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Abstract of the Dissertation

Study of lipid raft formation in model membranes and cells

by
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Doctor of Philosophy
in

Chemistry

Stony Brook University
2012

Ordered membrane domains, (conventionally called lipid rafts) are tightly packed
sphingolipid and cholesterol rich domains, proposed to co-exist with disordered domains, in the
plasma membrane. In spite of many cellular functions allotted to rafts, their direct detection in
cells has been difficult. Rafts may be too small to detect and this could easily be misinterpreted
as their absence. For this reason, the contention that in the absence of detergent Triton X-100
(commonly used to isolate rafts), domains may not exist in the lipid mixture resembling the
plasma membrane, was investigated. A novel FRET pair variation assay in which, FRET pairs
with successively smaller interaction distances, were used to detect nanodomains and roughly
estimate domain size. A lipid mixture in which rafts were claimed to be Triton induced was used.
Domains were detected at physiological temperature even in the absence of Triton and their size
gradually decreased with increase in temperature. In addition, Triton and transmembrane

peptides increased domain size by coalescing smaller nanodomains and made detection easier.

Next, domain formation was studied in living cells. The outer membrane of the spirochete

Borrelia burgdorferi contains microdomains enriched in (unusual) cholesterol glycolipids and



free cholesterol. To determine whether these recently discovered microdomains are ordered
domains, the correlation between structure and domain forming abilities of sterols, characterized
by our lab previously, was used in conjunction with a novel FRET assay. It was found that
ordered domain favoring sterols were both necessary and sufficient for the formation of domains
in living B.burgdorferi cells. Domains were also detected in untreated B.burgdorferi cells. This
study provides evidence for the existence of lipid rafts in living cells. The sterol substitution

strategy applied in this report may be extended to study domain formation in eukaryotic cells.
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Chapter 1

Introduction:



The plasma membrane is a protein-containing amphiphilic lipid bilayer that forms a selectively
permeable enclosure to regulate the interaction between the cell and the extracellular
environment. Plasma membrane lipids differ from each other in size and charge of the head
groups as well as in length and saturation of their acyl chains (Figure 1.1A, 1.1B and 1.1C). This
structural diversity may impact not only the asymmetric distribution of lipids across the two
leaflets but also the formation of lipid domains in the plane of the membrane. (Figure 1.1 D) In
model membrane vesicles, immiscibility of dissimilar lipids results in association of similar
lipids with each other to form lipid domains. Moreover, since a majority of the plasma
membrane lipids are unsaturated glycerophospholipids (that have at least one cis double bond), it
is hypothesized that these lipids segregate from mixtures of saturated acyl chain lipids such as
sphingolipids and flat, rigid sterols such as cholesterol, which can combine to form ordered
membrane domains (1). These ordered domains are conventionally called lipid rafts to denote
lipid-protein platforms floating in a sea of phospholipids (2). (Figure 1.2A)

It is commonly understood that proteins perform most of the membrane functions by serving as
channels, receptors and transducers. Segregation of the plasma membrane into domains may
facilitate protein function. Ordered domains may assist protein function by clustering interacting
proteins into one domain or by segregating non-interacting proteins into different domains (3-5)
(Figure 1.2A). In fact, various cellular processes such as signal transduction, viral and bacterial
cell entry and lipid sorting have been linked to the formation of ordered domains in cell
membranes (6-10). Despite their functional significance, proving the presence of ordered
domains in cells in a direct, unambiguous manner has been a challenging task and whether and
under what conditions they form is one of the remaining mysteries of the cell (11). Thus, to gain
insights into the formation of ordered domains in cells, lipid mixtures that form phase separated

membranes have been studied in simple model membranes.

Development of the raft model of the cell membrane:

Prior to the raft model, the plasma membrane was described using the fluid mosaic model
(Figure 1.2B). Proposed in early 1970s, this model relied on electron microscopic observations

which illustrated that the plasma membrane is a bilayer of lipids as well as on a study involving



the fusion of antibody labeled human and mouse cells which revealed that proteins from both
cells mix and diffuse in the plane of the membrane upon fusion (12,13). Interestingly, the fluid
mosaic model did not consider lipids to play any additional role in cellular function apart from
forming a selective barrier controlling the passage of material across the cell membrane. Based
on the research that followed, our portrayal of the distribution of lipids and proteins in the cell
membrane has undergone a sea change. This has been largely based upon the study of physical
properties of the lipid bilayer such as lipid phase behavior in model membranes (1,14-17) that
helped explain observations that were not considered in the fluid mosaic model (9,18,19). This is

discussed below.

Historically, the idea of lipid rafts as sorting platforms emerged from studies in epithelial cells.
The membrane of epithelial cells that line our body cavities is polarized into two distinct regions:
the apical region (facing the lumen or the cavity of the organ) and the basolateral region (facing
the tissue or the neighboring cells). These two regions are separated by an intra membrane
diffusion barrier called a tight junction (9,20). Owing to the tight junction, the lipids in apical
and basolateral regions of the plasma membrane do not mix with each other as judged by the
placement of a fluorescent lipid probe (21). The apical, (rather than the basolateral) membrane is
enriched in glycosphingolipids (saturated acyl chains) (9) and is considered as an example of raft
formation. The role of rafts as lipid as well as protein sorting platforms that may be employed
during transportation of proteins from the Golgi was further highlighted by the observation that
influenza virus hemaglutinin and GPI anchored proteins such as placental alkaline phosphatase
are found in ordered membrane (sphingolipids and cholesterol rich) regions before migrating to
the surface of the cell (19,22). Even though involvement of rafts in epithelial cell sorting is not
completely clear (23,24), understanding the physical properties of lipid bilayers using model
membranes based upon the observations in epithelial cells, has given us important insights into

their possible formation in cell membranes.



Physical properties of a lipid bilayer:

1. Lipid phase behavior:

When added to water, most membrane lipids arrange into an amphipathic bilayer, with polar
head groups facing the water and the nonpolar hydrophobic tails facing the center of the bilayer.
Lipid bilayers can exist in a solid like ordered gel (G) state or a fluid like liquid disordered (Ld)
state (Figure 1.3). Bilayers in the G state are composed of lipids that are tightly packed owing to
strong Van der Waals interactions between their acyl chain atoms and have slow lateral diffusion
rates. These bilayers are relatively thick due to their extended acyl chains (25). In contrast, the
bilayers in Ld state are composed of lipids that are loosely packed due to weaker lipid-lipid
interactions, are thinner due to less extended acyl chains and have faster lateral diffusion rates.
Interestingly, there is a third state that was first described in the 1980s: the liquid ordered (Lo)
state (26). Bilayers in the Lo state are made of tightly packed saturated lipids and cholesterol and
have intermediate properties between those of G and Ld states. For example, similar to the Ld
state, Lo state lipids have a high rate of lateral diffusion (27,28). However, similar to the G state,
Lo state bilayers contain tightly packed lipids forming a thicker bilayer.

2. Phase transition:

Bilayers composed purely of a specific lipid undergo a melting transition at a characteristic
lipid melting temperature, Tm (Figure 1.4A). At temperatures below its Tm, a lipid bilayer is in a
tightly packed G state while at temperatures above Tm, the G state bilayer undergoes a phase
transition into a loosely packed Ld state. Hence, Tm of a lipid is a measure of the stability of its

gel state and depends on the chemical structure of its acyl chains (29).

Lipids with unsaturated acyl chains bend around the cis double bond to form a kink in the tail,
tend to be loosely spaced next to one another in a bilayer and have a low gel to Ld Tm; whereas
lipids with saturated acyl chains prefer to be packed tightly with each other in a bilayer and so
have a high gel to Ld Tm. (Figure 1.4B and figure 1.4C) Most naturally occurring

glycerophospholipids have at least one cis double bond and so are low melting lipids. For

4



example, POPC, a lipid with one saturated and one unsaturated acyl chain melts at a lower
temperature than mostly saturated naturally occurring lipids such as sphingomyelin (SM) and

glycosphingolipids which have saturated acyl chains (30,31) (Table 1) and (Figure 1.5).

3. Ordered and disordered phase co-existence:

High Tm lipids are partly immiscible with low Tm lipids (at temperatures below the Tm of the
high Tm lipid and above the Tm of the low Tm lipid) because of their different acyl chain
packing properties. This leads to gel and liquid disordered phase co-existence over a range of

lipid compositions.

Similarly, low Tm lipids are partly immiscible with mixtures of high Tm lipids with cholesterol
and ternary mixtures containing these lipids can phase separate into Ld and Lo phases that co-
exist over a range of temperatures (14). (Figure 1.6A and figure 1.6B). An illustration of how
acyl chain packing properties can lead to phase separation, comes from the observation that Ld
state lipids are found in tubules having high membrane curvature and are sorted from Lo state
lipids (32), which prefer not to reside in a curved membrane due to their tightly packed acyl

chains

Detergent Resistant Membranes (DRM):

Lo and Ld domains in cells are proposed to co-exist and participate in many functions,
especially by controlling protein-protein interactions. In order to study Lo domains and related
processes in cells, their protein and lipid composition must be first evaluated. The composition
provides information regarding the subset of proteins that may cluster together and gives
important clues for Lo domain function. The simplest, most economical, and hence routinely
used method to isolate rafts and raft associated molecules is to treat cells with detergents such as
Triton-100 (TX-100) followed by isolation of the detergent resistant portions of the membrane
on a sucrose gradient (19,33). The detergent insoluble portion that floats on the top (low density

fraction) of a sucrose gradient is termed detergent resistant membrane (DRM) (19) .



1. Relationship between detergent resistance and lipid phase:

Similar to lipids, detergents are amphiphatic molecules with hydrophilic head groups and
hydrophobic tails. TX-100 is a non-ionic detergent that exists in the form of monomers and
micelles when dissolved in water. When added to a lipid bilayer (that is either in the form of a
liposome or cell membrane), TX-100 micelles interact primarily with loosely packed Ld state
lipids to form mixed detergent lipid micelles in a process termed as detergent solubilization (29).
In contrast, lipids that are resistant to detergent (TX-100) solubilization are in the tightly packed
G state (saturated acyl chain lipids such as phospholipids and sphingolipids). Lipid bilayers and
associated proteins (for example, GPI-anchored proteins) in the tightly packed Lo state (saturated
lipids plus cholesterol) are also resistant to solubilization by detergent (1). Hence, it was
proposed that DRM may arise from the tightly packed lipids that, prior to detergent treatment,
were in the Lo state (1) (Figure 1.7). To investigate this hypothesis, Lo domain formation was
further explored using model membrane vesicles in the absence of detergent. A lipid anchored
quencher that strongly partitions into Ld domains and a fluorophore that moderately partitions
into Lo domains was used. At low temperature, in the presence of co-existing Lo and Ld
domains, quencher is segregated from the fluorophore. (See Figure 1.8). At high temperature, Lo
domains gradually melt and the probe segregation is lost. Therefore, quenching becomes strong.
This temperature dependence of quenching was used to show that mixtures of high Tm lipid, low
Tm lipid, and cholesterol formed co-existing Lo/Ld domains (14). Furthermore, the amount of
membrane in Lo, estimated by fluorescence quenching was found to be similar to that gauged by

detergent insolubility (14).

Taken together these studies showed that DRM are obtained only from those membranes that
initially contain co-existing Lo/Ld domains. Therefore, rafts in eukaryotic cells may represent Lo
domains co-existing with Ld domains present in the cell membrane, prior to extraction by
detergent (1,14). This hypothesis has been supported and confirmed by many other subsequent
studies (34-39). For example, using atomic force microscopy (AFM) (36,39,40) it was shown
that TX-100 dissolves the Ld domains in bilayers containing co-existing Ld/G or Ld/Lo phases at

room temperature. It was also proposed that the observed detergent insolubility of G and Lo



states may be the result of lipid-lipid interactions caused by tightly packed acyl chains

outweighing lipid-detergent interactions at very low temperatures (29).

Thus when a detergent micelle encounters a bilayer consisting of co-existing Lo and Ld domains,
it preferentially binds to the Ld region of loosely packed lipids thereby solubilizing them and
leaving behind a tightly packed Lo region held intact with strong Van der Waals lipid
interactions (4,29,41,42). Structurally, DRM are proposed to consist of a mixture of planar and
vesicular membranes (19). The planar forms may be composed of a planar bilayer of Lo lipids

surrounded by detergent monomers on the edge of the bilayer (37).

2. Different detergents that are used to prepare DRM:

Rafts from cell membranes are routinely isolated using different detergents. All detergents used
for this purpose do not solubilize the membrane in a similar fashion; Hence there are differences
in the amount and kinds of proteins (raft-associated versus non raft-associated) and lipids
(saturated versus unsaturated) found in DRM obtained using various detergents (43-45). This
compositional difference in DRM obtained using different detergents has led to the proposition
that there could be different types of cholesterol containing rafts. For example, DRM obtained
after treatment with detergents such as TX-100 and CHAPS are similar in composition (34).
Whereas DRM obtained from detergents such as Lubrol WX, Brij 58, Brij 96, Brij 98 differ from
those obtained by TX-100 in lipid and protein composition (45-48). In a recent study, DRM from
intestinal microvillar brush border cell membranes were isolated using Brij 98 at 37°C (49). This
is in contrast to the cooling to 4 °C, required for TX-100 extraction of DRM. This study points
towards the existence of rafts at physiological temperature and may contradict the proposition

that rafts are low temperature artifacts.

In the natural world, a case in which detergent resistance involves a detergent other than TX-
100 is the exposure of plasma membrane of hepatocytes (rat hepatocytes) to bile salts naturally
produced by the liver. These salts include cholic acid (derived from cholesterol) which is a
natural surfactant with the ability to dissolve lipids from the membrane. Therefore, the
membrane that is exposed to bile must contain lipids that can protect themselves from the

solubilizing action of bile (50). Interestingly, but not surprisingly, model membrane liposomes
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made up of lipids that are found in the hepatocyte canalicular membrane such as SM and
cholesterol were reported to be insoluble in bile detergents whereas those containing
phosphatidylcholine (PC) lipids with unsaturated acyl chains were soluble. This study is in
agreement of the fact that bile is actually composed mainly of PC lipids (51).

Detection and significance of rafts in cells

1. Some examples of detecting rafts in cells without the use of detergents:

A literature search for the last couple of years alone gives a number of articles that link
diseases ranging from Alzheimer’s to cigarette smoke induced lung damage to rafts (46,52,53).
Numerous examples of such studies use detergent resistance as the only criterion for assigning
raft-like properties. It has been pointed out that isolation of DRM from cells, although an
important technique to identify Lo domain favoring proteins, does not confirm their presence in
Lo domains prior to addition of detergent (29,33). As a result it has been suggested that
conclusions about rafts be drawn based on multiple methods used in parallel (4,29,42). Since
rafts are most often likely to be nanoscopic (i.e. submicroscopic) and may even be transiently
produced by the cell when required, their detection in situ without perturbing their natural state is
tricky. However, small rafts can be clustered together into larger ones, by cross linking raft
associated proteins. This renders them easier to detect (54). This method, although indirect, very

effectively describes how rafts may function in protein-protein interactions.

Nonetheless, it is important to detect rafts directly in the “resting” stage. Extensive research to
make raft detection less ambiguous, has led to newer methods that can detect formation of very
small ordered lipid microdomains, from the surrounding fluid state lipid. FRET is one such
method that is now more often used for identification of Lo nanodomains in model membranes
as well as in cells (55-58). For example, FRET between fluorescently labeled saturated and
unsaturated lipid analogs showed the presence of co-existing Lo and Ld regions in the plasma

membrane of living mast cells (57).



Studies also point towards raft involvement in the function of immune cells such as B cells and
T cells. For example, FRET between lipid anchored CFP (probe for lipid rafts) and YFP labeled
B cell receptors (BCR) shows that BCR form microclusters that co-localize within raft domains
upon antigen binding (59). T cell antigen receptor (TCR) signaling foci are said to reside within
lipid raft microdomains. It was shown that plasma membrane surrounding the TCR activation
domain, isolated from Jurkat cells is composed of Lo domain supporting lipids such as SM,
cholesterol as well as some PE and PS lipids (60). This supports lipid raft formation in cells and
may also point towards domain formation in the inner leaflet due to the greater enrichment of PE

and PS in the inner leaflet of mammalian cell plasma membranes.

Several other studies employing different biophysical methods to detect Lo domains in cells
are noteworthy. Generalized polarization (GP) of Laurdan, (a fluorescent probe that partitions
equally between Lo and Ld but has an environment sensitive spectrum) is a valuable tool for
direct visualization of co-existing Lo/Ld domains in cells at 37°C (61). In addition to imaging
domains in model membrane liposomes and live cells, GP of Laurdan has been also used to

image membrane order in living zebrafish embryos (62).

Another method that gives information regarding the stability and motion of raft domains in
cells is to follow the lateral diffusion of a single Lo domain associated protein. One such study
that measured diffusion of membrane proteins in mammalian cells showed that proteins diffuse
more slowly when present in raft region as compared to non-raft regions in a cholesterol
dependent manner (63). This supports the hypothesis that raft lipids are tightly packed and more

ordered than the surrounding non-raft lipids.

Yet another method that is commonly used to study domain formation in model membranes is
electron spin resonance (ESR). ESR spectra of spin-labeled lipids are sensitive to Lo and Ld lipid
environments. When incorporated into live cells, the presence of Lo and Ld like components in
the plasma membranes was demonstrated by measuring the rotational diffusion of the spin-
labeled lipids (64).

Finally, studies using the lipidomics approach build upon earlier observations of lipid sorting
in polarized epithelial cells. For example, details of lipid structural and compositional changes

that occur during formation of polarized epithelium were studied using mass spectroscopy. It was



found that levels of glycosphingolipids, cholesterol, PE and plasmalogen increased during the
transition from a non-polarized to a polarized epithelial morphology (65,66). Recently,
comparison of mass spectrometric data from apical portion of MDCK cells and the envelope of
influenza virus budding out of these cells showed higher levels of SM and cholesterol (Lo

forming lipids) compared to the whole cell (67).

2. Some examples of the biological significance of rafts:

The role of lipid rafts in signal transduction in immune cells has been studied in great detail for
the past decade using TX-100 based detergent extraction and other methods in order to specify
interactions between raft and non-raft proteins. One example of raft function allotted to proteins
by detergent is IgE signaling (7). During allergic response, T-cells produce cytokine interleukin
(IL4) and interact with B-cells that produce antibodies such as IgE. The Fc region of IgE binds to
FceRI (a receptor on immune cell surface) (68). The IgE-FceRI complexes are cross linked by
oligomeric antigens followed by phosphorylation by tyrosine kinase, Lyn. This process
eventually results in histamine production. Interestingly, Lyn is found in DRM only upon cross
linking of IgE-FceRI complexes, suggesting that Lyn is recruited into ordered domains that
contain these complexes. In addition to Lyn, cross linking of FceRI also brings ganglioside GM1
and GPI-anchored proteins (raft-associating proteins) into raft domains that are large enough to
be seen by microscopy. (69). In contrast, the transmembrane phosphatase CD45 (which has the
ability to dephosphorylate both Lyn and FceRI) is present in the detergent soluble fraction (not in
DRM). Because both Lyn and FceRI are found in rafts and are segregated from CD45 which is
found in non-raft domains, it was proposed that the raft environment protects the Lyn and FceRI
from becoming dephosphorylated by CD45 and that small rafts (ordered domains) containing an
active form of the tyrosine kinase Lyn coalesced into larger rafts that contained cross linked
receptor (FceRI) (70). This model, supported by extensive amount of data collected over a period
of several years provides a strong evidence that rafts can be clustered upon receptor activation,
which is an important raft function. See figure 1.6B for a general idea of how rafts may help

cluster or segregate proteins.
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Another interesting example of how rafts may segregate some proteins away from others to
prevent unwanted interactions is soluble NSF attachment protein receptor (SNARE) protein
interaction (71). During membrane fusion, SNARE proteins present on both the donor and
acceptor membrane interact with each other (trans-interaction) while the interaction between the
SNARE proteins on the same membrane (cis-interaction) is prevented (71). The target SNARE
protein syntaxin 1A is evenly distributed on the plasma membrane and yet membrane fusion
takes place at only certain defined sites on the membrane suggesting that the segregation into

domains may play a role in keeping some of these proteins in an ‘off” or inactive mode (71).

Recently, an interesting study in a mouse model showed that a diet rich in saturated fatty acids
increased the partitioning as well as activity of c-Src, a myristoylated protein (a saturated lipid
anchored protein, normally found both within and outside rafts) into detergent resistant
membranes extracted from the adipocytes. Increased levels of c-Src activated a Jun N-terminal
kinase which, has been shown to be more active in obese mice and humans. In contrast, opposite
results were obtained using unsaturated fatty acids (72). Thus there may seem to be a link

between nutrition and lipid rafts.

Detecting ordered domains in model membranes:

Although the previous paragraphs describe growing evidence for raft (Lo domain) formation in
cells, their direct, unambiguous detection in resting cells remains difficult. By contrast, in model
membranes containing some lipid compositions, Lo domains can be unambiguously detected.

Numerous examples are listed below.

1. Detecting ordered domains in model membranes derived from cells:

Giant plasma membrane vesicles, GPMV as the name suggests, are model membranes that are
closest to the plasma membrane and are comparable to real cells in size and curvature. GPMVs
are derived from cells in form of blebs by chemical induction or osmotic swelling. Large-scale
phase segregation in GPMVs below room temperature has been imaged using dyes such as

naphthopyrene and rhodamine-DOPE which partition into Lo and Ld phases respectively (73).
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Similarly, plasma membrane spheres generated by osmotic swelling of cells show the appearance

of raft domains at 37°C upon cross linking of ganglioside GM1(74).

2. Detecting ordered domains in model membranes that are not derived from cells:

Cellular detergent resistant extracts are composed approximately of an equimolar ratio of
glycerophospholipids (low Tm, unsaturated), sphingolipids (high Tm, mostly saturated) and
cholesterol (19). For that reason, mixtures of unsaturated lipids such as POPC or DOPC, with
saturated lipids such as SM or DPPC along with cholesterol make a simple model membrane
system in which lipid phase behavior can be studied. Giant unilamellar vesicles (GUVSs) are an
example of such model membrane vesicles and are comparable to cells in size. GUVs may be
prepared with desired combinations of phospholipids. Raft formation in GUV has been
extensively studied using confocal microscopy and generalized polarization of laurdan. For
example, in GUVs made up of the ternary lipid mixture DPPC, DOPC and cholesterol, Lo/Ld co-
existence was observed by using probes that have a different partition preference for the Lo and
Ld domains (75,76). Ordered regions in GUVs made from the intestinal brush border membrane
lipids (rich in SM and cholesterol) or those containing ternary mixtures of lipids such as DOPC,
SM and cholesterol were observed by measuring the generalized polarization of laurdan by

fluorescence microscopy (35).

However, not all lipid mixtures form domains large enough to be visualized. For example,
GUVs containing a lipid mixture that closely mimics the lipid composition of the outer leaflet of
the plasma membrane i.e SM, POPC and cholesterol appear to be uniform when observed using
fluorescence microscopy (15). This may reflect the fact that only domains larger than the
wavelength of light used can be seen by microscopy (15). Evidently, domains on the order of
tens of nanometers that cannot be resolved using light microscopy, can, under the same
conditions, be detected by FRET and ESR (55,56,58). In fact, previous fluorescence quenching
experiments in vesicles made up of high and low Tm lipid and cholesterol have shown domain
formation on the scale of approximately 1nm in which the order of the ‘nearest neighboring
lipid® can be detected (14,77).
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Size and temporal stability of ordered domains in model membranes and cells:

Measurement of raft stability or size in a resting cell is a desirable property. However, as
emphasized above, the detailed characterization of Lo domains in cells is constrained mainly due
to their proposed nanoscopic dimensions and possible short lived nature. One article based on
fluorescence microscopy studies showed domains diffuse and join each other within one second
upon collision (78). Another study measuring the diffusion of proteins, laser-trapped in a small
area in living fibroblasts estimated protein-containing rafts of radius in between 10 to 50 nm that
are stable and diffuse as one unit for 10 to 50 seconds (63). This seems a long time compared to
the raft localization of proteins studied using single molecule FRET, which showed that GPI
anchored proteins form transient rafts that remain stable for only 200 ms (79). Simulation
studies carried out using models of high Tm and low Tm lipids with cholesterol, described a
model of small lipid domains surrounding individual cholesterol molecules (80,81). Models for
small rafts in cells, composed of only a few lipid molecules, relevant to the above examples, had
been predicted/proposed many years ago (23).

An important factor that may be responsible for small domain size is cholesterol levels in the
plasma membrane. The cholesterol content of plasma membranes is high. It makes up 30 to 40
mol percent of the total lipid present in the plasma membrane (82). Concentration of cholesterol
was shown to have an effect on ordered domain size (83). Model membranes made up of high
Tm lipid (DPPC), a low Tm lipid (DLPC) and cholesterol were studied using microscopy and
FRET; In mixtures containing less than 16mol% cholesterol, large domains could be visualized
in GUVs by microscopy; By contrast, at higher cholesterol levels, domains in GUVs could not
be visualized at all (83). However, in the same mixtures, domains were detected using FRET
(83). (FRET can detect small nanodomains of diameter greater only than the interaction distance
of the FRET donor-acceptor pair ~2 to 7nm.) This study observed that high concentrations of
cholesterol rendered domains too small to be observed by microscopy (83). This shows how
small domains, that are outside the resolution limit of the detection method, can be sometimes

misinterpreted as no domains.
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How difference in bilayer width in between domains may affect domain size

1. Certain molecules may tend to decrease domain size:

AFM studies have shown that the Ld domains are thinner (shorter) than the Lo domains (28).
The uneven heights of the Lo and Ld domains, which leads to the exposure of the hydrophobic
lipid acyl chains to the aqueous environment, gives rise to line tension at the domain interface.
One lipid that may reside at the interface of Lo and Ld domains is cholesterol. It is predicted that
the rigid ring of cholesterol called the alpha side packs well and thus faces towards the Lo
domain forming lipid; while, the protruding methyl groups on the beta side of cholesterol would
face the Ld and as a result, reduce the line tension between the two phases. (80,84). Such a lipid
is called a line active lipid since it resides at the edges of a domain and tends to reduce the line
tension between the two domains. An earlier AFM study that supports this hypothesis showed
that high levels of cholesterol reduce the difference in the height between Lo and Ld domains in
supported lipid bilayers (39). Another example of a line active lipid is POPC (56), a mixed acyl
chain-lipid that has Ld-like unsaturated acyl chain as well as an Lo-like saturated acyl chain. Its
saturated acyl chain will prefer to pack with the Lo domain lipids and its unsaturated chain will

prefer to face the fluid like Ld domain forming lipids. (Figures 1.1B and 1.9).

Consider a bilayer having Lo and Ld domains. When present, line active lipids will reside at
the domain interface and reduce line tension. This will lead the equilibrium towards having more
edges, and more edges means smaller domains. Accordingly, more cholesterol or POPC may
cause less energy penalty at the edges by reducing the height difference between Lo and Ld and
thus lead to more interfaces and smaller domains. This may be the reason why domains can be
small and difficult to detect at high cholesterol concentrations. In a similar manner proteins that
like to associate with raft edges may also reduce the size of domains by increasing the edge to
interior ratio (85). Since both POPC and cholesterol are abundantly present in the plasma

membrane, this may explain why domains in cells are so small (23).
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2. Certain molecules may tend to increase domain size:

The relationship between line tension and domain size has been further explored by another
study involving AFM and confocal microscopy that used unsaturated PC lipids differing in the
acyl chain length (86). Lipids having lowest number of carbons in the acyl chains formed the
thinnest Ld bilayer and mixtures of these lipids with saturated lipids (sphingomyelin) and
cholesterol showed largest most circular Lo domains that were more stable as judged by the
domain de-mixing temperatures (86). Since domains isolated by TX-100 are large and have a
bilayer appearance (19), it has been hypothesized that TX-100 may, in a similar fashion, increase
domain size by coalescing smaller domains together (23). AFM studies revealed that TX-100
addition decreased the height of both Ld and (to a smaller extent) Lo domains leading to an
effective increase in the height difference between the two domains (34). It can be reasoned that
TX-100 is more likely to enter the loosely spaced Ld lipid bilayer than the tightly packed Lo
lipid bilayer and therefore may reduce the thickness of the Ld bilayer to a greater extent. A
mismatch in bilayer width leads to exposure of the hydrophobic acyl chains to water resulting in
unfavorable energy at the edges. The bilayer may try to minimize edge to interior ratio (number

of edges) by coalescing similar domains and thus making them larger (23). (See Figure 1.10).

Effect of sterol structure on domain formation:

As mentioned above, the molecular basis of raft formation lies in the tight packing of sterols
such as cholesterol that have flat rigid ring structures with sphingolipids and lipids having
saturated acyl chains. Due to this tight packing interaction, sterols promote the formation of Lo
and Ld domains in ternary mixtures. Effect of various physiologically relevant sterols, (and those
having different abilities to promote tight packing) on domain formation has been studied
extensively using fluorescence quenching along with detergent insolubility (87,88). Sterols that
lack the structural ability to pack tightly in a bilayer do not support ordered domain formation
and may sometimes inhibit domain formation. For example, a bend in the steroid ring of
coprostanol, prevents it from tight packing in a bilayer. Therefore coprostanol inhibits domain
formation in model membranes (88). (Figure 1.11). In contrast, sterols that have a double bond in

the ring in between carbon atoms 7 and 8, for example ergosterol, lathosterol and 7-
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dehydrocholesterol support domain formation to a greater extent than cholesterol which has a
double bond between carbon atoms 5 and 6 (87). In addition, it was shown that the structure of
the 3” hydroxyl group of cholesterol is also critical for domain formation and that a small change
in the hydroxyl group such as conversion to a keto group or addition of a methyl or formate
group can reduce the ordered domain forming ability of the DPPC/sterol mixture. On the other
hand, the epimer of cholesterol (epicholesterol, which has an alpha hydroxyl group) was shown

to form rafts to a similar extent as cholesterol (89).

The dependence of domains upon sterol structure, (similar to the pioneering work on sterol
structure done in our lab (88,89)) was studied in GUVs using fluorescence microscopy. GUVs
made up of high Tm lipid and low Tm lipid and ordered domain promoting sterols showed co-
existing liquid ordered and disordered phases whereas those that contained domain inhibiting
sterols showed gel and liquid co-existence. (78) A molecular dynamics study showed that the
methyl groups in the steroid ring of cholesterol reduce the tilt of the cholesterol molecule in the

plane of the bilayer and thus enhance lipid-sterol interactions (90).

Sterols that are naturally present in plants, such as sitosterol and those in fungi, such as
ergosterol, mentioned above, also help to form ordered domains similar to cholesterol.
Furthermore, there are also instances where domains were visualized in the absence of
cholesterol (75,91). Interestingly, a model membrane study of bacterial and eukaryotic lipids
showed an unexpected similarity in the membrane order, caused by lipid-transmembrane peptide
interactions that were independent of sterol (92). This suggests that lipid segregation into

domains need not be limited to eukaryotic cells (87).

Microdomains in prokaryotes:

The above discussion seems to be limited only to eukaryotic cell membranes since prokaryotes
do not contain the promoter of ordered domains, namely, cholesterol. However, surprisingly,
microdomains were recently discovered in a bacterium. Even though prokaryotes do not
synthesize cholesterol, bacteria such as Helicobacter, Mycoplasma and Borrelia can incorporate
cholesterol in their membrane from their host (93-96). The outer membrane of bacterium

Borrelia burgdorferi the causative agent of Lyme disease (97) and relapsing fever (98), contains
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along with PG and PC, high levels of free cholesterol and three glycolipids, two of which have
covalently linked cholesterol. These glycolipids are mono-galactosyl diacyl glycerol (MGalD,
having some molecules with mixed saturated and unsaturated and some with both saturated acyl
chains), cholesteryl-6-O-acyl-galactopyranoside (ACGal, saturated acyl chain in half the
molecules) and cholesteryl-p-D-galactopyranoside (CGal) (99) (Figure 1.12). The Borrelia outer
membrane also contains lipid anchored outer surface protein B (OspB) (100). Building upon
their important recent observation that, complement-independent antibodies such as CB2, made
against OspB (that work by forming pores in the membrane leading to osmotic lysis of the cell),
fail to lyse E.coli cells containing CB2, (100,101) the Benach group showed that both cholesterol
and cholesterol glycolipids are required for the bactericidal action of CB2 (100). Furthermore,
using gold labeled anti asialo GM1 antibodies against cholesterol glycolipids, electron
microscopic and detergent resistant membrane analysis of outer membrane of B.burgdorferi cells
showed the presence of membrane domains containing cholesterol and OspB (along with other

outer membrane proteins). Our contributions to these studies are reported in this thesis.
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Summary:

Whether rafts are small transient Lo domains in a membrane primarily composed of disordered
lipids, or, are a continuous ordered phase, (64,102) is dependent upon experimental conditions,
and the situation in cell membranes is not yet completely clear. Nevertheless, research as well as
intuition points towards the idea of functional domains in cells being too small to be resolved by
light microscopy. The idea of these small domains coalescing into larger ones by cross linking

individual proteins is being widely accepted in the scientific community.

The goal of this work:
Detection of ordered domain formation in model membranes and cells.

As discussed above, lipid microdomains have been implicated in various biological processes.
These lipid microdomains are commonly extracted from cells by detergent treatment. The goal of
this work is to understand the effect of detergent TX-100 on the formation and stability of
ordered domains and to devise new methods for unambiguous detection of very small
nanodomains. Secondly in collaboration with the lab of Dr. Jorge Benach, cholesterol rich
domains in B. burgdorferi, were investigated in detail to determine whether they represent true
ordered domains. This work has implications for the use of the detergent extraction technique
and for the existence of nanoscopic lipid rafts in the presence of physiological (high) levels of
cholesterol. Proving rafts exist in living cells is important for the advancement of research on cell

membrane structure and organization.
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Table 1.1

Gel to Ld melting temperatures, Tm, of pure lipids decrease as the number of cis-double bonds in
the acyl chains increases. The cis-double bonds give rise to kinks and inhibit tight packing of
lipid acyl chains. Tm is a measure of the stability of the gel state of a lipid.

Lipid Number of Melting temperature
cis-double bonds (Tm °C)

DPPC 0 41

SM 0 (approximately) 37

POPC 1 -4

DOPC 2 -20

DArPC |8 -70

19



Negatively

Smallhead
v group " charged head b
g §‘ group oi\%
L : @ o:f 2
O=t—n O=n\.\'o b
o [s]
T

Phosphatidylserine

Phosphatidylethanolamine
(PS)

Phosphatidylcholine
(PE)

(PC)

Figure 1.1A. Structural differences in lipid head groups: Plasma membrane lipids having
different headgroup size are shown. For example, PE has a smaller headgroup than PC, lipids
having zwitterionic and negatively charged head groups for example PC is zwitterionic whereas

PS is negatively charged. Lipid structures taken from www.avantipolarlipids.com
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1-palmitoyl,2-oleoyl-PC Sphingomyelin
(POPC) (SM)

Figure 1.1B. Structural differences in lipid tails: Plasma membrane lipids differing in the
saturation of their acyl chains. POPC has one saturated acyl chain and one unsaturated acyl chain
with a cis double bond which forms a kink in the acyl chain. SM has a saturated acyl chain and
the double bond on the other acyl chain is near the head group region and is a trans-double bond
which may not interfere in its packing ability. Lipid chemical structures taken from

www.avantipolarlipids.com
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Figure 1.1C. Structure of cholesterol. Cholesterol is abundantly present in the plasma membrane.
It is a flat, rigid molecule with a small polar head group. Structures taken from
www.avantipolarlipids.com
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Figure 1.1D. Asymmetric distribution of plasma membrane lipids. Note that negatively charged
lipids and those with a smaller head group such as PS and PE respectively are situated in the
inner leaflet. Lipids with saturated acyl chains such as sphingolipids are more abundant in the
outer leaflet. Cholesterol has a small polar head group and prefers to hide under the larger head
groups of phospholipids in order to avoid contact with the surrounding water.
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Figure 1.2A: The Raft Model. Figure shows ordered rafts in the plasma membrane segregated
from the disordered non-raft region. Lipids and proteins are organized into domains.

Randomly distributed proteins in a disordered lipid bilayer

Figure 1.2B: The Fluid Mosaic Model. Figure shows that lipids and proteins are randomly
distributed in the membrane lipid bilayer.
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Figure 1.3. Lipid phase behavior. Figure describes the three physical states of a lipid bilayer. The

Lo state is formed when saturated lipids are mixed with flat rigid sterols like cholesterol.
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Figure 1.4: Lipid phase transition. A: Bilayers of lipids in the gel state reversibly transition into
Ld state when heated above their melting temperature, Tm. Tm is the characteristic temperature
of each lipid and is the measure of its thermal stability. B: Lipids having saturated acyl chains
form bilayers that have a high gel to Ld transition temperature. These bilayers have lipids that
are tightly packed and have extended acyl chains. Examples are SM and DPPC. C: Unsaturated
lipids having at least one cis double bond have a kink in their acyl chains and thus do not pack
well in a bilayer. They form bilayers that have a low gel to Ld transition temperature. Examples
are DOPC and POPC.
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Figure 1.5 Lipid structure and phase transition temperature, Tm. Thermal stability of the gel state
decreases with the increase in number of cis-double bonds in the lipid acyl chain. n= total
number of cis-double bonds in the lipid molecule. Structures taken from
www.avantipolarlipids.com
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Figure 1.6A. Raft and non-raft i.e. ordered and disordered domain co-existence. Figure shows
regions in a membrane lipid bilayer that are enriched in tightly packed cholesterol and saturated
lipid. The extended acyl chains of saturated lipids packed with cholesterol makes the lipid
bilayer wider and more ordered. The rest of the membrane is disordered and rich in unsaturated

lipids having at least one cis double bond.
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Figure 1.6B. Raft and non-raft i.e ordered and disordered domain co-existence help control
protein-protein interactions. Top panel: Some lipid anchored proteins partition into ordered
domains and some transmembrane proteins partition into disordered regions of the membrane.
Bottom panel: Lipid segregation into raft and non-raft domains may help interacting proteins
cluster together and segregate from the non-interacting proteins.
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Figure 1.7 Formation of detergent resistant membrane. When added to a membrane containing
co-existing raft (Lo) and non-raft (Ld) domains, TX-100 does not readily solubilize Lo domains
but does readily solubilize Ld domains. The insoluble detergent resistant membrane is
hypothesized to originate from the pre-existing Lo domains in cells. The detergent soluble
membrane is hypothesized to originate from the Ld domains in cells, co-existing with the Lo
domains.
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Figure 1.8: Detection of lipid segregation by Quenching or FRET assay. The quencher has a
strong preference for Ld domains. The fluorophore has a moderate affinity for Lo domains. At
low temperature, quencher is segregated from the fluorophore and quenching is weak. At high
temperature, lipid segregation is lost due to Lo domain melting and quenching is strong. For
FRET, fluorophore will be donor and quencher will be acceptor.
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Figure 1.9: How certain molecules may decrease ordered domain size. A: Height difference
between Lo and Ld domains exposes the hydrophobic acyl chains to the surrounding water and
creates an unfavorable energy called line tension at the boundary of the two domains. B: Line
active molecules like to reside on the boundary and reduce the height difference between the two
domains and thus shift the equilibrium towards more edges and eventually smaller domains.
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Figure 1.10: How certain molecules may increase ordered domain size. A: Height difference in
between Lo and Ld domains in the absence of molecules such as TX-100. B: Molecules such as
TX-100 may decrease the thickness of the Ld bilayer more than that of Lo since they prefer to
partition in the Ld domains. This may increase the overall height difference in between the two
domains leading to more unfavorable energy at the boundary, finally leading to the merger of
small domains to minimize the unfavorable lipid-lipid interactions.
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Dihydrocholesterol Zymosterol Androstenol

Ergosterol

Figure 1.11. Structures of various raft supporting and inhibiting sterols. A. Sterols that strongly
support Lo domain formation, B. Sterols that moderately support Lo domain formation and C.
Sterols that inhibit Lo domain formation. Structures taken from www.steraloids.com
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Figure 1.12 Schematic showing lipids that may be responsible for domain formation in Borrelia
burgdorferi. Borrelia burgdorferi membrane contains A. host derived free cholesterol, B and C.
cholesterol glycolipids namely, cholesteryl B-D-galactopyranoside (CGal) and cholesteryl-6-O-
acyl-p-D-galactopyranoside (ACGal) in which the acyl chain is saturated in 50 % of the
molecules. D. Commonly found lipids such as Phosphatidyl cholines, phosphatidyl glycerols and
a glycolipid mono-galactosyl-diacylglycerol (MGalD) (99).
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Figure 1.13A Structures of fluorescence donors used in this report. Structures taken from
www.avantipolarlipids.com
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Octadecylrhodamine B (ODRB)

Figure 1.13B Structures of fluorescence acceptors used in this report. Structures taken from
www.avantipolarlipids.com
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Figure 1.13C Structures of fluorescence quenchers used in this report. Structures taken from
www.avantipolarlipids.com
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Chapter 2

MATERIALS AND METHODS
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Materials:

Porcine brain sphingomyelin (bSM), chicken egg sphingomyelin , 1-palmitoyl-2-oleoyl-
phosphatidylcholine (POPC), 1, 2- dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1, 2-
dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), zymosterol, cholesterol and fluorescently
labeled lipids 1,2-dipalmitoylphosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(NBD-DPPE), 1,2-dipalmitoylphosphatidylethanolamine-N-(1-pyrenesulfonyl) ammonium salt
(pyrene-DPPE), 1,2-dioleoylphosphoethanolamine-N-(Lissamine Rhodamine B Sulfonyl) (rhod-
DOPE) and quencher labeled lipid 1-palmitoyl-2-stearoyl-(10-doxyl)-phosphatidylcholine
(10SLPC) were purchased from Avanti Polar Lipids (Alabaster, AL). Fluorescent probes 1-(4-
trimethylammonium)-6-phenyl-1, 3, 5-hexatriene p- toluenesulfonate (TMADPH) and octadecyl
rhodamine B (ODRB) were purchased from Molecular Probes division of Invitrogen, stored in
ethanol, 1,6-diphenyl-1,3,5-hexatriene (DPH) and the stable free radical quencher TEMPO were
purchased from Sigma-Aldrich (St. Louis, MO). Acetyl-K,W,LgALsW;K,-amide (LW peptide)
was purchased from Anaspec (San Jose, CA) and was used without further purification. TX-100
was purchased from Yorktown Research (Hackensack NJ). Other sterols were purchased from
Steraloids Inc. (Newport, RI). Lipids and probes were dissolved in chloroform (with the
exception of DPH, TMADPH, ODRB and TEMPO which were dissolved in ethanol). Ethanol
was solvent for sterols used for substitution in cells whereas chloroform was solvent for sterols
used for the model membrane experiments. Lipids and probes were stored at -20°C. The
concentrations of lipids were determined by dry weight and those of fluorescent molecules and
transmembrane peptide were determined by absorbance using & nep.oppe 21,000 Mlecm™ at
460nm, & pyrene-ppee 35,000 M™'em™ at 350 nm, & og-pore 88,000 M™cm™ at 560 nm, & pp 84,800
Mem™ at 352nm, and & Lw peptige 22,000 M'cm™ at 280nm, & TmappH 84,800 M cm™ at 353 nm,
€ oprs 125,000 M*cm™ at 555 nm . High performance thin layer chromatography (HP-TLC)
plates (Silica Gel 60) were purchased from VWR International (Batavia, IL). TLC analysis of 10
pg samples of sterols (reference to our protocol) showed at most minor impurities after long term
storage except in the case of stigmasterol, and especially ergosterol. However, anisotropy
measurements on ergosterol-substituted cells confirmed that ergosterol retained its ability to

support a high degree of membrane order despite the presence of impurities.
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Vesicle Preparation:

Multilamellar Vesicles (MLV) and ethanol dilution small unilamellar vesicles (SUV) were
prepared similar to as described previously (30). For SUV, lipids and fluorophores were pipeted
in glass tubes, dried under nitrogen, re-dissolved in 25uL ethanol and dispersed in 975uL
phosphate buffered saline (PBS: 1mM KH,PO,4, 10mM Na,HPO,4, 137mM NaCl and 2.7mM
KCI, pH 7.4). For preparing MLV, the dried lipid was re-dissolved in 20pL chloroform, re-dried
under nitrogen followed by drying under high vacuum for 2h and dispersal in 70°C PBS pH 7.4.
Final samples contained 500uM lipid. When present, TX-100 and LW peptide were pipetted
along with lipids. Background samples lacking fluorescent probe were also prepared. Large
unilamellar vesicles (LUV) were prepared by subjecting MLVs to 5 cycles of freeze/thaw,
alternately placing the sample in a dry ice/acetone bath and room temperature water bath. The
vesicles were then passed (11 cycles) through a mini-extruder (Avanti Polar Lipids Alabaster,
AL) to obtain LUV. For FRET measurements, LUV were prepared only by extrusion (without
freeze/thawing, which was found to segregate FRET probes into different vesicles). All samples

were incubated at room temperature for 1h before fluorescence measurements were made.

Fluorescence and Absorbance Measurements:

Fluorescence was measured on SPEX Fluorolog 3 spectrofluorimeter (Jobin-Yvon, Edison, NJ)
using quartz semi-micro cuvettes (excitation path length 10mm and emission path length 4mm).
DPH fluorescence was measured at an excitation wavelength of 358nm and emission wavelength
of 430nm. NBD fluorescence was measured at an excitation wavelength of 460nm and an
emission wavelength of 534nm. Pyrene fluorescence was measured at an excitation wavelength
of 350nm and an emission wavelength of 379nm. TX-100 fluorescence was measured at an
excitation wavelength of 260nm and emission wavelength of 310nm. Slit-width bandwidths for
fluorescence intensity measurements were set to 4nm (2mm physical size) for excitation and
emission. The reported values were corrected for background fluorescence except for DPH
fluorescence, where background values were less than 0.02% of the sample values. Absorbance
was measured with a Beckman 640 spectrophotometer (Beckman Instruments, Fullerton, CA)

using quartz cuvettes.
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Measurement of TX-100 Binding to MLV

The amount of vesicle-bound TX-100 was calculated as follows. 2mL aliquots of MLV
samples containing 500uM bSM/POPC/chol (1:1:1) and various concentrations of TX-100 (150,
300 and 500uM) were prepared as described above, and then incubated at room temperature for
1 h. 1 mL aliquots were centrifuged at 14000 rpm (11,000 x g) for 20min. in an Eppendorf
5415C tabletop centrifuge; the supernatant was separated from the pellet and the pellet was re-
suspended in 1mL PBS pH 7.4. Then 250 uL aliquots each of MLV prior to centrifugation,
supernatant and resuspended pellet were diluted to 1mL with 750puL PBS pH 7.4, and
fluorescence measured. Controls showed no loss of TX-100 during vesicle preparation (e.g. due
to sublimation during the high vacuum step). The intensity of TX-100 fluorescence per unit
concentration was found to be insensitive to whether TX-100 concentration was above or below

its critical micelle concentration or whether the TX-100 was bound to lipid or not (not shown).

Determination of Lipid Composition after TX-100 Solubilization by High Performance-TLC

Lipids were analyzed by TLC essentially as previously described (103). Details are given
below. MLV samples containing SM/POPC/Chol (1:1:1) and various concentrations of Triton
X100 (0, 150, 300 and 500 uM) were prepared as described above, and were incubated at room
temperature for 1 hr. Samples were centrifuged at (11,000 x g) 14000 rpm for 20 minutes in an
Ependorf 5415C tabletop centrifuge; supernatant was separated from the pellet; 500uL
supernatant was dried under Nitrogen to evaporate the PBS. The pellet was dispersed in 1mL
PBS and vortexed. A 500uL aliquot of the dispersed pellet was dried under Nitrogen. The dried
lipid was then dissolved in choloroform: methanol (1:1) (v:v) and a 5pL aliquot was applied drop
by drop with a ImL syringe to the HP-TLC plates that had been pre-heated at 100°C for 30min
and then cooled to room temperature. The plates were chromatographed using a sequential
solvent system. The first solvent (50:38:4:8) (v:v) (chloroform: methanol: acetic acid: water) was
allowed to migrate half way up the plate. The plate was then air dried for 10 min, introduced into
a second chamber containing the solvent system 22:1 hexane: ethyl acetate (v:v) until the solvent

migrated to near the top of the plate. (For each solvent, chambers were equilibrated with solvents
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4 h before chromatography.) The plate was then air dried for 15 minutes and evenly sprayed with
3% (w/v) cupric acetate dissolved in 8% (v/v) phosphoric acid in water and air dried for 45 min.
To detect the lipids, plates were charred at 180°C for 2 to 5 minutes until the bands were clearly
visible. After the plate was cooled, it was scanned as an image (CanonScan N1240U). Spot
intensity was analyzed using the NIH/Scion Image Software (Scion Corp., Frederick, MD).
Unknown lipid and sterol amounts were quantified by comparing band intensity to that of lipid
standards (which were made in the same fashion as the experimental samples) fit to an

exponential intensity versus concentration curve (Slide Write Plus software).

Measurement of the Temperature Dependence of DPH Fluorescence Quenching by TEMPO:

The temperature dependence of TEMPO quenching was carried out as described in (30). SUVs
and MLVs with 500uM lipid and 0.1mol% DPH were prepared as described above. A 6.2uL
aliquot of a 322mM stock solution of TEMPO dissolved in ethanol was added to the samples
(defined as F samples) to obtain a final concentration of 2mM unless otherwise stated. The same
volume of ethanol was added to the samples that did not contain quencher (Fo samples). The
samples were incubated at room temperature for 10min, after which they were cooled to 16°C
and the fluorescence measurements were initiated. The cuvette temperature was measured with a
probe thermometer placed in the cuvette before each measurement (Fisher brand traceable digital
thermometer with a YSI microprobe, Fisher Scientific). The cuvette temperature was increased at
a rate of ~0.5°C per minute and readings were taken every 4°C. The ratio of the average
fluorescence intensity in the presence of quencher to its absence (F/Fo) was calculated.
Background fluorescent measurements were taken at 16 and 60°C. The backgrounds were not
subtracted because they were less than 0.02% of the DPH fluorescence signal. The “melting”
midpoint temperature (Tmig) was calculated for each curve. Tnyig was defined as a point of
maximum slope of a sigmoidal fit of F/Fo data. (Slide Write Plus software, Advanced Graphics

Software Inc., Encinitas, CA).

Measurement of the Temperature Dependence of Fluorescence Anisotropy:
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DPH fluorescence anisotropy measurements were made using a SPEX automated Glan-
Thompson polarizer accessory with slit-width band-widths set to 4.2nm (excitation) and 8.4nm
(emission). Anisotropy values were calculated as described previously (30). Anisotropy as a
function of temperature was measured for MLV samples containing 0.1mol% DPH and 500puM
lipid, prepared as described above. The samples were incubated at room temperature for 1h and
then cooled to 16°C. Samples were then heated in steps of 4°C and anisotropy was measured at

each step once the temperature stabilized.

Measurement of the Temperature Dependence of FRET:

Forster (Fluorescence) Resonance Energy Transfer, FRET, using donor acceptor pairs having
different Forster radii (Ro) was measured in MLV prepared as described above. Unless otherwise
noted vesicles contained 0.1mol% (for NBD-DPPE and DPH) or 0.05mol% (for pyrene-DPPE)
donor and 2 mol% acceptor (rhod-DOPE) in F samples. Fo samples contained only donor.
Background samples for Fo (containing only lipid and lacking donor) and for F (containing lipid
plus acceptor) were also prepared. Samples were prepared at 70°C and then incubated at room
temperature for 1h, after which they were cooled to 16°C and the fluorescence measurements
initiated. The cuvette temperature was measured with a probe thermometer placed in the cuvette
before each measurement (Fisher brand traceable digital thermometer with a YSI microprobe,
Fisher Scientific). The cuvette temperature was increased at a rate of ~0.5°C per minute and
readings were taken every 4°C. In addition, background fluorescence at 16 and 64°C was
measured, averaged for the two temperatures (as backgrounds were found to be independent of
temperature), and then subtracted from the FRET sample values. The ratio of fluorescence
intensity in the presence of acceptor to its absence (F/Fo) was calculated. The domain detection
midpoint temperature (Tmig) was calculated for each curve. Tnig was defined as a point of
maximum slope of a sigmoidal fit of F/Fo data. The maximum temperature at which there is
facile detection of Lo domains by FRET (Typper) Was calculated from the intersection of a line fit
to Tmig, and the 2 points closest above and 2 below Tyiq and the line F/Fo = F/Fo value at the
upper limit of the sigmoidal fit to F/Fo vs. temperature. (Due to their temperature dependence in
the Ld state, Typper could not be calculated for TEMPO quenching and anisotropy.)
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Estimating the effect of domain size upon the ability to detect domains by FRET or quenching.

Calculating exact nanodomain size is very difficult as FRET depends upon acceptor
concentration, partition of donor and acceptor between ordered and disordered domains, domain
shape, and whether domains in the opposing leaflets are or are not in register. However, it is
possible to estimate how FRET and quenching will be affected by domain size for some simple
geometries (Fig. 3.18A) under some conditions. Consider the case in which quenching can be
approximated by an all-or-none distance dependence, such that quenching is complete when
fluorophore and quencher are within a critical distance (Rc) of each other. Next, consider the
condition in which quencher/acceptor concentration outside of domains is high, so that any
fluorescent molecule within distance Rc from the edge of a domain will be quenched. In this
case, the interior area for a circular domain (the area within which there is no quenching by

quenchers outside of the domains) will be given by the equation:

Ainterior/AtotaI = 7T(Rdomain - Rc)z/ L Rdomain2 = (Rdomain - Rc)Z/Rdomain2 =1- Z(Rc/Rdomain)+
(Rc/Rdomain)2

Where A interior 1S the area within the domain too far from the edge of the domain for a fluorescent
molecule within the interior to be quenched by a quencher outside the domain, A is the total
area of a domain, and Rgomain 1S the radius of the domain. We can define F /Fryaximum as the
fluorescence of molecules within small domains relative to that of a large domain for which
Raomain>>Rc , 1.€. A interior~A tota, @nd Which has an area equal to that of the sum of the areas of

the small domains. In that case:
F /Fmaximum = Ainterio Atotal = 1 - 2 Re/Rdomain + (Rc/Rdomain)2

Fig. 3.18B shows F/F maximum VS. Rc/Rgomain - Notice that F/Fryaximum €qual ¥2 F maximum at when
Rdomain/Rc -~ 35
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Bacteria and Growth Conditions

High-passage Borrelia burgdorferi strain B31 was used for all studies. The bacteria were
grown in Barbour-Stoenner-Kelly-H (BSK-H) medium (Sigma) under microaerophillic
conditions at 33°C.

Sterol substitutions

To substitute different sterols for cholesterol in live B. burgdorferi for various studies the
following procedure was used. Cultures of 50 ml with spirochetes grown to about 1 x
10%cells/ml were pelleted from the BSK-H culture medium by centrifugation at 5000 X g for 10
min on a Sorvall RC-5B centrifuge (DuPont instruments) at room temperature. The supernatant
was discarded and the pellet was resuspended in 50 mL Hank’s Balanced Salt Solution (HBSS).
The pellet was repelleted to wash off any remaining culture medium. After discarding the
supernatant, the pellet was resuspended in ImL of HBSS and mixed well by pipeting up and
down, followed by additional 47.5 mL of HBSS. Then 2.5mL of 200 mM MBCD (dissolved in
PBS (Invitrogen) was added to the cells in HBSS to obtain a final concentration of 10 mM
MBCD, the cells mixed gently, and incubated for 30 min at 33°C. The samples were again
centrifuged at 5000 x g for 10 min and supernatant was decanted in order to remove the MBCD
and bound cholesterol lipids (cholesterol plus cholesteryl glycolipids). These MBCD treatment
conditions result in the depletion of ~ 50% total cholesterol (including cholesterol glycolipids)
from B. burgdorferi (100) (Tim LaRocca 2010). Spirochetes were then centrifuged and MBCD-
bound cholesterol lipids and MBCD were removed by decanting the supernatant. B. burgdorferi
cell numbers were determined by microscopy and the cells resuspended in HBSS to different
concentrations depending on experiment. For FRET analysis of live B. burgdorferi, the cell
concentration was 4 X 10° spirochetes/mL. Once spirochetes were resuspended in HBSS, sterols
(stored in 100% ethanol at 2 mg/ml) were warmed to room temperature and added to the bacteria
at a final concentration of 10 pug/ml and allowed to incubate at 33°C for 10-30 min. For studies
where osmotic lysis of B. burgdorferi was investigated, spirochetes were treated in the same
manner with the exception of the osmoprotectant, dextran T500 (6% w/v, Pharmacia), being
present in the HBSS.
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FRET measurement in B.burgdorferi cells and model membranes:

Spirochetes at a concentration of 4x10® cellssmL in HBSS were used for the FRET
measurements. An aliquot of 5.2 pL (from a 73 puM ethanolic stock solution) of FRET donor
TMADPH was added to 4mL of cells, mixed well by stirring and incubated at room temperature
for 10 min. The cells were divided into four 900 pL aliquots, placed in quartz cuvettes and
heated to 35°C. Donor fluorescence intensity of all four samples was measured before adding
acceptor. Two samples out of the four were defined as F samples, and to them 5.2uL (out of a
322 uM ethanolic stock solution) of the acceptor, octadecyl rhodamine B (ODRB), was added,
followed by incubation at 35 °C for 15 min. FRET measurements were then initiated on the F
samples and Fo samples (the two samples containing donor but not acceptor). Fluorescence in
background samples lacking donor and ones lacking donor but containing acceptor was also
measured. The temperature of the samples was measured using a probe thermometer placed in a
cuvette. (Fisher brand traceable digital thermometer with an YSI microprobe, Fisher Scientific).
The cuvette temperature was slowly decreased from 35°C to 15°C in steps of 5 °C and the cells
were incubated at each temperature for 7 min once the temperature stabilized. Donor
fluorescence intensity of Fo and F samples was measured at each temperature and the ratio of
TMADPH fluorescence intensity in the presence of acceptor to its absence (F/Fo) was calculated
and plotted as a function of temperature. Background fluorescence was measured at 35 and 15 °C
and averaged for the two temperatures because they were found to be independent of
temperature. The backgrounds were < 2% of the TMADPH fluorescence signal and were

subtracted from the FRET sample values.

FRET measurement in model membranes was carried out similarly to that in cells with the
following changes. FRET donor, 0.1 uM TMADPH was added to SUV prepared by ethanol
dilution containing 100 uM lipid and was allowed to incubate at 50°C for 10 min. FRET
acceptor, 3 UM ODRB, was added to the F samples and further incubated for 10 min after which
the cuvettes were cooled to 45°C and fluorescence measurements were initiated. Cuvettes were
further cooled slowly to 15°C in steps of 5°C increments and the fluorescence measured once the

temperature stabilized.
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Chapter 3:

Measurement of Lipid Nanodomain formation and Size in
Sphingomyelin/POPC/cholesterol vesicles and effect of TX-100 and transmembrane helices

on domain size

This work has been published. Please refer to page xvii of this dissertation for a reference.

48



Introduction

The subject of the formation of membrane lipid domains (rafts) in cells has received much
attention because of its implications for membrane-associated processes, including bacterial and
viral infection, signal transduction, and sorting. Early studies speculated that sphingolipid
microdomains played a role in sorting (9), and the observation that detergent resistant
membranes (DRM) rich in sphingolipids (and cholesterol) could be isolated from cell
membranes upon addition of Triton X-100 (TX-100) suggested that these DRM might
correspond to cellular sphingolipid microdomains (19). The observation that sphingolipid and
cholesterol -rich DRM could be isolated from model membranes when liquid ordered (Lo)
domains are present, and that insolubility appeared only under conditions in which spectroscopic
methods showed that ordered domains formed, led to the hypothesis that DRM might arise from
cellular Lo domains that co-exist with disordered Ld domains enriched in unsaturated
phospholipids (1,14).

Because addition of detergent to membrane-containing samples is a perturbation, there is
concern that TX-100 could alter domain formation (5,29). However, in addition to the studies
above, many subsequent studies have confirmed that when Lo and Ld domains co-exist, the
DRM arise from the Lo region of the membrane (34-36,104,105). On the other hand, it has been
reported by one group that Lo domains in the mixture 1:1:1 SM/POPC/chol can be stabilized by
TX-100, such that they form at higher temperatures only in the presence of TX-100 (106,107),

and this has been frequently cited as evidence that DRM may be a detergent artifact.

In this study we have used spectroscopic methods to detect the presence and size of ordered
domains as a function of temperature for SM/POPC/chol.  This mixture was found to form
nanodomains whose size decreased as temperature increased. The presence of TX-100 (or
transmembrane helices) increased domain size, without increasing the amount of the bilayer in
an ordered state. These results have important implications for the organization of lipid domains
in cells, as well as for the reliability of TX-100 insolubility as a method to detect ordered domain

formation.
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Results

Stability of ordered state in 1:1:1 bSM/POPC/chol vesicles: Neither TX-100 nor a

transmembrane peptide stabilize ordered state formation

First, quenching of DPH fluorescence by TEMPO was measured (30). TEMPO is a nitroxide-
bearing molecule that binds to disordered (Ld) domains more strongly than to ordered (Lo)
domains (30,108), so in bilayers partly or wholly in an ordered state quenching of DPH, which
partitions evenly between ordered and disordered domains (14,109), by TEMPO is weak, but
when a bilayer is fully in the Ld state, quenching is strong (30). By measuring the temperature
dependence of quenching the midpoint melting temperature (Tmig) of Lo domains can be
determined (30). The Tnmig value, given by the inflection point in the quenching curve, represents
the point at which the slope of the curve, and thus the decrease in membrane order as a function
of temperature, is a maximum. (It is not necessarily the point at which the membrane is 50% in
the Lo state.) The higher the Tq value, the greater the stability of ordered domains (30). Fig.
3.1A (circles) shows the temperature dependence of TEMPO quenching in multilamellar vesicles
(MLV) composed of a 1:1:1 (mol:mol) mixture of bSM/POPC/chol. There is a sigmoidal
dependence of normalized DPH fluorescence (=F/Fo, the fraction of unquenched fluorescence)
upon temperature, with quenching levels in good agreement with recent studies on similar
mixtures (30). The Tmig Value occurs at about 45°C (Table 3.1). Controls in which TEMPO
concentration was varied show that TEMPO binding to vesicles did not alter Tn;q values up to
2mM (Figure 3.6).

A similar DPH quenching curve, with perhaps a small decrease in Tnyijg was observed in 1:1:1
bSM/POPC/chol when lipids were mixed with TX-100 prior to vesicle formation (final TX-100
concentration 150uM) (Table 3.1 and Fig. 3.1A, filled triangles). There was very little if any
additional dependence of Tnig upon increasing TX-100 concentration up to several-fold above the
critical micelle concentration (cmc) of TX-100 (~200-300puM (110)) (Figure 3.7 and Table 3.1).
The presence in the vesicles of 0.45 mol% of LW peptide, a Leu-rich transmembrane-type
peptide that partitions strongly into Ld domains (85) also had little, if any, effect upon Tnig
(Table 3.1 and Fig. 3.1A, open triangles).
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Other experiments showed that the temperature-dependent change in quenching was reversible
(Fig. 3.8A), and that similar Tpg values with and without TX-100 were observed using large
unilamellar vesicles (LUV) or small unilamellar vesicles (SUV) in place of MLV (Table 3.3).

To confirm results obtained from TEMPO quenching, the thermal stability of ordered state
formed by 1:1:1 bSM/POPC/chol was measured using steady state DPH fluorescence anisotropy
(Fig. 3.1B). The anisotropy of DPH fluorescence is high when it is in the Lo state, and decreases
in the Ld state (30,111). Anisotropy in 1:1:1 bSM/POPC/chol at low temperature (filled circles)
was equal to those previously observed for a mixture of Lo and Ld states, while the values at
high temperature corresponded to those in an Ld state (30). As in the case of TEMPO
guenching, there was a sigmoidal dependence upon temperature, with estimated Tniq Values very
similar to that measured with TEMPO quenching (Table 3.1). Samples containing 1:1:1
bSM/POPC/chol plus TX-100 (Fig. 3.1B, filled triangles) also exhibited a slight decrease in Tnig
value similar to that determined by TEMPO quenching (Fig. 3.1B and Table 3.1). As in the case
of TEMPO quenching higher TX-100 concentrations did not greatly affect Tn,q (Fig. 3.9 and
Table 3.1). Samples containing membrane-inserted LW peptide (Fig. 3.1B and Table 3.1, open

triangles) showed a slight decrease in Tpg.

Membrane composition in the presence of TX-100

To evaluate the effect (or lack of effect) of TX-100 on Tpg, it was important to determine how
much TX-100 was bound to membranes. Both the amount of TX-100 bound to vesicles and the
degree to which it solublized vesicular lipids could influence Tnig. As shown in Table 3.2, the
amount of bound TX-100 varied from about 4 mol% of the lipid at 150uM TX-100 to about 10
mol% of total lipid in 500uM TX-100. Lipid solubilization at different TX-100 concentrations
was also measured. As shown in Table 3.2, most of the lipid was not solubilized by TX-100 at
any of the concentrations tested. However, a significant amount of POPC was solubilized at
300uM and especially at 500uM TX-100. This lipid selectivity is expected because TX-100
selectively dissolves the lipids that are within Ld domains, which should be predominantly
composed of POPC.
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Segregation-detected nanodomain formation and size

The methods used above measure membrane order. To more directly probe lipid segregation
into separate domains, methods dependent on lipid segregation were used. First, domain
formation was detected by nitroxide-quenching using DPH as the fluorophore and the
phospholipid 10SLPC which contains a nitroxide-bearing doxyl ring in the middle of one fatty
acyl chain, as quencher. Unlike TEMPO quenching, which is strongly dependent upon TEMPO
binding to membranes, and thus lipid packing, quenching by a nitroxide-labeled lipid directly
detects lipid segregation (14). The doxyl group imparts a strong tendency to form and
incorporate into Ld domains (14,85,112). As noted above, the effective quenching range for
nitroxides (Rc) is generally close to 12A (113). Tmiq detected by 10SLPC quenching was similar
to that obtained by TEMPO quenching (Fig.3.2 and Table 3.1). In general, TX-100 and LW
peptide slightly decreased T4, Similar to what was measured by TEMPO quenching and
anisotropy (Table 3.1).

Another method commonly used to detect domain formation is FRET. When a membrane has
co-existing ordered and disordered domains, the segregation of donor and acceptor with different
affinities for ordered and disordered domains results in a decrease in FRET, which is detected as
an increase in normalized donor fluorescence (F/Fo). For measuring FRET, the acceptor used
was rhod-DOPE, which partitions strongly into Ld domains (114). Donors with a significant
affinity for ordered domains, NBD-DPPE, DPH, and pyrene-DPPE were used. Their FRET to
rhod-DOPE has an effective Ro of 49A, 36A, and 26A, respectively, as determined from

experimental measurements in homogeneous bilayers (Table 3.4).

The dependence of FRET upon temperature showed patterns very different from those
measured by nitroxide quenching. Fig. 3.3A (circles) shows that in bSM/POPC/chol vesicles
when the donor was NBD-DPPE, FRET was strong throughout the range 10-60°C. Domains
were only barely detected at low temperature, as shown by the weaker FRET (higher F/Fo)
below 30°C. For FRET, T4 is the temperature at which the change in FRET vs. temperature is
at a maximum. A crude Tpg value for domain detection is 9°C. In POPC/chol vesicles, which
lack SM and form homogeneous bilayers FRET is very strong at all temperatures (Fig. 3.3B).
FRET curves were similar for 1:1:1 bSM/POPC/chol LUV samples, showing that the FRET and
its temperature dependence were not greatly influenced by inter-bilayer FRET in MLV (Fig. 3.10

52



and Table 3.5). In contrast to samples lacking TX-100, domains could be easily detected for
1:1:1 bSM/POPC/chol vesicles in the presence of 150uM TX-100 (in which TX-100 is mixed
with the lipids prior to vesicle formation), which exhibited dramatically decreased FRET at
lower temperatures (Fig. 3.3A, filled triangles). The domains detected had an apparent Tpnig
~25°C. The effect of TX-100 on FRET increased in a TX-100 dose-dependent fashion (Fig.
3.11).

A decrease in FRET and increase in Tpig (to 23°C) was also observed in vesicles containing
0.45 mol% LW peptide (Fig. 3.3A, open triangles). Samples containing both 0.45 mol% LW
peptide and 150uM TX-100 gave curves very similar to those with TX-100 alone (Fig 3.3A).
POPC/chol vesicles showed no effect of TX-100 or LW peptide on FRET (Fig. 3.3B).

Using NBD-DPPE to rhod-DOPE FRET samples containing 1:1:1 egg SM/POPC/chol gave
similar FRET results to those with brain SM, although domain formation in the absence of TX-

100 was more easily detected at lower temperatures (Fig. 3.12).

At first glance, the observation that Tnig measured by FRET is lower than that measured by
nitroxide quenching and anisotropy, and that there is a lack of FRET-detected domain formation
in bSM/POPC/chol at temperatures at which they can be detected in the presence of TX-100 or
LW peptide might seem to contradict conclusions of the nitroxide quenching and anisotropy
results. How can FRET change so strongly in a temperature range in which the amount of
ordered domains does not change? The likely explanation is that the domains formed in
bSM/POPC/chol are too small to detect using the NBD-DPPE/rhod-DOPE FRET-pair under
some conditions, and that TX-100 and LW peptide influence domain size. Nitroxide-induced
quenching (which has a range of 12A (113) and anisotropy are both very short range processes
that measure behavior of the lipid in which the probes are in direct contact, while NBD-to-rhod
FRET is a longer range interaction, and requires that domain radius be greater than the

interaction distance (i.e. Ro) in order to allow facile domain detection (see Discussion).

To test the hypothesis that Tnig measured by FRET reflects domain size, and that domain size
is altered by TX-100, FRET experiments were repeated with the DPH/rhod-DOPE (Fig. 3.4A
and 3.4B) and pyrene-DPPE/rhod-DOPE FRET pairs (Fig. 3.4C and 3.4D), FRET pairs with
smaller Ro values than the NBD-DPPE/rhod-DOPE pair. As predicted, without TX-100 domain
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formation (weakened FRET) could now be detected more easily in bSM/POPC/chol at lower
temperatures, and the smaller the Ro, the higher the apparent Tniq for loss of Lo domain
detection (Table 3.1). We also estimated the temperature (Typper) that represents the upper limit
of facile Lo domain detection (see Methods). A similar pattern was observed, in which the Typper
increased as Ro decreased. This progressive and Ro-dependent loss of domain detection as
temperature increases indicates that domain size gradually decreases as temperature increases
(see below). Also, as in the case for Tmig, Tupper iNCreased in the presence of TX-100 and LW
peptide (Table 3.1).

In addition, the increase in apparent Tnig values in the presence of TX-100 or LW peptide
when pyrene-DPPE and DPH were donors were smaller than when NBD-DPPE was the donor
(Table 3.1). This is as expected if TX-100 and LW peptide only induce an increase in domain
size, because for smaller Ro values FRET is less sensitive to domain size. [Also, notice that at
low temperatures the difference between FRET levels with and without TX-100 is largest when
NBD-DPPE is donor, smaller when DPH is donor and smallest when pyrene-DPPE is donor.]
Notice that even for these smaller Ro pairs, no evidence of domain formation was observed in

POPC/chol vesicles which form more homogeneous bilayers.

Using the DPH/rhod-DOPE pair, we also confirmed that thermal changes in FRET were
reversible both in the presence and absence of TX-100 (Fig. 3.8B).

It is unlikely that the results above reflect probe-induced perturbation of the lipid bilayers. For
the FRET studies, a large perturbation of lipid melting due to donor is unlikely because the
donors were used in very small amounts (1/2000 lipids for pyrene-DPPE and 1/1000 lipids for
NBD-DPPE and DPH), and the same acceptor, rhod-DOPE and acceptor concentration was used.
Thus, perturbation cannot explain the apparent differences in domain properties observed for
different FRET pairs. A different issue is whether samples with the acceptor (2% rhod-DOPE),
have different physical behavior than samples without acceptor. Controls also show that this is
unlikely. First, similar FRET results were obtained at 1 mol% rhod-DOPE (Fig. 3.13 and Table
3.5). Second, when DPH-10SLPC quenching experiments were carried out both in the absence
and presence of 2mol% DOPE, no difference in quenching or its temperature dependence was
observed (Fig. 3.14 and Table 3.5).
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NBD-DOPE to rhod-DOPE FRET, and the effect of TX-100 upon FRET with this donor
acceptor pair, were very similar in samples containing 4.7mol% 10SLPC and those lacking
10SLPC (Fig. 3.15 and Table 3.5). This indicates that 10SLPC did not greatly perturb domain
formation or size. The conclusion that 10SLPC did not perturb domain formation is further
supported by the similarity of Tpq detected by 10SLPC quenching to the T, values determined
by TEMPO quenching and anisotropy (Table 3.1).

Combining FRET and 10SLPC quenching results, it appears that TX-100, and LW
peptide do not induce nanodomain formation, but do increase domain size. This means that in
the presence of TX-100 and LW peptide there are larger Lo domains, but since the amount of the
bilayer in the Lo state has not increased (as shown by TEMPO quenching, anisotropy and

10SLPC quenching) there must also be also fewer of them.

Effect of cholesterol concentration upon FRET-detected nanodomain formation in the

absence and presence of TX-100 or transmembrane peptide

In additional studies, the effect of chol concentration upon domain segregation in
bSM/POPC/chol, both in the absence and presence of TX-100 and LW peptide, was studied. As
shown in Fig. 3.5, at room temperature for both the NBD-DPPE/rhod-DOPE FRET pair (Fig.
3.5A) and the pyrene-DPPE/rhod-DOPE FRET pair (Fig. 3.5B) domains could be detected by
FRET at both medium and very high concentrations of chol. This is consistent with previous
FRET studies showing that domain formation can occur at very high chol concentrations in a
very similar mixture, SM/SOPC/chol (58).

There was a maximum degree of FRET-detected segregation near 25-35mol% chol in both the
absence and presence of TX-100. This suggests domain formation is either most stable, or
domains are largest, at this chol concentration. In contrast, the effect of LW peptide upon FRET-
detected segregation increased monotonically as chol concentration increased. These results
indicate that the effects of TX-100 and a transmembrane helix upon domain properties are not
restricted to values around 33mol% chol, and that at high chol concentrations transmembrane

helices have a stronger effect upon domain properties than TX-100. Even at very high chol (45
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mol%), with TX-100 or LW peptide present FRET showed segregation persisted to above 37°C
(Fig. 3.16).

Estimating nanodomain size

As noted in Chapter 2, calculating exact nanodomain size from FRET is difficult as FRET also
depends upon acceptor concentration, partition of donor and acceptor between ordered and
disordered domains, domain shape, and whether domains in the opposing leaflets are or are not
in register. However, using multiple FRET/quencher pairs makes it possible to roughly estimate
nanodomain size (Fig. 3.18). Processes such as FRET and nitroxide quenching have a distance-
dependence such that quenching is very strong only when fluorophore and quencher are within a
critical distance (Rc) (Fig.3.18A). Strong protection of a donor inside a domain from quenchers
outside the domain requires an Lo domain radius greater than Rc. Crudely speaking, Rc~Ro
(113).

As shown in Fig. 3.18B, FRET basically cannot detect domains when domain radius is
<Ro. Thus, Typer, the estimated maximum temperature for facile domain detection is the
temperature at which domain radius is close to Ro. If the amount of ordered domains is nearly
constant over a temperature range, but domain size decreases as temperature increases, Fig.
3.18B shows that the Tpmig value, the midpoint for loss of domain detection, should be close to
3Ro.

Based on this, we can use Tmig and Typper Values for different FRET donors, to estimate
domain sizes. As shown in Fig. 3.18C, it can be estimated that in 1:1:1 bSM/POPC/chol
nanodomain radius gradually decreases from ~150A near 10°C to 80-100A at 23°C to as small as
~ 36A before melting at 45°C. Assuming a lipid cross-sectional area of about 70A?, this gives
the number of lipids in a domain decreasing from about 1000 lipids in one leaflet at 10°C to
about 360 lipids at 23°C and about 60 lipids at 45°C. Fig. 3.18C also shows the estimated
increase in domain size induced by the presence of TX-100. There is a several-fold increase in

size. The size increase in the presence of LW peptide was somewhat smaller (not shown).
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It must be noted that these domain radii values are only estimates. If domains are irregular
they will have a larger circumference to area ratio than circular domains, and many more
molecules near domain edges, leading to an underestimate of domain size. In addition, for the
actual acceptor concentrations we used, which are not sufficient to totally quench fluorescence,

calculations (not shown) suggest the domain radii may be overestimates by up to a factor of
almost two.
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Discussion

Nanodomain size and the effect of TX-100 and transmembrane helices on domain formation

and size.

This study shows that nanodomain size in bSM/POPC/chol is strongly temperature
dependent, decreasing as temperature increases. A temperature-dependent decrease in domain
size is also predicted by the critical fluctuation model for nanodomains (115), and that similar
nanodomain sizes have been proposed for other lipid mixtures (56). FRET data also shows that
in the presence of TX-100 or LW peptide domain size in bSM/POPC/chol vesicles increases
significantly. Given the apparent T ¢ for FRET for the NBD-rhodamine pair at 23°C when there
is 4 mol% TX-100 in the membrane (samples with 150puM total TX-100), domain radius must
increase to 150A near room temperature based on the analysis above. An important question is
how this size increase relates to prior work on the effect of TX-100 in SM/POPC/chol. It has
been proposed that TX-100 binding to vesicles induces domain formation by reducing the
miscibility of SM with molecules (unsaturated lipids and TX-100) concentrated within the Ld
state (106,107). The analysis of the calorimetric studies on which this was based predicted that
the temperature at which domain separation occurs in 1:1:1 SM/POPC/chol exhibits an increase
from 20°C to about 35°C when the membranes contain 3mol% TX-100 (107), and raw
calorimetric data showed that a transition at 23°C was accompanied by an additional peak near
45°C as TX-100 concentration was increased from 0 to 3 or 7.7 mol% in these mixtures (106).
This is the same range of TX-100 concentrations in the membrane that we investigated. (We
also find that at a very high TX-100 concentration (1% v/v), solubilization vs. temperature had a

midpoint (50% solubilization) that was also close to 35°C (not shown).)

However, in contrast to conclusions from calorimetry, our studies find that the interaction of
TX-100 with membranes does not increase the thermal stability of ordered domains, i.e. methods
that can detect small nanodomains, such as nitroxide quenching show there are no temperatures
at which the total fraction of the membrane in the form of ordered domains increases in the
presence of TX-100. Instead, we find that TX-100 increases the size of individual domains.

This may not be inconsistent with calorimetric data. The melting of the small nanodomains
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might not be sufficiently cooperative in temperature, or might not involve a high enough
enthalpy change, to have been detected by calorimetry. In fact, the statement that TX-100
induces phase separation may be formally correct if large domains can be considered phases
while small nanodomains cannot. Nevertheless, the key point is that the formation of
nanodomains is not dependent upon TX-100. Since nanodomains are similar to the type of
domains thought to form in plasma membranes, they are likely to be the most physiologically-
relevant species. In fact, experimentally the tendency of TX-100 to increase domain size may be
a desirable property that allows the physical isolation of merged nanodomains as detergent-

resistant membranes (DRM), even if the merger of small domains into large ones is an artifact.

The lack of domain formation by TX-100 is consistent with the overwhelming evidence that
when there is pre-existing domain formation, TX-100 solubilization reflects underlying domain
behavior. In particular, it has been observed many times that when membranes have co-existing
Lo and Ld domains prior to TX-100 addition, the Ld domains dissolve while the Lo domains are
resistant to TX-100 solubilization (14,34-36,104,105). Studies also show that there is no
expansion of preexisting Lo domains in supported bilayers (in which individual ordered domains
cannot migrate and merge, and so individual domain size cannot increase) upon TX-100 addition
(34,36,105), although such an expansion might be predicted if TX-100 reduced the miscibility of
SM in the disordered domains. In fact, there is often partial solubilization of the Lo domains
(34,36,105), consistent with the concept that the addition of TX-100 would lead to an
underestimation of Lo domain formation (29). Furthermore, low concentrations of TX-100 tend
to induce budding and fission of vesicles containing Lo domains from vesicles containing co-
existing Lo and Ld domains (116), further enhancing the similarity between DRM and the Lo
domains from which they arise. Nevertheless, we are not arguing that DRM are identical to pre-
existing rafts, and the isolation of DRM from a cellular membrane, especially at 4°C, cannot be

proof of the existence of pre-existing rafts.

It is also interesting that the presence of a modest amount of transmembrane helices may be
more effective than TX-100 at increasing domain size at cholesterol concentrations likely to exist
in plasma membranes. This increases the probability of domain formation in natural membranes
and suggests that the effect of TX-100 in a protein-containing membrane is less than in a simple

lipid bilayer.
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An important question is why TX-100 increases domain size. One possibility comes from the
molecular dynamics studies P. Butler and colleagues (Penn State U.) showing that TX-100
decreases bilayer width (personal communication). TX-100 in Ld domains would increase the
mismatch in width between Ld and Lo domains, and thus increase line tension. An increase in
domain size would minimize the amount of lipid at Lo/Ld boundaries and thus the unfavorable

line tension energy.
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Table 3.1: Ordered domain melting temperatures under different conditions. MLV samples
were composed of 500uM 1:1:1 (mol:mol) bSM:POPC:chol. Tnig for anisotropy and short range
guenching is the point at which %melting/°C is a maximum. T for FRET is the temperature at
which the change in F/Fo vs. temperature is a maximum. Typper IS the maximum temperature at
which there is facile detection of Lo domains. Calculation of T nig and Typper is described in
Methods. Average Tmig and Typper Values in the presence and absence of TX-100 or
transmembrane peptide are shown. Sample number is shown in parenthesis. Samples with
10SLPC also contained 2mol% DOPE. Error bars are S.D. when n >3, and range if n=2. nd =
not determined.

Tmid
[Tupper, estimated] (°C)

Method Acceptor/

Donor/ Quencher | Lipid +TX-100 +TX-100 +LW peptide
Fluorophore Alone (150 uM) (500 uM) (0.45mol%)
Quenching | TEMPO 46.9+34 |416+1.4(3)|433+05(6)|46.1+3.7(2)
DPH (6)

Anisotropy 46.3+19 |41.0+4.4(4) |39.0£3.6(3) |40.9+2.8(4)
DPH (6)
Quenching | 10SLPC 471+6.4 | 344+27(4) | nd 34.1+2.4 (4)
DPH 4) [~56] [~62]

[~69]
FRET rhod- 0.3+0.3 25.7+0.3(4) | nd 23.4+0.6 (4)
NBD-DPPE | DOPE (4) [~40] [~37]

[~29]
FRET rhod- 214+0.1 {33.1+£04(2) | nd 30.8+0.2 (2)
DPH DOPE (2) [~52] [~49]

[~34]
FRET rhod- 254+05 [ 353+35(4) | nd 31.4+0.4 (4)
pyrene- DOPE (6) [~56] [~46]
DPPE [~36]
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Table 3.2: Lipid and TX-100 composition of vesicles at different TX-100 concentrations. The
total lipid concentration was 500uM of 1:1:1 bSM:POPC:chol prior to solubilization. Error bars
are S.D. (Triton X-100 fluorescence intensity was not affected by binding to vesicles (not
shown).)

Triton X- % Triton Triton % SMin | % Chol in % POPC in
100 (uM) | Fluorescence | Bound Pellet Pellet Pellet
in Pellet
0 0 0 95.8 92.9 95.2
150 13.7+£0.6 21 uM 96.4 91.9 96.4
4)
300 17.7+04 53 uM 87.6 89.3 77.5
®)
500 11.6+£0.5 58 uM 86.1 91.1 56.2
®)
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Table 3.3. Effect of TX-100 on stability of ordered domains in different vesicle types. Melting
midpoint temperatures, Tm, in presence and absence of TX-100 is shown. The samples were
composed of 500 uM 1:1:1 (mol:mol) bSM:POPC:chol with or without 500uM TX-100. Tm
was defined as the point of maximum slope of a sigmoidal fit of F/Fo data (Slidewrite Program,
Advanced Graphics Software, Encinitas, CA). Average Tm values and S.D is shown. For this
and following tables, error bars are S.D. when n is >3, and range if n =2. Sample number (n) is
shown in parenthesis.

Vesicle Type Tm°C

Without Triton | 500uM Triton
SuUV 412+32(4) |39.3+ 0.6(4)
LUV 423+07(3) |42.1+ 0.9(3)
MLV 46.9+3.4(6) |43.3+ 0.5 (6)
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Table 3.4 Experimentally calculated values of effective Ro (A). Samples were composed of
ethanol dilution SUV containing100uM POPC. Fo samples contained only FRET donor and F
samples contained both FRET donor and acceptor at concentrations shown (1 mol% = 1.4 x 10™
molecules/A?). Effective Forster radii (Ro) were calculated as follows. Ethanol dilution SUV
composed of 100uM POPC were prepared containing 0.1mol% NBD-DPPE and 0.33mol%
rhod-DOPE, 0.1mol% DPH and 0.5mol% rhod-DOPE or 0.1mol% pyrene-DPPE and 1mol%
rhod-DOPE. Donor fluorescence in the absence (117) and presence (F) of acceptor was measured
and Ro was calculated using the following equation (113) F/Fo = exp (—(1.1R0)*zC where C is
the number of acceptors per 70A%. The calculated effective Ro values were 49A for NBD-DPPE
and rhod-DOPE, 36A for DPH and rhod-DOPE, and 26A for pyrene-DPPE and rhod-DOPE.
These are only effective Ro values because they do not take into account possible orientation
factor effects or FRET between donors in one leaflet and acceptors in the opposite leaflet.
Average values and range for duplicate samples is shown.

FRET donor | Rhodamine DOPE concentration F/Fo Ro effective
C (molecules/A?) (A)

Pyrene-DPPE 1.4x 10* 0.482 £ 0.014 | 26 £ 0.5 (2)

DPH 7x107° 0.497 +0.010 | 36 0.5 (2)

NBD-DPPE 47 x107° 0.423+£0.003 | 49+£0.2 (2)
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Table 3.5. Effect of acceptor concentration, vesicle type, or presence of 10SLPC upon FRET
and omitting 2mol% DOPE in 10SLPC quenching experiments on Tm. nd = not determined

Lipid composition and Donor/ Acceptor/ Tm (°C)
Detection method
Fluorophore | Quencher
Lipid +TX-100 | +LW
eptide
150 uM bep
0.45mol%
1:1:1 bSM/POPC/Chol NBD-DPPE | rhod- 116+0.1(2) | 26.4+0.3 | 22.6+£0.3
DOPE (3) 2
MLV (Imol%)
FRET
1:1:1 bSM/POPC/Chol NBD-DPPE | rhod- 119+0.1(2) | 264+£0.2 | 255+£04
DOPE (3) 2)
LUV
FRET
7:6:1:7 NBD-DPPE | rhod- 13.8+2.7(2) | 31.6 nd
bSM/POPC/10SLPC/Chol DOPE O
MLV
FRET
7:6:1:7 DPH 10SLPC 47.4 35.7 nd
bSM/POPC/10SLPC/Chol,
MLV, (no 2mol%DOPE) 1) @

Quenching
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Figure 3.1. Ordered domain thermal stability in lipid vesicles and how it is affected by TX-100
and transmembrane peptide as measured by: A. quenching of DPH fluorescence by TEMPO and
B. DPH fluorescence anisotropy. In A. MLV were composed of 0.1mol% DPH and 500uM
1:1:1 (mol:mol) bSM/POPC/chol. Samples contained lipid only (filled circles, average of 6),
lipid plus 150uM TX-100 (filled triangles, average of 3), or lipid plus 0.45mol% (2.25uM) LW
peptide (open triangles, average of duplicates). In addition, F samples contained 2mM TEMPO.
F/Fo is the ratio of fluorescence in the presence of TEMPO to that in the absence of TEMPO. B.
MLV were composed of 0.1mol% DPH and 1:1:1 (mol:mol) bSM/POPC/chol. Samples
contained: lipid alone (filled circles, average of 6), lipid plus 150uM TX-100 (filled triangles,
average of 4), or lipid plus 0.45mol% LW peptide (open triangles, average of 4). The error bars
in this and the following figures are standard deviations (S.D.), or if n=2 range. Where error bars
are not shown, they were too small to be displayed.
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Figure 3.2. Effect of TX-100 and transmembrane peptide on detection of ordered domains
assayed by quenching of DPH fluorescence by 10SLPC. Samples were composed of MLV
containing 0.1mol% DPH and 500 pM lipid. A. Fo samples contained 1:1:1 bSM/POPC/chol and
F samples contained 7:(6:1):7 of bSM/(POPC/10SLPC)/chol (= 4.8mol% 10SLPC). B. Samples
lacking SM. Fo samples contained 2:1 POPC/chol and F samples contained
(POPC/10SLPC)/chol in the ratio (6:1):3.5 (= 4.8mol% 10SLPC). All samples also contained 2
mol% DOPE. Samples contained: lipid only (circles), lipid plus 150puM TX-100 (filled
triangles), or lipid plus 0.45mol% LW peptide (open triangles).
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Figure 3.3. Detection of ordered domains by FRET and the effect of TX-100 and
transmembrane peptide on domain detection. Samples were composed of MLV containing 500
UM: A. 1:1:1 bSM/POPC/chol, or B. 2:1 POPC/chol. F samples contained also FRET donor
(0.1mol% NBD-DPPE) and FRET acceptor (2mol% rhod-DOPE). Fo samples also contained
only FRET donor (0.1mol% NBD-DPPE). Samples contained: lipid only (circles, average of 4),
lipid plus 150puM TX-100 (filled triangles, average of 4), lipid plus 0.45mol% LW peptide (open
triangles, average of 4), or lipid plus both 150uM TX-100 and 0.45mol% LW peptide
(diamonds, average of 3). The ratio of donor fluorescence in the presence of acceptor to that in
its absence (F/Fo) is graphed.
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Figure 3.4. Effect of TX-100 and transmembrane peptide on ordered domain detection assayed
by FRET pairs with shorter Ro than the NBD-rhodamine pair. Samples were composed of MLV
containing 500 uM: (A and C) 1:1:1 bSM/POPC/chol or (B and D) 2:1 POPC/chol. In A. and B.
F samples also contained 0.1mol% DPH as the FRET donor and 2mol% rhod-DOPE as FRET
acceptor. Fo samples also contained only 0.1mol% DPH. Samples contained: lipid only (circles,
average of duplicates), lipid plus 150uM TX-100 (filled triangles, average of duplicates), or lipid
plus 0.45mol% LW peptide (open triangles, average of duplicates). In C. and D. F samples
contained as the FRET donor 0.05mol% pyrene-DPPE and as the FRET acceptor 2mol% rhod-
DOPE. Fo samples contained only 0.05mol% pyrene-DPPE. Samples contained lipid only
(circles, average of 6), lipid plus 150 uM TX-100 (filled triangles, average of 4), or lipid plus
0.45 mol% LW peptide (open triangles, average of 4).The ratio of donor fluorescence in the
presence of acceptor to that in its absence (F/Fo) is graphed.
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Figure 3.5. Effect of TX-100 and transmembrane peptide on FRET-detection of domain
formation as a function of chol concentration at room temperature. In: A. Donor: 0.1mol% NBD-
DPPE, acceptor: 2mol% rhod-DOPE. B. Donor: 0.05mol% pyrene-DPPE, acceptor: 2mol%
rhod-DOPE. Samples were composed of MLV containing 500uM 1:1:x bSM/POPC/chol. F
samples also contained both FRET donor and acceptor. Fo samples also contained only FRET
donor. The ratio of donor fluorescence in the presence of acceptor to that in its absence (F/Fo) is
plotted versus chol concentration. A. Samples contained: lipid (circles), lipid plus 150uM TX-
100 (filled triangles, average of 3), or lipid plus 0.45mol% LW peptide (open triangles, average
of 4). B. Samples contained lipid (circles, average of duplicates), lipid plus 150uM TX-100
(filled triangles, average of duplicates), or lipid plus 0.45mol% LW peptide (open triangles,
average of duplicates).
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Figure 3.6. Effect of TEMPO concentration upon Tm. MLV samples contained 0.1mol% DPH
and 500uM of 1:1:1 (mol:mol) bSM/POPC/chol. F samples also contained various
concentrations of TEMPO. Average of duplicate samples is shown for 1, 3 and 4mM TEMPO
concentrations and average of six samples is shown for 2mM TEMPO.
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Figure 3.7. Effect of TX-100 concentration on Tm detected by quenching of DPH fluorescence
by TEMPO. Vesicles were composed of 0.1mol% DPH and 500 puM 1:1:1 (mol:mol)
bSM/POPC/chol and contained various amounts of TX-100: OuM (circles, average of 6), 150uM
(triangles, average of 3), 500uM (inverted triangles [=vertex down], average of 6) and 750uM
(squares, average of duplicates). Data is summarized in Table 1. The error bars in this and the
following figures are standard deviations or, if n=2, range. In the cases in which error bars are
not shown, they were too small to be displayed relative to the symbols.
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Figure 3.8. Thermal reversibility of changes in fluorescence. A. TEMPO-induced quenching of
DPH fluorescence. B. FRET between DPH and rhod-DOPE. MLV samples contained 0.1mol%
DPH and 500puM of 1:1:1 (mol:mol) bSM/POPC/chol, and where indicated contained 150puM
TX-100. F samples also contained: A. 2mM TEMPO or B. 2mol% rhod-DOPE. Samples were
slowly heated from 16 to 64°C or slowly cooled from 64 to 16°C and the ratio of DPH
fluorescence in the presence and absence of quencher or acceptor (F/Fo) was measured. In A.
symbols denote lipid plus TX-100 heating cycle (filled triangles) or lipid plus TX-100 cooling
cycle (open triangles). In B symbols denote lipid only heating cycle (filled circles), lipid only
cooling cycle (open circles), lipid plus TX-100 heating cycle (filled triangles), lipid plus TX-100
cooling cycle (open triangles). In A. single samples were used, B. shows average of duplicates.
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Figure 3.9 Effect of TX-100 concentration on domain thermal stability measured by DPH
anisotropy. Samples were composed of MLV containing 0.1mol% DPH and 1:1:1 (mol:mol)
bSM/POPC/chol plus various amounts of TX-100: OuM (circles, average of 6), 150uM
(triangles, average of 4), 500uM (inverted triangles, average of 3) or 750uM (squares, average of
3). Data is summarized in Table 1.
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Figure 3.10. Detection of ordered domains by NBD-DPPE to rhod-DOPE FRET in LUV.
Samples were composed of LUV containing 500uM 1:1:1 bSM/POPC/chol. F samples also
contained FRET donor (0.1mol% NBD-DPPE) and FRET acceptor (2mol% rhod-DOPE). Fo
samples also contained only FRET donor (0.1mol% NBD-DPPE). Samples contained lipid only,
(circles, average of duplicates), lipid plus 150uM TX-100 (filled triangles, average of 3), or lipid
plus 0.45 mol% LW peptide (open triangles, average of duplicates). The ratio of donor
fluorescence in the presence of acceptor to that in its absence (F/Fo) is plotted versus
temperature.
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Figure 3.11. Effect of TX-100 concentration on ordered domain formation assayed by FRET.
MLV samples contained 500uM lipid composed of: A. 1:1:1 (mol:mol) bSM/POPC/chol or B.
2:1 (mol:mol) POPC/chol. Samples contained various amounts of TX-100: OuM (circles, average
of 4), 75uM (triangles, average of 3), 150uM (inverted triangles, average of 4) and 300puM
(squares, average of duplicates). F samples also contained FRET donor (0.1mol% NBD-DPPE)
and FRET acceptor (2mol% rhod-DOPE). Fo samples also contained only FRET donor
(0.1mol% NBD-DPPE). The ratio of donor fluorescence in the presence of acceptor to that in its
absence (F/Fo) is plotted versus temperature.
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Figure 3.12. Thermal stability of ordered domains containing egg SM in the presence and
absence of TX-100 measured by NBD-DPPE to rhod-DOPE FRET. Samples were composed of
MLV containing 500uM 1:1:1 (mol:mol) egg SM/POPC/chol. F samples also contained FRET
donor (0.1mol% NBD-DPPE) and FRET acceptor (2 mol% rhod-DOPE). Fo samples also
contained only FRET donor (0.1mol% NBD-DPPE). Lipid only (circles), lipid plus 150uM TX-
100 (filled triangles). The ratio of donor fluorescence in the presence of acceptor to that in its
absence (F/Fo) is plotted versus temperature. Average of triplicates is shown.

77



1.0

F/Fo

10 30 50 70

Temperature (°C)

Figure 3.13. Effect of using 1mol% rhod-DOPE on FRET detection of ordered domains. Samples
were composed of MLV containing 500uM 1:1:1 bSM/POPC/chol. F samples also contained
FRET donor (0.1mol% NBD-DPPE) and FRET acceptor (1mol% rhod-DOPE). Fo samples also
contained only FRET donor (0.1mol% NBD-DPPE). Samples contained lipid only (circles),
lipid plus 150puM TX-100 (filled triangles), or lipid plus 0.45mol% LW peptide (open triangles).
The ratio of donor fluorescence in the presence of acceptor to that in its absence (F/Fo) is plotted
versus temperature. Average of duplicates is shown.
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Figure 3.14. Quenching of DPH by 10SLPC in the absence of DOPE. Vesicles were composed
of MLV containing 0.1mol% DPH and 500 uM lipid. Fo samples contained 1:1:1
bSM/POPC/chol and F samples contained 7:(6:1):7 of bSM/(POPC/10SLPC)/chol (= 4.8mol%
10SLPC). Lipid only (filled circles), lipid plus 150uM TX-100 (filled triangles). The ratio of
DPH fluorescence in the presence of 10SLPC to that in its absence (F/Fo) for single samples is
plotted versus temperature.
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Figure 3.15. Detection of ordered domains by NBD-DPPE to rhod-DOPE FRET in the presence
of 10SLPC. MLV samples contained 500 uM lipid composed of: 7:(6:1):7
bSM/(POPC/10SLPC)/chol (= 4.8mol% 10SLPC). F samples also contained FRET donor
(0.1mol% NBD-DPPE) and FRET acceptor (2 mol% rhod-DOPE). Fo samples also contained
only FRET donor: (0.1mol% NBD-DPPE). Samples contained lipid only (circles, average of
duplicates), or lipid plus 150uM TX-100 (filled triangles). The ratio of donor fluorescence in the
presence of acceptor to that in its absence (F/Fo) is plotted versus temperature.
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Figure 3.16. FRET detection of ordered domains at 45mol% chol vs. temperature in the presence
and absence of TX-100 or LW peptide. Samples were composed of MLV containing 500puM
1:1:1.64 bSM/POPC/chol. F samples also contained FRET donor (0.1mol% NBD-DPPE) and
FRET acceptor (2mol% rhod-DOPE). Fo samples also contained only FRET donor (0.1 mol%
NBD-DPPE). Samples contained lipid only (filled circles), lipid plus 150uM TX-100 (filled
triangles), or lipid plus 0.45 mol% LW peptide (open triangles). The ratio of donor fluorescence
in the presence of acceptor to that in its absence (F/Fo) is plotted versus temperature. Results
shown are from single samples (except the average of duplicates in the presence of LW peptide).
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Figure 3.17: Comparison of 10SLPC quenching for fluorophores having different affinities for
ordered domains. Samples were composed of MLV containing 500uM lipid. Fo samples
contained 1:1:1 bSM/POPC/chol and F samples contained 7:(6:1):7 of
bSM/(POPC/10SLPC)/chol. Shaded bars represent quenching of (0.1mol%) DPH and unshaded
bars represent quenching of (0.1mol%) oleoyl tryptophan (Sigma-Aldrich) by 10SLPC. Fraction
of unquenched fluorescence is plotted at various temperatures. DPH has a significant affinity for
ordered domains while oleoyl tryptophan strongly prefers to locate in Ld domains. Notice the
opposite direction of the temperature dependence of quenching for DPH and oleoy! tryptophan,
which confirms that the temperature dependence of quenching reflects either low temperature
segregation (in the case of DPH) or co-segregation (in the case of oleoyl tryptophan) of
fluorophore and quencher.
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Figure 3.18. Schematic figure showing how FRET and quenching are affected by domain size.

Figure 3.18A. lllustration of interior zone in a circular domain. R, is the critical interaction
distance (~Ro). R interior is the radius of the region in the domain largely protected from
interaction with acceptors outside the domain.
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Figure 3.18B. The dependence of protection of a fluorescent group from quenchers outside of a
domain upon domain radius. Protection is calculated for high enough quencher concentration to
quench all fluorescence outside of domains and within Rc of the domain boundary. [(F/Fo)/(F
maximum/ Fo)] = F/ F maximum = interior area of domains/ total area = ratio of fluorescence
arising within domains to that in domains approaching “infinite” size, at a constant fraction of
membrane area within domains, i.e. when individual domain area decreases, domain number
increases such that the fraction of bilayer area within domains is constant. The change of F/F
maximum vs. R domain/Rc would be more gradual than shown for a quenching with a gradual
distance dependence.

84



40

R domain (A)
Qo
o

0 I I 1 \ 1 I L
10 20 30 40 50

Temperature (°C)

o

Figure 3.18C. Lo domain size (A) estimated using Tmig and Typper Values for different FRET
pairs. Filled symbols, lipids alone, open symbols, lipids plus 150 uM TX-100. Triangles and
circles show estimated radii of Lo domains at Trmig and Typper, respectively. Typper values >40°C
were not included because above 35°C, FRET changes will reflect domain melting to a greater
degree than changes in domain size. The linear fit shown is only to guide the eye.
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Chapter 4:

Detection of Ordered Domains in Living Borrelia burgdorferi Cells:

Important Note: This dissertation only includes the data from experiments performed by

Pathak P. It does not include data from experiments performed by other authors.

Therefore, Chapter 4 may seem incomplete to the readers. Readers are kindly referred to

the above publications for a complete manuscript
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Introduction

The spirochete Borrelia burgdorferi is the causative agent of Lyme disease (97,118), a
tick-borne illness that can have manifestations in the skin, heart, joints, and nervous system of
mammals (98). B. burgdorferi has outer and inner membranes, and the periplasmic space
between these membranes contains the flagellar bundles. The periplasmic flagella contribute to
the spiral morphology of B. burgdorferi cells (119), and are not exposed to the extracellular

environment unless the outer membrane has been damaged (98,120).

The membranes of B. burgdorferi contain phosphatidylcholine and phosphatidylglycerol
and lipoproteins (121-123). They also contain free cholesterol, two cholesterol glycolipids
(acylated cholesteryl galactoside (ACGal) and cholesteryl galactoside (CGal)), and the
glycolipid, monogalactosyl diacylglycerol (MGalD) (99,124,125). Cholesterol is not a common
constituent of prokaryotic cells, with only a few bacteria known to incorporate it into their
membranes (93-96,126).

In eukaryotic cells, sterols (together with sphingolipids having saturated acyl chains) are
believed to participate in the formation of ordered membrane domains called rafts, which co-
exist with disordered membrane domains, and to play an important role in many membrane
functions (1,2,5,9,14,127).

In model membranes, ordered sterol-rich domains are readily detected (4). However, it
has been difficult to characterize rafts in eukaryotic cells due to their small size and dynamic
properties, and their formation and properties remain controversial, although important advances

have been made, especially in immune cells (73,128-130).

We previously presented evidence that lipid microdomains containing cholesterol
glycolipids exist in B. burgdorferi membranes (100). In this study we demonstrate that these
domains are ordered lipid domains with the properties that define lipid rafts, and that the
domains are present in living B. burgdorferi cells. We investigated whether ordered and
disordered lipid domains co-exist in living B. burgdorferi cells using a novel FRET approach.

Next, a sterol substitution strategy was developed using sterols with varying abilities to form or
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disrupt ordered lipid domains (87-89,131) to determine if sterols with raft-forming properties are
necessary and sufficient for the formation of B. burgdorferi membrane domains. From the
results, we conclude that lipid rafts form in the membranes of live B. burgdorferi cells. These
studies may lead to approaches to identify rafts in other types of cells.
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Results

Sterols with the ability to form ordered membrane domains are necessary and sufficient to

form membrane domains detected by FRET in live B. burgdorferi

The hypothesis that B. burgdorferi domains are lipid rafts predicts that their formation should
require lipids having the ability to form tightly packed domains. In previous studies we
demonstrated that different sterols have a structure-dependent range of abilities to support
formation of ordered raft lipid domains in model membrane vesicles (87-89,131). Therefore,
sterol substitution experiments were carried out in B. burgdorferi using sterols ( Table 1.1)
ranging from those that are strongly ordered domain forming to those that are ordered domain
inhibiting (87-89).

Free cholesterol and cholesterol glycolipids from B. burgdorferi can be substantially removed
from cells with methyl-p-cyclodextrin (MBCD) while phospholipids and MGalD are unaffected
(100). When depletion is followed by incubation of the spirochetes with a diverse set of sterols,
sterol substitution was confirmed by a strong correlation between the ability of a sterol to support
ordered domain formation in model membranes (87-89) and membrane order in B. burgdorferi
membranes (in intact cells), as measured by the anisotropy of trimethylaminodiphenylhexatriene
(TMADPH) fluorescence subsequent to sterol substitution (Table 4.1 and Fig.4.6).

A fluorescence resonance energy transfer, FRET method was developed to detect domains in
living cells. In this method, weak FRET is observed when co-existing ordered and disordered
lipid domains are present because the donor used, trimethylaminodiphenylhexatriene
(TMADPH) partitions moderately into ordered domains and so partially segregates from the
acceptor, octadecylrhodamine B (ODRB) which partitions preferentially into disordered lipid
domains (132,133). The FRET method was calibrated in model membranes (Fig. 4.4A). At low
temperatures, there was higher TMADPH fluorescence (higher F/Fo = weaker FRET) in vesicles
having a composition (dipalmitoylphosphatidylcholine (DPPC)/ dioleoylphosphatidylcholine
(DOPC)/cholesterol) in which segregation into DPPC-rich ordered and DOPC-rich disordered
domains occurs (134) than in vesicles (DOPC/cholesterol or palmitoyloleoylphosphatidylcholine

(POPC)/cholesterol) forming a homogeneous bilayer. At higher temperatures, in
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DPPC/DOPC/cholesterol samples lipid segregation is lost due to melting of the ordered domains,
and FRET levels come close to that in homogeneous vesicles, which exhibit temperature-
independent FRET.

When TMADPH and ODRB were added to living B. burgdorferi cells, weak FRET which
increases at higher temperatures is observed (Fig. 4.4B and Fig. 4.5). This indicates that there is
formation of co-existing ordered and disordered domains (at least up to ~35-40°C). The FRET
experiments were repeated after sterol substitutions (Fig 4.4B). Weak FRET which increased at
higher temperatures was observed with sterols that strongly or moderately support ordered
domain formation. In contrast, strong, temperature-independent FRET was observed after
androstenol and coprostanol substitutions, sterols that do not support ordered domain formation.
Similar dependence was obtained by TEM (data from Benach lab not shown). Partial depletion
of cholesterol lipids with MBCD without subsequent sterol substitution did not totally abolish
domain formation at lower temperatures, but did decrease their thermal stability, as shown by the
transition from weak to strong FRET occurring at a lower temperature (Fig. 4.4B). This
indicates that there are residual cholesterol lipids remaining after extraction that are sufficient to

form ordered microdomains.

90



Discussion:

B. burgdorferi membrane domains are true lipid rafts

The studies in this report show that the domains present in B. burgdorferi are true lipid rafts
using several independent approaches. Having raft-forming properties was both necessary and
sufficient for sterols to support the formation of B. burgdorferi membrane domains as judged by
FRET. Furthermore, sterols with intermediate raft-forming abilities tended to show intermediate
domain forming behavior. The observation of ordered domain formation by FRET is especially
important as it indicated that domains formed in live B. burgdorferi. Thus, the domains of B.
burgdorferi membranes have the key properties of true lipid rafts. We believe that the
combination of internally consistent experiments provides the most convincing evidence for the
existence of lipid rafts in living cells to date. The use of complementary domain detection
techniques involving different principles and conditions greatly reduces the possibility that
experimental artifacts can explain these results. These studies do not resolve the controversy
concerning the formation of lipid rafts in eukaryotic cells. However, the methods used here
should be adaptable to eukaryotic cells, and so may point the way to further progress in the

characterization of eukaryotic lipid rafts.

Physical origin of B. burgdorferi raft formation

The correlation between ordered domain properties previously characterized in sphingolipid
and sterol containing model membranes and those of B. burgdorferi domains is very close. Yet
B. burgdorferi has no sphingolipids. ACGal, which has been identified as being enriched in both
DRM from B. burgdorferi and DRM from plant cells (135), is likely to play a role that combines
that of sphingolipids and sterols in eukaryotes. However, we cannot rule out some role for
proteins in B. burgdorferi raft formation. It is also uncertain whether the sterol-glycolipids that
appear after sterol substitution incorporate the new sterols added, or instead reflect incorporation

into glycolipids of residual cholesterol remaining after partial MBCD extraction.
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Using FRET to detect ordered domains in B. burgdorferi.

The FRET approach used for detecting lipid domain segregation in this study may be useful
in other systems. TMADPH and ODRB are charged hydrophobic probes that can readily be
added externally to cells. In this assay, decreased FRET (increased F/Fo) is indicative of
segregation into co-existing ordered and disordered domains. Domains larger than Ro (~23 A)
for the TMADPH/ODRB pair when calculated as described previously, and assuming all ODRB
is membrane bound (136) (data not shown) can be detected by this approach (136). It is very
unlikely that the fluorescent probes used altered domain formation to a significant degree. In
addition to the consistency of FRET results with those obtained with other methods, FRET
results in untreated cells after halving ODRB concentration showed a temperature dependence of
FRET similar to that observed at higher ODRB concentrations. Other controls showed that the
fluorescent probes used did not alter domain formation detected by TEM, cell morphology, or
cell viability as judged by cell growth (not shown).

That domain-forming sterols, and thus lipid rafts, are necessary to maintain membrane integrity
and viability of B. burgdorferi is not surprising from an evolutionary standpoint. The life cycle
of Borrelia involves infection of a tick vector or mammalian host, they are never free-living (98).
The cells of mammals and many species of ticks contain cholesterol (137) so it is logical to
assume that B. burgdorferi has evolved a preference for domain-forming sterols, like cholesterol,
as these would be the main sterols available during the spirochete life cycle.
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Table 4.1. Sterols used for sterol-substitution experiments in B. burgdorferi and their ability to
form lipid raft domains in model membranes are shown.

Sterol Ability to support ordered domain formation in model membranes
Ergosterol Strong
Cholesterol Strong

Dihydrocholesterol | Strong

Lanosterol Moderate
Zymosterol Moderate
Androsterol Inhibits ordered domain formation
Coprostanol Inhibits ordered domain formation
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Figure 4.1. B.burgdoreri lipids form detergent resistant membranes. MLV made up of total
extract of B.burgdorferi lipids display resistance to solubilization by TX-100. 2:1 mol:mol
SM/cholesterol forms bilayers in the Lo phase and 2:1 mol:mol DOPC/cholesterol forms bilayers
in the Ld phase. ch=cholesterol
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Figure 4.2. B.burgdorferi lipids display high anisotropy in model membranes Fluorescence
anisotropy of DPH demonstrates a high degree of order among lipids in B.burgdorferi MLVs.
2:1 mol:mol SM/cholesterol forms bilayers in the Lo phase and 2:1 mol:mol DOPC/cholesterol

forms bilayers in the Ld phase.
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Figure 4.3: B.burgdorferi lipids display segregation detected domain formation in model
membranes. FRET as a function of temperature for Borrelia lipids in model membranes
demonstrates the coexistence of Lo (raft) and Ld domains (high F/Fo values). MLVs contained
Borrelia lipid extract (open circles) or DOPC/cholesterol 2:1 (filled circles). F/Fo is the ratio of
fluorescence in samples containing donor (NBD-DPPE) and acceptor (rhodamine-DOPE) to that
in samples containing donor. Average of triplicate experiments.
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Figure 4.4. FRET detection of ordered domain formation as a function of temperature in B.
burgdorferi. A. Demonstration of FRET assay performance in model membranes. Samples of
small unilamellar vesicles containing 100 uM lipid and (in Fo samples) TMADPH or (in F
samples) both TMADPH and ODRB. Vesicles were composed of 2:1 (mol:mol) POPC/chol
(open circles), 2:1 DOPC/chol (open triangles), or 1:1:1 DPPC/DOPC/chol (filled circles). F/Fo
is the fraction of donor fluorescence unquenched by FRET. Average of duplicates and range are
shown. B. Detection of ordered domain formation in B.burgdorferi by FRET. F and Fo samples
contained B.burgdorferi (4 x108 cells/ml) with TMADPH (Fo samples) or both TMADPH and
ODRB (F samples). Symbols: untreated cells , cholesterol depleted cells (bold plus sign), or cells
substituted with cholesterol (filled circles), dihydrocholesterol (open triangles), ergosterol
(inverted triangles), lanosterol (plus sign), zymosterol (squares), coprostanol (filled triangles) or
androstenol (open circles). Mean F/Fo values from four samples, or two in the case of untreated
cells and lanosterol, are shown. For clarity, error bars are omitted in B. (Summary FRET data
with error bars is shown in Figure 4.6.) chol=cholesterol
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Figure 4.5. Dependence of FRET-detected domain formation in B. burgdorferi upon sterol
composition. Samples are those from Figure 2. F/Fo is the ratio of TMADPH fluorescence in
the presence of ODRB to that in its absence. AF/Fo is the difference between F/Fo at 35°C and
that at 15°C. Temperature dependent domain formation is detected by a positive A F/Fo value.
The experimental conditions are: chol = cholesterol substituted cells, ergo = ergosterol
substituted cells, dihydro = dihydrocholesterol substituted cells, untreat = untreated cells, deplet
= cholesterol lipid depleted cells, lano = lanosterol substituted cells, zymo = zymosterol
substituted cells, andro = androstenol substituted cells, copro = coprostanol substituted cells.
Mean and standard deviation from four samples is shown, except for the untreated and lanosterol
samples for which the average and range of duplicates is shown.
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Figure 4.6. Dependence of anisotropy detected membrane order in B. burgdorferi upon sterol
composition. DPH fluorescence anisotropy was used to measure membrane order at 24°C. The
mean and standard deviation for four experiments is shown. Notice that the order (anisotropy) is
strongly correlated with sterol raft-forming ability (Table 4.1).
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Chapter 5:

Summary and Future directions
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Detection of ordered nanodomains in model membranes

Over the course of this thesis project, we studied ordered domain formation in model membranes
and cells. Initially we measured the stability of the liquid ordered state in vesicles composed of
an equimolar mixture of sphingomyelin, 1-palmitoyl-2-oleoyl phosphatidylcholine and
cholesterol. The reason for choosing this lipid mixture was the reported lack of ordered domain
formation by calorimetry in the absence of TX-100, and their formation once TX-100 was added.
This was a concern since SM/POPC/chol closely represents the lipid composition of the outer
leaflet of the mammalian cell plasma membrane. Another concern was that calorimetry, which
detects melting of domains, may not detect the not-so-co-operative melting of small domains.
Therefore, to test whether membranes made up of SM/POPC/chol are ordered, and to determine
the effect TX-100 on their formation and stability, we used methods that can detect the formation
of very small domains. Since fluorescence quenching is strong only when the fluorophore and
quencher are placed within the critical distance co-incidentally comparable to the diameter of a
lipid, quenching can, in theory detect order in a range as close as the circle of lipids surrounding
the donor lipid molecule. We used quenching by TEMPO, which binds to Ld domains than to
ordered domains. In addition, anisotropy is a measure of local order in the membrane. We found
that SM/POPC/chol was ordered and thermally transitioned into a disordered membrane at a
mid-point melting temperature centered at 46°C. Importantly, neither TX-100 nor a
transmembrane peptide had any effect on the amount of ordered domains as judged by the un-

perturbed thermal transition.

However, we were ultimately interested in determining whether the membrane was segregated
into Lo and Ld domains. Therefore, we used methods that were dependent on lipid segregation
such as FRET. We chose donors and acceptors that had different affinities for Lo and Ld
domains. So when domains were present, the donor and acceptor were segregated from each
other resulting in weak FRET. At higher temperature, Lo transitioned into Ld and the segregation
was lost resulting in strong FRET. Compared to quenching, the thermal stability of
SM/POPC/chol by FRET between NBD-DPPE and rhodamine-DOPE showed a striking
decrease in the Tmig value from 46 to 9 °C. FRET could not detect domains at the temperatures

where both quenching and anisotropy could. In contrast, in the presence of TX-100 or a
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transmembrane peptide, the domains could be easily detected by FRET at temperatures

comparable to those detected by quenching and anisotropy.

Why were FRET and quenching measuring a different T, for SM/POPC/chol under the same
experimental conditions? And why, in the presence of TX-100 and transmembrane peptide
would FRET detected domain segregation increase so dramatically when the overall membrane
order remained the same? These puzzling observations led us to a new hypothesis. Since in
comparison to quenching, FRET between NBD and rhodamine was a longer range process, one
having an interaction distance upto four times that of quenching, domains in SM/POPC/chol may
be too small to be detected by the NBD-rhodamine FRET pair. In order to test this hypothesis,
we needed a short range detection method that was based on lipid segregation and that could
detect even smaller but separate Lo and Ld domains. Therefore we used a method that was
previously developed by our lab: quenching by a nitroxide labeled phospholipid 10SLPC, which
prefers to reside within the Ld domains in a bilayer containing Lo and Ld domains. The
advantage of using a quencher labeled lipid over TEMPO was that 10SLPC is a lipid that would
insert into the bilayers and quenching would depend on lipid segregation rather than quencher
binding to membranes. Quenching by 10SLPC showed that domains were present at
temperatures similar to those observed by the other short range methods, thus supporting our
hypothesis that domain size gradually decreases with temperature. Long range FRET interactions
could not detect small domains since domain radius was required to be greater than the FRET
interaction distance in order to be detected. To further confirm this hypothesis, we used FRET
pairs having a range of interaction distances that were in between that of long range NBD-
rhodamine pair and the short range quenching pair. We observed that domains could be more
easily detected at higher temperatures as a FRET pair with a smaller interaction distance was

used.

Since the difference between Tpq in the absence and presence of TX-100 was lower when FRET
probes with smaller Ro were used, it was concluded that the TX-100 as well as the

transmembrane peptide increased domain size.

Cell membranes contain large amounts of transmembrane peptides, which are portions of

transmembrane proteins. We found that at cholesterol levels close to physiological,
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transmembrane peptide increased domain size even more than TX-100. This finding supports the

hypothesis of lipid segregation in natural membranes where cholesterol concentration is high.

Proving rafts exist in living cells:

Still, proving that a model membrane vesicle contains segregated Lo and Ld domains does not
prove their existence in living cells. We got an opportunity to modify and apply our FRET
method of detecting lipid segregation to directly probe domain formation in living cells in
collaboration with the laboratory of Dr. Benach. Their lab had recently discovered cholesterol-
lipid rich domains in the outer membranes of Borrelia burgdorferi, a bacterium that causes Lyme
disease. Together, we investigated whether these domains had all the characteristics of ordered
domains by three different methods. My part of the project involved determining whether
ordered domains formed in living cells using a novel FRET method that detected lipid
segregation. Donor TMADPH and acceptor ODRB were chosen due to their different partition
preferences in the Lo and Ld domains. We found that in living B.burgdorferi cells FRET was
strong at high temperatures and became weaker at low temperatures. This clearly showed Lo and

Ld domain segregation in the B.burgdorferi membrane.

Previously our lab had characterized sterols that have different abilities to form ordered domains.
Our lab had shown that certain sterols such as ergosterol, 7-dehydrocholesterol and
dihydrocholesterol have a strong tendency to support ordered domain formation. Other sterols
such as lanosterol and zymosterol have intermediate tendency to support Lo domain formation.
Sterols such as coprostanol and androsterol behave in the opposite direction and strongly
destabilize ordered domain formation. In this report we tested the ability of a sterol to form
domains in living B.burgdorferi cells. To determine whether formation of ordered domains was
correlated with the raft forming ability of a sterol, we developed a sterol substitution strategy.
We partially extracted cholesterol and cholesterol glycolipids (cholesterol-lipid) from the outer
membrane and substituted with various domain promoting and domain inhibiting sterols. We
found that in the outer membranes of B.burgdorferi the Lo domains were detected by FRET
when Lo domain-promoting sterols were substituted for cholesterol lipid whereas Lo domains

could not be detected when cholesterol-lipid was substituted with the domain-inhibiting sterols.
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This clearly and unambiguously showed that domains rich in cholesterol and cholesterol

glycolipids present in the B.burgdorferi outer membrane are indeed ordered domains.

These studies provide a novel FRET assay using probes that could be added externally to model
membrane liposomes and cells. Since the effective Ro of the FRET pair used was found to be 23
A, domains having radii just greater than just a couple of nanometers can be detected. Thus
ordered domain formation based on lipid segregation in eukaryotic membranes (which are

believed to form very small nanoscopic domains) may be studied using this approach.
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Future Directions:
Effect of lipid composition on ordered domain stability and size:

Since the lipid mixture that mimics the composition of the outer leaflet of mammalian cell
plasma membranes, namely SM/POPC/cholesterol, forms very small nanodomains at
physiological temperature, it would be interesting to study how lipid composition affects the size
of ordered domains . It would also be interesting to investigate the effect of TX-100 and
transmembrane peptides on the size of ordered domains formed by the various lipid mixtures. If
domains present without TX-100 are already large, we would not expect TX-100 to further

significantly increase domain size.

We think the reason why TX-100 increases the domain size is that it increases the height
mismatch between the Lo and Ld domains. Height mismatch between Lo formed by SM/chol
and Ld formed by POPC may differ from other Lo and Ld forming molecules. For that reason, it
would be interesting to use a lipid mixture that contains Lo and Ld forming lipids of different
lengths. By making combinations of long and short Lo and Ld forming acyl chain lipids, we
could investigate the effect of acyl chain length and domain thickness on domain size and the
effect TX-100 and transmembrane peptide have on this domain size. It would be interesting to
measure the heights of the domains by AFM and co-relate the height mismatch between the

domains to the effect of TX-100 on the size of the Lo domains.

For example, since POPC is a line active lipid, it should induce formation of small domains by
SM/chol as well as with DPPC/chol. See Figure 2. If domains formed by DPPC/chol with DOPC
as the low Tm lipid are for some reason larger than those formed by SM/chol/DOPC and thus
easily detectable, those domains will become a little smaller with POPC but will still remain
detectable at temperatures where domains in SM/chol/POPC cannot be detected. This will
answer the question whether TX-100 has an effect only when POPC is present or does it have an

effect only when SM is the Lo forming lipid.

Transmembrane peptides of different lengths may have an effect on the domain size. Longer
peptides may either tilt, or if vertical, may extend the lipids to reduce the mis- match between the
width of the lipid bilayer and the length of the peptide. And since, by extending Ld lipids, the
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height difference in between Lo and Ld will be reduced, these peptides may not make the

domains larger.

Domain formation in bacteria:

Identifying ordered domain forming molecules in B.burgdorferi: We know that total lipid
extracts from B.burgdorferi form co-existing Lo and Ld domains. The next step would be to
focus on what lipids in the outer membrane of B.burgdorferi play a role in the formation of
ordered domains. This can be done by isolating the lipids and re-constituting them in model

membrane liposomes.

Apart from B.burgdorferi, a few other bacteria incorporate host derived cholesterol in their
membranes and it is yet not known whether their membranes are organized into domains. It will

be interesting to survey membrane structure and function of other sterol containing bacteria.
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