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Preface

Biological membranes are soft matter-like complex nanofluids that separate cells
from each other in living matter. Besides providing the much-needed identity to
cells, they facilitate cell-cell communication. A major role of cell membranes is to
provide an ideal environment to the constituent proteins for their function. This is
because membrane proteins are dynamic and they work best when the immediate
environment around them offers enough flexibility for conformational plasticity,
necessary for their function. Almost 50% of all proteins encoded by a eukaryotic
genome are membrane proteins. As a result, a majority of biological processes take
place on the cell membrane. In the last few years, crystal structures of an impressive
number of membrane proteins have been reported, thanks to tremendous advances
in membrane protein crystallization techniques. Some of these recently solved
structures belong to the G protein-coupled receptor (GPCR) family, which are
particularly difficult to crystallize due to their intrinsic flexibility. Nonetheless,
these static structures do not provide the necessary information to understand the
function of membrane proteins in the complex membrane milieu. This is due to two
reasons: (i) most of these structures are not in the natural membrane bilayer, thereby
raising the concern of physiological relevance; and (ii) more importantly, these
structures do not provide any dynamic information, crucial for understanding
membrane function.

It is against this general backdrop that this monograph on membrane organization
and dynamics is being organized. This monograph brings together information on
membrane organization and dynamics from a variety of spectroscopic, microscopic,
and simulation approaches, spanning a broad range of timescales. The implications
of such dynamic information on membrane function in health and disease are a topic
of contemporary interest. The articles in this volume cover various aspects of
membrane lipid and protein dynamics, explored using a battery of experimental
and theoretical approaches. It is hoped that the synthesis of information and knowl-
edge gained by utilizing multiple approaches would provide a comprehensive
understanding of the underlying membrane organization, dynamics, and function.
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This would help to develop robust models for understanding membrane function in
healthy and diseased states.

I believe that this book will help the prospective reader to gain an overall
understanding of membrane organization and dynamics in terms of currently
emerging themes and approaches. I would like to make use of this opportunity to
thank all the contributors who are leaders in their respective areas of research.
Special thanks are due to Boris Martinac (Series Editor), Sabine Schwarz, Martina
Himberger, Madona Samuel, and Parijat Sarkar for their cooperation and support in
organizing this monograph.

Hyderabad, India Amitabha Chattopadhyay
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Chapter 1
What Is So Unique About Biomembrane
Organization and Dynamics?

Sreetama Pal and Amitabha Chattopadhyay

Abstract Biological membranes are complex quasi two-dimensional, supramo-
lecular assemblies of a diverse variety of lipids, proteins and carbohydrates, that
compartmentalize living matter into cells and subcellular structures. Membranes
are held together by the hydrophobic effect, which is an entropy-driven process
originating from strong attractive forces between water molecules. Membrane
organization and dynamics are characterized by the absence of intermolecular
connectivity among its constituent units, thermodynamically controlled (spontane-
ous) self assembly, and inherent dynamics characterized by a gradient. Membrane
phenomena display a wide range of spatiotemporal scales, thereby making it
challenging for experiments and simulations alike. We envision that unraveling
the spatiotemporal complexity of biological membranes would enable us to build a
more robust membrane model, which would help in addressing unresolved issues in
human health and disease.

1.1 Cellular Membranes as Identity Markers

A long time back, biochemists used to think that a living cell is a bag full of
enzymes. In reality, eukaryotic cells are characterized by a number of compart-
ments separated from each other and the cytoplasm by thin membranes (see
Fig. 1.1). The composition, organization and physical dimension of the intracellular
organelle membranes exhibit a lot of variation. The outermost membrane in
eukaryotic cells is termed the plasma membrane, which separates the interior of
the cell from the outer milieu and provides the cell its unique identity. Cellular
organization is therefore characterized by morphological compartmentalization

S. Pal
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Fig. 1.1 A schematic
representation of a
eukaryotic cell showing the

plasma membrane and . /“/-\/\zu
membrane bound organelles %%& AN

offered by the membrane. Membranes compartmentalize living matter into cells
and subcellular structures. Cells require some mechanism to prevent dissipation
(diffusing away) of their genetic information (contained mainly in the nucleus) and
therefore “compartmentalization has long been recognized as a physical prerequi-
site for Darwinian evolution” [1]. Importantly, the membrane is the first organelle
in a cell to sense any stress or stimuli [2].

In physical terms, membranes can be described as a complex anisotropic fluid
that are deformable and can therefore be treated as soft matter [3, 4]. In molecular
terms, this means membranes are optimally fluid to be able to carry out their
function while maintaining their characteristic selective barrier properties. Mem-
branes present themselves to macromolecules as highly structured interfaces on
which important biochemical processes are carried out and catalyzed. For this
reason, the structure and molecular organization of membranes are crucial for
membrane function.

Biological membranes are complex quasi two-dimensional, supramolecular
assemblies of a diverse variety of lipids, proteins and carbohydrates (see
Fig. 1.2a). Membranes of eukaryotic cells contain thousands of diverse lipid
types [6, 7]. Membranes provide an identity to the cell and its organelles, and
represent an ideal milieu for the proper function of membrane proteins. Cells are
densely packed with membranes. In fact, ~35% of the dry weight of a cell is that of
its membranes. The human body is composed of ~10"* cells which correspond to a
total membrane surface area of ~3 km?”. Contrary to textbook descriptions [8],
cellular membranes are often crowded [9, 10] with a high protein density (typically
~25,000 proteins/pm?; [11]). Even a number of years back it was postulated that
there could be only a few lipid molecules separating two protein molecules in a
biological membrane [12]. Taken together, the model of biological membranes is
evolving into one where “the membrane resembles a cobble-stone pavement, with
the proteins organized in patches that are surrounded by lipidic rims, rather than
icebergs floating in a sea of lipids” [10].

The actin cytoskeletal network underlying the membrane was initially not
considered to be an active part of the membrane. However, this has changed in
recent years. A number of observations using sophisticated microscopic techniques
have established the notion of actin cytoskeleton dependent dynamics of molecules
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Fig. 1.2 (a) A schematic representation of a membrane bilayer showing the major components of
biological membranes: lipids, proteins and carbohydrates. The actin cytoskeleton is also shown
since emerging evidence suggests that it is coupled to the membrane (see Sect. 1.1). Eukaryotic
membranes consist of phospholipids, sterols and sphingolipids. The predominant phospholipids
are zwitterionic (shown in blue) phosphatidylcholine and phosphatidylethanolamine; and nega-
tively charged (shown in mustard) phosphatidylglycerol and phosphatidylserine. Negatively
charged lipids are key players in lipid-protein interactions and are known to modulate membrane
insertion, translocation and subsequent function of membrane proteins. Cholesterol, the predom-
inant sterol in eukaryotic membranes, is shown in maroon and sphingolipids in green. Cholesterol
is a functionally relevant lipid in terms of its role in the organization, dynamics and function of
biological membranes. Integral and peripheral membrane proteins are shown in purple. The
underlying actin cytoskeleton, depicted in gray, imparts structural integrity and induces dynamic
compartmentalization with its meshwork underneath the membrane, thereby leading to membrane
domains. (b) An enlarged representation of one-half of the bilayer (highlighted by a light blue box)
shows the intrinsically anisotropic nature of biological membranes. The dotted line at the bottom
indicates the center of the bilayer. The anisotropy along the membrane z-axis compartmentalizes
the membrane leaflet into two regions characterized by differential dynamics, as reported by
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in cell membranes [13—15], and have led to the ‘anchored protein picket model’ of
membranes [16]. In addition, a model involving cross-talk between membrane
cholesterol and actin cytoskeleton is emerging based on observations such as
destabilization of the cortical actin cytoskeleton due to depletion of plasma mem-
brane cholesterol ([17, 18]; Sarkar P, Kumar GA, Shrivastava S, Chattopadhyay A,
unpublished observations). This implies that the membrane components (lipids,
proteins, carbohydrates and the underlying cytoskeleton) must interact with each
other in order to provide much needed functionality to the membrane.

1.2 What Holds the Membrane Together?

The physical principle underlying the formation of membranes is the hydrophobic
effect [19-21]. The hydrophobic effect describes how an aqueous medium deals
with non-polar substances. The driving force behind the hydrophobic effect is
essentially entropic in nature and has its genesis in the strong attractive forces
between water molecules that must be disrupted to accommodate hydrophobic
moieties in it and the entropic cost of incorporating a non-polar molecule in
water. This effect should not be confused with the force of interaction among two
non-polar (hydrophobic) molecules which plays a very minor role in hydrophobic
effect. The hydrophobic effect serves as a common mechanism responsible for
formation of other organized membrane-mimetic molecular assemblies, such as
micelles and reverse micelles, and folding of globular proteins.

1.3 Unique Features of Biomembrane Organization
and Dynamics

A unique feature of membrane organization, different from other macromolecular
assemblies prevalent in biology, is that there is no intermolecular connectivity (and
the implied information content) among membrane constituents (lack of a
sequence). The fundamental paradigm in the protein world, a specific sequential

Fig. 1.2 (continued) spectroscopic techniques (such as ESR, NMR, fluorescence) and molecular
dynamics simulations. The anisotropic membrane interface (shown in blue) ensures a dynamic
segregation between the bulk aqueous phase and the isotropic hydrocarbon-like core of the
membrane (shown in gray). Both the bulk aqueous phase and the hydrocarbon-like core of the
membrane are characterized by fast and isotropic solvent relaxation. The membrane interface is
uniquely characterized by a functionally relevant chemically heterogeneous environment, slow
solvent relaxation, and limited water penetration (interfacial water). This inherent membrane
anisotropy is reflected in polarity and mobility gradients (shown as shaded gray arrows) along
the membrane normal (perpendicular to the plane of the membrane). See text for more details.
Adapted and modified with permission from [5]. Copyright (2011) American Chemical Society
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arrangement of the constituent units (amino acids), is therefore not a deciding factor
in self assembly of lipids in biological membranes. Instead, self assembly of lipids
into membranes is a consequence of the amphipathic nature of lipid molecules. The
prominent dogma of molecular biology, i.e., sequence dictating function, is there-
fore absent in biological membranes. Viewed from another perspective, the lack of
intermolecular connectivity (sequence) provides the membrane its inherent dynamic
nature. This makes the study of biological membranes unique and challenging.

The interfacial region (see Fig. 1.2b) is the most important part of the membrane,
in terms of physicochemical characteristics and function [5, 22]. The membrane
interface exhibits distinct motional and dielectric characteristics [23] different from
the bulk aqueous phase and the more isotropic hydrocarbon-like deeper regions of
the membrane. In a chemical sense, the membrane interface plays a crucial role in
substrate recognition and activity of membrane-active enzymes [24]. The reduced
probability (due to geometrical constraints) of energetically favorable hydrogen
bonding induces dynamic confinement of water molecules at the membrane inter-
face [25]. The membrane interface displays slow rates of solvent relaxation [5, 22,
26-29], participates in intermolecular charge interactions [30] and hydrogen bond-
ing mediated by the polar lipid headgroup [31, 32].

As mentioned above, a unique feature of membranes is their inherent dynamics,
characterized by a gradient along the bilayer normal (z-axis) (see Fig. 1.2b)
[5, 33]. While the center of the membrane bilayer is nearly isotropic, the upper
portion, only a few angstroms away toward the membrane surface, is highly ordered
[5, 22]. As a consequence of this organization, properties such as polarity, segmen-
tal mobility (collectively termed as membrane fluidity), ability to form hydrogen
bonds, and extent of solvent penetration vary in a depth-dependent manner in the
membrane [34]. In addition, biological membranes display a gradient of environ-
mental heterogeneity along the bilayer normal [33]. Taken together, absence of
intermolecular connectivity (sequence), thermodynamically controlled (spontane-
ous) self assembly, and inherent dynamics characterized by a gradient, represent the
essential aspects of membrane organization and dynamics.

1.4 Spatiotemporal Scales of Membrane Phenomena

Cellular events at the membrane span a wide range of spatiotemporal scales (see
Fig. 1.3) [35-37]. An important aspect of the cell membrane is its dynamics that
span a very large range of time scales, which supports a wide variety of biological
processes, necessary for cellular function. The corresponding length scales also
cover several orders of magnitude. Monitoring membrane dynamics with all its
complexities continues to be challenging in contemporary membrane biophysics.
Membrane probes offer the possibility of measuring membrane dynamics at various
spatiotemporal resolutions, depending on the experimental approach chosen
[38]. However, it is not possible to address problems in these spatiotemporal scales
using any single technique and phenomena-dependent approaches are necessary.
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Fig. 1.3 Range of spatiotemporal scales relevant in biological membrane phenomena. Predom-
inant membrane-associated processes are shown, with the corresponding time scales increasing
from left to right. As shown in the figure, the range of time scales for membrane phenomena could
span more than ten orders of magnitude, whereas the spatial scale ranges cover over three orders of
magnitude. It is not possible to resolve these spatiotemporal scales simultaneously using any single
technique. It is therefore crucial to select techniques with spatiotemporal scales comparable to that
of the specific phenomenon probed. In this respect, fluorescence-based approaches (shown at the
bottom of the figure) appear suitable since many membrane-associated processes can be addressed
by fluorescence spectroscopic and microscopic techniques. Adapted and modified from [35]

Among various techniques used, fluorescence-based approaches offer certain
advantages due to their enhanced sensitivity, minimal perturbation, multiplicity
of measurable parameters, and suitable time scales that allow the analysis of several
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membrane phenomena [39]. With the advent of confocal microscopy and organelle-
specific probes, it has now become possible to explore lateral [40] and rotational
[41] dynamics of specific organelle membranes such as Golgi membranes.

1.5 Future Perspectives: What Lies Ahead

Unraveling the spatiotemporal complexity of biological membranes appears to hold
the key to understanding the molecular basis of diseases that pose a threat to
mankind. This constitutes a major challenging area of research in the post-genomic
era, particularly keeping in mind the fact that more than 50% of current drug targets
in all clinical areas are membrane proteins [42]. In addition, the biological mem-
brane plays a crucial role in amyloidogenic diseases that are associated with protein
aggregation [43]. Membrane lipid mediated pathogen entry into host cells offers
another potential avenue for developing novel therapeutic strategies to effectively
tackle intracellular pathogenesis [44]. Tissue-specific and age-dependent drug
efficacy represents another promising development in human health [45]. The
articles that follow in this monograph will address several important topics in
membrane biology with focus on membrane lipids and proteins using experimental
and simulation approaches.
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Chapter 2
Dynamics and Organization of Archaeal
Tetraether Lipid Membranes

Parkson Lee-Gau Chong, Alexander Bonanno, and Umme Ayesa

Abstract Archaeal bipolar tetraether lipids (BTLs) have distinct structural differ-
ences from the lipids isolated from bacteria and eukaryotes. Because of the pres-
ence of the unusual structural features, such as macrocyclic structures,
cyclopentane rings, isoprenoid units, tetracther linkages, and a variety of polar
head groups, archacal BTL membranes possess physical properties distinctly dif-
ferent from those found in conventional diester lipid membranes. This chapter
reviews the salient physical properties of archaeal BTL membranes as well as the
membranes formed by synthetic BTLs, with the emphasis focused on membrane
dynamics, stability, phase behaviors, and organization.

2.1 Chemical Structures of Bipolar Tetraether Lipids

2.1.1 Bipolar Tetraether Lipids Isolated from Archaea

Bipolar tetraether lipids (BTLs) are present in all three major archaeal kingdom:s:
euryarchaeota, crenarchaeota and thaumarchaeota [1]. BTLs are the dominating
lipid species in crenarchaeota (~90-95% of the total lipid extract), which thrive
under high temperature and low pH conditions. Euryarchaeota include
methanogens and halophiles. BTLs are present in methanogens (0-50%), but
virtually absent in halophiles. BTLs are also abundant in thaumarchaeota, which
are mesophilic, found in ambient environments such as soil and lakes [1]. Archaeal
BTLs have distinct structural differences from the lipids isolated from bacteria and
eukaryotes [2]. The structures of archaeal BTLs are either macrocyclic or hemi-
macrocyclic (also called semi-macrocyclic) as illustrated below.
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Archaeal Macrocyclic BTLs In an archaeal macrocyclic BTL molecule, the
hydrophobic core contains two biphytanyl chains (i.e., one dibiphytanyl chain),
which consist of branched methyl groups and cyclopentane or cyclohexane rings.
BTLs containing cyclohexane rings occur only in thaumarchaeota [3]. The hydro-
phobic core is connected to either glycerol or calditol via ether linkages with a sn-
2,3 configuration, forming a macrocyclic structure. An ether linkage is more
resistant against acidic or alkaline hydrolysis than an ester linkage. Archaeal
BTLs have an L-glycerol backbone, in contrast to p-glycerol in eukaryotic and
bacterial phosphoacylglycerols. Various polar moieties, such as sugars and phos-
phate, are linked to the glycerol or calditol backbones. The number of cyclopentane
rings in biphytanyl chains increases with increasing growth temperature [4-6] and
decreases with decreasing growth pH [7].

The structural features of archaeal macrocyclic BTLs are illustrated in Fig. 2.1,
where the chemical structures of the polar lipid fraction E (PLFE) isolated from the
thermoacidophilic crenarchaeon Sulfolobus acidocaldarius (optimum growth con-
ditions: 75-80 °C and pH 2.5-3.0) [10] are presented. PLFE contains a mixture of
either a calditolglycerocaldarchaeol (also termed glycerol dialkylcalditol tetraether,
abbreviated as GDNT) or a caldarchaeol (also termed glycerol dialkylglycerol
tetraether, GDGT) skeleton [10-13] (Fig. 2.1A). The GDNT component of PLFE
(~90% of total PLFE) contains phospho-myo-inositol on the glycerol end and
B-glucose on the calditol end, whereas the GDGT component (~10% of total
PLFE) has phospho-myo-inositol attached to one glycerol and B-p-galactosyl-p-
glucose to the other glycerol skeleton. In PLFE, the non-polar regions of these
lipids consist of a pair of 40-carbon biphytanyl chains, each of which contains up to
four cyclopentane rings (Fig. 2.1A), dependent upon the growth temperature and
pH. The distribution of the number of cyclopentane rings for a given growth
temperature is broad, ranging from 0-8 rings per BTL molecule [14, 15]. The
maximum of the distribution curve shifts to a larger number of cyclopentane rings
at a higher cell growth temperature [14, 15].

Not all archaeal macrocyclic BTLs are of the same structure. Like PLFE, the
main phospholipid fraction (MPL) isolated from the crenarchaeota Thermoplasma
acidophilum (optimum growth: 55-59 °C and pH 1-2) contains biphytanyl chains
forming macrocyclic tetraether structures (Fig. 2.1B). However, MPL has up to
three cyclopentane rings in the dibiphytanyl area per molecule (Fig. 2.1B) while
PLFE contains up to eight cyclopentane rings per molecule [9, 15]. There are also
structural differences in the polar head group regions. As discussed earlier, PLFE
lipids contain phospho-myo-inositol, f-glucose, and p-p-galactosyl-p-glucose in the
polar head groups (Fig. 2.1A). In comparison, MPL lipids have B-L-gulose (Gul)
attached to one glycerol end and a phosphoglycerol moiety to another glycerol end
(Fig. 2.1B) [9].

Several rather unusual structural variations can occur in the hydrophobic core of
macrocyclic BTLs. One variation is the direct cross-linking between the two biphytanyl
chains, forming H-shaped BTLs (Fig. 2.2B). Furthermore, additional -CHj3 (Fig. 2.2B)
or —OH groups may appear in the biphytanyl chains [3, 16].
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Fig. 2.1 Illustrations of the molecular structures of the macrocyclic bipolar tetraether lipids found
in crenarchaeota. (A) Molecular structures of PLFE isolated from S. acidocaldarius. PLFE
contains (a) GDGT (or caldarchaeol, ~10%) and (b) GDNT (or calditolglycerocaldarchaeol,
~90%). The number of cyclopentane rings in each biphytanyl chain can vary from 0 to 4. R/
myo-inositol, GDGT R2 B-p-galactosyl-p-glucose, and GDNT R2 B-p-glucose linked to calditol.
GDG(N)T-0 and GDG(N)T-4 contain 0 and 4 cyclopentane rings per molecule, respectively
(Reprinted from [8] with permission). (B) Illustrations of the molecular structures of the lipids
found in the main phospholipid fraction (MPL) isolated from Thermoplasma acidophilum HO-62
[9]: (a) with no cyclopentane rings; (b) with three cyclopentane rings per molecule, which is the
maximum in MPL

Archaeal Hemi-Macrocyclic BTLs Archacal BTLs also exist in a hemi-
macrocyclic form containing one biphytanyl chain with both ends linking to a
different glycerol moiety (thus, having no mid-plane space) and two phytanyl
chains, each of which is ether-linked to a glycerol backbone [6]. Figure 2.2a
shows the structure of such a glycerol trialkyl glycerol tetraether (GTGT) isolated
from Sulfolobus solfataricus. However, hemi-macrocyclic BTLs are present only in
a small amount (~3.2 wt% in the case of S. solfataricus [6]) compared to the total
lipid extract from the archaea.
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Fig. 2.2 Illustrations of the hydrophobic core structures of (a) the hemi-macrocyclic bipolar
tetraether lipids (or called glycerol trialkyl glycerol tetraether, GTGT) and (b) the H-shaped and
dimethylated isoprenoid macrocyclic bipolar tetraether lipids (glycerol monoalkyl glycerol
tetraether, GMGT) found in archaea [3]

2.1.2 Synthetic Bipolar Tetraether Lipid Analogues

Highly purified archaeal BTLs are hard to obtain in large quantities. To circumvent
this problem, chemical synthesis has been employed to generate BTLs with struc-
ture features similar to archaeal BTLs. Total synthesis of macrocyclic archaeal BTL
analogues involves many steps [17, 18]. Very few synthetic macrocyclic BTLs
include both rings and sugar moieties. Compared to the synthesis of macrocyclic
BTLs, hemi-macrocyclic structures are easier to make and thus more popular in the
field of synthetic archaeal lipid analogues [19], despite that hemi-macrocyclic
BTLs occur in a relatively small amount in archaea. Examples of different chem-
ically synthesized hemi-macrocyclic BTLs can be seen in Fig. 2.3. By adding
particular polar head groups to the macrocyclic or hemi-macrocyclic tetracther
core, one can synthesize BTL analogues for specific applications such as target
delivery of drugs and genes [22].

2.2 BTL Membranes

Both archaeal and synthetic BTLs can form vesicular and supported planar mem-
branes (e.g., [8, 10, 23, 24]). Archaeal BTLs have also been used to make free-
standing planar membranes (black lipid membranes) on micro pores in solid
support [25-27]. Because of the presence of the unusual structural features such
as macrocyclic structures, cyclopentane rings, isoprenoid units, tetraether linkages,
and a variety of polar head groups, BTL membranes possess physical properties
(e.g., stability, permeation, dynamics, phase behavior, and lateral organization)
distinctly different from those found in diester lipid membranes.

BTLs can adopt a U-shaped configuration or an upright configuration in the
membrane (reviewed in [14]). In most cases, BTLs in membranes span the entire
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Fig. 2.3 Examples of synthetic macrocyclic (I [20]) and hemi-macrocyclic (II [20]; III [21]; and
IV [19]) BTLs

lamellar structure, forming a monomolecular thick membrane [28], which contrasts to
the bilayer structure formed by diester (or diether) lipids. The lamellar repeat distance
(d-spacing) of PLFE liposomes has been measured over a wide range of temperatures
using small angle X-ray scattering (SAXS) [29]. The d-spacing values (e.g., 4.9-5.0 nm
at 5-50 °C, [29]; d-spacing = membrane thickness + thickness of water layer) indicate
that PLFE lipid molecules span the entire membrane and have an upright configuration.
Black lipid membrane studies determined the specific membrane capacitance of main
phospholipid fraction (MPL), one BTL component from the archaeon Th. acidophilum,
to be 0.744 mF/cm?2. This number was converted to a membrane thickness of 2.5-3.0 nm,
which suggests that MPL membranes are monolayers and that the tetraether lipids in
MPL membranes are also oriented vertically spanning the entire membrane [26].

2.3 Stability of BTL Membranes

Irrespective of the membrane types and lipid sources, BTL liposomal membranes
exhibit remarkable chemical, physical, and mechanical stability (reviewed in [14]).
For example, in the pH range 4—10, PLFE-based liposomes are able to retain vesicle
size and morphology through at least six autoclaving cycles, whereas liposomes made
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of diester lipids cannot maintain their integrity with just one autoclaving cycle
[30]. Light scattering data showed that PLFE liposomes do not aggregate or fuse
spontaneously for at least 6 months [31]. In the presence of fusogenic compounds such
as Ca®*, BTL vesicle aggregation may occur but with little membrane fusion [31-
33]. Zeta potential of PLFE liposomes is <—30 mV [34], indicating that those BTL
liposomes do not coalesce. PLFE liposomes are stable at shear stress rates 07600 s '
[35]. BTL liposomes are also highly resistant to surfactants [36] and bile salts
[37]. Furthermore, addition of BTLs to liposomal drugs increases their stability,
even in the gastrointestinal tract [38, 39]. Molecular dynamics (MD) studies suggested
that, compared to their diester and hemi-macrocyclic counterparts, macrocyclic BTL
membranes have highest stability against external mechanical forces [40].

Like BTL liposomes, BTL free-standing planar membranes (also called black
lipid membranes or suspended planar membranes) over micro pores in solid support
are also extraordinarily stable compared to their diester counterparts. Membrane
electrical resistance in traditional black lipid membranes made of diester lipids
drops abruptly in 2—4 h. In contrast, the dielectric properties of PLFE free-standing
planar membranes remain almost unchanged over a period of at least 50 h at
13-40 °C [41]. This remarkable stability of PLFE membranes, which is on the
order of days and achieved without having lipid polymerization nor using nano-
pores, makes BTLs particularly appealing for developing durable and efficient
planar membrane-based biotechnologies [41].

The great stability of BTL lipid membranes can be attributed to the strong
electrostatic, van der Waals, and hydrogen bonding interactions among BTL
molecules due to the presence of sugar/phosphate moieties in the polar head groups
and the macrocyclic and dibiphytanyl structures in the hydrophobic core
[42, 43]. Although PLFE liposomes are extraordinarily stable, they become
completely disintegrated in the presence of two archaeal proteins: ESCRT-III and
CdvA [44, 45]. The underlying mechanism is not known.

2.4 Phase Behaviors of BTL Membranes

PLEFE liposomes are one of a handful of archaeal BTL membrane systems that have
been studied extensively for their phase behaviors. PLFE liposomes have been char-
acterized by SAXS, infrared and fluorescence spectroscopy, and differential scanning
calorimetry (DSC). PLFE liposomes exhibit two thermally-induced lamellar-to-lamel-
lar phase transitions at ~47-50 °C and ~60 °C [2, 23, 29, 46] and a lamellar-to-cubic
phase transition at ~74-78 °C [29, 46], all of which involve low enthalpy and volume
changes asrevealed by DSC and pressure perturbation calorimetry (PPC) [46]. Another
archaeal BTL membrane that has been rigorously studied for phase behaviors is the P2
fraction of the polar lipid extract of Sulfolobus solfataricus [47, 48].

The number of cyclopentane rings in the biphytanyl chains is a major factor
governing the phase behaviors of BTL membranes. An increase in the number of
cyclopentane rings resulted in a higher thermal phase transition temperature in
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membranes made of GDGT derived from S. solfataricus [49, 50]. A study of BTL
liposomes derived from S. acidocaldarius showed that an increase of cell growth
temperature from 68 to 81 °C, which could lead to an increase of the number of
cyclopentane rings per tetraecther molecule from 3.4 to 4.8 [51], increased the phase
transition temperature of PLFE liposomes from 39.1 to 56.5 °C [52].

The stereochemistry of the cyclopentane ring also plays an important role in
phase behaviors. The cyclopentane ring in native archaeal BTLs is in a trans-1,3-
dialkyl configuration. A SAXS study on a synthetic hemi-macrocyclic BTL with
one central cyclopentane ring in the membrane spanning chain reveals that a cis-
1,3-dialkyl cyclopentane ring led to the L.—L,—Qq phase transitions whereas the
trans isomer retained an L, phase from 20 to 100 °C [53]. (Note: L.: lamellar
crystalline phase; L,: lamellar liquid-crystalline phase; Qp: a diamond-type
bi-continuous cubic phase with the symmetry Pn3m).

How the branched methyl groups contribute to the phase behaviors of BTL
membranes remains elusive. A recent MD simulation study showed that the
branched methyl groups increase the BTL inter-chain distance from ~0.6 to
~0.85 nm and reduces the hydrocarbon chain tilt angle from ~35° to ~10°
[54]. Without the branched methyl groups, BTLs form a gel-like rigid phase
(Fig. 2.4, top) [54]. This simulation study suggested that the branched methyl
groups play an important role in keeping BTL membranes densely packed and
stable, and, at the same time, maintaining the membrane in a “liquid-crystalline”
state with fast-fluctuating hydrocarbon chains (Fig. 2.4, bottom) [54]. However, the
polar head groups used in this simulation were exclusively phosphatidylcholine,
which has very limited hydrogen bonding capabilities. As mentioned earlier,
hydrogen bonding among sugar and phosphate moieties in the polar head group
regions is one of the major stabilizing forces of native archaeal BTL membranes. In
light of this, it is of interest to extend the MD study to interrogate if the branched
methyl groups still lead to fast fluctuations in hydrocarbon chains when the sugar
moieties are present. In addition, calorimetric and spectroscopic experiments on
membranes made by synthetic BTLs with systematic changes in hydrocarbon chain
branching are in demand in order to advance our understanding of the role of
branched methyl groups in BTL phase behaviors and membrane packing.

2.5 Membrane Lateral Diffusion

Lateral diffusion constant D in BTL liposomes made of total polar lipids from
Thermoplasma acidophilum was determined by *'P-NMR to be 2 x 10~° cm?/s
near the cell growth temperature 55 °C. The D value dropped to 6-8 x 10~ cm?/s
when the temperature was lowered to 30 °C [55]. MD calculations revealed nearly
one order of magnitude difference in D between a macrocyclic BTL membrane
(0.53 x 10~® cm?/s) and the membrane made of diphytanyl phosphatidylcholine
(DPhPC) (4.82 x 10~% cm?/s) [40].



18 P.L.-G. Chong et al.

HCN—"0.p° il oo ?_Ha .?.HJ_. ?Ha. .?Hs HyC.
WIS N N N e WP R
(o]

Tl B e &

Fig. 2.4 Effects of branched methyl groups on membrane packing as revealed by MD simulations
[54]. (top) Model membranes of the synthetic BTL with no branched methyl groups (chemical
structure shown above). This membrane is packed like a gel state, with the hydrocarbon chains
remained straight. (bottom) Model membranes of the synthetic BTL with branched methyl groups
(chemical structure shown above). In this case, the membrane is more fluid, resembling liquid-
crystalline state (modified from [54] and used with permission)

Using pyrene fluorescence excimer formation to reflect membrane lateral mobil-
ity, it was found that BTL membrane lateral mobility was more limited, especially
at low temperatures [56], compared to diester liposomes. Larudan fluorescence
intensity images showed that the lipid domains were virtually immobile in the
membrane surface when the temperature of giant unilamellar vesicles of PLFE
membranes was <26 °C [23]. The overall low lateral mobility in BTL membranes
can be understood in terms of the low membrane free volume in PLFE liposomes
[52, 57]. It has been suggested that membrane free volume is required for mem-
brane lateral diffusion [58].
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To date, the studies of lateral diffusion in BTL membranes are still in the
primitive stage. More advanced techniques should be employed in order to gain a
better mechanistic understanding.

2.6 Probe Rotations and Insertion in BTL Membranes

Fluorescent probe studies on BTL membranes yielded a few surprising results,
which are the consequence of the unique structures of BTLs.

Laurdan It is well known that 6-lauroyl-2-(dimethylamino)naphthalene
(Laurdan) can insert into conventional diester liposomes with its chromophore
located near the polar head group regions and with its chromophore’s dipole
moment aligned in parallel with the membrane normal [59]. In addition, when the
membrane packing is tight, the generalized polarization (GP = (Ipjye — Lieq)/
(TIptue + Lreq)) value of Laurdan fluorescence is high, and vice versa [59]. However,
in a fluorescence microscopy study, it was found that the GP values of Laurdan
fluorescence in PLFE giant unilamellar vesicles (GUVs) were surprisingly low
(near zero) at all of the temperatures and pHs examined, despite that the overall
membrane packing is tight [23]. The second surprise is that, when excited with light
polarized in the y direction, Laurdan fluorescence in the center cross section of the
PLFE GUVs exhibited a photoselection effect showing much higher intensities in
the x direction of the vesicles, a result opposite to that observed on diester
liposomes (e.g., DPPC). This result indicates that the dipole moment of Laurdan’s
chromophore in PLFE GUVs is aligned parallel to the membrane surface, in sharp
contrast to the results obtained using diester liposomes. This photoselection effect
and the low GP values together suggest that the Laurdan’s chromophore resides in
the polar head group region of the PLFE liposomes but its long axis is aligned in
parallel with the membrane surface, while the lauroyl tail inserts into the hydro-
carbon core of the membrane. This unusual L-shape disposition is presumably
caused by the rigid/tight packing in PLFE liposomes and by the steric hindrance
of the branched methyl group.

It was found in a separate study that the values of red edge excitation shift (REES)
[60, 61] for Laurdan in PLFE liposomes are much greater than those in diester
liposomes [62]. For example, the REES value for PLFE liposomes is 22.8 nm at pH 3
and 37 °C whereas that for dilauroylphosphatidylcholine (DLPC) is 8.3 nm and for
distearoylphosphatidylglycerol (DSPG) is 4.7 nm under the same experimental
conditions [62]. These data indicate that Laurdan’s chromophore is localized in an
environment of highly restricted mobility and that the membrane regions near
Laurdan’s chromophore have extraordinary restriction to the reorientational motion
of water or lipid polar residues around Laurdan’s excited state. This interpretation is
consistent with the assertion that there is a strong hydrogen bond network in the
polar head group regions of PLFE lipid membranes [14, 63].
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Perylene Perylene is a flat and disk-like fluorescent probe. This probe appears to
be able to penetrate into BTL membranes with its molecular axis in parallel to the
membrane normal [64]. The average (R) and in-plane (R;p) rotational rate of
perylene in PLFE liposomes underwent an abrupt increase when the temperature
was raised to ~48 °C [64], which is near one of the phase transition temperatures of
PLFE (discussed earlier). A plausible explanation is that the cyclopentane rings and
the branched methyl groups of PLFE provide a steric hindrance for the in-plane
rotation of perylene at low temperatures. For some reason, this hindrance is reduced
at temperatures >48 °C. It was also observed that, at 20-35 °C, the Ry, values of
perylene in PLFE liposomes are 0.06-0.12 ns ' [64], which are significantly lower
than the R;, values of perylene 0.41 ns~' found in 50 mol% cholesterol/POPC
liposomes [65] at 10 °C. These results suggested that PLFE liposomes are rigid and
tightly packed at low temperatures [64].

DPH Diphenyl-1,3,5-hexatriene (DPH) is a commonly used membrane probe,
with its long molecular axis preferentially aligned in parallel with the membrane
normal of diester liposomes [66]. In addition, the fluorescence lifetime of DPH is
known to increase when the probe is exposed to more hydrophobic environment
and decrease when the water content near the probe increases [66].

DPH fluorescence in PLFE liposomes generates interesting yet surprising
results. For example, as illustrated in Table 2.1, the average fluorescence lifetime
of DPH in PLFE remains low (~7.5-7.7 ns) over a wide range of temperatures
(20-50 °C) [67]. The lack of an abrupt change in DPH fluorescence lifetime with
temperature is consistent with the phase behavior of PLFE liposomes mentioned
earlier. More interestingly, this lifetime value (~7.5-7.7 ns) is even lower than the
DPH fluorescence lifetime in DPPC liquid-crystalline (fluid) state (e.g., at 46.1 °C,
Table 2.1 and [67]). According to the conventional interpretation of DPH fluores-
cence lifetime data, this would indicate that, at all the temperatures examined
(20-50 °C), PLFE liposomes would be even more loosely packed than DPPC
fluid state, which apparently is not true and would contradict the limiting anisotropy
data (Table 2.1 and [67]). One plausible explanation of the low lifetime is that DPH
in PLFE liposomes does not insert into the membrane as deep as that in diester
liposomes, due to the steric hindrance provided by the branched methyl groups and
the cyclopentane rings. Both Laurdan and DPH data indicate that probe location in
BTL membranes could be very different from that in diester membranes and that
the interpretation of the fluorescence data should take probe location into
consideration.

DPH fluorescence correlation times in PLFE liposomes are higher than those in
DPPC liposomes (Table 2.1 and [67]), which indicates that the average rotational
rate of DPH is slower in PLFE than in DPPC liposomes, probably due to tight
packing and steric hindrance in PLFE liposomes. In addition, the limiting anisot-
ropy of DPH fluorescence remains high over a wide range of temperatures
(Table 2.1 and [67]). This parameter clearly indicates that PLFE membranes
provide a restricted environment for the rotation of DPH.
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Table 2.1 Comparison of membrane physical parameters between tetraether (BTL) and diester or

diether liposomes

Conventional diester or

Physical parameters Tetraether liposomes diether liposomes References
DPH fluorescence average PLFE DPPC [67]
lifetime 7.57 ns (24.9 °C) 9.91 ns (25.2°C)
7.61 ns (354 °C) 9.92 ns (35.0 °C)
7.67 ns (47.2°C) 8.17 ns (46.1 °C)
DPH apparent rotational 2.73 ns (24.9 °C) 2.26 ns (25.2 °C) [67]
correlation time 2.72 ns (354 °C) 2.17 ns (35.0 °C)
2.89 ns (47.2°C) 1.43 ns (46.1 °C)
DPH fluorescence limiting 0.302 (24.9 °C) 0.340 (25.2 °C) [67]
anisotropy, ' 0.279 (354 °C) 0.304 (35.0°C)
0.217 (47.2 °C) 0.072 (46.1 °C)
Perylene in-plane rotational | PLFE 50 mol% Chol/POPC [64, 65]
rate, Ry, 0.06-0.12 ns ™! 0.41 ns~!
(20-35°C) 10°0C)
Laurdan GP PLFE below or near DPPC [23, 68]
zero (12-66 °C) ~0.6 (<40 °C)
Laurdan REES PLFE DSPG [62]
22.8 nm (pH 3; 37 °C) | 4.7 nm (pH 3; 37 °C)
DLPC
8.3 nm (pH 3; 37 °C)
n-AS REES PLFE DHPC [69]
7 nm (pH 5; 67 °C) 3 nm (pH 5; 67 °C)
n-AS apparent rotational PLFE DHPC [69]
correlation time 4.0 ns (2-AS) 1.2 ns (2-AS)
4.3 ns (12 AS) 0.6 ns (12 AS)
Zeta potential PLFE Egg-PC [34]
—343 mV —7.5mV
Lamellar repeat distance PLFE DPPC [29, 70]
(d-spacing) 5 nm (50 °C) 6.72 nm (50 °C)
Lateral diffusion coefficient | Synthetic macrocyclic | DPhPC [40]
BTL membrane 4.82x 1078 cmz/s
0.53 x 107% cm?/s
Relative volume change PLFE (Tgrowm = 68 °C) | DPPC [52]
(AV/V) of the phase 0.18% 3.1% (main transition)
transition (Tansition = 39 °C)
Enthalpy change of the phase | PLFE DPPC [46]
transition 3.5 kJ/mol 35 kJ/mol
(Tirans = 46.7 °C) (main transition)
Relative volume fluctuations | PLFE DPPC [57]

2.2% (40 °C)
2.3% (60 °C)

4.0% (40 °C)
4.7% (60 °C)
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2.7 Gradient of Membrane Dynamics Along
the Membrane Normal

The biphytanyl chains in archaeal BTLs contain branched methyl groups and
cyclopentane rings. They are covalently linked to either glycerol or calditol back-
bone moieties located on the opposite side of the membrane. When such lipids form
membranes, the lipid hydrocarbon chains do not have the same type of gauche-to-
trans conformational transitions nor the mid-plane spacing that normally encoun-
tered in diester lipid membranes. How this structural difference affects membrane
dynamics and heterogeneity along the membrane normal has been investigated by
probe techniques.

Using a series of membrane depth-dependent fluorescent probes, namely, 2-, 6-,
9-, and 12-(9-anthroyloxy)stearic acid (2-AS, 6-AS, 9-AS, and 12-AS, respec-
tively), Chakraborty et al. found that the dynamic anisotropy gradient along the
membrane normal is greatly attenuated in PLFE liposomes, but clearly discernible
in diether liposomes made of 1,2-dihexadecyl-sn-glycerol-3-phosphocholine
(DHPC) [69]. For example, in PLFE liposomes, the rotational correlation time of
n-AS increases only slightly with increasing the membrane depth of probe’s
chromophore location. In comparison, the rotational correlation time of n-AS in
DHPC decreases dramatically with increasing the membrane depth of the probe’s
chromophore. The rotational correlation times are inversely proportional to the
rotational rates. Thus, these data indicate that, in diether (DHPC) liposomes, when
the chromophore of the probe is embedded more deeply into the center of the
membrane bilayer, the chromophore rotates faster, whereas, in PLFE liposomes,
when the probe’s chromophore penetrates deeper into the membrane core, the probe’s
rotational rate becomes slightly lower [69]. All these differences can be understood in
terms of the structural differences between BTL liposomes and conventional diester or
diether liposomes. In the diester liposomal bilayers, the existence of mid-plane space
and the great flexibility near the end of the acyl chain tail would allow for more probe
rotations when the probe’s chromophore reaches that area. Such a mid-plane advan-
tage for probe rotation is not existent in PLFE liposomes.

As another example, the wobbling-in-cone angle of n-AS probes in PLFE
liposomes decreases only slightly with the membrane depth of the chromophore
in n-AS probes [69]. In sharp contrast, in DHPC liposomes, the cone angle of n-AS
probes increases abruptly with increasing the probe depth due to the presence of the
mid-plane space and the increased chain flexibility near the end of DHPC fatty acyl
chains [69].

The n-AS fluorescence data obtained from PLFE liposomes are in good agree-
ment with the electron spin resonance (ESR) data obtained from liposomes made of
the P2 fraction of the total lipid extract from S. solfataricus [71]. The spectral
anisotropy and isotropic hyperfine couplings from ESR measurements indicated
that the chain flexibility and polarity gradients in P2 liposomes are more ordered
and less flexible than in diester liposomes [71].
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2.8 Solute Permeation in BTL Membranes

Linking Low Volume Fluctuations to Low BTL Solute Permeability Compared
to liposomes made of diester lipids, archaeal BTL liposomes exhibit unusually low
solute permeability [34, 72, 73], which can be attributed to tight and rigid membrane
packing as revealed by probe spectroscopy mentioned above and by the values of
relative volume fluctuations determined by the combination of calorimetry and
molecular acoustics [52, 57]. Volume fluctuations are required in order to have solute
permeation across lipid membranes [74]. The relative volume fluctuation values of
PLFE liposomes are substantially less than those detected from diester lipid mem-
branes (e.g., DPPC) [52, 57], due to the rigid and tightly packed membrane matrix.

Effect of Cyclopentane Rings on Solute Permeation The number of
cyclopentane rings in BTLs has a significant effect on BTL membrane properties
such as membrane packing, phase behavior, membrane permeation, and volume
fluctuations. An earlier molecular modeling study showed that an increase in the
number of cyclopentane rings from zero per GDNT molecule to eight rings per
molecule increases membrane packing tightness [42]. The effect of the number of
cyclopentane rings on solute permeability across archaeal BTL membranes has not
been investigated directly because naturally occurring BTLs with purity of a single
number of cyclopentane rings are hard to obtain. Nevertheless, membrane volume
fluctuation measurements using PLFE obtained from cells grown at different
temperatures have shed some light on this su