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Electron Spin Resonance (ESR) spectroscopy has been extensively used to study
membrane dynamics and structure. ESR has been shown to be sensitive to a wide range
of molecular motions (10> to 10'? s™!). The use of multi-frequency ESR has helped
analyze the complex modes of motions typically observed for spin probes attached to
biomolecules. Further, the use of pulsed two dimensional ESR techniques (e.g. 2D-
ELDOR) has increased the sensitivity to detect molecular motions and has helped to
better resolve spectral features. The use of 2D-ELDOR at high frequencies has been
particularly challenging due to relatively short dead times required (T2 minimum ~4 ns).
We have developed a 95 GHz high power spectrometer which can be operated at room
temperatures to study ‘lossy” aqueous samples. We have used this technique to study
the partitioning of TEMPO into DMPC. We show that 95 GHz 2D-ELDOR can resolve
the spectra of TEMPO in water and the lipid phase. Further, for the first time, we have
observed the exchange dynamics of TEMPO between these phases and estimate it to
have an exchange rate of 0.5 us™!. We have then used multi-frequency ESR to study the
formation of nanoscopic, co-existing L, & L4 domains in ternary lipid mixtures. We
find that formation of nanodomains does not affect the phase behavior, but indicates the
presence of a transition “boundary” region that has intermediate order between the L,
& Lq domains. We further observe that crosslinking of biotinylated gramicidin in these

nanodomains, affects the phase behavior by reducing the ordering in the system, but



does not change the phase behavior in the macrodomain region. We have also studied
the effect of cholesterol depletion in plasma membrane vesicles obtained from RBL
cells, and observe that this increases the fraction of the Lq phase in the system. Finally
we have used pulsed dipolar ESR to study the crosslinked aggregates of IgE, and have
determined that inter IgE-IgE distances to be about 3 - 4 nm. All these results show the

ability of ESR to address a wide range of questions related to membrane biophysics.
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CHAPTER 1 : INTRODUCTION

Electron Spin resonance (ESR) spectroscopy is a magnetic resonance technique that is
used to probe electronic spin states. Generally, in the absence of an external magnetic
field these spin states are degenerate, while in the presence of a magnetic field this spin
state degeneracy is removed and we observe energy level splitting. This difference in
energy levels between spin states is directly dependent on the magnetic field applied
and is given by the following expression for a free electron, AE = hv = g,f.By, g1
the g-factor of the electron, Be is the Bohr magneton and By is the magnitude of the
external magnetic field applied. A majority of the molecules in nature are diamagnetic
and are not ESR active, this is advantageous as ESR spectra have little background
signal. ESR spectroscopy is optimal to study unpaired electrons in radicals or metal
ions. In this dissertation, we will focus only on free radicals belonging to the nitroxide
family that are derivatives of the ESR spin label molecule — TEMPO (2,2,6,6-
Tetramethylpiperidin-1-yl) oxyl. ESR has been extensively used to study the structure
and dynamics of biomolecules such as proteins, DNA and lipids.!The first and major
part of this chapter will focus on the application of ESR to study molecular motions in
biomembranes, while the second part will briefly introduce the application of pulsed

dipolar spectroscopy to study structure in biological systems.



1.1. ESR and Molecular Motions

ESR is extremely sensitive to a wide range of molecular motions as shown in Figure
1-1. To understand this let us observe the spin Hamiltonian (H(t)), which can be
separated into the following components?

H(t) = Hy + H(Q) + é(t) 1-1
where Ho is the orientation independent part that includes the electronic and nuclear
Zeeman terms and the electron-nuclear hyperfine interaction. g(t) is the radiation term
that induces the ESR transitions. The orientation dependent part is expressed as

— I,
m@= Y Aol

!
ILmm’,u
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Where A&™ wor arethe irreducible components of the spin tensors defined in the lab frame,

Din‘m, (Q.y) are the Wigner rotation elements that transform the matrix elements

)

between the molecular frame and the lab frame, and F (Lm are the irreducible tensor

coefficients of the magnetic interactions (i.e, g-tensor or hyperfine tensor) that are

defined in the molecular frame.
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Figure 1-1: The motional rates accessed by ESR and the corresponding lipid motions.
Figure is modified from Dzikovski et al.(2008)*



When the molecular motion is completely frozen, then we observe all the different
orientations; this is called the rigid limit spectrum (or powder average spectrum). In the
other extreme case, the fast motional limit, all the different orientations are spanned in
the time scale of the measurement, so we observe an average of all of them; this leads
to narrow ESR lines whose positions are defined by the isotropic g-factor (where g;5, =

_ (Axx+Ayy+Azz)

+ +
w) and A-tensor (A;s, = 3

) values. In the case of nitroxide

probes like TEMPO, the giso values are around 2.0058-2.0062, representing an N-O

centered radical.
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Figure 1-2: cw-ESR spectra of PD-TEMPONE in toluene (m.p.: -95°C) at 250 GHz at
different temperatures. The spectra are motional narrowed at -40 °C, - 60 °C as

indicated by the three narrow lines and in the rigid limit at -119 °C and -129°C. Figure
is modified from Misra et al. (2011)*



Both the rigid limit as well as the fast motional case are easiest to interpret. In reality,
the most relevant molecular motion range for biomolecules is in the intermediate to slow
motional limit where the spectral line shapes are extremely dependent on the rates of
motion as well as the ordering in the system. Therefore, these slow motional spectra
allow for the extraction of molecular dynamical parameters. The different motional

regimes as well as the spectra can be seen in Figure 1-2.

1.1.1. Slow motions and the Stochastic Liouville Equation

The complex line shapes in the slow motional range are difficult to interpret and can be
understood by solving the Stochastic Liouville equation (SLE). Freed and coworkers
have first applied the SLE to calculate the ESR line shapes.” The SLE couples the

quantum mechanical spin operator to the classical diffusion operator (Ig).

0p(0, 1)

P —i[H,p(2,0)] - L (0, 1) 1111

where p{Q,t) is the density operator that describes the sub-ensembles of spins at the
orientation given by Euler angles (Q). Note this representation of p contains the
probability distribution, P(€2, t), for the orientation. The standard quantum spin density
operator can be obtained by averaging over all the orientations, p(t) = [ p(€,t)dQ,
and the probability distribution for each orientation can be obtained by taking a trace

over each orientation, P(Q,t) = Tr[p(Q,t)].>°



1.1.2.SLE in Anisotropic media

The diffusion of spin probes attached to biomolecules such as proteins or lipids is
typically anisotropic. In these cases, equilibrium distribution (P, (£2) ) can be given by

the orientational potential energy, U(€2), such that

U

) 1-1V
[e ®TdQ

Peq Q) =

where kg is the Boltzmann constant and T is the temperature. The diffusion operator

then has the form:

VvV
FQ=[VQ——]-R-[VQ—— Ly

This is the symmetrized form of the diffusion operator where R is the rotation diffusion
tensor, with more details available in reference.® The orientational potential can be

expressed as

- L oL
U(Q) = —kgT ; Ca,x O () 1-VI

Where Dk, (Q) are the Wigner rotation elements and c,f,,,K are the corresponding

coefficients. The ordering in the system can then be expressed as



So = (Dgg) = (- (3cos?6 — 1)) 1-vil
and
S, = (Dé’zz) + Dé,z_)z = (\/é sin? 0 cos 2¢)
1-VIII

The description is still simplistic, as probes attached to biomolecules have complex
motional modes. For the example of a spin label attached to a protein, we can describe
the following motional modes: (1) the global tumbling of the protein in solution, (2) the
side chain fluctuations of the residues around an average orientation, and (3) a rapid
reorientation of the spin probe with respect to the sidechain (as typically the probes are
attached to the proteins by a flexible linker). More details of protein dynamics have
been reviewed by Liang and Freed.’
However, not all the modes can be completely separated; in most cases, we can only
observe a composite of motions. In general, we can define global/director motion
(macroscopic) and composite of internal motions (microscopic). If the macroscopic
motion is very slow then it appears frozen out (or rigid), then we can define only the
microscopic order & diffusion and average over all the random macroscopic
orientations. This is known as the Microscopic Order Macroscopic Disorder (MOMD)
model.® If there is slow reorientation or tumbling of the macroscopic system, then we
can specifically introduce the global motion and calculate the ESR spectra using the

Slowly Relaxing Local Structure (SRLS) model.’
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Figure 1-3: Different frames of reference used to study the dynamic and structural
properties of our system. The molecular frame is fixed with respect to the molecule while
the experiments are carried out in the lab frame.

This can be better understood in terms of the various frames of reference (Figure 1-3)
for the experiment: (1) The Lab Frame (LF) is defined with respect to the external
magnetic field i.e., the direction of the magnetic field is along the z-axis, (2) the director
frame (DF), which is obtained from the LF by a set of transformation by the Euler
Angles ¥, _,p, (3) the molecular frame (MF) is fixed with respect to the molecule and
obtained by the transformation Qp_,,,. In MOMD, the ¥, _,, Euler angles are “frozen,”
i.e., time-independent and usually randomly oriented. In SRLS, they are time-dependent
due to the slower motion of the larger body.

For spin labeled lipid molecules, the reference frames can be defined as the following:
(1) the laboratory frame (X;, Y;, Z;), (2) the local director frame (X4, Y;, Z4) representing

the bilayer-orienting potential frame (Figure 1-4); (3) the molecular frame (X, Yz, ZR)

in which the rotational diffusion tensor of the spin-label is diagonal; and (4) the



magnetic tensor frame (X,,, Y, Zn) in which the g and hyperfine (A) tensors are
diagonal (typically for nitroxide molecules, the principal axes for the g-tensor and A-
tensor frames are almost parallel®). The rotation parameters obtained from the fit (R,
and R ) are the principal values of an axially symmetric rotational diffusion tensor for
the nitroxide molecule attached to the acyl chain of the lipid molecule. The order
parameter, So, is a measure of the alignment of the molecular axis (Zr) with respect to
the local director axis (Zq), while S» is the extent of preferential alignment of the other

molecular axis (Xr vs Yr) with respect to the director axis (Zq).!
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Figure 1-4: The orientation of the spin label in the lipid membranes along with the
orientation of the molecular frame (Zr). Figure is modified from Costa-Filho et al.
(2003)."



1.1.2.1. Multifrequency study: Separating global motion from local motion

A multifrequency approach, using low and high frequency ESR (HF-ESR) is essential
to achieve decomposition of the complex dynamic (global vs local) modes affecting the
spin label at each site. High frequency ESR provides greater g-tensor resolution,
because the electron spin Zeeman interaction term becomes dominant in the
Hamiltonian at very high frequencies (~200 GHz); whereas, the A-tensor components
can be more precisely measured from ESR spectra at low frequencies (~9 GHz). As the
orientation-dependent part of the spin-Hamiltonian (H;(Q)), c.f. Equation 1-II)
increases in magnitude with increasing frequency, HF-ESR spectra appears to collect a
“faster snapshot” of the dynamics. ESR at higher frequencies are therefore more
sensitive to faster dynamics but loses sensitivity to slower motional dynamics, i.e.,
generally the slow overall tumbling (or global) motion is almost completely frozen out.
While, low frequency ESR offers a “slower snapshot” of motion where the faster
internal motions are partially or entirely averaged out. So low frequency ESR has
increased sensitivity to the slower motional rates. Therefore, multifrequency ESR
spectroscopy enables one to separate various motional modes in a biomolecule

(protein/lipid) according to their time scales (Figure 1-5).



Slow snapshot

R La a ol 4 el L A
3260 328%0 3300 3320 3340 3360 33RO
B (Gauss)

e Fast snapshot N
77N // T \
A N _,__,/ \ 131R1
»
L \ >
n ol o, /
n tema] 72R1
K89 890 xfu‘ Aﬂ"): 8.93 504 598
B (Gauss) o'

Figure 1-5: A schematic showing the ESR spectral change with frequency. 9 GHz
Spectroscopy (top right) is sensitive to both global and local motion while 250 GHz
Spectroscopy (bottom right) is only sensitive to the faster local motion (with the global
motion is frozen out ).%1%13

For example, multifrequency ESR was used to understand the complex dynamics of T4
Lysozyme spin labeled at various residues.'* In this study, cw-ESR spectra were
measured at four different frequencies (9, 95, 170 and 240 GHz). At 240 GHz, the slow
overall tumbling of the protein was completely frozen out and only sensitive to the fast
internal modes. At 9 GHz, the ESR spectra were sensitive to the slow global dynamics.
The SRLS model was used to simultaneously fit the multifrequency data to obtain both
the global dynamics as well as the fast internal motions of spin-labeled T4-Lyzosyme.

Lou and coworkers have also used two frequencies (9 & 250 GHz cw-ESR) to study the
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dynamics of lipid membranes. This study also used the SRLS model to identify the rates

of global motion. '

1.1.2.2. Two Dimensional Electron Spin Resonance

Pulsed ESR techniques especially two-dimensional techniques such as two-dimensional
electron-electron resonance (2D-ELDOR) improves the spectral resolution by providing
an additional spectral dimension. 2D-ELDOR studies decouple the homogeneous
broadening (HB) from the inhomogeneous broadening (IB) thereby providing varied
information in the different spectral dimensions. HB provides insight into molecular
motions while IB provides information about the local structure and ordering. 2D-
ELDOR spectra also contain cross-peaks that reports on the translational diffusion of
the spin probes, nuclear spin relaxation, as well as exchange processes.® The specifics

of the 2D-ELDOR technique are covered in Chapter 2.

1.2. Membranes: Phase Behavior and ESR

1.2.1. Membrane Phase Behavior

Cell membranes, made up of lipid and protein molecules, act as a hydrophobic barrier
(~30A) that protects the cell. One of the functions of the cell membrane is to act as a
semipermeable barrier that can selectively allow/transport specific ions and organic
molecules (addressed further in Chapter 2). In addition to this, the cell membrane has

many other physiological roles such as signaling and adhesion (addressed in Chapters 4
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and 5). To achieve this varied functionality and specificity it is vital for the cell
membrane to have a high level of organization. Singer and Nicholson, first proposed the
fluid mosaic model (1972) for the organization of the cell.'!® This model describes the
membrane as a two dimensional mosaic containing lipids, proteins and other
components (e.g. carbohydrates, cholesterol), where all the components have fluid-like
mobility. This enhanced mobility of the lipid membrane allows the membrane
components to interact with each other. This model even though relatively simple
explains a large number of membrane functions. However other studies suggested that
protein and lipid motions are restricted to smaller sub regions or domains (popularly
referred to as rafts) of the cell membrane, leading to the conclusion that the membrane
is compartmentalized.!” Numerous studies have now shown the presence of coexisting
liquid ordered (L,) and liquid disordered (L4) domains in cell membranes.'®>* However
questions remain about the size and stability of these domains. The current
understanding is that these domains are submicroscopic (or nanoscopic). Further, it is
still not clear if these domains are in thermodynamic equilibrium or in a kinetic non-
equilibrium phase.?*?’

Table 1-1: The translational diffusion rates and the order parameter for the different
phases ?

Phase Translational Diffusion Order Parameters
(Dr) (8%)
Liquid Disordered (La) 10 cm?/s 0.0-0.2
or crystalline (L)
Liquid Ordered (Lo) 10 cm?/s 0.2-0.9
Gel (Pp, Lp) 10" em?/s 0.2-0.9
*measured by NMR

12



The nature and composition of these ordered and disordered domains are quite different.
Both these phases have similar fluidity (i.e., translational diffusion rates) but the L,
phase has significantly higher order than the disordered phase (c.f. Table 1-1). The lipid
constituents of these phases are also different; the ordered phase generally has higher
amounts of high melting lipids (e.g. sphingolipids) and cholesterol while the disordered
phase is made up of predominantly low melting lipids. Cholesterol plays a major role in
the formation of an ordered phase, as it occupies the space between two phosphocholine
or sphingomyelin molecules.?® The effect of cholesterol depletion on membrane phase
behavior is discussed further in Chapter 4. Figure 1-6 below shows the different phases
and their corresponding motion/order parameters. The gel phase (Lp), which is not
generally found in natural biological membranes, has significantly slower motional rates

and higher order.

Liquid-crystalline,
liquid-disordered
‘f de i le]

S=low
D= Fast (-1 pm? s7)

Solid gel
5, {or Ly)

S = High
D, = Slow (10-2 pm? s7)

ﬁmﬁ Liquid-ordered,
‘raft’
,\_ ‘ﬂ (LCJ
%’ S =High
D, = Fast (-1 um? 57

Figure 1-6: The diﬁ’erent phases in the lipid membranes and their associated
motional/order parameters. Figure is modified from van Meer et al. (2008)%’

%
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Natural membranes have more than 1000 lipid constituents and consist of two leaflets,
(1) the inner (towards the cytoplasm) and (ii) the outer (exposed to the cell exterior)
leaflet. Natural membranes are asymmetric with the outer leaflets richer in
phosphatidylcholines (PC), cholesterol (Chol) and sphingolipids while the inner leaflets
consist mainly of phosphatidylethanolamine (PE), phosphatidylserine (PS) and
phosphatidylinositol (PI).? These natural membranes are extremely complex and
therefore difficult to study. This has led to the development of model systems made up
of select lipid and protein constituents where the specific phase behavior (of the
membrane) can be carefully controlled to exhibit phase behavior to similar natural
membranes. This allows for developing studies for looking at specific interactions, such
as the phase behavior changes due to lipid-lipid and lipid-protein interactions. It is
important to note that a large number of model membrane studies have focused on using
symmetric bilayers, as these are relatively easy to prepare.

As mentioned earlier, high melting lipids and cholesterol prefer the ordered phase while
the low melting lipids prefer the disordered phase. This allows for development of a
model membrane system consisting of three classes of lipid, (a) high melting (high Ty,)
lipid, (b) low melting (low Tm) lipid, and (c) cholesterol. Figure 1-7 shows the phase
diagram for one such system, DPPC/DLPC/Chol, where DPPC is high melting lipid
while DLPC is the low melting lipid. Recent studies have extended it to study the phase

behavior of ternary lipid mixtures and is discussed further in Chapter 3.
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Figure 1-7: Ternary phase diagram for DPPC/DLPC/Chol at 24 °C. 1°3° L, corresponds
to the Lq phase and Lg corresponds to the gel phase. High DLPC concentration and low

cholesterol concentration (bottom left), the L, phase is observed while high DPPC and

cholesterol concentrations the Lo phase is observed. Figure is modified from Feigenson
et al. (2001)%°.

1.2.1.1. Protein and Lipid interactions in the Membrane

The interactions of lipids with proteins have been of major interest for the biomedical
community as it plays a vital role in many cellular functions.*'* Two major types of
proteins interact with cellular membranes: (a) peripheral and (b) integral membrane
proteins. The peripheral membrane proteins interact only temporarily with the cell
membranes. Typically, these proteins are bound to the polar head groups of the lipid
molecules and/or interact with the integral membrane proteins. Integral membrane
proteins (IMP) are directly embedded in the lipid membrane such that their hydrophobic
residues are buried in the lipid bilayer. IMP’s like FceRI (discussed further in Chapter
4) act as surface receptors for cellular signaling processes. Although much is known
about the lipid phase behavior, few studies address the interface of lipids and proteins

especially the role of boundary lipids (in close proximity to the proteins) versus the bulk
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lipids.>**° Further, the effect of protein-protein interactions leading to changes in

membrane phase behavior are also poorly understood.

1.2.2. ESR studies
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Figure 1-8: The cw-ESR spectra of 16-PC in the L, phase (left) and the La phase (right)
observed at 9 GHz. This shows the sensitivity of low frequency ESR to distinguish
between these two phases.

Electron spin resonance (ESR) spectroscopy is an important technique to probe
membrane phase behavior.!*63¢3% ESR offers unique insights into membrane behavior,
as the timescale of spin labeled ESR is comparable to the lipid diffusion rate in fluid
lipid bilayers® (c.f. Figure 1-1). Further, ESR is sensitive to the extent of ordering in the
membrane. Figure 1-8 shows the differences in the L, and Lq spectra as observed by 9
GHz cw-ESR. The differences in L, and Lg spectra are better resolved at higher
frequencies (also addressed in Chapter 3) and using 2D-ELDOR spectroscopy (Figure

1-9).3%4% ESR typically utilizes spin labeled lipids that are membrane constituent

phospholipids labeled at different positions with a small nitroxide moiety. These spin
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labels (e.g. 5-PC, 16-PC, cholestane) can help monitor membrane properties at different
immersion depths.

Model membranes have been studied extensively using both multifrequency cw-ESR as
well as two-dimensional ESR spectroscopy. These studies have helped elucidate the
hydration and the molecular interaction in the cell membranes.*! Further, the

42,43

permeability of small molecules (oxygen*>* and other small molecules***), polarity

4647 electrostatics and membrane-ion interactions*®*° have also been observed.

profiles,
ESR studies on ternary lipid mixtures have also helped understand the phase behavior
of coexisting L, and L4 domains and have been a vital step in making these model
membrane studies more physiologically relevant.!%!%°->2 The importance of cholesterol
in the formation of the liquid ordered phase has also been studied.!'?® Cw-ESR>*-** as
well as 2D-ELDOR?? spectroscopy have been used to characterize the boundary lipids
in the near vicinity of the transmembrane peptide, gramicidin A’ (GA). It has been
shown that these boundary lipids have greater order and slower motional rates than the
bulk lipids. Further, ESR has been used to probe the interactions of fusion peptides with
cell membranes. These studies showed that the membrane ordering increased
throughout the membrane due to the fusion process. Furthermore, this ordering was
dependent on the cholesterol concentration with greater ordering effects seen in

cholesterol rich membrane.>>*® The ordering effects on a membrane is enhanced when

the fusion peptides interact with the viral transmembrane domain.>’
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Figure 1-9: 2D-ELDOR experimental spectra of 16-PC molecule in (a) La (Liquid
Disordered), (b) L, (Liquid Ordered), and (c) gel phases in the magnitude mode with
three different mixing times. Figure modified from Chiang et al (2007).%
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Cw-ESR has been used to study plasma membrane vesicles (PMV’s)*! and live cells'’
to show coexisting Lo and Lq domains. The studies showed that these natural membranes
exhibited predominately L, phase behavior. Further, 2D-ELDOR spectroscopy was
used to study the crosslinking of IgE- FceRI receptors in PMVs and it was shown that
crosslinking of these receptors lead to an increase in the L4 behavior of the cell
membrane.?’ These studies show the utility of using ESR spectroscopy to study

biological membranes especially to probe the lipid and protein interactions.

18



1.3. Pulsed Dipolar ESR and Distance Measurements

B,

.0

-

1

Figure 1-10: The electron spin dipole-dipole interaction between two spins (S4 and Sp)
connected through space by the vector (Ras). In DEER, the A-spins (S4) are probed
while the B-spins (Sp) are inverted by the pump pulses.

Pulsed dipolar ESR spectroscopy (PDS) has become a helpful tool for the measurement
of nanometer range distances in biological systems.>®®! Currently, PDS has been used
to study 10-100 A distances in a range of biological macromolecules (e.g. membrane
proteins, RNA, DNA). PDS utilizes the weak dipolar interactions between two spin
probes (Sa; Sp) attached to a biomolecule to identify distance distributions between the
biomolecules. Two spin probes can interact weakly through dipolar interactions (long
range) or strongly through Heisenberg spin exchange (short range). These spin
exchange interactions can be used to study translational dynamics in the fluid state as
will be seen in Chapter 2. In the frozen state, the dipolar interactions can be used to
identify distance distributions.! The electron spin dipole-dipole interactions can be

expressed as (in angular frequency units):®?

19
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Haa = 0a(3005* 6 = 1) [S1,5;, — 7 (S5 +5759)

2h . : :
where w,; = 2nv,; = )/:_3 , h is the reduced Planck’s constant, ye is the gyromagnetic

ratio of the electronic spin, r is the distance between the dipoles (Rag in Figure 1-10),
and 0 is angle between the main magnetic field (Bo) and the vector R—A;. S1252, 1s known
as the secular term while S;—rSZ; is known as the pseudo secular term. Typically, for
distances (Ri2) greater than 20A the pseudo secular terms are not too important for
interacting nitroxides. For these larger distances and weaker dipolar couplings, pulsed
dipolar ESR spectroscopy techniques became very important to obtain accurate distance
information.

Pulsed Dipolar ESR spectroscopy is based on detecting spin echoes wherein the specific
dipolar and exchange interactions can be separated out from other interactions such as
spin relaxation by a utilizing an appropriate pulse sequence along with corresponding
phase cycling. For more details refer to the reviews about Pulse Dipolar Spectroscopy
by Borbat and Freed.®®%? One commonly used PDS technique is the four-pulse double
electron-electron resonance (four-pulse DEER®*%%) and is discussed in detail below.
There are two other important PDS techniques, (a) six-pulse Double Quantum

Coherence®® and (b) five-pulse DEER®’, that are not discussed here.
p
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frequency wy) are the probe pulses while pulses acting on spins-B (at frequency wWs)
are the pump pulses. DEER is often also referred to as PELDOR.”®

In the four-pulse DEER sequence (Figure 1-11), the first two pulses acting on the A-
spins at a resonant frequency of ®, lead to the formation of the primary echo. The third
pumping pulse at a variable time (t) acting on B-spins at a resonant frequency of ®p
(sufficiently different from w.) leads to the inversion of the B-spins. Finally, a fourth
pulse acting on A-spins (resonant frequency, ®a.) leads to the formation of the refocused
echo. In a typical experiment, the times 11 and 72 are held constant while the time (t) is
varied. The inversion of the B-spins by the third pulse inverts the coupling of the B
spins to the A spins; this manifests itself as a modulation of the refocused echo
amplitude:

V() =V[1—p(1 —v(wad))] 1-X

Where V(t) is the echo amplitude after application of pump pulses at time t, Vo is the

echo amplitude in the absence of the pump pulse and p is the probability of B-spin flip.

This expression is obtained by averaging over all the different orientations of the Ri».
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The PDS time domain data (V(t)) obtained are then processed to obtain the distance

distribution. The details of the data processing is discussed in detail below.

1.3.1. PDS data processing

The DEER data obtained in the time domain contains a background signal that is
removed by linearly fitting the last few points of the data in a log plot. The pulsed dipolar
distance distribution can then be obtained from the time domain data in a variety of
ways. The relationship between the time domain data V(t) and the distance distribution

P(r) can be expressed by the Fredholm integral equation of the first kind:

[ee)

V() =V, f P(r) K (r,t)dr 1-XI
0 ]

where K(r,t) is known as the kernel and for an isotropic sample is expressed

as

1 1-XII
K(r,t) = f cos[wgt (1 —3u?)]du

0

As can be seen in Equation 1-XI, the distance distribution can be easily obtained by
inversion of Equation 1-XI. One common approach for the inverse reconstruction is the
Tikhonov Regularization (TIKR) method®®® which gives a relatively stable solution for
P(r). The TIKR based P(r) is typically further refined by the maximum entropy
method(MEM).”° The details of TIKR and MEM are not addressed here and are
discussed in detail by Chiang et al.®>’® The TIKR+MEM has been a valuable tool to
extract pulsed dipolar distance distributions from the time domain data. However, it has

been observed that this method for reconstruction is not artifact free’! and tends to
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exhibit oscillatory behavior in regions of high noise. Hence a new method based on
Singular Value Decomposition was developed by Srivastava and Freed’? and has been
utilized in Chapter 4. Figure 1-12 summarizes the entire process of PDS data collection

and processing to obtain the distance distribution.
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Figure 1-12: Pulsed Dipolar Spectroscopy from proteins to distance distributions. (a)
T4 Lysozyme along with the two spin labels marked as two dark circles, (b) and (c) are
model time domain PDS signal before and after background subtraction, (d) model PDS
distance distribution that is typically obtained after reconstruction.

1.3.2. Biological applications and site-directed spin-labeling

As most biomolecules do not contain a paramagnetic species, the development of site
directed spin labeling has enabled the introduction of a spin probes at specific locations

in the protein. A common method is the spin labeling of cysteine residues’ by MTSL
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or (1-Oxyl-2,2,5,5-tetramethylpyrroline-3- methyl)methanethiosulfonate. MTSL is a
highly reactive thiol specific spin label and binds strongly to the thiol group on the
cysteine side chain. This spin labeling technique therefore has made it relatively easy to
attach the spin probes to specific sites on the protein by site-directed mutagenesis.
Further, as the two protein sites (between which the distance is measured) can be labeled
by the same spin label (MTSL), spin labeling of proteins is relatively easy for PDS
measurements.

PDS is extremely useful in the measurement of long-range distances (10-100 A) that are
typically not accessible by other technique. This is especially the case for large
biomolecules or multiprotein complexes, as they cannot be measured by X-ray
crystallography or NMR but are accessible to PDS. For example in the case of bacterial
chemotaxis the coupling of CheA Histidine Kinase and the Coupling Protein CheW
plays a vital role. These CheA-CheW complex formed is much too large to be studied
by NMR, therefore PDS was used to obtain the structure of the complex formed.®!7*
The PDS distance distributions can be used to determine the stability of large protein
complexes formed as broader distance distributions typically correlate to more flexible
sidechain/residues. This was used to show that the HAMP domain of the bacterial
chemoreceptors is more destabilized when the receptor kinases are in the ON-state.”
One big advantage of PDS is that it can be studied in a variety of environments, such as
dilute buffers, lipid vesicles’®, nano-discs’’ or even in the native membranes.”® Further,
PDS requires only a small amount of sample 20-40 ul of micromolar to sub-micromolar
concentrations. In conclusion, PDS is an important technique that can be used to study

long-range distances in the proteins and large macromolecules. We will be using PDS

24



to study the aggregation of immunoglobulin-E (IgE) by trivalent antigen to observe inter

IgE distances in Chapter 4.
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CHAPTER 2 : INSIGHTS INTO NITROXIDE SPIN LABEL
PARTITIONING INTO LIPID MEMBRANES BY 95GHZ 2D-

ELDOR AT ROOM TEMPERATURES

2.1. Introduction

Biological membranes containing over 1000 native lipid species exhibit complex phase
behavior that is not always easy to characterize.>** Model membranes composed of
fewer components, e.g. one to four lipids and cholesterol helped to obtain crucial
insights into dynamics and structure of biological membranes.!%3%4%-5279.80 Membrane

systems have been successfully studied using cw-ESR spectroscopy!%!81%8!

among
other techniques. The emergence of high power pulse ESR spectrometers with their
ability to selectively detect or cancel out specific interactions help substantially to
increase spectral resolution. Currently, most high power pulse spectrometers for room
temperature liquid samples operate at lower ESR frequencies of 9/17 GHz.2%*%¥ At
lower frequencies (9 GHz), the ESR spectrum is dominated by the hyperfine interaction
while at high frequencies the ESR spectrum is dominated by the g-tensor anisotropy.
High-frequency ESR (HF-ESR) spectroscopy, g-resolved ESR spectroscopy, can
provide a further increase in spectral resolution. Therefore, high-power spectrometers
operating at higher frequencies (95GHz or greater) at biologically relevant temperatures
can provide further insights into membrane dynamics and structure.®%>%3 Further, the

HF-ESR’s great sensitivity to g-tensor anisotropies provides greater orientational

resolution for molecular dynamics studies. In addition, since HF-ESR provides a “faster
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snapshot” of molecular motion compared to lower frequencies, -5

using multiple ESR
frequencies gives insights into complex motional modes typical in biomolecules.'*!* In
this study, we show how High Field pulse ESR, in particular the two-dimensional
electron-electron double resonance (2D- ELDOR) technique, can provide unique

insights into the behavior of biological membranes.3°

2.1.1.Two-dimensional ESR spectroscopy: 2D-ELDOR

Two-dimensional techniques in their various forms have gained widespread use in

magnetic resonance spectroscopy. For example, the most common technique used in

NMR, COSY (Correlation Spectroscopy), involves the use of a two-pulse sequence (g —

t, — g — t,). This convenient NMR technique, allowing successful separation of the

scalar interactions has not been widely used in ESR. Two-dimensional Electron-

Electron Double Resonance (2D-ELDOR) that incorporates a third g pulse, analogous

to 2D-Exchange NMR is extremely useful in ESR as it helps to understand the

magnetization transfer between the different hyperfine lines of the ESR spectra.

This technique involves three % pulses (g —t; — % — Ty — % — t,) as shown in Figure

2-1. The periods after the first & second pulses are known as the evolution (t1) and
mixing (Tm) stages respectively. The data is collected during the detection time (t2); a
standard 2D-ELDOR measurement involves stepping out the evolution (t) period and
recording the signal during the detection time (t2) while holding the mixing time

constant (Tm). Experimental data collection cannot be commenced immediately after
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the third pulse; this time delay after the third pulse is known as the ‘dead time’ of the
spectrometer. The dead time can be attributed to instrumental factors. Our recent
developments that can help alleviate the dead time limitations will be discussed

elsewhere.’!

deadtime
/2 /2 w2 FID @ function (t;, t,, Tpy)
t, Tm \ ﬂ/
R | A §
— «— — > i fana
Evolution Mixing I t,
>
Detection
Sc_
+1 \
0 — /! .
-1 ) S
Sc,

Figure 2-1: A standard three pulse two-dimensional Electron-Electron Double
Resonance (2D-ELDOR) experiment along with the coherence pathway. All the spectra
shown in this study corresponds to the Sc- pathway.

The advantage of using pulsed ESR, in particular, two-dimensional techniques is not
only in increasing resolution but also in separating the different spin interactions using
varied pulse sequences and phase cycling methods. In a standard 2D-ELDOR
experiment auto-peaks are observed along the diagonal (f1 = f2) while cross peaks are
observed off the diagonal. The auto-peaks are sensitive to the motional dynamics while
the cross peaks being mixing time-dependent give us additional information about
dynamic effects of inter-spin interactions such as spin exchange and electron nuclear

dipolar (END) interaction.!®#-%° 2D-ELDOR auto peaks have been used to study the

phase behavior of membrane systems e.g. DPPC/Chol system,*’ the boundary lipids
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surrounding the transmembrane peptide Gramicidin-A, and the crosslinking of IgE-
FceRI receptors on the cell membrane surface.!%?%** The off-diagonal peaks (cross
peaks) in 2D-ELDOR spectra measure the rate of magnetization transfer by spin
relaxation or exchange processes during the mixing time (Tm) period. Their intensity
and ratio are affected by Heisenberg Exchange (HE) and Electron-Nuclear Dipolar
(END) interactions,®” which is discussed in detail later.

Further, the 2D-ELDOR analysis can be used to measure the relaxation rates (T and
T,), a great advantage over cw-ESR based methods such as cw-saturation. The T
information can be obtained by carrying out a series of 2D-ELDOR experiments by
varying the mixing time and observing the change in integrated intensity with the
mixing time (Tm). Further, the 2D-ELDOR line shape analysis can give information

about the T relaxation times.

n/2 n/2 nj2 SpinEchod fU? (ty, t, o)
t1 Tm tl
Evolution Mixing t,

Detection

Figure 2-2: The three pulse 2D-ELDOR experiment in the Spin Echo Correlation
Spectroscopy (SECSY) mode. Note, the only difference between the standard and
SECSY modes is that the data accumulation starts only after time t; of the third pulse.

To obtain the T> information, first the phase distortions introduced to the 2D-ELDOR
spectra by experimental artifacts (dead time and pulse imperfections) need to be

corrected. Second, it becomes important to isolate only the homogenously broadened
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(HB) part of the 2D-ELDOR spectra. A slice of the 2D-ELDOR spectrum along the
diagonal (fi=f2) gives us an approximation of the cw-ESR spectrum that is largely
inhomogenously broadened (IB), while in the perpendicular direction to the diagonal
the linewidths of the auto peaks are reduced by an echo-like cancellation to give the
homogenously broadened line shapes (HB), directly providing the T> information. For
this purpose it is very convenient to observe 2D-ELDOR spectra in the SECSY mode
(Figure 2-2), where the IB is observed along the f> dimension and HB along the f;
dimension.”®>? The SECSY mode is obtained by performing a shearing
transformation of the 2D-ELDOR data set, i.e., replacing to by (ti+ t2). This

transformation causes the auto peaks to align parallel to the f> axis as seen in Figure 2-3.
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Figure 2-3: The 95 GHz 2D-ELDOR spectrum of 0.5mM TEMPO in water at 17 °C, and
Tm = 50ns. (a) Standard 2D-ELDOR experiment (b) 2D-ELDOR experiment displayed
in the SECSY mode.
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2.2.Features of 2D-ELDOR spectroscopy

2.2.1.Spin-Lattice Relaxation (T1)

In a standard three-pulse 2D-ELDOR experiment, during the mixing time (Tm) i.e., the
time between the second and third n/2 pulse, the spins aligned along the negative z-axis
are considered. Phase cycling is used to extract the coherence pathway for spins that
reside along the negative z-axis between the second and third pulses. Hence, during that
time, the spin-lattice relaxation (reported by T1) is the primary source of relaxation. The
decay of the 2D-ELDOR signal (Figure 2-4) with respect to the mixing times has a time

constant corresponding to the spin-lattice relaxation (T1) time.®
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Figure 2-4: T1 measurements by 2D-ELDOR spectroscopy. The rate of decay of signal
intensity with the mixing time (T,) gives us direct information about the T relaxation
rates.
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2.2.2.Pure Absorption 2D-ELDOR spectra and Spin-Spin Relaxation (T>)

As stated earlier, the 2D-ELDOR experiment is subject to phase distortions that need to
be avoided or corrected. An approach commonly used is to present the data in the
magnitude mode, where the phase distortions are not relevant at the sacrifice of spectral
resolution; this leads to the reporting of the T>* (the effective spin dephasing time) from
the line widths. As the T>* values are shorter than T», the magnitude mode spectra are
typically broader. However, the most rigorous approach is to correct for these phase
distortions in order to observe the pure absorption 2D-ELDOR spectra. In the pure
absorption spectra, the line widths directly reflect the T> relaxation times. To extract the
T> values from the 2D-ELDOR spectrum, the signal is observed in the SECSY mode
where the IB and the HB linewidths are clearly separated. As noted earlier, the HB is
displayed along the f; axis while the IB is shown along the f> axis. The full width at half

maximum (w: ) along the fi axis, gives us information about the T> relaxation times, as
2

they are related to each other by Equation 2-1.

2 1
T2 = — =
w1 T *xV1 2-1

2 2

The T> and the FWHM are inversely related, i.e. the broader the ESR line

(corresponding to larger FWHM), the smaller is the T relaxation time.

2.2.3.Cross peaks and Exchange

In 2D-ELDOR in addition to the auto peaks, important dynamical information can be

obtained from the development of cross peaks (off diagonal). There are many different
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relaxation pathways that are responsible for cross peak development. In a three-pulse
2D-ELDOR experiment, during the evolution time (t; after the first pulse) spins are
allowed to precess at their natural frequencies in the transverse plane. During the
mixing time (Tw) after the second pulse, half the spins are allowed to exchange/interact
in the longitudinal plane (i.e., aligned along the z-axis) leading to the development of
the cross peaks. The spins are then transferred into the transverse plane by the third
pulse and the spins are detected during the detection period (t2).** Spins that precess at
the same frequencies during both the evolution and detection period lead to the
development of auto peaks along the diagonal. However, electron spins that either
exchange or engage in nuclear spin flips during the mixing time can yield different
resonant frequencies in the evolution and detection periods, leading to the development
of cross peaks. Therefore, the intensities of the cross peaks are directly dependent on
the mixing time, i.e., the larger the mixing time the greater is the intensity of the cross
peaks relative to the auto-peaks. There is, however, a natural limitation on the maximum
mixing time that can be used in a 2D-ELDOR experiment, which is dependent on the
Ti of the sample, e.g. after Tm =3-5 x T the signal decays by a factor of 20-150 and
often becomes too weak to be analyzed. In the case of nitroxides, cross peaks typically
develop by cross relaxation or “mixing” between the different nuclear spin states during
the mixing-time period (Figure 2-5and Figure 2-15 in the supplement). In this study, we
address three different cross peak development mechanisms — (a) Heisenberg Exchange
(HE), (b) Electron-Nuclear Dipolar Interaction (END), and (c) Chemical or Physical

Exchange between phases.
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Figure 2-5: The 95GHz 2D-ELDOR spectra of "’ N-TEMPONE and '*N-TEMPONE in
water at 17°C at T = 400 ns. Cross peaks observed between the ("’ N-"*N)TEMPONE
is solely due to Heisenberg Exchange, while the cross peaks observed between *N-"*N
TEMPONE and N->’N TEMPONE is due to both Heisenberg Exchange and END
interactions. However, in this concentration limit, the Heisenberg Exchange dominates
the END interactions. Note: '*N, I=1(three peaks due to hyperfine interaction) while
BN, I=1/2 (two peaks due to hyperfine interaction,).

2.2.3.1.Mechanisms for developing cross peaks in 2D-ELDOR spectroscopy:

Heisenberg Exchange (HE) %°°: Heisenberg Exchange is a form of spin-spin
exchange (JS1.S,, where S; and S are the exchanging electron spins) arising due to
collisions between the spin bearing molecules. In the case of nitroxides, any successful
Heisenberg exchange has a 2/3 probability of a change in nuclear spin state. This is
easily understood by the fact that each collision leads to scrambling of all the nuclear
spin states, so the m;= 0, £1 states result with equal (1/3) probability. Therefore, in a
2D-ELDOR experiment, this leads to cross peaks of equal intensity as the selection rules
are Ami= =+ 0, 1, 2; mg,, = mg, + mg,(msis the electron spin quantum number) in the
case of a *N-O. The Heisenberg exchange rate in the case of negligible nuclear spin
relaxation can determined by the ratio of the auto peaks and cross peaks.®® The effects

of Heisenberg Exchange that lead to the development of cross peaks can be simulated
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with our suite of non-linear least squares fitting programs.®>*® Heisenberg Exchange
also manifests itself in the form of line broadening (Heisenberg Uncertainty lifetime
broadening) of the cw-ESR spectra due to the collision of radical pairs. Note, the
difference between Heisenberg Exchange Broadening and Collisional broadening by
paramagnetic relaxants such as nickel and oxygen (discussed further) as Heisenberg
Exchange is between identical spins. Additionally, in a 2D-ELDOR experiment,
Heisenberg Exchange will lead to the development of cross peaks while other collisional
broadening will not lead to cross peaks. Finally, Heisenberg Exchange (HE) is both
concentration and temperature dependent as is any bi-molecular reaction even though

no activation energy is involved in Heisenberg Exchange.®’

Electron-Nuclear Dipolar Interaction (END): The END interaction is due to the
intramolecular hyperfine tensor interactions that couple the electronic and nuclear spin
states (i.e.A S,I;) and is therefore largely independent of ESR frequency. The END
mechanism leads to relaxation or mixing between the different nuclear spin states. In
the case of the '*N-O (nitroxide) the END mechanism, cross peaks arise due to the
following transitions: Am;= + 1, Ams = 0. There is a possibility that Am; = £ 2 cross
peaks are also observed but they much weaker since they involve a two-step nuclear
relaxation process.®>® The END mechanism is concentration independent but depends
on the viscosity of the solution,”® and hence is the dominant mechanism for cross peak
development at low concentrations and temperature. Similar to HE rates, the END
interaction rates (nuclear spin-flip rate, W) can be directly obtained by performing

global fits of 2D-ELDOR experiments at different mixing times. Gorcester et al.’% have
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derived simple expressions for measuring the END interaction rates by comparing the
ratios of the cross peaks to the auto peaks. END and HE can be easily differentiated by
these two features; first, the Am;== 1 and Am;== 2 cross peaks have the same intensity
for Heisenberg Exchange, while the Am;= + 1 peak is largely observed in the case of
the END mechanism (Figure 2-15 in the supplementary section). Also their line-
broadening effects are somewhat different. Furthermore, these two mechanisms have
differing temperature dependence, END decreases with increase in temperature while

HE increases.

Chemical and Physical Exchange®: Another mechanism that can lead to cross peak
development is exchange. In this pathway, the spin label/probe is capable of occupying
two or more sites having different g & A-tensors properties. During the mixing time of
a 2D-ELDOR experiment, the spin label exchanges between the different sites at a fast
enough rate that distinct cross peaks develop between the two sites which have different
resonant frequencies. In 2D-ELDOR, we can observe exchange dynamics in a timescale
range’ of atleast 0.1-10 ps™!, limited by the T; times of the nitroxides. Note, as there is
no change in electronic or nuclear spin states during exchange the following selection
rules apply for exchange: Ami= 0, Ams= 0. An example of exchange is proteins that
have two conformational states such that the probes experience different environments.
In the case of TEMPO partitioning between the lipid and aqueous phases, we have a
change in environment from lipid to water than can manifest itself in cross peaks due to

exchange. For two equally populated spin states, the relative intensities of the auto and
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cross peaks are related to the mixing time (Tm) and exchange rate (rex) by the following

equation:'®

Tm  _ 1-a(Tm)
e 27ex  1+aTm)  where a(T,,) =

Intensity of Cross Peaks

Average of Intensitie of Auto Peaks

The more complicated case of different population ratios is discussed later.

2.3.Experimental

2.3.1.Sample preparation

The solutions of 6-8 mg of DMPC in CHCI; were initially dried under a flow of gaseous
N, followed by an overnight evacuation to completely remove the organic solvents. To
this lipid, a 0.8 mM or 2 mM solution of TEMPO in water was added and hydrated at
50°C for 30 min with occasional vortexing to prepare multilamellar vesicles (MLV’s).
Samples were transferred to a centrifuge tube and pelleted using a tabletop centrifuge
for 25mins. The water phase above the lipid layer was carefully removed and the sample
was deoxygenated using multiple freeze-thaw-pump cycles. This removal of water
largely eliminates the bulk water phase but does not remove the interbilayer water, so
the lipid bilayer remains fully hydrated. Under argon atmosphere in a glove box the
samples were transferred into a concave well (etched with hydrofluoric acid) in one
quartz plate, covered with another quartz plate of smaller diameter and sealed using a
UV hardening Norland epoxy glue.'?! Air-saturated samples were prepared in the same
way outside the glove box; for oxygen-saturated samples, we used an inflatable glove

bag filled with oxygen and oxygen-saturated solutions.
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2.3.2.Instrumentation

This study was carried out using the ACERT 95 GHz high-power pulse spectrometer
that was designed for aqueous samples at physiological temperatures.®$2%* The details
of this custom spectrometer have been described earlier.®® In short, this spectrometer
is based on a quasioptical set-up that has fairly low power (~90mW) transmitter-receiver
(transceiver) that can be amplified by a ~1.2 kW extended interaction klystron (EIK)
amplifier to generate a few nanosecond 7/2 pulses. It uses a Fabry-Pérot resonator, with
a variable mesh assembly. Wire grid polarizers are used to obtain isolation between the
transmitted and reflected signals (after interaction with the sample). Built in phase
shifters allow for control of the phase of the incident pulse. This spectrometer can also
operate in the CW mode by bypassing the EIK and using the 90 Watt microwave
radiation generated by the transceiver. Recent improvements to the 95 GHz
spectrometer have provided a major step in enabling these experiment and are described

in more detail later (c.f. 2.7.1).

2.3.3.ESR measurements

The continuous wave ESR & 2D-ELDOR measurements were performed on the home-
built 95GHz pulsed & cw- ESR spectrometer,®®? with recent upgrades allowing for
shorter dead time and more precise pulse shaping. The 2D-ELDOR measurements were
collected with 64 (or 128) - 4ns t; steps and 1024 — 1 ns t; steps and a 32 step phase
cycle was used.” The duration of the n/2 pulses for the 2D-ELDOR sequence, before

each experiment, was determined from a plot of FID intensity vs. pulse length (Rabi
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oscillations). A typical value of 5ns corresponds to a B1 of ~18G which gives good
spectral coverage for a nitroxide radical in the fast motional regime (c.f. 2.7.2). The
measurements were carried out using a spectrometer dead time of ~30ns.® The data
collected from the spectrometer was processed using MATLAB® with custom data
processing functions. The 2D-ELDOR data was directly obtained by 2D-Fourier
Transform (2D-FT) of the time domain data, while in the case of the SECSY mode, a

shearing transform (t2— ti+t2) was applied in the time domain before the 2D-FT.

2.3.4.Nonlinear Least-Squares Analysis

The simulations of the 2D-ELDOR spectra in the frequency domain were performed
using the nonlinear least squares fitting program (NLSPMC and NLSPMC.ri) which are

available at http://acert.cornell.edu/index_files/acert resources.php. In the case of the

NLSPMC (magnitude mode) program, only the absolute magnitude of the complex
frequency domain data was input to perform the fitting, while for the NLSPMC.ri (full
Sc_ mode) program, both the real and imaginary parts of the frequency domain data
were input to perform the fitting. The fitting parameters and procedure for the magnitude
and full Sc_ mode have been described in detail earlier.”>*® This simulation program
helps us to obtain the ordering and motional parameters by performing a nonlinear least-
squares fit of the two dimensional spectra to the motional models based on the
Stochastic-Liouville equation.’®?>%%192 The hyperfine (hf) and g tensors needed for the

83,103

fits were obtained from references and modified slightly to obtain optimal fits. The

primary motional parameters obtained are the rotational diffusion constants, R, and R,
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which corresponds to the principal values of an axially symmetric rotational diffusion

tensor. In some cases, the motional parameter R is used instead; it is defined as R =

1L

1 2
<R|T X R} > along with the ratio of the rotational rates N = g. The fitting procedure

can also yield the ordering parameters (So and S>) but these parameters are not important
for this study as the motion of the small TEMPO molecule is nearly isotropic in both
the lipid (L) and the water phases and hardly affected by an orienting potential. In
addition to motional and ordering parameters, the full Sc- fit also provides the phase
corrections parameters (b1, b2, and a2) which are needed to correct for experimental
artefacts (such as the dead time or pulse imperfections).’”> The phase correction factors
help us to not only obtain “better” fit parameters but also help us obtain the pure
absorption 2D-ELDOR spectrum, which is valuable to obtain accurate T» relaxation

times.

2.3.5.Phase correction and extraction of pure absorption spectrum

The simplest way to obtain the pure absorption spectra is to set the phase factor values
to zero, i.e., a2, bl, b2 = 0 and simulate the time domain spectra using the accurate
motional and magnetic parameters.”’> The time domain data is then double Fourier
transformed (with only the real parts of the taken into consideration at each step) to

obtain the frequency domain data as shown in Equation 2-II.

S (w,, Ty, ;) = Re|FT, {Re[FT, {ScSECSY \ELDOR (¢ 7 ¢ )}|}] 21
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2.4.Partitioning between lipid and water

In this study, we report the advantages of using high-frequency pulsed ESR technique
to study membrane systems. We have analyzed in detail the ESR spectra of the spin
probe (2,2,6,6-Tetramethylpiperidin-1-yl) oxyl (TEMPO) that partitions between water
and lipid phases (Figure 2-6). We show how using 95 GHz ESR spectroscopy with
enhanced g-resolution helps to provide insights into this system.*!** We use the lipid
(DMPC - 1,2-dimyristoyl-sn-glycero-3-phosphocholine), with the gel to L, phase
transition close to room temperature (24.7 °C). More precisely DMPC undergoes a
phase pretransition from the Lg tilted gel phase to the P ripple gel phase around 14 °C.
DMPC then further undergoes a phase transition from the Pg ripple gel to L, phase at
close to 25 °C.'% Recent developments for our 95GHz 2D-ELDOR spectrometer
enabled studying this membrane system in detail. The partitioning of TEMPO and other
similar probes into membrane systems has been previously studied by cw-ESR
spectroscopy.*>104106-108 gmal nitroxide probes such as TEMPO partition between the
aqueous and hydrophobic phases. ESR can detect TEMPO in both the aqueous phase
and the hydrophobic core of lipid bilayers. The partition coefficient for TEMPO
between lipid (Ly) and water phase is ~10-12 while for the lipid (Pg) — water phase is
~2-3,1% which shows that TEMPO partitions favorably into the lipid phase (Lq and Pg)
when compared to the water phase. Different values of the g-factor and A-tensor of
TEMPO in the two different phases allows for good separation of the corresponding

ESR signals.
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Figure 2-6: (a) A schematic depicting our system, where the spin label (TEMPO) is
partitioning between the lipid and water phases, (b) the primary spin label used in the
study (TEMPO,).

2.5.Results

2.5.1.Lipid and Water phase at 95GHz
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Figure 2-7: The cw-ESR spectra of TEMPO partitioning between the water and lipid
phases (Lq at 37 °C and Pg at 17 °C). (a) 9 GHz cw-ESR; (b) 95 GHz cw-ESR (lipid
phase — broad, water phase — narrow). At 95GHz, the central peaks of the lipid and
water phase are separated by around ~6.96 G (or Av ~19.5 MHz).

TEMPO easily partitions into the lipid phase, with most spins located there as seen from

cw-ESR spectra. In the lipid phase, the motions of the spin label molecules are
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significantly restricted due to the steric and motional effects of the lipid environment.
This causes a broader spectrum of the spin label in the lipid phase compared to the water
phase. The extent of broadening depends on the temperature and the phase state (gel vs
L) of the lipid phases. At X-band, two components from water and lipid (gel and L)
phases are seen in the ESR spectrum but are not well resolved. High Field (95GHz) cw-
ESR spectroscopy helps us to better resolve these two components owing to the
differences in their respective g-factors; however, it is still difficult to obtain the spectra
of each of these two phases separately (Figure 2-7). Using high field two dimensional-
ESR techniques (HF-2D-ESR); i.e., 2D-ELDOR techniques we are able to completely
resolve the lipid (broad) and water (narrow) phase components (Figure 2-8), thus
combining the advantages of two-dimensional ESR with high field (g-resolved) ESR
spectroscopy.

Although a number of nitroxide derivatives can partition between the lipid and water
phases, the most appropriate choice for our experiments was TEMPO having three
spectral lines; the different local polarity in the two different phases causes a field shift
between them, with higher average g-factor value giso and lower hyperfine splitting
constant Ajs for the lipid-embedded nitroxide. In 2D-ELDOR, these two signals are
clearly observed at temperatures above 25 °C, which corresponds to TEMPO in the L
phase of the DMPC bilayer and the water phase. Below 25 °C, though, only a signal

from TEMPO molecules located in the water phase is detected.
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Figure 2-8: The 2D-ELDOR spectra of TEMPO partitioning in between the water and
lipid phase. Top: 95GHz 2D-ELDOR at 37°C, T»=50 ns and Bottom: 95GHz 2D-
ELDOR at 17°C, T,»=50 ns. The plots on the left are two-dimensional mesh plots while
those on the right are the corresponding contour plots. The contour plot (top-right)
shows that the water and lipid phase peaks are well resolved by 2D-ELDOR at 95 GHz.
Increasing the temperature from 10 to 37°C causes two abrupt changes in the ESR
spectrum. First, at ~14°C a conspicuous drop in the intensity of the water phase signal
occurs. This temperature approximately corresponds to the Lg- Pp pretransition for the
DMPC. In addition, the T; relaxation time of the water signal increases from 176 ns to

375 ns and cross-peaks between the hyperfine components of TEMPO substantially

reduce (c.f. Figure 2-9). All these changes are indicative of a decrease in the
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concentration of TEMPO in the water phase. At this temperature, the spin label
molecules located in the gel (lipid, Pg) phase cannot be detected by 2D-ELDOR
spectroscopy because of the current dead-time limitations, as the signal from the Pg
decay before it can be collected by the receiver. The first change indicates an increase
in TEMPO partitioning in the lipid phase upon L — Pg pretransition.!%

The second abrupt change occurs at the main phase transition (25°C) and manifests itself
as the emergence of the intense signal of TEMPO in the L, phase. The intensities of
these L, phase peaks is consistent with the fact that TEMPO preferentially partitions
into the lipid bilayer. This is also indicated by the emergence of cross peaks in the lipid
phase (Figure 2-9). Because of the restricted motion of TEMPO molecules in this more
viscous and ordered environment, one can see line broadening and a substantial
difference of the intensity of the lines corresponding to different hyperfine components

vs. TEMPO in water.
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Figure 2-9: The 2D-ELDOR (contour) plots for the partitioning of 0.8mM TEMPO
between water and DMPC measured with a mixing time (Tw) of 100 ns. The different
plots represent three different temperature values (a) T = 12°C (b)) T = 17°C (c) T =
37°C. Below the phase, pretransition (<14 °C), cross peaks are observed for the water
phase peaks while at 17°C these cross peaks are negligible. Further at 37°C, cross peaks
can be observed between the broader lipid phase peaks. This indicates that there is a
significant drop in concentration of TEMPO in the water phase at the phase
pretransition temperature of DMPC (~14 °C).

2.5.2.Motional Analysis

The two components of the spin label partitioning between the water and lipid phase
were simulated using the full Sc_ routine’*”® developed at ACERT to obtain the

dynamical parameters of the systems (Figure 2-10 and Figure 2-11). The results of the
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simulation are summarized in Table 2-1. They indicate that the rotational motion of the
spin label is reduced by a factor of 3 in the lipid (L) phase (1.2x10'°s™") when compared
to the water phase (3.3 x 10'%s™). Similar rotational diffusion rates have been obtained
from cw-ESR measurements. Cw-ESR also estimates that the motion of the TEMPO in
the gel (Pg) phase is about an order of magnitude slower than in the L, phase. In our
simulations, we were also able to obtain the rates for the Heisenberg Exchange and the
Electron-Nuclear Dipolar (END) mechanism. The END rate (2W,) was 0.4x10°s! in
the water phase and 0.3x10°s! in the lipid phase obtained from the development of cross
peaks; these values are consistent with earlier observed rates for similar probes in the
smectic phase of the liquid crystal S2.%5 The Heisenberg Exchange rate is proportional
to the collision rate of TEMPO molecules, which is dependent on the concentration and
the translational diffusion rate (W,, X crgmpo X Drempo)- At lower concentrations at
37 °C, the Heisenberg Exchange rate observed is negligible, i.e. the exchange rate is not
significant enough to affect the development of cross peaks in 2D-ELDOR. At ~0.8mM
TEMPO in water phase, the Heisenberg Exchange rate measured was ~0.8x10° s! for
both the water and lipid phases. As the concentration of the spin label in the lipid phase

104 it can be

is about an order of magnitude more than the spin label in the water phase,
readily determined that the translational diffusion (Dr) of the TEMPO molecule is about

an order of magnitude slower in the lipid phase. It is interesting to note

that RTEMPO (water) ~ 3 x RTEMPO (lipid)while DIEMPO (water) ~ 10 X

DTEMPO (lipid). The anisotropic membrane environment can explain this difference in
the rotational and the translational behaviors. For isotropic motion, both the rotational

and translational diffusion (Dr) are dependent mainly on the viscosity. If the TEMPO
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motion in both the phases (water and lipid) were isotropic then we would expect the Rpar
ratios to be similar to the Dr ratios. However, for anisotropic media like fluid
membranes, these ratios are dependent on the molecular size, orientation and
viscosity.!® TEMPO is a relatively small molecule that occupies the interstitial sites
between the lipid molecules and its rotational diffusion is not very restricted while the
translation diffusion is restricted to plane of the lipid membrane such that the lipid
molecules interfere with the motion and accounts for the slower Dt. Other estimates for
similarly sized molecules like ibuprofen also show that the translational diffusion is
about 10 times slower in membranes than in water.''°

A MOMD test fit of the lipid phase (L) spectra was carried out using a small amount
of ordering, but this did not improve the Full Sc- fit, hence only an isotropic fit is carried
out in this study. The rotational motion of TEMPO in the water and the lipid phase does
not change with the addition of nickel and oxygen and only depends on the temperature

(see below).
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Table 2-1: Full Sc- Simulation parameters for the spin label TEMPO in the different

phases. As the motion of the spin label is virtually isotropic the ratio of the motional
rates, N=1.

Simulation Parameters Water Phase Lipid Phase
Concentration 2mM 18+2mM
Temperature 17 °C 37°C
2= 2.0087 2= 2.0099
) gyy=2.0056 gyy=2.0056
G-tensor 0., =2.00224 2., =2.00224
aw=7.20 G T 2000
A-tensor ayy="7.10G ayy:35' 25 G
a,~374G S
R 33x10"s" 12x10"°s"
2W, (END Rate) 0.4x10° 57! 0.3x10% s!
Wex 0.8x10°s! 0.8x10%s™!
T, 200 ns 83 ns
A, 052G 0.80 G

Note 1: The spin label concentration in the lipid phase is estimated based on the
partition coefficient between the lipid and water phases.

Note 2: The g-tensor and A-tensor values reported were obtained from the reference —
Dzikovski and Freed (2012).%

Note 3: Tzeai: The residual T> refers to the broadening independent term of the
rotational modulation and g-tensor terms. The residual T> that induces additional
homogeneous broadening due to processes such as spin rotational relaxation are also
reported. These residual T values observed are consistent with values obtained earlier
for a similar spin label amido-TEMPO in water/glycerol solutions.®*

Note 4: The full Sc- phase factors are typically in the following range: bl and b2 ~ 0-6

ns, and a2 ~ -2 to 2 radians, these values are in a similar range to previously reported
values.”?
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Figure 2-10: The experimental (Exp) and simulated (Fit) 2D-ELDOR spectrum of
TEMPO in the water phase at 17°C, T, = 20ns. Both the real (Re) and Imaginary (Im)
parts of the spectrum are shown.
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Figure 2-11: The experimental (Exp) and simulated (Fit) 2D-ELDOR spectrum of
TEMPO in the lipid and water phase at 37°C, T,, = 20ns. Both the real (Re) and
Imaginary (Im) parts of the spectrum are shown.

2.5.3.Lipid partitioning: Dynamic Equilibrium & Exchange

For a system of exchange between two phases, it is possible to introduce a two-state
model, defined by the following parameters, the Larmor frequency (w1, ®2) of the
species in each of the phases, the population in each of the phases (p1, p2), and the rate

constants (ki, ko) for the interconversion of the species. These rate constants are for the

51



forward and backward phase changes (ki, k2). They give us how fast the system
responds to change (see expression below). Previous ESR and other studies have found
the partition coefficient of similar systems*>»!*!! (molecular partitioning between the
two phases) but none of these methods yield the rate of molecular exchange (defined by

the sum of the rate constants), k., = kq + k.

ki
TEMPO |,y =——— TEMPO pqie0us
k

2

m1 ®2

p1 p2

The difference in the Larmor frequency is Aw = |w; — w,|. Note: ki = 1/11 and ky =
1/t2 , where 11 and 12 are the lifetime of the species in each phase. In our case, the lipid
and water phase peaks are separated by ~7 G (for the central peaks) or 1.2x108 rad/s. In
the case of fast exchange (k., > Aw), we would observe only one narrow peak at the
average position of the two species. Since we observe well resolved water and lipid
phase peaks, with the water phase peaks having nearly identical shape and field position
to that of TEMPO in pure water alone, we conclude that in our case the exchange is
slow i.e., ko, < Aw. For a two state system, it is relatively straightforward to construct

and solve the Bloch Equations modified to include the effects of the exchange, as seen

below!''2.
_ _ _ I K 1. _
d [Mza)]: [MZ(U—MO(D _| Tt m@ 2 |[Mz(1>—Mo(1>]
de|M,(2)] | M,(2) - My(2) [ . L Jﬁz@)—mm
! ° T(2)
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where M* = M, £ i X M,
In the case of slow exchange, as a first approximation, the off-diagonal terms in the

modified Bloch equations can be ignored. Hence, it can be readily seen that the

exchange broadens the peaks i.e., linewidths change from ﬁ to {ﬁ + k;} and ﬁ to
2 2 2

{ﬁ + k,} for the first and second exchanging states respectively.'!>!!> Similarly, the
2

Ti relaxation in presence of exchange is enhanced by the exchange rate such that

the —— = —— + kq and ——

D) = 19 (1) ——+k,, where Tf*(i) and T(i) are the Ty

TY x(Z) ¢ (2)
relaxation times of the i™ species in the presence and absence of exchange respectively.

ky _ k;
kKitky  Kex’

Further, as the population and the exchange rates are simply related p; =

knowledge of one of the rate constants and the population ratios (via partition
coefficients) are enough to identify the exchange rates.

We prepare our samples by eliminating excess bulk water; therefore, most of the
observed water phase signal emerges from the interbilayer water layers. Comparing the
relaxation in this condition merely to a solution of TEMPO in water may not be a good
way to estimate the exchange rate from the increase in T, 1, since interbilayer water has
been shown to differ from the bulk phase.*! Therefore, we compare the linewidths and
the T1 of TEMPO in the water phase as the lipid molecules undergo the main phase

transition (at ~25 °C) from the Pg to L, phase to see the evidence for exchange. In the
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gel phase (Pp), the viscosity of the lipid phase is significantly increased compared to the
fluid (Lo) phase and therefore the translational diffusion of the TEMPO molecule is

reduced by at least an order of magnitude.'®

This should significantly reduce the
exchange rate between the lipid and water phase for the TEMPO molecule in the gel
phase (Pp). If 0.8mM TEMPO solution is used to prepare the sample, the T of the water
phase changes from 469 ns at 17 °C to 433 ns at 37 °C. If the exchange rate is slower at
17 °C, if the reduction in T; at 37°C can be attributed to the increase in the exchange
rate as the lipid phase undergoes a phase transition. The calculated exchange constant
(k2) for the water phase is 0.18x10° s or 0.18 us™ and the p; calculated from the
intensities of the peaks is 0.89. This gives us an exchange constant (kex) of 0.22 ps™.
This value should be taken as a lower estimate for exchange rate constant due to several
reasons. First, since we compare to 17 °C, a finite exchange rate at this temperature
needs to be added to our estimate to obtain the exchange constant at 37 °C. Second, as
the lipid phase undergoes a phase transition, there is almost a fivefold increase in the
TEMPO partition coefficient in the lipid phase;'** this will lead to TEMPO depletion in
the water phase. This decrease in TEMPO concentration could increase the T in the
water phase by lowering Heisenberg exchange; however, the observed decrease in T
indicates that relaxation enhancement from the exchange with the lipid phase
overwhelms this effect. This exchange process should also affect the linewidths (via
T>), but the change in linewidths for this sample is very small, less than 0.1 G in line
broadening.

Hence, even though the relaxation enhancement indicates the presence of exchange, it

does not allow for precise measurement of the exchange rate. For systems with slow
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exchange, 2D-Exchange Spectroscopy (2D-EXSY), the NMR analog of 2D-ELDOR,
has been the most successful method to study the exchange rate in the system.!'%%!!4
Therefore, 2D-ELDOR should be the most direct method to observe the dynamic
exchange of spin probes between two phases. In 2D-ELDOR, we observe the rate of
development of cross peaks between the spectral lines of the two species that undergo
exchange (i.e., TEMPO exchanging between the water and L, phase). The rate of
development of cross peaks between the two phases directly measures the rate of
exchange between the two phases.®*”> The time domain 2D-ELDOR spectrum can be

d92,100

EXPresse as:

SECLPOR(tlJ Tmi tZ) x z exp(_ﬂ'}:tz) X [exp(—L Tm)]jn X exp(ﬂ'ntl) MnO

jn
where L is the matrix described above in the modified Bloch equations for the
longitudinal relaxation and A’s are the complex eigenvalues of the relaxation operator.
The diagonal elements of L lead to the development of the auto peaks while the oft-
diagonal elements of this matrix lead to the development of cross peaks. After 2D-
Fourier Transformation along the t; and t> dimensions, we can obtain the intensities of

the auto and cross-peaks as a function of the mixing time and the magnetization

(Mno):IOO,IIS
Auto peaks:
1;1(0) [— (A — ki + L) e~ A+Tm 4 (A —ky + L) e‘A—Tm]
I (T ) _ 1 B ! Tl(]-) * ! Tl(l)
11\im/ — A+ — A
I5,(0) [— (A —k, + L) e~ A+Tm 4 (A —k, + L) e—A—Tm]
I (T ) _ 22 B 2 T1(2) * 2 T1(2)
22\Um) = A, — A
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Cross peaks:

11 (0)[(—ky)e M+ m — (—ky)e™A-Tm]
A, — A

I, (Tm) =

L (0)[(—ky)e ™+ m — (—k,)eA-Tm]
A, — A

IZl(Tm) =

Here A+ and A. are the eigenvalues of the L matrix such that,

A—l(k+1+k+1+(k k+1 1>2+4kk
SRR TCH TG 1) Rt AN 6O B ) 1

The easiest way to determine the exchange rate is by comparing the ratio of the auto

I . . .
peaks to cross peaks (11—1), as the above expressions are quite complicated.
12

In our experiments (Figure 2-12), we do not observe cross peaks for short mixing times
(Tmix < 400ns), as the 2D-ELDOR experimental time scales are shorter than the rate of
exchange. At long mixing times, the exchange cross peaks are visible. During the
mixing time (Tm), as the T occurs, a significant portion of the ESR spectrum is already
decayed. For example, for a lipid phase with a T; of about 384 ns, about 87% of the
signal intensity has decayed at the mixing time of 800 ns; this makes it more difficult to
observe cross peaks, which are lower in intensity than the auto peaks. In our case, k2 ~
8 x k1, Tm = 800 ns, at 37 °C, we obtain an exchange rate (kex) of 0.52 us™! which gives
us a mean exchange time of ~1.9 ps. In an ideal case, we should observe the gradual
development of cross peaks for a series of mixing times, but this was not possible due

to the relatively rapid T; relaxation and current sensitivity limitations.
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T,,=200 ns Lipid

Water

Figure 2-12: Development of exchange cross peaks with 2D-ELDOR. Top: 2D-ELDOR
Spectra of the 0.8mM TEMPO partitioning between the Lipid and Water phases at 37°C,
Tm = 200ns. Below: The central peaks of the 2D — ELDOR spectra are highlighted and
the cross peaks developed due to exchange are highlighted in red. Note: the m;= -1
peaks are the most intense and should in principle have the highest cross peaks,
however, these peaks are not well resolved due to the proximity of the lipid and water
phase peaks, while the m; = + 1 peaks are not intense enough to observe any cross peaks.
Hence only the m; = 0 peaks are shown and used in the analysis. For T, = 800 ns,
Intensities (in a.u.).: Lipid auto peak ~ 4.45 and cross peak intensity ~2.281.

We see that the exchange rate values obtained from 2D-ELDOR are larger than the
values obtained from T, since the direct measurement of cross peaks is free from the
artifacts mentioned above for the T1 method. However, these 2D-ELDOR values can

still give a lower estimate. As mentioned above our sample preparation method involves

intense centrifugation in order to completely remove bulk water and to obtain fully
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hydrated multilamelar vesicles containing only hydration and interbilayer water.
However, due to the complex nature of the multilamelar vesicles and the hydration
process, their phase may contain micro-inclusions of bulk water. These inclusions
would be less disperse than the interbilayer water and likely have a lower exchange rate
with the lipid phase than the interbilayer water. Consideration of the presence of this
slow exchanging bulk water will lower our estimates of the exchange rate.

Here we for the first time report a direct observation of exchange due to small molecule
partitioning between the lipid and water phase by ESR. Exchange has been routinely
studied by various NMR techniques, with the time scale observed by cross peak
development and relaxation enhancement spanning from milliseconds to nearly
seconds.!!® On the other end of the timescale, very fast exchange processes can be
studied by 2D infrared spectroscopy, with its ability to detect dynamics in the
picosecond regime defined by the short lifetimes of the excited vibrational states.!!’
Here we report the use of 2D-ELDOR ESR to detect and study exchange with

characteristic times in a range of nanoseconds to greater than microseconds, an

important timescale for a variety of biological processes.

2.5.4.Paramagnetic Relaxants

Relaxation enhancement of nitroxide spin labels by other paramagnetic compounds in
the membrane environment can provide important information about location and
functionality of various constituents in biomembranes. Paramagnetic relaxants such as

nickel selectively broaden the different components of our partitioning system, with
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nickel ions primarily broadening the water phase component. While spin-labeling sites
located near the membrane surface are accessible for water-soluble polar paramagnetic
species (e.g. metal ions), the sites submerged into the hydrophobic core of the membrane
will be more affected by oxygen.

Since for nitroxides at room temperatures usually 7> << T;, change in the T value
should be much more sensitive to weak interactions'!® while using T» adequately reports
on stronger magnetic interactions. The saturation recovery method!!*!?° has been so far
most useful to observe T relaxation in lipid membranes, in particular, the hybrid
technique by Subczynski and Hyde using long saturation pulses and following
observation of the signal by low-power cw-ESR.'!® Simple and readily available cw
power saturation technique can detect the T effects indirectly. It has been extensively
used to measure relaxation enhancements of spin labels by paramagnetic compounds
along with direct line broadening measurements reporting T effects. We illustrate these
cw techniques and their application range using an example of Ni(ClO4), at a
concentration in water of ¢, = ImM interacting with TEMPO with an exchange constant

of b=1.1x10°s"M",

2.5.4.1.Linewidth broadening by cw-ESR

In cw-ESR line broadening experiments, the changes to linewidth (B, the peak-to-

D
peak linewidth) induced by paramagnetic relaxants is measured. The change in

_ B B0 o A_1oagi_ 1
linewidth is defined as AB,,,, = By, — By, « T and T + k¢,
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__ 2kycr

It gives for 4B, = NP

~0.073G — barely detectable for 1 mM of Ni*", but for 10

mM the 4B, is ~0.7 G, which is in a convenient range for reliable measurements. This
shows that cw-ESR linewidth broadening is appropriate only for relatively strong

relaxation enhancements.

2.5.4.2.Cw-ESR saturation experiment

Cw-ESR saturation experiments measures the change in the value of the saturation

factor (P), which is a product of both the T; and T» relaxation times, defined as P =

7T, T,. Usually the value A (%) = Pi — Pl is used to characterize the effect of the

T 0

paramagnetic relaxant,* where P. is the saturation factor in the presence of the relaxant

while P, is the saturation factor without the relaxant. The equation is readily modified

1y 1,1 1
to4 (F) TR (T{T{ B T10T2°)'

For the case of collisional or Heisenberg exchange, the relative change in 1/T and 1/T>

. 1 11 1
areequalie., A—=A—— ==+ k,c, and
T, T,)T] TS

1
1

=%+krcr,wegetA( )=l frer 4
1

1
P 27

krer 2.2
70 + kicr).
2

For our values of k, and ¢, and taking T1° and T2° as 380 and 80 ns respectively it gives

A(l) = ; X (1.66 x 1013 + 1.21 x 10'?) = 0.053 G2
P (1.76 x 107)? ' ' ' '

The A(1/P) = 0.05 corresponds, for example, to a change of P from 5 to 4. This can be

detected by a CW saturation experiment although it still requires precise sample
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.. . . . 1
positioning and B; measurements. For lower relaxant concentrations (i.e., k¢, < F)’
2

kycr

=

: T 1
we see that the term makes the major contribution into A (;) and other terms can

be ignored in the first approximation.*” On the other hand, for higher relaxant
concentrations, when the third term substantially contributes as kZc? ~ k,.c, (% +
1

1

F) ,i.e % ~ k,c,, we will already observe substantial line broadening, e.g. for I0mM
2 2

of Ni** (i.e., ﬁ ~ TP=80 ns) it will be ~ 0.7G. At these conditions (10 mM Ni**) as

for relatively strong relaxation enhancement in general, direct linewidth measurement

will be more reliable than saturation, which could be difficult to observe.

2.5.4.3. Two-dimensional ESR and relaxation measurements

However, the techniques most sensitive to relaxation enhancement are two-dimensional
ESR techniques such as 2D-ELDOR. First, we can directly and separately determine
the relaxation times (T and T»). Second, in pulsed 2D-ESR we often require relatively
smaller concentration of paramagnetic relaxant to observe considerable effects to

spectra when compared to cw-ESR.!?!

2.5.4.4.0xygen: Simple Collisional Exchange

In samples prepared in air atmosphere, the concentration of oxygen in the lipid phase is
significantly higher than in the water phase. The solubility of oxygen in water is ~ 1.56

mM at 17°C, 1.38 mM at 25 °C and 1.2 mM at 37°C at standard atmospheric
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pressure.'?>!23 This yields 0.33, 0.29 and 0.25 mM for air-saturated solutions,
respectively. In hydrocarbon solvents, the solubility was reported 10.64 mM in n-
hexadecane at 25°C'?* (2.23 mM at air pressure) and ~ 11.1 mM in n-decane at 25°C
(2.35 mM at air pressure) with very little temperature trend at 10-40°C. In'?® a slightly
outlining but close value of 1.72 mM for n-dodecane at air pressure at 35°C is given, as
well as a distribution coefficient of 7.9 for oxygen between dodecane and water phases.
A partition coefficient of 4.4 for olive oil vs water!?$ has been used in a number of
papers as an estimate for the oxygen concentration in lipid membranes. Therefore, we
expected that oxygen would induce greater broadening in the lipid phase spectra
compared to the water phase.

However, the effect of oxygen on the relaxation rate of TEMPO in various media is
defined by its concentration-diffusion product.'?*!27128 Ag discussed earlier, at low
concentration of the relaxant, the additional relaxation « k,.c,, as the collisional rate (k)
is directly dependent on the diffusion rate (D) and additional relaxation « D,.c,.. The
diffusion rate of oxygen was estimated 1.51x10~ cm?/s in DMPC vesicles at 37°C, !
similar to water and n-hexadecane (2.11x10° cm?s and 2.49x10° cm?%/s
respectively'?*). The relative high diffusion of oxygen in membrane environments,
similar to diffusion in water, has been discussed earlier.'!® The effects of oxygen on
membranes has been previously studied by Subczynski, Hyde and coworkers earlier
using the saturation recovery method to observe the T relaxation rates.*>!1812?

Indeed, the oxygen-induced relaxation enhancement in water follows the Henry law,

estimate (=pzygen — —amgor) for 100% O gives ~7-8x10°s™!. This value is smaller than
Tl Tl
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literature data on oxygen- induced A (1/T1) on PC spin labels in fluid DMPC membranes

3

measured by progressive cw saturation®’ or by saturation recovery** techniques, 9-

16x10%s7L. In our experiments, for the DMPC membrane the T values change from 329

1 1

to 168 ns upon addition of air (i.e., 20% Oxygen), this corresponds to a (W - W)
1 1

value of 2.9x10°s!, hence for 100% O, we obtain a A (1/T1) value of ~14.2x10° s™!
(Figure 2-18, Figure 2-19, Figure 2-20, and Table 2-2 in the supplement). Note that for
the lipid phase (L) signals we also observe equal values of A(1/T1) and A(1/T>); this
shows that oxygen induces relaxation only due to collisional exchange. Thus, we
conclude that for TEMPO the relaxation enhancement (RE) value due to oxygen in
membranes is approximately double the RE by oxygen in water. Therefore, the
diffusion-concentration product for oxygen in membranes is roughly double the value
for oxygen in water. Taking into account the difference in diffusion rate between water
and DMPC, we estimate the effective oxygen concentration at the site of the spin label
(TEMPO) in the lipid phase is ~2-2.5 times the concentration of TEMPO in the water
phase.

This result is in general consistent with the line broadening of cw-ESR due to the
addition of oxygen. The line broadening can be determined from the best fit of the
spectrum of an air-saturated by a convolution of the spectrum recorded under anaerobic
conditions with a Lorentzian line (c.f. 2.7.11). For TEMPO in the Ly phase at 37 °C, the
linewidth broadening for the addition of air is 0.18G, while that for 100% oxygen is
0.90G. These values give us the relaxation parameters of 2.8x10%s™ and 13.7x10°s! for

air and 100% oxygen respectively. For TEMPO in water, we observe line broadening
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of 0.11G and 0.57G for air and 100% oxygen respectively, which gives us relaxation

Iand 8.2x10° s!. These values are similar to

enhancement parameters of 1.7x10°s"
A(1/T1) and A(1/T2) observed by 2D-ELDOR. In samples of TEMPO in the hydrophobic
solvent (hexadecane) prepared in anaerobic vs aerobic (21% Oxygen) conditions, the
increase in T relaxation (from 193 ns to 47 ns) due to the presence of oxygen is also
equal to the increase in T relaxation, which is 16.2x10%. The cw-ESR spectrum of
TEMPO in hexadecane has 0.92G of additional broadening due to the addition of air,
which corresponds to a relaxation enhancement of 14.0x10%. This relaxation
enhancement (RE) for air in hexadecane (~14-16.2 x10%™) roughly a factor of 10
greater than the RE for oxygen in water (~1.4-2 x10%"). After accounting for the
differences in the diffusion rates of oxygen, it is readily seen than the solubility of
oxygen is about an order of magnitude greater in hexadecane than water, consistent with

literature data.'**

2.5.4.5.Nickel: Collisional Exchange coupled to exchange dynamics

Nickel salts have a different effect than oxygen, as they are only soluble in the water
phase and hence enhance relaxation in the water phase (c.f. Figure 2-13). This can be
used to selectively remove the signal emerging from spin label molecules partitioned

into the water phase. The addition of SmM Ni?>* to TEMPO causes the T; relaxation

times to reduce from 375ns to 111 ns, thereby leading to a relaxation enhancement (A Ti)
1

of 6.34x10° 57! this values is equal to the (A Ti) values obtained from 2D-ELDOR
2
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simulations (Table 2-3 and Table 2-4), consistent with relaxation by collisional

exchange and negligible dipolar contribution.*®
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Figure 2-13: Effect of nickel ions on 2D-ELDOR spectra of the water and the lipid phase
peaks . 2D-ELDOR (SECSY mode) contour plot of TEMPO partitioning between the
lipid and water phase at 37 °C. (a) No nickel (b) 5mM Ni(ClOy4): (c) SmM Ni (EDDA)
and (d) 10mM Ni (EDDA). The 5SmM Ni (EDDA) does not broaden the lipid phase (La)
very much while Ni (ClO4): and 10mM Ni (EDDA) induces significant broadening of
the lipid phase (La). In the nickel solutions, the water phase is completely broadened
out. Simulation results are in the supplement (Figure 2-23 and Figure 2-24)

For TEMPO, the presence of nickel in the water phase also induces broadening of the

lipid phase (L) signal although much smaller than in the water phase. It has been shown
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earlier*® that the presence of NiEDDA does not affect the saturation behavior of
membrane-embedded PC spin labels, e.g. saturation curves in the presence/absence of
30 mM NiEDDA for the 10PC/DMPC system are identical (Figure 2-21 in the
supplement). For our system TEMPO/DMPC, however, NIEDDA causes noticeable
relaxation enhancement of the lipid phase signal as can be seen also by the cw-ESR
power saturation experiments (c.f. Figure 2-22 in the supplement). 2D-ELDOR shows
that the T relaxation times of the lipid phase change from 329 ns to 218 ns due to

addition of 10mM NIiEDDA to the water phase, this corresponds to a substantial

relaxation enhancement of (A Ti) of ~1.5 x 10 s, This effect cannot be explained by
1

relaxation enhancement resulting from the exchange of TEMPO between the two
phases. Indeed, in the slow exchange limit (k,, < Aw, where Ao is the difference in
Larmor frequency of TEMPO in the lipid and water phase), as a first order
approximation, the relaxation enhancement only depends on the exchange rate. Hence,
in the slow exchange limit, the exchange driven relaxation enhancement of the lipid
phase should only be weakly (via second order terms) affected by the relaxation time in
the water phase. Apparently, these nickel compounds directly enhance the relaxation of
TEMPO spins located in the lipid bilayer, similar to the effect of Ni(ClO4)> on
membrane-embedded PC labels.*® Interestingly, NiEDDA measurably affects the
relaxation of the lipid-partitioned TEMPO molecules while having little effect on
tethered PC spin labels. The tethered PC spin labels can only magnetically interact with
nickel ions absorbed on the interface. Forming NiEDDA complex prevents this

adsorption on surface. The difference between TEMPO and PC labels is that the non-
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tethered amphiphilic TEMPO molecules move freer within the lipid bilayer and the
bilayer interface. Therefore, we speculate that they are able to interact with NIEDDA
molecules located further into the polar area of the interface. For the lipid phase signal,
for example, we see the isotropic hyperfine constant (Aiso) value about 0.7 G larger than
the Aiso for TEMPO in hydrocarbons; this indicates that the average location of the
TEMPO molecules spans both the polar and non-polar membrane regions. Further, we
observe increase in relaxation enhancement compared to NiIEDDA (c.f. Figure 2-13) for
TEMPO in the lipid phase in the presence of nickel salts such as perchlorate.

Interestingly, the addition of nickel to the water phase causes enhanced T» relaxation,

) 1 1 . . .. . .
Le., (A T—) ~2-3x (A T—). This result is surprising as nickel’s relaxation enhancement
2 1

mechanism is largely due to collisional or Heisenberg exchange and not due to dipolar
exchange.*® This has likely to do with the complex interaction dynamics of TEMPO at

the membrane interface and needs to be studied further.

2.6.Conclusions

Small probes detectable by ESR have been used to study biological system for many
years. Their magnetic parameters, i.e. spin-lattice (T1) and spin-spin (T2) relaxation
times are very sensitive to the local environment’s viscosity, polarity, and the presence
of other paramagnetic species. For studying biological systems, ESR spectral resolution
is crucial since it allows for simultaneous observing and analyzing multiple spectral
components, which are otherwise overlapped and difficult to interpret. In this study, we

have shown results obtained by the 2D-ELDOR (Two-Dimensional Electron-Electron
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Double Resonance) technique with our novel 95GHz High Field High Power Pulse ESR
spectrometer. As the model system, we used the partitioning of a nitroxide spin label
(TEMPO) between the lipid and aqueous phases of the model membrane. By combining
the benefits of high field (HF) ESR with two-dimensional (2D) ESR, we have achieved
spectral resolution, which was not be achieved by either HF-ESR or 2D-ESR alone. We
demonstrate the complete separation of ESR signals from these two phases and show
how our recent method (full Sc-) of 2D data analysis® is used to extract motional
dynamics parameters and relaxation times in each phase. It allowed us to study the effect
of paramagnetic relaxants such as nickel and oxygen on the relaxation of the spin probe
in each phase, as well as the subtle effects of the presence and the phase state of the lipid
on the probe molecules in the water phase. Importantly, for the first time, we report here
report a direct observation of exchange due to small molecule partitioning between the

lipid and water phase by ESR.
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2.7.Supplementary Information

2.7.1.Spectrometer upgrades

We have upgraded the fast high-power modulator that controls the output of the high
power EIK (extended-interaction klystron) amplifier to both significantly reduce
electron beam turn-off timing jitter and to stabilize output power. In order to reduce
time uncertainty in the pulse cutoff, we revised the modulator section internal fast logic
with a design upgrade of the timing control from triggered- to gated-mode. By using an
external gating signal of Ins resolution and less than 100 ps jitter to replace the
modulator internal timing network, and appropriate control scripting to assure a
minimum modulator settling time, we eliminated the ca 45ns turn-off timing uncertainty
associated with the prior fixed modulator “on” interval of 1 ps. This modification
decisively eliminated modulator timing as a significant dead time contributor, reducing
spectrometer dead time from approximately 50ns to an initially verified value of
approximately 30 ns, attributable exclusively to waveguide and resonator ring down
times. To further reduce the dead time to ca 25 ns, we have added system control
scripting within the Python based spectrometer operating software to enable off-field
baseline collection for subtraction during subsequent data processing. Finally, we have
implemented instrumentation for direct real-time observation of the mode vector
magnitudes, an improvement that facilitates rapid operator waveguide and resonator
experimental setup for minimum cross-polarized mode generation and, consequently,

dead time. It is anticipated that work currently underway for improved ring down and
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bridge reflection damping, and reduction of cross-polarized mode generation will in the

near-term permit further reduction of spectrometer dead time to less than 15ns.

2.7.2.Determination of the 90° time (Calibration of B{)

The power of the microwave pulse (B1) was calibrated by observing the intensity of the

ESR spectrum with pulse length (Figure 2-14). This gives us pulse length required to
obtain a magnetization flip of g, m, and 3;“ The pulse length required to obtain a g flip

for our spectrometer is around 5-6 ns, this corresponds to a B of around 16-18 ns with
our current set up. We showed that B can be further improved up to 4 times by dielectric
loading - the results will be described elsewhere. The nitroxide spectrum in the fast
motional limit has a spectral spread of about ~50G (c.f. Figure 2-7) and the B of 16-18
G is enough to obtain near complete coverage of the entire nitroxide spectrum in this

motional regime.

\
—

/2
3n/2

Intensity (a.u.)

5 10 15 20 25 30
Pulse Length (ns)

Figure 2-14: Calibration of pulse power. B calibration experiments were carried out
with 2mM Tempo in Di Butyl Phthalate (DBPh), the above curve reflects the changes
in the intensity of the central line of the three line 1D spectra of the spin label TEMPO.
The 11/2 pulse length is between 5-6 ns.
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2.7.3.Full Sc- Fitting

The advantage of performing the full Sc- fitting is twofold: (a) better optimization of
motional parameters due to the simultaneous fitting of real and imaginary parts of the
Sc- spectrum, and, (b) pure absorption spectra used to obtain the relaxation parameters
can be calculated from the full Sc- fit. To perform this fitting, the magnitude mode
(magnitude of the real and imaginary parts) spectra of each component were simulated
to obtain reasonable seed magnetic and motional parameters for the Full Sc- fit. Then
the real and imaginary parts of the experimental spectra were fit using the Full Sc-
program by keeping the seed magnetic and motional parameters constant but by varying
the phase factors (a2, b1, and b2). Finally, all the parameters were simultaneously varied
to obtain the most rigorous fit. It is to be noted that in the final step only small variations
in the simulation parameters were required. The full Sc- program can be used to obtain

the theoretical pure absorption spectra from the magnitude mode spectra; the pure

absorption spectra will be used to obtain the T relaxation times of the sample.

o MBS Full SC_fit
xperiment mode fit (NSLPMC.i)
(NLSPMC) :
Obtain Use magnitude mode value as
approximate seed values for full SC- fit
motional and and obtain approximate phase
order parameters factor values

Vary all motional, order and
phase factor values to obtain
exact parameters

71



2.74.END vs HE
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Figure 2-15: Development of END and HE cross peaks in 2D-ELDOR. A contour plot
of a 95 GHz 2D-ELDOR simulation obtained for a nitroxide spin label with the
following parameters: R=8.91 x 10° s, A4=0.26, Residual T> = 95ns, g = 2.0087, gyy
= 2.0056, g-.= 2.00224 and axx = 5.0 G, ayy = 5.0 G, a--= 33.5 G. (a) Wexp=1.74 x 10°
s! no HE, Ty = 50 ns; (b) Wue = 1.74 x 10°s™, no END, T, = 50 ns; (c) Wenp=1.74 x
10°s!, no HE, Trw = 800 ns; (d) Wenp=1.74 x 10°s7, no END, T,y = 800 ns. In the case
of the cross peaks due to END mechanism (plot c), the cross peaks developed for Am; =
+2 are negligible while for the case of Heisenberg exchange these cross peaks are well
developed (plot d).

2.7.5.Pure Absorption Spectra for the Lipid and Water phases

The pure absorption spectrum is generated “theoretically” as the SECSY mode 2D-
ELDOR simulation can be easily obtained using the NLSPMC.ri program. The pure
absorption 2D-ELDOR SECSY mode spectra for the two components (water and lipid)
obtained by the procedure described above are shown in Figure 2-16 and Figure 2-17.
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Figure 2-16: The pure absorption 2D-ELDOR (SECSY mode) spectra of TEMPO in
water at 17°C, Ty = 50ns
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Figure 2-17: The pure absorption 2D-ELDOR (SECSY mode) spectra of TEMPO in the
lipid phase (Lo) at 37°C, Ty = 50ns
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2.7.6.Effect of Oxygen (broadening of the water phase)
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Figure 2-18: The 2D-ELDOR experiment and simulation of 0.5mM TEMPO in water at
95 GHz at Ty, = 50ns under deoxygenated conditions. Both the real (Re) and imaginary
(Im) parts of the spectra are shown.
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Figure 2-19: The 2D-ELDOR experiment and simulation of 0.5mM TEMPO in water at
95 GHz at Tw = 50ns under oxygen saturated conditions. Both the real (Re) and
imaginary (Im) parts of the spectra are shown.
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Figure 2-20: The 2D-ELDOR (SECSY mode) spectrum of 0.5mM TEMPO in water at
95 GHz, (a) Deoxygenated and (b) Oxygen Saturated. The spectrum is shown as
normalized contours, i.e., the spectrum along the f> dimension is divided by the intensity
of spectrum at the corresponding f1=0 value.

Table 2-2: The relaxation times for 0.5mM TEMPO in bulk water at 95 GHz under
oxygenated and deoxygenated conditions.

Conditions T, (ns) T, (ns) T, (ns)

Oxygen saturated 61, 58, 54 57.45 113

Deoxygenated 105, 97, 88 96.62 608
1 1

- 7.06 x 10651 7.20 x 106!
Toxygen Tdeoxygenated

Note: At 17 C, the concentration of oxygen is ~1.5mM in water.
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2.7.7.Nickel and Collisional Exchange in the water phase

Table 2-3: The relaxation times for 2mM TEMPO in water (largely interbilayer water)
at 17°C at 95 GHz with the water phase containing different concentrations for Nickel.

Conditions T, (ns) T, (ns) T, (ns)
5mM Ni 61,58, 54 57.49 111
OmM Ni 98, 90, 82 89.69 375

1 1 6.24x105s!  6.34x 10°s!

Tsomuni Tommni

Note: For the water phase, the exact nature of the nickel counter ion is not important,
the values presented above are for Nickel Perchlorate [Ni(ClO4);].

Table 2-4: The relaxation times for 2mM TEMPONE in water at 17°C at 95 GHz with
the water phase containing different concentrations for Nickel.

Conditions T, (ns) T, (ns) T, (ns)
OmM Ni 127,98, 76 100.3 254
2mM Ni 95,79, 65 79.7 161
5mM Ni 57,49, 43 49.7 72

1 1

— 2.59x 10°s1  2.27x10%s!
Tommni  Tomm ni

1 1

Tsomuni Tommni

10.17 x 106s?  9.95 x 106!
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2.7.8.Saturation Curves for Nickel
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Figure 2-21: The saturation curve of 10-PC spin label in DMPC. This spin label does
not undergo any enhancement in relaxation due to the addition of Nickel EDDA to the

water phase.
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Figure 2-22: The saturation curve of TEMPO spin label in DMPC. TEMPO shows
enhancement in relaxation due to the addition of Nickel EDDA (even at 10mM) to the

water phase.

78



2.7.9.Effect of Nickel counter ion in the lipid phase

ELINS '
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Figure 2-23: The experimental (Exp) and simulated (Fit) 2D-ELDOR spectrum of
TEMPO in the lipid phase with SmM Nickel Perchlorate in the water phase at 37°C;
Tm = 20ns.Both the real (Re) and imaginary (Im) parts of the spectra are shown.
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Figure 2-24: The experimental (Exp) and simulated (Fit) 2D-ELDOR spectrum of
TEMPO in the lipid phase with SmM Nickel EDDA in the water phase at 37°C, Ty =
20ns. Both the real (Re) and imaginary (Im) parts of the spectra are shown.
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2.7.10. T1 Relaxation Times

The T, relaxation times measured on the different samples are in Table 2-5 and Table
2-6. The T\ relaxation times are affected by the phase and the presence of paramagnetic
relaxants.

Table 2-5: The spin-lattice relaxation times (T1) estimated for TEMPO in different
conditions

Sample Phase Conditions T, (ns)
0.5 mM TEMPO b. w. Deoxygenated, 17 °C 608
0.5 mM TEMPO b.w. Air (~20% Oxygen) 258
0.5 mM TEMPO b. w. 100% Oxygen (Oxygen Saturated), 113
17 °C
2mM TEMPO* iw. +bw.  Deoxygenated, 17 °C 375
2mM TEMPO* iw. + bw. Deoxygenated, 17 °C, SmM Nt 111
0.8 mM TEMPO* Lw. + b.w. 17 °C 469
0.8 mM TEMPO* iw. +bw.  37°C 433

TEMPO in DMPC**  Lipid (Lo) 37 °C, 0.8 mM TEMPO in water 318
phase

TEMPO in DMPC**  Lipid (Ls) 37°C, 2mM TEMPO in water phase 329

TEMPO in DMPC**  Lipid (Ly) 37°C, 2mM TEMPO in water phase 168
in Air (~20% Oxygen)

TEMPO in DMPC**  Lipid (L) 37°C, 5 mM NIiEDDA, 2mM 255
TEMPO in water phase

TEMPO in DMPC**  Lipid (L) 37°C, 10 mM NiEDDA, 2mM 218
TEMPO in water phase

TEMPO in DMPC**  Lipid (L) 37°C, 5mM Nickel Perchlorate, 148
2mM TEMPO in water phase

i.w. = interbilayer water; b.w. = bulk water
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**The exact concentration of TEMPO in the lipid phase depends on the sample,
depending on the water present in the sample and the TEMPO concentration in the

water phase.

Table 2-6: The spin-lattice relaxation times (T1) estimated for TEMPO in organic

solvents

Sample Phase Conditions T, (ns)
0.5mM TEMPO in Organic Deoxygenated, 20 °C 193
Hexadecane

0.5mM TEMPO in Organic 100% Oxygen, 20 °C 47
Hexadecane
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2.7.11.Line Broadening by Convolution

deoxygenated
—— 100% oxygen
convolution of deox with 0.9 G Lorentz

prepared in air
deoxygenated
convolution of deoxygenated

with 0.9G Lorentzian

/

T ¥ T ¥ T T T
3340 3360 3380 33910 33920
B, G B, G

Figure 2-25: Line broadening measured by cw-ESR. Left: The cw-ESR spectrum of
TEMPO in DMPC at 36 °C measured at 9.4 GHz. Right: The cw-ESR spectrum of
TEMPO in hexadecane at 17 °C measured at 95 GHz, only the central peak of the
spectrum is shown. This figure shows that the Lorentzian convolution is an effective
method to assess the linewidth broadening.

The deoxygenated spectrum (So) is convolved with the Lorentzian [L(t— ;I )]

function and fit to the oxygen broadened spectrum (S;). The fitting with Lorentzian

function gives us the extent of broadening (T').
1 oo
S.(t) = ;f S,(7) L(t — © T) dt
As the extent of broadening (I') is directly proportional to the T> relaxation as discussed

earlier. ATi = 15.25x I (in Gauss) x 10® s~1
2

It is important to note that, as the additional broadening is dependent only on nature
(e.g. oxygen, nickel) and concentration of the relaxant, it is field independent i.e., the
broadening observed is exactly the same at 9 and 95 GHz ESR spectroscopy (Figure

2-25).
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CHAPTER 3 : ESR STUDY OF NANODOMAINS IN FOUR-

COMPONENT MODEL MEMBRANES

3.1.Introduction

Cell membranes contain more than 1000 different lipid constituents that are required
to carry out an array of complex cellular functions. These lipids need to be organized
(e.g. separated into ordered and disordered domains) so as to achieve its varied
functionality including signaling and transport. However, the sizes of these separated
domains are subject to speculation, and this is of interest for the entire biomedical

24,25,130-

community. 132 The current understanding is that the sizes of these domains are

nanoscopic and therefore not easily studied by florescence imaging techniques. We have

extensively studied a wide range of cellular membrane domains?:'8-20:133

using Electron
Spin Resonance Spectroscopy (ESR). However, the study of 1000+ lipids in their
natural cellular membranes is much too complicated and hence simplified model
systems consisting of three lipid components (high melting lipid, low melting lipid, and
cholesterol) have been extensively used to model a cell membrane. The ordered domains
(Lo-domains) are rich in high melting (hi-Twm) lipids and cholesterol while the disordered
domains (L¢-domains) are rich low melting (Low-Tw) lipids. In some studies, these
ordered domains are also referred to as “lipid-rafts”. Moreover it is difficult to prepare
model membranes in which the bilayer asymmetry (i.e., different inner and outer leaflet)

can be realized, and hence typically only the outer leaflet (rich in phosphocholines'**)

is modeled. Such a model system has been used extensively by researchers.?%->%-3
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3.1.1.Modeling the nanoscopic domains

The Feigenson group at Cornell has shown that the lipid compositions containing
DSPC/POPC/Chol form nanoscopic domains while DSPC/DOPC/Chol form
macroscopic domains.!3>!%¢ In the case of these two lipid systems, the replacement of a
low melting lipid, DOPC by another low melting lipid, POPC leads to a size scale
transition from macroscopic to nanoscopic domains. Therefore, the replacement of
DOPC by POPC, while holding the DSPC and cholesterol compositional ratios constant,
is an important compositional sequence to study this size scale transition (Figure 3-1).
At certain intermediate compositions of DSPC/POPC/DOPC/Chol, highly-patterned,

"modulated" phase domains form. '

CHOL

DSPC

POPC
Figure 3-1: The phase diagram of the DSPC/DOPC/POPC/Chol system. The black
arrow indicates the DOPC/POPC trajectory that is being studied"’.
To study such a range of compositions the variable ‘rho (p)’ is defined which indicates
the relative mole fraction of the DOPC present in the sample as shown in Equation 3-1.

A rho (p) value of 1 indicates that the low melting lipid is completely DOPC
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(macroscopic domains), while a value of 0 indicates that the low melting lipid is

completely POPC (nanoscopic domains).

~ +(DOPC) 31
P = (POPC) + x(DOPC)

The size of these nanoscopic domains at p=0 composition has been found to be ~7nm. !
Even though this system has been well studied, there are many questions that still need
to be answered. Specifically, are there any significant changes in the lipid phase
behavior that are the result of the size-scale transition? Moreover, in this system, are
they any domain size-dependent effects (such as extent of boundary or interface) which

need to be considered (particularly in the nanoscopic regions)?

\
l‘\

Figure 3-2: The structure of the lipids used in this study: (a) DSPC: 1,2-distearoyl-sn-
glycero-3-phosphocholine; (b) DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine; (c)
POPC: I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; (d) Cholesterol
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ESR spectroscopy was used to study the transition to the nanoscopic domains from the
macroscopic domains i.e. by replacing POPC with DOPC. The structure of the lipids
used in this study is shown in Figure 3-2. ESR spectroscopy measures the ensemble
average of all the electron spin labeled lipids that are present in the sample. ESR is
therefore independent of the domain size'*” and can be used to study both the
nanodomains as well as the macrodomains.

To study membrane systems, there are many lipid based spin probes available (such as
5-PC, 16-PC, cholestane). For this study, 16-PC was chosen as the preferred spin label,
as it has nearly equal partitioning into both the L, and Lq domains'®!® with distinct ESR
spectra. This probe (16-PC) has a nitroxide group (containing the unpaired electron)

located on the 16-position of an acyl chain of the probe (Figure 3-3).

o)

(0]
/\/\/\/\/\/\/\)J\ :
0/\\\(\0/,3\0\/\ N"'/
O H o [
Y\/\/\/\/\/\/\’o(

O N-O-

CH;
CHs

Figure 3-3: Structure of a 16-PC molecule (I-palmitoyl-2-stearoyl-(16-doxyl)-sn-
glycero-3-phosphocholine).

Given that an ensemble average of all the spins present in the sample are measured, the
spectra obtained (§ ) is proportional to a linear combination of the spectra (§ ;) of the 16-

PC in different chemical and physical environments. In equation 3-II, §i represents the
individual spectral component corresponding to the i*" environment and the x;

represents the fraction of the spin-labeled lipid experiencing that environment.
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§:in*§i 3-11

This equation is valid when there are no rapid exchange effects between the
environments in the time scale of the measurement. It is important to note that the time
scale of the cw-ESR experiment is faster than lipid translation (for 16-PC), so we do not
observe effects of the (slower) lipids transitioning between the two neighboring
domains®. Lipid systems for which the phase diagram is well understood (c.f. Figure
3-1), it is possible for us to determine the “tie-lines” in a two phase coexistence region,
for which the mole fractions of the L, and Lq phase can be determined on the basis of
the Lever Arm Rule, (i.e. the fraction of each phase is determined by its distance from
the phase boundary). This is possible because the partition coefficient (K;) is constant

as we restrict compositional changes to remain on the tie-line.

3.2.Experimental

3.2.1.Sample Preparation:
3.2.1.1. Coexistence samples for 9 GHZ spectra

The preparation for these samples is described elsewhere.'*”!*° In summary, two stock
solutions, A and B (with 40.4 puM total lipid concentration) containing (A)
DSPC/POPC/Chol and (B) DSPC/DOPC/Chol in a ratio of 0.39/0.39/0.22 respectively
were prepared in chloroform. Then, 0.3 mole-percent of 16-PC was added to these stock
solutions as the spin labeled lipid probe. In this limit we have about 1 spin labeled lipid

for about 300 non spin labeled lipids. This concentration was chosen, as it was sufficient
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for obtaining a good signal to noise ratio (SNR), while at the same time minimizing the
intermolecular spin-spin interactions occurring at high spin label concentrations. These
two stock solutions were mixed in different ratios to obtain the desired
DSPC/POPC/DOPC/Chol ratio, i.e., to obtain the rho 0.2 solution, 80% of solution A
(POPC mix) was added with 20% of solution B(DOPC mix). The desired lipid mixture
solution was evaporated under a steady flow of compressed nitrogen gas and then
completely dried under high-vacuum in a desiccator for about 8 hours. About 0.4 ml of
milliQ water was added to the dried lipid solution and was hydrated for one hour at ~47
°C with occasional vortexing every 5-15 minutes. The samples were then transferred to
2ml centrifuge tubes and centrifuged at 14,000 g and 4 °C for 30 mins. The supernatant
was carefully removed, leaving behind approximately 80 pul of residual water plus the
lipid pellet. The pellets were re-suspended in the remaining water (~80 ul) and
transferred to an ESR capillary tube. The sample was finally re-pelleted at 3,300 g and
the supernatant was removed, a small layer of water (~1-2 ul) was left behind to prevent
oxidation of the sample. The capillary tubes were carefully sealed to prevent
evaporation and oxidation. For 9 GHz measurements, the total weight of the lipids was
approximately 2mg.

In the case of Chol 26, the process for Chol 22 is repeated except that the ratio of
DSPC/low-melting lipids (DOPC/POPC)/Chol is different. The cholesterol
concentration is fixed at 26 mole percent. The two stock solutions containing (A)
DSPC/POPC/Chol and (B) DSPC/DOPC/Chol in the ratio of 0.37/0.37/0.26 were mixed
together to obtain the desired lipid composition. To obtain the pure phase spectra at the

end of the tie-lines, the lipid composition was determined from the phase diagram. The
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lipids were mixed in these pre-determined ratios of the four components

(DSPC/POPC/DOPC/Chol) in chloroform and 0.3 mole percent of 16-PC was added.

3.2.1.2. Coexistence samples for 95 GHZ spectra

Table 3-1: Ratios given in DSPC/DOPC/POPC/chol, along the Chol 22 tie-line

rho-value Coexistence Lo from Tie-line Lada from Tie-line
Sample

0 39/0/39/22 55/0/18/27 10/0/79/11

0.1 39/4/35/22 56/0.5/16/27.5 10/7/72/11

0.2 39/8/31/22 57/1/14/28 10/13/63/11

0.5 39/20/19/22 60/2.5/9/28.5 10/40/39/11

1 39/39/0/22 65/5/0/30 10/79/0/11

The lipids for the Lo, L4 and Chol 22 line were mixed in the pre-determined ratio of the
four components (Table 3-1) in chloroform and 0.3 mole percent of 16-PC was added.
The lipids were dried under nitrogen flow, vacuum desiccated and hydrated as described
above for the Chol 22 (9 GHz sample preparation). The samples were then pelleted at
13,000g and 4°C for 30 mins and the supernatant carefully removed. The lipid pelleted
(~6 mg and ~10 ul) was then carefully transferred into a 25 mm etched (concave surface)
quartz coverslip. A flat quartz coverslip was used to cover the sample. The two
coverslips were held together and sealed by a thin layer of vacuum grease (Dow
Corning), the details of this sample holder have been described earlier by Barnes et al.'*!
As described earlier, for experiments performed at 9 GHz the samples were sealed in
glass capillaries; earlier studies have shown that the geometry of the sample holder does

not affect the ESR spectrum. '
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3.2.2.Spectral Acquisition and Processing:
3.2.2.1. 9 GH7 measurements:

Samples were left to equilibrate in the sample holder capillaries for at least 1hr before
the ESR measurements. The 9 GHz measurements were collected on a commercial
Bruker ELEXSYS (E500) CW-ESR spectrometer at room temperature (~293-297 K)
using a modulation amplitude of 0.5 G. To obtain sufficient signal to noise ratio (SNR),
16 scans of the experiment were collected and averaged. The phasing for the
experimental spectra was automatically performed by the spectrometer. The spectra
were shifted along the magnetic field axis to appropriately align the centers of all the

ESR spectra and normalized based on the first integral.

3.2.2.2.95 GH7 measurements:

Samples were left to equilibrate in the flat sample holders for at least one hour before
the ESR measurements. The 95 GHz measurements were collected on a home built High
Power CW and Pulsed ESR spectrometer®3 at room temperature (~296.5 K) using a
modulation amplitude of 6G; (this was required as signal strength increases with
increase in modulation amplitude). The higher modulation amplitude at 95 GHz is
justified, as linewidths are significantly broader. Further, the spectra were carefully
checked to ensure no effects of modulation-dependent broadening effects were
observed. All the measurements were repeated (between 36-100 scans) and averaged
until an appropriate SNR was achieved. In the 95 GHz spectrometer both the ‘in-phase’

(D) and ‘out-of-phase’ (Q) signals are obtained and needed to be phased. This phasing
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procedure was performed to obtain the cw-ESR spectra. The spectra are then normalized
and horizontal shifts were performed as in the case of the 9 GHz spectra. The centering
of the 95 GHz data is more challenging as it is difficult to identify the center of the L,
and Lq spectra for the high field data (Figure 3-4). The 95 GHz spectra have more
complicated line shapes when compared to the 9 GHz data. Further, because of the
increased g-resolution, 95 GHz spectroscopy is extremely sensitive to subtle motional

and ordering effects.

Field (G) for 9 GHz
3240 3290 3340 3390

——95GHz
——9GHz

Intensity (a.u.)

33850 33900 33950 33400
Field (G) for 95 GHz

Figure 3-4: A comparison of the 9 and 95 GHz cw-ESR spectra of 16-PC in the L, phase.
The spectral spread of the 9 GHz data is ~55 Gauss while the 95 GHz is ~125 Gauss.
This is mainly due to the increased role of the g-tensor at higher field values as is
typically the case with 95 GHz.

92



3.2.2.3.Nonlinear Least Squares Analysis (NLSL)

The NLSL analysis using the Microscopic Order Macroscopic Disorder (MOMD)

model was carried out.”®

The version of the NLSL program gives us the following
parameters: (a) rotational diffusion rate (R;and R|) and the order parameters (So and
S»). The rotational rate (R,) is the rotational rate of the radical around an axis
perpendicular to the mean symmetry axis (also the direction of the preferred orientation
for the radical) for the rotation.'” The NLSL also gives us the R, (or the motion about
the symmetry axis) but the 9 GHz spectra is not very sensitive to this parameter and is
discussed in detail later. The rotational motion represents the motion of the spin label
nitroxide attached to the acyl chain of the lipid molecule.'>” The order parameters (So
and Sy) gives us the measure of the ability of the nitroxide molecule to deviate from the
membrane normal and the non-axiality of this deviation. A large order parameter value
implies that the motion of the spin label is restricted (i.e., greater order). An order
parameter of zero implies that all the spins are oriented randomly with respect to the

membrane normal. NLSL also gives us the fraction of the components (i.e., in this case

the fraction of the Lo and L4 phase) present along with a % residual for the fit.

3.2.2.4.L, Fraction (a) based on fitting the coexistence spectra

Even though the NLSL analysis is useful for obtaining the motional parameters and the
relative ratios of individual components in a multicomponent system, the analysis is
computationally expensive and tedious when the primary information that is needed is

the fraction of the L, component. This information can easily be obtained by a tie-line
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analysis fitting and hence a MATLAB® based method was developed to obtain the
fraction of L, phase. The co-existence point in the phase diagram for the given
composition lies on a tie-line, and hence the spectrum can be expressed as a linear

combination of those of the two end points using the equation 3-III.

Sco®) = a(p) x So(p) + (1-a(p)) X Spa(p) 3-11

where Sco,(p), S1.o(p), SLa(p) are the ESR spectra of the at the coexistence
composition, liquid ordered phase, and liquid disordered phase respectively
while a is the L, fraction.
Here a is the mole fraction of the 16-PC spin probe exhibiting L, phase behavior and
can be estimated by fitting the spectral data. As the phase diagram and tie-lines
information are available, the expected L, fraction can be estimated. Therefore, the K

values can be easily obtained as follows:

L, fraction expected

Ky

a

It is noted that 16-PC spin probes partitions almost equally (i.e., K, ~1) between the Lo
and Lq phases!®!! while other similar probes (5-PC, 7-PC) favors the Lq phases.
However, the partition coefficient is lipid composition dependent, therefore it can vary
as we replace POPC with DOPC i.e., as we move from rho 0 composition to rho 1

composition.

3.3.Summary of earlier results: 9 GHz cw-ESR for Chol 22

Earlier, 111 points corresponding to different rho(p) values on the Chol 22 line were

measured.'3”1*° The pure phase (Lo and Lq) spectra for each of these points were either
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measured or estimated (based on a linear combination of pure phase spectra on the phase

boundary).
S1a(p) = p X Sa(1) + (1 — p) X 5,4(0) 3-1IV
and
S10(p) = p X S1o(1) + (1 = p) X 5, (0) 3-V
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Figure 3-5: The pure phase L, (left) and La (right) spectra for the Chol 22 line. The L,
and Lqa spectra change minimally as we move along the phase boundary with the Lqg
phase showing more variance than the L, phase.

This estimation was tested on a few different Lq(p) and Lo(p) spectra and the equation

was verified. It is also observed that the pure phase spectra for the L, and Lq phases does

not change very much as we move along the phase boundary (Figure 3-5). Further, it

can be seen that the Lq spectra changes more than the L, spectra as we move along the

phase boundary. The above spectra were fit using the nonlinear least squares program

(NLSL) program developed by the Freed group.”® The rotational diffusion and order

parameters were obtained and are reported in Table 3-2.
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Table 3-2: NLSL rotational and order parameters for the Chol 22 line (9 GHz spectra)
using the MOMD model 137140

rho (p) Phase R, So
(logio sec™!)
0.0 Lo, 8.6 0.36
0.3 Lo 8.6 0.36
1.0 Lo 8.5 0.34
0.0 Lq 8.4 0.13
0.3 Lq 8.5 0.12
1.0 La 8.5 0.11

As expected the rotational diffusion tensors values are similar for the two phases (L,
and Lg) varying between 0.2 - 0.4 x 10°s™.. The order parameter however does change
between the two phases, with the L, phase showing significant order (0.34-0.36) when
compared to the Lq phase (0.11-0.13). It is to be noted that 9 GHz cw-ESR spectra are

not very sensitive to the rotational motions about the membrane normal (R)).

3.3.1. Fraction of L, and K,

Figure 3-6: A simplified two-dimensional phase coexistence region to illustrate our
compositional trajectory and the tie-lines in the coexistence region , where a represents
the Lo fraction. Note: The modulated phase regime is also part of the macroscopic
region in this figure.
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The spectra of a point in the coexistence region on the Chol 22 line can be expressed as
a linear combination of the ends (i.e., pure phase spectra) of the tie-line passing through
this point (Figure 3-6). Hence, the fraction of the L, and Lq phase was obtained by fitting
the coexistence spectra with the pure phase (L, and Lq) spectra and a variable parameter
(a) representing the fraction of the L, phase as shown in Equation 3-III. A few of the
best fits are shown in Figure 3-7. As seen in the fits in Figure 3-7, only the two
components of the L, and the L4 phase are enough to fit the coexistence spectra for Chol
22 line. The fraction of the L, phase (o) increases as the domain size decreases for the
lower rho values. The L, fraction value for rho 0 composition is 0.71, while the value
for rho 1 composition is 0.28. Further, it is observed (Table 3-3) that the ratio of L,
fraction (a) observed and L, fraction expected are different. This information can be
used to obtain the partition coefficient values.

By our definition, the K, values greater than 1 indicates that the spin label prefers the Lqg
phase, while a K, value of lesser than 1 indicated a preference for the L, phase. The
results observed are similar to those observed earlier in the Freed group.'®!” The K,
values along a tie-line are fixed but can vary between any two tie-lines and depends on
the lipid composition (particularly cholesterol) of the L, and Lq4 phases. It was observed
that the K, value does not change drastically, as the size-scale transition occurs implying
that the phase behavior (the extent of ordering or fluidity) does not change at this
transition. For the case of Chol 22 (at 9 GHz), only the five relevant values for the 95
GHz measurements are reported here. The values for the other rho values are not central

to further discussion and are reported elsewhere. 27140
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Figure 3-7: Summary of results for Chol 22 (9 GHz data). The intensity (in a.u.) is
plotted against the magnetic field (G) in each plot. Left: Coexistence Spectra
(experimental data are shown as solid lines and the fit spectra are shown as black
dashed line). Center: Lo spectra and Right: Ld Spectra. The first three rho values (rho
0, 0.1, 0.2) are in the nanodomain region and the last two (rho 0.5, 1.0) are in the
macroscopic region.

Table 3-3: Summary of the L, fractions for the Chol 22 line at 9 GHz. Note the L,
fraction represents the fraction of 16-PC molecules present in the L, phase.

rho value Lo fraction Observed L, fraction expected Kp
(0

0.0 0.71 0.64 0.89

0.1 0.58 0.62 1.08

0.2 0.48 0.60 1.24

0.5 0.31 0.57 1.82

1.0 0.28 0.53 1.88
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3.4.Results and Discussion:

3.4.1. 95GHz cw-ESR for Chol 22 (MOMD vs SRLS)

The number of high field ESR studying the fluid phases (i.e., L, and L4 phase in
particular) of lipid membrane systems are limited.!>*”-1%%142 Further, this is the first
study that has attempted to comprehensively understand the phase behavior of
coexisting nanodomains using 95 GHz ESR. As 95 GHz ESR spectroscopy has
enhanced g-resolution (when compared to 9 GHz) due to higher magnetic fields, it is
more sensitive to the faster rotational diffusion parameters. The MOMD model based
NLSL fitting of the pure phase spectra at different rho values was initially carried out
to obtain the rotational and order parameters (Table 3-4), which should be the same as
at 9 GHz if the analyses are accurate. The 95 GHz spectra shows that the L, domains
have R, values of 0.7-1 x 10° s!. These values are almost comparable to the values
obtained at the 9 GHz (~0.4 x 10 s™!). For the L4 domains, the R values observed for
the 95 GHz (0.5-0.6 x 10°s™") spectra are also similar to the 9 GHz (0.2-0.3 x 10°s™!). In
both the 9 and 95 GHz ESR spectra the L, domains have faster R, values when
compared to the L4 domains, which is in agreement with other studies performed
earlier.'®!” As expected the L, domains are significantly more ordered (So values of 0.35
- 0.37) than the L4 domains (0.20 - 0.23). Unlike 9 GHz ESR spectroscopy, the 95 GHz
spectra are also sensitive to the R values (0.6-1.4 x 10%s™); this is one of the first studies
where 95 GHz ESR spectra was used to determine the R values and shows the strength
of this technique. In general, the R values reported were about 5-10 times slower than

the R, values. The slower rates for R is consistent with results obtained from molecular
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dynamics simulations of the lipid membranes,'*® where it has been observed that
Ry / g, ~ 0.1. Similar trends have also been seen by cw-ESR for lipid phases before!”.

The differences in the R, and Sp values between 9 and 95 GHz data are discussed in
detailed below.

Table 3-4: NLSL rotational and order parameters for the Chol 22 line (95 GHz spectra)
using the MOMD model.

R, R s, S,
log sec log sec
L 0.0) 8.75 7.88 0.21 -0.09
L(1.0) 8.73 8.14 0.23 -0.03
L (0.0) 8.87 7.75 0.36 -0.31
L (1.0) 8.96 7.82 0.36 -0.29

Figure 3-8 shows the two main modes of motion that affects the ESR spectral shape: (a)
the slow molecular diffusion (overall motion) of the lipid (in this case the entire lipid
16-PC molecule) and (b) the faster segmental motion (or the internal modes of the side
chain where the nitroxide spin label is attached). At 95 GHz, the slow overall motion of
the 16-PC molecule is expected to be almost frozen out and hence these spectra are more
sensitive to the segmental diffusion at the site of the probe, while 9 GHz is also
influenced by the overall motion. Further, the MOMD model based fits of the 9 GHz
spectra give us a combination of the segmental diffusion and the molecular motion (i.e.,
overall motion). Hence, some of the parameters are smeared out, which leads to the
differences in the R, values estimated from the 9 and 95 GHz data. To address this
problem, the Freed group has developed the Slowly Relaxing Local Structure (or SRLS)

model that can be used to fit both the global and local motion.”!*"!3 This model therefore
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makes it possible to perform simultaneous global fitting of both the 9 and 95 GHz
spectra with the same set of dynamical parameters. In MOMD, the global motions are
assumed to be “frozen”, therefore time-independent and randomly oriented. In SRLS,
the global motions are allowed to be time-dependent by specifically introducing slow

rotational diffusion for the larger structure.®

Molecular diffusion (or
rotation)

D

\  Segmental

\ diffusion
\
\

Figure 3-8: Global (molecular diffusion) vs Local (segmental diffusion) motion. At 95
GH:z the global motion is completely frozen out while at 9 GHz, the global motion also
affects the spectra.

The SRLS model was used in this work to simultaneously fit the 9 and 95 GHz cw-ESR
spectra. During the simultaneous fitting process, both the 9 and 95 GHz spectra were
appropriately weighted to give equal importance to the ESR spectra at both the
frequencies!*. The SRLS fitting procedure involves two steps:

(1) First, the best-fit dynamic parameters obtained from the 95 GHz MOMD model

fits is used as seed values for the local dynamical parameters. The 95 GHz values are

used because they are more sensitive to the local/segmental motions (as discussed
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earlier). Only the global parameters were varied to obtain approximate global
parameters.

(2) Finally, all the global and local parameters are varied together to obtain the best
fits. The best SRLS fits obtained for the L, and L4 phases are shown in Figure 3-9 and
are summarized in Table 3-5 .

In general, it is noted that the local parameters obtained from the SRLS fits are not very
different from the local parameters obtained from the MOMD fits of the 95 GHz ESR
spectra. The global rotational rates obtained from the fits are denoted by a superscript ¢
(e.g. R_1%¢). The R_1%c values were around 0.3-0.4 x 107 s-1 and the R_||"c was
around 0.2 x 107 s-1 for both the Lo and Ld phases. The SRLS fits also yield the global
ordering parameters i.e., the alignment of the lipid molecule with the bilayer normal. In
general, the spectra of 16-PC spin label are not “directly” sensitive to the global ordering
potential with only a small global ordering potential (a_20 ~ -0.15 for the Lo phase and
a_20=0.0 for the Ld phase) required to obtain good fits. The case of high local ordering
and low global ordering for the 16-PC probe in the Lo and Ld phase implies that for an
end labeled spin probe (like 16-PC), the spin probe attached to the end of the acyl chain
segment acts relatively independently from the global ordering. However, it is sensitive
to the interstitial sites or defects in the lipid bilayer. These defects are more structured
in the case of the Lo phase leading to a larger local ordering parameter (So). Hence, the
local ordering parameter also “indirectly” gives us information about the global ordering

in the system.
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Figure 3-9: The SRLS fits for the pure phase spectra (L, and Lq phase) for rho 1.0. The
9 and 95 GHz ESR spectra were fit simultaneously with the same set of dynamical and
spin parameters.

Table 3-5: The motional and order parameters of the pure phase spectra (L, and Lg)
that are obtained from SRLS simulations of the 9 and 95 GHz data.

Local Parameters Global Parameters
c

I A " a4y,

log sec  log sec log ), sec log,, sec
L0.0) 879 8.35 021 -0.19 | 6.48 6.32 0.00
L(1.0) 8.69 8.38 0.17 -0.18 | 6.48 6.32 0.00
L.0) 873 7.90 0.37 -0.30 |6.56 6.32 -0.13
L(.0) 872 8.07 0.37 -0.29 [6.57 6.32 -0.15
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3.4.1.1.Coexistence spectra and the tie-line analysis

Tie-line analysis was carried out for the 95 GHz data similar to the 9 GHz data to extract
the L, fraction («) values. The results of this analysis are shown in Figure 3-10 and are
summarized in the Table 3-6.

Table 3-6: The L, fractions observed for the Chol 22 line at 95 GHz. Note the Lo fraction
represents the fraction of 16-PC molecules present in the Lo phase.

rho L, fraction L, fraction Aa (9 GHz- L, fraction
Observed (a) Observed () 95 GHz) expected
9 GHz 95 GHz
0.0 0.71 0.60 0.11 0.64
0.1 0.58 0.47 0.11 0.62
0.2 0.48 0.42 0.06 0.60
0.5 0.31 0.29 0.02 0.57
1.0 0.28 0.26 0.02 0.53

As can be seen, the fraction (@) of the L, phase decreases as we move from rho 0.0 to
rho 1.0, this trend was also observed using 9 GHz ESR earlier. Further, the a values in
the macrodomain (rho 0.5 and 1.0 region) between the 9 and 95 GHz spectroscopy
measurements are in close agreement with each other (i.e., a 2% difference in the value).
However, in the nanodomain region, the @ values do not agree. For example, in the case
of tho 0.0, the L, fraction value (a) at 9 GHz are close to 0.71 while the L, fraction
values at 95 GHz are close to 0.60 (i.e., a discrepancy of nearly 11%). The discrepancies
in the L, fraction values observed by 9 and 95 GHz spectra indicates that the K, values
estimated using 9 GHz spectroscopy (c.f. Table 3-3) are only accurate in the
macrodomain region. Further, the change in the K;, value between rho 0.0 to 0.5 (0.89

to 1.82) is much greater than the change in K, between rho 0.5 and 1.0 (1.82 to 1.88).

This K behavior is unexpected as K, = e_AG/RT, where AG is free energy difference
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between the 16-PC probes in the L, and Lq phases. As the L, and Lq phase behavior
does not change much as we move across the “rho” region, we expect a slightly
exponential (nearly linear) change to the K, value across the entire rho region. As the
change in the K, values in the nanodomain is large, this suggests that the 9 GHz fits in
the nanodomain region are overestimating the amount of L, phase present in the sample.
The reasons for the discrepancy in L, fraction and the K, values are not completely
understood but one possibility would be due to the presence of a significant “boundary”
phase region (L3). This is explored further below (Section 3.4.3).
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Figure 3-10: Summary of results for Chol 22 (95 GHz data). The intensity (in a.u.) is
plotted against the magnetic field (G) in each plot. Left: Coexistence Spectra
(experimental data are shown as solid lines and the fit spectra are shown as black
dashed lines). Center: Lo spectra and Right: Ld Spectra.

The possibility that these differences in a values are due to sample preparation or other

factors were eliminated by repeating the 9 GHz measurements, before performing the

105



95 GHz measurements. Further, Zhang et al.!* have shown that the two different sample

holders used for 9 and 95 GHz ESR measurements do not affect the spectral line shapes.

3.4.2. 9 GHz cw-ESR for Chol 26
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Figure 3-11: The pure phase L, (left) and Lq (vight) spectra for the Chol 26 line at three
different rho values. Similar to the Chol 22 trajectory, the pure phase spectra does not
change much with the rho values.

To supplement the results of Chol 22 coexistence line, another coexistence line
containing 26% of cholesterol was studied (referred to as the Chol 26 line). The Chol
26 line forms nanodomains at higher rho (p) values than the Chol 22 line i.e., it forms
nanodomains at higher DOPC concentrations. For the Chol 26 line, 84 points
corresponding to different rho (p) values were measured. The pure phase (L, and Lqg)
spectra for each of these points were obtained similar to the Chol 22 line. These spectra
were analyzed and observed that the order and diffusion parameters are similar to the

Chol 22 values. The fitting routine to determine the L, fraction («) was also performed

(analogous to the Chol 22 line) and a sample of the results is shown in Figure 3-12 .
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Figure 3-12: The coexistence spectra for four different rho values (0.01, 0.21, 0.69, and
0.72). The solid line represent the experimental spectra while the dashed line represents
the fit spectra. It is clearly seen that for the lower rho values (i.e., in the nanoscopic
region) the two component fits are not very accurate.

The results of all the fits are summarized in the Figure 3-13. As seen from the left plot
the fraction of the 16-PC probe exhibiting L, phase behavior, varies between 40-85%.
This is compared with the expected values to obtain the Kp values which are ~1 (i.e.,
exhibiting almost equal partitioning as expected). The partition coefficient (K;) values
are dependent on the lipid composition, especially the level of cholesterol present in the

sample. Models for the membrane organization indicate that cholesterol molecules

occupy the interstitial sites between the hi-Tm lipids present in the ordered phase, hence
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provides a steric hindrance for the nitroxide moiety of 16-PC spin probe. This effect is
more pronounced for the other PC probes (i.e. 5 and 7-PC) as the cholesterol molecule
prefers to be closer to the head group region of the lipid bilayer.!** It is to be noted that
previously reported K, values have reportedly high error values,*’ almost 30% error in
some cases. For the Chol 22 line, the range of K, values observed with the 9 GHz cw-
ESRis ~0.7-2.0. The K, values for Chol 26 are also in a similar range, ~0.9-1.6. The

values are similar to other values reported by the Freed group earlier. !%40-2

ds(Lo Fraction)
Kp(Partition Coefficient)

030 0.2 0.4 0‘6 0‘8 1 0 0‘! 0‘2 0‘3 04 05 0‘6 0‘7 OAB 0‘9 1

Rho value (p) Rho value (p)

Figure 3-13:The L, fraction and K, for Chol 26. Left: Lo fraction (a) plotted versus the
relative fraction of DOPC/POPC (i.e., rho value) for the Chol 26 trajectory; Right: A
plot of the partition coefficient (K,) and its dependence on the rho value. The K, values
are ~1, indicating that the 16-PC probe partitions nearly equally between the L, and Lq
phases. The grey band represents the modulated phase regime, for values below rho 0.4
we observe nanodomains.

Residual = ”Sco(experiment) - SCo(fit)” 3-VI

In Figure 3-14, the residual magnitude (calculated as shown in Equation 3-VI) of a tie-
line fit are shown, this gives us information about the features of coexistence spectra

that are not fit by the two-component pure phase spectral fit. In an ideal case, the residual
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values should represent noise present in the coexistence spectra and the pure phase
spectra and is expected to be random (i.e. no correlation to the rho values). However,
for the case of Chol 26 coexistence line, the residual values are bigger in the nanoscopic
region than in the macroscopic region. The residual level present in the macrodomains
region is essentially the noise present in the spectra and fits. Why does the residual
magnitude depend on the size of domains? This facet of the residual magnitude is not

well understood and is discussed in the boundary lipid section next.
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Figure 3-14: The residual magnitude obtained from a two component fit of the

coexistence spectra (Chol 26). The residual magnitude is higher in the nanodomains
(i.e., lower rho) than the macrodomains (rho >0.4)
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3.4.3.Boundary lipids and phase behavior (L3 phase)

The formation of nanoscopic domains from macroscopic domains should lead to a
substantial increase in the interfacial regions between the ordered and disordered phase
regions. Simple models indicate the fraction of this interfacial region would be inversely

proportional to the domain size. A two orders of magnitude reduction in domain size
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(i.e. from 1 um to 10nm) would cause the interfacial region to increase by almost two
orders of magnitude.The interfacial region is very important as many experiments have
shown that there is a height mismatch between the L, and L4 phases. Heberle!*® et al
have shown that difference in heights (i.e., the distance between the head groups of the
two leaflets of a bilayer) between the two domains is about 0.64 nm for domains with a
radius of ~7nm (c.f. Figure 3-15). If there is a kink when the L, and Lq domains come
in contact with each other, then the acyl chain of the lipids in the L, phase are exposed
to the aqueous phase. This can cause significant hydrophobic interactions and
potentially destabilize the membrane. To reduce hydrophobic exposure of the lipid acyl
chain, it can be expected that lipids in the transition region between the domains adjust

to reduce these hydrophobic interactions.'*’

Ordered Phase (Lo)

Disordered Phase (Ld)

Figure 3-15: Membrane bilayer showing the height mismatch between the L, and Lq
phases. This mismatch is around 0.64 nm when the domain sizes are ~7nm.'>8

To estimate the percentage of the interfacial (boundary) region of the total lipids in the
sample and its relation to domain size, a simple model based on fitting multiple small
circular domains in a larger macroscopic sample is chosen. In this model, we can control

the size of the domain, the size of annular ring around the domain and the separation
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between any two domains. Using this model, it was estimated that for nanoscopic
domains (radius of ~ 7 nm) the percentage of boundary region was at least ~11%.
However, the boundary percentage expected for the circular domains gives us the lower
limit for the boundary fraction. In reality these lipid domains are not circular and have
more complex morphology as shown by Usery et al.!*’, where the extent of boundary
fraction is expected to be much larger. Therefore, the boundary fraction is likely to be a
significant portion of the ESR signal and hence equation 3-III should be modified to

include the effects of the boundary region.

Sco(P) = a(p) X 515(p) + B(P) X S1a(p) +¥(p) X 55(p) 3-VII
Where a(p) + B(p) +y(p) =1
In the limit that y = 0, as is expected in the case with macrodomains, this equation will
simplify to what we have in equation 3-III. The questions then arise, whether it is
possible to distinguish such a boundary lipid ESR spectrum and does the boundary
region (L3) have a distinct ESR signal or is it a composite of the Lo/L4 phase signal (c.f.
equation 3-VIII)? If the boundary region does not have a distinct ESR spectral signature,

then it can likely be expressed as a linear combination of the pure phase spectra, i.e.
S1,(0)~ %o X S1o(p) + X4 X S1a(p) 3-VIII
Hence, equation 3-VII can be modified in this case to
Sco(P)~ a'(p) X S15(p) + B'(p) X Sa(p) 3-1IX

Where a’(p) = a (p) + x, * y(p) and B'(p) = B(p) + x4 * v (p)

Or
S(p) = a'(p) x SLo(p) + B'(p) X Spa(p) + Residual 3-X
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Both a and B are ESR frequency independent in Equation 3-VII i.e., these values will
be invariant between 9 and 95 GHz ESR experiments but are dependent on the lipid
compositions (p values). However the modified o’ (or fraction of L, observed) and B’
in Equation 3-IX can be ESR frequency-dependent. In general, ESR spectra obtained at
different frequencies have increased sensitivity to different levels of ordering changes.
Our simulations indicate that varying the ordering affects the different frequencies
differently, so they can represent somewhat different views of the ordering in the
system. Further, we observe that a small increase in order from the Lq (So ~0.18-0.21)
phase to So ~ 0.26 causes the spectra at 9 GHz to appear more “L,-like” while the 95
GHz line shapes are still “Lg-like”. Therefore, the presence of a third component with
intermediate order can cause the overestimation of the Lo-phase at 9 GHz and the Lq
phase at 95 GHz. This can be used to explain the differences in the L, fraction (c.f. Table
3-6) values observed between the 9 and 95 GHz spectroscopy. The discrepancies for
rho 0.0 values between the 9 and 95 GHz values is 11% which is well within the range
of the boundary region expected for this lipid composition. Further, it is noted that the
discrepancies are larger for smaller domains (where the boundary component is
expected to be larger). For the case of rho 0.0 (~7 nm) the discrepancy is ~11%, while
for tho 0.2 (~12.4 nm) the discrepancy is only 6%. The fact that the L, fraction values
are bigger for the 9 GHz ESR spectroscopy indicates that the spectra of the boundary
region (L3) is more Lo-like at 9 GHz and more Lg-like at 95 GHz.

In Equation 3-X, the coexistence spectra can be approximated as a linear combination

of the pure L, and L4 phases along with a residual. This residual is part of the spectra
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that is not fit by the two-component fit, in an ideal if the boundary component is zero,
this residual will completely represent random noise that is present in the sample.
However, in equation 3-VIII, the L3 phase is only approximated to be a combination of
the pure L, and Lg spectra, it is possible that some features of the boundary region are
not captured by the L, and Lq phase. Then these features will be present in the residual,
which will be dependent on the size of the domains. As the boundary region is inversely
proportional to the size of the domains, we expect more boundary region for the lower
rho values (smaller domain sizes) and hence the residuals are likely to be greater. We

observe this in the case of the Chol 26 line (c.f. Figure 3-14).

3.4.4.Boundary spectrum (L3) and spectral estimation

The boundary spectrum can be determined by rearranging Equation 3-VII in terms of
the boundary spectrum. Now the problem simplifies to estimating the correct fraction

of the L, (represented by a) and Ly(represented by ) phases

Seco(P) — a(p) X Si5(p) — B(p) X Spa(p)
1—a(p) — B(p)

S..(p) =

There are an infinite set of o and  values that can satisfy the above condition. However,
in our case these o and P values can be constrained. Let us consider the rho 0
composition (for Chol 22) because this composition has the smallest domain sizes and
expected to have the largest boundary fraction

o 0 < a,p < 1, both the a and B fraction values must be positive and lie between

0 and 1.
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o a + [ < 0.89, as the discrepancy in the L, fraction values is around 0.11 for the
case of rho 0 (c.f. Table 3-6). In addition, a < 0.60 (limit obtained from 95 GHz ESR
spectroscopy) and [ < 0.29 (limit obtained from 9 GHz ESR spectroscopy). This
condition comes from the fact that the boundary spectra was approximated as a
combination of the L, and Lq phases when the two component fits are performed. This
implies that the “real” L, and Lq fraction values should be smaller than the L, and Lq
fraction values observed at 9 and 95 GHz ESR. In reality, this is a generous criteria,
because if the “real” @ = 0.6 and = 0.29, then we obtain a non-physical result of the
boundary spectra being equivalent to the L, spectra at 9 GHz and Lq spectra at 95 GHz.
o Physical appearance of the L3 spectra, i.e., spectra with relatively large sharp
features can be discarded as these line shapes are not typically observed for 16-PC in
natural membranes. The advantages of simultaneously fitting spectra from the two
frequencies (i.e., 9 and 95 GHz ESR) helps us in being more selective with the boundary
spectra.

Using the above conditions, a candidate boundary spectrum was obtained with ¢ = 0.48
and § = 0.14. There are other boundary spectra possibilities with small differences to
o (Aa = £0.06) and B (f = £0.04) values but these spectra are nearly identical with
very small differences to the boundary spectra observed. These differences are largest
in the high field region for 9 GHz ESR spectroscopy (i.e., ~3340 G) and in the central
peak region for the 95 GHz spectroscopy (i.e., 33840 G ). However, all these differences
are within the uncertainty levels in the experiment.

The boundary spectra (L3) at 9 GHz (Figure 3-16) is more Lo-like as indicated by the
broad peak in the low field region (~3300 G) and the double dip feature in the high field
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region (~3340 G). However, the boundary spectra is more Lg-like at 95 GHz (Figure
3-16) as indicated by the peak at 33840 G. This difference in spectral line shape leads
to different L, fraction observed values between 9 and 95 GHz spectra in Table 3-6

when two component fits are performed.
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Figure 3-16: The ESR spectra of the Lo, Lq and boundary (L3) phases at 9 GHz (left)
and 95 GHz (right).

The SRLS fitting of both the 9 and 95 GHz ESR spectra was carried out to obtain the
dynamical properties (Table 3-7). As expected, the SRLS simulations indicate that the
boundary region spectrum (L3) has intermediate local order (S, = 0.31) between the L,
(0.35-0.37) and Lq (0.17-0.21) phases. The rotational rates are comparable to the L, and
L4 phases but are slightly faster for the L3 phase. Particularly, the R rates are almost an
order of magnitude faster for the L3 phase than the L, phase. However, there is a larger
uncertainty in the determination of R, rates as only the 95 GHz ESR spectra are sensitive
to this motion. Finally, note that the global motional and dynamical parameters for the

boundary region are similar to the parameters for the L, and Lq4 phases.
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Table 3-7: The motional and order parameters of boundary region spectra (L3) that
are obtained from SRLS simulations of the 9 and 95 GHz data.

Local Parameters

Global Parameters

R, R, R} ]
1 1S, S, -1 1 Ay
log,, sec log,, sec log,, sec log,, sec
Ls 9.05 9.00 031 -0.28 6.60 6.32 -0.12

The boundary spectrum (L3) should vary slightly with rho (p), however this can be

ignored as the variation of L3 spectra is likely to be minimal. This is a good

approximation as we do not observe any significant changes to the L, and Lq spectra in

the nanodomain region between Rho 0.0 and Rho 0.2. The boundary spectra at 9 and 95

GHz ESR spectroscopy was used to determine the approximate boundary percentages

at tho 0.1 and rho 0.2. A least squares fit of both 9 and 95 GHz ESR data was carried

by varying both the Lo(a) and La(P) fraction values to identify the boundary fraction (y

= 1- a- B). The best fit for rtho 0.2 coexistence spectra using the L,, L4, and L3

components is shown in Figure 3-17.
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Figure 3-17: The coexistence cw-ESR (left: 9 GHz, right: 95 GHz) spectra for rho 0.2

along with the three component fits.
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As the Lz spectra can be expressed approximately as a linear combination of both the L,
and Lq spectra we get a small range of L3 fraction (Table 3-8) values that give similar
least squares minima value. In general, the boundary fraction values reduce as we move
from rho 0.0 to rho 0.2. This behavior is expected because the domain sizes increase
from rho 0.0 to rho 0.2 leading to a smaller boundary fraction. For the nanodomain
region (rho 0.0 - rho, 0.2) we obtain the boundary fraction to be between 0.15-0.38,
which shows that a significant fraction of ESR signal is obtained from the spin label

(16-PC) present in the interface between L, and Ly domains.

Table 3-8: The Lo, La and boundary (L3) fractions observed for the Chol 22 line. Note
o, B, and y represents the fraction of 16-PC molecules present in the Lo, Las and L3
regions respectively.

L, fraction (o)  Lafraction ()  Boundary fraction (y)

Rho 0.0 0.48-0.54 0.14-0.18 0.38-0.28
Rho 0.1 0.40-0.44 0.34-0.37 0.26-0.19
Rho 0.2 0.33-0.37 0.47-0.48 0.20-0.15

If the K, of 16-PC in the different environments (Lo, L4 and L3) is the same then the
values in Table 3-8 represents the fraction of the lipid membrane exhibiting the
corresponding phase behavior. At rho 0.0 (seven nm domain size), a boundary fraction
of ~0.30 indicates that there are about 2-5 lipids in the interfacial region between the L,
and Lg regions depending on the shape of the domains. This implies that for a 7nm
domain we have a transition region of approximately 2-4 nm. It is important to note that
the 16-PC actually favors the Lq phase over the L, phase (c.f. Table 3-3, K, ~1.8

observed in the macrodomain region). As the boundary phase has intermediate order
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between the L, and L4 phases, it is a reasonable approximation that the boundary phase
has intermediate partition coefficient (K, ~1.2-1.3 with respect to the L, phase) between
the L, and L4 phases. Therefore, it is likely that we have overestimated the amount of
the Lq phase and underestimated the amount of the L, phase and to a smaller extent the
boundary phase (L3) present in the sample. However, as the Lq4 fractions measured are
quite small (0.14-0.47), there is at about a 10% error in our estimation of the boundary

fraction.

3.5.Conclusions

A comprehensive analysis of the four-component lipid phase diagram containing
DSPC/POPC/DOPC/Chol was carried out using ESR spectroscopy. POPC rich domains
were nanoscopic in nature, while DOPC rich domains were macroscopic. By replacing
POPC with DOPC the size-scale transitioning from nanoscopic domains to macroscopic
domains were studied. It was observed that the size scale transition does not affect the
phase behavior of the system i.e., lipids in the nanodomains and macroscopic domains
show similar ordering and motional parameters. High Field High Frequency (HFHF)
ESR (i.e., 95 GHz) was also used to study this system. This was one of the first high
frequency studies that was used to obtain the motional and order parameters for phase
separate coexisting domains (especially nanoscopic domains). The dynamic parameters
were obtained using the Slowly Relaxing Local Structure (SRLS) model to
simultaneously fit both the 9 and 95 GHz spectra. Further indirect evidence such as
increased residual for smaller domains sizes and unphysical frequency dependent L,

fraction values were obtained to show the likely presence of a boundary region (L3) in
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the nanodomain region. Simultaneous 9 and 95 GHz cw-ESR fitting was performed to
obtain a candidate boundary spectrum that has intermediate order between the L, and
L4 phases. However, further measurements with two-dimensional techniques such as

2D-ELDOR spectroscopy might help better resolve the boundary region components.
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3.6.Supplementary Information:

3.6.1.95 GHz MOMD Simulations

The 95 GHz spectral simulations are more accurate to obtain the motional parameters
from a MOMD based fit, as the overall tumbling motion of the lipids are completely
averaged out and only the segmental motion is observed. However, there are some basic
challenges that need to be overcome before the fitting can be performed and are listed
below.

(a) Basis Pruning: As the 95 GHz ESR spectral line shapes are more complex than
the 9 GHz case (c.f. Figure 3-4), a larger basis set is required to perform the spectral
fitting. A choice of a larger basis set makes the spectral fitting computationally more
expensive; hence, it becomes vital to perform basis pruning before running the MOMD
simulation. It is observed that the basis pruning for these spectral line shapes typically
reduces the number of basis sets required by a factor of 10-50.

(b) Number of Orientations: For the 9 GHz spectra, it is has been a practice to use
~25 orientations (NLSL parameter, nort = 25) for the MOMD calculations. This number
was chosen empirically based on trial and error, and is sufficient for most low field ESR
spectra (i.e., 9 GHz). However, as the 95 GHz spectra is more g-resolved and is highly
orientation selective it becomes vital to increase the number of orientations for MOMD
fits. For all the simulations reported here, the number of orientations was fixed to be
about ~50. This number was chosen carefully after observing empirically how the fits
varied with increase in orientations. Further, this information is also verified when the

basis pruning is performed, for 9 GHz spectra is seen that the number of basis sets
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required does not grow when more number of orientations are used. Whereas for the 95
GHz, it is seen that the number of basis sets are increased by 1 or 2 when the number of
orientations increases in the range of 30-35 (Figure 3-18). Hence, a conservative value
of 50 was chosen for the number of orientations. If lesser than 35 orientations are used
than the MOMD program does not converge to the right values for the order and

motional parameters.
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Figure 3-18: The number of basis functions for the cw-ESR simulations required
depending on the number of orientations , as it is seen there is a small increase in the
number of orientations required for the 95GHz spectra when 30+ orientations are used.
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CHAPTER 4 : STUDYING IMMUNE RESPONSE DUE TO

MULTIVALENT ANTIGEN BY ESR

4.1. Introduction

4.1.1. The model for IgE receptor binding

The dynamical and structural changes induced in the plasma membrane due to the
crosslinking of immunoglobulin E (IgE) — receptor (FceRI) complexes by multivalent
antigen play a major role in initiating the signaling cascade that leads to an immune
response from the cell.**!46 Previous evidence suggests the formation of submicroscopic
lipid ordered domains due to crosslinking of the IgE-FceRI complexes at the plasma
membrane. These domains selectively recruit signaling proteins that promote tyrosine
phosphorylation of FceRI and initiate the signaling cascades that lead to functional
responses from the cell such as degranulation. It is medically important to study these
complexes because they initiate the global cellular responses that can sometimes lead to
life-threatening allergic reactions. Further, the study of IgE-FceRI complexes can be
used as a model to understand the signaling pathways in other structurally and
functionally-related receptors such as the T cell and B cell receptors.'4’

The response to the crosslinking of IgE-receptor complexes is likely to involve the
restructuring of the plasma membrane to form larger sub-microscopic liquid ordered
(L,)-like domains. These L, domains are known to preferentially recruit Lyn kinase as
indicated by the co-clustering of Lyn kinase with IgE-FceRI in Scanning Electron

Microscopy (SEM) and fluorescence studies.!**!* Lyn kinase prefers to be in L,
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regions due to its membrane anchoring by saturated palmitoyl and myristoyl chains. In
the L, regions, Lyn is protected from transmembrane phosphatases that preferentially
reside in the L, regions.!® Crosslinked clusters of IgE-FceRI cause the formation of
larger L, regions in the plasma membrane where these receptors are phosphorylated by
active Lyn kinase. This phosphorylation of IgE-FceRI initiates other downstream
signaling processes that mediate mast cell activation in the allergic response. Although
many of these protein-protein interactions have been defined, the role of the plasma
membrane in stabilizing these interactions is not yet completely understood. There are
many reviews that highlight the daunting challenges for characterizing the structures
and functions of membrane systems, especially for submicroscopic lipid domains.!*!
Though the signaling mechanism (Figure 4-1) is known to involve plasma membrane
restructuring, the extent of this restructuring and the kinetics of the submicroscopic
domains formation remains inadequately understood. The term “lipid raft,” commonly
used to refer to these elusive structural arrangements, remains ill-defined and the subject
of great controversy. Furthermore, the kinetics of IgE-FceRI aggregation and the
formation of these domains in live cell membranes must be characterized in better detail.
Moreover, the role of cholesterol in cell membrane phase behavior and signaling is not

completely understood.

123



PDS

A. UNSTIMULATED B. STIMULATED

No Phosphorylation
Autophosphorylation:  Dephosphorylation: cw-ESR & Uipid Raft
IncreasesLyn activity ~ Decreases Lyn activity ~ 9E-FceRI 2D-ELDOR

SESE-

FceRI Phosphorylation by

active Lyn in lipid rafts
49X = Phosphorylation

Figure 4-1: Clustering of the IgE (blue)-FceRI(red) receptor assembly in the (a)
unstimulated and (b) stimulated membrane. Cw-ESR and 2D-ELDOR can be used to

study the membrane phase behavior while PDS along with rapid freeze quench method
can be used study the kinetics of aggregation.

Earlier, cw-ESR (at 9 GHz) was used to show the co-existence of liquid ordered (L,,
“raft-like”) & disordered (L;) domains in mammalian cells and their derivatives
(detergent-resistant membranes and plasma membrane vesicles).!®!%!33 Furthermore,
because experiments in live cells are made difficult by the limited lifetime of spin probes
(i.e., spin probes, being radicals, are reduced by enzymes present in the plasma
membrane'?), the membrane restructuring in plasma membrane vesicles (PMVs)
obtained by chemically-induced vesiculation (“blebbing”) of live cells was studied. The
greater sample stability of these PMVs allowed for the use of more sophisticated
advanced ESR techniques that required more extended signal acquisition times. So, 2D-
ELDOR (Electron-Electron Double Resonance®°?) was used to detect changes due to
antigen—receptor crosslinking by multivalent antigen (DNP1sBSA) in PMVs obtained
from RBL mast cells. This showed the coexistence of L, and L; phases (optically
unresolvable, and therefore submicroscopic, domains) with a moderate increase in the

disordered phase (L) after receptor crosslinking.?’
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4.1.2. Dynamics of IgE Crosslinking

The crosslinking of IgE-FceRI complexes can be studied with conventional
fluorescence microscopy but requires sub diffraction-limited spatial techniques (such as
PALM and STORM!'*?) to obtain any quantitative measurements for the formation of
the receptor clusters. Receptors are randomly organized around the cell membrane in
unstimulated membranes and become clustered/ordered when they interact with the
multivalent antigen. Studies have indicated the average domain correlation length (&)
changes from around ~200 nm in unstimulated cells to ~70 nm within three mins of
antigen addition.!> Many other studies have attempted to study this aspect of IgE
crosslinking in membranes through fluorescence quenching or similar techniques.
However, very little information is available on the change in the inter IgE-IgE distance
distribution with time after a crosslinking event. Pulsed Dipolar Spectroscopy (PDS)
techniques such as DEER and DQC are able to measure distances in the 10-100A
range®? which would be ideal for studying the IgE-IgE distance in crosslinked
aggregates. Furthermore, the coupling of PDS with rapid freeze quench techniques'>*
gives us the ability to study the time dependent kinetics of the IgE aggregation, by
observing the PDS signal at specific time intervals before and after crosslinking with
antigen. This would allow for direct measurement of receptor aggregation kinetics by
measuring the time-dependent nanoscale changes in the size of receptor clusters.

To understand the dynamics of IgE crosslinking, it is essential to obtain only the
intermolecular signal between two neighboring IgE’s and not the intramolecular signal

between two spin labels present on the same IgE. Spin labeling of the IgE antibody with
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maleimido-TEMPO attached spin labels on all the available lysines on the protein. This
method attached about five spin labels per IgE molecule so it was difficult to obtain the
intermolecular signal caused by IgE aggregation by a multivalent antigen (like BSA-

DNPis).

Cleaving the
disulfide bridge Spin label
&7 Spin ’ _\;\
chain label §
—_—

Heavy H
chain

Figure 4-2: Spin-labeling of IgE at the inter-heavy chaz;q position by cleaving the
disulfide bridge and attaching a bidentate spin label (bis-MTS-P)

Hence, a novel method (Figure 4-2) was developed that allowed us to selectively attach
one spin label per IgE molecule. In this method, a disulfide bridge between the inter-
heavy chains of IgE is broken selectively by a reducing agent to make available two free
cysteines in neighboring heavy chains of IgE. To the IgE antibody the bidentate ligand
(bis-MTS-P, see Figure 4-4) is then attached, thus binding to both the available cysteines
on neighboring heavy chains. The attachment of the bidentate ligand involves the
formation of two disulfide bonds. Therefore, it is possible that the two cysteines could
be bound to two different bis-MTS-P radicals, but this is unlikely because (a) steric
hindrance prevents access to this site by two different bis-MTS-P radicals, and (b) the

formation of the first disulfide bond increases the local concentration of the bis-MTS-P
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label, which makes it more likely to form the second disulfide bond. This bidentate spin
label has other advantages as well, due to its rigid linking to two different cysteines: it
has limited rotamer states, and provides for narrow distance distribution when used for

PDS applications.!*

4.1.3. Membrane Dynamics and Cholesterol depletion

Previous evidence shows that cholesterol depletion interferes with the earliest steps in
IgE receptor signaling.!>® This cholesterol depletion not only affects the phase behavior
but also interferes with the signaling pathways and raft distribution in the cell.!31%
Methyl-B-cyclodextrin (MBCD), a water-soluble cyclic polysaccharide, was initially
used for the delivery of non-polar drugs in polar media. However, MBCD also induced
cholesterol depletion at the membrane binding region, because the non-polar cavity of
MPBCD has a very strong affinity for cholesterol. Therefore, MBCD was used extensively
to study cholesterol depletion in the plasma membrane.'® In live cells, ~20% decrease
in the total cholesterol is expected after five min. of MBCD addition while there is ~50%
reduction in cholesterol after 15 min. of MPCD addition.'** Fluorescence imaging
measurements made by the Baird-Holowka group indicates that these membranes
undergo phase separation into raft-like phases when undergoing cholesterol depletion
by MBCD. However, the exact nature of these raft-like phases is not well understood;

161,162 indicate that the raft-like phases could be solid or gel-like and

some recent studies
not liquid ordered (L,). Other studies have indicated that a decrease in cholesterol

concentration leads to an increase in the Ly phase.!®® This can be expected as well,
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because cholesterol is required for the formation of the L, phase.”’ We can understand
this by comparing with the model membrane system of DSPC/DOPC/Chol (Figure 4-3;
Lo=L,4, LB=gel). The depletion of cholesterol leads to three different possibilities for

the phase behavior of the system: (a) Lz +L,; (b) L4+ L,+ gel; and (c) Ly + gel.

Cholesterol
1.0

Lo
o,
Chol.
crystals

Cholesterol
: depletion

0.0
00 01 02 03 04 05 06 07 08 09 10

DOPC DSPC

Figure 4-3: DSPC/DOPC/Chol phase diagram showing the different phase coexistence
regions. As natural membranes are usually in the L, and L4 phase coexistence regime.
Point (4) represents the phase behavior of a natural membrane. Points (B), (C) and
(D) represent the potential end points of cholesterol depletion. As can be seen,
depending on the extent of local cholesterol depletion, the remaining lipids can exhibit
either (B) Lo (Lg)+Ly, (C) Lo +Ly+Lg or (D) LotLp. L vefers to the liquid disordered
phase and Lg refers to the gel phase. Figure was modified from Feigenson (2006)'%*
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4.2. Experimental

4.2.1. Spin labeling of IgE with bidentate cysteine nitroxide

- -
e 8= 8 O N
"\.I':‘:.
H'_ac-u'\' 'k,CHB HsC CHs
HiC™ "N” CHy HsC T CHy
I L[]
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Figure 4-4: Structure of the bidentate spin label (bis-MTS-P)  or 3,4-Bis-
(methanethiosulfonylmethyl)-2,2,5,5-tetramethyl-2,5-dihydro- 1 H-pyrrol-1-yloxy
radical (left). Structure of 4-Maleimido-TEMPO or 4-Maleimido-2,2,6,6-tetramethyl-
[-piperidinylox free radical (right).

Spin-labeling was performed using a bidentate ligand similar to that used by the Hubbell
group.'>® 300ul of Img/ml of IgE was dialyzed with BBS buffer at pH 8.0 for at least
six hrs. The IgE in BBS is reduced with a fresh solution of 1mM dithiothreitol (DTT)
for one hour. This step cleaves one or more disulfide bonds of the disulfide bridge
between the inter-heavy chains. The pH of the IgE solution is lowered to 7.0 with the
addition of small amounts (7.8 pl) of 0.1M HCI, and 15ul of 52mM bis-MTS-P spin
label to obtain about 2.5mM concentration of the spin label. This reaction was carried
out for about one hour and then the reaction mixture was spun down twice at 11-12,000
rpm for 5-15 minutes. The reaction mixture was dialyzed with PBS buffer and then spun
down thrice at 13,000 rpm for 10 minutes. UV-VIS spectra of the spin labeled sample

were compared with the native sample and no discernable changes were observed,

which indicates that the spin labeling did not denature the sample. Based on the ESR
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signal (Figure 4-5), the spin label concentration was identified to be 0.50 £ 0.06 uM,

which shows that the spin labeling efficiency is around 10% for this method.
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Figure 4-5: cw-spectra of IgE spin-labeled in the inter-heavy chain position with bis-
MTS-P spin label. The broad ESR spectral signature corresponds to the spin-labeled
IgE while the narrow/sharp lines correspond to the unreacted spin label.

The spin-labeled IgE sample was mixed in with twice the number of moles of trivalent
antigen (Y16-DNP3, c.f. Figure 4-8). This crosslinking was allowed to reach equilibrium
in 10-15 min. and then rapidly frozen in liq. N> to 77 K. The sample was then transferred

to our home built Ku band spectrometer to observe the four-pulse DEER spectrum at

20-30K for ~18 h.

4.2.2. Preparation of Plasma Membrane Vesicles (PMV’s) for cw-ESR

Monolayers of RBL-2H3 cells in small tissue culture flasks (T75 flask containing ~5 x

107 cells) were washed with 4ml of BB buffer (2 mM CaCl,, 10 mM Hepes, 150 mM
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NaCl, pH 7.4), and incubated with 6ml of freshly prepared GPMV buffer (containing
the active reagents of 25 mM formaldehyde and 1 mM dithiothreitol in the BB buffer),
for one hour at 37°C with gentle shaking. GPMVs were then decanted into a centrifuge
tube and allowed to sit for ~20 min. to let the cell debris settle. The supernatant was
then transferred into a pre-equilibrated dialysis tube and dialyzed overnight with the BB
buffer with 2mM Ca?" and 0.01% of NaNj3. The dialysis buffer is changed once after 6
hours to completely eliminate dithiothreitol (DTT) and formaldehyde, and the required
amounts of IgE are added (typically about 6 ug of IgE per T75 flasks). The PMV
solution was transferred to a centrifuge tube and pelleted at 6° C for 40 min. at 12,000
rpm. The supernatant was removed and the pellet re-suspended in 1.6 ml of BB buffer
containing 2mM Ca?*, and 42 pl of 0.07 mM n-PC spin label (where n = 5, 7, 12, 16)
was added. This solution was incubated at room temperature for 10-15 min. with
occasional stirring and re-pelleted at 12,000 rpm for 20 min. at 8° C. The sample pellet
was then transferred to an ESR sample tube and the ESR spectrum was measured using
our 9 GHz Bruker ELEXYS-II E5S00 spectrometer at the desired temperature.

Cholesterol depletion with MBCD was carried out by adding 80 pl of 20mM MBCD in
PBS/BSA buffer to about 0.8 ml of the sample in the bleb buffer (i.e., final concentration
of MBCD was ~2 mM). After about 5Smins, the bleb buffer containing MBCD was
dialyzed with BB buffer to remove the MPCD completely. The samples were then
pelleted in a similar fashion to the sample pellet for PMVs described above, and the cw-
ESR spectra were measured. To carry out the crosslinking experiments the ESR sample
pellet (used to measure the uncrosslinked sample above) was re-suspended in a small

amount of BB buffer (~100-800 ul) and about 10-30 pl of 2.5 uM crosslinking agent
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(trivalent DNP, Y 16-DNP3'%%) was added. The solution was then centrifuged at 12,000
rpm for 20 min. at 4°C, the sample pellet was then transferred to an ESR capillary tube,
and the spectra were observed. The continuous wave ESR measurements were carried

out on the pelleted sample at two different temperatures (8° C and 37° C).

4.3. Results
4.3.1. Pulsed Dipolar Spectroscopy
0.42-
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Figure 4-6: Time domain pulse dipolar signal (V(t)) of the spin-labeled IgE crosslinked
with trivalent DNA-DNP3 ligand. This data has not been baseline subtracted.

IgE in PBS/EDTA buffer was crosslinked with trivalent DNA-DNP3 and the
equilibrium PDS signal obtained. As seen in Figure 4-6, the PDS signal obtained for
this experiment after overnight averaging (~18 hr.) was very weak. In fact, the signal
obtained is so weak that it is difficult to determine the PDS signal background easily.
This background always in DEER even with 100% labeling (caused by non-aggregated

IgE) needs to be removed to obtain the relevant part of the signal. However, the

background determination requires us to identify a log fit; this is unreliable in the case
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where the spectra are so noisy. Therefore, a wavelet-based denoising approach
developed by Srivastava et al'® was recently used to help determine the background.
This background was subtracted from both the noisy and denoised spectra to obtain the
time-domain pulse dipolar signal (Figure 4-7 a). The distance distribution was initially
obtained (Figure 4-7 b-c) using the L-curve based Tikhonov Regularization®® method

(TIKR) followed by refinement with the Maximum Entropy Method”® (MEM).
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Figure 4-7: Distance distributions for spin labeled IgE crosslinked by Y s-DNP;. (a)
Experimental time domain DEER data (noisy) along with wavelet denoised time domain
DEER signal. (b) - (d): Reconstructed distance distribution for the noisy and denoised
signal obtained using different reconstruction methods (TIKR/MEM and new SVD
method). (e)-(f) Two potential orientations of the spin label in the IgE-(Y16-DNP3)
complex that could explain the bimodal distribution observed in (d).
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The distance distribution indicates a broad peak at ~3 nm (Figure 4-7 b) for the noisy
spectra whereas the denoised PD distance distribution obtained using TIKR+MEM
indicates peaks at 3, 3.7 and a broad peak at 5.2 nm (Figure 4-7 c). It is important to
note that the peaks observed in the denoised distance distribution at and below two nm
are unreliable and therefore not of importance. To avoid such artifact peaks such as
those below 2 nm, a new SVD based method that was developed by Srivastava and
Freed’? and applied to this sample. This method for reconstruction of the PD distance
distribution should be artifact free due to its good convergence. This method gave us
two peaks, one at 3 nm and another at 3.7 nm with a long tail ~5 nm. The small peak
observed at 5.2 nm in the TIKR+MEM reconstruction method is probably real and leads
to the broad tail ~5 nm with the new SVD method. For the Y16-DNPj trivalent antigen,
the distance between the antigen binding sites of two IgEs is ~5.2 nm. However due to

167 it is expected that the distance between the ‘spin

the bent structure of IgE in solution
labeled’ sites of IgE is between 3-5 nm (i.e., the distance between the inter heavy chain
disulfide bridges of the neighboring IgEs is ~3-5 nm). Therefore the peaks at the 3, 3.8
nm distances could be expected for this sample depending on the orientation of the IgE
molecule when bound to the DNP on the trivalent DNA molecule.'®® Figure 4-7 e-f
shows two potential orientations of the IgE that can give the respective distances. It is

important to note that this figure is a simplified two dimensional representation of an

inherently three dimensional system.
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# Name L (nm) D (nm)
~
A Y16-DNP3 2.7 5.2 (£0.9)
L ~
P = § D Y26-DNP3 4.4 6.9(+1.3)
DNP Y36-DNP3 6.1 10.4(=1.6)
| DNP  y46.DNP3 7.8 13.1(x2.5)

= NH-(CH,)s-CONH-(CH,);
Figure 4-8: The rigid DNA spacer and distances. Left: Structure of the trivalent DNA
ligand with variable space length. Right: Distance values (L & D) for the specified DNA
spacer, our measurements used the Y16-DNP; spacer. Figure modified from Sil et al.'®
(2007)

4.3.2. Cholesterol depletion in the membrane
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Figure 4-9: ESR spectra of 5-PC (left) and 16-PC (right) in natural and cholesterol-
depleted plasma membrane vesicles obtained from RBL cells.

The 5-PC results are not surprising because they are largely excluded from the L, phase
and primarily report the L, phase.?**’ 5-PC’s partition coefficient is 3:1 in favor of the
L4 phase when compared to the L, phase. Therefore, small changes in the fraction of

L, phase are unlikely to be observed by the 5-PC probe. However, significant changes

to the ordering of the L; phase will definitely be observed by the 5-PC probe. However,
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this data from 5-PC clearly shows that the L; phase behavior (Figure 4-9) is not greatly

affected by the cholesterol depletion.
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Figure 4-10: Comparison of simulated and experimental data for 5-PC in (left) natural
membrane and (right) cholesterol-depleted membrane. For natural membrane (R ) =
3.7x107 and Sp = 0.39 whereas the cholesterol-depleted membrane is (R,) = 3.5x10°
and Syp = 0.39. This indicates that there is not much change in the membrane spectra
after cholesterol depletion for the 5-PC probe.

The 5-PC spectra were fit using the nonlinear least squares fitting program® to obtain
the motional and ordering parameters. In the case of the cholesterol-depleted sample
there is an insignificant decrease in the rotational rate (R, ), i.e., R, value of 3.5 x 10’s!
when compared to the R, value of 3.7 x 10’s™! for the natural membrane (Figure 4-10).
The ordering parameter (So) does not change. However, the 16-PC probe clearly shows
the effect of cholesterol depletion as seen in Figure 4-11. The effects of cholesterol
depletion is most evident at the lower field positions (~3370 G), where the cholesterol-

depleted ESR spectrum shows a much narrower feature than the natural membrane. This

is because there is a larger amount of disorder observed in the system.
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Figure 4-11: cw-ESR spectra observed for 16-PC probe in plasma membrane vesicles
along with their respective fits. Fit parameters are tabulated in Table 4-1.

Table 4-1: Percentage of the Ly phase observed when cholesterol depletionis carried
out along with the fit parameters obtained from NLSL fitting for the 16-PC probe.

Type of Ly fraction
Membrane L, parameters L, parameters observed
Natural R, =1.24x10%"! R, =2.01x 10%! 36.3
So =0.19 So =0.37
Cholesterol R, =1.23 x 10%! R, =5.27x 10%! 650

Depletion So =0.19 So =0.27

NLSL fitting (Table 4-1) shows that the L; phase of the 16-PC spectra shows that the
L4 phase’s motional and ordering parameters do not change very much (i.e., R; ~ 1.23
x 10%s'and S, = 0.19). The L, phase does become more fluid and less ordered due to
cholesterol depletion. This result is expected since cholesterol is required for the
formation of the ordered phase (L,).>?® Further, there is ~30% increase in the fraction
of lipids exhibiting L; phase behavior; these results obtained for this system are

consistent with the results obtained by Levental et al.!®® (Figure 4-12).
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Figure 4-12: Fraction of La phase observed in GPMVs from NIH 3T3 fibroblasts as a
function of cholesterol . The fraction of Ly phase increases from ~30% to ~65%, i.e.,
~35% increase in the La phase for this sample. Figure modified from Levental et
al.(2009)'%

4.3.3. Changes to phase behavior due to antigen crosslinking as reported by

cw-ESR

The cw-ESR spectra for the 12-PC and 16-PC probe (Figure 4-13) indicate that there is
relatively very little change to the phase behavior when the IgE-receptors are
crosslinked by multivalent antigens. A model system looking at crosslinking of peptides

in membranes was developed and discussed further in Chapter 5.
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Figure 4-13: Measurement of changes to the ESR spectra for 12-PC (left) and 16-PC

(right) probes for the crosslinked IgE-FceRI receptors on plasma membrane vesicles

(PMVs) obtained from RBL cells.
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The ESR spectrum for the 16-PC probe shows two additional ESR peaks at 3300 and
3350 G; this is likely due to 16-PC to 16-PC probe interactions formed when large IgE-
FCeRI crosslinked aggregates are formed on the membrane surface. However, these

additional features are not always observed and therefore difficult to quantify using cw-

ESR.

4.4. Conclusions and Future Directions

The complex natural membrane system of eukaryotic cells was studied using different
ESR spectroscopic techniques. PDS was used to show the utility of this novel spin
labeling technique using bidentate spin labels to identify the distance distribution for
protein aggregates. However, the signal to noise ratio for this system is poor, so only
the equilibrium distances of 3, 3.7 and 5.2 nm for our system could be measured. Further
improvements in signal to noise ratio, by improvements to the PDS technique and
instrumentation®” as well as wavelet denoising!®® methods, are required to carry out
future work on the time-dependent changes to distance distribution after IgE
crosslinking by multivalent antigens. Cw-ESR was used to study the effect of
cholesterol depletion in plasma membrane vesicles obtained from RBL cells, and it is
observed that cholesterol depletion leads to an increase in the fraction of lipids
exhibiting L; phase behavior. Further work on studying changes to the phase behavior
of lipid membranes due to the IgE-FceRI also needs to be carried out using different
crosslinking agents such as trivalent DNA-DNP3, especially using advanced two-

dimensional ESR techniques such as 2D-ELDOR as well as high frequency ESR.
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4.5. Supplementary Information

4.5.1. Presence of Calcium

Calcium plays a major role in many cellular functions'®®. The binding of calcium to
phosphatidylserine (PS) and other like negatively charged lipids'®® (e.g.: PG —
phosphatidylglycerol) in the membranes significantly affects the phase behavior'” as it
induces PS crosslinking!”!. The presence of 2mM Ca®" (i.e., physiologically relevant
concentrations of calcium) induces large scale phase separation in lipid temperatures at
low temperatures (<15 °C)!3!. However, the reason for this phase separation is poorly
understood, especially if these changes are linked to changes to the phase behavior. ESR
provides unique information as it largely provides information on the order parameter
and motional dynamics of all the probes present in the sample independent of the size
of the domains. Our results indicate (Figure 4-14) that there is very little change to the

phase behavior associated with the calcium dependent phase separation.
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Figure 4-14: The ESR spectra of 16-PC probe in PMVs obtained from RBL cells at 8
°C in the presence and absence of calcium. The phase separation is observed for the
plasma membrane vesicles (PMV’s or blebs) in the presence of calcium using
fluorescence imaging techniques.
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CHAPTER 5 : CROSSLINKING OF BIOTINYLATED PEPTIDES

IN MODEL MEMBRANES

5.1. Introduction

The cross-linking and/or aggregation of peptides and proteins in cellular membranes is
a vital part of many membrane-linked cellular processes. The cross-linking of
membrane proteins plays a major role in receptor signaling, viral budding, and vesicular
transport. The exact mechanism for downstream processes involving protein cross-
linking in membranes is not understood but it is observed that cross-linking of proteins
induces formation of larger liquid ordered/domains. These larger domains can
selectively recruit downstream signaling proteins (depending on the desired cellular
response). 23146172 Cyrrently, the extent of membrane restructuring induced by the
cross-linking of proteins is poorly understood. Furthermore, very little information is
available on the size of these lipid domains.

Natural membranes in their uncrosslinked states consist of liquid ordered
nanodomains?®, the ordered domains have popularly been referred to as “lipid rafts.”
These lipid rafts are nanoscopic, varying between 10-200 nm, and are rich in sterols,
sphingolipids and high melting lipids and are stabilized by protein and lipid interactions.
The nanoscopic size of these domains make it difficult to study them with conventional
spectroscopic techniques that are limited by the wavelength (~250 nm). Recent
advances in super-resolution imaging and localization techniques have helped improve
resolution by an order of magnitude, to almost ~20nm. However, this method is also

complicated as these methods typically involve compiling many observed snapshots to
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construct the “image.” Moreover, this method can only indirectly give information
about the phase behavior (by looking at “diffusion” rates in successive images).

Electron Spin Resonance (ESR) provides for an opportunity to observe sufficiently
small domains as it observes the ensemble of all the spin probes present in the sample,
provided, they are localized in these domains. Therefore, ESR can be used to report the
phase behavior at both the nanoscopic as well as the macroscopic scale. Furthermore,
ESR is extremely sensitive to the phase behavior of membrane systems and can be used

1.2% have

to determine the exact change in the phase behavior.!* Earlier, Chiang, et a
studied the cross-linking of IgE-FCeRI receptors by a multivalent antigen using the 2D
electron—electron double resonance technique (c.f. Chapter 2). They found that
membrane cross-linking increased the extent of disordering in the lipid membranes

(Figure 5-1).
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Figure 5-1: The change in the L, fraction observed upon cross-linking of IgE receptor
assembly in plasma membrane vesicles obtained from RBL cells. Figure was modified
from Chiang et al. (2011).%°

However, such studies on plasma membrane vesicles as well as cellular membranes are
difficult due to a variety of factors. First, the ESR spin probes are reduced by reductases

present in the cell membrane; this has not allowed for the longer signal averaging
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required to obtain adequate signal to noise. Natural membranes contain substantial
amounts of water molecules (i.e., “lossy” samples) and therefore are difficult to tune.
The natural membranes contain more than thousand different types of proteins, so it is
difficult to separate out only the cross-linking interactions from other non-specific
interactions. Hence it is important to construct a model membrane system where only
the cross-linking interactions can be carefully studied. Model membranes are stable and
their exact composition can be controlled. To understand the effects of cross-linking in
biological membranes, a model membrane system containing various lipid
compositions in coexisting Lo/Lq phases similar to cell membranes was developed. The
study was carried out in both the “nanoscopic’ as well as “macroscopic’’ domain region;
this permitted insights into size and composition-dependent cross-linking effects. The
effects of cross-linking on the phase behavior by using spin-labeled molecules (16PC
spin label) was monitored using conventional 9-GHz cw-ESR. For this study,
biotinylated transmembrane peptide (biotin moiety attached to C-terminus of the
peptide) was used, and the changes to the ESR spectra upon avidin cross-linking were

observed.
5.1.1.Biotinylated Gramicidin and Avidin cross-linking

Gramicidin is an antimicrobial pentapeptide that is produced by the soil-based
bacterium Bacillus brevis. Gramicidin-A, the most abundant form of gramicidin, is
made up of alternating D & L-amino acids: HCO-L-Val'-Gly*-L-Ala*-D-Leu*-L-Ala’-
D-Val®-L-Val’-D-Val®-L-Trp’-D-Leu'’-L-Trp'!-D-Leu'?-L-Trp'3-D-Leu!*-L-Trp!>-

NHCH>CH>0H (cf. Figure 5-2).
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formyl-L-Val-Gly-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-cthanolamine

Figure 5-2: Structure of Gramicidin A along with the amino acid sequence.

The amino acids in gramicidin are either hydrophobic (Val, Ala, Leu) or amphipathic
(Trp). The Trp residues (amino acids 9, 11, 13, 15 in the sequence, carboxy terminus),
are present in the membrane interface due to their amphipathic nature while the
hydrophobic amino acids (amino acids-1-10, amino terminus) are buried in the
membrane bilayer. Gramicidin-A adopts a single stranded helical dimer (known as the
channel form) in lipid bilayers.!” A single molecule of Gramicidin-A is unable to
traverse the membrane, so it forms end-to-end dimers between two gramicidin
molecules linked together at the amino terminus (N-terminus). Gramicidin-A's principal
state in the membrane is the dimer form with the dimerization constant (>10'* cm?/mol)
in the fluid membrane phase being very high. Once the gramicidin-A dimer forms in the
membrane, it is held together by six hydrogen bonds. Therefore, it is important to
biotinylate gramicidin only at the carboxy terminus (C-terminus). Gramicidin-A’s
surface area is significantly more than that of the lipids in the bilayer; it can occupy up
to 20% of the entire surface area of the membrane.'” This can lead to large and

significant changes in the membrane phase behavior.
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Figure 5-3: The cross-linking of biotinylated gramicidin in the membrane by Avidin.
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Spin-labeled ESR has been used extensively to study gramicidin and its

33.33.54175-177 in membranes. These studies have shown that gramicidin alters

derivatives
lipid membrane phase behavior at sufficiently high concentrations!”>!7¢ while the 2D-
ELDOR technique was used to distinguish between the bulk and boundary lipids as well
as their aggregation.>»> Furthermore, biotinylated gramicidin (i.e., a biotin molecule
attached to the C-terminus of Gramicidin) was chosen as a good model for studying
membrane cross-linking effects, because this peptide is relatively stable and has a very
simple structure that makes it easy to study the specific lipid-peptide interactions easily.
The specific binding between avidin and biotin is very high (Ka ~ 10'> mol!) and has
been extensively used to introduce aggregation in a variety of systems. Avidin is a
tetrameric protein with a molecular weight of ~68 kDa; an avidin molecule can bind up
to 4 different biotin moieties. This property is used to coordinate biotin ligands from
different biotinylated gramicidin peptides, therefore leading to cross-linking of the
peptides.!”®!” As gramicidin forms end-to-end dimers, it can aid in forming extended

networks (i.e., more than two gramicidin can be linked together) of biotinylated

gramicidin (Figure 5-3). The distance between two biotin-binding sites on the "same
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face" of avidin as needed for cross-linking is ~2 nm (Figure 5-4), therefore we expect

the gramicidin-gramicidin distance upon crosslinking to be around ~2.5 nm.

Figure 5-4: The structure of the biotin-avidin complex. Avidin is shown in its tetrameric
form (red, blue, green and yellow domains) and the biotin sites are shown in black. On
average the distance between the two biotin sites on the same face are ~2 nm. This
structure is based on the crystal structure (SIRW).%

5.2.Experimental

5.2.1. Synthesis of Biotinylated Gramicidin

Biotin (6 mg) and Gramicidin-D (49 mg) were dissolved in 0.5ml of dry
dimethylformamide (DMF) along with a pinch of 4-Dimethylaminopyridine (DMAP)
and Hydroxybenzotriazole (HOBt) (0.32 mg). This mixture was heated gently to obtain
a homogenous solution. 25ul of IM N,N'-Dicyclohexylcarbodiimide (DCC) in
chloroform (CHCIl3) was carefully added at room temperature and stirred for ~48 h. The
reaction (Figure 5-5) was stopped by evaporating the DMF in a rotovap heated to 80 °C.
The reaction mixture was then placed in a vacuum desiccator overnight to remove any

residual DMF. Large scale (preparative) TLC was performed to separate out the
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different reaction products by running the reaction mixture against 5:1
Chloroform/Methanol on a silica plate. The TLC indicated three bands with the upper
band containing gramicidin and its derivatives. Mass spectrometry was used to identify
the reaction product (cf. Figure 5-11 in the supplement). Gramicidin (GD) and
Biotinylated gramicidin (BG) are not easily separated by the 5:1 CHCl3: MeOH mixture,
however as most of the gramicidin was converted into the product and further separation
between GD and BG was not critical for further experiments. This procedure was

modified from similar experiments in the literature.>*!8!

= mmmmmmy S\ ,H

Figure 5-5: Basic scheme for the biotinylation of gramicidin-A at the C-terminus , based
on the Steglich Esterification reaction.'$

5.2.2.Preparation of lipid membranes

The lipids for each sample were mixed in a pre-determined ratio of the individual
components (cf. Table 5-1 and Table 5-2) in chloroform and 0.3 mole percent of 16PC
was added, 0.5-1.0% of gramicidin or biotinylated gramicidin was also added. The

chloroform in this lipid mixture was evaporated under a flow of pure nitrogen gas and
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then completely dried in a vacuum desiccator overnight (>8 hr.). About 0.5 ml of PBS
buffer at pH 7.4 was added to the dried lipids and was hydrated for at least one hour at
~47 °C with rapid vortexing every 15 min. This process produces a turbid solution that
is made up of multilamelar lipid vesicles (MLV). The MLV solutions were then
transferred to 2 ml centrifuge tubes and centrifuged at 14,000 g and 4 °C for 30 min. The
supernatant was carefully removed, leaving behind ~80 pl of water and the lipid pellets
containing MLVs. The pellets were re-suspended in the remaining water (~80 pl) and
transferred to an ESR capillary tube. The sample was finally re-pelleted at 3,300 g and
the supernatant was removed; a small layer of water (~1-2 pl) was left behind to prevent
oxidation of the sample. The capillary tubes were carefully sealed to prevent
evaporation and oxidation. The total weight of the lipids varied between 2-4 mg.

Table 5-1: Lipid compositions for the pure phases and their compositions *

DOPC/DOPG/Sph /Chol Phases

Composition

44.1/4.9/20/30 Liquid Disordered (Lq)
9/1/53/35 Liquid Ordered (L)

Table 5-2: Lipid compositions used in this study for the coexistence region. These values
are the same as the lipid compositions used for the Chol 22 line in Chapter 3.
Rho value (p)* DSPC/DOPC/POPC/Chol Size of Domains (in MLVs)

Composition
0.0 39/0/39/22 Nanodomains (Lo & La)
0.1 39/4/35/22 Nanodomains (Lo & La)
0.5 39/20/19/22 Macrodomains (L, & Lq)
1.0 39/39/0/22 Macrodomains (L, & Lq)

* The rho value is the relative fraction of DOPC with respect to POPC, i.e. higher rho
values indicate DOPC rich compositions while lower rho values indicate POPC rich
compositions.
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5.2.3. Cross-linking with Avidin

For the cross-linking measurements, to increase the accessibility of the biotinylated
gramicidin to the avidin molecule, sonicated vesicles were prepared. These sonicated
vesicles are prepared by sonicating the MLV solution with a probe tip sonicator for five
mins, this sonication allows for the proper mixing of all the components. To carry out
the cross-linking, a slight excess amount of avidin was added (i.e., ~one avidin molecule
was added for 3.9-4 molecules of biotinylated gramicidin). Avidin from egg white was
purchased from Sigma Aldrich and a stock solution containing 5 mg/ml of Avidin was
prepared in the PBS buffer at pH 7.4. The sonicated vesicles so obtained are difficult
to pellet, the presence of large amounts of water in the sample lowers the spin label
concentration and therefore makes it difficult to obtain strong enough ESR signal. These
samples were therefore left overnight (~8 hr.) at 4 °C to allow them to settle by gravity.
In the case that avidin was added to crosslink the biotinylated gramicidin, it was added
during the sonication step to ensure that the crosslinking process was completed. This
sample was then pelleted in a process similar to MLVs stated above to measure the ESR

spectra.
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5.2.4.Spectral Acquisition and Processing

The ESR spectra were obtained on a commercial Bruker ELEXSYS (E500) CW-ESR
spectrometer at room temperature (~293-297 K). The ESR spectra so obtained were
converted into ASCII format and then analyzed using the non-linear least squares
analysis program®® developed by the Freed group and by custom-built programs in
MATLAB®. The spectra in this study were obtained for end-chain label 16PC (1-
palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine), as this probe partitions
equally between the L, and L4 phases and therefore is the most sensitive to changes in

the phase behavior.

5.3. Results

5.3.1. Effect of Gramicidin on the phase behavior of the cell membrane

The presence of gramicidin in the membrane has been shown to alter the phase behavior
of the model membrane system.!”” This could be problematic if the presence of
gramicidin prevents the formation of nanodomains and/or changes the domain size.
Therefore, a sufficiently low concentration of gramicidin needs to be chosen. Earlier
studies have indicated that low concentrations (~0.4%)>* of gramicidin do not alter
phase behavior very much. Therefore, gramicidin concentration of 0.5 mol % (i.e., one
gramicidin per 200 lipid molecules) was chosen. Figure 5-6 shows that the presence of
gramicidin does not change the phase behavior of the lipid membrane at such low
concentrations. The lipid composition chosen in Figure 5-6 was the most restrictive case
with the smallest domain size (~7 nm).'®
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Figure 5-6: ESR spectrum of DSPC/DOPC/POPC/Chol lipid mixture at room
temperature containing (a) no gramicidin and (b) 0.5 mol % of biotinylated gramicidin.

5.3.2. Effect of cross-linking on single phase systems

The effect of avidin cross-linking on the phase behavior of pure phases (i.e., the lipid
composition chosen was in a single phase) was carried out both in MLVs and sonicated
vesicles. These experiments (Figure 5-7) indicate that single-phase spectra are not

affected by the cross-linking of biotinylated gramicidin at the low concentrations used.
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Figure 5-7: Comparisons of pure phase spectra of the (left) Lo phase and (right) Ld
phase, with and without the presence of crosslinked biotinylated gramicidin The pure
phase spectra show no significant changes to their spectra upon cross-linking.
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5.3.3. Effect of cross-linking on coexisiting phases

Cross-linking of biotinylated gramicidin in the membrane was first carried out in
multilamellar vesicles (MLVs). No significant changes to the phase behavior were
obtained; this was likely due to restricted access to the biotinylated gramicidins on the
membrane surface for the avidin molecule. Therefore, efforts were focused on studying
the cross-linking effects in the sonicated vesicles. Figure 5-8 shows the ESR spectra for
two different lipid compositions. As seen in Chapter 3, the Rho 0 composition is POPC-
rich and in the nano-domain region while the Rho 1 composition is DOPC rich and in
the macrodomain region.!*!4? As seen in Figure 5-8, the spectra for Rho 0 composition
show a significant change in the spectra while the spectra for Rho 1 composition do not
change very much. The differences are clearly evident in the high field region of the
spectra (~3380 G) for Rho 0, where the uncrosslinked gramicidin has a double dip

feature (signifying greater order) while the crosslinked gramicidin has only one broad

feature.
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Figure 5-8: ESR spectrum of the DSPC/DOPC/POPC/Chol system for two different
compositions. (cf- Table 5-2 ).
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The uncrosslinked and crosslinked data were fit by performing a linear combination of
the L, and Lq phases in MATLAB as described in Chapter 3. Figure 5-9 shows the best
fits obtained for the case of Rho 0.5 (both uncrosslinked and crosslinked) along with the
residuals from the fit. As can be seen the two component fits are accurate and account
for all the major features. A selection of these ESR spectra were also fit using the non-
linear least squares fitting method (NLSL)*® and the two component NLSL fits obtained
had similar residuals to the linear combination (of L, and Lq) method. So only the results
from the linear combination fit method are discussed henceforth. The NLSL results
show that the rotational diffusion parameter (R, ) for the L, phase is ~3.5x10%s! while

that for the Lq phase is ~2.8 x10%s™!. The order parameter (So) is significantly higher for

the L, phase (~0.35) when compared to the Lq phase (~0.12).
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Figure 5-9: The results for the two component of the ESR spectrum for the rho 0.5
composition is shown for the uncrosslinked (left) and the crosslinked (vight) sample.

Similar to the Rho 0.5 case, the four different compositions were fit by combining the
spectra from the L, and Ly components. A summary of these results given in Figure
5-10, show that the L, phase is the predominant phase in both the uncrosslinked and

crosslinked state for the lower rho values (below 0.3) while the Lq phase is the
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predominant phase for the higher rho values. Furthermore, this figure shows that the L,
fraction reduces on cross-linking, i.e., cross-linking introduces a larger amount of
disorder in the domain. This effect of cross-linking is more marked in the case of
compositions rich in POPC. In the case of Rho 0, cross-linking reduces the amount of
the ordered phase in the sample by almost 12% (from 80% to around 68%), while in the
case of Rho 1 the change in the ordered phase is within the error levels of the fit.
Therefore, this effect of cross-linking appears to be very composition (and possibly size)

dependent.
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Figure 5-10: Ratio of L, fraction for the uncrosslinked and crosslinked membrane
system plotted against the rho value. The error bar is indicative of the residual levels
from the fit, therefore informs of the accuracy of the fit. The ordering and dynamic
properties of both the L, and La components was not changed between the crosslinked
and uncrosslinked sample.
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These results are also consistent with the data obtained by Chiang et al.?° (cf. Figure
5-1), where they observe that cross-linking of IgE-FCeRI receptors by multivalent
antigen induces disorder in the plasma membrane vesicles obtained from the RBL cells.

Gramicidin is known to prefer the Ly domain and the “boundary lipids” in the near
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vicinity of gramicidin are known to behave in a disordered fashion.?* Therefore, it
appears that gramicidin cross-linking “releases” these lipids to increase the amount of
total disorder in the system. However, to study the effect of the lipid domain boundary,

a higher resolution technique like 2D-ELDOR is required.
5.4. Conclusion

A model membrane system using biotinylated gramicidin was constructed to understand
the effects of peptide/protein cross-linking in the membrane. Continuous wave (cw)
ESR was used to characterize the changes to the phase behavior induced by the cross-
linking of gramicidin. No changes were observed when the system exhibited only one
phase. In the case of coexisting L, and L4 phases, cross-linking of biotinylated
gramicidin in the membrane increased the fraction of the disordered phase; these results
are consistent with other studies carried out with ESR?°. Furthermore, substantial
changes to the membrane phase behavior were observed in the case of POPC rich
compositions while little to no change was observed in the case of DOPC rich
compositions. This domain-size dependent effect of cross-linking might be important
for biology and can give us clues about behavior of natural membranes. However,
further work using peptides favoring the L, domain need to be studied as well. Finally,
advanced measurements using higher resolution ESR techniques such as 2D-ELDOR
can help better separate the L, and Lq domains and give insights into nature of the

composition and domain-size dependent effect.
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5.5. Supplementary Information
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Figure 5-11: Mass spectrum (ESI-MS) of the biotinylation of gramicidin reaction
mixture , the mol. wt. of gramicidin (GD) is 1882.3 g/mol; the peak at 1905.1 is the
[Mgp + Nal* and the peak at 2109.2 is the [Mgg + Nal]*. The [Mgg + 2H]**and
[Mgp + 2H]?* peaks are observed at 941.5 and 1055.1 respectively. The mass spectral

peaks indicate that bulk (~70%) of the initial gramicidin (GD) was converted into
biotinylated gramicidin (BG).
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CHAPTER 6 : CONCLUSIONS

In this section, I will summarize some of the results obtained during my graduate study.

As each chapter has a slightly different objective, I will address this by the chapter:

In chapter 2, we have studied the partitioning of TEMPO into lipid membranes using
95 GHz 2D-ELDOR spectroscopy:

(1) We have developed a high power high frequency pulsed ESR spectrometer that
can be used to study “lossy” aqueous samples at room temperature. We have used this
spectrometer to study the partitioning of spin label (TEMPO) between the water and
lipid phases. This is a significant achievement for the field of ESR spectroscopy,
because very few high frequency studies (95GHz or higher) have been carried out on
lipid membranes. We have earlier addressed the challenges of using pulsed 2D-ESR
techniques to study molecular motions at higher frequencies.®

(2) We showed that the utility of high frequency ESR in providing improved
spectral resolution to separate out the lipid and water phase peaks based on the
differences in their g-values and hyperfines.

3) We observe that the spin label partitioned into the lipid membrane is located
close to the interface of the lipid and water phases. Using 2D-ELDOR spectroscopy, we
are able to simultaneously measure the T1 and T> relaxation rates in both the phases.
Further, the use of full Sc-. method developed by our group has made it possible to

obtain accurate motional rates for the lipid and water phases.
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4) We observe that relaxants such as nickel and oxygen enhance spin relaxation in
both the water and lipid phases but have differing effects in both: whereas oxygen has
nearly the same effect on both the water and lipid phase, nickel largely affects the water
phase signal and has a smaller effect on the lipid phase signal. There are still some
unanswered questions with regard to the relaxation enhancement (RE) of the lipid phase
by nickel, as we observe a greater enhancement than expected of the T» than the Ti. This
effect is rather surprising for nickel because nickel induces relaxation primarily by
collisional exchange (for collisional exchange, RE of T> = RE of T1). This needs to be
studied in detail with a series of different nickel concentrations and salts.

(%) Finally but most importantly, for the first time in the field of ESR spectroscopy
we observe the effect of exchange of the TEMPO molecule between the lipid and the
water phases. We find that the exchange of TEMPO between the lipid and the water
phases is in the microsecond (us) regime. This result is exciting because there are many
biological processes that occur on this time scale, e.g. it will be great to observe the rate

of conformational changes in protein structures.

In Chapter 3, we have studied nanoscopic domains formed in four component model
membranes (in collaboration with the Feigenson group):

(1) We have used multifrequency (9 & 95 GHz) cw-ESR to study the formation of
nanoscopic domains in tertiary lipid mixtures (DSPC/DOPC/POPC/Chol). The
formation of nanodomains from macro-domains was studied along a compositional

trajectory by varying the relative amounts of DOPC and POPC lipids while holding the
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cholesterol and DSPC concentration constant. The relative fraction of DOPC present in

XDOPC

the sample was represented by the rho (p) value defined as p = p—
DOPC POPC

(2) The Feigenson group earlier found that for the Chol 22 (mol. fraction of Chol =
0.22) trajectory, as DOPC was replaced with POPC, the fraction of lipid spin probes
exhibiting L, behavior increased (i.e., as the rho value decreased the fraction of L,
increased). We had determined the partition coefficient of 16-PC to be ~1.38+0.3'%.
These results agree with earlier results obtained by Swamy et al.!® This data also shows
that the transformation from macrodomains to nanodomains (i.e., size scale transition)
does not affect the phase behavior drastically.

3) We have further studied the Chol 22 trajectory using 95 GHz cw-ESR
spectroscopy, as the enhanced g- and orientational- resolution obtained using HF-ESR
could help further resolve the spectra of the L, and Lq phases. This is one of the first
instances where coexisting fluid domains have been studied with 95 GHz cw-ESR
spectroscopy.

4) We carried out non-linear least squares fitting for the 9 and 95 GHz cw-ESR
data individually using the MOMD model. We used the 95 GHz cw-ESR data to obtain
the R rates; this information is not accessible from 9 GHz cw-ESR fits. The R rates
are usually slower than the R, by around an order of magnitude.

®)) Further, simultaneous fitting of the 9 and 95 GHz spectra with the SRLS model
was carried out to obtain parameters for the global motion of the spin label.

(6) We have also studied the Chol 26 trajectory (i.e., with 26 mole percent of

cholesterol). For this trajectory we also observe that the decrease in the rho value also
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lead to an increase in the L, fraction. These results follow a similar trend to Chol 22
with a slightly different K, value of 1.15+0.15.

(7) We observe that the 9 and 95 GHz ESR indicate the presence of a third (possibly
a boundary) region that has intermediate properties between the L, and Ly domains.
Further studies using advanced techniques like 2D-ELDOR spectroscopy are required

to better characterize this third component.

In Chapter 4, we have studied the IgE-FceRI receptor assembly in the plasma membrane
of RBL cells (in collaboration with the Baird-Holowka group)

(1) We used a multipronged ESR approach for this project, Pulse Dipolar
Spectroscopy (PDS) was used to measure the distance distribution of the IgE complexes
formed by crosslinking with a trivalent antigen while cw-ESR was used to characterize
the membrane phase behavior upon antigen crosslinking or cholesterol depletion.

(2) We have obtained distances in the range of 3-5 nm for IgE crosslinked in
solution by trivalent DNA-DNP3, these distances can be expected for inter IgE distances
upon crosslinking. This measurement was vital to show the potential of PDS to work
with sub micro-molar spin label concentration (i.e., conc. of spin labeled IgE ~ 0.5uM).
3) The PDS signals we obtained from these samples were so “weak” that wavelet
denoising method was used to improve the signal to noise ratio. Further, a new SVD
based distance reconstruction method was also applied to obtain an artifact-free distance
distribution.

(4) We have also studied the effect of cholesterol depletion on plasma membrane

vesicles obtained from RBL cells. The cw-ESR results indicate that cholesterol
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depletion by methyl-beta-cyclodextrin (MBCD) leads to an increase in the disordered
(Lq) phase.

(%) We did not observe any changes to the phase behavior upon crosslinking with
multivalent antigen using cw-ESR. So further studies using advanced techniques like
2D-ELDOR?® spectroscopy is required to attempt to obtain this information. A model

system similar to this system was developed and discussed further in chapter 5.

In chapter 5, we have studied the crosslinking of biotinylated peptides in model
membranes:

(1) We developed a model membrane system based on the crosslinking of
biotinylated gramicidin in membrane. The advantage of this system was that the
concentration of gramicidin as well as the composition of the lipids could be varied to
enhance the crosslinking effects.

(2) We observed that lipid compositions containing single phase (either L4 or Lo)
did not show any appreciable changes upon crosslinking of biotinylated gramicidin.
3) Further, we see that lipid compositions rich in POPC (typically exhibiting
nanoscopic domains) show significant changes, particularly the Lq fraction is increased,
while the compositions rich in DOPC (typically macro domains) show no change.

4) These results are promising and show that this system is well designed to probe
changes to the cw-ESR spectra upon crosslinking of peptides in membranes. Additional
measurements using different types of peptides such as biotinylated WALP need to be

carried out to further characterize this effect.
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