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ABSTRACT

Microvesicles secreted from the thermoacidophilic archaeon S. acidocaldarius (Sa-
MVs) contain a membrane made exclusively of tetraether lipids and covered by crystalline
surface layer proteins known as the S-layer. While tetraether lipids and S-layer proteins are
known to be useful biomaterials, little has been done to exploit Sa-MVs for any scientific
applications. In the present study, as the start point to explore this area, we isolated Sa-
MVs and used dynamic light scattering, laser Doppler electrophoresis, and cryo-
transmission electron microscopy (cryo-TEM) to characterize the particle size, size
distribution, zeta potential, and morphology of Sa-MVs and tested their stabilities against
temperature, pH, autoclaving, and the detergent Triton X-100. We found that, at the cell’s
growth pH (~2.6) and growth temperature (75-80°C), Sa-MVs in the growth medium are
~180-183 nm in diameter with a polydispersity index (PDI) <0.15 and have a zeta potential
of -0.5 mV. Sa-MVs in buffer exhibited long-term (at least 137 days) stability with no
signs of vesicle disintegration or fusion. When the pH was decreased from 7.2 to 2.6, the
average size of Sa-MVs was increased by ~40-45 nm, which probably came from
conformational changes of S-layer proteins, in concomitant with vesicle aggregation, but
not due to conformational changes in tetraether lipid headgroups. The isoelectric point (pl)
for Sa-MVs in 1 mM KCI is 3.0 while that for the reconstituted liposomes (LUVmv) is
estimated to be below 2.0. Sa-MVs dispersed in buffer at pH 2.6 change little in size over
five autoclaving cycles, despite becoming slightly less spherical after autoclaving, while at
this pH liposomes made of diester lipids cannot sustain multiple cycles of autoclaving. In
addition, compared to diester and PLFE liposomes, Sa-MVs and LUVmv exhibit unusual



resistance against the surfactant Triton X-100. Although some man-made liposomes such
as PLFE liposomes are also stable against temperature, pH, and other environmental
stressors, Sa-MVs are unique in that they are naturally occurring nanoparticles with a
native membrane environment suitable for inserting additional lipids and membrane-bound
proteins as needed. With their great stability presented here and the lack of cytotoxicity
known in the literature, Sa-MVs hold great promise for technological applications.

In addition to these biophysical techniques employed to characterize these
microvesicles, a series of fluorescence experiments have also been conducted to gain
further insight into how the membrane packing of these vesicles compares to tetraether as
well as diester liposomes. Intrinsic protein fluorescence of native microvesicles was
examined to characterize the dynamics of the S. acidocaldarius MVs. We have used the
probe 6-lauroyl-2-dimethylaminonaphthalene (Laurdan) to monitor membrane packing
and dynamics within the water-membrane interfacial region of the Sa-MVs. Specifically,
we measured Laurdan’s generalized polarization (GP), which depends on the probe’s local
polarity, probe location and nearby viscosity. We also measured Laurdan’s red edge
excitation shift (REES), which depends on the dynamics of solvent relaxation around the
fluorophore compared to the probe’s fluorescence lifetime. As temperature increased from
18 to 66.7 °C, GP decreased from 0.026 to —0.118. Comparing the GP values of
reconstituted vesicles to that of the native Sa-MVs, it appears that the two curves are similar
in both GP value and trend over increasing temperature range (values decrease from 0.112
to -0.215), which suggests that Laurdan in Sa-MVs resides in the lipid membrane, not in
proteins and that Laurdan’s GP is not affected much by the presence of Sa-MV proteins. It

is well known that, for liposomes made of diester lipids, the GP value of Laurdan
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fluorescence is high in the gel state and low in the liquid-crystalline state, with an abrupt
change during the phase transition. However, Laurdan’s GP values obtained from
liposomes comprised of tetraether lipids such as PLFE and Sa-MV lipids cannot be
compared directly to those obtained from diester liposomes and cannot be interpreted
simply based on membrane packing because probe location and chromophore orientation
in tetraether liposomes could be distinctly different from those in diester liposomes. Our
data show that the REES effect in PLFE LUVs is most pronounced among all the
membranes examined showing a value of 10.58 nm at 24°C compared to 0.9 nm for DMPC
LUVs at the same temperature. It is already known that membrane packing in PLFE
liposomes is extraordinarily tight partly due to the strong hydrogen bond network in the
polar head group regions where the phosphate and sugar moieties are abundant and partly
due to the rigid and ordered dibiphytanyl hydrocarbon chains. Since the chromophore of
Laurdan in PLFE liposomes is most likely located in the membrane-water interfacial
region, it is not surprising that solvent tumbling around Laurdan in PLFE LUVs is much
more restricted in PLFE LUVs than in DMPC LUVSs, giving rise to a much higher REES
value in PLFE LUVs than in DMPC LUVs.

The REES values (10.3-14.1 nm) of Laurdan fluorescence in LUVs reconstituted
from the extracted MV lipids are higher than those (9.3-10.6 nm) in PLFE LUVSs, which
suggests that the mobility of solvent molecules (including water and lipid polar groups) in
the membrane-water interfacial regions of LUV mv is much less restricted than that in PLFE
LUVs. Like PLFE, Sa-MV lipids are tetraethers. However, as mentioned earlier, PLFE
lipids are different from Sa-MV lipids in their hydrophobic core composition. It is likely
that their polar head groups are also different despite that the zeta potentials of LUVpLre
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and LUV mv are virtually identical (—43 mV in 50 mM Tris buffer containing 10mM EDTA
and 0.02% NaN3 at pH 7.2-7.6 and 25°C).

The REES values (14.5-18.9 nm) of Laurdan fluorescence in Sa-MVs are higher
still than those of both LUVpLre and LUV wmv, Which is reasonable because tetraether lipids
in Sa-MVs are covered with S-layer proteins. As a result, the mobility of solvent molecules
around Laurdan’s chromophore in the lipid polar head group regions is more restricted than
that in LUVpLre Or LUV Mv.

Free-standing planar membrane made of MV lipids built on a cellulose acetate
partition and mounted onto a Teflon device sustained a nearly constant capacitance (~36-
39 pF) for 8 h. Thereafter, the membrane collapsed as evidenced by a zero capacitance. In
contrast, the planar membrane made of the diester lipid POPC had much lower stability,
showing large fluctuations in capacitance before its collapse at 1.5 h, a very short lifetime
typical for free-standing planar membranes made of diester lipids. The planar membrane
made of the diester lipid DMPC also showed a short lifetime ~3h. In comparison, the planar
membrane made of PLFE showed remarkable stability, exhibiting a constant capacitance
for at least 11 days. Similar high stability of PLFE free-standing planar membranes over
micro-pores on PDMS thin films in microchip platform was previously reported.

Our data suggest that lipids extracted from S. acidocaldarius MVs are able to form
fairly stable free-standing planar membranes across a pinhole on a solid support. However,
even though both MV lipids and PLFE lipids are tetraethers, the planar membrane made of
MV lipids is not as stable as that made of PLFE lipids. The molecular basis for the
differential stability between planar membranes of MV lipids and PLFE lipids is not clearly

understood at present, but the difference in stability is likely to originate from the chemical
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structure differences between PLFE lipids and MV lipids. As mentioned earlier, in terms
of the hydrophobic cores, PLFE contains ~90% GDNT and ~10% GDGT, whereas MV
lipids are mainly GDGT and GTGT, without any GDNT, and their headgroup structures
are not known. We have also demonstrated the ability to observe channel activity in PLFE
monolayers at a range of voltages from -200 to 200 mV. However, this was property was
not replicated in lipids extracted from S. acidocaldarius microvesicles. In any case, our
past and present data showed that archaeal tetraether lipids are excellent materials to make

stable and yet biologically relevant free-standing planar membranes.
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This dissertation is dedicated to the friends I’ve made at Temple.

“If it can’t be autoclaved, I don’t want to eat it”
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CHAPTER#1

INTRODUCTION

1.1 Sulfolobus acidocaldarius

The kindom archaea is divided into two sub groups: euryarchaeota and
crenarchaeota (1). The group crenarchaeota contain groups of thermophilic archaea,
whereas euryarchaeota include halophiles and methanogens. Sulfolobus acidocaldarius are
a thermoacidophilic species of archaea that were first discovered to exist living in the hot
springs in Yellowstone National Park. Optimal growth conditions were determined to be
at pH between 2 and 3 and a temperature between 75 and 80 degrees Celsius. Primarily,
the organism grows aquatically, but they have also been found in hot acidic soil. The
organism can grow both heterotrophically and autotrophically on sulfur or other naturally
occurring compounds, oxidizing sulfur crystals to sulfuric acid. S. acidocaldarius are
responsible for the sulfuric acid conditions in their aquatic environment (2). They have
been described as having a lobed sphere shape, and a cell wall that is completely lacking
in peptidoglycan. Notably, the lipid composition comprising the cell membrane is made of
about 95% tetraether lipids, which is thought to be how the organism can survive such

harsh conditions. (3) (4).



1.2 Archaeal Bipolar Tetraether Lipids

Due to the harsh conditions in which archaea live, their cell membranes have
adapted highly specialized traits that enable them to survive. They have adapted to produce
Bipolar tetraether lipids (BTLs), which are present in all three major archaeal phylums:
euryarchaeota, crenarchaeota and thaumarchaeota. The group euryarchaeota include
methanogens and halophiles. BTLs are present in methanogens (0-50%), but virtually
absent in halophiles. BTLs are also found in thaumarchaea, which grow in much more
ambient conditions. BTLs are the dominating lipid species in crenarchaeota (~90-95% of
the total lipid extract), which thrive under high temperature and low pH conditions (5).

The lipids synthesized by these extremophiles, namely, S. acidocaldarius, consist
mostly of a mixture of glycerol dialkylcalditol tetraether (GDNT) and glycerol
dialkyglycerol tetraether (GDGT), both members of a class of BTLs (6-8). BTLs are the
dominating lipid species in S. acidocaldarius, comprising up to 95% of the total lipid
makeup (9). The structures of these lipids are all either macrocyclic or hemi-macrocyclic.
In S. acidocaldarius, the hydrophobic core region of macrocyclic BTLs contain two
biphytanyl (ie 20 carbon long) chains. These chains are both saturated, containing varying
numbers of cyclopentane rings and branched methyl groups. The amount of cyclopentane
rings present in each of the dibiphytanyl chains can increase (up to 8 per molecule) with
increasing temperature growth (10). These rings limit the gauchian space in the
hydrophobic core of the lipids and thereby increase packing tightness, lending to increased
stability in harsh conditions. The chains are connected to either glycerol or calditol

backbones, lending to their cyclical shape (11).



Also present in Sulfolobus acidocaldarius, albeit to a much smaller degree, are
hemi-macrocyclic lipids. These lipids are characterized by one biphytanyl chain with both
ends linked to a different glycerol moiety, and two phytanyl chains, each linked to a
glycerol backbone (12).

The polar lipid fraction E (PLFE) extracted from Sulfolobus acidocaldarius
contains a mixture of GDNT and GDGT. The GDNT component (~90% of total PLFE)
contains phospho-myo-inositol on the glycerol end and B-glucose on the calditol end,
whereas the GDGT component (~10% of total PLFE) has phospho-myo-inositol attached
to one glycerol and B-D-galactosyl-D-glucose to the other glycerol skeleton. The
hydrophobic region of PLFE contains a pair of 40-carbon biphytanyl chains with isoprene
units. Each biphytanyl chain includes up to four cyclopentane rings. PLFE lipids have
incredible stability against high temperature, pressure, low pH, and auto-oxidation,
fusogenic compounds, and lipases (13,14). Also, PLFE lipids containing liposomes are not
toxic which makes PLFE lipids suitable for biological research (15). These characteristics
demonstrate the usefulness of PLFE lipids especially in liposomal formulation. Examples

of these lipids can be seen in Figure 1.



1.3 Microvesicles

Microvesicles (MVs), along with exosomes, ectosomes, and other small particles,
are a type of cellular vesicle under the larger umbrella term extracellular vesicles (EVSs)
(16). These types of vesicles differ in size, origin, and function. Exosome is a term reserved
for particles between 40 and 100 nm in size, that result from the fusion of multivesicular
bodies to the plasma membrane, causing vesicle release (16). MVs, however, are a term
used for vesicles typically of a larger size, that originate from budding off of the plasma
membrane. MVs are released by numerous cell types in every phylogenetic kingdom
including archaea (17,18). Originally, the physiological role of MVs was dismissed as, they
were referred to as “cell waste” or “cell dust” (19). However, at present, the biochemical
and physiological role of mammalian and prokaryotic MVs have been extensively
characterized. EVs from various sources were found to contain mMRNA, miRNA, which can
be translated into proteins by recipient cells (20). EVs were also found to contain a number
of proteins, lipids, carbohydrates, and DNA, as they contain cytoplasmic contents of the
cells from which they are derived (21,22). Being that most of this type of work has been
done in eukaryotic and bacterial EVs, the role of MVs in archaea is a budding area of
research.

There is a stark difference in biochemical composition between MVs released from
the thermoacidophlic archaeon Sulfolobus acidocaldarius (optimum growth: 75-80°C and
pH 2-3) and those found in the bacterial and animal kingdoms (23). MVs released from
bacteria and animal cells contain hundreds of distinct proteins (24,25) whereas MVs

released from S. acidocaldarius (Sa-MVs) have only 29 unique proteins according to the



work of Ellen et al. (23). The simplicity in protein composition makes Sa-MVs an attractive
model system for studying the mechanism of MV formation (23). Due to the presence of
certain specific proteins, it has been speculated that MVs released from the archaea phylum
Sulfolobus play a role in transferring DNA from cells to cells at high temperatures (26),
transporting toxic compounds such as sulfolobicins into the surrounding milieu (18),
transferring thiosulfate to sulfur receptors to protect the electron transport chain from
inhibition by hydrogen cyanide or hydrogen sulfide (23), and cell adhesion or biofilm
formation (23). However, much more basic research is needed in order to fully unravel the
biological functions of Sa-MVs.

The most abundant protein species in Sa-MVs are the S-layer proteins, which cover
the surface of the microvesicles and presumably originate from the S-layer proteins on the
cell membranes (23). In fact, all Sulfolobales have two S-layer proteins, namely, SlaA and
SlaB (27). They self-assemble to form a regular array of pores with a p3 symmetry (28).
The S-layer is tough but porous, and permeable to small molecules through the pores (2-8
nm) (29). Because of their protective role and their capability to self-assemble and serve as
molecule and ion traps, the S-layer proteins from bacteria and archaea have found a variety
of biotechnology applications such as biocatalysis, vaccine development, drug delivery,
and biochip development (30). Conceivably, Sa-MVs, with their surfaces also covered by
S-layer proteins, may be developed into useful biomaterials as well.

Sa-MVs also have unusual lipid compositions. First, the lipids of Sa-MVs are
exclusively tetraethers whereas most of the lipids in mammalian or bacteria MVs are

diesters. Tetraether and diester lipid membranes have distinct physicochemical properties



(31). Membranes made of tetraether lipids such as the polar lipid fraction E (PLFE) isolated
from S. acidocaldarius are much more tightly packed and more stable than membranes
made of diester lipids (3,32). Because of this remarkable membrane property, nano-scale
liposomes made of archaeal or synthetic tetraether lipids (termed as archaeosomes) have
been exploited as drug or gene carriers with extraordinary stability (33-39). It is possible
that the tough tetraether lipid membrane plus the outermost and strong S-layer would make
Sa-MVs particularly appealing as naturally occurring nanomedicine. However, little has
been explored on this subject.
Second, Sa-MVs have glycerol dialky glycerol tetraether (GDGT or caldarchaeol,;
Figure 1) as the dominating lipid hydrophobic core structure (99.8% by weight, calculated
from Table 1 of (23)), glycerol trialkyl glycerol tetraether lipid (GTGT, Figure 1) as a very
minor lipid component (0.2% by weight, calculated from Table 1 of (23)), and no glycerol
dialky calditol tetraether (GDNT or calditolglycerocaldarchaeol; Figure 1) (23). This
finding is surprising because Sa-MVs are supposed to derive from the cell’s plasma
membrane where GDNT is the major lipid component (~70% (w/w) of the total isoprenoid
ethers) while GDGT comprises a smaller fraction (~20% (w/w)) (12). This finding makes
Sa-MVs an attractive model system for studying the mechanism of MV formation (23).
Since Sa-MVs have interesting protein and lipid compositions and since membrane
compositions are tightly associated with membrane properties (40), it is of interest to
characterize the physical properties of Sa-MVs as the start point to interrogate the

biological role of Sa-MVs and to develop Sa-MVs for technological applications.
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Figure 1. lllustration of the hydrophobic core structures of tetraether lipids found in
the plasma membrane (GDNT, GDGT, and GTGT) and microvesicles (GDGT and
GTGT) of the Sulfolobus thermoacidophiles. The number after the abbreviations
indicates the number of cyclopentane rings per molecule. In the cases of GDNT and GDGT
isolated from S. acidocaldarius, this number can vary from 0-8.




In the present study, we have isolated MVs from S. acidocaldarius (Sa-MVs) and
used dynamic light scattering, laser Doppler electrophoresis, and cryo-transmission
electron microscopy (cryo-TEM) to characterize the particle size, size distribution, zeta
potential, and morphology of Sa-MVs and tested their stabilities against temperature, pH,
autoclaving, and the surfactant Triton X-100. We have also dissected the physical
properties to see if they are derived from lipids or proteins by studying liposomes made of
lipids extracted from Sa-MVs. The results obtained from liposomes reconstituted from Sa-
MV lipids (thus protein free) are compared with those obtained from liposomes made of
the polar lipid fraction E (PLFE) lipids isolated from S. acidocaldarius. PLFE is one of the
major polar lipid fractions purified from the plasma membrane of S. acidocaldarius. PLFE
contains ~90% GDNT and ~10% GDGT (8). Liposomes and planar membranes made of
PLFE lipids have been shown to exhibit remarkable stability and unusually tight membrane
packing properties (32,41). Since Sa-MVs are made up of GDGT and GTGT whereas
PLFE liposomes are composed of GDNT and GDGT, significant differences in physical
properties between PLFE liposomes and the liposomes reconstituted from Sa-MV lipids
are expected, which may help reveal the structure-activity relationship in archaeal
membrane systems.

Additionally, we used fluorescence spectroscopy, in conjunction with dynamic
light scattering, absorption spectroscopy, and surfactant treatment, to further characterize
the physical properties of Sa-MVs. We employed both the Sa-MV’s intrinsic protein
fluorescence and the fluorescence from the extrinsic membrane probe 6-dodecanoyl-2-

dimethylaminonaphthalene (Laurdan). Specifically, we used the emission and
8



excitation/absorption spectra of Sa-MV proteins to assess the environment near the
tryptophan and tyrosine residues and test if there exist H- or J-aggregates of protein
chromophores. We also used the generalized polarization (GP) and the red edge excitation
shift (REES) of Laurdan fluorescence to examine the solvent relaxation and motional
restriction of the probe in Sa-MV membranes. The GP and REES values of Laurdan
fluorescence in Sa-MVs are compared with those obtained from the unilamellar vesicles
(LUVs) made of the polar lipid fraction E (PLFE) lipids isolated from S. acidocaldarius
(LUVprLre) and the LUVs reconstituted from the tetraether lipids extracted from Sa-MVs
(LUVwmv) as well as the LUVs made of the synthetic diester lipids. PLFE is composed
exclusively of tetraether lipids GDNT (~90% ) and GDGT (~10%) (8), whereas Sa-MV
lipids are made of GDGT and GTGT. Our data allows us to evaluate whether this lipid
compositional difference leads to differential membrane behaviors among Sa-MVs,
LUVpLre, and LUVwmv. The results obtained from this study shed light on the dynamic
structures of Sa-MVs and pave the way for future studies on the structure-activity
relationship of Sa-MVs and the development of Sa-MVs as naturally occurring

nanoparticles for technological applications (42).

1.4 Planar Membranes and Protein Incorporation

The use of free standing planar membranes has been an important tool for studying
protein channels, lipid stability, and ion flux for decades. In recent years, microfluidic
devices are in development to aid in processes such as drug screening (43), pathogen
detection (44), artificial photosynthesis (45), and biophysical studies of ion channels (46).
These membranes are appealing as biophysical tools because access to both sides of the

9



membrane is ideal for buffer exchange and measurements such as single ion channel
conductance (46).

A major obstacle to using diester lipid membranes on a solid support is their
stability. Studies have shown that these membranes fail, causing loss of membrane
capacitance, in just 2-4 hours (47). Efforts to improve this stability have proven
unsuccessful, expensive, and yielding results with questionable physiological or biological
significance with the use of artificial systems. For example, shrinking pore size has been
an approach previously taken, but expensive facilities and lack of material availability are
more troublesome obstacles to overcome (48). Also, artificial materials such as
polydimethylsioxane (PDMS) or triblock copolymers have been used to generate stable
membranes, but the lack of physiological relevance and dramatic difference of physical
properties between these artificial membranes and mammalian or bacterial cellular
membranes brings the results of these studies into question (49).

Archaeal BTLs, such as PLFE, have been shown to form stable free standing planar
membranes (50). The characteristic features of BTLs that lend to increased stability in both
cellular and liposomal membranes lend drastically different properties to planar
membranes derived from diester lipids. For example, BTL planar membranes usually form
a monomeric membrane, with individual lipid moieties oriented upright, as opposed to a
bilayer (51).

Lipid dynamic simulations have shown that the ether linkages and branched chain
methyl groups in BTLs, as opposed to the ester linkages and lack of branched chains in

diester lipids, contribute significantly to lipid tangling amongst adjacent lipid molecules
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(52). This tangling significantly reduces motion within the membrane, therby lending to
greater stability (53). Additionally, more tightly packed lipid membranes reduce lipid
motion speed, which restricts the permeability of most small molecules, such as water,
which can create hydrophilic pores causing membrane collapse (54). However, the
potential of this field is vast, and more basic work characterizing the physical properties of
these lipids needs to be done to assess whether archaeal BTLs could provide a stable and
biologically relevant solution to these issues. In this section, the stability of free standing
PLFE membranes will be directly compared to diester lipid membranes, as well as
tetraether lipids extracted from Sa-MVs.

In order to demonstrate potential applications in the biotechnological world, we
have looked at the potential functionality of two proteins in tetraether lipid based systems.
First, MTHK was isolated from the crenarchaeon Methanothermobacter
thermautotrophicus. MTHK is an inwardly rectifying, calcium gated potassium channel
(55). This channel is used as a model for calcium dependent potassium channels in the
field. This channel was chosen because the archaea from which it was isolated is also
thermophilic, growing at 65 °C and containing tetracther lipids (56).

We also examined bacteriorhodopsin in liposomes made of tetraether lipids, for the
purpose of establishing the initial foundation for artificial photosynthesis. Upon exposure
to light, BR reconstituted in tetraether liposomes in conjunction with another protein,
FOF1-ATP synthase, will generate a proton gradient. This will lead to ATP production from

ADP via the synthase protein. (57,58). This work has been conducted before using diester
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lipids, and the instability of the vesicles are a potential pitfall of these experiments. Using

a highly stable tetraether lipid system would remedy this.
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CHAPTER # 2
STATEMENT OF GOALS

PART 1: Sulfolobus acidocaldarius microvesicles are naturally occurring
nanoparticles with unusual stability against various environmental stressors

In this section, as the start point to exploit Sa- MVs for biotechnology applications,
we used dynamic light scattering, laser Doppler electrophoresis, and cryo- transmission
electron microscopy to characterize Sa-MVs and tested their stabilities against various
environmental stressors and compare their stability to unilamellar vesicles composed of
both diester lipids and other tetraether lipids. We hypothesize that Sa-MV have similar
resistance to environemental stressors as PLFE liposomes, much greater than
conventional diester liposomes.

I.  Assess the long term stability of Sa-MVs using dynamic light scattering (DLS)
Il.  Determine Sa-MV stability against temperature and pH
a. Monitor both Sa-MV and LUVwmv size and poly dispersity from room
temperature (~25 °C) to native growth temperature (75-80 °C) in native
growth media and buffer system
b. Monitor both Sa-MV and LUVwv size and poly dispersity over a wide pH
range (native growth pH 2.6 — near-neutral pH 7.2)
c. Using Cryo-EM, image both Sa-MV and LUV wv at different pHs
I1l.  Determine Sa-MV and LUV uyv stability against autoclaving
IV.  Comparison of Sa-MV and various unilamellar vesicle stability against the
detergent Triton X-100
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PART 2: Sulfolobus acidocaldarius Microvesicles Exhibit Unusually Tight Packing
Properties as Revealed by Optical Spectroscopy

In this section, we used optical spectroscopy to characterize the physical properties
of microvesicles released from the thermoacidophilic archaeon Sulfolobus acidocaldarius
(Sa-MVs) by exciting the intrinsic tryptophan and tyrosine residues associated with the
proteins on Sa-MV, and by use of the extrinsic probe 6-dodecanoyl-2-
dimethylaminonaphthalene (Laurdan). We hypothesize that membrane packing
tightness in Sa-MV and LUVMV is similar to or greater than that seen in PLFE
liposomes.

I.  Intrinsic protein fluorescence
a. Effect of dialysis on technical emission spectra
b. Effect of the detergent TDM on particle size and absorption spectra of Sa-
MV
c. Effect of dialysis on absorption spectra
d. Effect of temperature on intrinsic protein fluorescence
Il.  Laurdan fluorescence
a. Comparison of Laurdan generalized polarization (GP) in tetraether lipid
vesicles and diester lipid vesicles
b. Comparison of Laurdan red edge excitation shift (REES) in tetraether lipid

vesicles and diester lipid vesicles
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PART 3: Planar membranes and protein incorporation into tetraether lipid
membranes
In this section, we assess the stability of tetraether lipid systems to form free standing
planar lipid membranes for possible applications in biotechnology and artificial
photosynthesis. We also look to assess the the functionality of these membranes by
incorporating and observing functional protein. We hypothesize that tetraether lipids
will form much more stable planar membranes than conventional diester lipids, and
are capable of incorporating functional protein.
I.  Demonstrate the ability of PLFE and MV lipid to form stable free standing
membranes with stable capacitance
Il.  Demonstrate insertion of functional MTHK channel in free standing tetraether
lipid membranes

1. Demonstrate functional insertion of Bacteriorhodopsin in PLFE liposomes
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CHAPTER #3

MATERIALS AND METHODS

3.1 Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine  (DPPC), and 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) were purchased from Avanti Polar Lipids (Alabaster, AL). 6-Lauroyl-1,2-
dimethylamino naphthalene (Laurdan) was purchased from Molecular Probes (Eugene,

OR)

3.2 Growth of archaea and isolation of PLFE lipids

S. acidocaldarius cells (strain DSM639; ATCC) were grown aerobically and
heterotrophically at ~75 °C, pH ~2.6. The growth medium contained 0.005% yeast extract,
0.098% trypton, 9.63 mM KH2PO4 , 5.43 mM glucose, 0.12 mM CaCl; « 2 H>0, 0.52 mM
MgSO 4 « 7 H20, 19.07 pM Fe(NHy) citrate, 2.77 uM MnClz 4 H20, 5.66 pM H3BOs,
0.093 uM CuClz * 2H20, 0.191 pM ZnSO4 ¢ 7 H20, 0.031 uM NazMoOg4 « 2 H20, 0.015
UM VoSOs, and 0.016 uM CoSO4 [25] . PLFE lipids were isolated from S. acidocaldarius

cells as described [23] .

3.3 Isolation of S. acidocaldarius microvesicles (Sa-MVs)

MVs were isolated via ultrafiltration and ultracentrifugation of S. acidocaldarius

supernatant. Briefly, supernatant of cell suspensions was col- lected and subject to a low
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speed centrifugation (10,000 xg ) for 20 min using a Sorvall SLA-3000 rotor in a Sorvall
RC5B Plus centrifuge to remove whole cells and large cellular debris. The resulting
supernatant was concentrated in a Millipore ultrafiltration unit through a membrane with a
100 kDa molecular weight cut-off. Concentrated supernatant was then centrifuged at
126,000 xg for 45 min using a Sorvall T-875 rotor in a Beckman L7 ultracentrifuge. 3/4 of
the supernatant was discarded and the resulting pellet (containing MVs) was re-suspended
in the residual supernatant. The MVs were then centrifuged at 19,000 xg in the same
ultracentrifuge to remove remaining larger vesicles and cellular debris. The resulting
supernatant was kept and centrifuged a final time at 374,000 xg to isolate MVs, which were
resuspended in either final growth media, or 50 mM Tris buffer (10 mM EDTA, 0.02%
NaNs, pH 7.2) or 50 mM sodium phosphate/citrate buffer (10 mM EDTA, 0.02% NaNs ,
pH 2.6) or 50 mM citric acid solution (pH 2.6) and stored at room temperature. This

procedure is outlined in Table 1.
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Step | Method,; G force rpm Time Collect
Rotor/Centrifuge (min)
1 Sorvall SLA-3000/ 11,000 xg | 8,000 20 supernatant
Sorvall RC5B Plus
2 ultrafiltration concentrated
supernatant
3 Sorvall T-875/ 126,000 x g | 36,000 45 Ya
Beckman XL-90 supernatant
and pellet
4 Sorvall T-875/ 19,000 x g | 14,000 20 supernatant
Beckman XL-90
5 Sorvall T-875/ 374,000 x g | 62,000 60 Pellet (i.e.,
Beckman XL-90 Sa-MV5s)

Table 1: Steps involved in the isolation of Sa-MVs from the S. acidocaldarius cell

suspensions
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3.4 Extraction of lipids from Sa-MVs and formation of reconstituted liposomes

Lipids were extracted from Sa-MVs using a solvent mixture of chloroform,
methanol and water (34.5:34.5:31, v/v/v). The solution was then vortexed constantly for
30 min and left to separate for several hours. The resulting mixture was separated into three
distinct phases: an aqueous phase, an organic phase, and an interfacial region. Each phase
was assayed for total phosphate content as well as total protein content using the Bartlett
phosphate assay and Lowry protein assay, respectively (59). The organic phase was found
to contain a large portion of the total phosphate from Sa-MVs, presumably from
phospholipids. No protein was detected in the organic phase. The organic phase was first
dried under a stream of nitrogen gas, followed by further drying overnight under high
vacuum. The resulting dried lipid film was rehydrated with a buffer solution and vortexed
at 70 °C to make multilamellar vesicles (MLVs). The MLVs were then extruded (Lipex
Biomembranes, Vancouver, Canada) 10 times through two 200-nm Nucleopore
polycarbonate membranes at 70 °C to create large unilamellar vesicles (LUVs). LUVs of
the bipolar tetraether lipid PLFE and the diester lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine  (POPC), dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC) and
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Avanti Polar Lipids) were generated
by the same extrusion method with the extrusion temperature at ~70 °C for PLFE and ~50

°C for diester lipids.
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3.5 Measurements of particle size, polydispersity, and zeta potential

The size and size distribution of Sa-MVs and reconstituted liposomes in either
buffer or final growth media were determined by dynamic light scattering on either a
Malvern Zetasizer Nano ZS or a Malvern Zetasizer 1000HS spectrometer (Wores, UK).
Hydrodynamic diameter (Z avg ) was calculated using the Stokes-Einstein equation. The
size distribution was evaluated based on the polydispersity index (PDI). Zeta potential was
measured on the Malvern Zetasizer Nano ZS spectrometer using laser Doppler

electrophoresis.

3.6 Electron microscopy

Morphology of Sa-MVs and the reconstituted liposomes were ex- amined by
negative staining-cryo transmission electron microscopy. Aliquots (5 microliter) of Sa-
MVs or reconstituted liposomes in buffer and 1% ammonium molybdate solution (1:1, v/v)
were pipetted onto a carbon coated 200-mesh copper grid. Excess liquid was removed by
ad- sorption using Whatman No. 1 filter paper at the edge of the grid. The grid was then
allowed to air dry for 60 s before being flash frozen in liquid ethane by using a home-made
plunger, and then cooled in liquid nitrogen. Images were captured using a JEOL JEM-1400
transmission electron microscope equipped with a GATAN model 626 single tilt lig- uid
nitrogen cryo transfer holder (at 80 kV) and processed using software from GATAN and

Image J.
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3.7 Autoclaving

The liposomes or Sa-MV's were dispersed in 50 mM citric acid solution (pH 2.6) or
50 mM Tris buffer (pH 7.2) and placed in a Pyrex test tube loosely covered by a screw cap,
allowing the pressurized steam in the autoclave to reach the vesicles. In each autoclaving
cycle, vesicles were autoclaved by the LS Gravity Steam Sterilizer (model 522, Getinge,
Rochester, NY) for 20 min at 121 °C under a steam pressure of 18 psi. Lipid vesicles and
Sa-MVs were stored at room temperature for at least one hour between consecutive
autoclaving cycles. Prior to the size or TEM measurements, the autoclaved vesicles were

stored at room temperature for at least one hour.

3.8 Chemicals and reagents

Stock solution (70 uM) of Laurdan (Avanti Polar Lipids) was made in N,N’-
dimethylformalaminde (DMF, Sigma-Aldrich, St. Louis, MO). Stock solution (40-80 mM)
of n-tetradecyl-p-D-maltoside (TDM, Sigma-Aldrich) was prepared in deionized water.
The concentrations of POPC, DMPC, and PLFE stock solutions were determined by the
method of Bartlett. The concentration of SA-MVs is expressed in terms of the total protein

content as determined by the Lowry assay (59).

3.9 Spectroscopy measurements

Emission and excitation spectra were measured using an ISS K2 fluorometer
(Champaign, IL). Temperature of the samples in the cuvette was controlled using a

circulating water bath and measured by a thermal couple. Excitation spectra of intrinsic
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protein fluorescence were measured using a ratio mode based on the emission intensity
monitored at 315 nm through an emission monochromator (slit-width = 4 nm) over the
intensity measured from rhodamine B in ethylene glycol (3 mg/mL) plus a RG630 filter in
the reference channel. Technical emission spectra (as opposed to the corrected emission
spectra) of intrinsic protein fluorescence were measured using the excitation light at 275
nm with both emission and excitation monochromators set at 8 nm. For the extrinsic
membrane probe studies, Sa-MVs, LUVpLre and LUVmvs were incubated with aliquots of
Laurdan (in DMF) with stirring at ~65°C for 2 h, whereas LUVpppc and LUVpopc Were
doped with Laurdan with stirring at ~50°C for 1 h. The probe-to-lipid molar ratio was
~1/400 for LUVpLre, LUVbppc and LUVporc. The probe content in Sa-MVs was 0.29 nmol
of Laurdan per pg of protein. The technical emission spectra of Laurdan in Sa-MVs and
various liposomes were recorded from 370 nm to 600 nm or from 408 nm to 600 nm using
excitation at 340 nm or 390 nm, respectively. The background readings from Sa-MVs or
liposomes without the probe were subtracted from the sample readings. All the emission
spectra presented in this study are technical emission spectra.

The excitation GP was calculated from the resulting emission spectra using the
equation: GP= (la40 — l490)/(la40 + la00). Here lago and ls4o are the fluorescence intensities at
490 and 440 nm, respectively. To obtain the Laurdan’s red edge excitation shift (REES)
value, the wavelength-based emission spectra were converted to the wave number-based
spectra. The REES value was determined by subtracting the center of mass of Laurdan’s

wave number-based emission spectra excited at 340 nm from that excited at 390 nm.
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Absorption spectra were measured on an OLIS CLARITY 1000A
spectrophotometer (OnLine Instrument Systems, Bogart, GA) as described (60). This
instrument is a novel integrating cavity absorption meter able to conduct accurate
absorbance measurements in particle suspensions that scatter light. Identical 8-ml solutions
of 20 mM Tris buffer with 10 mM EDTA and 0.02% (w/v) sodium azide were added to
both the sample and reference observation cavities of the spectrophotometer. After
recording a stable baseline, a volume was withdrawn from the sample cavity and replaced
with an equal volume of suspended microvesicles. The contents of both observation
cavities were maintained at 25° C using a model TC-1 Peltier temperature control element
from Quantum Northwest (Liberty Lake, WA, USA). Raw absorbance spectra were
collected at a rate of 6.2 scans over the wavelength range per second for two minutes, and
the resulting spectra were averaged. These averaged raw absorbance values were
subsequently converted to equivalent absorbance values per cm using Fry’s method (60)

with analysis software provided by OnLine Instrument Systems.

3.10 Generation of free standing planar membranes

Recordings were obtained using a horizontal bilayer chamber at 22—-24°C. Solution
in the cis (top) chamber contained 200 mM KCl and 10 mM HEPES, pH 6.8, with no added
Ca?*. Solutions in the trans (bottom) chamber contained 200 mM KCI and 10 mM HEPES,
CaCl, added to reach the indicated concentrations, at pH 7.6. The solution on the cis side
of the membrane (pH 6.8 and with no added Ca2+) suppressed the activity of MthK

channels that were incorporated with their cytoplasmic face toward the cis chamber to
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nominal levels (92), resulting in the activation only of MthK channels with their
cytoplasmic end facing the trans chamber. After the addition of the trans well buffer, Clear
transparency poked with a pin to create a pore was pre-treated with lipid dissolved in
decane and left to air dry for 10 minutes. The cis chamber was then filled and planar
membranes formed spontaneously across the pinhole. If unsuccessful, the suspended lipid
was agitated slightly by mechanical force of a small air bubble generated from the tip of a

pipette. Membrane generation was monitored by capacitance measurements.

3.11 Statistical analysis

Data are expressed as mean + standard deviation. In order to ascertain statistical
significance, a Student’s paired t -test was used to compare experimental groups of
microvesicles to the unaltered or basal population. Analysis was completed using

Microsoft Excel version 2016. P values less than 0.02 are denoted by an asterisk.
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CHAPTER 4: RESULTS

CHARACTERIZATION OF S. ACIDOCALDARIUS MICROVESICLES

4.1 Long-term stability of Sa-MVs

The long-term stability of the isolated Sa-MVs stored in Tris buffer (pH 7.2) at
~220C was examined by measuring the particle size, polydispersity (PDI), and zeta
potential (ZP) at 25 °C over several months (Figure 2). The average size increased by ~50
nm in the first 14 days (p <0.02, n =3), probably due to subtle particle aggregation.
Thereafter, the size remained almost constant in the time course 14-137 days. Over such a
long time period, the PDI values remained low (0.15-0.3), whereas zeta potential fluctuates
within a narrow range —4-8 mV. Overall, these data showed that Sa-MVs in Tris buffer
exhibited long-term stability, with no signs of vesicle disintegration or a large scale vesicle

aggregation or vesicle fusion.
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Figure 2. Long term stability of Sa-MVs. Particle diameter (top), polydispersity
(PDI, middle), and zeta potential (bottom) of Sa-MVs in 50 mM Tris buffer (pH 7.2)
containing 10 mM EDTA and 0.02% NaNs, were monitored over several months. The
error bars, which are smaller than the symbols in the case of average diameter (top),
are the standard deviations from three measurements. A Student's t test was used to
compare size values recorded at day O to those recorded at day 13. The asterisk
denotes p < 0.02.
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4.2 Sa-MV stability against temperature and pH

The top panel of Figure 3 shows the temperature dependence of particle size, PDI,
and zeta potential of Sa-MVs in the growth media that we have used to grow S.
acidocaldarius cells. The PDI values remained low (< 0.15) at all the temperatures and pHs
examined, which indicates that the size distribution is considerably homogenous,
irrespective of the temperature and pH. At pH 7.2, the vesicle size changed little with
temperature over the temperature range (25-80 °C) examined in both the heating and
cooling mode. At pH 2.6, there is a slight increase (9 nm, p < 0.02) in vesicle size with
increasing temperature from 25 to 80 °C, while the temperature dependence of the particle
size is reversible upon cooling. This size increase is probably due to increased aggregation
caused by a slight decrease of pH in the growth medium with increasing temperature
(—0.013 pH unit per degree). Based on the data given in Figure 3, it can be claimed that at
the cells’ growth pH (2.6) and growth temperature (75 °C), the average Sa-MV size is ~180
nm in diameter and that, when the pH of the growth media is changed from 2.6 to 7.2 while
the growth temperature remains at 75 °C, the size of Sa-MVs drops to ~136 nm. Similar
temperature and pH effects on particle size and PDI were observed when Sa-MVs were
dispersed in 50 mM Tris buffer (pH 7.2) or 50 mM citric acid solution (pH 2.6) (bottom,
Figure 3). In these buffers, MV size and PDI changed very little with temperature. When
the pH of the buffer was increased from 2.6 to 7.2, the Sa-MV size was decreased by ~40
nm, comparable to that seen in the growth media (top panel, Figure 3). Thus, the pH-
induced change in particle size seems to occur independent of the type of the solution
around the Sa-MVs. The zeta potential of Sa-MVs changes significantly with pH,
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decreasing from —0.5 mV at pH 2.6 to =5 mV at pH 7.2 in the cell growth media (top,
Figure 3) or from —1 mV at pH 2.6 to —9-10 mV at pH 7.2 in buffer solutions (bottom,
Figure 3). These size and zeta potential changes with pH could be due to the changes in the
orientation of the S-layer proteins (61), the conformational change of the polar headgroups
of tetraether lipids (62) and/or the change in the degree of protonation of amino acids on

the Sa-MV surface proteins and of the tetraether lipid polar headgroups.
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Figure 3. Temperature dependence of the average particle size, PDI, and zeta
potential of Sa-MVs. Sa-MVs were dispersed in (top) growth media and (bottom) Tris
(pH 7.2) or citric acid (pH 2.6) buffer. All the Sa-MVs used in the growth media studies
were obtained from the same batch of MV preparation, and all the Sa-MVs used in the
buffer solution studies were obtained from another same batch. Buffer: 50 mM Tris
containing 10 mM EDTA and 0.02% NaN3 (pH 7.2) or 50 mM citric acid containing
0.02% NaNs (pH 2.6). The asterisk denotes p < 0.02.
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The results shown in Figure 3 prompt us to do a more detailed study on the pH
dependence of Sa-MV’s size/PDI in a simpler medium, i.e., 1 mM KCI (Figure 4). In this
experiment, the pH was changed by small increments from neutral to low pH by using 0.1
M HCI and then the reversibility of the pH effect was examined from low pH to neutral by
using 0.1 M NaOH. The results (Figure 4) show that there is a steady increase in both
particle size and PDI when the pH of 1 mM KCl is changed from 4.3 to 3.0. The size and
PDI changes are reversible, which suggests that the size increase at low pH is probably not
due to the removal of S-layer proteins, which would most likely cause an irreversible
decrease in particle size. The small increase in PDI from 0.1 at pH 4.3 to 0.22 at pH 3.0
(Figure 4) may be caused by subtle particle aggregation due to a decrease in the absolute
value of the zeta potential (Figure 3) and hence a reduction in particle-particle repulsion.
The reversible nature of the pH-induced change in particle size and PDI also suggests that
the aggregation, if it occurs, is not followed by vesicle fusion, which would be irreversible.
Aggregation that is not followed by fusion is a result typical for tetraether
lipid-based vesicles (63).

In order to determine if the increase in Sa-MV particle size at low pH is due to
conformational changes of S-layer proteins or tetraether lipid headgroups, we used
liposomes reconstituted from Sa-MV lipids to conduct an experiment similar to that shown
in Figure 4. In the reconstituted liposomes, where proteins are removed, there is no
difference in liposome size and PDI between neutral pH and pH 2.6 in both high-to-low
pH and low-to-high pH mode (Figure 5). These results strongly suggest that the rise in

particle size and PDI observed in Sa-MVs (Figures 3 and 4) at low pH comes from
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conformational changes of Sa-MV S-layer proteins, not from tetraether lipids, and the
protein conformational changes may occur in concomitant with subtle vesicle aggregation

as discussed earlier.
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Figure 4. Effects of pH on the particle size and PDI of Sa-MVs in 1 mM KCI at
room temperature (~220C). Error bars are the standard deviations from three
measurements.
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Effects of pH on the zeta potential of Sa-MVs and liposomes reconstituted from Sa-MV
lipids in 1 mM KCI are presented in Figure 6. It can be determined from Figure 6 that the
isoelectric point (pl) for Sa-MVs is 3.0 while that for the reconstituted liposomes (LUVwmv)
is estimated to be below 2.0 (Figure 6). The pH dependence of zeta potential is very
different between these two samples. In the case of Sa-MVs, zeta potential increases
monotonically with decreasing pH. In the case of LUVwmv, there is a biphasic change in
zeta potential at pH 3.5; below pH 3.5, there is a sharp increase in zeta potential with
decreasing pH. These data suggest that, like PLFE lipids, the tetraether lipids in Sa-MVs
are highly negatively charged at pH 3.5-7.2 and that this negative surface charge is
diminished when the S-layer proteins are present. The pl value equal to 3.0 indicates that
at this pH the charge-charge repulsion between Sa-MV particle is the least, which also
explains why the particle size of Sa-MVs increases to a maximum at pH 3.0 (Figure 4). In
other words, at this low pH, Sa-MVs may undergo some degree of aggregation, in
conjunction with the S-layer protein conformational changes, which lead to an increase in
particle size (Figure 4).

Next, native Sa-MVs and LUVwmv at pH 7.2 and 2.6 were examined by cryo-
transmission electron microscopy (TEM) in order to find evidence for particle aggregation,
confirm the particle size increase at low pH, and study the effect of pH on particle
morphology. Figure 7 shows that LUVwmvs are not as spherical as Sa-MVs and that the size
of individual Sa-MVs at pH 2.6 is significantly larger than that at pH 7.2 whereas the size
of LUVwmv changes little between these two pHs, which is consistent with the light

scattering data (Figures 3 and 4). These TEM images suggest that the size increase in
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individual Sa-MVs with lowering pH (Figures 3 and 4) can be attributed to the presence of
proteins, most likely, the S-layer proteins. At pH 2.6, we observed aggregation of Sa-MVs
in some areas of the EM images (illustrated in Figure 7), in coexistence with non-

aggregated Sa-MVs. Aggregation does not seem to occur for reconstituted liposomes.
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Figure 6. Effects of pH on the zeta potential of Sa-MVs and LUVmv. Sa-MVs and
LUVwmv were dispersed in 1 mM KCI at room temperature (~220C). Error
bars are the standard deviations from three measurements.
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Figure 7. Negative staining cryo-TEM
Representative negative staining cryo-TEM images of Sa-MVs and LUVwmv at pH 2.6
and pH 7.2 before and after one cycle of autoclaving are presented. Buffers used: 50
mM Tris, 10 mM EDTA, 0.02% NaNs, pH 7.2 and 50 mM citric acid, 0.02% NaN3s, pH

images of Sa-MVs and LUVwmv.
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4.3 Sa-MV stability against autoclaving

Autoclaving is one of the most effective pathogen decontamination methods for
liposomes (64) . The ability to maintain particle integrity after autoclaving would be a
desirable feature for systemic use of Sa-MVs. Previous studies showed that liposomes
made of bipolar tetraether lipids such as PLFE can sustain autoclaving at neutral pH (65).
Since Sa-MVs contain exclusively tetraether lipids and the membrane of Sa-MV is covered
by a crystalline S-layer (23), it is expected that Sa-MVs can sustain autoclaving as well.
Indeed, our light scattering data (Figure 8) show that the particle size of Sa-MVs, LUVwmy,
and LUVrLre dispersed in buffer at pH 7.2 changes little over five consecutive autoclaving
cycles while liposomes made of diester lipids such as POPC and DMPC cannot sustain
more than three or four cycles of autoclaving at pH 7.2 (Figure 8). At pH 2.6, the stability
against autoclaving is reduced for all vesicles examined. At pH 2.6, Sa-MVs and LUVmv
show a significant increase in particle size after one cycle of autoclaving whereas LUVrorc
and LUVbwmrc show not only a size increase after the first autoclaving cycle, but also a large
scale of aggregation after the second autoclaving cycle. These results are consistent with
the previous finding that sterilization of diester liposomes by autoclaving is limited to
neutral pH (64). At low pHs, lipid hydrolysis and oxidation may occur to diester liposomes
during autoclaving, leading to liposome aggregation and/or a significant loss of entrapped
materials (64). For all the tetraether lipid-based vesicles examined, LUVrLFE appears to be
the most stable against autoclaving at both pHs and shows a sign of size increase only after
four autoclaving cycles at pH 2.6. The images of cyro-TEM (Figure 7) showed that, at pH

2.6, after one cycle of autoclaving the morphology of Sa-MVs and LUVwmv has actually
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been changed from spherical to an irregular shape (Figure 7). Taken together, it can be
concluded from light scattering and TEM data that Sa-MVs are stable against multiple

autoclaving cycles at neutral pH (Figures 7 and 8).
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Figure 8. Stability of Sa-MVs and various LUVs against autoclaving. The
measurements were made in 50 mM citric acid buffer (pH 2.6) containing 0.02%
NaNs or 50 mM Tris buffer (pH 7.2) containing 0.02% NaNs. Asterisk indicates a p
value < 0.02 (n =3) when autoclaved vesicle groups were compared with native
(unautoclaved) groups.
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4.4 Sa-MV stability against the detergent Triton X-100

The potential application of Sa-MVs is not limited to nanomedicine. Because of
their great stability over a wide range of temperatures and pHs, Sa-MVs could also be
engineered to become an extraordinarily stable platform suitable for biosensing,
biocatalysis, and artificial photosynthesis in both ambient and harsh conditions. Thus, it is
of interest to test the stability of Sa-MVs against other environmental stressors such as
surfactants. Figure 9 shows the effect of the surfactant Triton X-100 on the particle size of
Sa-MVs in comparison to the results from unilamellar vesicles made of Sa-MV lipids
(LUVwmv), bipolar tetraether lipids PLFE extracted from S. acidocaldarius (LUVpLFE),

diester lipid DPPC (LUVbrrc), and diester lipid POPC (LUVrorc).

41



300

Sa-MVs
2001 ...
o0 ‘-u,._.--\_..-._.-.__ [
SCIE I T B I
300
LUV
2007 A, .
100/
oo
g %00 1oz 400
= ; HVouse
§ 200 )
5 [ I'..‘
% |
S 100 |
@
T I R T B R
O
2 4 e
S 200{ [
: |
> ) I
E: [T ‘I
100 !

-]
oo
3000 1 2 3 4 5 8

LUVPOF‘C
200] ot
|
100{ |
!
N

0 1 2 3 4 5 6
Triton X-100 Concentration (mM)

Figure 9. Stability of Sa-MVs and various unilamellar vesicles (LUVs) of lipids
against the surfactant Triton X- 100. All samples were suspended in 50 mM Tris
buffer containing 10 mM EDTA and 0.02% NaNs at pH 7.2. Measurements were
conducted at 25 C and error bars were the standard deviations from three measurements.
All the samples were compared based on the same amount of lipids.
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The profiles of vesicle diameter versus Triton-X-100 concentration for LUVpLFE,
LUVorrc and LUVrorc are consistent with the three-stage model for surfactant-lipid
membrane interactions (66). The first stage is surfactant insertion into membranes, which
leads to an increase in particle size until reaching a maximum where the surfactant insertion
is saturated. Thereafter, there is a drop in particle size due to formation of mixed micelles
and vesicle disruption. In the final stage, the particle size levels off to a very low value
which reflects a total solubilization of the vesicles and maximal micelle formation. In these
profiles, the maximum vesicle diameter reflects the extent of resistance to surfactant-
induced membrane disruption. We found that the critical Triton X-100 concentration (Cr)
where the maximum vesicle diameter occurs is decreasing in this order: Cr(LUVpLre) > Cr
(LUVorrc) > Cr (LUVPorc). This trend makes sense because membrane packing tightness
at room temperature (~22 °C) is known to also decrease in this order: PLFE > DPPC >
POPC (67). In comparison, the profile of particle size versus Triton X-100 concentration
for Sa-MVs and LUVwmv looks different. In the case of LUVwmv, there is no sharp decrease
in size after the size reaches the maximal value at [Triton X- 100] = 0.6 mM (Figure 9);
instead, there is a gradual decrease in particle size in response to increased Triton X-100,
which suggests that, for some reason, Triton X-100 micelles (critical micelle concentration
=0.22-0.24 mM, Sigma Data) cannot efficiently solubilize the lipids in LUVmv. Similarly,
in the case of Sa-MVs, Triton X-100 causes a gradual and stepwise, rather than a sharp,
decrease in particle size (Figure 9). The stepwise decrease is probably due to the gradual

removal of the S-layer by Triton X-100 (68). The lack of a sharp decrease suggests that
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Triton X-100 micelles have some difficulties to disrupt the lipid membrane in Sa-MVs, as

is the case seen in LUVmv.
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CHAPTER #5

RESULTS PART 2

5.1 Intrinsic protein fluorescence

The emission spectrum of the intrinsic fluorescence of Sa-MVs in Tris buffer freshly
isolated from the cell suspensions is presented in Figure 10 (black curve, labeled as
“undialyzed”). Three emission peaks (Peaks I, II and III) were detected at 316, 373, and
420 nm, respectively, when excited at 275 nm. After the dialysis (MWCO 25,000 kDa,
Spectra/Por membrane, Spectrum, Houson, TX) of Sa-MVs against the same Tris buffer
(12 mL sample versus 2 L buffer) for 4 h, the intensities of Peaks Il and 11l were reduced
significantly while the emission wavelengths of these two peaks did not shift (Figure 10,
green curve). Additional dialysis against 2 L buffer with the buffer changed every four
hours for 48 h further reduced the fluorescence intensities of Peak Il and Peak 11l while
Peak | remained as the dominating fluorescence peak of Sa-MVs (Figure 10, blue curve).
The emission spectrum of the intrinsic Sa-MV fluorescence is virtually unchanged after 48

h of dialysis (Figure 10, red curve for 72 h dialysis).
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Figure 10. Effect of dialysis on the technical emission spectra of Sa-MVs isolated
from S. acidocaldarius cell suspensions. Aex = 375 nm; slit-width = 8-nm for both the
excitation and the emission monochromator; temperature = 23°C.
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Light at 275 nm excites both tryptophans and tyrosines in Sa-MVs. Based on the
emission wavelengths at the peaks, it can be suggested that Peaks 11 and Il in Figure 2 do
not originate from tryptophans nor tyrosines in Sa-MV proteins. Since Peak Il and 111 can
be significantly reduced to a minimal level by dialysis, these two fluorescence peaks most
likely come from some small molecules, either originally produced by the cells or inherited
from the cell growth environment, that are loosely bound to Sa-MVs. Extensive dialysis
can reduce but cannot completely eliminate these two fluorescent peaks, suggesting that
these small molecules also have tight binding to Sa-MV membranes or some Sa-MV
proteins. The particle size and the PDI value of Sa-MV do not change with dialysis (Table
2), indicating that those small molecules that are removed by dialysis are not S-layer
proteins nor membrane lipids. A thorough investigation of the chemical identifies of Peaks
I1 and 111 will be undertaken in the future and is beyond the scope of the current study. In
the present study, we focus on Peak 1 (Figure 10) because we believe it originates from
protein intrinsic fluorescence, which would bear more biological interests such as the

structures and dynamics of protein folding and association.
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Time Dialyzed Particle Size PDI
(Hrs) (nm)
0 213.40 £ 0.79 0.187 + 0.030
4 209.70 + 1.57 0.176 + 0.006
8 209.43 +1.97 0.185 + 0.006
12 210.57 £ 1.63 0.185 + 0.005
16 208.40 + 2.46 0.186 + 0.007
20 210.27 £ 2.54 0.192 £ 0.016
24 211.77 £ 6.09 0.179 £ 0.027
28 209.07 £ 2.76 0.181 £0.012

Table 2. Sa-MV size and poly dispersity index. Size and PDI as measured by

dynamic light scattering over the course of 28 hours of dialysis
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Extensive dialysis caused the apparent emission maximum of Park | to shift from 316
nm to 303 nm (Figure 2). Intrinsic protein fluorescence peaked around 303 nm is rare,
which requires some discussion. Intrinsic protein fluorescence mainly comes from
tryptophans and tyrosines. Since tyrosine has an extinction coefficient four times lower
than tryptophan and since tyrosine fluorescence is often quenched in the protein by a
variety of mechanisms including energy transfer to tryptophans, tryptophan usually
dominates intrinsic protein fluorescence (69). A prominent example is bovine serum
albumin (BSA), which has 18 tyrosines and 2 tryptophans. While tryptophan takes up only
10% of the fluorescent aromatic amino acids (disregarding phenylalanine due to its low
extinction coefficient and fluorescence quantum yield), the emission spectrum of BSA in
solution is dominated by tryptophans, showing a maximum fluorescence intensity at 345
nm (70).

The fluorescence emission spectrum of dialyzed Sa-MVs shown in Figure 2 is an
exception, similar to the case of the bacterial elongation factor Tu (71), to the general trend
that tryptophan dominates intrinsic protein fluorescence. Sa-MVs have 29 distinct proteins
and most, if not all, Sa-MV proteins contain multiple tryptophans and tyrosines (23). The
most abundant protein species in Sa-MVs are the S-layer proteins (23), namely, SlaA and
SlaB (27). SlaA from S. acidocaldarius contains 96 tyrosines and 6 tryptophans (72). To
our knowledge, the amino acid composition of SlaB from S. acidocaldarius has not been
reported yet, however, SlaB from a similar thermoacidophilic archaeon Sulfolobus
solfactaricus contains 16 tyrosines and one tryptophan (73). Since about 95% of the
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fluorescent aromatic amino acids in the S-layer proteins are tyrosines and since the
fluorescence of free tyrosine in solution at neutral pH has an emission maximum at 303 nm
(74), it is not unreasonable to observe that the emission maximum of dialyzed Sa-MVs
occurs at 303 nm when excited at 275 nm (Figure 2). In this case, unlike the case of BSA
(70), tyrosines in Sa-MVs are not quenched.

A tightly packed protein matrix in Sa-MVs near tyrosine and tryptophan residues could
be another plausible explanation for the observation of the emission maximum at the low
wavelength 303 nm. One precedent is the fluorescence of Pseudomonas fluorescens azurin,
which has an emission maximum at 305-308 nm when excited at 275 nm (75).
Pseudomonas fluorescens azurin is a single tryptophan protein, and its low wavelength for
emission maximum has been attributed to the apolar environment surrounding the
tryptophan residue, which is almost completely shielded from water (76). It is possible that
most of the aromatic amino acid residues in Sa-MVs are also in a tightly packed, water-
shielded protein matrix, thus giving a low wavelength for the emission maximum. Unlike
azurin, which is molecularly dispersed in solution, S-layer proteins, the most dominant
proteins in Sa-MVs, aggregate at the particle surface and are supposed to form regular
crystalline lattices as they do on the surface of the archaea cells. In addition, some other
proteins in Sa-MVs may also be anchored in the membrane located under the S-layer. At
this end, it is of interest to test if there is spectroscopic evidence for the chromophores of
the aromatic amino acid residues in Sa-MV proteins (mainly S-layer proteins) to from H-

or J-aggregates.
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We have used the surfactant n-tetradecyl-p-D-maltoside (TDM) as a tool to investigate
the spectral difference in intrinsic protein fluorescence between native Sa-MVs
(aggregation of S-layer proteins) and microvesicles completely disrupted by TDM (dis-
aggregation of S-layer proteins). The critical micelle concentration (CMC) of TDM s
0.015 mM at 20°C (77). As shown in Figure 3 (top), the particle size of dialyzed Sa-MVs
increases by ~100 nm from 0 to ~0.2 mM TDM, which probably reflects the insertion of
the surfactant into the vesicle membrane, according to the three-stage model of the
surfactant-membrane interactions (78,79). At ~0.2 mM, TDM insertion reaches the limit.
Thereafter, mixed micelles are formed, and vesicle disruption occurs, eventually leading
to small fragments of 20-30 nm at high [TDM] (Figure 11). A similar trend was seen in our
previous study of Sa-MVs against the surfactant Triton X-100 (42).

The bottom panel of Figure 11 shows that there are significant differences in spectral
properties between Sa-MVs in the absence of TDM and presence of 10.13 mM TDM. In
the absence of TDM, the emission maximum of Sa-MVs appears at 303.5 nm and the
excitation maximum is at 288 nm. At [TDM]=10.13 mM, the emission max appears at 312
nm and the excitation maximum is at 280.5 nm. There is a red shift by 7.5 nm in the
excitation spectrum and an increase in excitation band sharpness, with the width of half
maximum changed from 22.2 nm to 9.3 nm, when S-layer proteins are changed from the
dis-aggregated state ([TDM] =10.13 mM) to the aggregated state ([TDM] = 0) (Figure 11).

The red shift, in conjunction with an increase in excitation band sharpness, is indicative
of the occurrence of J-aggregates (80,81). In J-aggregates, molecules are paralleled aligned,

with the transition dipole moments of the chromophore coherently coupled, resulting in
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delocalization of electronically excited states over many (typically 3—-50) monomeric
chromophores (81,82). When forming J-aggregates, the excitation energy level is lowered

and as a result the excitation/absorption band undergoes a red shift.
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Figure 11. (top) The effect of TDM on the particle size of Sa-MVs in 50 mM Tris
containing 10 mM EDTA and 0.02% NaNs (pH 7.2). Temperature = 23°C. (bottom)
The excitation (black) and technical emission (red) spectrum of Sa-MVs in the
absence of TDM (left) and in the presence of 10.13 mM TDM (right). The samples
contained 36.8 micrograms of Sa-MV proteins/mL. Fluorescence intensities of the
excitation spectra were recorded at 315 nm through an emission monochromator with a 4-
nm slit-width, and the exciting light was selected via an excitation monochromator with an
8-nm slit-width. For the emission spectra, the excitation was fixed at 275 nm and the
emission was measured through a monochromator with an 8-nm slit-width.
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Absorption measurements of Sa-MVs (Figure 12) yielded the results consistent with
those obtained from fluorescence measurements (Figures 10 and 11). Figure 12 (curve a)
shows that the major absorption band of un-dialyzed Sa-MVs peaked at 287 nm, with a
broad shoulder in the region 310-390 nm. This broad shoulder is significantly reduced after
72 hours of dialysis against buffer (curve b, Figure 12). The dialyzed Sa-MVs in the
absence of TDM exhibit an absorbance maximum at 288 nm (curve b, Figure 12). In the
presence of 11 mM TDM, when the S-layer proteins are dis-aggregated, the absorption
maximum of dialyzed Sa-MVs is shifted to a shorter wavelength, 285 nm (curve c, Figure
12), similar to the trend observed in Figure 11. The excitation spectra shown in Figure 11
are sharp because they were determined by measuring the fluorescence intensity at 315 +
8 nm, which monitored only the intrinsic protein fluorescence. In contrast, the protein
absorption spectra shown in Figure 12 were relatively broad due to the presence of non-

protein “impurities” (i.e., those responsible for Peaks 1 and 2 in Figure 10).
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Figure 12. Absorption spectra of undialyzed Sa-MVs. (a), Sa-MVs after 72 h dialysis
(b), and dialyzed Sa-MVs in the presence of 11 mM TDM (c), measured at room
temperature.
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Figures 13A and 13B show that the emission maximum of Sa-MVs in Tris buffer
decreases monotonically and significantly with increasing temperature, changing from
303-305 nm at 20°C to 296 nm at 75.4°C. This temperature-induced blue shift is reversible
upon cooling. A similar blue shift in Aemmax Was observed (Table 3) when Sa-MVs were
dispersed in 50 mM pyrophosphate buffer (pH 7.2). This test excludes the possibility that
the blue shift in Aemmax Shown in Figure 13B comes from the pH change due to the use of
Tris buffer as the temperature dependence of pH is much less in pyrophosphate buffer than
in Tris buffer.

This 7-9 nm blue shift in emission maximum (Figure 13B) is an interesting observation
because elevated temperature usually unfolds the proteins, increases protein volume
fluctuations, and makes aromatic amino acid residues more exposed to aqueous phase,
which would lead to a red shift in emission maximum. Apparently, these did not happen to
proteins in Sa-MVs. It is likely that the majority of the proteins in Sa-MVs (i.e., S-layer
proteins) are retained in a very tightly packed situation over the entire temperature range
examined (20-75°C). This assertion is reasonable as liposomal membranes made of bipolar
tetraether lipids have been shown to exhibit relatively low temperature dependence of
solute permeation and volume fluctuation (96) and as S-layer proteins and many other
proteins in Sa-MVs are membrane bound (23). The observed blue shift in emission
maximum with increasing temperature may simply arise from (i) thermal agitation that
disorders the orientation of solvent dipoles with respect to the excited state dipole moments
of protein chromophores and (ii) the thermal-induced increase in distance between solvent

dipoles and the excited state dipole moments of protein chromophores, as described by

56



Macgregor and Weber (97). Unlike the emission maximum, the excitation maximum of
dialyzed Sa-MVs does not vary with temperature (Figure 13D), probably due to the low
strength of the ground state dipole moment of tryptophans and tyrosines. The steady
decrease of the intensity of intrinsic protein fluorescence with increasing temperature

(Figure 13C) is expected, as a result of increased dynamic quenching.
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Temperature Emission

(°C) Maximum (nm)
20.0 303.0
24.0 300.0
28.2 298.0
34.7 298.0
47.3 298.0
52.2 295.0
48.0 296.0
34.8 298.0
20.5 303.0

Table 3. Effect of temperature on the emission maximum of Sa-MV. Intrinsic
fluorescence of Sa-MV in 50 mM pyrophosphate buffer. Excitation wavelength = 275 nm.
Red: heating mode; blue: cooling mode. Like the case of Sa-MVs in Tris buffer, a blue
shift in Aemmax OFf 8 Nnm is seen in the intrinsic protein fluorescence when the temperature is
changed from 20 to 52.2°C.
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Figure 13. Effect of temperature on the intrinsic protein fluorescence of dialyzed Sa-
MVs. (A) illustration of the temperature effect on the emission and excitation spectra; (B-
D, respectively) the temperature dependence of the wavelength of the emission maximum
(Aem,max), the fluorescence intensity (F.l.) measured at 305 nm when excited at 275 nm, and
the wavelength of the excitation maximum (Aex,max).
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5.2 Laurdan fluorescence

Laurdan and 6-propionyl-2-dimethylaminonaphthalene (Prodan) have the same
chromophore and both probes are extremely sensitive to environmental polarity changes
mainly due to changes in solvent relaxation around the probe’s excited state (83). In
membrane studies, the term “solvent” is referring to the bulk water molecules and the water
molecules bound to the lipid polar headgroups as well as the polar residues of the lipids
near the probe. Solvent relaxation in the bulk aqueous water is on the picoseconds timescale
whereas solvent relaxation due to bound water and nearby lipid polar headgroups occurs
in nanoseconds (84), which are more important factors when considering the fluorescence
of these probes in membranes.

In proteoliposomes, Prodan, which carries a 3-C propionyl tail, can insert into lipid
membranes or bind non-covalently to proteins, whereas Laurdan, which carries a 12-C
lauroyl chain, mainly inserts into lipid membranes. Thus, in this study, we chose to use
Laurdan as an environmentally sensitive probe to explore the organization and dynamics
in the interfacial regions between the lipid hydrophobic core and the lipid polar headgroups
in Sa-MV membranes. The results are compared with various LUVs. LUVpppc and
LUVeorc are composed of the diester lipids DPPC and POPC, respectively, whereas lipids
in Sa-MVs, LUVmy, and LUVp_ gk are exclusively tetraethers as mentioned earlier.

Laurdan can insert into diester lipid membranes with its chromophore located near the
polar headgroup regions (85-87) and with its chromophore’s dipole moment aligned in

parallel with the membrane normal (88). When the membrane packing in diester lipid
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membranes is tight and the water content near the chromophore is low, the generalized
polarization (GP) value of Laurdan fluorescence is high, and vice versa (89).

Our data on LUVpppc and LUVpopc shown in Figure 14 are fully consistent with this
well-established trend. Below the main phase transition temperature of DPPC (41°C), the
GP value is high (0.45 at 20°C); above the transition temperature, GP becomes low (e.g.,
—0.1 at 50°C) (Figure 14). The abrupt change in GP is centered around 41°C (Figure 14),
which reflects the DPPC main phase transition. In the temperature range examined,
LUVeorc is entirely in the liquid crystalline state; thus, as expected, there is no abrupt
change in GP with temperature and the GP values are low compared to those in LUV pppc
(Figure 14).

The disposition of Laurdan in tetraether lipid membranes is very different from that in
diester lipid membranes, as revealed by our previous fluorescence microscopy study on
PLFE and DPPC giant unilamellar vesicles (GUVs) (13). The photoselection experiment
showed that the dipole moment of Laurdan’s chromophore in PLFE GUVs is aligned in
parallel with the membrane surface, whereas, in sharp contrast, the dipole moment of
Laurdan’s chromophore in DPPC GUVs is aligned perpendicular to the membrane surface
(13). The most plausible configuration for Laurdan in GUVp_re is that the lauroyl tail of
Laurdan inserts into the hydrocarbon core in parallel with the bidiphytanyl chains while
the chromophore resides in the lipid polar headgroup regions with the long molecular axis
of the chromophore aligned in parallel with the membrane surface (13). This unusual L-
shape disposition for Laurdan in PLFE liposomes is presumably caused by the rigid/tight

packing in PLFE liposomes and by the steric hindrance of the branched methyl group in
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PLFE lipids (13). In this disposition, the chromophore of Laurdan in GUVpLre is in close
proximity to the bound water molecules at the polar headgroups and close to the lipid
headgroup polar moieties (e.g., phosphoinositol and other sugar moieties, Figure 1), and as
a result, the degree of “solvent” relaxation is always extensive— hence the low GPs (near
zero) at all of the temperatures examined in our previous GUV study (12-66°C) (13).
Because the chromophore disposition is different, Laurdan GP values obtained from
tetraether lipid membranes cannot be directly compared with those obtained from diester

lipid membranes.
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Figure 14B shows that, when excited at 390 nm, the GP values of LUVp_re are low
(from 0 to —0.2) over the entire temperature range examined (18-68°C), in good agreement
with the GP values (from 0 to —0.3 in the temperature range 12-66°C) previously measured
from GUVpLre using the same excitation wavelength (two photon excitation at 780 nm,
which is equivalent to one photon excitation at 390 nm) (13). When excited at 340 nm,
similar results on the temperature dependence of Laurdan’s GP were obtained from
LUVeLre (Figure 14B). In this case, the GP values are slightly higher (Figure 6B) due to
the excitation of probe molecules in the less solvent relaxed state. Regardless of the
excitation wavelength, the GP values of LUVpLre are much lower than the GP values of
gel state DPPC at any given temperature (Figure 14). It would be totally wrong if these GP
data were interpreted as membrane packing in LUVppec being tighter than that in LUVpLre
as our previous volume fluctuation measurements clearly showed that membrane packing
in PLFE liposomes is much tighter than that in DPPC liposomes (3). Thus, our present data
(Figure 14) echo the previous finding that the GP values from tetraether lipid membranes
cannot be directly compared with the GP values from diester lipid membranes. This point
applies to GUVs as well as LUVs.

It is meaningful to compare Laurdan’s GP values in Sa-MVs, LUVmy, and LUVpLre
because lipids in these three membranes are exclusively tetraethers. The compositional
differences among these three systems are: (1) Sa-MVs and LUVwmvs have GDGT and
GTGT as the hydrophobic cores Laurdan’s GP whereas LUVpLres have GDNT and GDGT

as the core structures (Figure 1), (2) polar headgroups in PLFE may be very different from
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those in Sa-MV lipids, and (3) Sa-MV membrane is covered by an S-layer and contains
membrane-bound proteins whereas LUVmvs and LUVpLres are protein free.

In these three systems, Laurdan’s GP decreases with increasing temperature
monotonically without any abrupt changes. This result implies that there is a continuous
reduction in membrane packing tightness as the temperature increases and that there is no
sign for lipid phase transitions. This is a piece of new information about Sa-MVs and the
LUVs reconstituted from Sa-MV lipids, but a bit puzzling with regards to lipid phase
transitions in PLFE liposomes. PLFE GUVs (~10 um) have previously been shown to
exhibit a small phase transition at ~50 °C by using Laurdan’s GP (13). The lack of an abrupt
change in GP with temperature in PLFE LUVs (~200 nm) (Figure 14) may be attributed to
subtle changes in membrane packing due to the increase in vesicle curvature.

It is also interesting to note that Sa-MVs and LUVmv have higher GP values than
LUVpLre, which suggests that the chromophore experiences less “solvent” relaxation or
tighter membrane packing when Laurdan is in Sa-MVs and LUVmvs than in LUVpire.

In order to describe membrane packing tightness near the probe’s chromophore in a
quantitative manner, we have calculated the red edge excitation shift (REES) of Laurdan
fluorescence in Sa-MVs and various liposomes. The REES values were calculated by
comparing the emission spectra excited at 340 nm (near the excitation maximum) with
those excited at 390 nm (the red edge excitation) as described in Materials and Methods.

Figure 15 illustrates how the emission spectrum of Laurdan in these membrane systems
changes with the red edge excitation at different temperatures. It is clear from Figure 15

that there is a considerable red shift in the emission spectrum of Laurdan in Sa-MVs,
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LUVwmvs, and LUVpLres when excited at 390 nm. These three membrane systems contain
exclusively tetraether lipids. In contrast, a red shift is not immediately obvious for diester

liposomes, i.e., LUVppec and LUVpopc, by simple visual examination of the emission

spectra (Figure 15).
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Figure 15. Illlustration of technical emission spectra of Laurdan fluorescence in Sa-
MVs and various liposomes. Excitation wavelength = 340 nm (black) and red edge
excitation wavelength 390 nm (red).
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In Figure 16, the calculated REES values are plotted against temperature for all the
membrane systems examined (see Table 4). The data indicate that the REES values can be
divided into two groups. In the tetraether lipid membrane systems (i.e., Sa-MVs, LUVmvS
and LUVpLres), the REES values are high (9.3-18.9 nm). In diester lipid membranes (i.e.,
LUVporcs and LUVpercsS), the REES values are relatively low (0.4-5.0 nm). A much higher
REES value in tetraether lipid membranes suggests that Laurdan is in a much more
motionally restricted environment than Laurdan in diester liposomes at any given
temperature examined (90). The high REES and low GP values of Laurdan fluorescence
in tetraether lipid membranes suggest that the bound water molecules and the polar lipid
moieties in polar headgroup regions of tetraether lipid membranes, where the chromophore
of Laurdan resides, are tightly bound among themselves and strongly interact with
Laurdan’s chromophore. This strong interaction causes the solvent reorientation around the
chromophore to occur very slowly in comparison to Laurdan’s fluorescence lifetime (91).

Among these three tetraether membrane systems examined, the REES values of Sa-
MVs (14.9-18.9 nm) are significantly higher than those in LUVmvs and LUVpLres, with a
p value less than 0.003 comparing Sa-MV to LUVp.re. It is possible that the crystalline
array of the S-layer proteins on top of the tetraether lipid membrane in Sa-MVs provides
additional motional restriction of Laurdan. It is also worthy of noting that REES in LUVmvS
is higher than that in LUVpires, especially at low temperatures (< 50°C) (Figure 16) and
that Sa-MVs and LUVwmvs have higher GP values than LUVpres (Figure 14). These data
suggest that Laurdan’s chromophore experiences tighter membrane packing when Laurdan

is in Sa-MVs and LUVmvs than in LUVpLres. This packing difference may originate from
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the subtle difference in lipid composition. Sa-MV lipids are composed of GDGT (major
component) and GTGT whereas PLFE lipids contain GDNT (major component) and
GDGT, as mentioned earlier. All three of these lipids are bipolar tetraether macrocyclic or
semi-macrocyclic molecules. GDNT has nonitol on one side and glycerol on the other side
of the hydrocarbon bore whereas GDGT and GTGT have glycerol at both polar ends. In
addition, the polar head-groups on Sa-MV lipids, which are not yet known, may be very
different from those seen in PLFE. These differences in chemical structure may lead to
changes in hydrogen bonding between Laurdan and lipids and among lipids themselves,
all of which can affect membrane packing and solvent reorientation.

Figure 16 shows that there is no abrupt change in REES with temperature in Sa-MVs,
LUVwmvsS, LUVpLres, and LUVeorcs, which indicates that there is no major phase transition
in those membrane systems in the temperature range examined. These results are consistent
with the GP data (Figure 14). In these membranes, the slight decrease in REES with
increasing temperature (Figure 16) likely results from the thermal-induced increase in
volume fluctuations and consequently a slight increase in the rate of solvent reorientation.

REES in LUVpppcs undergoes an abrupt change at 41°C (Figure 16), which reflects the
main phase transition of DPPC. This result is in excellent agreement with the GP data
(Figure 14). However, it is surprising that the REES value is high in DPPC liquid
crystalline (fluid) state and low in gel state (Figure 16). Intuitively, this trend would be the
other way around. One possible explanation is that REES not only depends on the rate of
solvent reorientation around the probe, but also changes with probe location and orientation

in the membrane. A recent quantum mechanical and molecular dynamics study (87)
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showed that the location and orientation of Laurdan’s chromophore in DPPC bilayers have
a heterogeneous distribution, rather than a single fixed value, and that the fluorescence
properties of Laurdan in lipid bilayers are influenced by the chromophore’s orientation and
depth of membrane penetration. It is possible that, through the DPPC gel-to-fluid phase
transition, the Laurdan’s depth penetration and orientation are changed resulting in an

increase in REES, despite that solvent reorientation increases with increasing temperature.
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Figure 16. Effect of temperature on REES in Sa-MVs and various liposomes. Error
bars are the standard deviations of three measurements. * denotes p value < 0.03 comparing
LUVwmv to LUVpLre and *** denotes p value < 0.003 comparing Sa-MV to LUVpre.
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Temperature (GC) LUVpopc LUVopppc LUV e Sa-MV [RVAV/VY

18.0 2.81+0.23 2.21+0.28 12.56 + 0.47 18.94 £ 0.27 14.03 £ 0.43
36.0 2.01+0.22 1.75+0.14 11.12 £ 0.25 16.18 + 0.07 12.71+0.44
56.0 == 4.62 +0.16 9.48 +0.16 15.14+0.14 10.38 +0.38
66.7 0.36+0.17 5.04 +0.07 9.33+0.33 14.51+0.24 10.16 + 0.46

Table 4. Sa-MV REES values. The REES values obtained from Sa-MVs and various
liposomes at four different temperatures
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CHAPTER #6

RESULTS PART 3

6.1 Free Standing Planar Membranes

In Figure 17, we show the ability of two tetraether lipid systems, PLFE and Sa-MV
lipid, to form stable free standing planar membranes. Membrane stability was assessed via
membrane capacitance, by placing electrodes on either sides of the membrane. When
compared to diester lipids POPC and DMPC, it is evident that the tetraether lipid systems
can sustain a stable capacitance for a significantly longer period of time. It is very clear
that the diester lipid POPC (Figure 17, black curve) is not suitable for planar membrane
work, as it was not able to generate stable capacitance readings for longer than 1 hour
before capacitance drops to 0 indicating membrane rupture (46). DMPC planar membrane
(Figure 17, red curve) was able to hold a constant capacitance for about 2 hours before
failing. These results are consistent with previous studies on free standing diester lipid
planar membranes (47). Planar membranes made of Sa-MV lipids (blue curve) lasted about
8 hours while PLFE was able to maintain constant capacitance for at least 11 days. The
measurement was stopped on Day 11 because the instrument became unavailable at that
time. Capacitance values for PLFE were almost entirely unchanged throughout the
duration of the experiment (11 days), which indicates that membrane stability was constant.

The difference in this free standing planar membrane stability between MV lipid

and PLFE is not presently known. The difference in the hydrophobic core region of these

73



two systems, as well as the differences in headgroups could be responsible for the
difference in stability.

The stability of tetraether lipid systems over diester lipid systems in free standing
planar membranes is not a novel finding, (46). The ether linkages and branched chain
methyl groups that are present in tetraether lipid membranes lend to much greater stability
than the ester linkages and lack of branched chains in diester lipids. This is due to lipid
tangling amongst adjacent lipid molecules (52) and the reduction of motion and membrane
dynamics within the membrane (53). However, the duration of PLFE planar membrane
stability assessed in this study far exceeds the previous study, which lasted several hours
as opposed to days. The stability of MV lipid planar membranes has not been assessed at

all.
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Figure 17. Stability of various free standing planar membranes. Stability was assessed
via capacitance of POPC (black) DMPC (red) MV lipid (blue) and PLFE (teal) membranes
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6.2 Functional protein incorporation

We have also studied whether membranes made of Sa-MV lipids can accommodate
membrane proteins and exhibit protein activities. If they do, Sa-MVs, the reconstituted
liposomes and/or planar membranes derived from Sa-MV lipids can be used to develop
technological applications. The first part of this section is to test if MTHK channel protein
can insert into planar membranes made of Sa-MV lipids and exhibit channel activities. The
second part of this section is to test if bacteriorhodopsin (BR) can insert into Sa-MV lipid
membranes and exhibit light driven proton pumping activity.

Figure 18 shows channel activity of MTHK in PLFE (A&B) free standing planar
membranes, but not in MV lipid free standing planar membranes (C&D). MTHK channels
were isolated from the crenarchaeon Methanothermobacter thermautotrophicus. This
channel was chosen because its native lipid environment with the M. thermautotrophicus
membrane also contains tetraether lipids. These lipids are not exactly the same as those
comprising PLFE or Sa-MV, but share structural similarities. MTHK activity was
monitored by measuring potassium flux through the channel. In PLFE, channel openings
and closings were seen at two examined calcium concentrations, 0.1 mM and 1.0 mM
calcium. This result shows, for the first time, that MTHK channel can insert into the tightly
packed PLFE planar lipid membranes and exhibit channel activities. Another novel finding,
is that, at calcium concentrations as low as 0.1 mM, the channel activity of MTHK is still
easily detectable. This implies that calcium binding to MTHK is stronger when MTHK is
embedded in tetraether lipid membranes, as calcium binding to MTHK is required for

channel functionality. In contrast, in diester lipid planar membranes, very little channel
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activity is detectable at this low calcium concentration, with open probability of the channel
very close to zero in the same pH range (92).

However, no channel activity was observed in planar membranes made of MV
lipids under the same conditions. There are a number of reasons why a free standing MV
lipid membrane may not be suitable for protein insertion despite it working successfully in
PLFE. Firstly, it could be due to the tighter packing of MV lipid membranes, as indicated
by higher REES values in LUV My compared to LUVpLre. A more tightly packed membrane
could make it much more difficult for protein to insert into the membrane. Secondly, the
polar head groups on MV lipid molecules could form a much stronger hydrogen bond
network than those on PLFE, which make a larger energy barrier for the insertion of
membrane proteins. Unfortunately, at present, the polar headgroups on MV lipids have not
yet been characterized. Thirdly, the tetraether lipids we extracted from Sa-MVs may
contain more cyclpentane rings than PLFE lipids we isolated. Cyclopentane rings can
decrease the dynamic motions of hydrocarbon chains in the membrane lipids, thus reducing
membrane free volume and volume fluctuations. These effects will hinder membrane
protein insertion. It is possible that the number of cyclopentane rings in Sa-MV lipids is
higher than that in PLFE lipids, thus MTHK insertion is inhibited. Again, unfortunately,

the average number of cyclopentane rings in Sa-MVs is not known.
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Figure 18. MTHK channel activity in PLFE (A&B) or MV lipid (C&D). Channel
activity was recorded at two CaCl, concentrations as measured by potassium ion flux
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Figure 19 shows a fluorescence intensity plot of 5(6)-carboxyfluorescein vs
incubation time in response to a pH gradient, excited at 500 nm. Internally, liposomes
contained 5mM of 5(6)CF at a near-neutral pH 7.2. A gradient of 4.6 was implied to mimic
the external pH of S. acidocaldarius’ natural environment (2.6). In order to highlight the
potential technological applications of tetraether liposomes, bacteriorhodopsin was
inserted. Bacteriorhodopsin activates when exposed to green light, and pumps protons from
the aqueous environment into the liposome, thereby lowering the pH. The fluorescence
intensity of 5(6)CF is pH dependent, decreasing with decreasing pH, and a subsequent
response is observed.

In PLFE liposomes (Figure 19), after about 25 minutes of green light exposure,
channel activation is observed as the fluorescence intensity drops significantly by 40%.
This is compared to PLFE liposomes without bacteriorhodopsin, where a small initial
decrease in Fl is observed as the liposomes are subjected to low pH, after which FI remains
constant throughout the course of the experiment. The low leakage rate of PLFE liposomes
that do not contain BR is consistent with the literature (93), as the rigid packing of the
lipids within the membrane as well as the branched methyl groups and inositol moiety in
the polar head group region allow for very little proton leakage at room temperature. It can
be said that the proton flux and subsequent fluorescent intensity decrease in PLFE
liposomes containing BR is due entirely to activated BR pumping protons into the
liposomal compartment.

Similar to the planar membrane studies, the same effect was not able to be repeated

in LUVmv. This is possibly due to the more tightly packed environment of LUV mv than
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LUVprLrg, in accordance with the REES data obtained in Figure 16. Higher REES numbers
indicate less membrane space, thereby making protein insertion into LUV mv more difficult.
In addition, interactions with the polar headgroup regions of MV lipid, which have not yet
been identified, will lend different physicochemical properties to LUVmv than LUVeLre,

complicating protein insertion.
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CHAPTER #7
DISCUSSION

Virtually all types of cells can secret microvesicles (MVs). Yet, not all MVs could
be useful for technological applications. MVs released from activated platelets, for
example, can cause strong pathophysiological effects (94) and are composed of diester
lipids, thus not stable against hydrolysis, oxidation, or lipases. In contrast, Sa-MVs are
extraordinarily stable because they have lipid membranes made of bipolar tetraethers,
which are known to yield tough membranes with strong chemical stability, tight membrane
packing and low membrane permeability (32). The S-layer on the surface of Sa-MVs
provides an additional protection, allowing only small molecules or peptides with a low
molecular weight to go through the pores in the S-layer to enter microvesicles. Compared
to MVs released by mammalian and bacterial cells, Sa-MVs are simpler, containing fewer
proteins (23). While Sa-MVs are autoclavable as demonstrated in this study, it remains to
be demonstrated that native or autoclaved Sa-MVs will not produce any cytotoxicity to
healthy cells if they are designed for medical applications.

Sa-MVs, LUVwmv and LUVrLre all contain exclusively tetraether lipids, which are
less prone to autoxidation and hydrolysis than diester or diether lipids. The chemical
structures of the hydrophobic cores and the polar headgroups of PLFE lipids are well
characterized (8) (discussed earlier). When PLFE lipids self-assemble to form vesicular
membranes, the polar headgroups form extensive hydrogen bond network at the vesicle
surface while the dibiphytanyl chains are rigid and tightly packed in the vesicle’s

hydrophobic interior (32) so the overall PLFE membrane structure is extremely stable with
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little volume fluctuation over a wide temperature range (15-85 °C) (67). If the tetraether
lipids in Sa-MVs are just like PLFE lipids, then we can easily understand why Sa-MVs are
also stable over a wide range of temperatures (Figure 3). At present, the chemical structures
of the hydrophobic cores in Sa-MV lipids are known to be GDGT and GTGT, with no
GDNT, but the structures in the polar headgroup regions are not known (23). What we
know is that, like PLFE, many, if not all, Sa-MV lipids are negatively charged at neutral
pH (Figure 6). A sluggish decrease in particle size with surfactant was observed in both
Sa-MVs and LUVwmv, but not in LUVrLrg, (Figure 9), which may reflect some unique, but
unknown, structural properties associated with Sa-MV lipids. The difference between the
GDNT (abundant in PLFE, but lacking in Sa-MVs) and GDGT (abundant in Sa-MVs, but
little in PLFE) core lies in the calditol moiety versus the glycerol backbone at one polar
end of the molecule. Therefore, chemical characterization of Sa-MV lipid polar headgroups
is highly needed in order to gain a deeper understanding of the physicochemical properties
of Sa-MVs.

Although some man-made liposomes such as those engineered from PLFE are also
stable against temperature, pH, and other environmental stressors, Sa-MVs are unique in
that they are naturally occurring nanoparticles with a native membrane environment
suitable for entrapping small drug molecules and for inserting lipids and membrane-bound
proteins as needed. No archaeal pathogens have been reported; therefore, it can be assumed
that Sa-MVs released from the thermoacidophilic archaeon S. acidocaldarius are not
pathogenic either. Based on our present study, it is feasible to use autoclaving to sterilize

Sa-MVs and denature nucleic acids and proteins within the microvesicles, while retaining
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Sa-MV’s stable envelope (membrane plus the S-layer). Further, since various proteins can
artificially insert into or move across the Sa-MV membrane and since the S-layer can be
easily removed and re-installed (68), it is conceivable that autoclaved Sa-MVs, or MVs
released from other crenarchaeota, can be engineered to make stable yet functional
nanoparticles or microreactors for a variety of applications such as targeted drug/gene
delivery, biocatalysis, biosensing, and vesicular membrane-based artificial photosynthesis.

Intrinsic protein fluorescence/absorption and Laurdan fluorescence together
indicate that lipids and proteins in microvesicles of S. acidocaldarius (Sa-MVs) is
unusually tightly packed over a wide range of temperatures (18-20 to 65-75°C). The
emission maximum of Sa-MV intrinsic protein fluorescence at 303 nm is rare, and one of
the bluest ever reported, which could result from tight packing in the microvesicles due to,
for example, protein J-aggregate formation in the S-layer. Laurdan’s GP values in Sa-MVs
are low, probably due to the special L-shaped disposition of Laurdan in tetraether lipid
membranes in response to tight/rigid membrane packing as previously proposed (13). The
REES effect of Laurdan effect is most pronounced in Sa-MVs among all the membranes
examined, suggesting “solvent” reorientation around Laurdan’s chromophore occurs very
slowly due to tight packing. These spectroscopic measurements provide consistent data in
support of the proposition that Sa-MVs are unusually tightly packed. This level of
understanding may help reveal the structure-activity relationship of Sa-MVs (95) and pave
the way for developing Sa-MVs into a useful nanoparticle (Figure 20) (42).

Our data suggest that lipids extracted from S. acidocaldarius MVs are able to form

fairly stable free-standing planar membranes across a pinhole on a solid support. However,
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even though both MV lipids and PLFE lipids are tetraethers, the planar membrane made of
MV lipids is not as stable as that made of PLFE lipids. The molecular basis for the
differential stability between planar membranes of MV lipids and PLFE lipids is not clearly
understood at present, but the difference in stability is likely to originate from the chemical
structure differences between PLFE lipids and MV lipids. As mentioned earlier, in terms
of the hydrophobic cores, PLFE contains ~90% GDNT and ~10% GDGT, whereas MV
lipids are mainly GDGT and GTGT, without any GDNT, and their headgroup structures
are not known.

We have also demonstrated the ability to observe channel activity in PLFE
monolayers at a range of voltages from -200 to 200 mV. However, this property was not
replicated in lipids extracted from S. acidocaldarius microvesicles. Since MV lipids can
form liposomes, and packing appears to be tighter than PLFE liposomes, LUV wmv still hold
potential as an incredibly stable nanocarrier. In the future, entrapment of DNA or RNA
vectors within these tetraether liposomes leading to expression of target genes in E. coli is
the next logical step to show functional applications. Similarly, we were able to
demonstrate some functionality of bacteriorhodopsin in PLFE liposomes, but not in MV

lipid.
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