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ABSTRACT

The goal of this project was to investigate the interaction between lipid binding
molecules, such as peptides and drug compounds, with biological lipid bilayers. The
results demonstrate that human amylin, a peptide hormone implicated in type II adult
onset diabetes, disrupts cell membranes via a curvature inducing mechanism. In order to
assess the effects that the various membrane-associated molecules have on lipid bilayers,
a combination of differential scanning calorimetry (DSC) and solid state NMR methods
were used. The amyloidogenic and toxic hIAPP;3; peptide, the non-toxic and non-
amyloidogenic rTAPP, .37 peptide, and the toxic but largely non-amyloidogenic rIAPP;_j9
and hIAPP,.9 fragments were characterized. It is also shown that hyperbranched
polymers with nanotherapeutic applications, known as poly(amidoamine) dendrimers, are
thermodynamically stable when inserted inside zwitterionic lipid bilayers using 'H radio
frequency driven dipolar recoupling (RFDR) and 'H magic angle spinning (MAS)
nuclear Overhauser effect spectroscopy (NOESY) techniques. '*N and *'P NMR
experiments on static samples and measurements of the mobility of C-H bonds using a
2D proton detected local field protocol under MAS corroborate these results. The
localization of dendrimers in the hydrophobic core of lipid bilayers restricts the motion of
bilayer lipid tails, with the smaller G5 dendrimer having more of an effect than the larger
G7 dendrimer. Furthermore, solid state NMR techniques are developed to study the lipid
bilayers and the molecules that associate with them. These methods drastically increase
the spectral resolution of 2D solid state NMR techniques and allow more accurate

xi



structure and dynamics information to be extracted from solid phase NMR samples.
These techniques, known as separated local field (SLF) techniques, are used to obtain
information about the orientation dependent local fields at each chemical site in a
molecule under investigation. SLF techniques have been very important in the extraction
of structural information from aligned samples in the solid state. Furthermore, a method
is proposed to enable resonance assignment to be made on uniformly labeled samples.
This method promises to overcome many of the difficulties inherent in solid state NMR
studies of the structure and dynamics of biological membranes and the molecules that

associate with them.
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CHAPTER 1

INTRODUCTION

The structural biology of biomembranes and the molecules that associate with
them has rapidly evolved into a new frontier of science. Although there are still a few
major challenges, solid state NMR spectroscopy has become an invaluable tool in
obtaining structural images of membrane proteins and other biomembrane associated

molecules under physiological conditions.

In this project, solid state NMR was used to understand the interaction of
therapeutics with cell membranes and to probe the pathological membrane disruptive
properties of amylin, a peptide implicated in type II diabetes. The results demonstrate
amylin disrupts cell membranes via a curvature inducing mechanism, a finding that may
significantly aid in the development of treatments for adult-onset diabetes. Furthermore,
the interaction between cell membranes and poly(amidoamine) (PAMAM) dendrimers,
which show great promise in targeted drug delivery and gene therapy applications, were
studied. It is expected that understanding PAMAM dendrimers’ interactions with
membranes will aid the development of more effective dendrimer-based therapeutic
nanodevices. Solid state NMR studies show that PAMAM dendrimers are
thermodynamically stable when intercalated in zwitterionic lipid bilayers and may

therefore localize in the hydrophobic core of lipid bilayers.



Moreover, the dual limitations of low sensitivity and low resolution that often
face solid state NMR spectroscopists are addressed with the development of new solid
state NMR techniques. These techniques have improved the resolution achieved when
measuring weak dipolar couplings via proton evolved local field solid (PELF) state NMR
experiments and made them more applicable to the structural studies of membrane
proteins and other cell membrane associated molecules by greatly increasing the quantity
and quality of the structural and dynamical information that might be extracted from

PELF spectra.

1.1 Lipid membranes

Lipid membranes envelop the contents of the cells, allowing them to maintain
chemical environments optimal for the biochemical reactions that sustain their life.
Furthermore, membranes can serve to create other unique compartments within cells each
with their own unique chemical environments. Because of their important roles as
creators of unique chemical environments, they represent targets for cytotoxic agents.
Moreover, because lipid membranes form a barrier to the inner contents of cells of the
human body, they are often a first point of contact pharmaceuticals. And because of their
ubiquity in the human body, they are implicated in the pathology of various diseases,

including type II diabetes (1-5).

The quantitative study of lipid membranes reveals that they are far more than inert
barriers (6-8). Experiments show that far from being a passive bystander in the function
of membrane proteins, the membrane can have a reciprocal relationship with the
biomolecules associated with it, with both biomolecule and lipid membrane changing the
biophysical properties of each other. The properties of the plasma membrane determine

2



how amyloid peptides such as hIAPP (1-5), lipophilic drugs such as curcumin (9-10), and
membrane proteins such as mechanosensitive membrane channels (6, 11-13) interact with

them.

The properties of cell membranes can be mimicked in lipid bilayers. Natural lipid
bilayers are mostly made up of phospholipids, which are made up of a phosphate group, a
diglyceride, and an organic molecule such as choline (Figure 1.1) (14). Several properties
of lipids can influence their interaction with their environments. These include intrinsic
bilayer curvature, bilayer thickness, and acyl chain characteristics. Bilayer properties are
determined by the size and charge of the headgroup and the length and degree of
unsaturation of the acyl chains. Although lipid bilayers constructed from one or a few
synthetic phospholipids neglect the protein component of biological membranes, they
provide a simple and convenient system for investigating the role of different lipid

properties in modulating biomembrane-molecule interactions.

Membranes composed of lipids with phosphatidylethanolamine (PE) headgroups
(Figure 1.1A) have a tendency to form curved surfaces, and are therefore useful for the
study of biological membranes possessing a high degree of curvature. The binding of
amyloid peptides to pancreatic islet cell membranes is sensitive to the presence of anionic
lipids, such as lipids with the phosphatidylglycerol (PG) headgroup (Figure 1.1C) (15).
Because negatively charged membranes are common in nature, PG lipid bilayers are a
good mimic of a plethora of naturally occurring biological lipid membranes, including
the membranes of pancreatic islet cells and bacteria (14). The outer leaflet of most

eukaryotic cells' cell membrane is composed principally of lipids with



phosphatidylcholine (PC) headgroups (14). For this reason, PC lipid bilayers may be used

to model most eukaryotic lipid membranes.

The fluidity of biological membranes is important to the functioning of membrane
associated molecules, such as mechanosensitive channels. Bilayer fluidity is affected by
the incorporation of cholesterol, the degree of lipid acyl chain saturation, and the
properties of their acyl chains. Bilayers may be composed of lipids with symmetric acyl
chains (both acyl chains are the same) or lipids with assymetric acyl chains (different acyl
chains). 1-palmitoyl-2-oleoyl-glycerophospholipids (PO-glycerophospholipids), one type
of lipid that is used in these studies, have a 16 carbon long, saturated (no double bonds),
palmitoyl chain in the first position and an 18 carbon long oleoyl chain with a double
bond between C9 and C10 in the second position (the carbons of the acyl chains are
labeled starting with the carbon closest to the lipid headgroup). PO-glycerophospholipids
are convenient because they are common in natural biological lipid membranes, have
favorable thermodynamic properties and phase behavior, and are commercially available
at a reasonable cost. Dimyristoyl-glycerophospholipids (DM-glycerophospholipids) are
symmetric lipids and have two 14 carbon, saturated myristoyl chains in both acyl chain
positions. These lipids are particularly amenable to the study of a lipid liquid crystalline
to gel phase transition with occurs near room temperature (~24 °C), are in physiologically
relevant phase at physiological temperatures, and are also commercially available at a
reasonable cost. Furthermore, the properties of DM-glycerophospholipids are well
known, which make them a good model system for studying molecules' interactions with

lipids (16).



Because lipids are amphipathic, in aqueous environments they tend to arrange in a
manner that sequesters the hydrophobic regions from the aqueous phase. Depending on
various properties of the lipids and the thermal energy available to them, aqueous
aggregates of lipids might adopt various supermolecular structures as illustrated in Figure
1.2. Cell membrane lipids normally assume a fluid lamellar phase (Figure 1.2B). In this
phase, a lipid bilayer forms, with lipid headgroups facing the aqueous phase on either
side of the bilayer and the lipid acyl chains (tails) forming the hydrophobic core of the
lipid bilayer. The lipid bilayer in this phase might be described as a sheet-like, or
lamellar, structure with two layers or leaflets of lipids arranging to sequester the
hydrophobic lipid tails. In this phase, lipid bilayers will form vesicles, which assures that
there is no contact between water molecules and the hydrophobic core of the lipid
bilayer. This phase might be described as a two dimensional fluid phase with lipids
diffusing rapidly within the plane of the lipid bilayer and rotating rapidly about an axis
normal to the plane of the bilayer. Nevertheless, motion perpendicular to the plane of the
lipid bilayer and flip-flop between the leaflets of the lipid bilayer. The acyl chains of the
lipids are highly flexible, and, assuming no carbon-carbon double bonds, rotation about
carbon-carbon bonds of the acyl chain is unhindered. In fact, there is a finite, but small,
probability that the terminal methyl group of the acyl chains of the lipid molecule would
be near the glycerol region of a lipids. Furthermore, in the dynamic sheet-like
arrangement of the lipid bilayer, water molecules penetrate down to the glycerol
backbone of the lipid molecule, which defines the hydrophobic/hydrophilic interface of
the lipid bilayer. The gel phase of lipid bilayers, which occurs at lower temperatures, is

characterized by the lipids' tails being in an extended, all-trans, conformations, and



oriented slightly away from the lipid bilayer normal. In this phase, lipid molecules

become more rigid (14, 17).

However, the lamellar arrangement of lipids into bilayers is not stable for all
lipids. Depending on the cross-sectional areas that different regions (the headgroup and
acyl chains) of the lipid molecule occupy, aqueous mixtures of lipids might assume any
of a number of non-lamellar phases. Various aspects of lipids' chemical environments
might affect the relative cross-sectional area that their headgroups and acyl chains
occupy, including pH, the level of hydration, and temperature. Lipids that have a smaller
acyl chains, relative to their headgroups, prefer to form supermolecular structures
characterized by negative curvature, such as the inverted cylinders that characterize the
inverted hexagonal phase illustrated in Figure 1.2D. On the other hand, lipids that have
smaller headgroups, relative to their acyl chains, prefer to form supermolecular structures
characterized by positive curvature, such as the cylindrical structures that characterize the
regular hexagonal phase illustrated in Figure 1.2D. In these phases, rapid lipid translation,

rotation, and acyl chain motion occurs just as in the fluid lamellar phase.

Lipids in a lamellar phase might experience a force tending to curve them, or
curvature strain (18). This force might be imparted by peptides which tend to change the
cross-sectional area occupied by lipid tails relative to the cross sectional area occupied by
lipid headgroups. Increases in temperature will increase the cross-sectional area occupied
by the lipid tails faster than it will increase the cross-sectional area occupied by lipid
headgroups, which may lead to increased negative curvature strain or to a transition to
negatively curved phases. Furthermore, membrane curvature, through its effects on the

lateral pressure profile of the membrane of the lipid bilayer, affects the function
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membrane associated proteins and peptides. Non-lamellar lipid phases may be formed
temporarily in the process of vesicle budding, membrane fusion, and other membrane
processes (14, 17-21). Furthermore, the formation non-lamellar phases is relevant to the
pathology of amyloid peptide aggregates and in the function of antimicrobial peptides
and curvature strain is believed to play a particularly important role in the formation of
toroidal pore or wormhole structures. Importantly, mixtures of long and short chained
lipids known as bicelles can produce supermolecular structures that mimic toroidal pores

and are therefore useful in the study of peptides' curvature strain inducing properties (2).

1.2 Bicelles

Bicelles are a model membrane system used predominately for biophysical
studies of membrane-associated amphiphiles (22-24). It is an aqueous mixtures of long
chain lipids (DMPC, commonly) and short chain lipids or detergents (DHPC,
commonly). These mixtures are stable over a wide range of lipid concentrations,
temperatures, and [DMPC]/[DHPC] ratios, known as g-ratios (25-26). Bicelles with a
¢>2.5 have a tendency to align in a magnetic field. This alignment is exhibited in a
temperature range of approximately ~30-45 °C and a variety of lipid concentrations (25,

27-28).

These lipid mixtures align because of the anisotropy of the diamagnetic
susceptibility tensor, Ay = x;, — x. , where y; and y, represent the volume magnetic
susceptibilities of bicelle lipids parallel and perpendicular, respectively, to the lipids' long
molecular axis (22, 29-31). Because the lipids in a bicelle mixture have a tendency to
arrange in the "swiss cheese" configuration shown in figure 1.3C, the tendency of the
bicelle lamellae to align with the magnetic field is a consequence of the aggregate sum of

7



the alignment forces experienced by individual lipid molecules. For phospholipids, it is
generally the case that Ay < 0. The Helmholtz free energy density of the bicelle

aggregates is given by (31):

1 -
F(Bu) = —5 N (i B)’ -

where B, is the angle between the bilayer normal, 71, and the magnetic field, B , and N is
the number of lipid molecules per unit volume. According to the above equation, the
Helmbholtz free energy is lowest when the bicelle bilayer normal is oriented perpendicular
to the spectrometer magnetic field. Because Ay < 0, these bicelles are said to be
negatively aligned in this case. Bicelles may be reoriented so that their bilayer normal is
parallel to the spectrometer magnetic field by the addition of trivalent lanthanide cations
with a large enough positive magnetic susceptability anisotropy, such as Eu’", Tm®",
Yb™, or Er'” (31) (figure 1.4). Because in these bicelles, Ay > 0, lanthanide-doped

bicelles are said to be positively aligned.

Only a small amount of lanthanide ions are needed to change the orientation of
bicelles. These ions preferentially associate with the phosphate moiety of lipids. In fact,
lanthanide-doped positively aligned bicelles were originally developed as an alternative
to sandwiching lipids between glass plates and mechanically aligning them (30-32).
Positively aligned bicelles are easier to prepare than negatively aligned bicelles and
tolerate higher levels of hydration. However, the possibility of lanthanide ions interacting
with the proteins or other membrane associated molecules under study limits their
applications. Chelated lipids may be used to overcome problems associated with

lanthanide ions interacting with molecules under study (30).



In recent years, the morphology of bicelles has been well-characterized and a
general agreement over the structure of bicelles under different conditions has generally
been achieved. This agreement has been facilitated especially by small angle neutron
(SANS) and NMR (27, 33-34). Diagrams of bicelle morphology are shown in figure 1.3.
At g<2 or below the gel-to-liquid crystalline phase transition of DMPC, DMPC/DHPC
bicelles are disc shaped, with DHPC arranged around the periphery of these discs. At
q~2, or near DMPC's gel-to-liquid crystalline phase transition, negatively aligned
DMPC/DHPC bicelle mixtures enter a nematic phase, adopting supermolecular
structures of DMPC-rich ribbons with their edges coated with DHPC (34). In positively
aligned bicelles, the dominant morphology appears to be DMPC lamallae with wormhole
or toroidal pore perforations, resembling slices of swiss cheese. Phase diagrams for
positively and negatively aligned bicelles are provided in figures 1.5 and 1.6. These
figures are adapted from (33). Note that it is possible for bicelle lipid mixtures to adopt a

multilamellar vesicle morphology at certain temperatures and hydration levels.

Notably, the wormhole structure of the perforations of bicelle lamellae mimics the
toroidal pore structure suspected to be formed in the process of many peptides' membrane
disruption (35-37). It has been demonstrated that bicelles are useful as a model membrane
system for studying peptides' affinity for the curved regions of toroidal pores. In
particular, they have been used to study the pathological membrane association of the
type II diabetes peptide, amylin, also known as human Islet Amyloid Polypeptide

(hIAPP) (2).



1.3 The involvement of human Islet Amyloid Polypeptide in the pathology of type II,
adult-onset diabetes

Type II diabetes mellitus is a clinical syndrome that manifests as decreased
insulin sensitivity and increased blood glucose levels. Furthermore, it is also associated
with amyloid deposits in the pancreatic islets of Langerhans and decreased insulin
production by pancreatic -cells. In 1987, the protein component of islet amyloid was
determined to be hIAPP (38-39). Human IAPP is coexpressed and cosecreted with insulin
by pancreatic B-cells. The aggregation of hIAPP has been shown to be key to the loss of
B-cell mass (40-42). By disrupting B-cell membranes, hIAPP aggregates allow the entry
of Ca®" ions into the cell, which imposes oxidative stress on the B-cell as its mitochondria

attempt to maintain the cell's ion balance (43-49).

The amyloid deposits associated with type II diabetes are similar to amyloid
deposits associated with neurodegenerative diseases such as Huntington's disease (50),
Alzheimer's disease (51-54), prion encephalopathy (55), amyotrophic lateral sclerosis
(56), and Parkinson's disease (57-58). Furthermore, in both neurodegenerative diseases
and type II diabetes, cell loss is associated with abnormal aggregation of a locally
expressed protein. Because these proteins all share a tendency to aggregate in aqueous
environments, the question of whether amyloid formation is a cause or consequence of
cell death arose. Those who favored amyloid as having a primary role in

neurodegenerative disease coined the term "amyloid hypothesis" (51).

A number of articles of evidence have been put forth in support of the amyloid
hypothesis for neurodegenerative diseases. The amyloid peptide responsible for

Alzheimer's diseases is amyloid-f (AP), which is a cleaved fragment of the amyloid
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precursor protein (APP). Genetic mutations of the APP gene that increase the self-
aggregation of AP lead Alzheimer's disease (59). Furthermore, Alzheimer's disease is
also caused by mutations that enhance the processing of APP into amyloidogenic AP
(60). Furthermore, evidence suggests that genetic variability in AP amyloid clearance
may conribute to the risk of late-onset Alzheimer's disease (61-65). Despite the similarity
of amyloid deposition being associated with the pathology of Alzheimer's disease and
type II diabetes, however, it is not clear that the B-cell cytotoxicity of hIAPP is related to

amyloid deposition and clearance.

It has been observed that the severity of the type II diabetes disease state often
correlates poorly with the extent of amyloid deposition (66). Islet amyloid is found in
nondiabetic individuals and is associated with aging (67). Furthermore, islet amyloid is
not present in all islets in people with type II diabetes (68). Several studies have argued
for small, nonfibrillar oligomers as the toxic forms of amyloid proteins (44, 69-71). An
alternative hypothesis proposed by Engel et al. (72) is that it is the process of fiber
growth, and not the fibers themselves or any particular aggregated species of hIAPP, that
is responsible for the membrane disrupting properties of hIAPP. Nevertheless, it has been
shown that a truncated version of hIAPP, hIAPP,_j9, a peptide that does not form fibers, is
as at least as membrane disrupting as full length hIAPP (73). Moreover, hIAPP,.9

displays the same curvature inducing properties as full length hIAPP (2).

1.4 Poly(amidoamine) dendrimers and lipid membranes

Understanding the interaction of nanoparticles with biological membranes (either
the plasma membranes of living cells or their organelle membranes) is of vital for
designing medical nanotherapeutics. In particular, poly(amidoamine) (PAMAM)
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dendrimer nanoparticles have varied applications because of their controlled size,
uniformity, easily modifiable surface chemistry, and aqueous solubility (74). Although
targeting therapeutics is best accomplished with minimal dendrimer-membrane
interaction to avoid interference with the targeting groups (75-79), a strong dendrimer-
membrane interaction is necessary for systemic therapeutics, such as transfection vectors,
to facilitate delivery of their cargo through membranous barriers (80-82). Because of the
increased use of nanoparticles in commercial applications, there is increased concern over
the possibility of the adverse effects nanoparticles might have upon human or
environmental exposure (83-86). Previous studies have shown that the net charge and the
surface area of the nanoparticle are the main determinants of membrane disruption (85-
86). Furthermore, it has been shown that membrane binding, pore formation, and leakage

are induced by cationic nanoparticles (81, 87-94).

What follows is an exposition on the various techniques used to study lipid
bilayers in this project. The intention is to provide sufficient background for a general

reader to understand and appreciate the work presented in later chapters.

1.5 Solid state NMR

The investigation of lipid bilayer systems presents a unique challenge. Many
techniques cannot be used because of the nature of the lipid sample under investigation.
X-ray crystallography, solution NMR, X-ray and neutron diffraction have been used to
study lipid bilayer systems, but the use of these technique typically requires sample
conditions that preclude the use of physiologically relevant, fully-hydrated lipid bilayers.
Although fluorescence methods may be used to study fully hydrated lipid bilayers, their
use often requires labels that may interfere with normal peptide-lipid interaction. Other
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techniques, such as differential scanning calorimetry (DSC), CD, and FTIR only provide
average information on lipid dynamics and structure, and DSC is limited to lipids and
temperature conditions with observable phase changes. Therefore solid state NMR is
often the most appropriate technique for obtaining obtaining atomic-level structural and

dynamic data on lipids and lipid associated molecules in the solid state.

Despite the many advantages of using solid state NMR methods for the study of
membrane systems, there are also challenges associated with the use of solid state NMR
methods. Solid-state NMR is characterized by a lack of isotropic motion on NMR
timescales. Because motions are slow, anisotropic interactions are not averaged out.
Broad lines with complex lineshapes, containing a wealth of structural and dynamic
information result. This data has often been used to study the structure and dynamics of
peptide and lipid systems (2, 95-105). Nevertheless, the breadth of solid-state NMR
resonances can have dramatic obscuring effects. Often it is difficult or impossible to
resolve more than one resonance line. The main interactions leading to poor resolution in
solid state NMR spectra studied here include the anisotropic shielding of the magnetic
field by electrons (chemical shift anisotropy or CSA) and the through-space interaction of

the magnetic dipoles of NMR active nuclei (dipolar coupling).

NMR signal arises from the interaction of nuclear spins with the magnetic field.
Different nuclei in the sample can be distinguished by differences in their chemical shift,
which is the result of the electron cloud around the nucleus shielding it from the NMR
spectrometer's static magnetic field. Most often, the electron cloud is not symmetric and
therefore the degree to which the spectrometer's magnetic field is shielded is generally

orientation dependent. The magnetic field induced by the electron cloud might be in any
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direction, but because of the strength of the spectrometer's magnetic field relative to the
induced field, only the component parallel or antiparallel to the spectrometer's magnetic
field has a non-negligable effect on the nucleus. Generally, the magnetic field induced by
the electron cloud opposes the spectrometer magnetic field to some degree, hence the
term chemical "shielding." The asymmetry of the electron cloud shielding around a
nucleus has a fixed orientation relative to the molecular frame and is described by the
chemical shift anisotropy (CSA) tensor with principle values ¢, G2, and o33 as shown
in figure 1.7. Fast spinning of the sample can average all the orientations of a nucleus
around the magic angle, which averages the chemical shielding to an average value. The
chemical shift Hamiltonian is given by (106)

Hes = ¥Bolz(0115in?6c0s?¢ + 0,,5in%0sin?¢ + 633c0s26) [1.2]
where Hcg is the chemical shift Hamiltonian, y is the gyromagnetic ratio (a constant of
proportionality that relates the nucleus's angular momentum to its magnetic moment), B,
is the static spectrometer magnetic field, I, is the z angular momentum operator, 6,1, 622,
and o33 are CSA tensor principle values, and 6 and ¢ are the angles defined as shown in
figure 1.7. In practice, because it is very difficult to determine the frequency at which a
bare nucleus resonates, chemical shift values are often used (note that chemical shift
values carry the opposite sign of chemical shielding values). Chemical shift values,
instead of being referenced to the resonance frequency of a bare nucleus, are referenced
to the resonance frequence of a reference compound, such as tetramethylsilane (TMS),
which is often used as a reference for °C NMR spectra. The greek letter "o" is used for
chemical shielding and "3" is used for chemical shift. The chemical shift Hamiltonian in

terms of chemical shifts is given by (106)
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Hes = —¥Bolz(8115in%0c0s?d + 8,,5in?6sin?¢p + 835c0s26) [1.3]
Note that the sign of the Hamiltonian has changed. This equation can be rewritten as
(106)
Hes = —yBol;[8iso + A8 (3c0s?0 — 1 + 1,55in%0c0s2¢)] [1.4]
where Ad, the chemical shift anisotropy, is defined as (106)

811 + 622

A5:533_ 2

[1.4.1]

and 7., the asymmetry parameter, is defined as (106)

77 — 622 + 611
« 633 - 6iso

[1.4.2]
as reported in (107). In solution NMR, fast molecular tumbling will average chemical
shifts to an isotropic value. Note that fast mechanical rotation of the sample about an
angle of #=54.7° will impart a time dependence to & and ¢ that averages A§(3cos?6 —

1 + n,ssin?Ocos2¢) to zero, leaving only isotropic chemical shift values which are the

same values as the chemical shifts observed in solution NMR.

Dipolar interactions arise when one nucleus feels the magnetic field of another
nucleus. The strength of the dipolar coupling depends on the distance between the two
nuclei and the orientation of the internuclear vector in the magnetic field (Figure
1.8AFigure 1.7). Therefore, measurements of dipolar coupling can be used to precisely
determine an unknown distance between two nuclei or the orientation of an internuclear
vector in an aligned sample. In unaligned samples, any orientation of the internuclear
vector is equally likely. This leasds to a very broad doublet for powder samples. In

aligned samples, only a single orientation is present, which leads to a single pair of
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narrow peaks with a splitting corresponding to the dipolar coupling at that orientation

(Figure 1.8BFigure 1.7).

1.6 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a useful tool for studying the phase
transitions of lipids. A differential scanning calorimeter measures the difference in the
amount of heat required to increase the temperature of a sample and reference. These
differences in heat are recorded as a function of temperature (108). Figure 1.9 shows a
typical DSC spectrum observed for a water mixture of 1,2-dipalmitoleoyl-sn-glycero-3-
phosphoethanolamine (DiPoPE), which has an L, to Hy phase transition temperature
(Ty) of ~ 43°C. Because the Hy phase of DiPoPE exhibits a great deal of negative
curvature (see figure 1.2D) if a biomolecule stabilizes the Hy; phase by reducing Ty, then
it indicates that has a tendency to induce negative curvature . In contrast, if a biomolecule
destabilizes the Hy phase by increasing Ty, then it indicates that it has a tendency to
induce positive curvature (2, 109-111). In contrast, if a biomolecule destabilizes the Hy
phase by increasing Ty, then it indicates that it has a tendency to induce positive

curvature (36, 112-113).
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Figure 1.1 The molecular structure and nomenclature of lipids. (A) A
glycerophospholipid molecule (POPE). The acyl chain, glycerol backbone, and
headgroup regions indicated (dashed lines demarcate the different regions of the lipid
molecule). The glycerol backbone is numbered as shown and, in this case, palmitoyl (P,
16:0) is attached at position 1, oleoyl is attached at position 2, and the headgroup
(phosphatidylethanolamine or PE) is attached at position 3. Acyl chain carbon atoms are
labeled starting at the carbonyl carbon, which is labeled carbon 1. Lipid names are
constructed by naming the acyl chains first and then the headgroup. The molecular
structures of (B) phosphatidylcholine (PC) and (C) phosphatidylglycerol headgroups. (D)
The types of acyl chains used in this work and their length, number of double bonds, and
abbreviations. Their length and number of double bonds is reported as length:number of
double bonds.
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Figure 1.2 Lipid polymorphism and phase behavior. (A) The gel phase where lipid
molecules are highly rigid and ordered. (B) The fluid lamellar phase. In this phase, lipids
have a high degree of mobility. Lipids in this phase are described as being in a two-
dimensional fluid. (C) The micelle phase, in which rapid lipid reorientation occurs. (D)
On the left hand side, the normal and inverted hexagonal phases are shown. In these
phases, lipid monolayers roll up into cylinders. These phases are called "hexagonal"
phases because when these cylinders stack side-by-side, every lipid cylinder will be
surrounded by a regular hexagon of lipid cylinders, as shown on the right side of (D). (E)
The cubic phase. Fast diffusion of lipids in this phase cause them to reorient quickly on
the NMR timescale.
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Figure 1.3 The morphologies of bicelle lipid mixtures at various Q-ratios. (A) Ata
Q=0, micellar structures are formed. (B) At higher Q-ratios, discoidal bicelles form. (C)
When Q>3, perforated lamellar sheets that resemble slices of swiss cheese are likely to
form. Depending on the specific lipids used in the bicelle mixture, other morphologies
are also possible, such as a nematic phase DMPC-rich ribbons with DHPC around the
edges (32). (D) At infinite Q-ratio, a lamellar phase is observed and multilamellar
vesicles (MLVs) typically form.
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Figure 1.4 Certain trivalent lanthanide cations may be used to reorient bicelles. (A)
In the absence of trivalent lanthanide cations bicelles are naturally negatively aligned,
with their bicelle bilayer normal is perpendicular to the magnetic field. (B) The addition
of trivalent lanthanide cations reorients the bicelles, so that their bicelle bilayer normal is
parallel to the magnetic field. These lanthanide doped bicelles are also referred to as
positively aligned bicelles.
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Figure 1.5 A phase diagram for negatively aligned bicelles. The phase diagram of
DMPC/DHPC bicelles at a g-ratio of 3.2 and at various temperatures and concentrations
of lipid (cjp). Adapted from (33).
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Figure 1.6 A phase diagram for positively aligned bicelles. The phase diagram of
DMPC/DMPG/DHPC bicelles at a g-ratio of 3.4 with molar ratios of
DMPC/DMPG/DHPC/Tm’" at molar ratios of 3.2/0.21/1.0/0.043, respectively, and at
various temperatures and concentrations of lipid (ci,). Unilamellar vesicles is abbreviated
as ULV. Adapted from (33).
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Figure 1.7 Chemical shift anisotropy. The chemical shift anisotropy (CSA) tensor
describes the orientational dependence and degree of shielding around a particular
nucleus.
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Figure 1.8 The dipolar coupling interaction. (A) The strength of the dipolar coupling
between two NMR-active nuclei depends on the orientation of the vector connecting the
two nuclear spins relative to the magnetic field. (B) In unaligned NMR samples, where
all orientations are equally likely, a Pake doublet powder pattern results, where all
possible values of dipolar coupling contribute to the spectrum.
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Figure 1.9 A differential scanning calorimetry scan of pure
dipalmitoylphosphatidylethanolamine.
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CHAPTER 2

ISLET AMYLOID POLYPEPTIDE DISRUPTS CELL MEMBRANES BY A
CURVATURE INDUCTION MECHANISM®

2.1 Summary

The death of insulin-producing B-cells is a key step in the pathogenesis of type 2
diabetes. The amyloidogenic peptide Islet Amyloid Polypeptide (IAPP, also known as
amylin) has been shown to disrupt B-cell membranes leading to B-cell death. Despite the
strong evidence linking IAPP to the destruction of B-cell membrane integrity and cell
death, the mechanism of IAPP toxicity is poorly understood. In particular, the effect of
IAPP on the bilayer structure has largely been uncharacterized. In this study, we have
determined the effect of the amyloidogenic and toxic hIAPP, 37 peptide and the non-toxic
and non-amyloidogenic rIAPP;.3; peptide on membranes by a combination of DSC and
solid-state NMR spectroscopy. We also characterized the toxic but largely non-
amyloidogenic rIAPP;.j9 and hIAPP,_ ;9 fragments. DSC shows that both amyloidogenic
(hIAPP;_37) and largely non-amyloidogenic toxic versions of the peptide (hIAPP,j9 and
rTAPP ;) strongly favor the formation of negative curvature in lipid bilayers, while the
non-toxic full-length rat IAPP peptide does not. This result was confirmed by solid-state

NMR spectroscopy which shows that in bicelles composed of regions of high curvature

" Reproduced in part with permission from Smith, P. E. S., J. R. Brender, and A. Ramamoorthy. 2009.
Induction of Negative Curvature as a Mechanism of Cell Toxicity by Amyloidogenic Peptides: The Case of
Islet Amyloid Polypeptide. J. Am. Chem. Soc. 131:4470-4478. Copyright 2009 American Chemical
Society
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and low curvature, non-toxic rIAPP,3; binds to the regions of low curvature while toxic
rTAPP; ;o bind to regions of high curvature. Similarly, solid-state NMR spectroscopy
shows that the toxic rIAPP;.9 peptide significantly disrupts the lipid bilayer structure,
whereas the non-toxic full-length rat-IAPP has no significant effect. These results
indicate IAPP may induce the formation of pores by the induction of excess membrane
curvature, and can be used to guide the design of compounds that can prevent the cell-
toxicity of IAPP. This mechanism may be important to understand the toxicity of other
amyloidogenic proteins. This atomic-level solid-state NMR study also demonstrates the
use of bicelles to measure the affinity of biomolecules for negatively or positively curved
regions of membrane, which we believe will be useful in a variety of biochemical and

biophysical investigations related to the cell membrane.

2.2 Introduction

Amyloid proteins have been implicated in the etiology of numerous diseases like
type 2 diabetes (1), Alzheimer’s disease (2-4), Parkinson’s disease (5-6), Huntington’s
disease (7), and Bovine Spongiform Encephalopathy (8). Investigating the mechanisms
that trigger the amyloid misfolding process is critical in the development of compounds
to treat these diseases. Several studies have shown that the interactions of these amyloid
proteins/peptides with cell membranes catalyze the conversion from their non-toxic to
their toxic forms (9-17). Therefore, the affinity of amyloidogenic peptides towards the
cell membrane is particularly important in the formation of toxic oligomeric
intermediates that leads to the disruption of lipid bilayer structure. In this study we report
an investigation of IAPP (also known as amylin)-membrane interactions that are
correlated with type 2 diabetes.
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Type 2 diabetes is the result of both increased resistance to insulin and decreased
insulin production by B-cells (18). The relative contribution of each factor to the
pathology of the disease is still uncertain, however recent research suggests that most
genes predisposing individuals to type 2 diabetes are associated with the maintenance of
B-cell mass and not insulin resistance (19), illustrating the key role the loss of B-cell mass
plays in the early stages of the disease (20-21). The pathological aggregation of human
Islet Amyloid Polypeptide (hIAPP, also known as amylin) has been shown to be central
to this process. IAPP is a 37 residue peptide hormone that acts synergistically with
insulin in glycemic control. Dense masses of IAPP composed of long cross beta-sheet
amyloid fibers are found in the pancreatic islets of 90% of diabetic patients (22).
Aggregates of hIAPP disrupt the integrity of the B-cell membrane, allowing entry of Ca™
ions into the cell (23-26). Elevated intracellular calcium levels then impose oxidative
stress on the B-cell as the mitochondria attempt to maintain ion balance in the cell. The
ultimate result is apoptosis and B-cell death (26-29).

Several characteristics of hIAPP may explain its membrane disrupting activity,
but one of the most notable features of hIAPP is its tendency to distort membranes (30-
32). These morphological changes in membrane structure appear to be related to the
aggregation of the peptide. The linear growth of a rigid amyloid fiber attached to a
flexible membrane causes a curvature strain in the membrane, which is relieved by a
distortion of the membrane shape. An excessive amount of curvature strain can result in
membrane fragmentation by the forcible detachment of membrane patches from the
surface (30, 33-34). Moreover, it is likely that a distorted membrane will be more

permeable to the passage of small solutes (32). Other highly curved membrane structures
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have also been observed after the addition of hIAPP. Highly curved striations in the
membrane surface have been reported in liposomal suspensions and islet cells in the
regions where the amyloid fiber contacts the membrane surface (14, 24). Striations of the
membrane cause a mechanical stress within the membrane and may be responsible for the
opening of mechanosensitive calcium channels by IAPP leading to an ER stress response
and B-cell death (35).

Curvature plays an important role in the normal physiological functioning of
biomembranes, allowing them to assume shapes that are optimal for their function.
Peptides can alter the energetic cost of deforming the bilayer and, because membrane
proteins are energetically coupled to the bilayer, peptide binding can lead to
conformational changes in other membrane proteins throughout the bilayer (36-37). For
example, by inducing excessive curvature in the membrane certain antimicrobial peptides
create transient pores that kill the target bacteria (38-41). It is possible that membrane
curvature plays a similar role in the pathology of IAPP as it plays in the function of
antimicrobial peptides. To investigate this possibility, we characterized IAPP induced
membrane curvature in lipid bilayers and study its effects on the physicochemical
properties of the bilayer. Furthermore, we uncovered a correlation between the toxicity of
IAPP and its fragments and their ability to induce negative curvature strain in lipid
bilayers.

To test the effect of curvature stress in membrane damage by IAPP and to isolate
the effects of non-amyloid dependent membrane damage, we have used four [APP
peptides (Figure 2.1) that have different propensities for the formation of amyloid fibers

and for disrupting membranes. Full-length hIAPP,_;; forms amyloid fibers and displays a
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high toxicity to cells (1, 25, 42-46). The rat version of IAPP (r[APP;_3; ) differs from
hIAPP by six residues, all but one of these (the HI8R substitution) are in the 20-29
region believed to be primarily responsible for the aggregation into amyloid fibers (47).
The prolines within the rTAPP,.37 sequence are believed to prevent the aggregation of
rIAPP, .37 into amyloid fibers. Despite possessing a similar a-helical conformation in the
membrane as hIAPP; 37, rIAPP; 37 does not disrupt membranes to a significant extent and
is non-toxic to cells (13, 15). The 1-19 fragment of hIAPP lacks the amyloidogenic
region (residues 20-29) and does not form amyloid fibers while bound to the membrane
(48), although it has a weak propensity to form amyloid fibers in solution (49).
Nevertheless, despite its lack of amyloidogenicity, hIAPP;.;9 has a high potential to
disrupt both artificial membranes and islet cells (48, 50). Like hIAPP;_j9, rfIAPP;_ 19 is also
toxic to islet cells, albeit at a reduced rate (50).

It has been a major challenge to measure the affinity of biomolecules such as
peptides or proteins for negatively or positively curved cell membrane regions. The main
difficulties are in identifying a suitable model membrane that possesses both senses of
curvature and a biophysical tool that can measure high-resolution structural details
associated with the biomolecule-membrane binding. In this study, we demonstrate the use
of bicelles as suitable model membranes to accomplish this task. Solid-state NMR
experiments on magnetically aligned 9:9:4 DMPC: DMPG: DHPC bicelles were used to
determine the atomic-level disruption of lipid bilayer structures due to IAPP peptides.
While 2D PDLF solid-state NMR experiments were used to determine the peptide-
induced changes in the order of *C-"H bonds in the hydrophobic core and the glycerol

regions of the lipids, *'P chemical shift and '*N quadrupole coupling parameters were
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used to evaluate changes in the head group region. DSC experiments were used to
determine the peptide-induced curvature strain on DiPoPE lipid bilayers. These results
are correlated with the cell-toxicity of IAPP peptides and used to determine the

mechanism of membrane disruption.

2.3 Experimental Methods

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL). Chloroform
and methanol were procured from Aldrich Chemical Inc. (Milwaukee, WI). All chemicals

were used without further purification.

2.3.1 Preparation of Peptide Samples

Lyophilized hIAPP;3;, hIAPP,.j9, or rIAPP; 9 was dissolved in HFIP at a
concentration of 10 mg/ml for one hour to break up any pre-formed aggregates present in
the solution. Aliquots of the peptide stock solution were then flash-frozen in liquid
nitrogen and lyophilized again for more than 16 hours at less than 1 millitorr vacuum to
completely remove HFIP. The lyophilized pellet was then dissolved in methanol at 4
mg/ml and then the appropriate amount was added to lipids dissolved in choloroform to
prepare samples for NMR or DSC experiments as given in detail below. Rat IAPP; 3,
which does not aggregate, was dissolved directly in methanol at 4 mg/ml. Note that while
the L, to Hy; transition temperatures were reproducible, the amount of DiPoPE lipid in the
DSC spectrometer cells was very sensitive to sample preparation and therefore the

intensities of the peaks were not reproducible.
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2.3.2 Preparation of Bicelle Samples

Bicelles were prepared by mixing 60 mg total of DMPC, DMPG, and DHPC (
9:9:4 mole ratio, q ratio = 4.5) dissolved in chloroform with the appropriate amount of
the peptide (1% rIAPP1-37, 0.5% rIAPP;.19) dissolved in methanol. The bulk solvent was
removed by slowly evaporating the lipid mixture under a stream of nitrogen. Residual
solvent was removed placing the sample under high vacuum overnight. The dried sample
was then rehydrated by the addition of 200 pL of 10 mM pH 7.4 HEPES buffer
containing 150 mM NaCl buffer to give a hydration level of 66%. The samples were then
subjected to repeated heating and cooling cycles above and below the bicelle formation
temperature until clear transparent solutions were formed. The sample was not subjected
to freezing during the heating and cooling cycles, as previously frozen samples yielded

poorly aligned bicelles.

2.3.3 Solid state NMR Spectroscopy

All of the experiments were performed on a Chemagnetics/Varian Infinity 400
MHz solid-state NMR spectrometer. Each sample was equilibrated at 30° C for at least
30 minutes before starting the experiment. *'P NMR spectra were obtained using a spin-
echo sequence (90°—1—180°—t—acquisition; t = 125 ps) with a 90° pulse length of 5 ps
under 30 kHz proton decoupling. Chemical shifts were referenced by setting the isotropic
chemical shift peak of phosphoric acid to 0 ppm. '*N quadrupolar spectra were recorded
using a quadrupolar echo sequence (90°—t—90°—t—acquisition; T = 80 ps) without proton
decoupling._Proton detected local field (PDLF) spectra were recorded as described
elsewhere (51-52). Briefly, a ramped-cross-polarization (ramp-CP) sequence with a

contact time of 3 ms was used to record the 1D "“C chemical shift spectra under
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FLOPSY-8 proton decoupling. 2D PDLF spectra were obtained using 70 t; increments, a
5 s recycling delay, and a 25 kHz 'H decoupling. The observed dipolar couplings were
converted into order parameters using the relation:

2kDg,,

" D,(cos0 1) [2.1]

CH

where Dgys is the observed dipolar coupling, Dy is the dipolar coupling in the absence of
motional averaging (~21.5 kHz), 0 is the angle between the membrane and the magnetic
field (90°), and k is a scaling factor dependent on the homonuclear decoupling sequence
employed during the t; period (0.84 for the BLEW-8 sequence). All measurements were

performed at 30°C.

2.3.4 Differential scanning calorimetry

The peptide stock solution and DiPoPE in choloroform were co-dissolved and the
solution was dried under a stream of nitrogen. The peptide/lipid film was then further
dried under high vacuum for several hours to remove residual solvent. Buffer (10 mM
Tris/HCI, 100 mM NaCl, 1 mM EDTA, 0.002 % w/v NaNs, pH 7.4) was added to each
sample to produce a 10 mg/ml lipid solution, which was briefly vortexed and then
degassed without freeze thawing. The liquid crystalline (L) to inverted hexagonal phase
(Hp) transition temperature was measured with a CSC 6100 Nano II differential scanning
calorimeter (Calorimetry Sciences Corp., Provo, UT). The change in C, was recorded

from 10- 60°C with a heating rate of 1°C/min.
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2.4 Results of experiments examining curvature induction

The ability of a peptide to induce curvature in a membrane can be measured by
shifts in liquid crystalline (L «) to the inverted hexagonal phase transition (Hy) of DiPoPE
lipids (53-57). Membranes in the inverted hexagonal phase resemble inverted (with the
polar headgroup facing the center) lipid cylinders with a highly curved surface. Peptides
that promote negative curvature in the membrane tend to promote this phase and
accordingly decrease the phase transition temperature expected for the transition (58).

Adding toxic IAPP peptides or peptide fragments to suspensions of DiPoPE
reduces the lamellar liquid crystalline (L) to inverted hexagonal (Hj;) phase transition of
DiPoPE (see Table 1). This reduction of the L, to Hyj transition temperature indicates that
these peptides induce negative curvature strain in phospholipid membranes. Human
IAPP, 37 stabilized the negative curvature of the Hy; phase to the greatest extent, while the
non-amyloidogenic rIAPP;.;o and hIAPP_ ;9 fragments did so to a lesser extent. Non-toxic
rIAPP;3; only negligibly stabilized the negative curvature strain of Hjy phase. The
cooperativity of the L, to Hy transition is also greatly reduced when either rIAPP;.j9 or
hIAPP, 37 is added to the DiPoPE vesicle suspension (Figure 2.2).

NMR experiments show that IAPP peptide fragments binds to regions of high
curvature in bicelles: The DSC experiments indicate toxic forms of IAPP have an affinity
for curved membrane surfaces. To create membranes with flat lamellar surfaces and
regions of high positive and negative curvature, we used a mixture of short (DHPC) and
long (DMPC and DMPG) chain phospholipids in the form of bicelles (59-61). At the
ratio of short to long chain lipids used here, bicelles form perforated lamellar bilayers that

align spontaneously in the presence of an external magnetic field (see Figure 2.3) (62-
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63). The perforations are lined with DHPC molecules and are toroidally shaped with two
types of curvature: negative (concave) curvature in the plane of the bilayer and positive
(convex) perpendicular to the membrane surface. The sheet like structure of the bicelles
causes them to spontaneously align in a magnetic field. The spontaneous alignment
results in sharply resolved peaks in the NMR spectrum of bicelles, facilitating high
resolution studies by NMR.

Bicelles containing hIAPP,. 9, formed a relatively opaque phase, did not align in
the magnetic field (see appendix A). While this peptide-induced unalignment of bicelles
did not allow us to carry out high resolution solid-state NMR experiments, it indicates
that hIAPP, 9 has a large effect on the phase structure of bicelles. Human IAPP,3;
fibrillizes rapidly in a membrane environment on the time-scale of the NMR experiment.
Therefore, we used bicelles mixed with rTAPP;_j9 or rIAPP, 37 as model systems of toxic
or non-toxic IAPP variants, respectively (50).

3P NMR of bicelles shows that the rIAPP, ;o peptide fragment has a greater
affinity for the highly curved perforations of bicelles, than rIAPP,3; peptide (Figure 2.3).
This is evident from the -0.7 ppm shift in the *'P peak of DHPC of bicelles containing
rTAPP,_jo relative to the control sample. On the other hand, the DHPC peak is unshifted
for bicelles containing rIAPP, 37, indicating rIAPP, 37 has little preference for the curved
perforations of the bicelle. In contrast, rIAPP;.3; has a greater affinity than rIAPP; 9 for
the long-chain phospholipid in the flat lamellae of bicelles. The *'P peaks of DMPG and
DMPC in the rTAPP,.37 bicelle both show a shift relative to the control sample (-0.5 ppm
for DMPC and -0.2 ppm for DMPG), while there is no detectable shift for the

corresponding bicelle sample containing rIAPP,.j9. Another important observation is the
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absence of an isotropic peak in the *'P chemical shift spectra of bicelles, indicating that
rTAPP, 37 and rTAPP,_j9 did not fragment the lipid bilayer.

NMR of full-length rIAPP; 37 shows a strong interaction between the peptide and
the surface of the bilayer but not between the peptide and the bilayer hydrophobic core:
The 1D C chemical shift spectrum was used to monitor the effects of rIAPP;3; and
rIAPP;_;9 on the BC nuclei of the DMPC and DMPG lipids. The BC nuclei of DHPC are
not detectable in these spectra because the mobility of DHPC in bicelle mixtures prevents
magnetization transfer from 'H nuclei to ">C nuclei during the cross-polarization period
of the pulse sequence. DMPG has two glycerol moieties which produce peaks that are
indistinguishable in 1D *C NMR spectra. It is apparent from the one-dimensional *C
spectrum of the bicelle sample shown in Figure 2.4 that full-length rIAPP, .37 binds near
the glycerol and headgroup regions of the long-chain lipids (DMPG and DMPC). This
can be seen from the change in chemical shifts of these peaks relative to the pure lipid
bicelle *C spectrum. By contrast, the one-dimensional Bc spectrum of rIAPP; ;9 does
not show a change in the chemical shifts of the glycerol or headgroup peaks originating
from long-chain lipids. This can be expected in the context of the other NMR data
presented above, which indicated that rIAPP,.;9 does not bind bicelles at their planar
surfaces (that is the long-chain lipid region), but rather at their highly curved perforations
(see Figure 2.3B).

The flexibility of lipid acyl chain tails are more drastically affected by rIAPP;_j9
than by full-length rIAPP,3; : While rIAPP,.;9 does not bind directly to the long chains
lipids in the flat lamellae, 'H-13C PDLF spectra show that rIAPP,.j¢ has an effect on their

flexibility. Most of the observed C-H dipolar couplings are similar to the control sample,
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however the very end of the acyl chain (carbons 13 and 14 of DMPC/DMPG) has two
vicinal dipolar couplings associated with each carbon (Figures 2.5E and 2.6). The first
vicinal dipolar coupling is very close to the dipolar coupling associated with the control
sample, while the second vicinal dipolar coupling is much larger indicating a much
stronger degree of order due to the interaction of the peptide with the lipid.

Rat TAPP,.37 has only a small effect on the flexibility of the acyl chains (Figures
2.5 and 2.6). For most of the "H-""C bonds investigated, the effect of rIAPP,_37 on [Scy|, a
measure of the rigidity of H-B¢ bonds, is not significant. Nevertheless, rTAPP; 37 does
exert an effect on the flexibility of the long-chain lipid glycerol and headgroup 'H-">C
bonds, as would be expected from the change in *C chemical shifts observed in this
region. Overall, the effect observed is a slight decrease in [Scy| for the 'H-">C bonds of
the lipid headgroup, except for those "H-">C bonds directly associated with the phosphate
or trimethyl ammonium moieties. For this sample, the decreased flexibility of 'H-""C
bonds in the vicinity of the phosphate moiety of DMPC may be interpreted as the
disruption of inter-lipid charge-charge associations between the negatively charged
phosphate group and the positively charged choline group due to rTAPP; 37 interaction
with lipids. "*N ' NMR confirms this hypothesis by showing a reduced qudrupole splitting,
vQ, suggesting a change in the orientation of the DMPC headgroup as a result of full-
length rTAPP, 37 changing the electrostatic environment surrounding PC lipid headgroups

(see Figure 2.7) (64-68).

2.5 Discussion of experiments examining curvature induction
Misfolding of amyloid-fibril forming peptides is implicated in devastating aging-
related diseases. Recent studies have shown that the ability of an amyloid peptide to bind
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to the cell membrane and induce disruption of lipid bilayer structure are key properties
correlated with the cell toxicity of amyloid peptides (12, 69). Studies on model
membranes have shown that the toxicity of amyloid peptides is highly dependent on the
lipid composition of the membrane (14-15, 70-71). Therefore, it is important to
investigate lipid-peptide interactions to understand the mechanism by which amyloid
peptides disrupt lipid bilayer structure and kill cells. In this study, we have investigated
the mechanism by which amylin peptides disrupt lipid bilayers using solid-state NMR
and DSC experiments. We believe that the results reported in this study can be used to
develop compounds to suppress the cell-toxicity of amylin, and also could be extended
towards the understanding of the role of lipids on the misfolding pathway of amyloid
peptides in general.

We have made key observations regarding the interaction of IAPP peptides with
lipid membranes: (i) Both amyloidogenic (hIAPP;37) and largely non-amyloidogenic
(hIAPP;.19 and rIAPP;. 9) toxic versions of the peptide strongly favor the formation of
negative curvature strain on lipid bilayers. The non-toxic and non-amyloidogenic rTAPP;.
37 induces only a very small amount of negative curvature with the amount of negative
curvature induced decreasing as the peptide concentration is increased. (ii) In a bicelle
environment which has regions of short chain lipids with high curvature and long chain
lipids with low curvature, toxic rIAPP;.j9 binds to the short-chain lipids present in regions
of high curvature while non-toxic rIAPP,3; binds to the long-chain lipids present in
regions of low curvature. (iii) Rat IAPP,;; affects the chemical environment of the
glycerol and phosphorus regions in the headgroup region of long-chain lipids, but does

not detectably affect the chemical environment of the aliphatic carbons. (iv) Despite
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binding to the short chain lipids, rIAPP;_j9 also significantly perturbs the motions of the
aliphatic carbons of long-chain lipid’s fatty acid tails.

All of the IAPP peptides and peptide fragments studied lowered the transition
temperature for the formation of the inverted hexagonal (Hy) phase of DiPoPE. The
inverted hexagonal phase has a high negative curvature; therefore peptides that induce
negative curvature strain stabilize the Hy; phase and lower the transition temperature for
its formation. While all the IAPP variants favored the formation of the highly curved Hy
phase, the negative curvature induced by non-toxic full-length rIAPP,.3; was small in
comparison to the other toxic IAPP peptides and decreased at higher concentrations. The
significantly higher degree of curvature induced by toxic variants of I[APP compared to
the non-toxic rIAPP; 37 suggests a correlation between the peptide’s ability to induce
curvature strain and its toxicity. The ability to induce negative curvature strain is
apparently not related to the presence of amyloid fibers, the fiber formation process, or a
propensity for a B-sheet conformation, as the 1-19 fragments of IAPP remains stable in a-
helical conformation when bound to lipid bilayers (48).

The induction of negative curvature strain by toxic versions of IAPP may explain
the fragmention of bilayers by hIAPP. (30-33) When hIAPP is added to planar bilayers,
lipids are initially extruded out of the plain of the bilayer to form long tubular structures
lined by closed bilayers with an aqueous core (30). The lipid tubules disappeared from
the surface of the membrane over time as they were either sheared off the surface by
mechanical stress or incorporated into amyloid fibers on the membrane surface causing
severe disruption of the integrity of the membrane. The tendency of the peptide to cause

curvature in the membrane may be linked to this process. The formation of lipid tubules
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can occur by a heterogeneous distribution of peptide with high concentrations of peptide
at the tubule base, where negative curvature is highest, and low concentrations of peptide
at the tubule tip (72). DSC experiments confirm that rIAPP; 9 is inhomogenously
distributed throughout the membrane (50). Similar inhomogenous distributions have also
been seen for hIAPP; 37, but not rTAPP| 37, in the presence of calcium (73). Notably, this
process does not depend on the attachment of the membrane to a rigid amyloid fiber.

The degree and type of membrane curvature induced by a peptide is dependent on
how it affects the geometry of the lipid-peptide complex, in particular the relative cross-
sectional area of the lipid headgroup region near the membrane-water interface and the
acyl chain region in the interior of the bilayer. In order for the membrane to remain in a
flat lamellar phase, the overall shape of the peptide-lipid complex must be cylindrical
with the size of the two regions matching. A cone-shaped peptide-lipid complex with a
mismatch between the sizes of these two regions will induce curvature strain in the
bilayer, positive curvature strain if the effective size of the head group is larger than the
acyl-chain region and negative curvature strain if it is smaller. It can be seen from these
considerations that binding of an amphipathic helix like IAPP at the interface between the
hydrophilic headgoup region and the hydrophobic acyl chain region will induce positive
curvature strain. Conversely, inserting the peptide deeply into the hydrophobic core will
induce negative curvature strain.

The degree of insertion of IAPP into the membrane can be inferred by the relative
perturbation of the NMR signal at each site. Rat IAPP; 37 has little effect on the order of
both the acyl chains and the lipid headgroup, as determined by the site-specific order

parameter plot generated by the 2D PDLF experiment. This is a strong indication that the

50



peptide binds superficially to the very top of the lipid bilayer by an electrostatic
interaction with the lipid headgroup. Peptides that bind atmospherically to the membrane
in this manner without penetration into the bilayer typically do not induce either positive
or negative curvature strain, as demonstrated by mutations of the ENTH domain of epsin
(74-75). It could also be the case that the majority of the peptide is not bound to the
membrane, however this possibility is contradicted by the '*N and *'P spectra. The '*N
spectra shows a small but detectable decrease in the '*N quadrupolar splitting; which is
indicative of an electrostatic interaction of rIAPP,3; with the phosphate groups of the
bilayer.

Unlike rIAPP;37, rIAPP; ;9 has a strong preference for the DHPC molecules
lining the perforations of the bicelle lamellae rather than the bicelle’s planar surface, as
shown by the strong perturbation of the 3lp peak corresponding to DHPC (Figure 2.3D)
and the negligible perturbations of the 13C chemical shifts in the DMPC/DMPG
headgroup region (Figure 2.4C). This preference for the perforations of the bilayer is
similarly reflected in the '*N spectra, rIAPP,.o induces only a slight increase in the
quadrupolar coupling of the long chain lipids but a relatively large increase in the
quadrupolar coupling of DHPC (Figure 2.7B).

Rat TAPP,.j9 has an unusual and significant effect on the aliphatic carbons of both
DMPC and DMPG’s acyl chains in the NMR experiments. At the very end of the acyl
chain (carbons 13 and 14) two vicinal dipolar couplings can be detected for each carbon.
The first vicinal dipolar coupling has an order very similar to the control bicelle without
peptide. The second vicinal dipolar coupling is significantly larger, indicating a region of

the membrane where the terminus of the acyl chain is substantially more ordered in the
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presence of rIAPP;_jo. This set of dipolar couplings most likely corresponds to the
annulus of DMPC/DMPG lipids surrounding the bicelle perforation. An increase in order
may be due to either bulky residues interfering sterically with the lipid tails of nearby
long-chain lipids or interdigitation of the acyl chain termini into the adjoining leaflet due
to the compression of the bilayer around the region of the perforation.

The perforations in the bicelle possess regions of both positive curvature (parallel
to the membrane normal) and negative curvature (perpendicular to the membrane
normal). As such, they serve as models for the toroidal pores produced by certain
antimicrobial peptides (39, 53-54), which recent studies have noted distinct similarities to
amyloidogenic proteins (30, 76-81). The toroidal pore is formed by a transient high local
concentration of peptide that induces enough curvature in the membrane to form a
metastable pore lined by the headgroups of phospholipids, rather than by protein as in
most pore models. Although most antimicrobial peptides form toroidal pores by
stabilizing positive curvature, some antimicrobials form toroidal pores by stabilizing
negative curvature instead (82-84). The creation of toroidal pores as a result of the
induction of negative curvature may be a novel mechanism for amyloid-induced peptide
disruption.

Although the results presented here are for IAPP peptides, the induction of
negative curvature strain may be a general mechanism of membrane disruption by
amyloidogenic peptides. Solid-state NMR has shown a preferential interaction with the
headgroups of PE for AB,9.42 in POPC/POPE membranes, even at a low (10%) percentage
of POPE (85). PE lipids have a high propensity for negative spontaneous curvature due to

the small size of the headgroup relative to the hydrophobic core. The preferential binding
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of AB29.42 to PE lipids may reflect the similar preference of IAPP to bind to regions of
high curvature shown in this study. Furthermore, AB;.49 has been shown to dehydrate
membranes, which reduces the effective headgroup size and will likely lead to negative
curvature (86). Alpha-synuclein, another neurotoxic peptide implicated in Parkinson’s
disease, also has a strong preference for PE lipids over the identically charged PC lipids,
suggesting lipid intrinsic curvature is an important determinant of lipid binding
specificity for amyloidogenic proteins (11, 87). The preference of amyloidogenic
peptides for lipids with a high negative curvature is expected to enhance membrane
fusion, as membrane fusion proceeds through a high energy intermediate similar in
structure to the inverted hexagonal phase (58, 88). Indeed, the amyloidogenic peptides a-

synuclein, AP, and some prion fragments have been shown to be fusogenic (85, 89-94).
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Table 2.1 The effects of IAPP peptides and peptide fragments on the L, to Hy
transition temperature of DiPoPE. The L, to Hy transition temperatures were
determined from the third DSC thermogram of the sample (for pure DiPoPE, this
temperature was determined to be 45.5 °C)

Peptide or peptide fragment

0.1 mol % peptide

0.5 mol % peptide

DiPoPE containing rIAPP, 37
DiPoPE containing rIAPP;_9
DiPoPE containing hIAPP; 37

DiPoPE containing hIAPP; 9

43.6°C

42.3°C

39.1°C

43.3°C

44.3°C

38.7°C

~40°C

40.9°C
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Human IAPP . KCNTATCATQRLANFLVHSSNNFGAI LSS TNVGSNTY

RatIAPP _: KCNTATCATQRLANFLVR SSNNLGPVLPP TNVGSNTY
Human IAPP__:  KCNTATCATQRLANFLVHS
RatIAPP, _: KCNTATCATQRLANFLVRS

Figure 2.1 Amino acid sequences of the rat and human IAPP peptide analogues used
in this study. The differences between the rat and human sequences are shown in red.
There are disulfide bonds between residues 2 and 8 and the C-termini of the peptides are
amidated like the physiologically expressed peptide.
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Figure 2.2 Toxic islet amyloid polypeptide peptides and peptide fragments induce
more negative curvature strain in membranes than non-toxic rIAPP;_3;. The third
DSC heating scan of IAPP peptides and peptide fragments in DiPoPE at the listed molar
percentage of peptide. (A) rIAPP,37in DiPoPE; (B) rIAPP,.;9 in DiPoPE; (C) hIAPP) 37
in DiPOPE; (D) hIAPP,.;9 in DiPoPE.
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Figure 2.3 *'P NMR shows that rIAPP;_;o binds short-chain phospholipids in bicelles
whereas rIAPP; 37 binds the long-chain phospholipids. (A) A cartoon depiction of
magnetically-aligned bicelles in the lamellar phase showing the parallel bicelle lamellae
composed of DMPC and DMPG and the perforations composed of DHPC. The large,
static magnetic field of the NMR spectrometer is indicated. (B) Zoomed in cartoon
depiction of the bicelles, showing the regions of positive and negative curvature. (C) The
3P NMR spectrum of the pure bicelle sample. (D) The *'P NMR spectrum of the rTAPP;.
19 bicelle sample. (E) The *'P NMR spectrum of the rTAPP,_3; bicelle sample.
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Figure 2.4 The 13C chemical shift spectra show that in bicelles, rIAPP;_3; binds
DMPC and DMPG at their glycerol regions. (A) Structures of the long-chain
phospholipids (DMPG and DMPC) indicating the labeling convention. (B) *C spectrum
of the headgroup region of the pure bicelle sample, (C) rIAPP;_j9 bicelle sample and (D)
rIAPP, 37 bicelle sample. The glycerol peaks which are shifted relative to the pure bicelle
peaks are circled in red.
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Figure 2.5 2D PDLF NMR experiments show that rIAPP;_9 disturbs the aliphatic
fatty acid chains of the long-chain phospholipids in bicelles, even though it does not
affect their headgroups. (A) The long-chain phospholipids of the bicelle samples
(DMPG and DMPC) indicating the labeling convention used. Also shown is the 1D *C
chemical shift spectrum, indicating the frequency of '*C peaks in the horizontal
dimension of the PDLF spectra. (B) The 2D 'H-">C PDLF spectrum of bicelles
containing rIAPP, 37 (blue) superimposed upon the pure bicelle spectrum (black). (C) The
2D '"H-"*C PDLF spectrum of bicelles containing rIAPP._;s (red) superimposed upon the
pure bicelle spectrum (black). (D) The *C-'H dipolar coupling slices corresponding to
carbons 12, 13, and 14 of the aliphatic fatty acid chains of DMPG and DMPC. Slices
corresponding to the pure bicelle sample are shown in black; bicelles containing rTAPP;_
37, blue; and bicelles containing rIAPP;_j9, red. (E) A zoomed in area of the PDLF
spectrum showing the significant change in the dipolar couplings associated with carbons
13 and 14 of DMPG and DMPC induced by rIAPP_jo.
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Figure 2.6 The order parameter plots associated with bicelles containing either
rIAPP, 37 or rIAPP;19. (A) is the order parameter plot for the sample associated with
rIAPP, 37 and (B) is for the sample associated with rIAPP;_9. The order parameter plots
are derived from their associated PDLF spectra as described in the methods section. The
order parameter plot of pure bicelles is given in blue. Note that one |Scy| value for
carbons 12, 13, and 14 of bicelles containing rIAPP,_¢ is nearly identical to the
corresponding value for the pure bicelle sample, indicating some lipids in the sample are
unaffected by rIAPP;_jo.
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Figure 2.7 "'N NMR shows that rIAPP;_;o binds short-chain phospholipids in bicelle
phospholipid mixtures whereas rIAPP;_;; binds the long-chain phospholipids. (A)
The '*N quadrupolar NMR spectrum of the pure bicelle sample. The quadrupolar
coupling constant (vq) associated with DMPC is 10.2 kHz, and the vq associated with
DHPC is 4.2 kHz. DMPG does not have a '*N nucleus, and therefore there are peaks
corresponding to DMPG are absent in the MN spectrum. (B) The HN spectrum of the
rTAPP,.37 bicelle sample. The vq associated with DMPC is 9.8 kHz and vq associated
with DHPC is 3.6 kHz. (C) The N NMR spectrum of the rIAPP,_¢ bicelle sample. The
vq associated with DMPC is 10.8 kHz and vq associated with DHPC is 6.4 kHz.
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CHAPTER 3

THE LOCALIZATION OF DENDRIMERS INSIDE THE HYDROPHOBIC
CORE OF LIPID BILAYERS'

3.1 Summary

Poly(amidoamine) (PAMAM) dendrimer nanobiotechnology shows great promise
in targeted drug delivery and gene therapy. Because of the involvement of cell membrane
lipids with the pharmacological activity of dendrimer nanomedicines, the interactions
between dendrimers and lipids are of particular relevance to the pharmaceutical
applications of dendrimers. In this study, solid-state NMR was used to obtain a molecular
image of the complex of generation 5 PAMAM dendrimer with the lipid bilayer. Using
'H radio frequency driven dipolar recoupling (RFDR) and 'H magic angle spinning
(MAS) nuclear Overhauser effect spectroscopy (NOESY) techniques, we show that
dendrimers are thermodynamically stable when inserted into zwitterionic lipid bilayers.
"N and *'P NMR experiments on static samples and measurements of the mobility of C-
H bonds using a 2D proton detected local field protocol under MAS corroborate these
results. The localization of dendrimers in the hydrophobic core of lipid bilayers restricts
the motion of bilayer lipid tails, with the smaller G5 dendrimer having more of an effect
than the larger G7 dendrimer. Fragmentation of the membrane does not occur at low
dendrimer concentrations in zwitterionic membranes. Because these results show that the
amphipathic dendrimer molecule can be stably incorporated in the interior of the bilayer
(as opposed to electrostatic binding at the surface), they are expected to be useful in the

design of dendrimer-based nanobiotechnologies.

" Reproduced with permission from the Journal of American Chemical Society, in press. Unpublished work
copyright 2010 American Chemical Society
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3.2 Introduction

Poly(amidoamine) (PAMAM) dendrimers are hyperbranched polymers that adopt
a spherical architecture in aqueous environments with the potential to greatly extend the
capabilities of modern therapeutics (1-3). The "branches" of dendrimers are composed of
ethylenediamine repeat units and natively terminated with amine groups but may be
chemically modified to alter the molecular properties of dendrimers in a well-defined
manner (4-6). The sheer range of compounds that might be used to terminate dendrimers
makes these polymers versatile for nanotherapeutic applications (4-6).

Because of their potential as nanotherapeutics, interactions between PAMAM
dendrimers and biomaterials relevant to these dendrimers’ in vivo behavior are of great
interest. Amine-terminated PAMAM dendrimers are known to interact with lipid
membranes and are therefore not biologically inert (7-11). These PAMAM dendrimer-
biomembrane interactions may aid in certain medicinal applications, drawing these
polycationic compounds closer to bacterial and cancer cells whose outer membranes
generally carry negative charge, but may interfere with other applications, such as the
specific binding of dendrimers to their targeted receptors in targeted drug delivery
applications (10, 12-13). Therefore, understanding PAMAM dendrimers’ interactions
with membranes will aid the development of more effective dendrimer-based therapeutic
nanodevices.

Some features of the PAMAM dendrimer-biomembrane interaction have been
characterized despite the difficulty inherent in structural studies on membrane and
polymer systems (7-9, 11, 14-19). Earlier, we have shown that suspending a dendrimer
solution over a lipid bilayer supported on a mica surface results in both the expansion of

bilayer defects as well as the formation of new defects (11). *'P NMR has previously
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shown that at high concentrations, PAMAM dendrimers fragment the lipid bilayer,
producing a soluble lipid-containing component that tumbles isotropically in solution
(11). The size of the new defects in supported lipid bilayers induced by dendrimers is
reported to be within the range of what would be expected if dendrimer-filled lipid
vesicles were abstracted from the supported lipid bilayer, suggesting that the formation of
new defects might be the result of abstraction of dendrimer-filled lipid vesicles from the
supported lipid bilayer (7). Thermodynamic arguments suggested abstraction occurs as
the result of the formation of lipid-dendrimer aggregates composed of a central dendrimer
core surrounded by a phospholipid bilayer (11, 15, 20). Recently, Kelly et al.
investigated the mechanism whereby PAMAM dendrimers interact with fluid phase lipids
(7). They concluded that when PAMAM dendrimers interact with negatively charged
lipids, dendrimer-filled lipid vesicles form at higher concentration of dendrimers.
However, they detected no heat release upon PAMAM dendrimers' addition to fluid
phase zwitterionic lipids and were therefore unable to definitively characterize the
mechanism whereby these dendrimers disrupt zwitterionic lipid membranes. Notably, it
has been shown that PAMAM dendrimers interact with zwitterionic lipids by
experimental techniques such as vesicle leakage (21-22), whole-cell leakage (14, 23),
differential scanning calorimetry (24-26), electron paramagnetic resonance (27-28), and
Raman spectroscopy (25).

Experimental atomic-resolution structural information on the dendrimer-
zwitterionic lipid complex remains elusive, but molecular dynamics (MD) simulations
have suggested that dendrimers with charged terminal groups flatten when interacting

with biomembranes in order to maximize the number of favorable dendrimer-lipid
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interactions (9). Mesoscopic dynamics simulations further show that dendrimers do not
flatten completely and may therefore force membranes to pucker to adapt to their natural
curvature. This curvature strain may be relieved by the formation of toroidal pores, or
pores that have a worm hole-like structure (29-30). It has been shown that toroidal pores
will form in lipid bilayers in response to the curvature strain induced by antimicrobial
peptides such as magainin2 and pexiganan (MSI-78) (29-30). The induction of curvature
strain in lipid bilayers is an important phenomenon in the pathology of various amyloid
peptides (31-32). Coarse grained molecular dynamics simulations have also suggested
that it may be possible for dendrimers to insert into lipid bilayers without forming pores
(17-18).

In this study, we use solid-state NMR spectroscopy to gain atomic-level insights
into the structure of the zwitterionic lipid bilayer-dendrimer complex. This approach
reveals details of this non-soluble, non-crystalline supramolecular structure at an
unprecedented atomistic resolution. Furthermore, the impact of dendrimer size on the
dendrimer-lipid bilayer interaction is also studied. Multilamellar vesicles (MLVs), which
mimic the natural curvature of cell and organelle membranes, are used as a model
membrane to examine the membrane interactions of generation-5 and generation-7
dendrimers (see the molecular structures of dendrimers given in Figure 3.1). *'P and "N
NMR experiments are used under static conditions and R-PDLF, NOESY, RFDR, and 'H
NMR are used under MAS to elucidate the structural and dynamical properties of a
model lipid biomembrane in the presence of dendrimers. Our results indicate that
dendrimers localize in the interior of lipid bilayers in our samples enabling the

intercalation of lipid acyl chains into the dendrimer interior, in agreement with previous
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electron paramagnetic resonance (EPR) studies that have shown that PAMAM
dendrimers are likely to insert in zwitterionic lipid bilayers (28). We expect that these
results will aid in the development of new and powerful nanomedicinal treatments for a
wide variety of diseases, specifically advanced dendrimer-based nanocarriers that

encapsulate hydrophobic drugs and deliver them to the interior of biomembranes.

3.3 Experimental methods

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL). Chloroform
and methanol were procured from Aldrich Chemical Inc. (Milwaukee, WI). All the

chemicals, unless noted otherwise, were used without further purification.

3.3.1 Preparation of PAMAM dendrimers

Generation 5 and 7 PAMAM dendrimers were purchased from Dendritech Inc.
To remove lower molecular weight impurities and trailing generations, the dendrimers
were dialyzed with a 10,000 MWCO membrane (generation 5) or 50,000 MWCO
membrane (generation 7) against deionized water for two days with four water
exchanges. The purified dendrimer was lyophilized for three days, resulting in a white
solid. The number average molecular weight and polydispersity index were determined
by gel permeation chromatography (28,460 g/mol and 1.011 £+ 0.010 respectively for
generation 5 and 105,600 g/mol and 1.053 £+ 0.012 for generation 7). The mean number
of terminal primary amines per dendrimer (112 for generation 5 and 486 for generation 7)
were determined from the number average molecular weight by potentiometric titration
as described by Majoros et al. (33) An illustration of the branched structure of the

dendrimer along with the labeling convention used in this study is provided in Figure 3.1.
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3.3.2 Preparation of samples for R-PDLF and “N NMR

For the R-PDLF and '*N experiments, partially hydrated lipid and PAMAM
dendrimer samples were prepared (approximately 10 water molecules per lipid). Drier
samples were used as the dipolar couplings are larger in drier samples and therefore the
differences between the dipolar couplings are larger which improves the resolution of our
2D SLF experiments in the indirect dimension. Therefore DMPC and dendrimer samples
prepared at low hydration levels by first dissolving 70 mg of DMPC powder in methanol
with 3 wt % PAMAM dendrimer (either G7-amine, also referred to as sample A3, or G5-
amine, also referred to as sample A2) in a culture tube. The sample was then dried under
a stream of N, and placed under vacuum overnight. The sample was then placed under
95% humidity at 37 °C and hydrated until approximately 10 water molecules per lipid
molecule were present as established by comparing the lipid y carbon’s protons' peak area
with that of the water protons' in a 'H MAS NMR experiment (see appendix B). A litmus
test indicated that our sample was at approximately neutral pH, indicating that the
terminal amines are protonated but the interior tertiary amine groups are not. (34) A
control sample of DMPC without dendrimer was also prepared (also referred to as sample

A1). The contents were then transferred to a 4 mm diameter NMR rotor.

3.3.3 R-PDLF and "N NMR experiments on the indirectly hydrated sample

The dynamics of the lipid molecules and G5 and G7 dendrimers were probed
using a combination of a 2D MAS technique, R-PDLF, which correlates *C chemical
shifts to their associated *C-"H dipolar couplings, and static '*N NMR spectroscopy. In
the R-PDLF experiment, the intrinsic lipid *C-"H dipolar couplings are motionally

averaged by the flexibility of the acyl chains within the bilayer. The observed dipolar
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couplings therefore reflect the local order Sicy associated with different regions of the
phospholipid molecules. The local order parameter is defined as the observed dipolar
coupling divided by the scaling factor for the rotor-synchronized C-H recoupling
sequence, 0.315 (35), and the rigid lattice directly binded C-H dipolar coupling, 21.5 kHz

(for a bond length of ~1.1 A).

R-PDLF spectroscopy incorporates R-type recoupling (35) into the proton
detected local field (PDLF) protocol (36). Since the refocused-INEPT pulse sequence
renders high spin pair selectivity (37), it was used for the 'H to "*C polarization transfer.
The 'H field strengths during dipolar recoupling and heteronuclear decoupling were
typically 45 and 28 kHz, respectively. The 2D spectra were acquired using typically 128
scans and 200 increments in the t;-dimension. A 5 s recycling delay was employed with
magic angle spinning (MAS) at 5.15 kHz stabilized to = 2 Hz accuracy. Further details

of the R-PDLF method can be found elsewhere (38-39).

The R-PDLF and '*N NMR experiments were performed on a
Chemagnetics/Varian Infinity 400 MHz solid-state NMR spectrometer. Each sample was
equilibrated at 37 °C for at least 30 minutes before starting the experiment. The '*N
spectra were obtained with a recycle delay of 3 s and 50 kHz of spectral width. The
recoupled C-H dipolar coupling is sensitive to the molecular conformation of the lipid

phosphatidyl choline (PC) headgroup as follows:

1
S|CH|= E (3COSZT'| - 1)Sf [31]
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where 1 is the angle between the C-H bond and the motional axis (the long axis of the
lipid molecule) and Sy is an order parameter representing wobbling motions about the

membrane long axis (40).

To study the PC headgroup tilt, the angle (0p_x) that the vector originating at the
phosphorus nucleus of DMPC and pointing to the nitrogen nucleus of DMPC (the P-N
vector) makes with the membrane normal is assessed. According to previous studies, Op_

N can be approximated from 1 according to the equation:

cosn = 0.784 cos Op_n [3.2]
Based on the hydration level of our pure lipid (DMPC) sample (ny~10, see appendix B)
and the results of Ulrich et al. (41), we estimate 0p_ N to be ~62° for our pure DMPC
sample (41-43). We calculated Srto be ~ 0.44 after solving for n using equation 3.2 and
substituting our experimental results for Scy into equation 3.1. Using this information, we
were able to calculate Op_n and estimate how the addition of dendrimers to lipid bilayers
changes molecular headgroup tilt of DMPC, which is associated with changes in the lipid
bilayer electrostatics. When calculating the DMPC molecular headgroup tilt, tilts were
calculated using the average of the experimentally determined C,-H and Cg-H dipolar

couplings.

3.3.4 Preparation of fully-hydrated DMPC multilamellar vesicle (MLV) samples
for NOESY and RFDR experiments

For the '"H MAS NOESY and '"H RFDR experiments, 35 mg of DMPC powder
was dissolved in methanol with 1.7 mg of G5 PAMAM diagnostic grade dendrimer in

methanol solution purchased from Sigma-Aldrich in a culture tube (also referred to as
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sample B2). The sample was dried under a stream of N and then placed under vacuum
overnight. 30 uL. 10 mM of sodium phosphate buffer at pH 7.3 was added to the mixture
and 5 puL D,O was added for sample referencing. The pH of the sample prepared for
NOESY and RFDR experiments was 8-9.5 (tested using litmus paper). Approximately
25-89% of the dendrimer terminal groups are protonated at these pH levels. By inspection
of the titration curves provided in figure 2 of reference 43, upper and lower bound
estimates of the fraction of protonated terminal groups could be obtained. At
physiological pH (7.4) all of the terminal amine groups are expected to be protonated.
None of the tertiary amine groups were protonated at either pH level (7.4 or 8-9.5). (34)
The mixture was freeze-thawed three times before being transferred to a 3.2 mm (~50 pL
volume) NMR rotor for NMR experiments using a Nanoprobe ™. A control sample of
fully hydrated pure DMPC lipid MLVs without dendrimer was also prepared (also

referred to as sample B1).

3.3.5 NOESY and RFDR experiments on the fully-hydrated DMPC multilamellar
vesicles sample

The 'H RFDR and 'H MAS NOESY experiments were performed on a Varian
UNITY INOVA 600 MHz spectrometer. A 3.2 mm Nanoprobe'* was used for these
experiments. Each sample was equilibrated at 37 °C for at least 30 minutes before
starting the experiment. MAS at 2.5 kHz stabilized to + 1 Hz was employed for the 'H
MAS NOESY and 'H RFDR experiments; other experimental details of these techniques
can be found elsewhere (44). An 8 kHz pulse on the water 'H resonance was applied for
1.5 s during the recycle delay, 128 t; increments were acquired, with a spectral width of 6

kHz in the indirect dimension. Typical RF power used was 25 kHz. '"H MAS NOESY and
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'"H RFDR spectra of similarly prepared (same hydration level, buffer, pH) pure dendrimer

and pure lipid samples were also similarly obtained.

3'P NMR spectra of the G5 dendrimer and DMPC lipid and the pure DMPC lipid
samples were obtained under 10 kHz magic angle spinning (MAS) using a spin-echo
sequence (90°-t-180°-t-acq with =100 ps), with a 40 kHz proton decoupling RF field,
50 kHz spectral width, 3.1 us 90°-pulse length, and a recycle delay of ~4 seconds. A
typical spectrum required the co-addition of 100—1000 transients. Chemical shifts were
referenced by setting the isotropic chemical shift peak of phosphoric acid to 0 ppm. In the
resulting pure lipid sample and G5 dendrimer sample spectra, the buffer >'P NMR peak
overlapped with the *'P NMR peaks originating from the DMPC lipids. Static *'P NMR
spectra were obtained in a water mixture (as opposed to using buffer). We expect the
conditions for this sample to be comparable to the conditions under which dendrimers to
be similar to the conditions under which other atomic force microscopy (AFM)
experimental results were obtained earlier. Static spectra were acquired for G7 dendrimer
and lipid, G5 dendrimer and lipid, and pure DMPC lipid samples. All experimental data
were processed using the Spinsight (Chemagnetics/Varian) software on a Sun Sparc

workstation.

3.4 Results of solid state NMR investigations of the dendrimer-zwitterionic lipid
interaction

3.4.1 'H-'H MAS NOESY and 'H RFDR show that generation 5 PAMAM
dendrimers are thermodynamically stable when inserted into lipid bilayers

To determine the location of the dendrimer on the bilayer, we probed the contacts

between the dendrimer and the bilayer at A-level resolution by 'H-'H chemical shift
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correlation NMR experiments experiments on G5 dendrimers. In these experiments, the
crosspeak intensity, which is a function of the amounts of magnetization transferred
between pairs of 'H nuclei, is monitored. Under certain conditions, this information can
then be translated into estimates of the distances between pairs of 'H nuclei. However,
this interpretation can be complicated by the dependence of the magnetization transfer on
the motions of the 'H nuclear pairs. To overcome this complication, two complementary
experiments (‘'H MAS NOESY and 'H RFDR NMR) with different magnetization
transfer steps and different time dependencies were used. In an RFDR experiment,
magnetization is transferred via 'H-'H dipolar coupling, which is reduced by motions
occurring on a timescale faster than a few milliseconds. On the other hand, the
magnetization transfer in a NOESY experiment is mediated by NOE cross-relaxation
which in this system is predominantly caused by lipid lateral diffusive motions occurring
on a timescale of ~170 ns in an unperturbed lipid bilayer (45-46). A concurrence between
NOESY and RFDR results is therefore a strong indication that distance, and not the
molecular motion of either the dendrimer or the bilayer, is responsible for the observed

effect.

Generally, the crosspeaks between the lipid tails and the dendrimer interior are
more intense than those of between the lipid headgroup and the dendrimer interior in both
the NOESY and RFDR spectra as shown in Figure 3.2. For example, in both the NOESY
and RFDR spectra, the ¢/14 crosspeaks are more intense than the c/a crosspeaks. This is
an indication that the dendrimer interior is closer to the interior of the bilayer than the
surface of the bilayer. This conclusion is strengthened by the agreement of RFDR and

NOESY results, because it appears that regardless of the dependence of magnetization
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transfer on the motions of the 'H-'H spin pair, the intensity of crosspeaks between 'H
nuclei in the dendrimer interior and the lipid tail is higher than that of between 'H nuclei
in the dendrimer's interior and the lipid's headgroups. Since the same result was obtained
with both methods, it is likely that the G5 dendrimer is located in the hydrophobic
interior of the zwitterionic DMPC lipid bilayer as opposed to lying on the surface under
these experimental conditions. Note that insertion here refers to the proximity of the
dendrimer to the hydrophobic core of the bilayer, actual intercalation of the lipid tails into

the interior of the dendrimer cannot be determined from these results.

3.4.2 Dendrimers are immobilized in a membrane environment

Although the lipid-dendrimer crosspeak intensities give information on the
location of the dendrimer within the bilayer, the dendrimer-dendrimer cross-peaks by
contrast give information on the dynamics and conformation of the dendrimer. In the pure
G5 dendrimer sample, the 'H-'H dipolar couplings were motionally averaged to the point
of making a 'H RFDR experiment impossible, suggesting that dendrimers are less mobile
in a membrane environment than in an aqueous environment. A comparison of the 'H
MAS NOESY spectrum shows that the intramolecular crosspeaks are more numerous and
intense while the diagonal peaks are less intense in a G5 dendrimer sample without lipid
when compared to a similar sample with DMPC (see Figure 3.3). This corroborates the
RFDR results, suggesting that the internal motion of the dendrimer is restricted when

bound to the lipid and/or the dendrimer is more compact when bound to the lipid.
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3.4.3 Dendrimers rigidify the lipid tails, increasing order in the interior of
zwitterionic lipid bilayer

The dynamics of the C-H bonds in DMPC were probed with a 2D MAS
technique, R-PDLF, which correlates BC chemical shifts to their associated C-'H
dipolar couplings (see Figures 3.4 and 3.5). Segmental order parameters (Sicy) were
extracted from the motionally averaged dipolar couplings as described in the Materials
and Methods section (see Figure 3.6). While the resolution within the central part of the
hydrophobic core of the membrane (carbons 4-11) was poor and the corresponding
dipolar couplings could not be accurately measured, the splittings at carbons 3, 12 and 14
were well-resolved and therefore unambiguous assignment was possible for these
carbons. At all of these sites the Sicy values were increased when either G7 or G5
dendrimers are added to the DMPC mixture, indicating dendrimer binding decreases the
flexibility of the acyl chains of the membrane. Furthermore, the effect was dependent on
the size of the dendrimer with the Sicy values of the G7 dendrimer sample being lower
than those of the G5 dendrimer sample. While both the G7 and G5 dendrimer decrease
the flexibility, the Sicy values associated with the G5 dendrimer sample were higher than
those of the G7 sample indicating the G5 dendrimer has a greater impact on the dynamics
of the interior of the bilayer.

R-PDLF shows the dipolar couplings associated with a, B, and g, carbons in the
headgroup region of the DMPC molecule increased for both the G7 and G5 dendrimers
samples. The dipolar coupling is decreased for the g; carbon in the G7 dendrimer sample
but increased in the G5 sample. The correspondence between the measured dipolar
coupling and the dynamics in this region is not as direct as it is for the acyl chain carbons,

as the headgroup may tilt in response to ligand binding and alter the axis of motional
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averaging. The change in dipolar coupling could therefore be either due to a restriction of
motions of the lipid tails and a slight increase in headgroup motions relative to the lipid

tail for which the g; carbon acts as a hinge.

3.4.4 "N and *'P NMR show that the surface of the lipid bilayer is relatively
unaffected by PAMAM dendrimer

The "N spectra are nearly unaffected by the presence of either G5 or G7
dendrimers, with a slight increase in the “N quadrupolar splitting evident in the G5
dendrimer sample and a negligible effect evident in the G7 sample (see Figure 3.7). This
is an indication that the electric field in the proximity of the choline group is unaltered by
the presence of either dendrimer. While such a finding is not unexpected on purely
electrostatic considerations for the positively charged dendrimer, it is also an indication
that the tilt of the lipid headgroup relative to the surface of the membrane is not affected
strongly by either dendrimer since the electric field is a function of the distance from the
membrane surface. This observation argues against a strong interaction of either
dendrimer with the phosphate group, as an electrostatic interaction of the dendrimer with
the phosphate group would induce a torque on the P—N" dipole causing the headgroup
to tilt away from the membrane surface relative to the control (“the molecular voltmeter
effect”). The R-PDLF results corroborate the results from N NMR. The changes in the
BC-'H dipolar couplings of the lipid headgroups correspond to an estimated change in
the tilt of the lipid headgroup tilt by ~1.7° for the G5 sample and ~2.9° for the G7 sample
(see the methods and materials section for further details). These changes in lipid
headgroup conformation do not correspond to a significant change in bilayer electrostatic

properties. A significant increase in the bilayer surface charge is expected to change the
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lipid headgroup tilt by >10°, as observed when mixing cationic
didodecyldimethylammonium bromide (DDAB) with DMPC lipid bilayers (40).

Further confirmation of an absence of strong electrostatic effects of the dendrimer
on the phosphate group can be seen in the *'P NMR spectra (see Figure 3.8). Only
minimal changes (<0.1 ppm) in the isotropic chemical shift obtained under MAS are
apparent for the G5 sample when compared to the pure lipid DMPC sample, indicating
G5 dendrimers have minimal influence on the electrostatic environment of the *'P
nucleus. The influence of dendrimers on the phosphodiester moiety was studied in further
detail through the use of static >'P experiments. Figure 3.8A shows the control DMPC
lipid 3P NMR spectrum, which features a CSA powder pattern lineshape typical for
unoriented lipid samples. The binding of both the G5 and G7 dendrimers has only a
minor impact on the *'P lineshape: G5 dendrimer binding having virtually no effect and
only a slight decrease in the CSA span being evident in the G7 sample. The observed
CSA is a function of both the *'P CSA tensor and an order parameter reflecting the
motional averaging undergone by the phosphodiester moiety in the lipid headgroup.
Since the isotropic chemical shift is unaltered by the presence of either dendrimer, it is
reasonable to assign changes in the CSA lineshape to either alterations in the dynamics or
conformational rearrangements of the phosphate headgroup that modify the motional
averaging of the CSA. We can therefore conclude that neither G5 dendrimer nor G7
dendrimer significantly impact the conformation of the lipid headgroup.

3.5 Discussion of solid state NMR investigations of the dendrimer-zwitterionic lipid
interaction

Several lines of evidence suggest that in zwitterionic lipid bilayers prepared for

our samples both G5 and G7 dendrimers are localized deep within the interior of the
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bilayer and are not merely associated with the surface of the membrane. Note that in both
the "H RFDR and the '"H MAS NOESY spectra of G5 dendrimer—-DMPC samples (shown
in Figure 3.2) the crosspeaks between the lipid acyl chains and the dendrimer are stronger
than the corresponding crosspeaks between the dendrimer and the lipid headgroup. In
particular, the crosspeak between the last carbon of the acyl chain of DMPC and “c”
carbon of the dendrimer (marked as c¢/14 in Figures 3.2C and 3.2F) is more intense than
corresponding crosspeaks between the dendrimer and the atoms in the lipid-headgroups
(marked as c/a and c/g;) in both the RFDR and NOESY spectra, indicating a close
proximity of the hydrophobic core of the dendrimer with the center of the bilayer. While
this result could be explained by differences in the dynamics of the headgroup and tail
regions of the lipids if it was only observed in the '"H RFDR or only in the 'H MAS
NOESY spectra as the dependence of the cross peak intensity in NEOSY and RFDR
experiments on motion are different. Therefore, the similarity of the results with both
techniques strongly suggests that G5 dendrimers interact strongly with the acyl chains of
the membrane.

Further evidence for localization of G5 and G7 dendrimers inside the hydrophobic
core of the lipid bilayer comes from '*N spectroscopy (Figure 3.7), which suggests that
neither dendrimer has a significant effect on the electric field surrounding the choline
group in the lipid headgroup, since the '*N vq reported for all the samples studied (a pure
DMPC lipid mixture, a lipid and G5 PAMAM dendrimer mixture, and a lipid and G7
PAMAM dendrimer mixture) were similar. Since the '*N nucleus is typically affected by
ligand interactions with the phosphate group (47-48) this result also suggests neither

dendrimer interacts strongly with the phosphate group as well. The absence of a strong
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electrostatic interaction of the dendrimer with the phosphate group is further corroborated
by *'P NMR as little perturbation of either the isotropic chemical shift under MAS
(Figure 3.8) or the static line shape can be detected. Since the MLV samples were
hydrated for ~ 2 days before starting experimental measurements, and equilibrate at a
chosen temperature for at least 30 minutes prior to each NMR measurement, and NMR
experiments typically lasted for few hours (*'P or “N NMR) to a day (2D R-PDLF), the
location of dendrimers in the hydrophobic core of lipids bilayers is likely not a kinetic
trap. Taken together, these results indicate that both the G5 and G7 dendrimers can
occupy a thermodynamically stable position in the interior of zwitterionic lipid bilayer
stabilized mainly by hydrophobic interactions. Interactions with the charged headgroups

play a less role in membrane binding.

3.5.1 Relevance of our results to the in vivo behavior of dendrimers

It is important to note that the samples in this study were prepared by
coincubating the dendrimers and lipid in organic solvent before the formation of the
bilayer, rather than adding the dendrimers in aqueous solution after the bilayers have
formed. Therefore, our experimental observations do not rule out the possibility of a
kinetic barrier to dendrimer’s insertion from water phase to the hydrophobic core of
bilayers. Nevertheless, both experimental and computational studies have suggested that
while dendrimers may initially bind to the surface of the bilayer they eventually deeply
insert into the bilayer at equilibrium. Notably, electron paramagnetic resonance (EPR)
studies done on samples where dendrimers were not coincubated with dendrimers yield
similar results, showing a restriction of lipid tail motions and an insertion of dendrimer
particles into zwitterionic vesicle lipid bilayers (27). Successive scans in differential
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scanning calorimetry studies on G3 dendrimers show changes in the gel to liquid
crystalline phase transition that was linked to the progressive insertion of the dendrimer
into the bilayer (26). Similarly, mesoscopic dynamics simulations of dendrimer and lipid
systems argue for the eventual insertion of the dendrimer into the bilayer, showing an

interaction of the dendrimer with both leaflets of the bilayer (17, 49).

3.5.2 Impact of dendrimer's insertion on Membrane Dynamics

This model is helpful understanding the changes in membrane structure that occur
upon dendrimer binding. Both the G5 and G7 dendrimers decreased the flexibility of the
acyl chains of DMPC throughout the length of the acyl chain (fig. 6) in agreement with
previous EPR studies (28, 50). The insertion of a guest molecule can either create order
or disorder in the membrane depending on the depth of insertion and flexibility of the
guest molecule. If the guest molecule penetrates only partially into the lipid bilayer, a
void space is created beneath the point of insertion. The molecular motions of the acyl
chains in this void region are increased because of the loss of the steric interactions with
the surrounding phospholipids that suppress the natural rotation about the carbon-carbon
bonds that occurs in lipid molecules (51-52). This effect is largely responsible for the
increase in membrane disorder in the acyl chain seen with amphipathic molecules, such
as most antimicrobial peptides, that penetrate only to the polar glycerol region of the
phospholipids (52-53). It is also responsible for the membrane thinning effect commonly
seen with these molecules as the bilayer compensates for the creation of the unfavorable
void volume by reducing its thickness (54). On the other hand, the areas of the lipid
molecule directly contacting the guest molecule are expected to be more ordered than a

pure bilayer sample as the guest molecule generally interferes with the motion of the acyl
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chains. In our sample, we expect the majority of dendrimers to be fully inserted into the
lipid bilayers, so that the rigidifying effect of the dendrimer guest molecule would
dominate. Furthermore, it is probable that lipid tails intercalate into the dendrimer
molecule, increasing the number of lipid molecules in direct contact with the dendrimer.
The effect was dependent on the size of the dendrimer with the Sicy values of the G5
dendrimer sample consistently higher than those of the G7 dendrimer sample, indicating
the G5 dendrimer has a greater impact on the dynamics of the interior of the bilayer, most
likely because the congested surface of the G7 dendrimer restricts the intercalation of the
acyl chains (De Gennes close packing) (55). It should be noted that the local increase in
lipid order that occurs in the vicinity of the dendrimer may be compensated for by a
global decrease in membrane thickness in the surrounding areas of the bilayer caused by
the mismatch between the thickness of the flattened dendrimer and the lipid bilayer, as
frequently observed in AFM studies (8).

From the headgroup order parameters, we conclude that the orientation of the P
—N" dipole moves only slightly closer to the bilayer plane, indicating that the surface
charge of the lipid bilayer was not significantly affected by the presence of dendrimer, in
agreement with the *'P and '*N results. In an atomistic molecular dynamics study of
dendrimers, Kelly et al. compared G3 dendrimers terminated with acetamide functional
groups (G3-Ac), G3 dendrimers terminated with carboxylate functional groups (G3-
COO0"), and unfunctionalized G3 dendrimers terminated with amine moieties (G3-NH;")
(9). They found that G3-NH;" dendrimers were able to penetrate the most deeply into the
bilayer and interact with both the glycerol atoms as well as the phosphodiester moiety in

the headgroup of the lipid. Since the amine groups of the dendrimer are likely hydrogen
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bonded to the glycerol oxygen of the phospholipid, we conclude that changes in the order
parameters from the lipid glycerol C-H groups are likely due to changes in the hydrogen
bonding pattern between lipids, with hydrogen bonds between dendrimer functional
groups and lipids partially replacing lipid-lipid intermolecular hydrogen bonds that occur
in pure lipid bilayers.

The increase in acyl chain order throughout the length of the acyl chain therefore
argues that both the G5 and G7 dendrimers is inserted deeply into the membrane, in
agreement with the RFDR and NOESY results, which suggest the end of the acyl chains
are proximate to the interior of the dendrimer, and the 3'p and "N NMR spectroscopy
results, which show a lack of significant electrostatic interaction between the dendrimer

and the lipid bilayer.

3.5.3 Implications for Dendrimer Induced Membrane Disruption

One of the most significant interactions of dendrimers with the cell membrane is
the formation of nanoscale holes in the membrane, which is followed by the
fragmentation of the membrane at higher concentrations. Several mechanisms are
possible whereby nanoparticles induce membrane disruption as shown in Figure 3.9.
Three distinct models of membrane disruption have been proposed based by dynamic
light scattering, atomic force microscopy, patch clamping ,and isothermal calorimetry:
(1) the abstraction of lipid vesicles enclosing dendrimers from the bilayer (as shown in
Figure 3.9A) (11, 15), (2) the abstraction of micellar lipid and dendrimer structures (as
shown in Figure 3.9B) (15, 56), (3) or a carpet mechanism of membrane disruption,
which eventually leads to the abstraction of lipids and the formation of a toroidal pore or
wormbhole structure (as shown in Figure 3.9C) (18, 21, 23, 57-58).
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The membrane fragmentation products that would be expected to be present
according to models 1 and 2 did not occur at the concentrations of dendrimers used at this
study, as shown by the absence of an isotropic peak in the *'P spectra of any of the
samples (see Figure 3.8). At higher concentrations (3 % molar ratio of dendrimer/lipid or
~90 wt. % dendrimer/lipid), however, *'P NMR spectroscopy and dynamic light
scattering membrane do show the fragmentation of the membrane into small vesicle-like
structures. In addition, a notable increase order parameters in the lipid tail is observed
(see Figures 3.4, 3.5 and 3.6) in the R-PDLF experiments, An increase in the order of the
lipid tail (Sicuj) would seem to argue for the model where dendrimers produce toroidal
pore structures in the lipid bilayer, because of the way lipid tails appear to be crowded in
the plane parallel to the bilayer normal (see Figure 3.9C). However, the Sicy expected
from wormhole perforations in the lipid bilayer are not necessarily larger or smaller than
the Scy observed from lipids in an unperturbed lipid bilayer (59-60). In general, the C-H
bonds of lipids in a toroidal pore will either be rigidified or made more flexible
depending of a variety of factors including lateral lipid diffusion and the structure of the
toroidal pore. However, the effects Wi et al. observed usually involved more of a
broadening of the *H lineshape than changes in the *H order parameters. On the other
hand, we observed a significant rigidification of lipid tails in the presence of dendrimers
(59). Furthermore, in mesoscopic dynamics studies on PAMAM dendrimer induced pore
formation it was found that dendrimer-induced toroidal pores increased lipid tail
flexibility and did not rigidify lipid tails as we observed (49). Based on these

considerations, membrane disruption by the formation of toroidal pores (model 3) is less
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likely for purely zwitterionic bilayers than membrane disruption by membrane

fragmentation (models 1 and 2).

A putative model of dendrimer-mediated membrane disruption at higher
dendrimer concentrations in largely zwitterionic lipids can be made based on our results
as well as previous experimental and theoretical experiments (fig. 10). The dendrimer
first approaches the membrane, deforming in response to the electric potential of the
membrane as shown by Kelly et al. (9). The dendrimer then binds the surface of the lipid
bilayer and changes its conformation, spreading out into a pancake shape to bind as many
lipids as possible (9, 61). As it does this it probably expulses water molecules that are
bound inside the dendrimer molecule (2), and hydrogen bonds between the water
molecules and the dendrimer are replaced with hydrogen bonds between lipids and the
dendrimer. Now that the interior of the dendrimer is exposed to the lipid-water interface,
it is more likely that the branches of the dendrimer may penetrate through the membrane
and make contact with the opposite leaflet of the bilayer, as has been observed in coarse-
grained molecular dynamics simulations by Lee et al (Fig 10A) (17, 49). As more
branches of the dendrimer penetrate through the lipid bilayer, the dendrimer will
completely insert into the lipid bilayer weakening the lipid-lipid interactions that stabilize
the bilayer structure of the membrane. As more lipid-lipid interactions are replaced by
dendrimer-lipid interactions, the bilayer weakens and eventually collapses and dendrimer
filled lipid micelles are abstracted. Similar dendrimer filled micelle structures have been
observed to form upon the addition of dendrimers to the amphipathic detergent sodium
dodecyl sulfate (SDS) (56). Note that this model implies that enough dendrimers have to

insert into the lipid bilayer to dendrimer-lipid interactions to overpower lipid-lipid
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interactions. At the lower concentrations of dendrimers we studied, they interact with
lipid bilayers according to the membrane insertion mechanism and not the dendrimer-
lipid micelle abstraction mechanism. This means that either high concentrations of
PAMAM dendrimers or the gradual build-up of dendrimers in the lipid bilayer over time

might result in lipid bilayer disruption (Fig. 10B) (19).

Our results were obtained using with DMPC bilayers, which are zwitterionic like
the majority of the lipids in the cell membranes. It is possible that the manner in which
dendrimers will interact with lipid bilayer will change as the charge of the membrane is
varied. In fact, isothermal titration calorimetry (ITC) studies have suggested that whereas
PAMAM dendrimers’ interactions with zwitterionic lipid bilayers are entropy driven,
their interactions with charged lipid bilayers are driven instead by the favorable enthalpic
electrostatic contribution to the binding energy (7, 25-26). In this case the dendrimer-
filled vesicle (fig. 9a) and toroidal pore (fig. 9b) models of membrane disruption become
more likely as the association of the dendrimer with the lipid headgroup becomes

stronger than with the acyl chains.
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Figure 3.1 The molecular structures of PAMAM dendrimers and DMPC
phospholipids. (A) One-half of a G1 PAMAM dendrimer. The generation number may
be visually assessed by counting the number of forks per branch of the dendrimer,
excluding the fork of the core ethylenediamine molecule. The core, zeroth, and first
generation parts of the dendrimer are labeled. (B) A branch of the dendrimer with its
carbon atoms labeled in red. (C) A DMPC molecule. (D) A '"H MAS NMR spectrum of
DMPC mixed with 0.1 mol % G5 PAMAM dendrimer (sample B2; see methods and
materials); spinning sideband is indicated with an asterisk. The mixture was 50 %
hydrated by weight. Proton resonances originating from the dendrimer and lipid are
labeled in red and blue respectively; resonances were assigned based on previous NMR
studies (39, 62).

94



(A) (B) ©

= off alf 2/f e/14 d/14 €/4-13 c/14 a/14
s 3.5 ¥ 12/14
< AN a/p 09 ‘g cd e
& 1 §
= 3.9
L / cda ;| L c/4-13
= L2/ L b/4-13
S 434 «~@laa 1A
5 “‘-—\:"?/'g 13194 2/4-13
S 4.7 — ~ YH.0 g ~a/4-13
T T T 2 d/a-13
o 29 23 T T T T T T
32 30 28 26 24 22

(E) (F)
— 7 c/f c/p b/falf e/14d/14 e/4-13 c/14 a/14
E 225 P a2| 354 \‘ f j :’ 2/ @ g 214
= ] : ] a b & d alﬁ 0.9 -= g
& 1 ; P 3.9 /,gr . Lc/4-13
% 3.00 - ‘ > _Lbla '  b/4-13
™ e 43 o 4-2.&1 1w :
g N T
[= 14 N ~a}’g1 : -2/4-13
o . 4.7 — </g 1° -a/4-13
£ 375 @ 4 o= % ! [ S/a-
9] HZO /14-13
;_l: . "

'H Chemical Shift (ppm)

Figure 3.2 The 2D '"H-'"H MAS NOESY and 'H RFDR spectra of the dendrimer and
lipid mixture (acquired on samples B1 and B2; see methods and materials). Different
regions of the NOESY spectrum acquired with a 150 ms mixing time showing (A)
dendrimer intramolecular crosspeaks, (B) dendrimer-lipid headgroup crosspeaks, and (C)
dendrimer-lipid tail crosspeaks. Bottom: Different regions of the "H RFDR spectrum
acquired with a 30 ms mixing time showing (D) dendrimer intramolecular crosspeaks,
(E) dendrimer-lipid headgroup crosspeaks, and (F) dendrimer-lipid tail crosspeaks. The
crosspeaks are numbered according to the scheme described in Figure 3.1.
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Figure 3.3 The '"H-'"H MAS NOESY spectrum of 10 mg dendrimer dissolved in 45
pL 10 mM sodium phosphate buffer prepared at a pH of 7.3 (dendrimer in an
aqueous environment). The spectrum was obtained in the manner described for the
dendrimer-lipid samples but with a mixing time of 100 ms. A comparison of the relative
intensities of the diagonal peaks and crosspeaks in this spectrum with the spectra shown
in Figure 3.2A, 3.2B, and 3.2C suggests that there are more motions contributing to NOE
relaxation when the dendrimer is in aqueous environment than when the dendrimer is in a
lipid environment. Note that NOESY crosspeaks are more intense in this spectrum in
spite of the shorter mixing time being used (100 ms as opposed to 150 ms).
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Figure 3.4 The R-PDLF spectra of DMPC MLVs containing dendrimers (acquired
on samples A1-A3; see methods and materials). The R1 817 recoupling sequence during
the t; period was used for recoupling the C-H dipolar coupling under MAS (35, 38). The
scaling factor of this recoupling sequence is 0.315. (A) A 1D *C NMR spectrum on pure
DMPC lipid bilayers. (B) 2D R-PDLF spectra of pure DMPC bilayers, (C) DMPC
bilayers with 0.073 mole % (3 wt. %) G5 dendrimers, (D) and DMPC bilayers with 0.018
mole % (3 wt. %) G7 dendrimers.
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Figure 3.5 Selected C-H dipolar coupling slices of R-PDLF spectra show that
dendrimers rigidify lipid tails and change lipid bilayer electrostatics (acquired on
samples A1-A3; see methods and materials). (A) A rotor under MAS and the
relationship between the rotor frame and the laboratory frame. Since the extent to which
the transverse magnetization of protons evolve under the recoupled C-H dipolar coupling
depends on the angle between the C-H bond vector and the long axis of the rotor
(indicated as Br here), a lineshape pattern with two “horns,” or singularities, results in the
dipolar coupling dimension. (B) A theoretical C-H dipolar coupling powder pattern
produced in the indirect dimension of an R-PDLF spectrum, illustrating how the C-H
dipolar coupling is measured. It is the distance between the two “horns” (mathematical
singularities) multiplied by 1/0.315 (38). Also shown are the dipolar coupling slices for
the control sample (in green), the G5 dendrimer associated sample (in blue) and the G7
associated sample (in red) for the (C) a carbon, (D) g, carbon, (E) g; carbon, and (F) 12
carbon. (G) The molecular structure of a DMPC molecule with its carbon atoms labeled
for reference.
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Figure 3.6 Order parameters show that dendrimers rigidify lipid tails and change
lipid bilayer electrostatics (derived from R-PDLF spectra acquired on samples Al-
A3; see methods and materials). (A) Order parameters determined from the
experimentally measured "H-">C dipolar couplings. The control, pure lipid sample order
parameters are indicated in green, the G5 dendrimer associated order parameters are
indicated in blue and the G7 dendrimer associated order parameters are indicated in red.
(B) The changes in the order parameters recorded of the dendrimer associated samples
relative to the pure lipid control sample.

99



A

(B)

o

©

T | | | |
10 5 0o -5 -10

"N Quadrupolar Coupling (kHz)

Figure 3.7 The “N NMR spectra of dendrimer and lipid samples acquired under
static conditions. Acquired on samples A1-A3 (see methods and materials). (A) The
DMPC "N NMR spectrum (the quadrupolar splitting, or v, 1s 11.2 kHz) with dashed
lines for comparison with, (B) the "*N NMR spectrum of the G5 dendrimer and DMPC
mixture (Vg is 11.6 kHz) and, (C) the "*N NMR spectrum of the G7 dendrimer and
DMPC mixture (vq is 11.1 kHz).
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Figure 3.8 3'p NMR spectra of dendrimer and lipid samples acquired under various
conditions. Deionized water and lipid mixtures were used for (A-C) and samples B1 and
B2 were used for (D-E). (A) The *'P NMR spectrum acquired under static conditions of
(A) pure DMPC MLVs (CSA span 46.2 ppm) (B) DMPC and G5 dendrimer (CSA span
46.8 ppm) (C) DMPC and G7 dendrimer (CSA span is 47.6 ppm). The *'P NMR
spectrum acquired under 10 kHz magic angle spinning (MAS) of (D) a DMPC and G5
PAMAM dendrimer and (E) a DMPC lipid sample. The samples used in (D) and (E) are
hydrated to 50 wt. % by 0.1 M sodium phosphate buffer and the samples used in (A), (B),
and (C) are hydrated to 50 wt. % by distilled, deionized water.
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Figure 3.9 Likely models of dendrimer-lipid interaction. (A) A dendrimer-filled lipid
vesicle model of lipid bilayer disruption. The dendrimer binds at the surface of the
membrane causing a bending stress that is relieved by the formation of dendrimer filled
micelles (11, 15). (B) Membrane disruption by the abstraction of micellar lipid and
dendrimer structures from the lipid bilayer. This mechanism is similar to Model A except
the lipid tails are intercalated into the interior with the headgroups associated with the
charged amines of the dendrimer (15, 56). (C) A carpet model of dendrimer-filled lipid
bilayer disruption (23, 58). Surface binding of the dendrimer creates excess curvature in
the membrane (18, 21), which is relieved by the formation of lipid-lined toroidal pores.
After toroidal pores are eventually formed, there may more than one dendrimer inside the
pore, although only one dendrimer is depicted here.
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Figure 3.10 Plausible models of dendrimer-lipid interaction at low and high
concentrations of dendrimer. (A) Model ofdendrimer-lipid interactions at low
dendrimer concentrations. The dendrimer can traeverse the bilayer by first binding to the
surface of the outer leaflet, inserting into the membrane making contacts at both leaflets,
and finally dissociating from the membrane on the opposite side. (B) At higher dendrimer
concentrations the structural integrity of the membrane is weakened and dendrimer-lipid
micelles are formed.
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CHAPTER 4

DEVELOPMENT OF NMR METHODS FOR HIGH RESOLUTION
MOLECULAR IMAGING OF MEMBRANE ASSOCIATED MOLECULES"

4.1 Summary

The structural biology of biomembranes and the molecules that associate with
them has rapidly evolved into a new frontier of science. Although there are still a few
major challenges, separated local field (SLF) NMR spectroscopy has become an
invaluable tool in obtaining structural images of membrane proteins under physiological
conditions. Recent studies have demonstrated the use of rotating-frame SLF techniques to
accurately measure anisotropic interactions between NMR active nuclei that contain
structural information. Although these techniques can accurately measure strong
heteronuclear dipolar couplings between directly bonded nuclei, all weak dipolar
couplings are suppressed. On the other hand, weak heteronuclear dipolar couplings can
be measured using laboratory-frame SLF experiments, but only at the expense of spectral
resolution for strongly dipolar coupled spins. In the present study, we implemented 2D
PELF (proton-evolved local-field) pulse sequences using either COMPOZER-CP
(COMPOsite ZERo — Cross Polarization) or WIM (windowless isotropic mixing) for
magnetization transfer. These PELF sequences can be used for the measurement of a
broad range of heteronuclear dipolar couplings, allowing for a complete mapping of
biomolecule dynamics in a lipid bilayer environment. Results suggest that the PELF

based experimental approaches will have a profound impact on solid-state NMR

: Reproduced in part with permission from Soong, R., P.E.S. Smith, J. Xu, K. Yamamoto, S.-C. Im, L.
Waskell, and A. Ramamoorthy. 2010. Proton-Evolved Local-Field Solid-State NMR Studies of
Cytochrome b5 Embedded in Bicelles, Revealing both Structural and Dynamical Information. J. Am.
Chem. Soc. 132: 5779-5788. Copyright 2010 American Chemical Society
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spectroscopy of membrane proteins and other membrane-associated molecules in aligned
media such as bicelles. However, the extraction of structural and dynamical information
via NMR spectroscopy also requires assigning NMR resonances to the correct chemical
sites of a molecule. To that end, a modification was made to the SLF pulse sequence
which allows resonance assignment. A sophisticated multidimensional heteronuclear
correlation NMR experiment is demonstrated that will enable the assignment of NMR
resonances. Although the focus of this project is analyzing membrane protein structure
and dynamics, the techniques developed can be applied to study the structure and

dynamics of any biomembrane system.

4.2 Introduction

Membrane proteins, which constitute a third of all proteins in nature, regulate and
direct a host of important cellular processes, ranging from transport of nutrients to
generation of energy. Membrane proteins exhibit molecular motions on a wide range of
time-scales under physiological conditions and insight into their motions is the key to
understanding their functions. Molecular motions on the order of milliseconds are
frequently observed in many essential and fascinating biological processes ranging from
ligand binding to enzyme catalysis (1-4). Fast timescale side chain dynamics can provide
clues into the mechanism by which ions migrate through membrane protein channels.
Many membrane-associated enzymes, such as microsomal cytochrome P450, exhibit
dynamic structural plasticity that enables the binding of substrates with various sizes and
stereochemistry (5-6). Over the years, significant efforts have been devoted to understand
the intricate molecular dynamics of soluble proteins; however, complete characterization

of membrane protein dynamics continues to be a challenge (7-14). In principle, solid-
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state NMR spectroscopy is a versatile tool for probing molecular dynamics occurring on
timescales that vary from picoseconds (bond libration) to days (protein aggregation).
These motions often influence various NMR observables such as chemical shift
anisotropy, dipolar coupling and quadrupole coupling. Standard high-resolution solution
NMR techniques have provided valuable insights into membrane protein structure-
function relationships, but information regarding protein dynamics in lipid bilayers
remains elusive (7-11, 15). The slow tumbling rate of most lipid membrane systems leads
to various undesirable line broadening effects that make solution NMR techniques not
applicable. Therefore, most solution NMR studies of membrane protein are restricted to
proteins reconstituted in detergent micelles in cases where they may retain their functions
and tumble rapidly enough to average out various undesirable line broadening effects.
However, the dynamics observed in these systems can be different from those in a lipid
bilayer environment. Solid-state NMR can overcome the undesirable line broadening
effects associated with membrane proteins in lipid bilayers. High-resolution solid-state
NMR requires the sample to be mechanically aligned or spun at the magic angle (54.7°)
relative to the external magnetic field direction to suppress the line-broadening effects
associated with nuclear spin interactions and allow for the reconstitution and study of
membrane proteins in their native environment (16-19).

Separated local field (SLF) spectroscopy of aligned samples holds a great promise
as a practical tool for studying membrane proteins in lipid bilayers (20-23). In these
experiments, resonances from the different chemical sites are separated and the local field
at each chemical site, which results from dipolar coupling to other nuclei and is a rich

reservoir of structural and dynamical information, is studied individually. Alignment
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media used for membrane protein structural studies can be made to closely mimic the
native membrane environment and experiments can be carried out under physiological
conditions (13, 24-26). Indeed, SLF has been successful in providing detailed structural
information of a-helical membrane proteins in well-hydrated bilayer environments. A
typical SLF spectrum correlates heteronuclear dipolar couplings between nuclei such as
N or "°C and their directly bonded 'H nuclei with the CSAs of "N or "*C. Importantly,
dipolar coupling and CSA are sensitive to the whole body motions of a protein, and are
therefore capable of providing detailed dynamical and structural information (27-29). In
order to extract dynamical and structural information from an SLF spectrum, one must be
able to accurately measure a broad range of dipolar couplings between directly bonded
spin pairs. However, in most commonly used rotating-frame SLF protocols, such as
HIMSELF (Heteronuclear Isotropic Mixing Spin Exchange via Local Field), PISEMA
(Polarization Inversion Spin Exchange at the Magic Angle) and SAMMY, various weak
heteronuclear dipolar couplings are effectively suppressed in favor of simple spectral
line-shape and improved resolution in the indirect dipolar coupling dimension (30-31).
Laboratory-frame SLF experiments such as PELF (proton evolved local field) provide
high sensitivity and resolution for loop regions, soluble domains, and mobile parts of
membrane proteins such that structural and dynamical information can be extracted from
these regions in a SLF spectrum (31-32). Also, PELF is capable of resolving a broad
range of dipolar couplings from directly bonded spin pair, which is absolutely necessary
for determining both dynamics and structures of membrane proteins. Despite these

unique advantages, applications of PELF in structural biology remain to be established.
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In this project, the use of COMPOZER-CP or WIM with the PELF to acquire
highly resolved 2D NMR spectra in the solid-state is demonstrated. However, structure
determination via NMR spectroscopy also requires that the different chemical sites can be
identified according to their chemical shifts. Then their spatial relationship with each
other can be correlated via nuclear spin interactions such as scalar couplings or dipolar
couplings. If proton spin-diffusion can be tightly controlled, it can be used to generate
correlations between proton spins without obscuring the resulting spectra. It is
demonstrated that proton-mediated spin diffusion to generate correlations between the
neighboring spins. The use of this PELF-MIX sequence enables resonance assignment

and the complete determination of membrane proteins' structures.

4.3 Theory

NMR active nuclei (spins) have nonzero angular momentum. This angular
momentum is analogous to the angular momentum of a macroscopic spinning object, but
a nuclear spin is not "spinning" in the classical sense. The term "spin" is used because the
observable behavior of the NMR active nuclei is similar to that of a spinning macroscopic
object. The angular momentum of a nuclear spin is fixed by its spin quantum number, I,
and is equal to hm . According to the Heisenberg uncertainty principle, only the
magnitudes of the total angular momentum and one of its directional components (hm,,

where m,, the secondary spin quantum number, can be any number I, I-1, ..., -I) can be

known simultaneously.
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Every spin has a magnetization proportional to its angular momentum. The
constant of proportionality, v, is called the gyromagnetic ratio. The z-component of a

nucleus's angular is given by the operator, 1,:

I,Itm,) = hm,|Lm,) [4.1]
Because magnetization is proportional to angular momentum, with a constant of

proportionality, y, the magnetic moment of a nuclear spin is given as:

i, |Lm,) = yhm,|L,m,) [4.2]
where fi, is the z-component magnetization operator. For a spin-'/> nucleus (s='/,), the
eigenfunction with m, = +1/2 is usually abbreviated |a) and the eigenfunction with m, = -
'/ is usually abbreviated |B). The potential energy (U) associated with orienting a

magnetic dipole (such as a bar magnet) in a static magnetic field is given by:

U=-u-B [4.3]
By analogy, the Hamiltonian for an NMR active nuclear spin (with a magnetic moment)

interacting with the magnetic field of an NMR spectrometer is:

H=-fi-B=—{i,B, [4.4]
since the spectrometer magnetic field is defined as lying along the z-direction of the
laboratory reference frame (33-36). From this point onward, the circumflex """ accent
may be dropped for operators, except where the fact that an object is an operator is meant

to be emphasized.
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4.3.1 A real NMR sample

A real NMR sample contains many spins. One can solve for any macroscopically
observable quantity, A, with a corresponding quantum mechanical operator, A, in the

following manner:

A=) wa(a[Alp,) [4.5]

a

where w, is defined as the population of spins in the quantum mechanical state defined by
the |,) wavefunction and the sum extends over all spins, a, of the NMR sample. It is
convenient to insert an identity matrix using the completeness relation, 1= )., | b){b| (the

eigenfunctions |b) form an orthonormal eigenbasis):

AZEZ Wa (el Blb)(bl 1) [4.6]
a b

Rearranging this equation gives:

A=ZZ walblhe)(Wal Alb) [4.7]
a b

The density matrix, p, is defined as p=}., pg |YWa){(Yol (Where p, is the probability that a
nuclear spin is described by the wavefunction [i,)), and multiplied by N, the number of

spins in the sample:

ND=N D" pa ) (bl = ) Wa liba) Wl [4.9]

Substituting equation [4.9] back into equation [4.7], it is found that:

A=N Z<b|p2\|b) = N Tr{pA} [4.10]
b
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according to the definition of trace (the trace of a matrix P, or "Tr{P}," is the sum of its
diagonal elements). Analogous to the manner in which a wavefunction describes the state
of a single NMR spin, a density matrix describes the macroscopic state of an ensemble of

NMR spins. In the spectrometer's magnetic field, the density matrix at equilibrium (peq.)

is given by:

. z exp [(— %yhmZBZ/kBT)]

7 [, W, | = A1l + 451, [4.11]

m;
where A; and A, are scalar coefficients, Z is the partition function, kg is the Boltzmann
constant and T is the temperature. In principle, all the properties of the NMR sample are
reproduced if the sample is considered to have a density matrix of p=I, at equilibrium and
so it is assumed that p=I, at equilibrium. These angular momentum operators are often
used as a simplified representation of the state of an NMR sample at any given moment
in time. The use of a linear combination of base operators to represent the density matrix
is called the product operator formalism (37). Graphical representations which describe

angular momentum operator terms in the density matrix are given in Figure 4.1 (33-36).

4.3.2 The Liouville-von Neumann equation governs the evolution of the density
matrix

A differential equation describing the time evolution of the density matrix can
easily be derived from the time dependent Schrdodinger equation. First, the partial
derivative of the density matrix, defined as p=)., p, |Wa){Y,|, is taken with respect to

time:
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dp 0
Eﬁ(Z P Iwa><wa|> [4.12]

According to the product rule:
2N b (S 1)l + pl) (24w
ot LiPa (at Va ) Val *Pal¥ (at l'ba) [4.13]

a

The time-dependent Schrodinger equation may be written:

oly) i
T 4.14
pramill2 [4.14]
Or, rearranging:
ol i
- 4.15
ot h(1,11|H [4.15]

Using both [4.13] and [4.14] to substitute into [4.12], the following expression is derived:

ap

i ~ ~ i ~ i
==~ 2 oAl Y0, = [ )W [7) = == (Hp— M) = =[] [416]

a

This is the famous Louiville-von Neumann equation. Its general solution is given as:

p(t)=e“iﬁtp(0) eift [4.17]
Recall the Hamiltonian for an NMR active nuclear spin (with a magnetic moment)
interacting with the magnetic field of an NMR spectrometer. It is possible to solve for the
evolution of the density matrix under the influence of the spectrometer's magnetic field as

follows:

p(t)ze—iﬁtp(o) eiﬁt - e—VthIztIZthBZIZt [418]
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Expanding e ""Bz!z into a power series in I, and solving the right side of the equation, we

find that p(t)= I,. In other words, because [p,ﬁ] =0, %:0 (33-36).

4.3.3 The rotating frame and toggling (interaction) frames

Consider an NMR sample magnetized along the x-axis of the laboratory frame. Its

time evolution will be:

p(t) = e VBalzt] e¥MBalst = | cosyhB, t — I, sinyhB,t [4.19]
This result might be obtained by expanding e ""Bzlz into an infinite product series and
multiplying it by I, on the right hand side. Then, after multiplying by e?"Bzz on the left
hand side and rearranging, one will find the power series expansion of sinyhB,t

multiplied by nested commutators that all equal —I;, and the power series expansion of

cos yhB, t multiplied by expressions equaling I,. The evolution of these operator terms of
the density matrix has been described in detail by Serenson et al. (37). The spins are said

to precess about the magnetic field at their Larmor frequency.

Linearly oscillating RF magnetic fields are applied to NMR samples to perturb the
sample. These linearly RF fields may be decomposed into two counter-rotating RF fields.
In the rotating frame, an on resonance pulse applied along the x-axis remains along the x-
axis. Just as was the case with Zeeman precession (as shown above) occuring about the
static spectrometer field, magnetization vectors will precess about the magnetic field in
the rotating frame, which is called nutation (see Figure 4.2). Before the oscillating
magnetization is recorded by the spectrometer, it is mixed with a reference signal and

ultimately a low frequency signal that corresponds to nuclear spin evolution in the
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rotating reference frame is recorded. Unless otherwise noted, the rotating reference frame

will automatically be assumed from now on.

In general, the magnetization of the sample is observed in a reference frame that
rotates at a frequency of yhB, along with the x-magnetization of the sample. In this
reference frame, [y remains I unless the chemical environment of the spin (or some other
NMR interaction) changes its precession frequency. The rotating frame is an example of
an "interaction reference frame" that accounts for the Zeeman precession of NMR spins
about the large, static magnetic field of an NMR spectrometer. In general, reference
frames may be adopted where the applied radiofrequency (RF) pulses have no effect on
the density matrix. In these reference frames, however, new time dependencies are
introduced into the NMR interactions, such as dipolar coupling, as a result of
mathematically neutralizing the effect of RF pulses. If several RF pulses are applied, it is
possible, given that certain conditions are met, to "toggle" between references frames and

the reference frame assumed is called a toggling reference frame (38-40).

4.3.4 Average Hamiltonian theory

Just like reorientation can average the time evolution of nuclear spins, it is
possible to perturb a spin system with varying RF pulses. If the perturbation is periodic
and cyclic, the spins will evolve as if under the influence of an average Hamiltonian (H).
This average Hamiltonian may be used to describe the spin evolution under
COMPOZER-CP of coupled I and S spins. The use of this theory will be demonstrated in

the treatment of coupled I and S nuclear spins under COMPOZER-CP irradiation (41).
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4.3.5 Regular cross polarization

In regular cross-polarization (Figure 4.3), a 90° y-phase phase pulse is applied to
the proton channel, which creates Iy magnetization of the proton spins. Then continuous x
phase RF irradiation is applied. In the rotating frame, the Iy magnetization only feels the
magnetic field of the radiofrequency irradiation, which is along the x direction in the
rotating frame. Therefore, the proton magnetization remains along the x-axis of the
rotating reference frame. This is called a spin-lock. Meanwhile, RF radiation of the same
strength is applied to the S-channel, which means that, in the rotating frame S spins feel
the same effect from the RF irradiation from the S channel as I spins feel the effect of RF
irradiation from the I channel (the corresponding nutation frequencies are the same, see

Figure 4.2).

An interaction reference frame is assumed where the effects of I spin and S spin
irradiation are zero (called the double-rotating reference frame (43)). In this reference
frame, assuming both RF fields are applied exactly at resonance with the I and S spins,
during the spin lock on the I channel and irradiation on the S channel, the interaction

frame Hamiltonian can be described as:

H o 1,S, + 1S, [4.20]
This Hamiltonian leads to time-oscillatory coherence transfer when only one I and S spin
are connected. However, when a bath of I spins (usually protons) is present, a smoother
build-up of magnetization is achieved as magnetization from the I spins equilibrates with

the S spin (see Figure 4.4 for a comparison of these two cases) (42).
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4.3.6 Composite zero degree cross polarization (COMPOZER-CP)

COMPOZER-CP consists of a series of 360° pulses applied simultaneously on
both the I and the S channels. Consider 360° pulses applied simultaneously along the x-
axes on both the I and S channels. The interaction frame Hamiltonian (that accounts for

the interaction between the I and S spins and the RF fields) is given as (44):

Hq(®) = d[I, cos(wy,t) + Iy cos(wy;1)][S, cos(wyst) + Sy cos(wyt)] [4.21]
where wq; and wqg represent the strengths of the RF fields applied. The time evolution of a
spin system subject to this Hamiltonian is complicated by the Hamiltonian's time-
dependence. The average Hamiltonian theory states that the time evolution of the spin

system

0a()p(0)04” (® [4.22]
where Ug4(t) = exp[-iﬁd(t)t] can be approximated, when the RF irradiation applied and
the Hamiltonians governing spin evolution are periodic and cyclic, using an average,

time-independent Hamiltonian (41)

HGHOINGERIOS [4.23]
where Uy = exp(-iH4t), and the evolution arising the RF fields applied are cyclic over
a cycle T (meaning Ugp = exp(-iHgpT) = 1, where I is the identity matrix).

— 1
Hy = ;-fo dtH4(t) [4.24]

Uy, is the zeroth order approximation of the time evolution of the spin system (higher

orders of approximation may be used to obtain a more accurate impression of the nuclear
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spins' evolution). Substituting for H4(t) using equation [4.21] and integrating from zero to

t=2n/w,, = 2m/w,g(a360° x-phase pulse is applied), it is found that

_d
Ha = 5 (1,S,+1,5)) [4.25]

These calculations may be repeated for y-phase pulses (instead of an x-phase pulses),

giving an overall zeroth order average Hamiltonian of

Hy = %(ZIZSZHXSXHysy) [4.26]
Because this Hamiltonian contains a [,S,+I,S, term, it affects magnetization transfer
from the I spins to the S spins along the z axis. Composite pulses, where the phase of the
RF irradiation is switched by 180°, are used in COMPOZER-CP to minimize the effect of
RF pulse miscalibration. Although this transfer of magnetization along the z-axis has the
practical advantage that magnetization transfer along the z-axis can be maintained for a
much longer (due to differences in the relaxation along the spectrometer static field, Tj,
and the spin-lock field T,,), for COMPOZER-CP's applications to PELF, the fact that
homonuclear dipolar coupling between I spins (which connects the I spin to its I spin bath
as shown in Figure 4.3), given by Hp = D(3ly,l5, — I;°I3), is scaled down by half is a
particularly useful feature of COMPOZER-CP. Compared to the regular CP sequence,
less coupling to the I spin bath is observed for the COMPOZER-CP sequence, as shown
in Figure 4.5. However, as may be noted from equation [4.26] (the dipolar coefficient d is
scaled by half and the Hamiltonian contains I,S, terms that do not contribute to
magnetization transfer), magnetization transfer occurs more slowly when the
COMPOZER-CP sequence is used. This homonuclear decoupling property of

COMPOZER-CP led to the development of PELF-COMPOZER (44).
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4.3.7 Using COMPOZER-CP or WIM for magnetization transfer instead of
regular CP vastly improves spectral resolution

A typical PELF radio frequency (RF) pulse sequence is given in Figure 4.5. In the
PELF sequence, the transverse magnetizations of protons evolve under heteronuclear
dipolar coupling (with an evolution frequency (s) during the incrementable t; period,
while chemical shifts of protons and 'H-'H homonuclear dipolar couplings are
suppressed. This "labels" the protons with their heteronuclear dipolar coupling to the rare
nucleus (often C or ""N) (31, 45-46). After the t; period, the transverse 'H
magnetization is transferred to the rare nucleus (referred to as X, often either BC or PN)
for detection as shown in Figure 4.5. Since there is no homonuclear dipolar coupling
between rare X nuclei and each 'H spin is coupled to a single X nuclear spin, for every
resolvable X resonance, either a single doublet corresponding to a single 'H-X dipolar
coupling or a simple superposition of doublets corresponding to different sets of 'H-X
pairs is observed in the indirect frequency dimension of a 2D PELF spectrum. The
elegant PELF technique thereby avoids the complicated multiplet-type spectral pattern
typically observed in the indirect dimension of other SLF sequences where X spin
transverse magnetizations are allowed to evolve under the dipolar couplings to many 'H
nuclei (32, 47). In other words, after dipolar coupling between a rare X nucleus and the
'H nuclei has evolved for a period of t, the relevant term of the density operator

contributing to the detected signal is given as

Zj Ii/y cos Qg [4.26]
Magnetization transfer in a PELF pulse sequence can be accomplished by any of

the following means, depending on sample conditions and the spin system dynamics: a

standard cross-polarization (CP) scheme, a CP scheme based on the Lee-Goldburg
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homonuclear dipolar decoupling, WIM (Windowless Isotropic Mixing), COMPOZER-
CP, or INEPT (Insensitive Nuclei Enhanced by Polarization Transfer)/RINEPT
(Refocused Insensitive Nuclei Enhanced by Polarization Transfer). The resolution and
sensitivity of a 2D PELF spectrum critically depends on the details of the pulse sequence
used to transfer the 'H transverse magnetization (32, 47). For example, a short transfer
time is required to suppress 'H spin diffusion, which manifests as a broad zero-frequency
peak in the indirect dipolar coupling frequency dimension that severely obscures the
spectrum (because a certain amount of magnetization gets transferred to the rare nucleus
regardless of how dipolar coupling evolves on the protons, a baseline shift manifests in
the indirect dimension which manifests as a zero frequency artifact in the final spectrum)
(32). Furthermore, for most solid-state systems the rapid rotating-frame relaxation (T},)
of protons, which causes the amount of spin-locked magnetization to decay, could
hamper the efficiency of magnetization transfer, particularly in the standard CP sequence
where the transverse magnetization is transferred from protons to less-sensitive nuclei
like "*C or "°N. Since for most systems the proton T, (spin lattice relaxation time, a time
relating the rate at which magnetization exponentially grows along the z-axis) is much
longer than Ty, it is advantageous to use a magnetization transfer scheme whereby the
transfer of magnetization occurs along the z-axis. Currently, two schemes, WIM and
COMPOZER-CP, can render such a magnetization transfer while providing homonuclear
decoupling to dampen the 'H-"H spin diffusion process (44, 47). It may be noted that the
homonuclear decoupling of WIM sequence is more effective than that of the
COMPOZER-CP. Therefore, in this study, the performances of these two schemes

(COMPOZER-CP and WIM) in PELF sequences are compared with that of the standard
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CP. The other two magnetization transfer sequences, namely Lee-Goldburg-CP and
INEPT, are excluded from this study. Lee-Goldburg-CP is highly sensitive to the offset
from the nuclei's Larmor frequency (it requires that the irradiation applied be offset from
the nuclear Larmor frequency) and may not be appropriate as a general magnetization
transfer protocol (47). Furthermore, magnetization transfer by INEPT sequences only
occurs in highly mobile samples and is therefore limited in their applicability to only the

mobile regions of membrane proteins (23).

4.3.8 Resonance assignments in solid-state NMR using the PELF-MIX sequence

These insights require detailed information at the atomistic level in which only a
high-resolution technique, such as NMR spectroscopy or X-ray crystallography, can
provide. In particular, solid-state NMR (SS-NMR) spectroscopy has become a powerful
technique used to elucidate molecular structures and dynamics for non-crystalline
samples. The generation of correlations between proton resonances of a PELF spectrum
may be accomplished by inserting a mixing period before the transfer of magnetization,
as shown in Figure 4.6. The process of proton spin diffusion, if controlled, may be used
to generate correlations between spatially proximate protons without obscuring 2D NMR
spectra. The use of COMPOZER-CP or WIM minimizes the obscuring effect of spin
diffusion during the magnetization transfer step. Reinstituting proton spin diffusion in a
controlled manner allows the correlation between protons to be established, while the
obscuring properties of spin diffusion remain negligible. By using deuterated samples,
the obscuring effects of proton spin diffusion may be further minimized and the

correlations between the protons of interest will be magnified.
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This technique is established via computer simulations and has been demonstrated
experimentally on a MBBA (n-4'-MethoxyBenzylidene-n-ButylAnilin) liquid crystal
sample. The goal is to establish the feasibility of this approach and its applicability in

membrane protein studies.

4.4 Experimental methods

Numerical simulations were performed using the program SPINEVOLUTION
(48). The simulated spectra and CP buildup curve were plotted using SigmaPlot 9.0. The
details of the simulation are described in the results section below. All numerical
simulations were performed on a 2.0 GHz Intel Quad Core HP desktop running Window

Vista.

4.5 Results of the numerical investigations of PELF

The influence of magnetization transfer schemes on the resolution and sensitivity
of a 2D PELF spectrum, specifically in the heteronuclear dipolar coupling dimension, is
investigated through numerical simulations on a hypothetical spin system defined in
Figure 4.7 using the SPINEVOLUTION software (48). In this spin system, an NH group
is weakly coupled to an neighboring proton such that it demonstrates the case of a
biomolecules embedded in the membranes and/or to reflect motionally averaged N-H
dipolar couplings as found in relatively mobile regions of a protein. N-H dipolar coupling
slices taken from the indirect dimension of the simulated SLF spectrum are shown in
Figure 4.8. As illustrated by our numerical simulations (Figures 4.8 and 4.9), not only the
choice of the magnetization transfer scheme but also the duration of the magnetization

transfer significantly influence the resolution of a PELF spectrum. With a transfer contact
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time of approximately 250 ps, all of the magnetization transfer schemes give identical
dipolar doublets corresponding to the large dipolar coupling (D;). As the transfer time is
increased, significant differences between the spectra are observed, which is a direct
consequence of the differences among the magnetization transfer schemes employed (see
Figure 4.9). Figure 4.9 shows that the intensity of the strong dipolar coupling (the outer
doublet in Figure 4.8) oscillates strongly as a function of magnetization transfer time
when WIM or regular CP was used as a magnetization transfer sequence. The WIM
sequence offers the highest homonuclear decoupling and therefore allows for the
detection and isolation of the weak dipolar coupling D, in the presence of the strong
coupling D;, which could be suppressed by the choice of an appropriate magnetization
transfer time. On the other hand, as the strength of the homonuclear decoupling
decreases, the spectral resolution deteriorates because of the obscuring effect of spin
diffusion. Spin diffusion manifests as a zero frequency artifact in the indirect dimension
(see Figures 4.8E and 4.8F). As a result, an intense central peak at the zero frequency is
observed, obstructing the measurements of weak dipolar couplings. Also, for a long
contact time, D; is more effectively suppressed when COMPOZER-CP or WIM
magnetization transfer schemes are used, which is a consequence of the spin diffusion
facilitated by the proton bath. Therefore, the use of these magnetization transfer schemes

allow for broader optimal contact time conditions.

The use of the PELF method to extract dynamical and structural information from
cytochrome b5 (Cytb5), a membrane-anchored protein, is demonstrated in Figure 4.10.
Cytochrome b5 consists of a transmembrane domain near the C-terminal, a water-soluble

heme-containing domain, and a linker region that connects these two domains. Functional
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studies have shown that the length of the linker region is crucial for cytochrome bs to
interact with and donate an electron to activate cytochrome P450 (49). In the present
study, a mutant of cytochrome bs (mutant-Cytb5), which lacks 8 residues in its linker
region, is used to demonstrate the efficiency of the PELF sequence. A previous solid-
state NMR study revealed the various domains of this protein display motions occurring
on a wide range of timescales (23). Since the mutant protein used in this study lacks 8
residues in the linker region, the motion of the soluble domain should be significantly
reduced such that small, yet measurable, dipolar couplings can be observed. Therefore, it
is an ideal system to firmly establish and demonstrate the effectiveness of using the PELF
sequence to study the structure and dynamics of membrane proteins in magnetically-
aligned bicelles. See appendix C for sample preparation details and for a detailed

description of how the spectra shown in Figure 4.10 were acquired.

Numerical simulations on a 4-spin system (shown in 4.11E) were performed to
study how correlations amongst neighbouring spins are generated via proton spin
diffusion. In this case, the spin diffusion process takes place between the protons in the
absence of a proton bath, which allows for the sequential assignment resonances in an
SLF spectrum. This is analogous to a PELF-MIX experiment performed in a deuterated
background. Because the spin-diffusion process and the magnetization transfer processes
occur independently, the quality and quantity of spin-diffusion can be manipulated,
which enables the acquisition of high quality spectra and proton-proton correlations. Due
to the large homonuclear dipolar couplings between protons, only a short mixing time
period (Z,;) 1s required to generate a complete correlation mapping compared to the

recently proposed proton driven '’N-'""N-correlation technique (50). The use of PELF-
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MIX to obtain 'H-'H correlations for MBBA (n-4'-MethoxyBenzylidene-n-ButylAnilin)
liquid crystal sample is demonstrated in Figure 4.12. See appendix C for sample
preparation details and for a detailed description of how the spectra shown in Figure 4.12

were acquired.

4.6 Discussion of the numerical investigations of PELF

In summary, from these numerical simulations, we may conclude the following:
1) significant resolution is gained by using a magnetization transfer scheme that
suppresses 'H-'H interactions, 2) the main contributors to the central peak observed in the
2D PELF spectrum using the COMPOZER-CP and the regular CP originate from the
proton spin diffusion process, 3) weak 'H-'H dipolar coupling ensures that the amount of
'"H magnetization transferred to an X nucleus builds up steadily, which enables a broad
range of transfer times to be used, and 4) proton spin-diffusion can be incorporated back
into the PELF sequence to generate 'H-'H correlations, which are important for
resonance assignment in the solid state. When a 'H-'H dipolar coupling is completely
eliminated, magnetization is transferred back and forth between insensitive X nuclei and
sensitive 'H nuclei, and therefore the transfer time has to be carefully calibrated. This
makes PELF-COMPOZER the most generally suitable technique for measuring weak X-
'H dipolar couplings (X may be *C or °N). In order to acquire a highly resolved SLF
spectrum of an aligned membrane protein using the 2D PELF pulse sequence, one must
use a magnetization transfer scheme that suppresses 'H-'H dipolar coupling interactions
while using the shortest contact time that permits the observation of the desired range of

dipolar coupling frequencies. However, PELF-WIM affords more control over the spin-
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diffusion process and therefore is most often the better choice for resonance assignment

in the solid state.

Notably, the resolution afforded using the PELF techniques described here can be
extended to other spin systems, particularly the methyl groups. Recently, °C labeled
methyl groups have been demonstrated to be an exquisite NMR probe for investigating
dynamics, structure and biological functions of large protein complexes and the fact that
Val, Ile, Leu, Ala, Met and Thr, constitute 30 - 45% of all the amino acids in membrane
proteins, the methyl group is becoming an important molecular probe for interrogating
membrane protein structures and dynamics (51-53). However, the use of methyl *C-'H
dipolar couplings in SLF studies of membrane proteins remains a challenge due to the
lack of dispersion in the methyl >C chemical shifts as well as the complicated multiplet
lineshape in the indirect dimension due to the use of SLF sequences such as PISEMA,
HIMSELF and SAMMY (51, 53). Therefore, the PELF methods implemented in the
current studies can be used to simplify the complicated line shape in the indirect
dimension, allowing for the accurate measurement of methyl’s *C-"H dipolar couplings.
The methyl *C-"H dipolar couplings can provide dynamical information on a variety of
biological systems. For example, the association of two different helices of a membrane
protein often restricts the methyl group rotation at the binding interface, resulting in an
increase in the magnitude of methyl’s *C-'H dipolar couplings. Therefore, through
measuring the changes in the “C-'H dipolar couplings, both the binding interface
between two helices and the strength of their interactions at each methyl site can be
deduced by comparing the order parameters of methyl groups as long as their resonances

are resolvable. Furthermore, methyl >C-"H dipolar couplings can provide structural
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constraints regarding the helical tilt similar to the recently proposed GALA (Geometric
Analysis of Labeled Alanines) method that exploits the deuterium quadrupolar coupling
of a CDj; system (54-55). While the GALA method is successful in providing the tilt
angle of a helix in both oriented and unoriented samples, it requires numerous selectively
deuterated methyl samples for different Ala residues, which is not practical (55). The
advantage of using the CH; group is that multiple Ala methyl sites can be °C labeled and
their °C-"H dipolar couplings can be simultaneously measured using the PELF protocols
provided their resonances are resolvable. Therefore, the PELF sequence can be extended
to CH; spin systems, providing both side chain dynamics and structural constraints for

refining protein secondary structures (51).

The ability to measure a broad range of dipolar couplings allows for not only the
determination of structures, but also the understanding of protein dynamics at various
time scales as illustrated in our studies. Dipolar couplings can provide information on
both the orientation of bond vectors and the amplitude of motions up to the millisecond
time scale (56-58). Under the commonly used rotating-frame SLF pulse sequences, only
motions in the range of 10 — 10~ s are observed, which reflects the rotational diffusion
of a transmembrane a-helix (59). However, under the PELF approach, motions up to 10™
s are revealed; thus, opening up a new avenue for probing protein dynamics via solid-
state NMR experiments on aligned samples. In fact, a complete mapping of protein
dynamics is now possible, using a combination of relaxation and dipolar coupling
measurements (58). Currently, applications of SLF spectroscopy mainly focus on the
determination of the transmembrane domain structures of membrane proteins. Yet, in

many cases, particularly for the case of membrane-associated receptors, a significant
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portion of the protein is in the cytoplasmic domain and conformational changes in one
region of a protein can be propagated to another region through changes in protein
motions such as those observed in dynamically driven allosteric interactions (60). Despite
many advances in solid-state NMR methodology, the synergy of these conformational
changes has so far not been well characterized. Thus, the ability to produce a complete
mapping of protein dynamics and their correlation with each other will allow for a better
understanding of the intricate and enigmatic relationships between the structure of a

protein and its biological functions.

4.7 Acknowledgements

This work was supported by the National Institutes of Health (GM084018 and

RR023597 to A.R.) and CRIF-NSF funding for the NMR spectrometer.

133



(A)
Ix
X Y
(B) z L
y
X Y

(C) Z IIXIZZ

Figure 4.1 Diagrams of product operators. Adapted from (37), figure 1. The product
operators shown here represent X, y, and z macroscopic magnetization in the rotating
reference frame for a system of two coupled I = 1/2 nuclei. Each arrow represents roughly
half of the magnetization associated with the spin indexed as one. (A) Magnetization
along the x-axis of the rotating frame (for spin one). (B) Magnetization along the y-axis.
(C) Antiphase x magnetization of spin one (the x-magnetization of spin one is correlated
to the z-magnetization of spin two). Single quantum coherences are states of the density
matrix, such as I, (A) and Iy (B) above, that connect two energy levels with Am=+1; they
are a coherent superpositions of the |a) and |B) states which have a difference in the m
secondary spin quantum number of +1. For example, if one takes the outer product of the

I operator eigenket in the I, eigenbasis, i.e. %(Ia) + |B)) (| + (B]), one will see off-

diagonal elements arise in the corresponding matrix that are often referred to as a single-
quantum coherences (this also works for the I, operator eigenket). This matrix represents
the density matrix of a pure ensemble where every spin has a wavefunction of |p) =

1 . . .
% (la) + |B)). In practice, the spins in a real NMR experiment almost never all have the
same wavefunction (the eigenket of Iy, in this case) and a measure of the disorder in the
wavefunctions of the spins is known as the von Neumann entropy. A term of Iy means

that (I,) tends to be greater than zero for most spins in the NMR sample.
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Figure 4.2 Spin evolution in various reference frames. (A) In the laboratory frame,
magnetization precesses about the Z axis. The nuclear spins reach an equilibrium
magnetized state and a magnetization proportional to I, results. An AC voltage applied
through a solenoid coil will result in a linearly oscillating magnetic field being applied
along the X axis of the laboratory frame (in modern spectrometers, other coil geometries
might be used). As shown in (B), this linearly oscillating magnetic field (black) might be
decomposed into two counter-rotating, circularly polarized, oscillating magnetic fields
(green and red) of which only one, on resonance, component will influence the evolution
of nuclear spins. (C) In the rotating frame, the interaction that the nuclear spins have with
the static magnetic field of the spectrometer is accounted for and does not influence spin
dynamics (the frame rotates along with the nuclear spins as they precess). Therefore, the
nuclear spins only see the component of RF field applied at resonance along the X' axis
of the rotating frame and nutate about this axis. The nutation frequency may be used as a
measure of the applied RF field strength.
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X 90° pulse X spin-lock

Figure 4.3 The regular cross polarization (CP) pulse sequence. (A) On the I channel,
a 90° y-phase pulse (written as 90°y ) is applied, as shown by the green arrow. The black
magnetization vector is then tilted into the xy-plane, and ends oriented along the x-axis.
As soon as the magnetization reaches the x-axis of the rotating frame, RF radiation with x
phase is applied, resulting in the magnetization being "locked" along the x axis of the
rotating reference frame. (B) The CP pulse sequence. The blocks represent periods where
AC current is applied through the circuit. The S channel RF irradiation is usually along
the x-axis of the rotating frame. (C) A diagram illustrating that the oscillatory properties
of magnetization transfer between carbon and proton spins is smoothed out by the
proton's coupling to a proton bath (the term is used in analogy to its use in
thermodynamics).
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Figure 4.4 Magnetization build-up along the x-axis (for regular CP) or the z-axis
(for COMPOZER-CP) for the S nucleus. During the contact time highlighted in blue
for (A) regular CP and (B) COMPOZER-CP (note that the block of 4 pulses is repeated
for COMPOZER-CP), S spin magnetization build-up along the x-axis of the rotating
reference frome is monitored for regular CP and along the z-axis for COMPOZER-CP. In
(C), the build-up of magnetization for COMPOZER-CP (red) and regular CP (blue) is
given for a ’N-'H-"H spin system connected to a bath of seven protons and, in (D), the
build-up is given in the absence of a proton bath. (C) and (D) were simulated using the
SPINEVOLUTION software (48).
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Figure 4.5 Radio frequency PELF pulse sequences for 2D SLF spectroscopy of
solids. In these pulse sequences, proton homonuclear decoupling in the t; period is
achieved using the BLEW-12 sequence and SPINAL-64 is used to decouple protons
during acquisition. Proton transverse magnetization after the t; period is transferred to X
nuclei using the COMPOZER-CP or WIM pulse sequence. (A) or by the standard cross-
polarization sequence (B). A supercycled COMPOZER sequence consists of a series of
360° pulses with phases x, -X, y, -y, -y, V, -X, X. The WIM sequence consists of a series
of 90° pulses of phases -x, y, -X, -X, y, -X, X, ¥, X, X, ¥, X. Since the z-component of
proton magnetization is transferred as the z-component of °N or *C spin magnetization
under both WIM and COMPOZER-CP sequences, a 90° read pulse on the "°N or *C
channel is used for detection.
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Figure 4.6 Pulse sequence used for high resolution PELF-MIX experiments. All
narrow solid squares represent 90-degree pulses, while the wide solid squares are 180-
degree pulses. A homo-spoil pulse is applied before any pulses which destroys any
magnetization in the transverse (Xy) plane.
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Figure 4.7 A schematic of a hypothetical spin system to evaluate the PELF pulse
sequence. In this system, a >N nucleus is strongly dipolar coupled to two nearby protons.
The dipolar coupling values used in the simulations are D; = 1750 Hz and D, = 500 Hz.
The '"N-'H dipolar couplings are arranged such that D; > D, and each of these protons is
weakly dipolar coupled to a proton bath as indicated by the green arrows.
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Figure 4.8 Numerically simulated PELF spectra under different magnetization
transfer schemes. It should be noted that WIM is known for its efficient suppression of
'"H-"H dipolar couplings and is better than the COMPOZER-CP sequence. On the other
hand, the regular CP sequence does not employ any special sequence to suppress 'H-'"H
dipolar couplings. Spectra (A-C) were simulated using a contact time of 250 ps and
spectra (D-F) were simulated using a contact of 3 ms.
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Figure 4.9 Simulated magnetization transfer efficiency as a function of transfer time by a
regular-CP (A), COMPOZER-CP (B), and WIM (C) in a 2D PELF experiment. Details

are discussed in the text.
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Figure 4.10 PELF spectra of magnetically-aligned bicelles containing a uniformly-
15N-labeled cytochrome b5. Spectra were obtained using (A) WIM for 210 ps contact

N Chemical Shift (ppm)
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time, (b) COMPOZER-CP with an optimized contact time of 240 ps, and (c) RAMP-CP
with an optimized contact time of 800 ps. All PELF spectra were acquired using a '"H RF
field strength of 41 kHz and SPINAL proton decoupling (61) during acquisition. All
spectra are shown at the same contour level for a direct comparison.
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Figure 4.11 A series of simulated PELF-MIX spectra of the spin system shown in (A)
taken at mixing times of (B) 0, (C) 5, (D) 15 and (E) 30 ms.
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Figure 4.12 Experimental demonstration of the PELF-MIX sequence. (A) The
structure of a MBBA molecule. (B) A 2D PELF spectrum of an aligned sample of
MBBA at t,,;, = 0. (C) A 2D PELF-MIX spectrum of MBBA at #,,;, = 150 ms.

145



10.

4.8 References

Loria, J. P., R. B. Berlow, and E. D. Watt. 2008. Characterization of Enzyme
Motions by Solution NMR Relaxation Dispersion. Acc. Chem. Res. 41:214-221.

Korzhnev, D. M., K. Kloiber, V. Kanelis, V. Tugarinov, and L. E. Kay. 2004.
Probing Slow Dynamics in High Molecular Weight Proteins by Methyl-TROSY
NMR Spectroscopy: Application to a 723-Residue Enzyme. J. Am. Chem. Soc.
126:3964-3973.

Skrynnikov, N. R., F. A. A. Mulder, B. Hon, F. W. Dahlquist, and L. E. Kay.
2001. Probing Slow Time Scale Dynamics at Methyl-Containing Side Chains in
Proteins by Relaxation Dispersion NMR Measurements: Application to
Methionine Residues in a Cavity Mutant of T4 Lysozyme. J. Am. Chem. Soc.
123:4556-4566.

Zintsmaster, J. S., B. D. Wilson, and J. W. Peng. 2008. Dynamics of Ligand
Binding from "C NMR Relaxation Dispersion at Natural Abundance. J. Am.
Chem. Soc. 130:14060-14061.

Diirr, U. H. N., L. Waskell, and A. Ramamoorthy. 2007. The cytochromes P450
and bs and their reductases--Promising targets for structural studies by advanced
solid-state NMR spectroscopy. Biochim. Biophys. Acta 1768:3235-3259.

Ellis, J., A. Gutierrez, 1. L. Barsukov, W.-C. Huang, J. G. Grossmann, and G. C.
K. Roberts. 2009. Domain Motion in Cytochrome P450 Reductase. J. Biol. Chem.
284:36628-36637.

Liang, B. Y., and L. K. Tamm. 2007. Structure of outer membrane protein G by
solution NMR spectroscopy. Proc. Natl. Acad. Sci. USA 104:16140-16145.

Arora, A., F. Abildgaard, J. H. Bushweller, and L. K. Tamm. 2001. Structure of
outer membrane protein A transmembrane domain by NMR spectroscopy. Nat.
Struct. Mol. Biol. 8:334-338.

Hwang, P. M., R. E. Bishop, and L. E. Kay. 2004. The integral membrane enzyme
PagP alternates between two dynamically distinct states. Proc. Natl. Acad. Sci.
USA 101:9618-9623.

Hwang, P. M., W. Y. Choy, E. I. Lo, L. Chen, J. D. Forman-Kay, C. R. H. Raetz,
G. G. Prive, R. E. Bishop, and L. E. Kay. 2002. Solution structure and dynamics
of the outer membrane enzyme PagP by NMR. Proc. Natl. Acad. Sci. USA
99:13560-13565.

146



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Porcelli, F., R. Verardi, L. Shi, K. A. Henzler-Wildman, A. Ramamoorthy, and G.
Veglia. 2008. NMR structure of the cathelicidin-derived human antimicrobial
peptide LL-37 in dodecylphosphocholine micelles. Biochemistry 47:5565-5572.

Porcelli, F., B. A. Buck-Koehntop, S. Thennarasu, A. Ramamoorthy, and G.
Veglia. 2006. Structures of the dimeric and monomeric variants of magainin
antimicrobial peptides (MSI-78 and MSI-594) in micelles and bilayers,
determined by NMR spectroscopy. Biochemistry 45:5793-5799.

Traaseth, N. J., J. J. Buffy, J. Zamoon, and G. Veglia. 2006. Structural dynamics
and topology of phospholamban in oriented lipid bilayers using multidimensional
solid-state NMR. Biochemistry 45:13827-13834.

Traaseth, N. J., L. Shi, R. Verardi, D. G. Mullen, G. Barany, and G. Veglia. 2009.
Structure and topology of monomeric phospholamban in lipid membranes

determined by a hybrid solution and solid-state NMR approach. Proc. Natl. Acad.
Sci. USA 106:10165-10170.

Van Horn, W. D., H. J. Kim, C. D. Ellis, A. Hadziselimovic, E. S. Sulistijo, M. D.
Karra, C. L. Tian, F. D. Sonnichsen, and C. R. Sanders. 2009. Solution Nuclear
Magnetic Resonance Structure of Membrane-Integral Diacylglycerol Kinase.
Science 324:1726-1729.

Ravindranathan, K. P., E. Gallicchio, A. E. McDermott, and R. M. Levy. 2007.
Conformational dynamics of substrate in the active site of cytochrome P450BM-

3/NPG complex: Insights from NMR order parameters. J. Am. Chem. Soc.
129:474-475.

Goldbourt, A., B. J. Gross, L. A. Day, and A. E. McDermott. 2007. Filamentous
phage studied by magic-angle spinning NMR: Resonance assignment and
secondary structure of the coat protein in Pfl. J. Am. Chem. Soc. 129:2338-2344.

Zhou, D. H., G. Shah, C. Mullen, D. Sandoz, and C. M. Rienstra. 2009. Proton-
Detected Solid-State NMR Spectroscopy of Natural-Abundance Peptide and
Protein Pharmaceuticals. Angewandte Chemie-International Edition 48:1253-
1256.

Ader, C., R. Schneider, S. Hornig, P. Velisetty, E. M. Wilson, A. Lange, K.
Giller, I. Ohmert, M. F. Martin-Eauclaire, D. Trauner, S. Becker, O. Pongs, and
M. Baldus. 2008. A structural link between inactivation and block of a K+
channel. Nat. Struct. Mol. Biol. 15:605-612.

Traaseth, N. J., R. Verardi, K. D. Torgersen, C. B. Karim, D. D. Thomas, and G.
Veglia. 2007. Spectroscopic validation of the pentameric structure of
phospholarnban. Proc. Natl. Acad. Sci. USA 104:14676-14681.

Ramamoorthy, A., S. K. Kandasamy, D. K. Lee, S. Kidambi, and R. G. Larson.
2007. Structure, topology, and tilt of cell-signaling peptides containing nuclear

147



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

localization sequences in membrane bilayers determined by solid-state NMR and
molecular dynamics simulation studies. Biochemistry 46:965-975.

Lambotte, S., P. Jasperse, and B. Bechinger. 1998. Orientational distribution of
alpha-helices in the colicin B and El1 channel domains: A one and two
dimensional N-15 solid-state  NMR investigation in uniaxially aligned
phospholipid bilayers. Biochemistry 37:16-22.

Diirr, U. H. N., K. Yamamoto, S.-C. Im, L. Waskell, and A. Ramamoorthy. 2007.
Solid-State NMR Reveals Structural and Dynamical Properties of a Membrane-
Anchored Electron-Carrier Protein, Cytochrome b5. J. Am. Chem. Soc. 129:6670-
6671.

Diller, A., C. Loudet, F. Aussenac, G. Raffard, S. Fournier, M. Laguerre, A.
Grelard, S. J. Opella, F. M. Marassi, and E. J. Dufourc. 2009. Bicelles: A natural
'molecular goniometer' for structural, dynamical and topological studies of
molecules in membranes. Biochimie 91:744-751.

De Angelis, A. A., S. C. Howell, A. A. Nevzorov, and S. J. Opella. 2006.
Structure determination of a membrane protein with two trans-membrane helices
in aligned phospholipid bicelles by solid-state NMR spectroscopy. J. Am. Chem.
Soc. 128:12256-12267.

Bufty, J. J., N. J. Traaseth, A. Mascioni, P. L. Gor'kov, E. Y. Chekmenev, W. W.
Brey, and G. Veglia. 2006. Two-dimensional solid-state NMR reveals two
topologies of sarcolipin in oriented lipid bilayers. Biochemistry 45:10939-10946.

Esteban-Martin, S., E. Strandberg, G. Fuertes, A. S. Ulrich, and J. Salgado. 2009.
Influence of Whole-Body Dynamics on '’N PISEMA NMR Spectra of Membrane
Proteins: A Theoretical Analysis. Biophys. J. 96:3233-3241.

Traaseth, N. J., K. N. Ha, R. Verardi, L. Shi, J. J. Buffy, L. R. Masterson, and G.
Veglia. 2008. Structural and dynamic basis of phospholamban and sarcolipin
inhibition of Ca2+-ATPaset. Biochemistry 47:3-13.

Page, R. C., S. Kim, and T. A. Cross. 2008. Transmembrane helix uniformity
examined by spectral mapping of torsion angles. Structure 16:787-797.

Ramamoorthy, A., C. H. Wu, and S. J. Opella. 1995. 3-Dimensional Solid-State
NMR Experiment that Correlates the Chemical-Shift and Dipolar Coupling
Frequencies of 2 Heteronuclei. J. Magn. Reson. 107:88-90.

Dvinskikh, S., U. H. N. Durr, K. Yamamoto, and A. Ramamoorthy. 2006. A high-
resolution solid-state NMR approach for the structural studies of bicelles. Journal
of the American Chemical Society 128:6326-6327.

148



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Dvinskikh, S., U. H. N. Durr, K. Yamamoto, and A. Ramamoorthy. 2006. A high-
resolution solid-state NMR approach for the structural studies of bicelles. J. Am.
Chem. Soc. 128:6326-6327.

Szabo, A., and N. S. Ostlund. 1996. Modern Quantum Chemistry: Introduction to
Advanced Electronic Structure Theory. Dover.

Griffiths, D. J. 2005. Introduction to Quantum Mechanics. Pearson Prentice Hall.

Slichter, C. P. 1990. Principles of Magnetic Resonance. Springer-Verlag, New
York.

Sakurai, J. J. 1994. Modern Quantum Mechanics. Addison-Wesley Pub. Co.

Sorensen, O. W., G. W. Eich, M. H. Levitt, G. Bodenhausen, and R. R. Ernst.
1983. Product Operator-Formalism for the Description of NMR Pulse
Experiments. Prog. Nucl. Mag. Res. Sp. 16:163-192.

Pines, A., and J. S. Waugh. 1972. Quantitative aspects of coherent averaging.
simple treatment of resonance offset processes in multiple-pulse NMR. J. Magn.
Reson. 8:354-365.

Maricq, M. M. 1982. Application of average Hamiltonian theory to the NMR of
solids. Phys. Rev.B 25:6622.

Gullion, T. 2006. Rotational-Echo, Double-Resonance NMR. In Modern
Magnetic Resonance. Springer Netherlands. 713-718.

Haeberlen, U., and J. S. Waugh. 1968. Coherent Averaging Effects in Magnetic
Resonance. Phys. Rev. 175:453-467.

Hartmann, S. R., and E. L. Hahn. 1962. Nuclear Double Resonance in the
Rotating Frame. Phys. Rev. 128:2042.

Muller, L., A. Kumar, T. Baumann, and R. R. Ernst. 1974. Transient Oscillations
in NMR Cross-Polarization Experiments in Solids. Physical Review Letters
32:1402-1406.

Fukuchi, M., A. Ramamoorthy, and K. Takegoshi. 2009. Efficient cross-
polarization using a composite 0° pulse for NMR studies on static solids. J. Magn.
Reson. 196:105-109.

Hong, M., A. Pines, and S. Caldarelli. 1996. Measurement and assignment of

long-range C-H dipolar couplings in liquid crystals by two-dimensional NMR
spectroscopy. J. Phys. Chem. 100:14815-14822.

149



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hong, M., K. Schmidt-Rohr, and H. Zimmermann. 1996. Conformational
constraints on the headgroup and sn-2 chain of bilayer DMPC from NMR dipolar
couplings. Biochemistry 35:8335-8341.

Dvinskikh, S. V., K. Yamamoto, and A. Ramamoorthy. 2006. Heteronuclear
isotropic mixing separated local field NMR spectroscopy. J. Chem. Phys.
125034507.

Veshtort, M., and R. G. Griffin. 2006. SPINEVOLUTION: A powerful tool for
the simulation of solid and liquid state NMR experiments. J. Magn. Reson.
178:248-282.

Clarke, T. A., S. C. Im, A. Bidwai, and L. Waskell. 2004. The role of the length
and sequence of the linker domain of cytochrome bs in stimulating cytochrome
P4502B4 catalysis. J. Biol. Chem. 279:36809-36818.

Xu, J., J. Struppe, and A. Ramamoorthy. 2008. Two-dimensional homonuclear
chemical shift correlation established by the cross-relaxation driven spin diffusion
in solids. J. Chem. Phys. 128.

Wu, C. H., B. B. Das, and S. J. Opella. 2010. "H-1*C Hetero-Nuclear Dipole-
Dipole Couplings of Methyl Groups in Stationary and Magic Angle Spinning
Solid-State NMR Experiments of Peptides and Proteins. J. Magn. Reson.
202:127-134.

Sprangers, R., and L. E. Kay. 2007. Quantitative dynamics and binding studies of
the 20S proteasome by NMR. Nature 445:618-622.

Tugarinov, V., R. Sprangers, and L. E. Kay. 2004. Line narrowing in methyl-
TROSY using zero-quantum 'H-"C NMR spectroscopy. J. Am. Chem. Soc.
126:4921-4925.

Strandberg, E., S. Ozdirekcan, D. T. S. Rijkers, P. C. A. van der Wel, R. E.
Koeppe Ii, R. M. J. Liskamp, and J. Antoinette Killian. 2004. Tilt Angles of

Transmembrane Model Peptides in Oriented and Non-Oriented Lipid Bilayers as
Determined by 2H Solid-State NMR. Biophys. J. 86:3709-3721.

van der Wel, P. C. A., E. Strandberg, J. A. Killian, and R. E. Koeppe Ii. 2002.
Geometry and Intrinsic Tilt of a Tryptophan-Anchored Transmembrane o-Helix
Determined by “H NMR. Biophys. J. 83:1479-1488.

Tolman, J. R., and K. Ruan. 2006. NMR residual dipolar couplings as probes of
biomolecular dynamics. Chem. Rev. 106:1720-1736.

Zhuang, T., H. Leffler, and J. H. Prestegard. 2006. Enhancement of bound-state
residual dipolar couplings: Conformational analysis of lactose bound to Galectin-
3. Protein Sci. 15:1780-1790.

150



58.

59.

60.

61.

Zhang, Q., A. C. Stelzer, C. K. Fisher, and H. M. Al-Hashimi. 2007. Visualizing
spatially correlated dynamics that directs RNA conformational transitions. Nature
450:1263-1267.

Park, S. H., A. A. Mrse, A. A. Nevzorov, A. A. De Angelis, and S. J. Opella.
2006. Rotational diffusion of membrane proteins in aligned phospholipid bilayers
by solid-state NMR spectroscopy. J. Magn. Reson. 178:162-165.

Kalodimos, C. G., R. Boelens, and R. Kaptein. 2002. A residue-specific view of
the association and dissociation pathway in protein-DNA recognition. Nat. Struct.
Mol. Biol. 9:193-197.

Fung, B. M., A. K. Khitrin, and K. Ermolaev. 2000. An Improved Broadband

Decoupling Sequence for Liquid Crystals and Solids. J. Magn. Reson. 142:97-
101.

151



CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions

The goal of this project was to investigate the interaction between cell membrane
binding molecules, such as peptides and drug compounds, and biological lipid bilayers.
Based on solid-state NMR and DSC experiments, we have revealed that IAPP, a peptide
hormone implicated in type II diabetes, disrupts biological membranes by a curvature
induction mechanism (1). Our solid-state NMR experimental studies have also shown
that PAMAM dendrimers are thermodynamically stable when inserted inside zwitterionic
lipid bilayers. In addition to these biological NMR studies, new NMR methods for
studying the structure and dynamics of lipid bilayers and lipid bilayer associated

molecules were developed (2).

The practicality of a PELF NMR pulse sequence to generate a complete mapping
of dynamics, by measuring dipolar couplings of directly bonded N-H spin pairs, of a
membrane anchored cytochrome bs in magnetically-aligned bicelles was demonstrated
(2). Importantly, under our approach, an SLF spectrum of both transmembrane and
mobile regions is recorded in a single experiment, allowing for a complete correlation of
protein dynamics between the two regions. Although this method is demonstrated
successfully on a membrane protein, it can also be used for other aligned liquid
crystalline materials. Finally, while this method of extracting dynamical information can
be extended to system of two binding helices, MD simulations will be needed to include

all the motions pertaining to such a complex in order to provide a proper and insightful
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description regarding its motions in membranes. The PELF-MIX technique demonstrated
in the present studies is capable of generating correlation between resonances as well as
long-range distance constrains for structure determination of aligned samples. The use of
proton spin diffusion is advantage compared to other proton driven ’N-""N correlations
due to the use of a short #,;, and the capability of probing long distance correlations (3).
These PELF-MIX experimental approaches are applicable to wide range of aligned

systems ranging from membrane proteins to liquid crystals.

It was also found that IAPP peptide fragments induce a high degree of negative
curvature strain in lipid bilayers (1). It is therefore likely that one of the mechanisms by
which IAPP peptides permeabilize lipid bilayers involves either the formation of toroidal
pores or non-specific membrane disruption due to excessive negative curvature strain.
The induction of a similar degree of negative curvature by 1-19 N-terminal fragments of
IAPP, which do not form amyloid fibers when embedded in the membrane, indicates
amyloid formation is not essential for this process. Importantly, we found that non-toxic
rIAPP; 37 does not induce a great degree of negative curvature strain, suggesting that
toxicity may be linked to the induction of negative curvature. Since membrane curvature
can be modified by ligand binding, we believe that results from this study will be useful
to design compounds that can be used to prevent the interaction of IAPP with the cell
membrane and therefore the cell-toxicity of IAPP. This study demonstrates that bicelles
are useful to study the affinity of ligands to bind with curved regions of the cell
membrane and also to investigate the role of toroidal pores in the function of membrane

disruptive peptides like antimicrobial peptides, toxin peptides, and fusion peptides.
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Lastly, it was shown that dendrimers can localize deep inside zwitterionic lipid
bilayers in a process apparently dominated by the hydrophobic association of the lipid
acyl chain with the interior of the dendrimer. Since the hydrophobicity of the dendrimer
interior can be tuned by altering the composition of the building blocks of the dendrimer
(4), this finding has practical consequences both for the design of new nanodevices to
both carry lipophilic drugs to biomembranes and for avoiding some of the negative

aspects of unfunctionalized PAMAM dendrimers interactions with biomembranes.

5.2 Future directions

With the new NMR methods established in this project, higher resolution
molecular images of lipid bilayer systems are obtainable. The increase in resolution made
available by the use of the PELF techniques developed in this project can be used to
study the interactions of several amyloid and antimicrobial peptides in a high-throughput
manner. Trends in the behavior of these peptides are starting to emerge and thre is some
interest studying these trends (5-7), which will require the use of NMR methods that are
convenient and provide fast acquisition of detailed structural and dynamical information.
The PELF techniques proposed in this project are robust and can be used to study a wide

variety of peptides' interactions with lipid bilayers.

Understanding the mechanisms whereby these amyloid disease peptides misfold
and form toxic aggregates —particularly in their initial, soluble oligomeric stages— is
essential to the development of amyloid disease treatments (possible mechanisms of
IAPP mediated cell membrane disruption are shown in figure 5.1). Nevertheless, because
of rapid amyloid protein aggregation, detailed structural and dynamical knowledge of the
toxic intermediates most relevant to the pathologies of amyloid diseases remains elusive.
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NMR methodologies developed over the last few years in the Frydman lab promise to
overcome the difficulties inherent in atomic-level structural studies of amyloid peptide
aggregation. Particularly useful in the study of these peptides' aggregation are the
SOFAST-HMQC techniques, developed by Schanda et al. (8) These methods may be

applied in solid state NMR under magic angle spinning.

The aggregation of amyloid peptides in a wide variety of environments is of
interest. The functionalization of dendrimers to dissolve f-amyloid peptides has recently
been proposed (9). A detailed characterization of the action of these dendrimer-based
therapeutics is possible with SOFAST-HMQC techniques. Particularly important in these
investigations will be the effects that these therapeutics have on the transient
intermediates believed to be important to the membrane disrupting activity of amyloid

peptides.
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Figure 5.1 Possible mechanisms of amyloid peptide mediated cell membrane disruption.
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APPENDIX A

PHOSPHORUS-31 NMR SPECTRUM OF A HUMAN ISLET AMYLOID
POLYPEPTIDE AND BICELLE MIXTURE

| ! I
5 0 -25
3P chemical shift (ppm)

The *'P NMR spectrum of the hIAPP;_j9 bicelle sample. In contrast to the rIAPP;.j9and
rTAPP; 37 samples, hIAPP;_j9 bicelles do not align well as shown by the span of the 3p
chemical shift.
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APPENDIX B

THE HYDRATION LEVEL OF DENDRIMER AND LIPID SAMPLES
ASSESSED BY PROTON NMR

(A)

\— 2.203
\—1 000

(B)
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The 'H spectra of (A) the G5 dendrimer and lipid sample and the (B) G7 dendrimer and
lipid sample. The area of the water peak (at ~4.7 ppm) is in both cases about 2.2 times the
area of the gamma 1H lipid peak (at ~3.15 ppm). There are 9y 'H nuclei per lipid
molecule and 2 '"H nuclei per water molecule, which means that there are ~10 water

molecules per lipid.
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APPENDIX C

SAMPLE PREPARATION AND NMR EXPERIMENTAL DETAILS FOR
EXPERIMENTAL PELF DEMONSTRATIONS

C1. Preparation of magnetically-aligned bicelles

A detailed procedure on the preparation and characterization of magnetically-
aligned bicelles containing cytochrome bs can be found in our previous publication (1)
while it is outlined very briefly here. In general, the quantity of lipids in bicelles are
calculated according to the ¢ = [DMPC]/[DHPC] ratio and in the present study bicelles
with a ¢ value of 3.5 was used. Lipid-detergent mixture was hydrated with an
appropriate amount of HEPES buffer (10 mM HEPES, pH = 7.0) to obtain the desired
wt% of lipids, typically ~ 50 wt%, for the reconstitution of a mutant cytrochrome bs. The
solution of lipid-detergent mixture was gently vortexed after every freeze/thaw cycle

until an optically clear solution was obtained.

C2. Reconstitution of mutant-cytrochrome bs in bicelles

Uniformly °N-labeled mutant-cytochrome bs expressed and purified according to
previous protocols (1) was concentrated into a stock solution of 4.3 mM. The amount of
protein used in each experiment was calculated according to the desired lipid to protein
ratio. A 300:1 DMPC:protein ratio was used in this study. The protein was reconstituted
into bicelles by adding an appropriate amount of the protein stock solution to a bicelle

solution and the final lipid concentration was diluted to 25 wt% and the final volume was
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160 pL. The solution was gently vortexed to ensure proper mixing of protein and lipids

and was subsequently transfer to an NMR rotor.

C3. PELF-COMPOZER and PELF-WIM NMR experiments

NMR experiments were carried out on a Varian Infinity-600 MHz solid-state NMR
spectrometer using a 4 mm triple-resonance magic angle spinning (MAS) probe under
static sample conditions. The 'H and "N resonance frequencies were 599.8 and 60.78
MHz respectively. About 40 mg of lipids mixed with 3 mg of mutant cytochrome b5 were
loaded in a 4 mm NMR glass tube of 4 cm length, and the tube was closed tightly with a
Teflon tape to avoid any leakage inside the probe and completely closed with a cap. The
sample was then equilibrated for about 30 minutes inside the magnet at the measurement
temperature prior to the signal acquisition. The 2D PELF spectra were obtained using the
following parameters: 5 us 90° pulse, 40 kHz "N sweep width, 28 7, increments, 3000
scans, a 3 s recycling delay, and a 25 kHz 'H decoupling. A 50 kHz BLEW-12 (Burum,
Linder, Ernst Windowless) (2) pulse sequence was used for homonuclear decoupling
during the t; period and the SPINAL-64 (3) pulse sequence was used to decouple protons
during signal acquisition in the t, period. The PELF-MIX experiments were performed on
Varian 400M VNMRS spectrometer equipped with a low-E double channel probe. The
NMR experiments on MBBA were carried out at 25°C, and the sample was in the liquid

crystalline phase, aligned by the external NMR magnetic field.
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Figure C1. The amino acid sequence of a full-length wild-type rabbit cytochrome bs.
High-resolution structures of the soluble domain of the protein have been reported from
solution NMR and X-ray crystallography studies, whereas the structure of the full-length
protein is unknown as it has not been amenable for studies using high-resolution
methods. Secondary structures such as a-helix (blue) and B-sheet (green) are indicated
based on previous studies. The 8 amino acids that were deleted from the linker region of
the wild-type cytochrome bs to obtain a mutant are shown in red.
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