hydrophobic face is toward
the lipids and the hydrophilic face toward the phospholipid head groups.

(3) The peptides reach a threshold concentration.

(4) The peptides permeate/disintegrate the membrane by disrupting the bilayer
curvature.

According to the carpet model, peptides are in contact with the phospholi-
pid head group throughout the entire process of membrane permeation. An early
step before the collapse of the membrane packing may include the formation of
transient holes in the membrane. Such holes were described in the torodial model
for pore formation or in the two-state model, in which the lipid bends back on it-
self like the inside of a torus (Matsuzaki et al. 1995; Ludtke et al. 1996; Heller et al.
1998; Huang 2000). Major differences between the carpet and barrel-stave models
are: (1) the carpet model does not require recognition between membrane-bound
peptide monomers; (2) in the carpet model peptides do not insert into the hy-
drophobic core of the membrane; and (3) the carpet model does not require a
specific peptide structure. Based on the above, a major advantage of the carpet
mechanism is that many peptides can fall within the criteria required, which in-
deed explains why thousands of peptides have antimicrobial activity regardless of
their length, sequence and secondary structure.
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Fig. 7.4. A cartoon illustrating the carpet model suggested for membrane permeation. The
peptides reach the membrane as monomers or oligomers, followed by binding to the surface
of the membrane with their hydrophobic surfaces facing the membrane and their hydrophilic
surfaces facing the solvent (step A). After a threshold concentration of peptide monomers
has been reached, the peptides permeate the membrane. This can be achieved in different
ways, e.g. a detergent-like effect via the formation of non-organized transient pores (step
B1), formation of organized transient or permanent toroidal pores (step B2) or hydrophobic
pore/channel aggregates (B3) when the peptide is very hydrophobic. The final stage in all
cases may be membrane disintegration (step C)

The carpet mechanism described the mode of action of many other AMPs,
such as dermaseptin natural analogues (Strahilevitz et al. 1994; Ghosh et al. 1997;
La Rocca et al. 1999), cecropins (Gazit et al. 1994, 1995a, 1996), the human AMP
LL-37 (Oren et al. 1999), caerin 1.1 (Wong et al. 1997), trichogin GA IV (Monaco
et al. 1999), androctonin (Hetru et al. 2000), diastereomers of lytic peptides (Shai
and Oren 1996; Oren et al. 1997, 1999; Fernandez-Lopez et al. 2001; Sharon et al.
1999; Oren and Shai 2000), Kassinatuerin-1 (Mattute et al. 2000), melittin in ani-
onic lipids (Ladokhin and White 2001; Steinem et al. 2000), mastoparan X (Whiles
et al. 2001), and apomyoglobin 56-131 peptide (Mak et al. 2001) (also reviewed in
Zasloff 2002; Tossi et al. 2000; Bechinger 1999; Lohner and Prenner 1999; Epand
and Vogel 1999; Dathe and Wieprecht 1999; Sitaram and Nagaraj 1999; Mor 2000).
Note, however, that the carpet model is not characteristic only of AMPs, because
short lytic peptides which are highly hydrophobic and are toxic to erythrocytes
and fungi also act via the carpet mechanism (Oren et al. 1997, 1999; Kustanovich
et al. 2002).

In support of the membrane disintegration step, studies on the morphology
of bacteria after treatment with AMPs that act via the carpet mechanism demon-
strated the breakage of the bacterial membrane (Oren and Shai 1996, 2000; Shai
and Oren 1996; Oren et al. 1997, 1999). Figure 7.5 shows an example of electron
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Fig. 7.5. Electron micrographs of negatively stained E. coli D21 and P. aeruginosa untreat-
ed and treated with the diastereomers shown in Table 7.1 at 60% MIC and at their MIC. (a)
untreated; (b) after treatment of E. coli with Amphipathic-1D (60% of MIC); (c) E.coli after
treatment with Amphipathic-1D (at MIC); (d) untreated P. aeruginosa; (e) after treatment of P.
aeruginosa with Amphipathic-1D (60% of MIC); (f) P. aeruginosa treated with Amphipathic-1D
(at MIC); (g) P. aeruginosa treated with Segregated-5D at the same concentration as indicated
in(e)

micrographs of negatively stained bacteria untreated and treated with diastere-
omeric peptides listed in Table 7.1.
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7.5
Summary

AMPs are integral components of the innate immunity system which serve to
kill various cells, including bacteria, fungi and mammalian cells. They do not re-
quire a specific sequence or structure but rather an appropriate balance between
hydrophobicity and a net positive charge. However, their cell specificity depends
on parameters such as the level of hydrophobicity and the aggregation state of the
molecule in solution and membranes. These parameters also affect the mode of
action of the peptides. The finding that there are thousands of AMPs with variable
lengths and sequences and that they are active at similar micromolar concentra-
tions, suggests a general carpet mechanism for their mode of action. Overall the
carpet model was successful because it allowed developing a novel family of di-
astereomeric antibacterial peptides. The unique properties of this family, such as
controlled enzymatic degradation, stability in serum and in whole blood, make
them promising candidates for systemic treatment of infectious diseases and can-
cer. Indeed recent studies demonstrated this ability (Papo and Shai 2003; Papo
et al. 2004; Braunstein et al. 2004). Finally, although many studies suggest that
the lethal event is the damage of the bacterial membrane, some studies point to
a multihit mechanism in which the peptide binds to targets in the cytoplasmic
region of the bacteria (Hancock and Rozek 2002).
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Structural and Functional Modulation of
lon Channels by Specific Lipids: from Model
Systems to Cell Membranes

ASIA M. FERNANDEZ, JOSE A. POVEDA, JOSE A. ENCINAR, ANDRES MORALES
and JosE M. GONzALEZ-Ros

8.1
Introduction

Biological membranes provide specialized permeability barriers for cells and
cell organelles, in which the interplay of lipids and membrane proteins facilitates
a wide range of key biochemical processes. These include respiration, photosyn-
thesis, protein and solute transport, signal transduction, and motility. The inter-
actions between membrane proteins and the lipid bilayer have to allow for struc-
tural protein rearrangements while keeping the sealed nature of the membrane.
This is especially important because many membrane proteins undergo confor-
mational changes that take place in or affect the transmembrane regions which
are essential for their activity. The mobile and flexible lipid molecules are excel-
lent candidates for maintaining this sealing function as they can adhere to the
surface of integral membrane proteins and adjust to a changing environment.

Alarge number of biochemical and biophysical studies have demonstrated the
importance of protein-lipid interactions in the assembly, stability, and function
of membrane proteins (Lee 2003). Indeed, intrinsic membrane proteins, including
ion channels, often show an absolute requirement for lipid. In the study of such
requirements, different aspects of membrane protein-lipid interactions have to
be considered. First, the lipid bilayer provides the matrix in which membrane
proteins are partially or fully embedded. However, the bilayer is not a passive
homogeneous medium; in fact, partitioning of certain proteins is enhanced by
specific interactions with lipids. This sometimes leads to the formation of micro-
domains or “lipid rafts”, which are proposed to have a role in signal transduction,
membrane transport, and protein sorting, and might serve as mobile platforms
for the clustering and organization of bilayer constituents, including ion chan-
nels (Brown and London 1997; Simons and Toomre 2000; Shogomori and Brown
2003). Second, spin-label EPR experiments show that a first shell of motionally
restricted lipids surrounds the transmembrane segments of proteins (Marsh and
Horvath 1998). Lipid specificity has been demonstrated as well in numerous bio-
chemical studies, which showed that certain phospholipids are essential for the
activity of several membrane proteins (Dowhan 1997; Lee 2004; Tillman and Cas-
cio 2003). Finally, tightly bound lipids have been detected in the X-ray crystal
structure of several membrane proteins and have been included in the model and
refined with the protein (see references in Lee 2003). In most cases, these structur-
ally resolved lipids are co-purified with the membrane proteins, and crystallized
as protein-lipid complexes. The existence of such high-affinity lipid binding sites
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on the protein has provoked discussion and stimulated research to elucidate their
possible functions (Pebay-Peyroula and Rosenbusch 2001).

The aim of this chapter is to examine how the nature and properties of the
bilayer affect ion channel structure and function. As examples, we have focused
on specific K* ion channels and on the nicotinic acetylcholine receptor (nAChR),
two classes of ion channels representative of voltage-gated and ligand-gated ionic
channel (LGIC) families, respectively, and whose structure and function have
been documented during the past decade (Doyle et al. 1998; Unwin 2003). The re-
sponsiveness of these ion channels to changes in the lipid environment illustrates
how ion channels, and perhaps many other membrane proteins, may be regulated
via cellular control of membrane composition.

8.2
Importance of Lipid-Protein Interactions
in lon Channel Modulation

Ion channels are at the centre of many complex physiological processes such
as the control of the beating rate in the heart or the generation of electrical signals
in the brain. Ion channels involved in these processes possess two basic character-
istics. The first is that they are selective, either for a range of ions (e.g. the nAChR
channel, which is cation-selective) or for specific ions (e.g. K* channels). Second,
the channels have the ability to control movement of these ions, that is, to open or
close the ion conduction pathway, a process known as channel gating.

Ion channels accomplish their function of ion permeation after being inserted
into the lipid bilayer of the membrane. The process of insertion is poorly under-
stood and most likely rather heterogeneous. Once the ion channel is placed into
the lipid membrane, it is believed that the protein assumes an energetic minimum,
leading to a stable structure. However, molecular insights into the functioning of
ion channels indicate that the processes of ligand-binding (Karlin 2002) and volt-
age sensing (Starace and Bezanilla 2004) are able to modify such structures.

Ion channels are generally multi-subunit complexes, with the ion conduction
pathway formed as an aqueous pore at the interface between the subunits. The
movement of transmembrane segments is crucial in controlling the diameter of
the ion pathway and, as a consequence, determines whether the channel is in ei-
ther the closed or in the open state. So far, three possible alternatives have been
entertained to explain movement of the transmembrane helices during channel
gating based on the recently determined structures of mechanosensitive (Chang
et al. 1998), ligand-gated (Unwin 2003) and voltage-gated channels (Kuo et al.
2003). All of them move transmembrane segments away from the central ion con-
duction pathway which results in the displacement of a hydrophobic gate from
the ion conduction pathway, allowing ion movement through the channel. The
channels would achieve this by moving the transmembrane helices as rigid bod-
ies using three major types of motion: helix tilting as in MscL (Sukharev et al.
2001), rotation as in the nAChR (Miyazawa et al. 2003), or bending as in KvI.1
(Doyle 2004). In all cases there are large movements that require a certain degree
of flexibility and may cause modifications at the protein-lipid interface. Thus, it
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is possible that changes in the lipid composition may affect channel function by
stabilizing distinct functional states.

Reconstitution experiments have established that specific lipids or particular
combinations of lipids are often necessary for ion channels to exhibit their native
properties (Lee 2004). These preferences may reflect the optimization of protein
structure by the specific lipid environment in which the protein is found, but may
also be related to the folding of the nascent protein and its oligomerization, to its
targeting to a given membrane microdomain, or to a lipid-mediated regulation of
the protein function.

Although several important questions regarding the molecular details of such
lipid modulation remain open, emerging data indicate that protein-lipid interac-
tions should be considered as a new explanation for ion channel function modu-
lation that might even result in possible therapeutical interest.

8.3
Hypothetical Nature of Lipid-Protein Interactions

Despite the extensive information obtained on the functional and structural
dependence of several ionic channels on its surrounding lipids (Lee 2004; Palsdot-
tir and Hunte 2004), several aspects of the modulation exerted by the different
lipid classes on the membrane proteins still remain unclear. Various hypotheses
have been implicated in the modulation of ion channels function by lipids: (1)
modification of physical properties of the bilayer, such as fluidity, membrane
curvature, and/or lateral pressure (Cantor 1997; de Kruijff 1997; van den Brink-
van der Laan 2004); (2) direct effects, exerted through binding to specific sites on
transmembrane portions of the protein (Fong and McNamee 1987; Jones and Mc-
Namee 1988; Blanton and Wang 1990; Ferndndez et al. 1993; Ferndndez-Ballester
et al. 1994; Powl 2005), in some cases acting like allosteric modulators; and (3)
promotion of lateral segregation of specific lipids and formation of lipid domains
(Martens et al. 2000; Brown and London 2000). One possibility does not preclude
others; the affinity of a protein for specific lipids may either stabilize certain pro-
tein conformations, induce domain formation or serve to target the protein to
specific membrane domains with different biophysical properties.

In the case of modulation of ion channel structure or function by changes in
physical properties of the bilayer, it is known that the effect of packing different
lipid species with each other and with proteins results in mechanical pressures in
the biological membrane, the redistribution of pressures being related to changes
in bilayer thickness, curvature stress or hydrophobic matching. Such biophysical
phenomena have been suggested as a possible mechanism to explain the influence
of bilayer properties on ion channel structure and function. The lateral pressure
profile may influence protein conformation directly, by mechanical pressure at
the lipid-protein interface or indirectly by changes in other membrane parame-
ters. An example of an ion channel unambiguously influenced by this mechanism
is the mechanosensitive channel (Perozo et al. 2002).

On the other hand, biological membranes contain a wide variety of lipid spe-
cies with different fatty acyl chains so that the lateral diffusion of lipid molecules
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within the plane of the membrane will result in local fluctuation of membrane
thickness. The hydrophobic thickness of the lipid bilayer is expected to match
well the region of any protein embedded in the bilayer, because of the high cost
of exposing either fatty acyl chains or hydrophobic amino acids to water. Any
mismatch between the hydrophobic thicknesses of the lipid bilayer and the pro-
tein would be expected to lead to distortion of the lipid bilayer, or the protein, or
both, to minimize the mismatch. The activity of a number of membrane proteins
is sensitive to the thickness of the lipid bilayer, with the optimal thickness usually
corresponding to that of the bilayer of dioleoylphosphatidylcholine (Lee 1998).

A second alternative mechanism to explain modulation ion channel structure
and function by lipids may be through a direct interaction. In this respect, a large
variety of biochemical and biophysical studies have demonstrated the existence
of a direct lipid-protein interaction. These studies include fluorescence spectros-
copy, electron paramagnetic resonance spectroscopy, photoaffinity labelling, X-
ray crystallography and electron microscopy (EM).

The first clue about how lipid molecules might interact with an intrinsic mem-
brane protein came from electron spin resonance (ESR) studies using phospholi-
pid molecules with nitroxide spin labels attached to selected positions in the fatty
acyl chains. These studies show the presence of a subpopulation of highly im-
mobilized spin labels, not found in protein-free membranes (Marsh and Horvath
1998; Marsh 2004). The ESR approach can be used to estimate the number of lipid
molecules bound to the surface of a membrane protein. In a series of studies,
Marsh and Horvath (1998) showed that the number of bound lipid molecules fits
reasonably well to the expected circumference of the trans-membrane region of
the protein. The close relationship between the number of lipid molecules esti-
mated to surround a membrane protein and the diameter of the protein supports
the presence of a distinct annular shell of lipid molecules around that protein.

Fluorescence quenching studies show binding of specific phospholipids with
different affinities to some ion channels. These lipids, often bound between trans-
membrane a-helices either within a protein or at protein-protein interfaces in
multi-subunit proteins, have been referred to as non-annular lipids (Marsh et. al
1982). For example, the KcsA channel requires the presence of some anionic lip-
ids for its function, and fluorescence quenching studies show the presence of two
classes of lipid binding sites on KcsA. At one of them (non-annular sites) anionic
phospholipids bind more strongly than phosphatidylcholine (PC), whereas at the
other (annular sites) PC and anionic phospholipids bind with equal affinity. (Wil-
liamson et al. 2002).

The high-resolution structure of membrane proteins obtained by X-ray or EM
sometimes show tightly bound lipids, thus providing a new insight into protein-
lipid interactions. However only a small number of lipid molecules have been
resolved from the structures of membrane proteins by high-resolution X-ray or
EM. Since only highly ordered lipid molecules are seen in these structures, such
lipid molecules should not correspond to the bulk of lipid molecules surround-
ing the protein. Furthermore, annular lipids will normally be too disordered to
appear in high-resolution structures. Therefore, most of the lipid molecules re-
solved in high-resolution crystal structures of membrane proteins are likely to be
non-annular lipids. Their strong binding to the protein leads to immobilization
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of, at least, part of the lipid molecule so that they appear in the high-resolution
structure. In both X-ray diffraction and EM studies, the lipid headgroups are dis-
ordered but many fatty acyl chains are well resolved, mostly bound in distinct
grooves on the surface of the protein. Phosphatidylglycerol (PG) is a typical non-
annular lipid molecule bound between transmembrane a-helices at monomer-
monomer interfaces in the homotetrameric potassium channel KcsA. Again the
headgroups of the lipid molecules are not resolved, and the lipids have therefore
been modelled as diacylglycerol (Zhou et al. 2001). KcsA requires the presence of
PG or some other anionic phospholipid to function and it has been suggested that
the presence of the anionic lipid cofactor could be important in the gating process
(Valiyaveetil et al. 2002; Heginbotham et al. 1998).

The third hypothetical mechanism by which lipids can modulate the function
and/or structure of ion channels is the formation of lipid domains. These dynam-
ic structures, generally termed lipid rafts, are rich in tightly packed sphingolipids
and cholesterol (Harder et al. 1997) and are believed to exist in a different phase
state to that of the surrounding phospholipids (Brown and London 1997). The
first report of ion channels localized in lipid microdomains described the target-
ing of Shaker-like K* channels to lipid rafts (Martens et al. 2000). Biochemical iso-
lation of rafts shows that the Ky2.1 channel is associated with rafts in transfected
fibroblasts and rat brain. Depletion of membrane cholesterol using cyclodextrin,
an agent known to perturb raft organization (Brown and London 2000), causes a
dramatic hyperpolarizing shift in the steady-state inactivation properties of the
Ky2.1 channel, whereas other Ky channels in the same cell type, such as Ky4.2
channels, are unaffected. Therefore, at least for some channel proteins, there is a
functional consequence of their association to lipid rafts. Additional reports sug-
gest that other types of ion channels, including both voltage- and LGIC, are also
associated with lipid rafts. For example, Ca*"-activated K* channels are sorted to
lipid rafts on the apical membrane of Madin-Darby canine kidney cells (Bravo-
Zehnder et al. 2000). The neural a7 nAChR, a protein which is well-known to
have a preference for certain lipids, was recently shown to target lipid rafts in the
somatic spines of ciliary neurons (Bruses et al. 2001). The muscle like nAChR had
been shown to produces lateral phase separation of the mono-anionic phospho-
ryl form of the phosphatidic acid (PA) probe, causing the formation of specific
PA-rich lipid domains that become segregated from the bulk lipids (Poveda et al.
2002). Although it appears that several ion channels might be localized to these
raft domains, several questions regarding the mechanism and function of ion
channel-raft association need to be addressed.

It is clear that while the role that membrane lipids play in membrane structure
and function is beginning to be understood, there is still a gap in our knowledge
of the complexity of the specific interactions. Since a detailed understanding of
the lipid-protein interactions in the membrane requires knowledge of the dy-
namic phenomena involved, it appears that complementary methods, including
static, like crystallographic analyses, and dynamic, like functional assays of re-
constituted proteins, should be considered to achieve a better comprehension of
this interaction.
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8.4
Influence of Lipids on nAChR Function

LGICs are membrane proteins that transiently open a pore through the lipid
membrane in response to neurotransmitter binding. The nAChR is one of the
best-understood members of this family, principally due to two factors that have
aided in its characterization: (1) the rich source of nAChR present in the electric
organ of some fishes (T. marmorata, T. californica and E. electricus) and (2) the
presence of neurotoxins in snake venoms that bind specifically to the nAChR pro-
viding the means for assaying receptor binding and for affinity purification.

nAChRs are heteropentamers comprised of four different but highly homol-
ogous subunits designated as «, B, y, and & (Fig. 8.1; for reviews see the refer-
ences in Karlin 2002). Each subunit contains an extracellular N-terminal domain
(which includes the ACh (acetylcholine) binding sites), four hydrophobic trans-
membrane (TM) domains (M1-M4), and a small extracellular C-terminal do-
main. Several studies have provided convincing evidence that the TM2 domain
segments from each subunit cluster around a central axis to form the ion channel
pore, whereas TM1 TM3 and TM4 domains are in close proximity or exposed to
the lipid interface (Miyazawa et al. 2003; Barrantes 2003).

These receptors are implicated in the propagation of electrical signals between
the cells at the neural and neuromuscular synapse. Upon activation by agonist,
nAChRs transiently open a cationic channel responsible for the initiation of post-

b

Fig. 8.1. (a) Schematic representation of the quaternary structure showing the arrangement
of the AChR subunits in reconstituted vesicles. (b) Cross-sectional slab through the pentamer
at the middle of the membrane showing the four transmembrane segments (M1-M4) of each
subunit. Based on Unwin (2003)
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synaptic membrane depolarization. In the continued presence of agonist, the
nAChR become refractory to the stimulus and the ionic current declines. This
process, called desensitization, occurs because the fully liganded receptor eventu-
ally adopt a stable, high-affinity conformation that is not permeable to ions.
Extensive biochemical studies have demonstrated that the ability of the nAChR
to support ion channel function requires the presence of specific lipids. In 1978
Epstein and Racker opened the way for more detailed studies of the influence of
the lipid environment on the nAChR by measuring in a reproducible manner inte-
grated flux responses specifically induced by cholinergic agonist in reconstituted
systems. Since then, many experiments reconstituting nAChRs into artificial lipo-
somes of defined composition have shown that the presence of certain lipids in
the reconstituted samples, namely cholesterol and acidic phospholipids, are im-
portant in preserving the ability of this protein to exhibit an optimal cation chan-
nel activity (Gonzalez-Ros et al. 1980; Criado et al. 1984; Fong and McNamee 1986;
Jones et al. 1988; Sunshine and McNamee 1992; Ferndndez et al. 1993). Such lipid
effects on nAChR function are also known to be fully reversible. For instance, Mc-
Namee’s group used the re-reconstitution approach (reconstituting the protein
twice, first in a lipid matrix that does not allow nAChR function, then in whole
asolectin lipids) to demonstrate that an apparently “inactive” nAChR regains its
function upon a second reconstitution into an appropriate lipid matrix (Jones et
al. 1988). Rapid-kinetics stopped-flow studies have demonstrated that the pres-
ence of PA in the reconstituted membranes maintains an optimal nAChR cation
channel activity. On the other hand, reconstitution into cholesterol/zwitterionic
phospholipids, in the absence of anionic phospholipids, causes a loss in nAChR
function (authors’ submitted manuscript; Fig. 8.2). The lack of ion channel activ-
ity in samples containing PC as the only phospholipid present has been reported
previously, using several different chemical species of synthetic PCs (Fong and
McNamee 1986; Ochoa et al. 1989; Sunshine and McNamee 1992) or egg yolk PC
(Ferndndez et al. 1993). It seems that this lipid stabilizes the nAChR in a non-re-
sponsive, desensitized state. Also, the need of cholesterol and negatively charged

(PC) Fig. 8.2. Representative stopped-flow

traces corresponding to the rapid collisional

L (PE)|  quenching of the fluorescence on 1,3,6,8-
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phospholipids, particularly PA, to retain nAChR function upon reconstitution
has been widely documented (Criado et al. 1984; Fong and McNamee 1986; Jones
et al. 1988; Sunshine and McNamee 1992; Ferndndez et al. 1993). Similarly, pre-
liminary data using the approach of transplanting the nAChR from reconstituted
vesicles to the plasma membrane of live Xenopus oocytes (Morales et al. 1995; see
below), show that microinjecting samples reconstituted in whole asolectin lipids
(fully active samples) or in just egg phosphatitylcholine (inactive samples) pro-
duce comparable agonist-induced nAChR ion currents upon incorporation of the
protein into the host cell membrane (manuscript in preparation).

These effects of specific lipids in nAChR function may be exerted through
binding to specific sites of the protein or by modification of the physical prop-
erties of the bilayer. Previous results have demonstrated that membrane lipids
interact differentially with nAChR. For example, sterol, PA and fatty acid spin
labels have a relatively high affinity for nAChR compared with other spin labelled
phospholipids (Ellena et al. 1983).

Additionally, several lines of evidence indicate a separate binding site for
neutral lipids, namely non-annular sites. McNamee s group used the ability of
brominated lipids to partially quench the intrinsic or modified fluorescence of
the nAChR to monitor contacts with the surrounding lipid in reconstituted mem-
branes. They found that quenching of PC was independent of and additive with
that due to brominated cholesterol derivatives (Jones and McNamee 1988). These
results argue strongly for independent binding sites for cholesterol and phos-
pholipids.

Although cholesterol may affect the nAChR directly, it definitely has profound
effects on the structure of the membrane environment, most notably in changes
of membrane order or fluidity. In earlier studies both the agonist affinity and
ion flux seemed to require an optimal fluidity (Fong and McNamee 1986). How-
ever, subsequent studies showed that while the ion flux activity of the nAChR
was strongly influenced by lipid composition (Ferndndez-Ballester et al. 1994),
there was no correlation with membrane fluidity as measured by steady state ani-
sotropy of membrane probes (Shunshine and McNamee 1994). Measurements of
membrane fluidity showed that cholesterol further ordered membranes contain-
ing PC and PA, but other sterols, like androstanol, did not; however, both neutral
lipids supported similar ion fluxes. Thus neutral lipids do not exert their effect
on the nAChR by changing bulk membrane order. Nevertheless, effects on bulk
membrane order are sometimes different from those at the protein-lipid interface
and it is possible that protein promotes the lateral segregation of specific lipids
that allows an optimal packing density (daCostaet al. 2002; Poveda et al. 2002).

Careful delipidation experiments showed that a lipid/protein mole ratio ap-
proximately below 45 caused irreversible inactivation of the nAChR, consistent
with the requirement of an annular shell of lipids around the periphery of the
hydrophobic region (Jones et al. 1998). This requirement for a lipid annulus of
40-50 lipid molecules is supported by a variety of spectroscopic techniques estab-
lishing the presence of a lipid phase associated with the protein that differs from
the bulk bilayer lipids in terms of molecular motion (Antollini et al. 1996). It is
also in good agreement with theoretical predictions, which suggests the presence
of a inner shell annulus of approximately 42-51 lipid molecules (Barrantes 1993).



8.5 nAChR Modulation by other Lipophilic Compounds I 211

The nature of the molecular species making up this dynamic annulus has not
been wholly ascertained, although it seems obvious that both neutral and nega-
tively charged lipids must play a role. It becomes clear that the nAChR annular
lipids are important for its correct functional activity, but the precise mechanism
by which these annular lipids affect the nAChR is not yet known.

8.5
nAChR Modulation by other Lipophilic Compounds

As indicated above, some of the lipids surrounding the nAChR play an impor-
tant role in determining its functional activity. Besides, many other hydropho-
bic molecules, with astonishingly different molecular structures, modulate the
nAChR function, including:

(1) Free fatty acids (Andreasen and McNamee 1980; Villar et al. 1988);

(2) Steroid hormones, both glucocorticoids (Bouzat and Barrantes 1996; Nurows-
ka and Ruzzier 1996) and sex hormones (Valera et al. 1992);

(3) Local anaesthetics (Katz and Miledi 1975; Gentry and Lukas 2001);

(4) Some cholinesterase inhibitors, such as tacrine (Canti et al. 1998) or 1,5-bis (4-
allyldimethylammoniumphenyl)pentan-3-one dibromide (BW284c51) (Oliv-
era et al. 2005); and

(5) Other lipophilic compounds such as alcohols and general anaesthetics (Liu et
al. 1994).

Most of these hydrophobic molecules act as non-competitive blockers (NCB)
on the nAChRs. The similar inhibitory effect mediated by such a broad range of
lipophilic compounds can be explained assuming that the nAChRs function as an
allosteric protein (Changeux 1990; Hogg et al. 2003). This assumption postulates
that the protein can exist in different states (closed, open and desensitized, each
characterized by its affinity for the agonist, or other ligands, and its conductance)
and undergoes spontaneous conformational transitions. At rest, the equilibrium
between these conformational states is in favour of the closed state, but when the
agonist is bound, the equilibrium shifts towards the active or desensitized states.
The binding of molecules at specific regulatory sites (different of the agonist-
binding site) may shift the isomerization equilibrium towards one of the possible
states (Galzi et al. 1996). Nevertheless, the detailed mechanism by which such
heterogeneous group of hydrophobic compounds affects nAChR activity remains
largely unknown.

Two main different locations in the nAChR have been proposed for the inter-
action with NCBs: (1) a high-affinity site, located at, or close to, the lumen of the
ion channel; and (2) several (up to 30) low-affinity sites located at the annular in-
terface receptor-lipid bilayer. The high-affinity site is thought to be at or close to
the ion channel pore since photoaffinity labelling experiments using either [*H]
chlorpromazine ([*H]CPZ) (Revah et al. 1990) or ['*I] 3-trifluoromethyl-3-(-m-
iodophenyl)diazirine (['*’I]TID) (White and Cohen 1992) label several residues
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within the M2 sequence of each subunit, which corresponds to the lining wall of
the ion pore. Different experimental approaches further reinforced this view:

(1) Site-directed mutagenesis of the M2 residues in neuronal o7 nAChR affected
the apparent affinity of the nAChR for NCB, although it also modified the af-
finity for agonists and competitive antagonists and the desensitization rate
(Revah et al. 1991); and

(2) Membrane current recordings of nAChR activity, either in the presence of lo-
cal anaesthetics (Neher and Steinbach 1978) or TID (Forman 1999), indicate
that these compounds cause an open channel block, likely due to their affinity
for a site within the open ion channel.

The low-affinity sites located at the receptor-lipid interface bind a heteroge-
neous group of hydrophobic molecules, such as fatty acids, sterols, steroids, al-
cohols and general anaesthetics. The binding sites for these compounds may be
located in the middle (M1, M3) and/or outer (M4) transmembrane domains of
the nAChR (Barrantes 2003). Although these segments do not form part of the ion
conduction pathway, in contrast to the M2, they are lipid-exposed and can modu-
late the receptor function (Arias 1998; Barrantes 2003). As a rule, all NCB act-
ing on these sites cause similar functional effects: they reduce the channel mean
open time (t,,), but without changing the maximal agonist binding. Furthermore,
some of them enhance desensitization. Remarkably, comparable changes in gat-
ing kinetics are observed when lipid-exposed residues in the M4 domain of the
nAChR are mutated (Bouzat et al. 1998).

Asfor GABA 4 and glycine receptors, members of the same superfamily of LGIC,
nAChRs seem to have specific binding sites for alcohols and anaesthetics, located
in water-filled cavities between the inner (M2) and the outer (M4) set of helices
(Miyazawa et al. 2003; Chiara et al. 2003). In the case of steroids, it is known that
all of them affect nAChR channel kinetics in a similar way, but the magnitudes of
their effects are inversely related to their lipophilicity (Garbus et al. 2001). This
suggests that their effect is not exerted through a simple perturbation of the lipid
bilayer properties but through the binding to a site located at superficial regions
of the nAChR-lipid interface, i.e. close to the phospholipid polar head region. In
addition, it should be mentioned that when progesterone (Ke and Lukas 1996) or
corticosterone (Nurowska and Ruzzier 1996) are bound to bovine serum albu-
min, forming a cell-impermeant complex, they retain their modulating actions on
the nAChR. Therefore, these steroids should be acting on an extracellularly acces-
sible site of the nAChR. Although almost all steroids tested to date on nAChR have
an inhibitory action (negative allosteric effect) on nAChR, potentiating effects of
17B-estradiol on rat (Paradiso et al. 2000) and human (Paradiso et al. 2001; Curtis
et al. 2002) neuronal a4p2 nAChRs have been recently reported. The potentiat-
ing effect is mediated at a site in the C-terminal tail of the a4 subunit (Paradiso
et al. 2001; Curtis et al. 2002), being therefore markedly different to that involved
in the steroid inhibiting action. Finally, it should be mentioned that there is no
competition between the inhibitory actions of steroids (hydrocortisone) and local
anaesthetics (QX-222), as would be expected from their different acting sites on
the nAChR (Bouzat and Barrantes 1996).
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In summary, besides the nAChR dependence on specific lipids, such as PA or
cholesterol, for its correct function, there are many other lipophilic compounds,
including endogenous molecules, acting on specific loci of this protein. This al-
lows a multifactorial and extremely complex modulation of the nAChR function.

8.6
Influence of Lipids on nAChR Structure

Structural knowledge of nAChR and other LGIC has been greatly hindered by
the absence of a crystal structure. The most informative structure is from elec-
tron micrographs of the tightly packed arrays of nAChR in tubular membranes
isolated from the electric organ of Torpedo electric rays (Toyoshima and Unwin
1988; Unwin 1995; Miyazawa et al. 2003). These studies indicate that the trans-
membrane segments (M1-M4) are basically « helices, although M1 seems to have
a distorted helical structure, probably due to the presence of a proline residue.
These data have been confirmed through NMR and other spectroscopic studies
of the peptides corresponding to the different transmembrane segments of the
protein or with biochemical approaches such as photolabelling, protein modi-
fication and site-directed mutagenesis of the entire protein (Karlin et al. 1986;
Akabas et al. 1994; Blanton and Cohen 1994; Blanton et al. 1998; Corbin et al. 1998;
Lugovskoy et al. 1998; Opella et al. 1999; Pashkov et al. 1999; Williamson et al.
2004; Barrantes et al. 2000; Tamamizu et al. 2000; Cruz-Martin et al. 2001; Guzman
et al. 2003; Ortiz-Acevedo et al. 2004; Santiago et al. 2004). Finally, site-directed
mutagenesis and NMR experiments proposed that M3 contains a mixture of «
helix and 3;¢-helix (Lugovskoy et al. 1998; Guzman et al. 2003). The secondary
structure of the entire protein has also been studied through spectroscopic tech-
niques such as Raman, FT-IR or CD. The calculated a-helix content ranges from
20 to 43%, P sheet content from 29 to 48%, and non-ordered structure from 20
to 28% (Moore et al. 1974; Mielke and Wallace 1988; Yager et al. 1984; Fong and
McNamee 1987; Butler and McNamee 1993; Methot et al. 1994; Castresana et al.
1992). On the other hand, theoretical predictions estimate 44% «-helix and 27%
[-sheet (Finer-Moore and Stroud 1984). The lack of concordance of these data is
probably due to the low sensitivity of CD to detect beta structures, the diversity of
the FT-IR quantification methods, and finally to the different conditions used to
reconstitute the protein.

As stated in the previous section, lipid surrounding nAChR modulates protein
function, possibly through changes in the general properties of the membrane
or by direct binding to the protein. This modulation should be caused by some
effect on the protein conformation, probably acting on one or several of the trans-
membrane domains that are in direct contact with lipids (M1, M3 and M4). In
fact, site-directed mutagenesis studies report many examples of residues located
at the lipid—protein interface whose mutation to tryptophan dramatically affects
protein function (Tamamizu et al. 2000; Guzman et al. 2003; Ortiz-Acevedo et
al. 2004; Santiago et al. 2004). In order to detect the possible structural changes
associated with lipid nAChR modulation, different spectroscopic studies have
been done, mainly through analysis of the FT-IR amide I’ band. Lipid membranes
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where nAChR is fully functional, typically those containing PA and cholesterol,
are those where the protein presents a higher a-helical content relative to non-
ordered structure, whereas nAChR in lipid membranes where it is less active, such
as those with only zwitterionic phospholipids, shows a larger non-ordered struc-
ture concomitant with a decrease in the a-helix. Meanwhile, the 3-sheet content
remains basically unchanged (Fig. 8.3).

These FT-IR experiments were done after submitting the samples to a D,0 for
H,0 exchange. This process can be followed through the FT-IR amide II band,
which diminishes with the H-D exchange, and depends on the accessibility of
the different amino acids to the solvent, so it reports information about the terti-
ary protein structure (Hvidt and Nielsen 1966; Pershina and Hvidt 1974). Once
the equilibrium for the H-D exchange is reached, the remaining amide II band
was quantified, showing that those samples with a larger remaining amide II,
that is, with the lower H to D exchange, are precisely those with less non-ordered
structure. Furthermore, if those samples are constantly heated this amide II band
disappears, showing a sigmoidal behaviour. From these curves, it is possible to
calculate a temperature (Ty,) for the collapse of the tertiary structure. Again it
is observed that samples with a higher content of ordered secondary structure
are those with a higher Ty,. These results support nAChR structure data calcu-
lations from amide I’ analysis, since those samples with more ordered second-
ary structure, typically a-helical, are those more resistant to H-D exchange (au-
thors’ submitted manuscript). The mechanism by which anionic lipids, especially
PA, stabilize the a-helix structure of nAChR is not clear, although some authors
have pointed to an interaction between the dipole from the a-helical structure
of nAChR and the PA phosphates (Hol et al. 1978; Sali et al. 1988). In addition,
some work has been done with model peptides that also detect stabilization of a-
helical structure by anionic phospholipids (Liu and Deber 1997). However, other
authors have reported an increment in 3-sheet content upon addition of anionic
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phospholipids (Butler and McNamee 1993; Fong and McNamee 1987), although
these studies were done in a region of the infrared spectrum where bands are
rather weak and its assignment to secondary structure is not clear. It has also been
reported that cholesterol favours an increment in a-helical structure (Fernandez-
Ballester et al. 1994; Fong and McNamee 1987; Butler and McNamee 1993) and
even the P sheet (Fernandez-Ballester et al. 1994). To explain this result it has
been postulated that the rigid sterol ring, oriented parallel to the receptor axis,
may localize in between helices at the lipid—protein interface, causing their stabi-
lization (Fong and McNamee 1987).

Among the different regions conforming to the nAChR overall structure, the
M1 transmembrane segment may be a good candidate to be modulated by lipids
(Williamson et al. 2004; dePlanque et al. 2004). NMR studies of this transmem-
brane segment reconstituted in lipids show that some portions adopt an a-helical
conformation but that the presence of a proline located in the middle of the seg-
ment significantly disrupts the a-helical structure. In fact, a proline and about four
surrounding residues typically form a kink in the transmembrane stretch with an
angle that can vary between 5° and 60°, and these hinge regions are thought to
play a key role in membrane proteins because of their expected inherent flexibil-
ity (Cordes et al. 2002; Arshava et al. 2002). Furthermore, conformational studies
as a function of the lipid environment suggest that the degree of helicity in this
region strongly depends on the lipid environment, and that M1 orders DMPC
acyl chains and interact more favourably with cholesterol containing PC bilayers,
mimicking several aspects of the effect of the entire nAChR on model membranes
(de Planque et al. 200). This flexibility could be maintained in the entire protein as
transmembrane segments in nAChR are loosely packed, and M1, M3 and M4 are
largely separated by water-filled cavities from the inner ring of M2 helices (Mi-
yazawa et al. 2003). These results, together with the observed M1 labelling from
both hydrophobic and hydrophilic probes (Blanton and Cohen 1994; Karlin et al.
1986), and the close proximity between M1 and M2, suggest that the conforma-
tional flexibility around the proline in the M1-transmembrane may be important
for the modulation of channel gating by the lipid environment and by other mol-
ecules which partition into the lipid bilayer, such as general anaesthetics.

Opposite to these results are those using ATR spectroscopy (Ryan et al. 1996;
Baenziger et al. 2000). These authors find very faint variations in the amide I’
band for nAChR reconstituted in different lipid vesicles, only detectable after
band deconvolution. They propose that these little variations are caused by the
different rate of H-D exchange for the different samples, due to subtle variations
in the protein dynamics that do not involve changes in the secondary structure.
These variations may be those causing the lipid modulation on nAChR function.
This could explain the small differences they find in the amide I’ band, but not
the large differences referred to above, as there is evidence showing that large
variations in H-D exchange do not cause significant changes in the quantification
of secondary structure motifs from the amide I’ band (authors’ submitted manu-
script). One reason to explain why these authors do not detect large variations in
the amide I’ band could be the fact that nAChR-containing samples are submitted
to a drying cycle accompanied by a long period of rehydration (up to three days)
before doing the FT-IR experiments. The consequences of this process have not
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been tested, since no functional experiments were done after these treatments. It
is possible then, that nAChR is in a desensitized-like state, independently of the li-
pids where it is reconstituted. In the same sense, cholesterol has been proposed to
modulate nAChR function without varying protein structure. To do so, it would
localize in the spaces between different nAChR subunits facilitating the sliding
between them, so making possible the conformational changes necessaries for
channel function (Corbin et al. 1998).

nAChR, like other ligand-gated ion channels, after binding of the correspond-
ing agonist, suffers a conformational change in transmembrane segments, prob-
ably a rotational movement, destabilizing the hydrophobic girdle that forms the
channel gate and thus allowing ions to pass through the pore. The mechanisms
and pathway to transform the energy of ligand binding at the extracytoplasmic
domain of the protein into the movements of the M2 segments are largely un-
known. Electrostatic and hydrophobic interactions have been proposed between
the M2-M3 loop and other loops in the agonist-binding domain as being respon-
sible for this transmission (Kash et al. 2003; Miyazawa et al. 2003). The action
of phospholipids to modulate nAChR function should interfere with either the
transmission between ligand-binding domain towards transmembrane segments
or the subsequent transmembrane movement. Possibility to do that is causing the
protein to enter into a non-active conformation, through changes in the second-
ary and/or tertiary nAChR structure. Considering the above results, zwitterionic
lipids may stabilize a conformation with less ordered a-helical content that would
impede some of the steps that allow the protein function. By contrast, anionic lip-
ids and cholesterol would stabilize a more compact conformation able to transmit
movements of the binding domain towards the transmembrane domain.

8.7
PA-nAChR Interaction

As stated above, nAChR binds preferentially anionic lipids, which are positive
modulators of its function. Among them, PA seems to interact in a special fash-
ion with this protein. In vitro studies with nAChR reconstituted in lipid vesicles
of controlled composition show that PA is among those phopholipids that bind
the protein with a higher affinity, and it is the most effective lipid in preserving
nAChR function (Jones and McNamee 1988; Marsh and Barrantes 1978; Ellena
et al. 1983; Esmann and Marsh 1985; Dreger et al. 1997), possibly through a sta-
bilization of the resting versus the desensitized state of the protein (da Costa et
al. 2002). On the other hand, as if a bidirectional coupling takes place, nAChR
in a PA-containing membrane leads to a dramatic increase in both the lateral
packing densities and the gel-to-liquid-crystal phase-transition temperatures of
the reconstituted lipid bilayers (da Costa et al. 2002; Wenz and Barrantes 2005).
This strong interaction leads to the segregation of a PA-enriched domain from a
complex mixture of lipids at determined lipid-to-protein ratios (Fig. 8.4; Poveda
et al. 2002; Wenz and Barrantes 2005). However, nAChR has no detectable effect
on the lateral distribution of lipids when PA is substituted by other zwitterionic
or anionic phospholipids such as PC, PG or phosphatidylserine (PS) (Poveda et
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Fig. 8.4. (a, b) Representative temperature dependence of the infrared CD, symmetric
stretching vibration from perdeuterated phospholipids contained in reconstituted vesicles.
Vesicles were prepared by detergent dialysis, in the absence (open symbols) or in the presence
(filled symbols) of nAChR protein, from identical amounts of lipid mixtures containing 25 mol%
of cholesterol, 50 mol% of egg PC and 25 mol% of either d-DMPC (panel a) or d-DMPA (panel
b). Protein-containing samples were prepared at a protein-to-phospholipid molar ratio of
1:3500. CaF, windows were used in the spectrometer cell. (c) Differential scanning calorimetry
studies on the effect of nAChR on lipid organization in reconstituted vesicles. The scans cor-
respond to: pure DMPA (a), 25 mol% of cholesterol, 50 mol% of egg PC and 25 mol% of DMPA
with (b) or without (c) nAChR. (d) Fluorescence anisotropy of the transparinaric acid (t-PnA)
probe incorporated into vesicles composed by 25 mol% of cholesterol, 50 mol% of egg PC
and 25 mol% of either DMPA in the absence (open symbols) or in the presence (filled symbols)
of nAChR protein

al. 2002; da Costa el al. 2004), although the segregation of a saturated PC from an
unsaturated PC by the action of nAChR has recently been reported (Wenz and
Barrantes 2005). In this case the authors suggest that the maintenance of this do-
main is predominantly due to lipid-lipid interactions opposite to that with PA,
more stable and mainly maintained by protein-lipid interactions. The PA domain
has been detected either through fluorescence, or FT-IR and DSC techniques, the
latter sensitive to macroscopic events, indicating that macrodomains should be
formed. In addition, from resonance energy transfer experiments it has been
shown that these domains are located next to the protein (Poveda et al. 2002).

Membrane phospholipids, including those interacting with membrane pro-
teins, diffuse very fast, around 10% cm? s7! (Ellena et al. 1983; East et al. 1985),
so the ability of nAChR to change the lipid lateral distribution segregating PA
around it will dramatically enhance its interaction with this phospholipid, hence
explaining the strong modulating effect of PA on nAChR.
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There are several publications describing the segregation of lipid domains by
peptides or extrinsic proteins but only one for a membrane protein, rhodopsin
(Polozova and Litman 2000). This kind of domain, whose organization is directed
by a transmembrane protein, seems opposite to that of the so-called “rafts” (Si-
mons and Ikonen 1997), where it is postulated that the physical properties of li-
pids are responsible for the segregation. However, a “clustering” model has been
proposed that could be valid for the nAChR-PA interaction. In it, the action of
certain proteins could cluster little initial rafts dispersed in the membrane (Hard-
er et al. 1998). On the other hand, there are some examples dealing with a special
selectivity of certain proteins for PA, such as that of the vesicular-stomatitis virus
envelope-proteins (Luan el al. 1995). In spite of the low PA concentration in host
membranes, these proteins interact specifically with PA giving cause for PA do-
mains, which is an essential event for new viral particles to be formed. Moreover,
PA domains have been proposed as scavengers of other essential biological ani-
onic phospholipids such as PIP, (Denisov et al. 1998), so the domain formation
could configure an important regulation site in the membrane. PS is another ani-
onic phospholipid present at high levels in membranes from the Torpedo electric
organ (Gonzalez-Ros et al. 1982), so it could be a good candidate to enter the PA
domain as reported in the stomatitis virus, where PS is only segregated when PA
is present (Luan et al. 1995).

The fact that PA is the main component of the nAChR segregated domain
(Poveda et al. 2002) opens a new possibility to regulate nAChR activity by activa-
tion of phospholipase D, as reported previously in other systems (Exton 1990;
Billah and Anthes 1990). In addition, the activity of this enzyme can be regulated
through the agonist binding to receptors coupled to G-proteins. In this way, addi-
tion of phospholipase D to nAChR-enriched vesicles results in an increase in pro-
tein function (Bhushan and McNamee 1993). Finally, PA levels can be increased
by phosphorilation by diacylglycerol kinase of diacylglycerols resulting from
phospholipase C hydrolysis of phosphatidylinositol.

Another important question about the segregation of the PA domain is related
to the determinants in the protein and in PA responsible of this strong inter-
action that finally leads to domain segregation. Calorimetric studies and other
experiments using proteases point to the transmembrane segments as the main
structure responsible for domain segregation (Poveda et al. 2002). It has been
proposed that some positive charged amino acid present at the end of the nAChR
transmembrane helices, such as Arg-429 or His-408 at the M4, could be respon-
sible for the stronger binding to anionic phospholipids, although there are no
definite results (Blanton and Wang 1990, 1991; Blanton and Cohen 1992). On
the other hand, the exact determinants in the PA molecule that could explain
its strong interaction with nAChR are also unknown and only general properties
of this phospholipid have been pointed out, such as its negative charge, its very
small headgroup or its high capacity to form hydrogen bonds (Baenziger et al.
1999). Evidently, the negative charge is not the only factor, as salt screening or pH
titration does not destabilize the domain. Moreover, other anionic lipids are not
segregated by nAChR. At this point it is important to stress that PA has a higher
pK, when the protein is present, so its anionic charge is diminished (Poveda et al.
2002). This could facilitate the formation of the PA domains since a lower repul-
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sion and an enhanced attraction through hydrogen bonds between PA molecules
would occur (Garidel et al. 1997), decreasing the electrostatic contribution to the
free energy of the system (Denisov et al. 1998) so as to overcome the entropic ef-
fect that favours the homogeneous mixing of lipid components.

8.8
From Model In vitro Systems to Cell Membranes: the Xenopus
Oocyte as a Cell Model for the Study of Lipid-Protein Interactions

Most of the studies dealing with the functional and structural dependence of
nAChR on its surrounding lipids have been carried out on model membrane sys-
tems to avoid the complexity of the cell membrane and to prevent the changes
that a single variable can make in the whole system. Though these model systems
are useful, providing a reductionism approach, we must develop novel methods
allowing the study of the lipid-protein interaction in native cell membranes in
order to confirm the results obtained in artificial systems.

One of the putative cell models for these studies is the Xenopus oocyte. These
cells have been widely used for the biophysical characterization of many ion
channels, neurotransmitter receptors and transporters, thanks to their ease of
use, amenability for electrophysiological recordings and their capability to trans-
late efficiently and faithfully exogenous mRNAs (Miledi et al. 1989; Soreq and
Seidman 1992; Miller and Zhou 2000). Though Xenopus oocytes are capable of
making a large number of post-translational modifications of the proteins coded
by exogenous mRNA (such as acetylation, glycosylation or phosphorylation), and
to assemble oligomeric receptor/channel complexes, they cannot always match
the processing carried out by the cells that natively express them. Almost cer-
tainly, this is the reason for the failed or altered function of some foreign proteins
expressed in oocytes. So, for instance, Torpedo nAChRs expressed in oocytes dis-
play an altered pattern of glycosylation (Buller and White 1990) and neuronal
nAChRs do not exhibit the properties of native receptors, likely because oocytes
fail to assemble their different subunits correctly (Sivilotti et al. 1997). Besides,
there are specific lipid requirements of membrane proteins, which might con-
stitutes a handicap for heterologous expression in a functional form (Opekarova
and Tanner 2003). To overcome this handicap, nAChRs, and other membrane
proteins, have been functionally transplanted to the Xenopus oocyte membrane
by intracellular injection of plasma membranes (Marsal et al. 1995; Aleu et al.
1997; Sanna et al. 1998; Miledi et al. 2002; Palma et al. 2003; Miledi et al. 2004) or
proteoliposomes bearing the purified protein (Morales et al. 1995; Le Cahérec et
al. 1996; Ivorra et al. 2002).

Oocyte injection of proteoliposomes bearing a purified protein, instead of
fragments of cellular membranes, has several advantages:
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(i) It allows the study of single molecular entities.

(ii) The transplanted protein does not need to be one of the most abundant in
the cellular membrane, although the presence of a large amount of protein
simplifies its purification.

(iii) It permits to study the influence that the lipid composition of the reconstitu-
tion matrix has on the functional properties of the transplanted protein.

This last point has special relevance, since many proteins are, and need to be,
surrounded by specific lipids to develop their full functional activity (see above).
Therefore, microtransplantation of purified proteins into the Xenopus oocyte
membrane arises as an excellent way to unravel lipid—protein interactions, since
it allows the insertion of proteins with specific lipids bound to them. Moreover,
using this approach it is possible not only to change the ratio of different phos-
pholipids surrounding the protein, to determine their functional relevance, but
also the length of the acyl chains, to induce local changes in bilayer thickness
and elasticity that might also be important for the protein activity (Martinac and
Hamill 2002; Lundbaek et al. 2004).

Furthermore, an additional advantage of using Xenopus oocytes as the cell
model for functional and biophysical studies of heterologous proteins is that their
membrane lipid composition is well known (Caldironi et al. 1996; Stith et al. 2000)
and can be, at least partially, customized. For instance, the cholesterol content in
the oocyte membrane can be easily modified, inducing not only changes in bilayer
stiffness but also in the functional activity of different proteins, including nAChRs
(see above). The normal cholesterol/phospholipid (C/P) molar ratio in the Xeno-
pus oocyte membrane (about 0.5) can be almost duplicated by incubating the cells
in a solution containing cholesterol-enriched liposomes, whereas a significant de-
crease in this ratio is obtained by incubating them with methyl-B-cyclodextrin
(Santiago et al. 2001). Likewise, the content of other specific lipid molecules can
be modify either by oocyte incubation with lipid-defined liposomes or by activat-
ing specific pathways of lipid metabolism. It should be noticed that some lipids
are charged molecules and hence certain changes in the lipid composition around
some proteins, mainly ion channels, might affect their function by an electro-
static mechanism. So, it is well known that the ion channel biophysical proper-
ties can be modulated by fixed charges present in the protein itself or by charged
molecules in its surroundings, specially phospholipids. This is because a charged
surface in the neighbourhood of the ion channel influences the concentration of
ions at the channel mouth and consequently its conductance (Latorre et al. 1992;
Anzai et al. 1994).

Interestingly, the PA modulation of nAChR observed on in vitro systems has
been corroborated in vivo using the Xenopus oocyte model (Morales et al. in prep-
aration; Fig. 8.5). In these experiments, purified nAChRs reconstituted in either
PA:PC:Chol (25:50:25 molar ratio), PC:Chol (75:25 molar ratio), or soybean lipids,
are injected in oocytes, where they are efficiently inserted in the plasma mem-
brane. Then, the functional activity, and properties, of the transplanted nAChRs
are assessed using the voltage clamp technique. The amplitude of the acetylcho-
line (ACh)-elicited currents in the injected oocytes depended on the reconstitu-
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tion matrix used. The ACh-current was higher when the nAChR was reconsti-
tuted in PA than when it was reconstituted either in soybean or PC lipids, which
were very similar each other (see Fig. 8.5). This effect was not due to the different
fusion efficiency of the different proteoliposomes to the oocyte membrane. It is
worth noting that when nAChRs are reconstituted with those lipid mixtures in
vitro, the activity is higher for soybean lipids than for the PA-mixture while no ac-
tivity is found in PC:Chol mixtures. The fact that in the cell membrane the nAChR
in PC:Chol reversibly recovers its function suggests that the system is sufficiently
dynamic to allow the injected lipid around nAChR to be exchanged for the own
oocyte membrane lipids. On the other hand, when reconstituted nAChR in PA
is injected into oocytes, larger Ah currents were elicited suggesting that nAChR
binds PA tightly, impeding its free exchange with other bulk membrane lipids and
leading to the formation of a PA-rich domain segregated around the protein. The
permanent interaction with PA, a positive modulator, would result in enhanced
protein activity. An interesting observation that supports this hypothesis is the
fact that, as nAChR is purified from the Torpedo electric organ, the PA content
of the lipids which accompanies the protein is progressively increased from 0.5-
1.6% up to 2.2-2.9% (Gonzalez-Ros et al. 1982).
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Fig. 8.5. Bar diagram showing the amplitude of the peak ACh (100 uM) currents (Iacn) elicited
in oocytes previously injected with nAChRs reconstituted in asolectin (R-Aso, open bar), a mix-
ture of PC (75%) and cholesterol (25%, R-PC+Cho, hatched bar) or a mixture of PA (25%), PC
(50%), and cholesterol (25%, R-PA+PC+Cho, crossed bar). Values were normalized to the am-
plitude of the currents obtained in the R-Aso group. The inset shows a representative record
of the lach recorded in the R-Aso group. The arrow indicates the measurement of I, and the
bar indicates the ACh application time. In all experiments the membrane potential was held
at —-60 mV. The number of observations is given in brackets. Asterisks indicate significant dif-
ferences with the R-Aso group (p < 0.01)
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Many more studies are needed on in vivo models to fully understand the func-
tional modulation of membrane proteins by their surrounding lipids, but un-
doubtedly these are the first steps in this direction.
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