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ABSTRACT: The lipid composition of archaea is unique and has been correlated with
increased stability under extreme environmental conditions. In this article, we have focused on
the evolution of membrane organization and dynamics with natural evolution. Dynamic
anisotropy along the membrane normal (i.e., gradients of mobility, polarity, and heterogeneity)
is a hallmark of fluid phase diester or diether phospholipid membranes. We monitored
gradients of mobility, polarity, and heterogeneity along the membrane normal in membranes
made of a representative archaeal lipid using a series of membrane depth-dependent fluorescent
probes, and compared them to membranes prepared from a typical diether lipid from higher
organisms (eukaryotes). Our results show that the representative dynamic anisotropy gradient
along the membrane normal is absent in membranes made from archaeal lipids. We
hypothesize that the dynamic gradient observed in membranes of diester and diether
phospholipids is a consequence of natural evolution of membrane lipids in response to the
requirement of carrying out complex cellular functions by membrane proteins.

■ INTRODUCTION

Biological membranes act as a selective permeable barrier that
provides cellular identity and compartmentalization. Morpho-
logical compartmentalization has long been recognized as a
physical prerequisite for Darwinian evolution.1,2 Apart from its
role in morphological compartmentalization, membranes also
represent the meeting point of lipids and proteins.3 Dynamic
anisotropy along the bilayer normal is a hallmark of biological
membranes.4−7 The interfacial region of the membrane is
ordered and anisotropic due to intermolecular hydrogen
bonding and restricted water molecules, whereas the center
of the bilayer is almost isotropic and fluid in nature. This results
in a gradient of polarity, order (fluidity), segmental motion, and
water penetration along the z-axis of the membrane.
Interestingly, we have recently shown that in addition to the
inherent lateral heterogeneity,8−10 membranes also maintain an
intrinsic heterogeneity along the bilayer normal.11 Taken
together, the biological membrane provides a unique
asymmetric environment for transmembrane domains of
proteins. In addition, the distribution of amino acids along
the bilayer normal in a transmembrane domain of a membrane-
spanning protein appears to be highly asymmetric to maintain
the structural as well as functional integrity.12,13 This could

indicate the parallel evolution of lipids and membrane spanning
regions of proteins across natural evolution.14

The chemical nature of the amphipathic lipid molecules has
evolved considerably from primitive to contemporary organ-
isms.1,14,15 The genesis of this evolution could be to satisfy the
need of an accommodative meeting point of lipids and proteins
from a functional point of view, and to constitute the site of
many important cellular functions. The function of biological
membranes exhibits tremendous increase with growing
complexity of organisms. Contemporary biological membranes
have evolved to provide numerous roles including compart-
mentalization, energy transduction, nutrient and ion transport,
signal transduction, and enzyme-catalyzed metabolic reactions.
While cells have evolved to use diester or diether (or a mixture
such as in plasmalogens) glycerophospholipids for their
membranes, the membrane lipid composition of cells across
natural evolution is very different.1,15

Archaea constitute a domain of single cell microorganisms
and are classified as a separate domain in a three-domain
system. Their ability to thrive in conditions that would
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otherwise be lethal (such as high temperature and low pH) has
led to the interest in studying the properties of their
membranes.16 The membrane lipid composition of archaea is
unique17 and is responsible for their survival in extreme
environments.18,19 The major component of the plasma
membrane in thermoacidophilic archaea is bipolar tetraether
lipids. For example, in the thermoacidophilic archaea Sulfolobus
acidocaldarius, ∼90% of the total lipids are bipolar tetraether
lipids.20,21 Among bipolar tetraether lipids, the polar lipid
fraction E (PLFE) is one of the major constituents.22 PLFE
contains a mixture of tetraether lipids with either a glycerol
dialkyl nonitol tetraether (GDNT) or a glycerol dialkyl glycerol
tetraether (GDGT) skeleton (see Figure S1). Both GDNT and
GDGT consist of a pair of 40-carbon phytanyl hydrocarbon
chains, and each of the biphytanyl chains contains up to four
cyclopentane rings depending on its growth temperature.23 The
unique structure of archaeal lipids is believed to be a
contributing factor in the thermal stability of archaeal
membranes of the thermoacidophilic type.
In this article, we have elucidated the evolution of membrane

organization and dynamics with natural evolution. For this, we
explored the dynamic anisotropy gradient along the membrane
normal of PLFE (archaeal lipid) membranes and compared the
results to membranes prepared from ether lipids of higher
organisms (eukaryotes). We have chosen 1,2-dihexadecyl-sn-
glycero-3-phosphocholine (DHPC) as a representative higher
organism lipid because it contains an ether linkage similar to
PLFE (Figure S1). We monitored the dynamic gradient along
the membrane normal by utilizing a series of depth-dependent
fluorescent probes inserted in PLFE and DHPC membranes.
Our results show that the pronounced dynamic gradient
characteristic of eukaryotic membranes is lacking in archaeal
lipid membranes. These results constitute one of the early
reports comparing depth-dependent membrane order, polarity,
heterogeneity, and dynamics between archaeal and eukaryotic
membranes, and demonstrate the evolution of dynamic
anisotropy along the membrane normal with natural evolution.

■ EXPERIMENTAL SECTION
Materials. PLFE lipids were extracted from Sulfolobus acid-

ocaldarius, grown aerobically and heterotrophically at 80 °C and at
pH 2.5, as previously described.22,24 DHPC was purchased from
Avanti Polar lipids (Alabaster, AL). 1,2-Dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) was obtained from Sigma Chemical Co.
(St. Louis, MO). n-AS probes (2-, 6-, 9-, and 12-(9-anthroyloxy)stearic
acid) were purchased from Molecular Probes (Eugene, OR).
Concentrations of stock solutions of n-AS probes in methanol were
estimated using the molar extinction coefficient (ε) of 8000 M−1 cm−1

at 361 nm.11 Purity of DHPC was checked by thin layer
chromatography on precoated silica gel plates from Merck (Darmstadt,
Germany) in chloroform/methanol/water (65:35:5, v/v/v), and was
found to give one spot with a phosphate-sensitive spray and
subsequent charring.25 The concentration of DHPC was determined
by phosphate assay after total digestion by perchloric acid.26 DMPC
was used as an internal standard to assess the completeness of lipid
digestion. Solvents used were of spectroscopic grade, and water was
purified through a Millipore (Bedford, MA) Milli-Q system and used
throughout.
Preparation of Vesicles. All experiments involving DHPC were

carried out using large unilamellar vesicles (LUVs) containing 1 mol %
of n-AS (2-, 6-, 9-, or 12-AS) probe, as described previously.11 LUVs of
PLFE containing 2 mol % n-AS probe were used. For this, 320 nmol of
PLFE in chloroform/ethanol (9:1, v/v) was mixed with 6.4 nmol of
the probe in ethanol. Details of vesicle preparation are provided in the

Supporting Information. All experiments were carried out at ∼67 °C
for both PLFE and DHPC membranes at pH 5.

Steady State Fluorescence Measurements. Steady state
fluorescence measurements were performed with a Fluorolog-3
model FL3-22 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ)
using 1 cm path length quartz cuvettes. Details of steady-state
fluorescence measurements are provided in the Supporting Informa-
tion.

Time-Resolved Fluorescence Measurements and Maximum
Entropy Method (MEM) Analysis. Time-resolved fluorescence
intensity decay measurements were carried out using a time-correlated
single photon counting (TCSPC) setup as described elsewhere.11

More details are provided in the Supporting Information.
Time-Resolved Fluorescence Anisotropy. Time-resolved fluo-

rescence anisotropy was analyzed as described previously.9,27,28 Details
of these measurements are described in the Supporting Information.

Calculation of Wobbling-in-Cone Angle. The fluorescent probe
(n-AS) is covalently attached to stearic acid and embedded in the
membrane. The extent of probe wobbling within the membrane
depends on the order (fluidity) of the membrane. The wobbling
motion can be modeled as wobbling within a cone, whose semi angle
(θ) can be calculated using the Kinosita model.29 Details on
calculation of wobbling-in-cone angle are provided in the Supporting
Information.

■ RESULTS

In order to explore the dynamic gradient along the membrane
normal and its modulation across natural evolution, we
explored the order (fluidity), polarity, and heterogeneity of
PLFE and DHPC membranes using a series of depth-
dependent fluorescent probes. To explore membrane proper-
ties at varying depths along the z-axis, we utilized anthroyloxy
stearic acids (AS), in which an anthracene group is attached by
an ester linkage to various carbon atoms (denoted as n) of the
alkyl chain. It has been previously demonstrated that the
anthroyloxy probes used in this work are localized progressively
with increasing depths as the site of attachment of the
anthroyloxy group is moved from 2- to 12-position.30

Depth-Dependent Membrane Order and Polarity.
Diester or diether glycerophospholipid membranes typically
exhibit a considerable degree of order (fluidity) and polarity
gradient along the membrane normal.4−7 While the center of
the bilayer is extremely fluid and hydrophobic, the upper
portion, only a few angstroms away toward the membrane
surface, is highly ordered and hydrophilic. As a direct
consequence of such an anisotropic transmembrane disposition,
membranes offer a unique environment to membrane-spanning
proteins and peptides, thereby influencing their structure and
function. The transmembrane domain of a protein has distinct
stretches of hydrophobic amino acids, and the distribution of
amino acids is highly asymmetric along the axis perpendicular
to the membrane plane.31 The physicochemical properties of
the membrane interface vary depending on the type of linkage
and type of headgroup,32 whereas the properties of the
hydrophobic core are guided by the nature of the fatty acyl
tails. The archaeal membranes are extraordinarily stable. This is
attributed to the chemical nature of the hydrophilic head and
the hydrophobic tail of the bipolar tetraether lipids. The
presence of branched methyl groups, tetraether linkage, and
cyclopentane rings contribute to a highly ordered core of
archaeal membranes, and an extensive network of hydrogen
bonds between the sugar or phosphate residues provides a
highly ordered interface (see Figure S1).33,34

An interesting feature of n-AS probes that makes them
environment-sensitive is the relatively large change in dipole
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moment upon excitation.35 This results in a large Stokes’ shift36

and makes n-AS probes sensitive to the immediate environ-
ment. Steady state fluorescence anisotropy and fluorescence
lifetime serve as sensitive indicators of membrane order and
polarity. Figure 1A shows fluorescence anisotropy of n-AS

probes in DHPC and PLFE membranes. The figure shows that
the anisotropy of n-AS probes drops sharply along the bilayer
normal in DHPC membranes. We interpret the depth-
dependent reduction in fluorescence anisotropy with the
concomitant reduction in membrane order along the
membrane normal (it should be noted that information on
fluorescence lifetime is required for correct interpretation of
fluorescence anisotropy data; see below). In contrast, the
corresponding change in fluorescence anisotropy is rather

modest in the case of PLFE membranes. This indicates that the
sharp gradient of membrane order, characteristic of eukaryotic
membranes, is lacking in PLFE membranes. Nonetheless, all
four n-AS probes report much higher fluorescence anisotropy
values in PLFE membranes as compared to their counterparts
in DHPC membranes. This indicates that PLFE membranes are
more ordered (less fluid) at all depths along the membrane
normal as compared to DHPC membranes. The percentage
loss of anisotropy between the shallow (2-AS) and deep (12-
AS) probes is shown in the inset of Figure 1A. As is evident, the
change in fluorescence anisotropy is considerably higher
(∼68%) in DHPC membranes relative to the modest change
(∼16%) in PLFE membranes. This clearly indicates that the
gradient of fluidity (order) in DHPC membranes is more
pronounced relative to PLFE membranes.
Intensity-averaged fluorescence lifetimes of n-AS probes in

PLFE and DHPC membranes are plotted in Figure 1B. As is
apparent from the figure, the lifetime of a given n-AS probe in
PLFE membranes is in general higher than the corresponding
lifetime in DHPC membranes. This suggests that the
environment of n-AS probes is less polar in nature in PLFE
membranes relative to DHPC membranes. This could be due
to overall tighter membrane packing (from both H-bonding
and membrane rigidity/compactness) in PLFE membranes,
thereby reducing water penetration.37 The percentage change
in fluorescence lifetime between 2-AS and 12-AS is much
higher for DHPC membranes (∼107%) than for PLFE
membranes (∼59%). This means that the polarity gradient is
steeper in DHPC membranes, similar to the steeper gradient in
membrane order. In addition, the position of the fluorescence
emission maximum also supports that the n-AS probes
experience more hydrophobic environment in PLFE mem-
branes. The emission maximum of a given n-AS probe in PLFE
membranes in general exhibits blue shift relative to the
emission maximum in DHPC membranes (Figure S2).
Because anisotropy changes are known to be influenced by

changes in fluorescence lifetime, we calculated the apparent
(average) rotational correlation times for n-AS probes in
DHPC and PLFE membranes using Perrin’s equation:38

τ
τ=
−

r
r rc
o (1)

where ro is the limiting (fundamental) anisotropy of the
anthroyloxy group, r is the steady state anisotropy (Figure 1A),
and ⟨τ⟩ is the mean fluorescence lifetime from Figure 1B.
Although Perrin’s equation is not strictly applicable to this
system, it is assumed that this equation will apply to a first
approximation, especially because we used mean fluorescence
lifetimes for the analysis of multiple component lifetimes. The
values of the apparent rotational correlation times, calculated
using eq 1 with a ro value of 0.3,

39 are shown in Figure 1C. The
percentage change of rotational correlation time between the
shallow (2-AS) and deep (12-AS) probes is shown in the inset
of Figure 1C. As is apparent from Figure 1C, the trend in
change in rotational correlation time is opposite in the case of
DHPC and PLFE membranes. For example, while the
rotational correlation time displays a considerable decrease
(∼44%) in DHPC membranes, it exhibits a modest increase
(∼19%) in PLFE membranes. These results clearly demon-
strate that while DHPC has a distinct mobility gradient along
the membrane normal, such a gradient is absent in PLFE
membranes (see later, Figure 5).

Figure 1. Membrane order and polarity gradients are steeper in
DHPC membranes relative to PLFE membranes. Change in (A)
steady state fluorescence anisotropy, (B) mean fluorescence lifetime,
and (C) apparent rotational correlation time of 2-AS, 6-AS, 9-AS, and
12-AS in LUVs of DHPC (green ■) and PLFE (blue ●). The ratio of
probe to lipid was 1/100 (mol/mol) for DHPC and 1/50 (mol/mol)
for PLFE, and the concentration of DHPC was 0.43 mM and that of
PLFE was 0.21 mM. Experiments were carried out at ∼67 °C for both
PLFE and DHPC membranes at pH 5. The excitation wavelength was
360 nm for anisotropy measurements and 366 nm for lifetime
measurements for both lipids. Insets show the percent changes in
fluorescence anisotropy, mean fluorescence lifetime, and apparent
rotational correlation time between 2-AS and 12-AS. See the
Experimental Section for other details.

Langmuir Article

DOI: 10.1021/acs.langmuir.5b02760
Langmuir 2015, 31, 11591−11597

11593

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b02760/suppl_file/la5b02760_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.5b02760


Depth-Dependent Wobbling-in-Cone Angle. The most
popular model of dynamics of a covalently attached fluorophore
molecule in the membrane is the wobbling-in-cone model.29

The wobbling of a fluorophore in the membrane depends on
membrane order and steric crowding. Higher cone angle
indicates unhindered (free) rotation of the probe in the
membrane due to fluid (less ordered) nature of the membrane.
The cone angles of n-AS probes, calculated from the time-
resolved anisotropy decay (see Experimental Section), in
DHPC and PLFE membranes are shown in Figure 2. The

cone angle in DHPC membranes changes from 39° to 49°
between 2-AS and 12-AS, that is, exhibits progressive increase
(∼26%) with the point of attachment of the anthroyloxy probe
(depth) and is consistent with the reduction in membrane
order with depth (Figure 1A). The values of cone angle for n-
AS probes in DHPC membranes are comparable with that in
dimyristoylphosphatidylcholine membranes for the styrylpyr-
idinium probe RH421.40 The change in cone angle of n-AS
probes in PLFE membranes shows an interesting trend. The
cone angle is reduced (∼12%) along the membrane normal,
although the extent of change is less. This means the angle of
probe wobbling becomes narrower along the membrane
normal. The decrease in cone angle might be explained
considering the presence of branched methyl groups and
cyclopentane rings in PLFE. These branched methyl groups
and cyclopentane rings (Figure S1) in PLFE membranes make
the hydrophobic region sterically crowded, and change the
membrane order, thereby hindering probe rotation. The
corresponding rotational correlation times (φi) from the
analysis of the fitted anisotropy decays are shown in Table
S1. It is interesting to note that the fraction (β1) corresponding
to slow rotating component (φ1) exhibits an increase in PLFE
membranes, and shows reduction in DHPC membranes along
the membrane normal.
Depth-Dependent Solvent Relaxation. Properties such

as polarity, fluidity, segmental motion, ability to form hydrogen
bonds, and extent of water penetration vary in a depth-
dependent manner in the membrane. As a result of such
anisotropy along the membrane normal, a gradient of mobility
of solvent molecules at different depths of the membrane is

induced. We utilized red edge excitation shift (REES) to
monitor water penetration and dynamics at different depths in
DHPC and PLFE membranes. REES relies on slow solvent
reorientation in the excited state of a fluorophore, with each
excitation wavelength selectively exciting a different population
of fluorophores.6,7,31 Figure 3 shows the magnitude of REES for

n-AS probes in DHPC and PLFE membranes. The emission
maximum of 2-AS in DHPC membranes displays 3 nm shift
(from 470 to 473 nm) when the excitation wavelength was
changed from 360 to 410 nm (see Figure S3). Such type of shift
in the wavelength of emission maximum caused by a change in
the excitation wavelength is representative of REES. REES of 3
nm indicates that the anthroyloxy moiety in 2-AS is localized in
a motionally restricted region of the DHPC membrane that
offers considerable resistance to solvent reorientation in the
excited state. Deeper n-AS probes (6-, 9-, and 12-AS) do not
show any excitation wavelength dependent shift in emission
maximum, which implies that the motional restriction is
completely absent in the location of deeper n-AS probes (or
lack of polar solvent in the deeper regions of the membrane), in
agreement with our previous results.41 This indicates differ-
ential extents of motional restriction along the bilayer normal in
DHPC membranes. Interestingly, 2-AS in PLFE membranes
shows REES of 7 nm (from 462 to 469 nm) for the same
excitation wavelength range (Figures 3 and S3). The deeper
probes (6-AS, 9-AS, and 12-AS) show REES of 4 nm in PLFE
membranes. This shows that the environment of 2-AS is more
restricted in PLFE membranes (relative to DHPC membranes)
and the motional restriction persists even in deeper locations
along the membrane normal, in agreement with fluorescence
anisotropy measurements. This could be due to the presence of
branched methyl groups and cyclopentane rings in the
hydrophobic region in PLFE membranes (Figure S1).

Depth-Dependent Membrane Heterogeneity. Fluores-
cence decay kinetics of probes incorporated in complex
organized assemblies typically exhibits considerable level of
heterogeneity. The lifetime distribution offers a powerful
method for characterizing such heterogeneity in complex
systems such as membranes.42,43 MEM is a model-free and
robust methodology for analyzing fluorescence lifetime
distribution. The full width at half maximum (FWHM) of the

Figure 2. Position-dependent differential wobbling-in-cone angle of n-
AS probes in DHPC and PLFE membranes. Variation of cone angle of
n-AS probes (n = 2, 6, 9, and 12) in LUVs of DHPC (green ■) and
PLFE (blue ●) with deeper localization of the fluorophore moiety in
the membrane interior. The cone angle was calculated from time-
resolved fluorescence anisotropy decay measurements (see the
Experimental Section for details). Lines joining the data points are
provided merely as viewing guides. Other conditions are the same as in
Figure 1.

Figure 3. Differential REES exhibited by n-AS probes in DHPC and
PLFE membranes. REES of n-AS probes in PLFE (solid bar) and
DHPC (hatched bar) membranes for 2-AS, 6-AS, 9-AS, and 12-AS.
The excitation wavelength was varied from 360 to 410 nm (for details
of emission wavelength change, see Figure S3). All other conditions
are as in Figure 1. The spectral shifts obtained with different sets of
samples were identical in most cases. In other cases, the values were
within ±1 nm of those reported. See the Experimental Section for
other details.
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lifetime distribution is correlated with the degree of
heterogeneity sensed by the fluorophore.9,11 We have
previously shown that the environmental heterogeneity of n-
AS probes varies considerably depending on its location along
the membrane normal.11 The shallow probe 2-AS at the
membrane interface experiences maximum heterogeneity, while
the heterogeneity experienced by the deep probe 12-AS is
less.11 This results in a wider FWHM for 2-AS as compared to
12-AS. We analyzed the fluorescence lifetime decay profiles of
n-AS probes using MEM in DHPC and PLFE membranes, and
the FWHM values extracted from these data are shown in
Figure 4 (the lifetime distribution profiles are shown in Figure

S4). In DHPC membranes, FWHM shows reduction with
membrane depth (as the probe location becomes deeper), as
reported earlier for fluid membranes of diester phospholipids.11

In PLFE membranes, however, FWHM shows an increase with
membrane depth. The increase in FWHM in case of PLFE
membranes could be attributed to the presence of branched
methyl groups and cyclopentane rings in the hydrophobic
region in PLFE membranes, which would reduce sampling and
increase heterogeneity.

■ DISCUSSION
In an earlier study, lipid chain dynamics and polarity gradient in
membranes of bipolar tetraether lipids was studied by Bartucci
et al. and compared to ester lipids.44 The dynamic properties of
bolalipid membranes have recently been explored by coarse-
grain molecular dynamics simulation.45 Instead of considering
the structure of either GDGT or GDNT, these authors
covalently linked two dipalmitoylphosphatidylcholine (DPPC)
at two tails, which tends to mimic the bipolar tetraether lipids.
The results showed that the variation in order parameter along
the membrane normal is rather modest for membranes made of
bolalipids, in overall agreement with our results.
About 50% of all genetically encoded proteins in the

eukaryotic genome are membrane associated proteins, and it
is likely that ∼50% of all reactions occurring in a cell take place
on membranes.46 Membrane proteins constitute ∼50% of
current targets in all clinical areas.47 Because a majority of all
membrane proteins are targeted to the plasma membrane, a
significant fraction of cellular reactions occur on or close to the
plasma membrane. The plasma membrane therefore not only

acts as a selective barrier for the cell, but also serves as a
platform for the initiation and regulation of signaling pathways.
As stated above, the lipid composition of archaea is unique and
has been correlated with increased stability under extreme
conditions. In this article, we show that the gradient of
dynamics along the bilayer normal, a hallmark of fluid
membranes made of diester or diether phospholipids, is absent
(or damped) in membranes made of archaeal lipids such as
PLFE (see Figure 5 for a schematic representation). These

results are based on observed changes in membrane order,
polarity, packing, motional restriction, and heterogeneity along
the membrane for DHPC and PLFE membranes monitored
using a variety of steady state and time-resolved fluorescence
approaches. We hypothesize here that the dynamic gradient
observed in diester and diether phospholipid membranes is a
consequence of natural evolution of amphipathic lipid
molecules. This is in response to the requirement to fulfill
the increasingly stringent criterion of maintaining the higher
order function of a wide variety of membrane proteins, essential
for cellular viability and increased signaling carried out by
membrane proteins in complex eukaryotic cells. In other words,
the membrane should provide an optimal environment, in
terms of organization and dynamics, for efficient functioning of
membrane proteins such as receptors and ion channels. The
natural evolution of membrane lipids from archaeal lipids to
contemporary eukaryotic lipids is in response to provide an
optimal dynamic environment for eukaryotic membrane
proteins with their characteristic transmembrane sequence.
We therefore envision that a robust bioinformatic analysis of

Figure 4. Contrasting membrane heterogeneity profiles in DHPC and
PLFE membranes: heterogeneity reduces with depth in DHPC
membranes but increases in PLFE membranes. Variation of the width
of the fluorescence lifetime distribution (represented as FWHM) of n-
AS probes in PLFE (blue ●) and DHPC (green ■) membranes. All
other conditions are as in Figure 1. Lines joining the data points are
provided merely as viewing guides. See the Experimental Section for
other details.

Figure 5. A schematic representation showing the localizations of the
anthroyloxy group in n-AS probes in DHPC (top) and PLFE
(bottom) membranes. The arrows along the membrane perpendicular
(z-axis) indicate gradients in polarity, mobility, and heterogeneity
along the membrane normal. Gradients of polarity, mobility, and
heterogeneity are steeper in DHPC membranes relative to what was
observed in PLFE membranes. See text for more details.
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transmembrane sequences found in archaea and eukaryotes
could provide insight into the evolution of membrane proteins.
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EXPERIMENTAL SECTION 

 

Preparation of Vesicles. All experiments with DHPC were carried out using large unilamellar 

vesicles (LUVs) containing 1 mol% of either of 2-, 6-, 9- or 12-AS, as described previously.1  

Briefly, 640 nmol of lipid in chloroform was mixed with 6.4 nmol of the probe in methanol.  A 

few drops of chloroform were added and mixed well, and the samples were dried under a stream 

of nitrogen while being warmed gently (35 °C).   Experiments involving PLFE were carried out 

using LUVs containing 2 mol% of a given n-AS probe.  For this, 320 nmol of PLFE in 

chloroform was mixed with 6.4 nmol of the probe in ethanol and the same procedure as 

described for DHPC vesicles preparation was followed.  After further drying under a high 

vacuum for at least 3 h, 1.5 ml of 10 mM sodium acetate, 150 mM sodium chloride, pH 5 buffer 

was added, and each sample was vortexed for 3 min to disperse the lipids and hydrated for an 

hour at ~67 °C.  LUVs with a diameter of 100 nm were prepared by the extrusion technique 

using an Avanti Mini-Extruder (Alabaster, AL) as previously described.2  Background samples 

were prepared the same way except that the probes were omitted.  

 

Steady State Fluorescence Measurements. Steady state fluorescence measurements were 

performed with a Fluorolog-3 Model FL3-22 spectrofluorometer (Horiba Jobin Yvon, Edison, 

NJ) using 1 cm path length quartz cuvettes.  Excitation and emission slits with a nominal band 

pass of 3 nm were used for all measurements.  Background (fluorophore free) intensities of 

samples were subtracted from each sample spectrum to cancel out any contribution due to the 

solvent Raman peak and other scattering artifacts.  Fluorescence anisotropy measurements were 

performed using the same instrument.  Anisotropy values were calculated using the following 

equation:3 

  

      2
VV VH

VV VH

I G Ir
I G I

− ×
=

+ ×
(1) 
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where G = IHV/IHH, (grating correction or G-factor) , IVV and IVH are the measured fluorescence 

intensities with the excitation polarizer vertically oriented and the emission polarizer vertically 

and horizontally oriented, respectively.  All experiments were done with multiple sets of samples 

and average values of fluorescence anisotropy are shown in the figures.  The spectral shifts 

obtained with different sets of samples were identical in most cases.  In other cases, the values 

were within 1 nm of the ones reported. 

 

Time-Resolved Fluorescence Measurements and MEM Analysis. Time-resolved fluorescence 

intensity decay measurements were carried out using a time-correlated single photon counting 

(TCSPC) setup as described elsewhere.1  For fluorescence lifetime measurements, 1 ps pulses of 

732 nm radiation from the Ti-sapphire femto/pico second laser (Spectra Physics, Mountain 

View, CA), pumped by an Nd-YLF laser (Millenia X, Spectra Physics), were frequency doubled 

to 366 nm by using a frequency doubler/tripler (GWU, Spectra physics).  Fluorescence decay 

curves were obtained at the laser repetition rate of 4 MHz by a micro-channel plate 

photomultiplier (model R2809u, Hamamatsu Corp.) coupled to a TCSPC setup. The instrument 

response function (IRF) at 366 nm was obtained using a dilute colloidal suspension of dried non-

dairy creamer. The full width at half maxima (FWHM) of the IRF was 40 ps and number of 

channels used was 1024.  Fluorescence emission of n-AS probes was measured at 460 nm using 

a combination of a monochromator and a 400 nm cutoff filter.  Fluorescence intensity decay was 

collected from the sample after the excitation with the emission polarizer oriented at the magic 

angle (54.7o) with respect to the excitation polarizer.  To optimize the signal-to-noise ratio, 

20,000 photons were collected in the peak channel.  All experiments were performed using 

excitation and emission slits with a nominal bandpass of 3 nm or less.  The data stored in the 

multichannel analyzer were routinely transferred to an IBM PC for analysis.   Fluorescence 

intensity decay curves so obtained were deconvoluted with the instrument response function and 

analyzed as a sum of exponential terms:  
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( ) exp( / )i i
i

F t tα τ= −∑        (2)  

where F(t) is the fluorescence intensity at time t and iα is a pre-exponential factor representing 

the fractional contribution to the time-resolved decay of the component with a lifetime iτ such 
that 1i

i

α =∑ .  The decay parameters were recovered using a nonlinear least-squares iterative 

fitting procedure based on the Levenberg-Marquardt algorithm.4,5  A fit was considered 

acceptable when plots of the weighted residuals and the autocorrelation function showed random 

deviation about zero with a minimum 2χ value not more than 1.2.  Fluorescence decays were 

analyzed by the discrete exponential analysis as well as the maximum entropy method (MEM).  

Intensity-averaged lifetimes (<τ >) for biexponential decays of fluorescence were calculated 

from the decay times and pre-exponential factors using the following equation:3 

2 2
1 1 2 2 1 1 2 2( ) / ( )τ α τ α τ α τ α τ< >= + +             (3) 

In the MEM approach,6,7 the fluorescence intensity decay (I(t)) is analyzed using the 

model of continuous distribution of lifetimes:  

        
0

( ) ( ) exp( / )I t t dα τ τ τ
∞

= −∫              (4) 

where ( )α τ represents the amplitude corresponding to the lifetime τ in the intensity decay.  The 

limits on the above integration are generally set based on the information regarding the system 

under study and the detection limit of the instrument.  We set the lower and the upper limits of 

the integration as 10 ps and 10 ns, respectively.  For practical reasons, the above equation can be 

written in terms of a discrete sum of exponentials as:  

1

( ) exp( / )
N

i i
i

I t tα τ
=

= −∑                                                  (5)    

where N represents the total number of exponentials.  In our analysis, N is taken as 150 

exponentials equally spaced in the log(τ ) space between the lower and upper limits.  MEM 

initially starts with a flat distribution of amplitudes ( )α τ , that is, assuming that each lifetime has 

equal contribution in the beginning and arrives at the amplitude distribution that best describes 

the observed experimental fluorescence intensity decay.  The optimization of the amplitude 
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distribution ( )α τ is carried out in successive cycles by minimizing the 2χ value (close to 1 in all 

cases) and maximizing the entropy (S).8  The expression used for S is the Shannon-Jayne’s 
entropy function, expressed as logi iS p p= −∑ where /i i ip α α= ∑   (6) 

Successive iterations provide a distribution that minimizes the 2χ  and maximize S.  If 

the 2χ criterion is satisfied by many distributions in a particular iteration, then the distribution 

with maximum entropy is selected.  The analysis is terminated when 2χ reaches the specified 

lower limit or when 2χ  and ( )α τ  show no change in successive iterations.  Importantly, MEM 

analysis gives a lifetime distribution that is robust and model-independent.8,9 

 

Time-Resolved Fluorescence Anisotropy. Time-resolved fluorescence anisotropy was analyzed 

as described previously.6,10,11  The fluorescence intensity decays were collected with the 

emission polarizer kept at parallel (I ) and perpendicular (I ) orientations with respect to the 

excitation polarizer. Anisotropy was calculated as:  

   

 

where G is the grating factor (G-factor).  The G-factor is defined as the ratio of the transmission 

efficiency of the grating for vertically polarized light to horizontally polarized light.  The G 

factor of the emission collection optics was determined in a separate experiment using a standard 

sample (IAEDANS).  The time-resolved anisotropy decay was analyzed on the basis of the 

model: 

 

 

where I (t) and I (t) are the decays of the parallel ( ) and perpendicular ( ) components of 

emission.  The equation for time-resolved fluorescence anisotropy can be expressed as 

combination of exponential decays: 

 

( ) ( )[1 2 ( )] / 3
( ) ( )[1 ( )] / 3

III t I t r t
I t I t r t⊥

= +
= −

(8) 

( ) ( )( )
( ) 2 ( )

II

II

I t GI tr t
I t GI t

⊥

⊥

−
=

+ (7) 
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r(t) = r0 βi exp(−t / φi )
i
∑              (9) 

where φi  and βi represent the ith rotational correlation time and the corresponding pre-

exponential factor in the exponential anisotropy decay such that Σβi = 1.  r0 represents the 

anisotropy at zero time (initial anisotropy).  The goodness of the fit of a given set of observed 

data and the chosen function was evaluated by the reduced χ2 ratio which is around 1.0−1.2. 

 

Calculation of Wobbling-in-Cone Angle.  In our experiment the fluorescent probe (n-AS) is 

covalently attached to stearic acid and embedded in the lipid bilayer.  The extent of probe 

wobbling within the membrane depends on the fluidity (order) of the membrane.  The wobbling 

motion can be modeled as wobbling within a cone, whose semi angle ( )θ can be calculated using 

the Kinosita model.12  The semi angle of wobbling is given by:  

 

 

whereθ = 90° indicates free rotation.  0r represents the anisotropy at zero time (initial anisotropy) 

in the anisotropy decay experiment and 0 sr r β∞ = × , where sβ is the pre-exponential factor 

corresponding to the higher correlation time (slowly decaying component).  Higherθ corresponds 

to the unrestricted rotation of the probe, while lower θ  corresponds to the crowded or hindered 

rotation of the probe.  The initial anisotropy (r0) was estimated in a separate experiment in 70% 

glycerol in which all the motional dynamics slow down considerably.  This value was kept fixed 

while analyzing the fluorescence anisotropy decay kinetics using eq (9).   

1 1
1 2 2

0
1cos [ {(1 8( / ) ) 1}]
2

r rθ −
∞= + −

 (10) 
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Table S1 
 

Time-Resolved Fluorescence Anisotropy Decay Parameters of n-AS probes  
in DHPC and PLFE membranesa 

 

 
an-AS was excited at 366 nm, and emission was collected at 460 nm using a combination of a 
monochromator and a 400 nm cutoff filter and measured with the TCSPC setup. See 
Experimental Section for other details.  ro is the fundamental anisotropy of AS. The value of ro 
was kept constant at 0.3 in the analysis. 

Membrane Probe φ1 (ns) β1 φ2 (ns) β2 ro  

 2-AS 1.89 ± 0.08 0.48 ± 0.01 0.30 ± 0.02 0.52 ± 0.01 0.30 
 

DHPC 6-AS 1.63 ± 0.09 0.48 ± 0.01 0.24 ± 0.03 0.52 ± 0.01 0.30 
 

 9-AS 1.57 ± 0.02 0.44 ± 0.01 0.20 ± 0.01 0.56 ± 0.01 0.30 
 

 
 

12-AS 1.50 ± 0.02 0.29 ± 0.01 0.20 ± 0.01 0.71 ± 0.01 0.30 
 
 
 

 2-AS 18.56 ± 0.80 0.52 ± 0.02 0.33 ± 0.05 0.48 ± 0.01 0.30 
 

PLFE 6-AS 17.89 ± 0.70 0.55 ± 0.03 0.38 ± 0.01 0.45 ± 0.02 0.30 
 

 9-AS 12.34 ± 0.04 0.58 ± 0.01 0.34 ± 0.01 0.42 ± 0.02 0.30 
 

 12-AS 12.17 ± 0.03 0.62 ± 0.01 0.55 ± 0.02 0.38 ± 0.01 0.30 
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Figure S1.  Chemical structures of the lipid components of bipolar tetraether lipid fraction E 

(PLFE) isolated from S. acidocaldarius.  PLFE contains a mixture of tetraether lipids with either 

(A) glycerol dialkylglycerol tetraether (GDGT), or (B) glycerol dialkylnonitol tetraether (GDNT) 

skeleton.  The number of cyclopentane rings in each biphytanyl chain can vary from 0 to 4.  The 

different headgroups in GDGT and GDNT are presented at the bottom.  (C) The chemical 

structure of DHPC.   

 

 

 

(A)

(B)
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Figure S2.  The emission maximum of n-AS probes in DHPC and PLFE membranes.  

Fluorescence emission maximum of n-AS probes in PLFE (maroon) and DHPC (blue) 

membranes for 2-AS, 6-AS, 9-AS and 12-AS.  The ratio of probe to lipid was 1/100 (mol/mol) 

for DHPC and 1/50 (mol/mol) for PLFE, and the concentration of DHPC was 0.43 mM and that 

of PLFE was 0.21 mM.  Experiments were carried out at ~67 0C for both PLFE and DHPC 

membranes at pH 5.  The excitation wavelength was 360 nm in both cases.  See Experimental 

Section for other details. 
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Figure S3.  Effect of changing excitation wavelength on the wavelength of maximum emission 

of 2-AS (maroon, ), 6-AS (green, ), 9-AS (blue, ▲) and 12-AS (olive, ) in (A) DHPC, and 

(B) PLFE membranes.  The lines joining the data points are provided merely as viewing guides. 

All other conditions are as in Figure 1.  See Experimental Section for other details. 



11 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.  MEM lifetime distribution of n-AS probes in (A) DHPC and (B) PLFE membranes 

for 2-AS (maroon), 6-AS (green), 9-AS (blue) and 12-AS (olive).  All other experimental 

conditions are same as in Figure 1.  See Experimental Section for other details. 
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